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Zusammenfassung 
In dieser Arbeit werden Strategien zur Entwicklung von biohybriden Photoelektroden, die 

Licht in elektrische Energie umwandeln, demonstriert und diskutiert. Der natürliche 

Photonen-transformierende Superkomplex der oxygenen Photosynthese aus 

Thermosynechococcus elongatus, das Photosystem I (PSI), kann durch die nicht-native 

Interaktion zum Redoxprotein Cytochrom c (Cyt c), erfolgreich funktional in Elektroden 

integriert werden. Hierfür wurden unterschiedliche Strategien entwickelt, z. B. bilden beide 

Biokomponenten unspezifische Komplexe in Lösung und assemblieren gemeinsam auf 

modifizierten Goldoberflächen. Aus der Kontaktierung des PSI mit einer thiol-modifizierten 

Goldelektrode via Cyt c ergeben sich unidirektionale kathodische Photoströme. DNA, als ein 

Polyelektrolytmatrixelement, kann zum Aufbau von 3D-Protein-Mehrschichtarchitekturen 

höherer Stabilität und Leistungsfähigkeit verwendet werden. Der Einsatz von mesoporösen 

Indium-Zinnoxid-Elektroden vergrößert die Photostromgenerierung um mehr als eine 

Größenordnung, wodurch sich hieraus skalierbare transparente Photobioelektroden mit hohen 

Quanteneffizienzen (bis zu 30%) erzeugen lassen.  

Schlagwörter: Nanobionische Systeme, Biohybride, Protein-Protein Interaktionen, 

Photobioelektroden, Photostromgenerierung 

Abstract 
In this thesis, strategies are demonstrated and discussed for the development of biohybrid 

photoelectrodes transforming light into electrical energy. The natural photon-to-charge carrier 

converting super-complex from oxygenic photosynthesis of Thermosynechococcus elongatus, 

photosystem I (PSI), can be functionally implemented into such electrodes, due to the non-

native interaction with the small redox protein cytochrome c (cyt c). Different strategies have 

been developed, e. g. both biocomponents form complexes in solution and self-assemble on 

modified gold-surfaces. The electrical connection of PSI to thiol-modified gold electrodes via 

cyt c results in unidirectional cathodic photocurrents of high efficiency. DNA, as a 

polyelectrolyte matrix element, can be used to build up 3D protein multilayer architectures of 

higher stability and performance. The use of mesoporous indium tin oxide electrodes further 

enhances the photocurrent generation more than one order of magnitude, thus resulting in 

scalable transparent photobioelectrodes of high quantum efficiencies (up to 30 %). 

Keywords: Nanobionic Systems, Biohybrids, Protein-Protein Interaction, Photobioelectrode, 

Photocurrent generation 
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1. Introduction 

In the last 10,000 years, the evolution of mankind is basically driven by the exploitation of 

technologies leading towards a social, cultural and economical development. These 

innovations brought us to higher standards of living as well as a tremendous amount of 

knowledge. In spite of these achievements the elevation of societies is directly coupled to the 

opportunity of energy utilization and with this, the need to explore new kinds of energy 

resources. In this era, the main energy resource at present, fossil fuels, is finally getting 

depleted. The upcoming scarcity of them may even raise more political and economical crises. 

On the other side the current increasing utilization and dependency upon fossil fuels causes 

the climate to change, the rainforest to be destroyed and the environment to be polluted. A 

reasonable consequence on account of this negative prospect is the strong necessity of 

alternative concepts to harness energy in a sustainable and renewable fashion. One option is to 

make use of the abundant solar energy provided by our sun, which has the potential to power 

the entire humanity. In one hour the sun provides the earth with more energy as humanity uses 

in one year.1  

Along with efforts to produce photovoltaic devices (e.g. silicon solar cells), artificial 

photosynthesis, a new emerging field, has been introduced to research based on a better 

understanding of the natural phototrophic organisms, such as plants and cyanobacteria, 

converting solar energy, carbon dioxide and water to carbohydrates and oxygen. This 

biological machinery, mainly known as photosynthesis, provides us with the needed tools, 

concepts and components for the invention of a bio-based, sustainable and renewable 

economy. One first step has already been done by the elucidation of the basic processes in 

photosynthesis on a molecular level. The principles and properties in the main reaction of 

light absorption in phototrophic organisms have been addressed, and the tasks of specific 

proteins have been identified. Another important field of research has been emerged over the 

past 20 years, studying the connection of proteins with man-made technology. Protein 

electrochemistry allows us to communicate with the molecular machinery of nature, having 

the opportunity to combine advantages from artificial and natural processes to construct 

biohybrid devices. By using the successes in photosynthesis, protein electrochemistry and 

nanotechnology, we may finally be able to produce reasonable biohybrid semi-artificial 

systems, which utilize solar energy for the conversion into electrical energy, or for the 

production of energy-rich chemicals. 
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2. Objective of Thesis 

This thesis aims for the construction of a biohybrid electrode for the efficient conversion of 

light to electrical energy. For this purpose one key component from photosynthesis, the 

photosystem I (PSI), will be used as a natural light absorbing protein super-complex to 

harness solar energy for the conversion into an electrical current flow. To make use of such an 

electrode, the electrical connection as well as the surface immobilization of this super-

complex has to be achieved. Hence, the novel idea is to use a small redox protein, 

cytochrome c (cyt c) for the connection and assembly of PSI to an inorganic electrode 

material. From this, the main development and optimization steps for the construction of such 

a system can be divided into the following groups: 

1. Exploration of the electrical coupling and assembly conditions of cyt c and PSI 

on the electrode and their molecular interaction, 

2. Understanding the photo-induced signal chain and the photo-physical and 

electrochemical properties of the constructed biohybrid electrodes, 

3. Optimization of the electrode performance and efficiency by introducing other 

components or materials, 

4. Elucidating limiting factors of these electrodes and the potential for application. 
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3. Theoretical Background 

3.1 Photosynthesis – a natural model 

The process of converting solar radiation into chemical energy by nature is described as 

photosynthesis, which started to evolve over the last 3.5 billion years on earth.2 Hereby, 

plants, algae and photosynthetic bacteria1 are transferring the thermodynamically low energy 

molecule carbon dioxide (CO2) into reduced energy rich carbohydrates by utilizing solar 

irradiation. 3 The photosynthetic organisms (PO) can be divided into two groups: anoxygenic 

PO and oxygenic PO. Organisms from the first group are purple bacteria, green gliding 

bacteria, green sulfur bacteria and gram positive bacteria, which use the light energy to 

oxidize molecules other than water without the release of oxygen.4 Reaction centres (RC) are 

the components of photosynthesis, where the light reaction takes place. In the anoxygenic PO 

only one type of reaction centre (RC, light-converting protein) in each organism exists, but 

differs strongly among the various species. The RC can be more photosystem I-like 

(heliobacteria, green sulfur/green gliding bacteria) or photosystem II-like (purple bacteria).5 

However, all these organisms use bacteriochlorophyll and carotenoids for the light absorption 

mainly in the infrared region (700 – 1000 nm). In the second group, the oxygenic 

photosynthesis, organisms like plants, algae and cyanobacteria oxidize water, while releasing 

oxygen, to reduce CO2. This process is divided into two main reaction cycles, which are either 

light-dependent6 (light reaction) or light-independent7 (Calvin-Benson cycle). The net 

reaction can be formulated as the following: 

6𝐶𝑂2 + 12𝐻2𝑂 ⟹  𝐶6𝐻12𝑂6 + 6𝑂2 +  6𝐻2𝑂.   (1) 

In plants, the photo-active cell contains the “power plant” of photosynthesis, the chloroplast.8 

It is believed, that this organelles evolved from endosymbiotic reactions with cyanobacteria.9 

Inside of a cyanobacterium, or in the chloroplasts of plants, a special membrane, the thylakoid 

membrane, can be found, dividing two reaction spaces, the stroma (outer plasmatic phase) and 

the lumen (inner plasmatic phase).10,11 In the thylakoid membrane the bound super-protein 

complexes photosystem II (PSII), photosystem I (PSI), cytochrome b6/f (cyt b6/f) and the ATP 

                                                 
1 Halobacteria (archaea) are omitted in this description, because they do not use a reduction/oxidation chemistry, 
and cannot use CO2 as their carbon source, while their light conversion differs fundamentally from higher 
organisms.4 



Theoretical Background 

4 

synthase (ATPase) are involved in the photosynthetic electron transport chain and 

maintaining/using the proton gradient between the stromal and luminal reaction spaces.12–15 A 

general scheme is shown in Fig. 1. 

 

Fig. 1: Schematic representation of the photosynthetic electron transport chain (PET) in the thylakoid membrane 

of chloroplasts. The reaction starts with the absorption of light (yellow thunderbolts) and the oxidation of water 

at photosystem II (PSII), producing molecular oxygen. Electrons are transferred via plastoquinone (PQ) to the 

cyt b6/f complex and via cytochrome c6 (cyt c6) or plastocyanin (PC) to photosystem I (PSI). After another light 

absorption electrons are further transferred to ferredoxin (Fdx) and finally to the ferredoxin-NADP+-reductase 

(FNR) to produce nicotinamide adenine dinucleotide phosphate (NADPH) (indicated with blue arrows). The 

PET results in a proton gradient driving the chemiosmotic synthesis of adenosine triphosphate (ATP) by the 

ATP-Synthase (indicated with red arrows).    

The photosynthetic electron transport (PET) starts with the light-dependent excitation of PSII, 

whereas 4 photons are consumed to oxidize 2 water molecules at the PSII integrated 

Mn4CaO5-cluster. This reaction yields molecular oxygen, 4 protons and 4 electrons.16 Due to 

an intramolecular electron transfer cascade (IET) in PSII, 2 electrons are transferred one-by-

one to one PSII-associated plastoquinone (PQ) reducing the lipophyilic aromatic compound to 

plastoquinol (PQH2).17,18 The molecule is able to diffuse through the lipid double layer 

membrane to finally gets re-oxidized by the cyt b6/f complex.19,20 In this reaction protons are 

pumped from the stromal to the luminal side of the membrane, being one of the reasons for 

the photosynthetic proton gradient.21 At the luminal side of the cyt b6/f complex electrons are 

transferred to plastocyanin (PC), a redox protein with a tetrahedral coordinated copper ion.22 

In cyanobacteria or green algae under copper shortage, this function can be taken over by a 

heme c containing redox protein, cytochrome c6 (cyt c6).23 Due to a further light absorbing 

step in PSI an intramolecular electron-hole pair is generated.24 The hole can be restocked via 

ATP
Synthase

Cyt b6/f

2 H2O 4 H+ + O2

4 H+

FNR

PQH2
PQ

4 H+

PS II
4 e-

8 H+

Cyt c6

PC

12 H+

PS I

Fdx

2.6 ATP2.6 (ADP + Pi)

2 NADP+

2 NADPH/H+



Theoretical Background 

5 

the reduced PC or cyt c6, while the excited electron is transported to the stromal side, whereat 

the electron is transferred to the redox protein Ferredoxin (Fdx).25 Fdx is able to shuttle one 

electron per molecule from PSI to the Ferredoxin-NADP+-reductase to finally reduce 

Nicotinamide adenine dinucleotide phosphate (NADP+ to NADPH).26 For this reaction 2 

electrons are needed to produce one molecule NADPH. During the PET a proton gradient 

between the luminal and stromal side is produced.21 Due to this concentration gradient, excess 

protons on the luminal side are flowing back through the ATP-Synthase, whereas the 

phosphorylation of adenosine diphosphate (ADP) to adenosine triphosphate (ATP) takes 

place.27 Both products, ATP and the reducing agent NADPH are needed for the assimilation of 

CO2 forming glucose in the Calvin-Benson cycle.7 The net reaction for the light reaction can 

be formulated as the following: 

2𝐻2𝑂 + 2𝑁𝐴𝐷𝑃+ + 3𝐴𝐷𝑃 + 3𝑃𝑖  + ℎ𝑣 ⟹ 2𝑁𝐴𝐷𝑃𝐻 + 2𝐻+ + 3𝐴𝑇𝑃 + 𝑂2.  (2) 

 

3.1.1 The photosynthetic electron transport (Z-Scheme) 

The most remarkable feature of the light reaction of photosynthesis is the electron transport 

over multiple components, which effectively exchanging electrons with each other. To 

transport electrons over either a wide potential or a spatial range in natural systems, redox 

chemical reactions are responsible. Their corresponding redox potentials describe the 

tendency to be oxidized or reduced by another species. The excitation of a molecule by light 

results in a change in its redox potential, which depends on the electronic structure of the 

molecule. In nature the highest oxidation and reduction potential can be found in the PET, 

whereas PSII manages the water oxidation and PSI provides a high reduction potential for the 

reduction of NADP+.25,28 The Z-scheme displays the energy level of the transported electrons 

along a chain of redox–reactions, starting at the water splitting and finally ending up with the 

reduction of NADP+. As a peculiarity of photosynthesis, on the route of electrons along the 

redox chain the energy states are shifted towards higher reduction potentials due to the photon 

excitation at P680 and P700, respectively. This reaction provides the necessary reduction 

potential for either the spatial transport of electrons, as for the reduction of NADP+.  

In the following description, potentials are given against a standard hydrogen reference 

electrode (vs. SHE). The initial luminal redox-reaction, H2O/O2, with its redox potential of 

0.93 V at pH 5 of the luminal environment, provides the electrons for the PET.29–31 Electron 
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transport can only occur, if light is first absorbed by the system. To collect and focus a higher 

amount of solar energy, light-harvesting complexes (LHC) consisting of membrane proteins 

and photosynthetic pigments are used widely by phototrophic organisms, mainly surrounding 

and transferring energy to the photosynthetic reaction centres by Förster resonance energy 

transfer (FRET).32 In plants LHC’s associated with PSI and PSII are called LHCI and LHCII, 

respectively, purple bacteria use bacterial antenna complexes LH1-3, while cyanobacteria or 

red algae utilize phycobilisomes.33–35 

 

Fig. 2: Energy diagram (Z-scheme) of the light reaction in photosynthesis with the basic light converting 

components photosystem II (PSII, light green) and photosystem I (PSI, dark green). The redox potentials 

(displayed numbers in V) vs. a standard hydrogen electrode (SHE) under physiological conditions of the 

different species are plotted against the sequence of oxidation processes (from left to right). Blue arrows indicate 

the direction of electron flow, while red arrows show the change in potential of the P680 and P700 after light 

excitation (yellow arrow). For the sake of simplicity corresponding redox couples are denoted only as the 

molecule before chemical reaction (e. g. Pheo = Pheo/Pheo•-). For references see text.     

When light is absorbed by the antenna system and this energy is transferred to the RC, first 

the very fast (~ 1.5 ps) excitation of a chlorophyll a, the P680, occurs transferring the molecule 

to its excited state, P680
*.36 Instantly (after 3-5 ps) the primary electron acceptor pheophytin 
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(Pheo) gets reduced by P680
* resulting in the state P680

•+/Pheo•- (1.25/-0.5 V).36–41 The 

intramolecular movements of the electrons in PSII are managed via the electron stabilizing 

acceptor plastoquinone A (QA/QA
•-, -0.14 V) to the stromal located protein-bound quinone B 

(QB/QBH2, -0.06 V).42,43 The reaction occurs in two reduction and two protonation steps to 

form first a semihydroquinone (QB
-) and next the protonated hydroquinone (QBH2).44 The 

time scale of this reaction is ranging from 200-400 µs for the reduction to QB
- to 800 µs to 

form QBH2. The protein-bound QBH2 is then replaced by an oxidized QB, releasing QBH2 into 

the membrane-embedded plastoquinone pool. P680
+, which has the strongest oxidation 

potential of +1.25 V in the PET, abstracts one electron from a proximal manganese cluster 

(Mn4CaO5-cluster) by means of a 12.4 Å distant tyrosine residue (YZ).45,46 The above 

described reaction occurs 4 times, whereby the Mn4CaO5-cluster is oxidized to a Mn4CaO5
4+-

cluster.41,47 New insights have shown, that there are 4 water molecules coordinated to this 

cluster in the dark state, 2 are bound by a Ca2+ ion, whereby another 2 are bound to an outer 

manganese (see Fig. 3).48 The catalytic mechanism is not yet fully understood, but it is 

believed, that during the transition of the states S0-S4 and back to S0 (Kok-cycle), 4 protons 

and 1 O2 molecule are released and 4 e- are transferred subsequently to P680.48,49 The complex 

nature of water splitting at the Mn4CaO5-cluster, which are divided into 4 reaction states and 

their regeneration, have different reaction kinetics (30 µs – 1.4 ms).50 This causes the water 

oxidation to be the rate-limiting step in the electron transfer kinetics in PSII. 

 

Fig. 3: Structure visualization of the oxygen evolving complex (OEC) from photosystem II, consisting of 

4 manganese ions (Mn, purple), 5 oxygen atoms (O, red), a calcium ion (Ca2+, green), while 2 water molecules 

(H2O, blue) are coordinated to an outer manganese and 2 to a calcium ion. To show the three dimensionality of 

the OEC, coordination of the atoms has been visualized with dashed lines. Structure information used from 

Suga et al. 2014, PDB: 4UB6.48 
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The two photosystems are electrical connected via diffusional redox shuttles. The membrane 

embedded QBH2 pool reduces the cyt b6/f complex with a redox potential of +0.3 V by 

diffusion to the acceptor side (1.5 - 5 ms).19,51–53 Here, QBH2 is oxidized in two concerted 

reactions of proton-coupled electron transfer by a bifurcated reaction pathway.54 However, the 

slowest step in PET is not determined by diffusion of QBH2 but by the proton-coupled 

electron transfer in the high potential redox chain, where electrons are finally transferred to 

the iron sulfur protein (ISP, QBH2/ISPox, 10 - 20 ms).51,55 Electrons from the ISP are then 

transferred over the cytochrome f to the redox proteins, cyt c6 or PC (0.36 V), which diffuse to 

the luminal located electron donor docking side of the PSI.56 The time scale of the electron 

transfer from cyt b6/f complex to PSI is 150 – 500 µs.13  After light excitation of the primary 

electron donor, P700, to the P700
* state (-1.3 V), charge separation occurs, where in 100 fs 

electrons are transferred to the primary electron acceptor A0 (-1.1 V). This leaves P700 in the 

oxidized state, P700
+ with a redox potential of +0.42 V. After 30-35 ps electrons are transferred 

from the primary electron acceptor further to a phylloquinone A1 (vitamin K1, -0.71 V).57–60 

The intramolecular rate-limiting step here is the asymmetrical electron transfer to the central 

Fe4S4-cluster (Fx, -0.7 V), which takes about 200 ns.61–63 From there, the terminal electron 

acceptor are the Fe4S4-cluster FA and FB (-0.53 V, -0.58 V), whereas the electron is extracted 

in 500 ns from FB to the diffusible redox protein ferredoxin (Fdx).64–67 With a redox potential 

of -0.42 V under physiological conditions, Fdx is able to reduce in a two electron transfer step 

the ferredoxin-NADP+-reductase (-0.38 V) further reducing NADP+ to NADPH, which is 

utilized in carbon dioxide fixation.68–71 Nonetheless Fdx can also transfer electrons in a cyclic 

reaction to the cyt b6/f complex, increasing the proton gradient and thus ATP production 

without accumulating NADPH.72 The Fdx reduction potential displays the entire usable 

photosynthetic reduction potential provided by the excitation of light and can additionally be 

used by phototrophic organisms for the production of other energy rich compounds. For 

example, reduced Fdx can be used for nitrite/nitrate reduction (nitrite reductase) in the N2 

fixation, glutamate synthesis (glutamate synthase), hydrogen production (hydrogenases), 

sulfite reduction (sulfite reductase) or thioredoxin reduction for the regulation of chloroplast 

localized enzymes.25,73,74            
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3.1.2 Photosystem I – a biological semiconductor 

In matter the excitation by light populates energy-rich states, which often relax to their ground 

states in very short time (~ns) under fluorescence and/or thermodynamic heat conversion. To 

use the light energy, semiconductor materials produce excitons (excited electron-hole couple), 

where electrons can be spatially separated from holes leading to an electrical usable energy. 

The biological equivalent to this is photosystem I (PSI), which is a multi-protein super-

complex being one of the thylakoid-membrane light-converting components of natural 

photosynthesis. The function of PSI is to conduct a charge separation by light excitation, by 

which electrons are transported from the luminal to the stromal side of the thylakoid 

membrane. Having a high reduction potential these electrons provide the energy for CO2 

fixation. The most important feature of PSI is the ability to stabilize excited states in time 

after light absorption by separating spatially the resulting electron-hole pair. Hence, this 

super-complex shares similarities with charge-separating materials, but the high efficiency of 

PSI results from its in-built electron chain. In contrast, electron transfer in a semiconductor 

arises from the population of intrinsic conductive states, in which the charge carriers can 

move freely through the material. However, the basic working principles are very much alike, 

making PSI the biological variant of a semiconductor.       

3.1.2.1 Structure 

In the cyanobacteria T. elongatus first structural information of PSI could be gained in 1993 at 

a resolution of 6 Å.75 This could be refined to 4 Å in the following years.76,77 Jordan et al. 

achieved in 2001 the highest resolution of 2.5 Å.78 The super-complex can be present in a 

monomeric, dimeric and trimeric form, however in plants only the monomeric form is found, 

whereas in cyanobacteria the trimeric form is more likely.79–82 The cyanobacterial PSI trimer 

has a molecular mass of 1.068 MDa (356 kDa for each monomer), while one monomer 

consists of 12 protein subunits (PsaA-X) and a total of 127 cofactors comprising 96 

chlorophylls, 22 carotenoids, 4 lipids, 2 phylloquinones, 3 Fe4S4 cluster and a putative Ca2+ 

ion.63,78 The lateral dimension of the trimeric PSI is 220 Å in diameter, its total height is 90 Å, 

while 45 Å of the complex is inside of the membrane.63 The core subunits of PSI, located in 

the centre, with a high homology are PsaA and PsaB (80 kDa), both consisting of 11 

transmembrane helices and building a heterodimer.80 They contain the most components of 

the electron transport chain, 6 chlorophylls, 2 phylloquinones and one Fe4S4 cluster (P700, A0, 

A1, Fx).63,83 The stromal side of the complex is formed by membrane extrinsic subunits PsaC, 
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PsaD, PsaE. All three subunits providing a stromal hump, by which ferredoxin can bind to 

each monomeric PSI indepentently.83 PsaC (9.8 kDa) contains the terminal Fe4S4 cluster FA 

and FB, which are coordinated by cysteine residues.84 PsaD (15.6 kDa) and PsaE (8 kDa) are 

responsible for anchoring and locating PsaC at the stromal side of the complex, and are 

actively involved in the docking process of Fdx to the acceptor side.85–87 The membrane 

exposed hydrophobic subunits PsaF, PsaJ, PsaK and PsaX are located distal side of the 

trimeric complex, stabilizing the core antenna system of PSI and play an important role by 

forming interactions with the peripheral antenna system.83 PsaL and PsaI are the subunits 

responsible for the interconnection of the monomeric PSI complexes forming the trimer, 

while the subunit PsaM is located at the interface between two monomers.63,88 

 

Fig. 4: Crystal structure visualization of monomeric photosystem I (PSI) and their protein subunits displayed as 

secondary structure: PsaA (A, green), PsaB (B, blue), PsaC (C, orange), PsaD (D, blue), PsaE (E, dark yellow), 

PsaF (F, cyan), PsaI (I, light grey), PsaJ (J, red), PsaK (K, magenta), PsaL (L, yellow), PsaM (M, dark red), PsaX 

(X, light pink). The complex is displayed as side view (left) in the membrane and in top view (right). Structure 

information used from Jordan et al. 2001, PDB: 1JB0.78   



Theoretical Background 

11 

 

Fig. 5: Crystal structure visualization of trimeric photosystem (stromal view perpendicular to the membrane 

plane)  with monomers representing I) the secondary structure with subunits (bottom, for colour indication see 

Fig. 3), II) the location of the core antenna system consisting of 90 chlorophyll a and 6 chlorophyll a from the 

electron transfer chain (right top, green), III) the location of cofactors containing 22 ß-carotenoids (red), 3 Fe4S4 

cluster (orange), and 2 phylloquinones (vitamin K1, yellow) without lipids. Structure information used from 

Jordan et al. 2001, PDB: 1JB0.78       

For all Chl a molecules the distances between Mg2+- central ions ranges between 7-16 Å 

resulting in a fast Förster resonance energy transfer.78,89 The Chl a molecules are spatially 

organized in two parallel membrane intrinsic planes building up a energy transferring 

network.78 On the contrary this network is well separated from the ETC Chl a molecules, 

while only two Chl a have proximal distance to the ETC and thus be considered the energy 

transfer connection between the antenna system and the ETC.78 The energy from light 

excitation is transported to the core of PSI, where it is trapped at the P700.90,91 The ß-

carotenoids are distributed over the PSI similar to Chl a, however they are in close contact to 
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the headgroups of Chl a (< 3.6 Å).78 This ensures an efficient energy transfer to Chl a after 

their light excitation (typically in the green gap of Chl a, 450-570 nm).92–94 Moreover they are 

supposed to photoprotect the antenna system by quenching Chl a triplet states by a charge 

transfer mechanism.92 Due to π-π stacking with Chl a molecules a fine tuning of the 

absorption properties is possible.78 Moreover, in cyanobacteria trimerization of PSI is 

necessary for the efficient light-converting efficiency under low light intensities, hence the 

cooperativity in photon absorption in a trimeric form of PSI is enhanced compared to its 

monomeric form.95,96             

3.1.2.2 Function 

In the natural system PSI functions as a light-driven cyt c6 (PC):Fdx oxidoreductase, whereby 

electrons are transferred from the luminal to the stromal side of the thylakoid membrane. For 

one complete reaction only one electron is hereby transferred. First a photon is absorbed by 

the PSI antenna system network and transferred to the reaction centre (RC) and the ETC. This 

is generated by two different mechanisms: 1. The long-ranged direct energy transfer by a 

Förster mechanism, 2. The short-ranged exchange of excitons by a Dexter mechanism. The 

high quantum efficiency (~100 %) and fast rates of this process can not solely be explained by 

Förster/Dexter theory, since between Chl a molecules in the network a wide heterogeneous 

coulomb coupling exist and could be better understood in combination with the Redfield 

theory approach.25,97–99 The ETC itself contains 6 Chl a molecules, while the P700 is attributed 

to be the “special pair”, where 2 Chl a molecules are paired in parallel and charge separation 

takes place. The P700 got its name from the red-shifted absorption maximum at 700 nm. The 

ETC is split into two branches A and B, where each branch have another 2 Chl a molecules 

(AA/B, A0A/B) and 1 phylloquinone (A1A/B). It is argued how the light collection antenna 

transfers their energy to the RC and what part of the RC is first excited. One study suggests 

that charge separation is processed by AA and A0 is the first electron acceptor, while in a 

second step P700 is oxidized by AA.100 Another study supports the basic idea of P700 being the 

primary electron donor with fast charge separation (< 100 fs) to yield the P700
+/A0

- state.58 

Nonetheless the electron gets accepted by the secondary electron acceptor phylloquinone A1 

(10-30 ps).58,67 From here, an asymmetrical electron transfer occurs to the first Fe4S4 cluster 

Fx. From A1B to Fx the electron transfer is around 25 times faster than from A1A to Fx (18 ns 

vs. 160 ns).60,101 Nevertheless in PSI both branches A and B are active for the electron 

transfer, however in cyanobacteria branch B is 4 times less used in the electron transfer 

process.102,103 From Fx an irreversible electron transfer occurs to FA and further to FB which is 
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not faster than 500 ns.25,59 However the transported electron in the ETC is able to recombine 

with the hole located at the P700. The recombination takes places by emitting fluorescence and 

their half-life times can be measured to 3-10 µs (A0:P700), 10 µs (A1:P700), 500 µs (Fx:P700) 

and 10 ms (FB:P700) respectively. This relatively stable electron-hole pair in PSI in comparison 

to the typical time scale in semiconductor materials (~ ns) making it highly efficient. The 

kinetics of the ET of FA/B to the diffusible electron acceptor Fdx involves three different first 

order half-life times with varying amplitudes at different pH (t1/2 = 0.5, 20 and 100 µs). The 

fastest phase comply with the single ET from FA/B to Fdx, whereas the slower phases 

correspond to different PSI/Fdx complex formations.24,64,104 The mechanism on which the 

reduction of P700 by cyt c6 or PC takes place, depends strongly on the organism and can range 

from an oriented collision model (type I) to a transient complex formation with a proper 

reorientation step of the redox center (type III).105,106 Nevertheless, half-life times can be 

relatively fast (< 1 µs) or slow (~ 20 µs), whereby the rate constants of ET reaction increase 

from cyanobacteria to plants, leading to the conclusion, that evolution has been improving the 

reduction rate of PSI over time.106–108   

 

Fig. 6: (A) Energy diagram of the electron transport chain (ETC) in photosystem I (PSI) with forward (first 

number) and backward (second number) half-life time for the electron transfer process. Black arrows indicate the 

way of electrons, while red arrows indicate the relaxation of electrons to their ground state in P700, with their 

half-life times of fluorescence decay.24 (B) Intrinsic electron transport chain of photosystem I (PSI) with 3D 

visualization of cofactors involved. Branches A and B are indicated in subscript letters. The Mg2+-Mg2+ distances 

or distances between the π-plane of the respective molecule are indicated with black arrows. Structure 

information used from Jordan et al. 2001, PDB: 1JB0.78     
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3.2 Protein electrochemistry – communicating with nature 

Protein electrochemistry displays the research branch in which proteins are either investigated 

by electrochemical methods or coupled with artificial electrical transducer materials 

(electrodes). The last chapter has shown that many important molecular processes in nature 

are conducted by the electrical communication of different proteins and redox molecules with 

each other. To mimic and make use of certain components of these processes artificial 

interfaces with electrodes have to be developed to establish the communication with nature. 

Therefore this research field is addressing the understanding and construction of bio-based 

sensors, fuel cells and photovoltaic devices, which benefit from the efficiency of natural 

systems.      

3.2.1 Marcus theory 

For the effective connection of biomolecules with electrodes, the Marcus theory enables the 

possibility to understand the exchange of electrons between two redox species in solution or 

between redox species and transducer materials in polarisable solvents. Chemical reactions 

can be understood by theories developed by Arrhenius and Eyring, whereby the reaction 

between two educts takes place according to a collision model, further passes a transitional 

state and forming the product. Besides a pre-exponential factor and the temperature, the 

activation energy of this transitional state is one parameter, which determines the reaction 

rate. Redox reactions, however, involve an electron hopping from one species to another. The 

change of the molecules during this event includes the formation or rearrangement of bonds, 

changes in binding lengths, angle or distortion of chemical groups in the molecules (inner 

sphere) and the reorganisation of solvent shell, the arrangement of water and ions around the 

transition complex (outer sphere). The electron hopping is much faster than the movement of 

solvent molecules (Born-Oppenheimer approximation), which means that the positions of 

atom nuclei and solvent molecules before and after the electron transfer are the same (Frank-

Condon principle). The movements of atom nuclei are small, leaving the consequence that 

electron transition rates are highly dependent on the polarization of the solvent. The energy 

needed for the reorganisation of solvent molecules during transition of one electron (Δe = 1) 

to result in the configuration of the product molecule corresponds to the outer reorganisation 

energy λout. Nonetheless in redox reactions often also the inner sphere components are 

changed in the product molecules, due to different charge situation in the product molecules, 

as for example changing ligand distances from a central transition metal ion. This means, that 
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an electronic transition has also an inner reorganisation energy λin. The two kinds of 

reorganisation energies are considered to be independent from each other, consequently 

adding up to the total reorganisation energy λ (λ = λout + λin). Thermal fluctuations are needed 

for the electron transition to overcome the energy barrier, which would result in vanishing 

electron transfer rates at T = 0 K (see Arrhenius equation). However, experimentally observed 

ET rates in the low temperature region are getting constant (kET ≠ 0). This means that an 

additional component in ET reactions is present and a quantum-mechanical approach is 

needed. Here, the nuclear motion can couple to the electron motion, where electron tunneling 

can occur between the ground level in the reactant potential and a vibrational level in the 

product curve. The influence of the electron tunneling on kET depends on the strength of 

electronic coupling between the reacting species, which decides whether electron transfer 

follows an adiabatic or non-adiabatic path. Included in the classical theory of Marcus, the 

electron transfer rate kET can therefore be formulated as the following semi-classical equation: 

𝑘𝐸𝑇 = 𝐴 ∙ 𝑒−𝛽𝑟 ∙ 𝑒
−�∆𝐺0+𝜆�

2

4𝜆𝑅𝑇  ,    (2) 

with the electron transfer rate kET depending on the reorganization energy λ, the free Gibbs 

energy ΔG0 (potential difference between reactants), the temperature T, the ideal gas constant 

R and the adiabatic term (A•e-βr) with the distance between reactants r, a pre-exponential 

factor A and the electron tunnel constant β. From equation 2 it is obvious that kET will increase 

exponentially with decreasing distance between reactants (r) and increases exponentially with 

the potential difference between reactants (ΔG0).  

The value of the solvation reorganization energy λout is inverse proportional to the refractive 

index of the medium (or their static and optical dielectric constants), the distance between the 

reacting molecules and their electrostatic radii. This means also that for short distances or 

electrostatic radii of reacting species, λout is small, which makes kET high. As a consequence 

for kET the physicochemical properties of the surrounding medium are very important to 

consider. One aspect is the choice of the solvent. For many ET processes a high polarisability 

of solvent molecules can improve kET. Further influencing parameters are the viscosity η of 

the medium, which determines the orientational freedom and mobility of the reacting species, 

and the ionic strength, which has a direct impact on the conductivity σ and the dielectric 

constant ε.  
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The inner reorganisation energy λin can be seen as the sum of forces needed to change all 

coupled intramolecular vibrational modes from educt equilibrium state to product equilibrium 

state. This strongly depends on the molecular nature of the reacting species, thus in redox 

species their chemical structure and composition (e. g. ligands in a metal complex) have to be 

considered. A higher λin would consequently be present in molecules, where a high number of 

vibrational modes have to change, while electron transition takes place.   

In this discription of the semi-classical electron transfer theory, the pre-exponential factor A is 

a complex function of various parameters, which includes the characteristic frequencies ν to 

pass the saddle point of the energy barrier, the temperature T, the reorganization energies λin 

and mainly λout. Therefore, also here the above mentioned physicochemical parameters of the 

medium influence A, like η, σ, and ε. Especially molecules in a surface-fixed state exhibit 

dramatic dependencies upon these properties, when electrons are exchanged with a transducer 

material. For instance, fixed charges on a surface can shield the applied electrical field, or a 

limited rotational freedom of the surface-bound molecule can hinder the ET process.  

With the mathematically representation of equation 2, the adiabatic or quantum-mechanical 

term contains β and r, which are exponential factors. The parameter r equals the distance the 

electron must travel as the van der Waals distance between reacting species. The parameter β 

represents the nature of the intervening medium between reactants, because the electron may 

has to travel through bonds or free space, for example for sigma bonds β is 0.7 Å-1, between 

adjacent parallel heme groups β is 2 Å-1,  while in proteins β is 1.1-1.4 Å-1.109,110 The negative 

value of β corresponds to the slope of a plot of log (kET) vs. r. Which mechanism (non-

adiabatic or adiabatic) is found to be dominant in certain situations depends on the electronic 

coupling, distance and kind of the coupling species. For example, the ET mechanism between 

two stacked heme groups with imidazole axial ligands is 100 % adiabatic for Fe-Fe distances 

of up to 11.8 Å, above the adiabatic mechanism transfers into a non-adiabatic ET and the 

second term in equation 2 will be dominant.109 In intramolecular ET reactions the electron 

tunneling is often predominant, due to a high electronic coupling and optimal distances 

between redox species resulting in fast ET reactions, which was long time underestimated 

especially for endergonic processes.111 However, the electron transfer rate determines besides 

other factors the overall performance of a biohybrid electrode and is therefore needed to be 

improved for a reliable working system.  
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3.2.2 Cytochrome c – the versatile redox protein 

Cytochrome c is a highly conserved small redox protein of about 12 kDa from the respiratory 

chain containing a protein-bound heme prosthetic group with a redox potential of about 

0.255 V vs. SHE.112 Its high stability either in solution or immobilized on a surface, as well as 

its strong dipole momentum, makes it ideal to be used for the interconnection of proteins with 

electrodes. It is one of the most investigated proteins in protein electrochemistry so far.   

3.2.2.1 Structure 

Cytochrome c from horse heart consists of 105 amino acids with a high number of them are 

lysins (18.1 %).113 This results in a basic pI of about 10 – 10.5.114 The secondary structure is 

determined by 5 α-helices intersected with ß-turns (2 turns of type III, 4 turns type II) .113 The 

redox-active heme group is located in the center of the protein, where it is coordinated by the 

axial ligands M80 (S-Fe) and H18 (N-Fe).113 The porphyrin ring of the heme c is bound 

covalently via a thio-ether to C14 and C17, tightly fixating the heme in the protein.113 The 

heme c consists of a protoporphyrin IX and central Fe2+/3+-ion coordinated in the plane via the 

4 pyrole inherent N heteroatoms by their free electron pair. With the axial ligands (M80, H18) 

the Fe2+/3+-ion has a coordination of six, thus resulting in an octahedron. The axial ligands 

play a major role in tuning the redox potential of the heme c, because of the kind of ligand 

and distance from the Fe2+/3+-ion, depending on the protein.115 The vacuum surface potential 

of cyt c reveals, that the protein has an asymmetric potential distribution having a strong 

positive potential basically located around the heme binding pocket. At a physiological pH 

cyt c is therefore positively charged with a dipole momentum of 320 Debye in vertebrates.116 

The electric field distribution of the protein is therefore one of the major reasons for the 

movement, binding to other proteins and orientation of cyt c on membranes in the natural 

system.116,117       
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Fig. 7: Crystal structure visualization of cytochrome c from horse heart. The protein is displayed as a cartoon 

with secondary structure (left, α-helices = red, ß-turn = green) including the bound heme (sticks and balls, atoms: 

C = white, Fe = orange, N = blue, O = red, S = yellow). The surface potential, calculated with vacuum 

electrostatics, is displayed indicating positive (blue) and negative (red) charged regions with the heme group 

with its binding pocket (right). Important lysine residues involved in the positive charge distribution are shown 

(sticks and balls, blue). Structure information used from Bushnell et al. 1990, PDB: 1HRC.113 

3.2.2.2 Function 

The highly conserved cyt c can be found in various organisms, ranging from eukaryotes, 

archaea and bacteria.118 Cyt c’s main function is to shuttle electrons in the electron transfer 

chain (ETC) of organisms, in eukaryotes it transfers electrons from the membrane-bound 

complex III (cytochrome c reductase) to complex IV (cytochrome c oxidase) in the respiratory 

chain (oxidative phosphorylation). Here, it is mainly located in the inner mitochondrial 

membrane (IMM). As can be seen from section 3.1, cytochrome c is involved in phototrophic 

organisms in the ETC of photosynthesis, as described previously. Besides this clear function 

in the ETC of organisms, cyt c was found to be involved in cell apoptosis. This is initiated in 

mitochondria, where the cyt c release into the cytosol is induced by a cytosolic truncated 

protein tBID, involving pro-apoptotic proteins, BAX and BAK, where pores are formed in the 

outer mitochondrial membrane.119 Cyt c then binds to the apoptotic protease activating 

factor-1 (APAF1), which activates heptamerization and binding to procaspase-9 forming an 

apoptosome.120 Further natural functions can be seen as cyt c acts as a cardiolipin peroxidase. 

Additionally, cyt c is also included in detoxification of reactive oxygen species (ROS) in 

mitochondria, reacting with superoxide and peroxides.121 It is also involved in the removal of 
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cell toxic sulfite via shuttling electrons from sulfite oxidizing enzymes to the ETC in 

mitochondria.122       

3.2.2.3 Electrochemistry 

Cyt c was ideal to be used as one of the first redox proteins communicating with electrodes 

due to the vast occurrence in cells, the high stability and the possibility of purification of this 

protein, becoming the model protein in protein electrochemistry. The electrochemistry of cyt c 

has a strong dependency upon electrode material and modification, as well as the adsorption 

of the protein to the electrode surface. At blank metal electrodes cyt c tends to adsorb and 

denaturise at the surface, leading to the prevention of clear and stable redox signals.123–125 

Nevertheless, redox behaviour ranging from quasi-reversible to irreversible has been found on 

silver, gold, platinum, ITO and FTO but strongly depending on electrode pretreatment.125–128 

Progress has been made by the introduction of adsorbed or chemisorbed promoter molecules, 

starting with 4,4’-bipyridine and derivatives, enhancing the electron transfer rates with the 

metal electrode.129,130 Since these preliminary research a vast amount of molecules, most of 

all thiol compounds, but also oligonucleotides, have been tested, improving and 

understanding the electron transfer of cyt c to metal electrodes.131,132 From this work, it was 

concluded, that hydrogen bonds or salt bridges from a bifunctional molecule to the heme-

facial lysines of cyt c are beneficial for a fast electron transfer reaction.131 The introduction of 

negative charged carboxylic acid alkanethiol self assembled monolayers (SAM) resulted in 

non-destructive adsorption of cyt c with heterogeneous electron transfer rate constants (ks) 

ranging from 0.1 to 0.4 s-1.133,134 Interestingly, negative shifts of redox potentials (~45 mV) 

could be observed, when cyt c was bound to negatively charged surfaces, which was also 

found in the natural system.134–136 Nonetheless, the ks of cyt c on carboxyl-terminated SAMs 

on gold electrodes has a strong dependence on ionic strength, pH and viscosity of the buffer 

solution, as well as the chain length of the SAM.137 Here, the apparent ks is an exponential 

function of the number of methylene groups (n > 10), obeying the Marcus theory, but 

levelling of at shorter SAM length (n < 9).137–139 In the latter case, the reorganization of cyt c 

becomes the rate-limiting step.138 The extrapolation to infinitesimal short SAM length (n = 0) 

at low ionic strength results in an ks of 5•106 s-1 being in the range of intramolecular electron 

transfer processes.137 Moreover, the K13 in cyt c was found to be directly involved in the 

electronic coupling of the protein/SAM interface, since ET rates drop by 5 orders of 

magnitude, when this amino acid is replaced with alanin.140 Interestingly, ET from cyt c to a 

metal electrode is coupled with a proton transfer step (reorganisation of hydrogen-bonding 
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network after reduction/oxidation), becoming the rate-limiting step for short SAM’s (< C6).141 

While another study supports these findings, the ks of cyt c is controlled by a long range 

tunneling, whereas at short SAM length the reaction is solvent/friction controlled.142  

A high stability and quasi-reversible electrochemistry of either covalently or adsorbed cyt c 

on mercaptoundecanoic acid was achieved, due to a better SAM formation on the surface 

compared to shorter molecules.133,143 The reduction of negative charges on the surface by 

mixing mercaptoundecanol to the SAM (1:3) yielded higher redox-active protein amounts as 

well as ET rate constants (~70 s-1).144 Nonetheless, the fixation of covalently bound cyt c 

decreases ks to 40 s-1, which was explained by the reduction in rotational freedom of the 

surface-bound protein.144 The ligation of cyt c’s heme group to an pyridinyl- or imidazole-

terminated alkanethiol resulted in a protein surface coverage one order of magnitude below a 

monolayer with a strong negative shift in redox potentials (up to -415 mV vs. Ag|AgCl), but 

increased the ET rates up to 850 s-1.145 Due to the direct coordination of SAM-terminal groups 

to the Fe central ion in the heme group, a change in the electronic coupling or the 

reorganization energy is expected to be the reason for this high rate contants.145   

Until now, countless strategies have been applied for the electrical coupling of cyt c to 

electrodes by a variation of electrode materials and structure. Moderate ET rate constants of 

cyt c were found on nanostructured gold materials: colloidal gold-carbon paste electrodes 

(1.21 s-1)146, gold nanoparticles-chitosan-carbon nanotubes (0.97 s-1)147, L-cysteine modified 

gold electrodes (1.25 s-1)148, nanoporous gold films (3.9 s-1)149.  

Using carbon materials, protein denaturation can be suppressed as compared with metal 

electrodes, but also pretreatment and surface modifications are beneficial. For instance, the 

ET of solution cyt c to an graphite electrode can be established without denaturation, but a 

high amount of oxygen modifications on the surface are needed generating high ET 

rates.150,151 Immobilisation of cyt c can be achieved by using nanostructured derivatives, 

which also result in moderate ks values. This has been done using poly-3-

methylthiophene/multi-walled nanotube glassy carbon electrodes (0.49 s-1)152, multi-walled 

nanotubes (4 s-1)153, chitosan dispersed graphene nanoflakes (1.95  s-1)154, graphene oxide 

(12.6 s-1)155, polyaniline/multi-walled nanotube ITO electrodes (17 s-1)156, and macroporous 

activated carbon electrodes (17.6 s-1)157.  

Furthermore, transparent conducting oxides have been directly used as electrode materials for 

the coupling of cyt c to the electrode. A prominent example is indium tin oxide (ITO), on 



Theoretical Background 

21 

which the electrochemistry of cyt c has been investigated in solution125 or adsorbed on the 

ITO surface either from solution or due to micro-contact printing.158–160 The ks of adsorbed 

cyt c on planar ITO electrodes can be very different, with reported values of 4 s-1 or 18 s-1 

under similar experimental conditions.158,159 Differences in conductivity of the ITO electrode 

can be found here, with a higher conductivity corresponding to a higher ks value. 

Nevertheless, with mesoporous ITO electrodes, a larger amount of cyt c molecules have been 

coupled to the electrode, but due to the low intrinsic carrier density in such materials, ET rate 

constants were lower compared with planar ITO electrodes, for instance for mesoporous 

ITO (1.2 s-1).161 A higher surface coverage and a ks of 12 s-1 have been achieved, when cyt c 

was immobilized on nanosized columnar ITO structures.162 Other porous transparent 

conducting oxides have been used in combination with cyt c, exhibiting also a high assembled 

protein amount, but their ks values are low, for example: mesoporous niobium oxide films 

(0.28 s-1)163, NaY zeolite (0.78 s-1)164, mesoporous antimony doped tin oxide (1.35 s-1, 

1.2 s-1)165,166, sandwich structured SiO2 gel boron-doped diamond electrode (1.39 s-1)167, 

mesoporous SnO2 (1 s-1)168 and mesoporous silica thin films (1.33 s-1)169.  

Another aspect of cyt c’s electrochemistry is the possibility of electron self-exchange between 

cyt c molecules.170 Hereby, electrons can be exchanged between equal cyt c molecules 

(ΔG0 = 0), being in different redox states (ferric or ferrous state).170 First NMR studies in 

solution have revealed, that cyt c can self-exchange electrons with a rate constant (kex) of 

about 103 M-1s-1, which increased by one order of magnitude, when higher ionic strength is 

present.171,172 A simulation of the electron exchange between cytochromes has shown, that 

differences in the reorganization energy are dominant for disparities in the magnitudes of the 

apparent rate constant between these proteins.173 Furthermore, the kex reaction dynamics are 

completely controlled by the electron transfer rather than by diffusion dynamics in solution.173 

Site-specific modifications of K13 and K72 increased kex by one and two orders of 

magnitude, respectively, implying that also electrostatic repulsion of cyt c molecules retarding 

the exchange process.174 Based on this, layer-by-layer multilayer approaches have been 

developed exploiting the self-exchange process by using sulfonated polyanilines 

(PASA)175,176, gold nanoparticles177, DNA178, or silica nanoparticles179, whereby cyt c 

molecules far from the electrode could be electrically addressed. Nevertheless, ET rates in 

these multilayers depend strongly on the rotational freedom and molecular distances between 

the surface-confined cyt c molecules. Also the matrix element plays a crucial role in self-

exchange, for example if silica nanoparticles are used, a kex of 1.99 • 104 M-1s-1 have been 

achieved.180 Nonetheless without a bulky matrix molecule, if cyt c is crystallized on modified 
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gold electrodes with the help of calixarenes the interfacial electron hopping between well-

ordered bulky cyt c molecules can also take place and has been found in the range of 

105-106 M-1s-1.181 The cyt c self-exchange has already been exploited for the connection of 

enzymes to electrodes, for instance, enzymes like bilirubin oxidase182, laccase183, cellobiose 

dehydrogenase184, fructose dehydrogenase185 or sulfite oxidase186,187. Feifel et al. 2014 were 

able to connect two enzymes, cellobiose dehydrogenase and laccase, in separated layers to a 

gold electrode, which can exchange electrons via cyt c with the electrode.188 

3.2.3 Strategies for the electrical coupling of proteins to electrodes 

To date a vast number of different strategies for the electrical coupling of electro-active 

proteins has been developed. The different coupling strategies exhibit advantages and 

drawbacks with respect to the protein stability, the amount of connected proteins and the rate 

of electron exchange with the electrode. The basic strategies can be separated into three major 

groups: The direct, wired and mediated electron transfer. In the first group, electrons are 

exchanged with the electrode directly from/or to the electro-active group of the protein, 

without the need of an additional intermediator. This is possible either because of a beneficial 

electrode material, or through an introduced layer on the surface (e. g. SAM). Here, 

theoretically ET reaction can be considered to be as fast as possible, because there is only one 

electron transfer step needed. Nonetheless, the distance between the redox-active group in the 

protein and the electrode can be rather long, due to the often deeply buried prosthetic groups 

in the protein structure, or random/poor orientation of the protein on the surface. Additionally, 

electronically coupling of redox centres of the protein with the electrode material can be very 

poor, which results in a higher activation energy, or decreased electron-tunneling rate, which 

increases the overpotential, thus energy, needed for an ET reaction. Hence, electrode material, 

surface modification or SAM molecules have to be carefully selected and tested for the each 

individual protein.  

Typical examples for expedient electrode materials are mostly non-metal electrodes based on 

carbon (glassy carbon, pyrolytic graphite) or transparent conducting oxides (ITO, FTO). 

Metal electrodes (like gold or silver) are used in combination with alkanethiol modified 

SAM’s, where orientation of the protein and ET rates can be controlled very well via the 

solution-exposed terminal groups of the SAM molecules and the length of the SAM. 

Nanostructuring often helps to increase the attractive forces between the electrode material 

and the protein, without a further modification of the electrode.189 
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Fig. 8: Strategies for the electrical coupling of a redox-active protein to electrodes. These can be separated into 

three groups: direct electron transfer, wired electron transfer and mediated electron transfer. ET exchange 

reactions are displayed by arrows; red/blue arrows show anodic/cathodic current flow, depending on the 

electrode applied bias potential. The protein can be either immobilized on the electrode, as well in the solution 

phase.   

The second and third group, the wired or mediated ET, show a higher variability of strategies. 

The ET reaction in the wired approach is guided through a coupled conducting molecule 

(molecular wire), respectively a conducting polymer, transporting electrons via the polymer 

matrix. The DET reaction can be accelerated by using a wire, which improves electron-

tunneling probability and thus ET rates with the electrode. Here, diffusion-limitation is barely 

the case, because the electron is travelling through the wire much faster, as if a chain of redox 

reactions have to occur to transport the electron to the protein. This would extent the time 

needed for the electron forwarding to/from the electrode and lower the overall ET rate.190  

In the mediated approach, the ET is mediated by a redox molecule or shuttle, transporting 

electrons from/to the protein from/to the electrode. This can be achieved by diffusible 

molecules or by redox polymers, where electrons are transported via localized redox centres 

in the polymer matrix by an electron hopping mechanism. For strategies using redox 

mediators, ET reactions can only start at the respective redox potential of the mediator and the 

rate-limiting step is either the rate of redox reaction of the mediator with the protein or of the 
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mediator with the electrode. For application in sensors however these transfer steps have to be 

much faster than the substrate conversion rate of the enzyme.  

With diffusible redox molecules or the conductive/redox-polymer matrix approach, the 

orientation of proteins does not play a major role and immobilization of active protein amount 

beyond monolayer coverage is relatively easy to perform. This gives the opportunity to boost 

the performance through an increased amount of electrically addressable proteins. Typical 

examples for also improving amount of proteins are polyanilines (conductive polymers, wired 

ET) or redox-hydrogels (redox polymers, mediated ET), which can entrap proteins on the 

surface and connect proteins to the electrode beyond a monolayer coverage.190      

3.3 Photobioelectrodes: design, construction and assembly 

Photobioelectrodes consist of a biological light-to-current converting component, mainly from 

photosynthesis, and an artificial electrode material. The efficient connection of both 

components is the main focus in current research and a number of various strategies have 

been developed so far. Photobioelectrodes can be classified a) by their main current flow 

direction, being either anodic, cathodic or both depending on the applied potential, or b) by 

the nature of the photoactive component. This classification helps to further develop efficient 

photobiovoltaic or photobioenzymatic devices. In the first device upon illumination a voltage 

and current flow is generated between two coupled electrodes. At least one of them has to be 

either a photoanode or a photocathode, which transfers the solar energy into electrical energy. 

For enzymatic systems, the solar energy is transferred to an enzyme producing energy-rich 

chemicals. The kind of enzyme (oxidase, reductase) and thus the chemical reaction 

determines the kind of photoelectrode needed for the construction of such devices. Often the 

chemical reduction of molecules lead to the desired energy-rich state, whereas for this 

purpose the combination of a reductase with a photocathode is of special importance.191,192   
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Fig. 9: Schematic representation of the basic principle of a photobioelectrode using photosystem I (PSI). Left: 

Photocurrent response depending on the applied electrode potential under illumination conditions. The plot can 

be separated into two situations, where solely cathodic (blue) or anodic (red) reactions at the start potentials of 

P700
+ (+0.42 V) or FB

- (-0.58 V) occur, with the cathodic photocurrent at negative overpotentials (ΔI = Ipc = 

negative) and anodic photocurrent at positive overpotentials (ΔI = Ipa = positive). Above or below the potentials 

of the PSI reaction centres, no photocurrent can be detected. A random orientation would nullify the photocurrent 

measured between potentials of P700
+ and FB

- (not shown). Right: Putative current flow for a PSI-using 

photoanode and photocathode in the presence of electron donor/acceptor molecules (red arrows: anodic current 

flow, blue arrows: cathodic current flow, green arrows: direction of intramolecular electron flow). The 

communication with the electrode is either established via a direct electron transfer (I. DET) or a mediated 

electron transfer (II. MET). 

In this chapter, the focus is applied to photobioelectrodes using immobilized PSI as their 

light-to-current converting species. Due to the unidirectional electron-hole separation from 

the luminal to the stromal side of PSI (see chapter 3.1.3), the orientation and/or the direct 

coupling of the electron donor/acceptor site towards the electrode surface (FB
- / P700

+) is 

crucial for producing efficient photocathodes or photoanodes.193 According to a mechanistic 

study, the majority of photocurrents are nullified if the fraction of orientation is below 80%.194 

Additionally, the overpotential at the electrode needed for the electron withdrawal has to be 

minimized according to the respective redox potential of the donor/acceptor side of PSI. This 

will maximize the usable potential gain during light excitation. In theory, when connecting the 

FB
- to the electrode (either directly or via a mediator) an anodic photocurrent can be detected 

upon illumination. This means that for potentials > -0.58 V a catalytic current at the electrode 

can be measured. Vice versa, when P700
+ is connected to the electrode a cathodic photocurrent 

at potentials below +0.42 V will be observed during illumination. In both cases, a suitable 
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electron donor or acceptor has to be present in solution. If random orientation or connection 

occurs, both photocurrent directions are suppressed by the opposing current direction. It has 

to be mentioned here, that the magnitude of photocurrent is also dependent on the electron 

donor and electron acceptor compound, which is not necessarily present in solution. 

Producing solely unidirectional, stable and high photocurrents with low onset potentials is the 

aim for developing photobioelectrodes.    

3.3.1 PSI on gold: strategies for immobilization and DET 

First investigations started to understand the orientation of PSI on short alkanethiols using 

-OH, -COOH, and -SH terminated SAMs on gold surfaces, resulting in a randomized 

orientation for all three terminal groups, having the highest uniformity (~70 %) on hydroxyl-

groups.195 Another strategy adsorbed PSI first on a mercaptohexanol SAM modified gold 

surface including a second step of backfilling hydrophobic methyl-terminated alkanethiols 

(C22SH). This can mimic a thylakoid membrane, whereas the large membrane-protein can be 

trapped on the surface, resulting in a higher protein stability against various solvents.196 

Furthermore, the effect of surfactant on the PSI adsorption capacity has been investigated on 

polar, nonpolar and negatively charged alkanethiols, whereby especially Triton-X prevents 

PSI from adsorbing to the surface.197 Ciobanu et al. 2007 were able to measure DET reaction 

of FA, FB and P700 from immobilized PSI on hydroxyl-terminated alkanethiol modified gold 

electrode by cyclic voltammetry, unfortunately the produced photocurrents were very low 

(> 1 nA).198  

With the application of an electrical field, the adsorption of PSI onto a SAM-modified 

hydroxyl-terminated gold electrode results in a better control of the assembly morphology of 

PSI. Therefore, bulk aggregation of PSI on the surface could be prevented. Nonetheless, for a 

gravity-driven adsorption of PSI, at high protein concentrations, columnar aggregates on the 

surface were found, due to an enhanced protein-protein interaction. On the contrary lower 

concentrations lead to a uniform monolayer of PSI.199,200 Furthermore, an electrophoretic 

deposition of PSI on SAM-modified gold electrodes by applying a potential of -2 V for 5 min 

can yield a uniform and dense-packed PSI monolayer on various polar or charged terminal 

groups, nevertheless the ET is still slow (~5 e- PSI-1 s-1) and diffusible mediator molecules are 

needed for the generation of photocurrents in the low nA region.201 Single amino acid 

mutation (Y635C) on the luminal side of PSI has been used to directly chemisorb PSI onto 

gold surfaces, while PSI could be assembled in 3 consecutive multilayer connected by 
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photoreduced platinum, interestingly, the photovoltage increased with the number of PSI/Pt 

layers up to 386 mV but no currents have been reported.202 A covalent coupling approach 

have been done via binding PSI on a Au-SAM with terminal aldehyde groups producing 

imine bonds. Here, the arrangement of PSI molecules was carried out by a rapid assembly 

under vacuum. Even on an unmodified gold surface, cathodic photocurrents have been 

achieved up to 100 nA cm-2.203  The same covalent-coupling approach has been used with PSI 

reacting from solution with a nanoporous gold leaf electrode, exhibiting photocurrents up to 

800 nA cm-2.204 SAM-modified gold nanoparticle (GNP) / PSI hybrids on gold electrodes 

show anodic photocurrents of 1600 nA cm-2.205 The reconstitution at a surface-fixed molecular 

wire (vitamin K) binding to the A1 quinone pocket of PSI in a GNP / PSI hybrid approach 

produced lower photocurrents.205 However, by leaving out the GNPs, evidence has been 

presented, that electron transfer via the molecular wire is faster, if directly coupled to a 

modified gold electrode.206 Both approaches have been used as photosensor, where excitation 

of PSI controls the voltage between gate and source in a field effect transistor (FET).207,208 

3.3.2 Wired / mediated electron transfer of PSI with electrodes 

Efrati et al. 2012 uses PQQ in a covalent approach for the attachment and molecular wiring of 

PSI to gold electrodes. Here, depending on the applied potential, anodic (~60 nA) and 

cathodic (~20 nA) photocurrents can be produced.209 The cross-linking of PSI to gold surfaces 

can also been done with bis-aniline, either with and without Pt nanoparticles and Fdx as 

electron shuttle proposing an anodic multi-electron hopping mechanism up to 1000 nA.210 The 

use of redox-polymers for the entrapment of PSI beyond a monolayer, and the electrical 

connection of the multilayered PSI molecules provided a strong improvement compared to the 

slow DET on monolayer electrodes. Another approach applies poly-benzyl viologen polymers 

for the layer-by-layer deposition and connection of PSI onto ITO, whereas anodic 

photocurrents could be achieved (~2.4 µA cm-2).211 The entrapment of PSI was also achieved 

by electropolymerization of polyaniline in the presence of the protein, and has shown a 

moderate photocurrent density of 5.7 µA cm-2, but a low turnover number of 1.4 e- s-1 PSI-1.212 

By using polyvinylimidazole/Os(bpy)2Cl2 as the interconnector between a gold electrode and 

PSI, investigations on the behaviour of cyanobacterial trimeric and monomeric forms of PSI 

resulted in similar photocurrents and photo-bleaching stability, but for the monomeric form 

light-saturation occurs at lower light intensities.96 In another study, Nafion is used in 

combination with Os(bpy)2Cl2, scavenging photo-holes and producing cathodic photocurrents 

(2.5 µA cm-2).213 Badura et al. 2011 have used an osmium-based hydrogel entrapping PSI, 
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which produced strictly cathodic photocurrents up to 29 µA cm-2.214 Furthermore, the 

modification of the osmium polymer adjusting their hydrophobic/hydrophilic balance could 

increase photocurrent densities (up to 70 µA cm-2), while a pH induced collapse of the 

hydrogel demonstrate even higher performances and one of the highest turnover numbers 

(~100 µA cm-2, 335 e- s-1 PSI-1).215,216  

3.3.3 Photosystem I on other conductive materials 

Since gold surfaces can be used relatively well with respect to basic investigations of PSI 

assembly, other materials may provide a more sophisticated surface for building up biohybrid 

photo-electrodes. Various surface materials like n/p-doped silicon217, GaAs218, TiO2
219, 

TiO2/ZnO220, CNTs221, graphene222, graphene oxide223, reduced graphene oxide224,  

organosilicate hydrogel225 and ITO211 have been exploited. Especially on semiconductor 

surfaces, not much attention was paid to verify intactness of PSI being the source of 

photocurrents. However this is necessary, since the used materials already have shown high 

photocurrents without PSI.217,220,224 The choice of diffusible electron acceptor/donor 

molecules was also critical, since these species show light-dependent reactions with 

electrodes as well and the occurring reactions at the electrode can be much more 

complex.191,226 One example on heavily p-doped Si / PSI macrolayer shows a high variance in 

reported photocurrent values, since high cathodic photocurrents of 875 µA cm-2 have been 

measured217, but reporting only 15 µA cm-2 when used in a solid-state application227. If 

graphene oxide is used in the PSI macrolayer 140 µA cm-2 have been produced.223 The highest 

anodic photocurrent produced so far is 2.5 mA cm-2, which relied on the electrosprayed 

deposition of PSI onto nanostructured TiO2. The base material itself exhibited already 

photocurrents up to 1.5 mA cm-2, nonetheless being the top performance electrode so far.228            

3.3.4 Photobiovoltaic and photobioenzymatic systems 

As stated before, photobiovoltaic and photobioenzymatic devices are the long-term goal for 

investigating photo-biohybrid electrodes. They rely on the connection of two photoelectrodes 

(anode, cathode) or the integration of an additional enzyme/artificial catalyst for the 

production of interesting chemicals like hydrogen. Z-scheme mimicking electrode designs 

have already been presented, where both PSI and PSII are coupled on one electrode, or 

separated onto two electrodes (PSI-electrode, PSII-electrode). One approach has shown this 

by coupling platinized PSI onto an ITO electrode further cross-linking PSII via polyvinyl 



Theoretical Background 

29 

pyridine/methyl pyridinium cyt c to PSI. The light-reaction splits water, but produced only 

photocurrents about 220 nA cm-2.229 Another study used two osmium hydrogels with different 

redox potentials to integrate PSI and PSII on two separate electrodes in a 

photobioelectrochemical cell. Here, the anodic reaction of the PSII-electrode splits water, 

where protons and molecular oxygen can diffuse to the cathode half-cell being converted to 

water again during the PSI reduction reaction.230 Being the current and voltage-limiting half-

cell, PSII-electrodes have been improved by using phenothiazine redox-polymers, increasing 

the cell power from nW cm-2 to µW cm-2.231  

First examples have been shown for the conversion of solar to chemical energy. By this the 

excited electrons are transferred from PSI to protons via a catalytically active molecule (e. g. 

hydrogenase) in solution, forming hydrogen. This has been done by a variety of catalysts, 

resulting in different hydrogen evolution rates, including the use of a [NiFe]-hydrogenase 

(0.01 s-1)232, cobaloxime (2.83 s-1)233, Pt nanoparticles (5.83 s-1)234, [FeFe]-hydrogenase 

(52.4 s-1)235. The NiFe-hydrogenase-PSI nanobiohybrid construct have been coupled via Ni-

NTA in a monolayer to gold electrodes and was able to produce 120 pmol H2 s-1 cm-2.236 

Another study have coupled Pt nanoparticles to the FB cluster of an osmium-hydrogel 

entrapped PSI, which produced detectable hydrogen after light excitation, nevertheless the 

faradayic yield was low.237  

Much more attention was drawn to biophotovoltaic cells based on a solid state or dye 

sensitized solar cell approaches. One of the first examples used a direct coupling approach to 

immobilize PSI stromally down via reconstitution of PsaD-His6 on Ni-NTA gold surfaces 

with a organic semiconductor, tris(8-hydroxyquinoline) aluminium backed with a silver 

counter electrode. In the same study, another device has been produced with a very similar 

approach using bacterial reaction center (bRC). The study has not reported photovoltaic 

parameters for the PSI containing device, but the bRC device generated short circuit current 

densities of about 120 µA cm-2 under very high light intensities (10 W cm-2).238 In another 

approach PSI was assembled on TiOx on an ITO electrode and covered with a conductive 

polymer/fullerene mixture. As the counter electrode, either MoO3/Al or LiF/Al has been used. 

The bulk heterojunction produced around 300 µA cm-2 and open circuit voltages of 390 mV. 

Nevertheless, the impact of using PSI was rather low, whereas the major performance (70-

90 %) resulted from the other integrated components.239 The benefit from PSI was better 

visible in a system from Beam et al. 2015, who constructed a p-doped silicon/PSI/ZnO solid 

state photovoltaic cell, while depositing ZnO as the counter electrode on a PSI multilayer 
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using a chemical deposition process.227 By etching and roughening the p-doped silicon, they 

could improve short-circuit photocurrents by one order of magnitude up to 127 µA cm-2 

(VOC = 214 mV).227 With electropolymerized polyaniline-PSI on ITO/TiO2 with a Ag counter 

electrode, 72 µA cm-2 (VOC = 299 mV) have been achieved.240 Cross-linked PSI-LHCI on 

charged mesoporous hematite (Fe2O3) deposited as multilayer, was used as a dye-sensitized 

solar cell producing 56 µA cm-2 (VOC = 321 mV), but was also able to produce H2 (744 µmol 

mg Chl-1 h-1), which was reduced at the Pt counter electrode.241 

However, many interesting systems have been produced so far, but the evaluation of 

photobioelectrodes is often very difficult. The reason for this can be seen by the usage of 

different experimental conditions with no uniform standard procedure (e. g. diffusible electron 

donors/acceptors, light intensities or electrode geometries). Additionally, not all information is 

provided by the corresponding study, hence making it challenging to classify the results and 

derive instructions for further development. In this thesis, this issue will be discussed more in 

detail in chapter 5.2.     
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4. Results 

4.1 Advanced unidirectional photocurrent generation via cytochrome c as 

reaction partner for directed assembly of photosystem I 

Authors: Kai R. Stieger, Sven C. Feifel, Heiko Lokstein and Fred Lisdat 

Abstract  

Conversion of light into an electrical current based on biohybrid systems mimicking natural 

photosynthesis is becoming increasingly popular. Photosystem I (PSI) is particularly useful in 

such photo-bioelectrochemical devices. Herein, we report on a novel biomimetic approach for 

an effective assembly of photosystem I with the electron transfer carrier cytochrome c (cyt c), 

deposited on a thiol-modified gold-surface. Atomic force microscopy and surface plasmon 

resonance measurements have been used for characterization of the assembly process. 

Photoelectrochemical experiments demonstrate a cyt c mediated generation of an enhanced 

unidirectional cathodic photocurrent. Here, cyt c can act as a template for the assembly of an 

oriented and dense layer of PS I and as wiring agent to direct the electrons from the electrode 

towards the photosynthetic reaction center of PSI. Furthermore, three-dimensional protein 

architectures have been formed via the layer-by-layer deposition technique resulting in a 

successive increase in photocurrent densities. An intermittent cyt c layer is essential for an 

efficient connection of PSI layers with the electrode and for an improvement of photocurrent 

densities. 

Introduction 

Artificial systems exploiting the features of natural photosynthesis are increasingly becoming 

a focus of current research.192,193 Particularly the two photosystems (PS) of the oxygenic 

photosynthesis have attracted the attention of researchers to build up new biohybrid solar 

energy-converting systems.211,230,242 In photosystem I (PSI) absorption of light results in 

charge separation with a quantum efficiency of nearly unity.25 Moreover, PSI can be readily 

isolated from plants and cyanobacteria with a high yield, thus PSI is frequently used as a 

natural resource in biohybrid light converting entities.83,243,244 In such systems efficient 

Published in: Physical Chemistry Chemical Physics (PCCP). K. R. Stieger, S. C. Feifel, H. Lokstein, F. Lisdat. Advanced unidirectional 
photocurrent generation via cytochrome c as reaction partner for directed assembly of photosystem I. Physical Chemistry Chemical Physics 
2014, 16(29), 15667-15674. DOI: 10.1039/C4CP00935E. Copyright © Royal Society of Chemistry 2014. 
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coupling of PSI with electrodes is essential. Besides the light-to-current conversion, PSI may 

also be used for light-driven redox and/or enzymatic reactions.  

In the thermophilic cyanobacterium Thermosynechococcus elongatus (T. elongatus), PSI is a 

trimeric pigment-protein super-complex with 12 different protein subunits, harbouring 96 

chlorophylls a (Chl a) – per monomeric subunit. Most Chls serve as light-harvesting antenna 

pigments and 6 Chls form the electron transport chain.78 Electron transfer in PSI starts at a 

luminal pigment dimer, Chl a/Chl a’ (P700) finally leading to a reduction of the stromal-

located terminal iron-sulfur-cluster (FB).83,244 

To date several approaches of coupling PSI to gold surfaces have been described. One of them 

is the covalent fixation of PSI, which has been achieved mainly via amino-reactive surface 

chemistry in order to obtain fixation and a short distance of the reaction center to the electrode 

for direct electron transfer (DET).203,204 Improvements in surface enlargements by using 

meso- and nanostructured surfaces have been reported, for example coupling PSI with gold-

nanoparticles205 and on nanoporous gold leaves204. A molecular wiring approach have been 

accomplished by reconstitution of PSI with vitamin K1 derivatives.206 Application of 

crosslinked Platinum-nanoparticle/PSI composites with ferredoxin210 or pyrroloquinoline 

quinone-linked PSI as a biohybrid relay assembly209 have also been reported. Additionally, 

PSI has been assembled in a non-covalent fashion onto different self-assembling monolayers 

(SAM) with terminal carboxyl-, hydroxyl- or amino-functions via adsorption.196–199,201,245,246 

Nevertheless, DET from PSI to a transducer results rather often in minor photocurrent 

densities, mainly due to long electron tunneling distances between the reaction center and the 

electrode. Owing to the embedding of PSI in an Osmium-complex containing redox polymer 

such issues as long electron transfer distances and low active protein density have been 

overcome.214 Recent investigations also address indirect electron transfer (IET) with various 

combinations of redox mediators in solution.226 However, in general current approaches result 

in photocurrent densities, which are orders of magnitude lower than those predicted by 

theoretical calculations, in particular, taking into account the high quantum efficiency of PSI, 

the fast intramolecular rate of charge separation (< 1 µs) and assuming an optimal PSI surface 

coverage of 0.5 pmol cm-2.59,207 One reason is related to the lack of controlled orientation of 

PSI on the electrode surface194, another may be the limited accessibility of mediator 

molecules to PSI.226  
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In the present work, we use cytochrome c (cyt c) as a tool for the assembly of PSI. The 

electrochemistry of this small redox protein (~12 kDa) and the adsorption processes onto 

modified gold-electrodes are quite well understood.137,144,247 Very recently, a similar attempt 

has been accomplished using a cyt c polymer complex to connect PSI to an electrode.229 In 

this study, we apply a different strategy by coupling cyt c via self-assembling monolayers, 

which provides a very stable and efficient electrical connection of cyt c with the electrode. We 

also address detailed investigations on the conditions under which cyt c can act as a protein 

scaffold for a non-covalent assembly of PSI, e. g. pH of buffer, PSI concentration and time 

period. Atomic force microscopy is used to elucidate the complex surface structure of the 

cyt c  – PSI bilayer formation. Furthermore the capability for an efficient electron transfer in a 

surface-fixed state is explored, resulting in a unidirectional generation of photocurrents. In 

addition, we demonstrate a next step of development by building-up three dimensional 

cyt c/PSI architectures in order to obtain enhanced photocurrent densities. This novel 

approach displays the potential of cyt c to act as molecular protein scaffold for connecting PSI 

with electrodes, even if the biomolecules are immobilized rather far from the electrode 

surface. 

Experimental Section 

Isolation of Photosystem I from T. elongatus 

Trimeric PSI has been isolated from T. elongatus essentially as described previously.248,249 

The PSI containing fraction has been further purified by one or two sucrose gradient 

ultracentrifugation steps as required. Functionality of PSI has been assessed as light-driven 

electron transport from ascorbate-reduced 2,6-dichloroindophenol to methyl viologen (1,1’-

dimethyl-4,4’-bipyridinium, MV2+) with a Clark-type electrode (Oxyview-1, Hansatech, 

King’s Lynn, UK). Typical light-induced oxygen consumption rates were on the order of 

3.5 µmol mg-1 Chl a * min-1. Fluorescence emission spectra measured at RT and 77 K 

indicated the integrity of the excitation energy transfer chain in PSI. 

Preparation of Au-SAM/cyt c/PSI mono- and multilayer electrodes 

Au-rod-electrodes (CHI) with an accessible geometrical surface of 0.0314 cm² have been 

cleaned with abrasive paper (P1200, P2500, P3000) and subsequently cycled between -0.2 

and 1.6 V (vs. Ag|AgCl) in 100 mM sulfuric acid. Followed by an incubation for 48 h at RT 

with an ethanolic solution of a 3:1 mixture containing 11-mercapto-1-undecanol (MU, Sigma) 
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and 11-mercaptoundecanoic acid (MUA, Sigma). Afterwards the electrode has been incubated 

with 30 µM cytochrome c (horse heart, Sigma) in phosphate buffer (5 mM, pH 7) for 2 h. 

Subsequently the Au-SAM/cyt c electrodes have been incubated in the dark with purified 

0.2 µM PSI trimer in phosphate buffer (5 mM, pH 7) over night at 4 °C and were finally ready 

for measurements. 

In multilayer preparations the Au-SAM/cyt c/PSI electrodes have been alternately incubated 

with 30 µM cyt c solution for 2 h at RT and 0.2 µM PSI trimer solution for 2 h at RT in 

phosphate buffer (5 mM, pH 7). At all incubation stages cyclic voltammograms have been 

recorded to verify the assembly process. 

Electrochemical experiments 

Electrochemical measurements have been performed using a potentiostat (Zennium, Zahner) 

and an electrochemical cell containing 5 mL of a phosphate buffer (5 mM, pH 7) a Pt counter 

electrode and an Ag|AgCl (3 M KCl) reference electrode. Cyclic voltammetric measurements 

have been performed at a scan rate of 100 mV s-1 and in a potential range from +300 to 

-300 mV.  

Photoelectrochemical experiments 

Photoelectrochemical measurements have been performed using an integrated system 

(CIMPS, Zahner) containing a white LED light source (4300 K, Zahner) with a continuous 

change of intensity (max. 100 mW cm-²), an electrochemical cell and a photodiode with 

feedback control to the light source via a potentiostat (PP211, Zahner). Electrochemical 

investigations have been carried out through a coupled potentiostat (Zennium, Zahner). In all 

experiments a Pt counter electrode and an Ag|AgCl (3 M KCl) reference electrode have been 

used in an aqueous solution containing phosphate buffer (5 mM, pH 7). As a soluble electron 

mediator MV2+ has been used at a final concentration of 250 µM. Photochronoamperometric 

experiments have been performed at RT and different potentials (-100 mV, 200 mV, 500 mV 

vs. Ag|AgCl), while using an illumination time of 30 s. Chopped light voltammetry 

experiments have been done at a scan rate of 2 mV s-1 from 250 mV to -300 mV with a light 

intensity of 60 mW cm-2 and a light period time of 15 s. 
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Atomic force microscopy 

Atomic force microscopy (AFM) images have been taken in the quantitative imaging (QI) 

mode in phosphate buffer (5 mM, pH 7) by the use of an atomic force microscope 

(Nanowizard 3, JPK) and a cantilever (0.7 N m-1, Bruker). In all experiments an unused 

planar gold-chip (Xantec) with an rms surface roughness of about 0.2 - 0.4 nm served as 

substrate. The new Au surface has been incubated for 48 h at RT with a freshly prepared 

ethanolic solution of a 3:1 mixture containing MU and MUA. After extensively washing the 

surface with ethanol and phosphate buffer (5 mM, pH 7) the chip first has been incubated for 

2 h at RT with 30 µM cyt c in phosphate buffer (5 mM, pH 7) and second treated with 0.2 µM 

PSI in phosphate buffer (5 mM, pH 7) over night in the dark at 4 °C. At all incubation stages 

AFM-images have been taken. 

Surface plasmon resonance 

Surface plasmon resonance (SPR) experiments have been performed on a Biacore T100 (GE 

Healthcare) at a constant flow rate of 1 µL min-1 and 25 °C. Before use, Au sensor chips have 

been cleaned with low pressure air plasma. The clean Au surface has been incubated 48 h at 

RT with a freshly prepared ethanolic solution of a mixture containing MUA and MU. After 

the thorough washing of the surface with ethanol and phosphate buffer (5 mM, pH 7) the chip 

was ready to use. First cyt c has been adsorbed on the thiol layer and subsequently PSI 

solutions of different pH and concentration have been flushed over the surface. 

Results and Discussion 

Assembly of photosystem I on cytochrome c 

In a first attempt, the non-covalent assembly of PSI on a cyt c monolayer (cyt c ML) has been 

investigated. This idea is based on the natural situation in which plastocyanin or cyt c6 can act 

as an electron donor of PSI.52,250 In addition, it has been shown that cyt c6 can mediate the 

reactivity of PSI with electrodes in solution.251 T. elongatus-PSI has a luminal-located binding 

site close to P700 suited for cyt c6 interaction.83 Although cyt c from horse heart is rather 

different from cyt c6, it provides the advantages of fast reactions at electrodes and a high 

isoelectric point252 (10 – 10.5), which leads to a pronounced electrostatic adsorption on 

negatively charged SAMs and may also support an improved interaction with PSI. 
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Hence, we have investigated the assembly process of PSI on a cyt c layer by surface plasmon 

resonance (SPR). The sensorgramm in Fig. 1 demonstrates the assembly of PSI on a 

MUA/MU-modified gold-surface (see experimental section) with and without a subjacent 

cyt c monolayer. First a rather fast adsorption of cyt c on the MUA/MU-SAM is observed. 

This results in a surface concentration of 15±1 pmol cm-2 (n = 5), which reflects well the 

protein amount detected via electrochemistry: from cyclic voltammetric experiments (CV) the 

cyt c surface concentration can be calculated to be 14 ± 0.8 pmol cm-² (n = 9), which is in 

agreement with other studies described previously.137,144,247 

 

Fig. 1: Surface plasmon resonance (SPR) sensorgramm of the assembly of cyt c and PSI on modified gold 

surfaces. (a) Deposition of cyt c on a SAM-modified gold surface, (b) Deposition of PSI on a SAM-modified 

gold surface and (c) Deposition of PSI on SAM-modified gold surface after deposition of cyt c. All experiments 

have been performed in phosphate buffer (5 mM, pH 7) in a flow system (1 µL min-1). A mixture of 11-

mercaptoundecanoic acid (MUA) and 11-mercapto-1-undecanol (MU) (1:3) have been used as SAMs for 

modification of the gold surface prior to the protein assembly. 

The successful adsorption of PSI by injections on top of a cyt c ML can also be shown. In this 

experiment three subsequent PSI injections with intermittent buffer wash have been used in 

order to grant the system enough time for proper rearrangement on the surface and test for a 

potentially protein desorption (see Fig. 1). Given that 3 injection steps of PSI (2 min each) 

still result in a further mass increase, it can be concluded, that PSI exhibits a rather slow 

binding kinetics to the cyt c ML compared to the cyt c binding to MUA/MU. When PSI is 

flushed over a MUA/MU-modified surface a comparable slow adsorption behaviour can be 
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seen. However, a significantly reduced mass deposition is detected, demonstrating the 

importance of a subjacent cyt c ML for an efficient PSI assembly process.  

 

Fig. 2: Atomic force microscopy (AFM) images of cyt c/PSI assemblies on Au-SAM substrates. (a) AFM image 

of cyt c adsorbed to a SAM of MUA, MU (Au-SAM/cyt c). (b) AFM image of a PSI assembly on top of a cyt c 

monolayer (Au-SAM/cyt c/PSI). (c) Corresponding cross section graph of Au-SAM/cyt c (dashed) and Au-

SAM/cyt c/PSI (solid) with a total line width of 1 µm. In (a) and (b) the colour scale is shown on the top of the 

Fig., ranging from 0 to 22 nm. 

Further SPR experiments without intermittent buffer flow have been performed evaluating the 

best conditions for PSI adsorption onto a cyt c ML. When PSI is assembled with a 

concentration of 0.2 µM in a buffer with low ionic strength (5 mM phosphate buffer) at pH 7 

most efficient protein deposition can be observed. Higher and lower concentrations of trimeric 
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PSI lead to a significant reduction of the assembly rate (see Fig. s1, ESI). Deposition 

experiments of PSI from a storage buffer (50 mM Tris, 0.04 % ß-dodecyl-maltoside (ß-DM), 

pH 8) also exhibits less mass accumulation due to the interaction of the detergent ß-DM with 

the surface. Hence, a buffer exchange to low ion concentrations and a removal of ß-DM have 

been performed. 

A surface saturation with PSI can be achieved after an incubation time of 1 h resulting in a 

surface concentration of approximately 1 pmol cm-2 (see Fig. s2A, ESI). For PSI binding 

electrostatic forces are dominant at pH 7, due to a positive excess net-charge of cyt c and a 

prominent negative net-charge at the luminal side of PSI (see Fig. s3, ESI).199,253–256 A study 

of the pH-influence in the PSI deposition process on a cyt c ML, indicates clearly that a pH 

variation ranging from 8 to 6.5, has a quite strong impact on the PSI adsorption. This is due to 

the change in charge distribution on the protein surface (see Fig. s1A, ESI). 

In order to confirm the deposition of PSI, AFM-measurements have been performed and are 

shown in Fig. 2. Because of the small size of cyt c and the formation of a densely packed 

monolayer, a rather low roughness can be found for the surface with the redox protein only. 

The PSI deposition however, changes the AFM-image compared to the cyt c layer displaying 

a dense structure with small gap-sections. Cross-section analysis has been carried out to 

elucidate the roughness-parameter for better comparison. The rms roughness for the cyt c-

modified surface is about 0.3±0.1 nm (n = 3). The roughness-value changes by one order of 

magnitude to 3.5±0.2 nm (n = 3) for the deposition of PSI. The profile given in Fig. 2c and 

the increased roughness obviously confirm the deposition of a complete and rather compact 

layer of PSI. Additionally this is in very good agreement with the rather high surface 

concentrations found in SPR experiments. 

Photocurrent generation of Au-SAM/cyt c/PSI electrodes 

After verifying the successful assembly of trimeric PSI on cyt c-modified Au-surfaces, the 

functional properties of these cyt c/PSI systems have been investigated. First, we characterize 

the electrochemical properties of the cyt c layer with and without PSI on top by cyclic 

voltammetry. Following Fig. 3B, cyt c exhibits a quasi-reversible electrochemistry with a 

formal potential of -8±4 mV vs. Ag|AgCl (n = 8), a small peak separation of 12±2 mV (at 

100 mV s-1, n = 8) and a surface slight conformational change around the heme group, 

alterating the redox properties. 



Results 

39 

 

 

Fig. 3: Schematic electron flow in a cyt c/PSI assembly and photoelectrochemical experiments of Au-

SAM/cyt c/PSI and Au-SAM/PSI: (A) After cyt c assembly on a MUA/MU-SAM PSI is deposited on the 

positively charged cyt c layer. Electrons can flow from the electrode via cyt c to PSI to reduce the reaction 

complex (P700
+), when PSI is excited by light. A mediator (M) in solution oxidizes the reduced FB

- iron sulfur 

cluster, which can be methyl viologen (MV2+) and oxygen. (B) Cyclic voltammogram of (a) Au-SAM/cyt c and 

(b) Au-SAM/cyt c/PSI electrodes in the dark and (c) Au-SAM/cyt c/PSI electrode under illumination of 

60 mW cm-2 white light. (C) Photocurrent density generated at two assemblies Au-SAM/PSI and Au-

SAM/cyt c/PSI at -100 mV (black), +200 mV (red) and +500 mV (blue) vs. Ag|AgCl with corresponding current 

ratio (anodic to cathodic). Please note the current axis has been interrupted for better visualization of the small 

photocurrents versus the cyt c mediated one. (D) Chopped light voltammetry of Au-SAM/cyt c/PSI (a) without 

MV2+ and (b) with MV2+ illuminated with white light of a power of 60 mW cm-2. All measurements have been 

performed under aerobic conditions in phosphate buffer (5 mM, pH 7). 

When the cyt c/PSI electrode is illuminated with a light-power of 60 mW cm-2 a catalytic 

current with still detectable oxidation and reduction peaks is observed (Fig. 3B). It needs to be 

pointed out, that catalysis is rather efficient here, since it can be observed even at a higher 

scan rate (100 mV s-1). The catalysis starts merely at the formal potential of cyt c, 

demonstrating that there is solely a photo-induced electron transfer from the electrode via 
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cyt c to PSI, which reduces the positively charged P700
+. This is schematically displayed in 

Fig. 3A. 

Subsequently, the photocurrent has been measured at three different potentials (-100 mV, 

200 mV and 500 mV vs. Ag|AgCl). The observations made are illustrated in Fig. 3C. Oxygen 

can oxidize the negatively charged iron-sulfur-cluster (FB
-) located at the stromal side of the 

PSI (and thus can act as electron acceptor “M+” as illustrated in Fig. 3A). A significant 

photocurrent of 1 µA cm-2 can exclusively be observed at a negative polarization of the 

electrode (-100 mV vs. Ag|AgCl). At +500 mV vs. Ag|AgCl only a photocurrent of 13 nA cm-2 

is found, as well as 9 nA cm-2 at +200 mV vs. Ag|AgCl, respectively. The ratio between 

anodic and cathodic photocurrents is calculated to be 0.014. This observation indicates a 

nearly unidirectional photocurrent generation, when PSI is assembled on a cyt c ML, 

emphasizing a rather well coverage of 14±0.8 pmol cm-2 (n = 8). The data verify the 

formation of a well-ordered cyt c ML and a fast electron transfer with the underlying 

electrode. 

The subsequent adsorption of PSI on the cyt c ML can easily be recognized by a small 

potential shift towards lower potentials (-45±2 mV vs. Ag|AgCl, n = 5). The interaction of PSI 

with cyt c in a surface-fixed state obviously results in a stabilized oxidation state of cyt c 

compared to the reduced one. Despite the potential change the transferred charge remains 

almost constant verifying that all previously accessible cyt c molecules are still electro-active, 

additionally without detachment from surface. However, the broadening of the half peak-

width (W0.5) of 75±3 mV (n = 4) to 83±3 mV (n = 4) indicates a change in the homogeneous 

state of the cyt c molecules in the monolayer to a slightly more heterogeneous one. After PSI 

deposition a change in the open circuit potential (OCP) can also be observed from 89 mV to 

240 mV vs. Ag|AgCl. Although the measurements have been performed in the dark absorption 

of residual light cannot be completely excluded, which could result in cyt c oxidation and thus 

a shift in OCP. In summary these observations indicate a strong interaction, such as cyt c 

binds to the luminal side of PSI, which may cause an oriented PSI on the cyt c surface and a 

cyt c-mediated connection to the electrode. 

To further evaluate the influence of cyt c on the photo-induced electron transport pathway a 

control electrode without cyt c has been prepared, taking into account that also other 

carboxyl-modified electrodes have been reported for PSI assembly and photocurrent 

generation.196–198,201,245,246 At a potential of -100 mV vs. Ag|AgCl such an electrode (Au-
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SAM/PSI) generates only a rather small photocurrent of about 17 nA cm-2. Additionally, a 

potential change to +500 mV vs. Ag|AgCl induces even smaller photocurrents, resulting in a 

ratio of anodic to cathodic current of 0.540. This clearly indicates that not only the magnitude 

of the photocurrent can be increased by the cyt c layer compared to the SAM approach, but 

also the proper orientation of immobilized PSI has been improved. Thus, the cyt c/PSI 

electrode can be considered as a biohybrid photodiode. Stability experiments of these 

electrodes reveal only about 20% loss in photo activity after 7 days stored at 4 °C in buffer.  

 

Fig. 4: (A) Scheme of the alternating assembly process of cyt c/PSI multilayers using the layer-by-layer 

technique and photoelectrochemical experiments of (cyt c/PSI) multilayers: (B) cyclic voltammogram in the dark 

with (a) cyt c monolayer electrode (Au-SAM/cyt c), (b) cyt c/PSI electrode (Au-SAM/[cyt c/PSI]1) and (c) with 

a terminal cyt c layer on top of the cyt c/PSI electrode (Au-SAM/[cyt c/PSI]1/cyt c). 

(C) Photochronoamperometric measurements of each successively added layer at three different light power 

(2 mW cm-2, 10 mW cm-2 and 20 mW cm-2) with (a) Au-SAM, (b) Au-SAM/cyt c, (c) Au-SAM/[cyt c/PSI]1, (d) 

Au-SAM/[cyt c/PSI]2 and (e) Au-SAM/[cyt c/PSI]2/cyt c electrodes. Measurements have been performed under 

aerobic conditions and in phosphate buffer (5 mM, pH 7). 
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In a next characterization step the potential dependence of the cathodic photocurrent has been 

evaluated. In Fig. 3D a chopped light voltammetric experiment of an Au/SAM/cyt c/PSI 

electrode is displayed. Obviously the photocurrents are enhanced by decreasing the applied 

potential. In pure buffer oxygen acts as the electron acceptor in the system. Addition of the 

well-known electron acceptor MV2+ leads to an increase of the photocurrent and improves the 

withdrawal of electrons from the excited PSI. Notwithstanding, MV2+ is added to the solution, 

the potential dependence of the photocurrent is retained. The use of MV2+ has the advantage 

of not displaying any photochemical activity by itself or creating a shortcut with cyt c. Even 

though there is a strong MV2+ induced photocurrent enhancement at cathodic potentials, only 

tiny improvements are observed near the OCP. This observation is in accordance with the idea 

of a cyt c driven unidirectional assembly and the generation of an electron flow preferentially 

in one direction.  

As a further characterization a light power dependence experiment without MV2+ has been 

performed with the Au-SAM/cyt c/PSI electrode (see Fig. s2B, ESI). In this case, already at 

low light intensities a fast rise in photocurrent is observed. The obtained curve is fitted with 

the Michaelis-Menten equation, an approach which has been proposed previously214, 

assuming photons as substrate for PSI. However, the obtained fit is not accurate for low 

intensities. From the fit parameters a maximum photocurrent density of 0.97±0.01 µA cm-2 

and a KM of 2.4±0.1 mW cm-2 can be derived. 

Fig. 4B shows the cyclic voltammogram when cyt c is deposited on a cyt c/PSI electrode. The 

assembly process can readily be followed in the voltammetric analysis. Whereas the assembly 

of PSI on cyt c changes the potential of the underlying cyt c molecules as described before (-

45±2 mV vs. Ag|AgCl, n = 5), the subsequent assembly of cyt c on PSI results in a potential 

shift back to the positive direction (11±3 mV vs. Ag|AgCl, n = 5) with a larger peak 

separation (16±3 mV, n = 5). In addition, the electro-active amount of cyt c is increased to 

28±3 pmol cm-2 (n = 5). This demonstrates that the additionally deposited cyt c is in electrical 

contact with the electrode. The behaviour can be explained by interprotein cyt c–cyt c electron 

exchange as already has been verified previously in cyt c multilayers.175,179,257 

It also needs to be mentioned that a deposition of PSI on top of this layered system (Au-

SAM/[cyt c/PSI]2) decreases the redox potential again (-2±4 mV vs. Ag|AgCl, n = 5). This 

effect is not as strong as with PSI deposited on the first cyt c layer, however reproducibly 

detectable. A further assembly step of cyt c on top of this layered system (Au-
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SAM/[cyt c/PSI]2/cyt c) shifts the redox potential back to a more positive potential of 

16±3 mV vs. Ag|AgCl (n = 5).  

A functional analysis of the photocurrent generation with a successively assembled 

architecture of multiple layers (Au-SAM/[cyt c/PSI]1/cyt c) at –100 mV vs. Ag|AgCl reveals a 

clear increase in photocurrent density compared to the Au-SAM/cyt c/PSI system. The use of 

cyt c as a surface confined electron shuttle on top of the cyt c/PSI layer enhances the cathodic 

photocurrent additionally by at least 11 %, indicating that not all previously immobilized PSI 

molecules are in electrical contact with the electrode. The additional cyt c molecules connect 

electrochemically some improperly orientated PSI molecules. Even higher photocurrents are 

generated when a two bilayer system with a terminal cyt c layer (Au-SAM/[cyt c/PSI]2/cyt c) 

is analyzed, as illustrated in Fig. 4C. The resulting photocurrent is increased by 40 %. Further 

experiments at positive potentials do not lead to a significant rise in anodic photocurrent 

density, which also supports the idea of a cyt c – based connection of the P700 complex in PSI 

with the electrode. 

Even though the hybrid systems are assembled in a layer-by-layer fashion this does not result 

in well separated PSI and cyt c layers. Considering the size differences between PSI and cyt c 

and the observed photocurrent behaviour of the multilayered electrode, it can be concluded 

that the cyt c molecules assemble around the PSI (i.e. on the accessible area of the PSI-

complex). At this point it needs also to be stressed, that the terminal cyt c assembly is 

essential for a reasonable photocurrent since the two bilayer system of Au-SAM/[cyt c/PSI]2 

turns out to generate less photocurrent output (reduction of 30 %, see Fig. 4C). This 

observation is in agreement with the behaviour found for a cyt c assembly on top of one 

bilayer system cyt c/PSI, which also results in an improved electrochemical connection of the 

large PSI complex with the electrode surface. 

Conclusions 

In the present study we have demonstrated the possibility of electrochemically connecting 

photosystem I with an electrode transducer via the electron carrier protein cytochrome c on 

MUA/MU-modified gold surfaces. Assembly studies have elucidated the formation of a dense 

PSI layer on such cyt c electrodes and an enhanced protein deposition compared to electrodes 

with only a SAM-layer. A cyt c/PSI system clearly displays enhanced photocurrent densities 

and also leads to a unidirectional photocurrent generation indicating a cyt c driven orientation 
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of PSI. A particular feature of this system can be seen in the finding that the process of 

assembly can be nicely followed via cyclic voltammetry, since the deposition of PSI changes 

the redox potential of cyt c noticeably. 

Moreover, 3D architectures of cyt c/PSI have been accomplished based on the layer-by-layer 

deposition technique. In such multilayered systems, cyt c acts as a wiring agent between the 

separated PSI layers and the electrode. Owing to the well established communication between 

cyt c and the electrode and the high density of PSI molecules assembled on the electrode, 

rather large photocurrents have been achieved. This system highlights the importance of 

biomimetic approaches using natural building blocks to create artificial signal chains. It can 

also provide a biohybrid platform for the development of light driven enzyme cascades 

producing valuable chemical compounds. 
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Supporting Information 

(I) Assembly Study of photosystem I on cytochrome c modified electrodes 

1A) Dependence of protein deposition on pH 

Assembly studies have been performed to verify the optimal conditions to deposit 

photosystem I (PSI) on cytochrome c (cyt c). First, SPR-experiments have been done showing 

the influence of pH on the assembly process. Cyt c has been injected for 120 s at a flow rate 

of 1 µL min-1 in a concentration of 30 µM in phosphate buffer (5 mM) with different pH (6.5-

8) on a prior modified mercaptoundecanoic acid / mercaptoundecanol (MUA/MU, 1:3) gold-

chip. Afterwards PSI has been injected for 120 s at a flow rate of 1 µL min-1 in a 

concentration of about 1.5 µM in phosphate buffer (5 mM) with corresponding pH. In 

Fig. S1A, the surface concentration after the injection step is plotted against the used pH. 

Here, the cyt c assembly exhibits a strong reduction in surface concentration at pH 6.5 

compared to the other pH values. For the PSI adsorption a clear maximum was found at pH 7. 

For further studies, all experiments have been carried out at pH 7. 



Results 

45 

 

Fig. S1: Surface plasmon resonance (SPR) experiments to elucidate the assembly conditions of photosystem I 

(PSI) on a cytochrome c (cyt c) monolayer. Here, the pH of the assembly buffer was changed from pH 8 to pH 

6.5 to verify the best interaction between cyt c and PSI. At pH 7 PSI concentration was changed to investigate 

the optimal protein concentration for the highest mass deposition. (A) Dependence of cyt c assembly (grey) on a 

mercaptoundecanoic acid / mercaptoundecanol (MUA/MU) 1:3 modified gold-surface and photosystem I 

assembly (black) on a MUA/MU/cyt c surface according to the pH of the assembly buffer. (B) Concentration 

dependence of PSI assembled on a MUA/MU/cyt c modified gold-surface. Surface concentration is calculated 

from responsive units (RU). For experimental details see text. 

1B) Dependence of PSI deposition on concentration 

In a next set of SPR experiments PSI has been injected for 120 s at a flow rate of 1 µL min-1 

at different concentrations to a surface with an adsorbed monolayer of cyt c. Prior to this 

injection the cyt c monolayer has been formed by injecting cyt c in a concentration of 30 µM 

for 120 s at a flow rate of 1 µL min-1 in phosphate buffer (5 mM, pH 7) to a MUA/MU-

modified gold chip. Fig. s1B shows the concentration dependence of mass deposition of PSI. 

The maximum surface concentration within this time frame can be achieved at a concentration 

of approximately 0.2 to 0.3 µM. Higher or lower concentrations decrease the rate of protein 

adsorption. For further experiments PSI has been used at a concentration of 0.2 µM. 

2A) Time dependence of PSI deposition 

In this SPR experiment the time dependent adsorption of PSI to a cyt c monolayer was studied 

for different time intervals. Here, a 0.2 µM PSI solution have been flushed over the surface 

from 2 until 120 min. The cyt c monolayer has been prepared by injecting cyt c to a 

MUA/MU-modified gold chip for 120 s at a flow rate of 1 µL min-1 in phosphate buffer 

(5 mM, pH 7). The result is shown in Fig. s2A. The maximum surface concentration is 
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reached at about 60 min. The one-site-binding equation has been used to fit the curve, which 

exhibits a saturated surface concentration of 1085 ng cm-2 (~1 pmol cm-2). 

2B) Dependence of the photocurrent output of an Au-SAM/cyt c/PSI electrode on the 

light power 

Photocurrent densities have been measured under various light intensities of a white light 

LED lamp (Zahner) ranging from either 0 – 20 mW cm-2 and 0 – 60 mW cm-2, without any 

additional electron acceptor in solution. This experiment has been performed under aerobic 

conditions in phosphate buffer (5 mM, pH 7). To fit the curves the Michaelis-Menten equation 

have been used considering PSI as photon converting enzyme and photons as substrate as 

previously proposed by Badura et al. 2011.214 The light intensity is proportional to the photon 

concentration. In Fig. s2B the data and the fit are shown. At low light power the photocurrent 

densities do not follow the kinetic model. 

 

Fig. S2: (A) Surface plasmon resonance (SPR) experiment to elucidate the maximal mass deposition of 

photosystem I (PSI) on a mercaptoundecanoic acid / mercaptoundecanol (MUA/MU) 1:3 / cytochrome c (cyt c) 

modified gold-surface. Incubation time dependence of the assembled surface concentration of PSI on 

MUA/MU/cyt c modified gold-surface. The MUA/MU modified gold-surface had been in contact with the cyt c 

solution (black squares) before the MUA/MU/cyt c modified gold-surface has been in contact with the PSI 

solution (blue triangles). Surface concentration has been calculated from responsive units (RU). (B) Light 

intensity dependence vs. photocurrent density of a Au-MUA/MU/cyt c/PSI electrode without additional mediator 

(MV) in solution for two different sets of light intensities (0 - 20, 0 - 60 mW cm-2). The data has been fitted using 

the Michaelis-Menten-equation. For experimental details see text. 
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(II) Surface potential calculations at monomeric photosystem I 

Surface potential calculations of monomeric PSI (T. elongatus, PDB: 4FE1) has been done at 

pH 7 to verify the excess charge distribution of PSI and thus to support the basic idea of 

electrostatic assembly on cyt c. A similar calculation has been done by Mukherjee et al. 

2011.199 Here, the surface potential has been calculated from the crystal structure of Brunger 

et al. 2012253 (PDB: 4FE1) using the PyMOL Molecular Graphics System (PyMol, Version 

1.7, Schrödinger, LLC.). Using PDB2PQR 1.8, pKa calculations have been performed by 

PROPKA at pH 7, while using PARSE as standard forcefield.255,256 The adaptive Poisson-

Boltzmann Solver254 (APBS) was used with standard parameters (Temperature: 298.15 K, 

protein dielectric = 2.0, solvent dielectric = 78.0). For simplicity ionic strength and 

concentrations have been assumed to be 5 mM K+ (ionic radius = 133 pm) and 5 mM H2PO4
-1 

(ionic radius = 213 pm). Fig. s3 shows the surface potential distribution in units of KBT/e 

(from -5 to 5) of monomeric PSI in three different views (luminal, side, stromal) with the 

cytochrome c6/plastocyanin docking site83 (black circle) at the luminal side of the PSI. These 

calculations verify the negative (red, luminal) and positive (blue, stromal) potential situation 

in PSI at pH 7 in a low ionic buffer system. It supports the idea of an orientated assembly of 

PSI on cyt c with a positive excess net-charge. 

 

Fig. S3: Surface potential calculation of monomeric PSI (PDB: 4FE1) from three different viewpoints (luminal, 

side, stromal) in phosphate buffer (5 mM, pH 7). Colour bar range from a negative potential of -5 KBT/e (red) to 

a positive potential of 5 KBT/e (blue). The black circle shows the cytochrome c6/plastocyanin docking site. 

Calculations have been done with the use of PyMol V. 1.7, PDB2PQR V. 1.8, APBS V. 1.3. For citation see text. 
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4.2 Engineering of supramolecular photoactive protein architectures: 

Defined co-assembly of photosystem I and cytochrome c using a 

nanoscaled DNA-matrix 

Authors: Kai R. Stieger, Dmitri Ciornii, Adrian Kölsch, Mahdi Hejazi, Heiko Lokstein, 

Sven C. Feifel, Athina Zouni and Fred Lisdat 

Abstract 

The engineering of renewable and sustainable protein-based light-to-energy converting 

systems is an emerging field of research. Here, we report on the development of 

supramolecular light-harvesting electrodes, consisting of the redox protein cytochrome c 

working as a molecular scaffold as well as a conductive wiring network and photosystem I as 

a photo-functional matrix element. Both proteins form complexes in solution, which in turn 

can be adsorbed on thiol-modified gold electrodes through a self-assembly mechanism. To 

overcome the limited stability of self-grown assemblies, DNA, a natural polyelectrolyte, is 

used as a further building block for the construction of a photo-active 3D architecture. DNA 

acts as a structural matrix element holding larger protein amounts and thus remarkably 

improving the maximum photocurrent and electrode stability. Investigating the photophysical 

properties, this system demonstrates that effective electron pathways have been created. 

Introduction 

Engineering advanced electrode surfaces by incorporation of biomolecules is a promising and 

emerging field of current state-of-the-art research. The defined assembly of specific 

biomolecules onto such surfaces allows the adjustment of the properties of these electrodes 

for a desired purpose. In different applications, they can be used as biohybrid electrodes in 

biosensing258,259 or for the enzyme-based synthesis of chemicals260. Furthermore bio-based 

electrical power generation is gained, when such bioelectrodes are used in bio-fuel cells261 or 

photovoltaic devices.193,230,239,262,263 The construction of new functional systems applying 

defined biomolecular arrangements leads to a deeper understanding of the molecular 

interactions and the conditions influencing them. In addition a trend can be seen in the 

development of coupling strategies, which are of more general character and not only suited 

for a specialized system. 

Published in: Nanoscale. K. R. Stieger, D. Ciornii, A. Kölsch, M. Hejazi, H. Lokstein, S. C. Feifel, A. Zouni, F.Lisdat. Engineering of 
supramolecular photoactive protein architectures: Defined co-assembly of photosystem I and cytochrome c using a nanoscaled DNA-matrix. 
Nanoscale 2016, 8, 10695. DOI: 10.1039/C6NR00097E. Copyright © Royal Society of Chemistry 2016. 
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Learning from nature, the utilization of light-to-charge carrier converting proteins from 

oxygenic photosynthesis of plants and cyanobacteria becomes more and more successful and 

the construction of new biohybrid solar energy-converting devices has been started.192 In 

natural systems one of the light-converting “enzymes” is photosystem I (PSI).25,192 In the 

thermophilic cyanobacterium Thermosynechococcus elongatus (T. elongatus) PSI is a trimeric 

pigment-protein super-complex, consisting of 12 different protein subunits, harbouring 96 

chlorophylls a (Chl a) – per monomeric subunit. Most Chls serve as light-harvesting antenna 

pigments and 6 Chls form an electron transport chain.78 In PSI charge separation occurs at the 

luminal pigment dimer, Chl a/Chl a’ (P700) finally leading to a reduction of the stromally-

located terminal iron-sulfur-cluster (FB).25,83,244 Light-induced electron-hole pairs are 

restocked via cytochrome c6 (cyt c6), which reduces P700, whereas the oxidation takes place at 

the FB cluster, which is done by the redox protein ferredoxin (Fdx).52
  

In the last years, significant efforts were undertaken for the efficient coupling of PSI with 

electrodes using a vast number of strategies.191 One issue to be addressed is the effective 

wiring of PSI to the electrode, which has been achieved by different surface design and 

chemistry.196–198,201,205,245,246,264,265 For instance, molecular wiring has been accomplished by 

reconstitution of PSI with vitamin K1 derivatives206, the application of cross-linked platinum-

nanoparticle/PSI composites with ferredoxin210 or linkage of pyrroloquinoline quinone to 

PSI.209 The connection of PSI via different π-systems266 on graphene has also been reported. A 

remarkable photocurrent density was shown by electrospray-deposited PSI on nanostructured 

TiO2.228 Using the redox protein cytochrome c (cyt c) we267 and others229 have shown that the 

electrical wiring of PSI via an integrated protein matrix can be achieved. 

Particularly, approaches for the integration of PSI beyond the two-dimensional limiting 

surface are of great interest, because they potentially allow the generation of higher 

photocurrents per geometrical electrode area. One strategy is the construction of multilayer 

PSI electrodes using the polyelectrolyte building block polybenzylviologen211 or poly-aniline 

composite films.212 Another PSI containing film has been shown via the integration into a 

cross-linked redox hydrogel using Osmium-complex containing polymers.214,216,231,268 This 

leads to a higher PSI concentration beyond the 2D arrangement.216 Another photo-functional 

film could be obtained by the incorporation of PSI into a Nafion matrix.213 A more simple 

method to develop PSI multilayer-like structures has been achieved by vacuum-assisted 

deposition of PSI suspensions on gold203, graphene223,224, p-doped silicon217 and others.269 

Furthermore, an oriented multilayer formation was also confirmed by subsequently deposition 
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of platinized PSI.202 Moreover, using agarose, the formation of a multilayer on charged 

hematite can be achieved.241 

Previously PSI and cyt c have been subsequently adsorbed onto each other to form multilayer 

architectures.267 Here we report the complex binding of cyt c with PSI for the first time. Based 

on this finding, we describe a time-controlled self-assembly process, due to the formation and 

adsorption of PSI:cyt c - complexes. In this study, we combine two strategies to develop a 

highly biocompatible, stable and sustainable light-to-current converting electrode by using the 

redox protein cyt c. To expand the accessible amount and stabilize the electrodes, we use 

DNA as a polyelectrolyte to provide a nanoscaled matrix for the PSI:cyt c - complexes on the 

electrode surface.  

Here we exploit that cyt c binds with DNA via electrostatic interactions to form stable layered 

assemblies with a very large amount of electro-active protein.178 In addition, it has been 

shown that other biomolecules, such as enzymes can be integrated into these 

architectures.182,257,270,271 The remarkable features of DNA significantly enhance the electro-

active cyt c amount as compared to other nanoscaled building blocks, such as sulfonated 

polyanilines (PASA)175, modified gold177 or silica nanoparticles.179 This renders DNA an 

interesting candidate to be applied in photo-bioactive electrode structures. In this study, we 

describe the construction of such biohybrid electrodes and investigate the striking features of 

these systems. 

Experimental Methods 

Isolation of Photosystem I from T. elongatus 

Growth of Thermosynechococcus elongatus BP-1 and extraction of membrane proteins from 

thylakoids were performed according to Kern et al. 2005.272 For the purification of PSI two 

chromatography steps were used. The first column was packed with Toyo Pearl DEAE 650 S 

(GE Healthcare) and pre-equilibrated with buffer A (20 mM MES-NaOH, pH 6.0, 20 mM 

CaCl2, 0.02 % β-DM, 5 % glycerol). After sample loading and washing the column with 

buffer A, PSI was separated from PSII using a linear gradient with buffer B (20 mM MES-

NaOH, pH 6.0, 20 mM CaCl2, 0.02 % β-DM, 5 % glycerol, 100 mM MgSO4). PSI containing 

peak eluted at 80-90 mM MgSO4 was pooled and diluted with the same volume of buffer C 

(5 mM MES-NaOH, pH 6.0, 0.02 % β-DM). The second column was packed with Q-

SepharoseTM Fast Flow (GE Healthcare) and pre-equilibrated with buffer D (5 mM MES-
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NaOH, pH 6.0, 0.02 % β-DM, 60 mM MgSO4). PSI Trimer was separated from remaining 

PSI Monomer by linear gradient with buffer E (5 mM MES-NaOH, pH 6.0, 0.02 % β-DM, 

150 mM MgSO4). The PSI Trimer eluted at 150 mM MgSO4. The fractions were pooled and 

concentrated in an Amicon stirring cell using a Biomax 100 membrane (Millipore). Finally, 

the PSI Trimer was crystallised by dilution with buffer C at 4 °C until a concentration of 

5 mM MgSO4 was reached. The crystals were collected by centrifugation (5 min, 4 °C, 

4000 xg), washed with buffer C, re-solubilized by adding buffer F (5 mM MES-NaOH, 

pH 6.0, 30 mM MgSO4) and re-crystallised as described above. For the assembling 

experiments the crystals were dissolved in 100 mM phosphate buffer, pH 7.0 and diluted 

slowly to the final buffer concentration. The photochemical activity of PSI with cyt c as an 

electron donor was measured using a Clark electrode (Hansatech). In a finale volume of 1 mL, 

the reaction mixture contained variable concentrations of cyt c, 5 mM phosphate buffer, 

pH 7.0, 0.05 % β-DM, 1 mM Na-ascorbate and 170 µM methyl viologen. Sample was 

incubated at 20 °C and saturated light (700 µmol m-2 s-1). The reaction was started by adding 

of 20 nM PSI and the initial O2 consumption (10 s) was measured. For the interaction of PSI 

with cyt c a catalytic rate of 20 ± 1 s-1 with a Michaelis-Menten constant of 23 ± 3 µM can be 

determined (see Fig. S9). 

Complex formation of PSI with cyt c in solution 

PSI was mixed with cyt c in a ratio of 1:50. The reaction mixture containing 0.8 µM PSI, 

40 µM cyt c, 5 mM phosphate buffer, pH 7.0, 1 mM Na-ascorbate and 0.02 % β-DM (final 

volume = 100 µL) was incubated for 2 min and 4 °C. A second reaction mixture was 

performed, in which 100 mM NaCl was added. Subsequently, the reaction mixture was 

applied to a Microcon YM-100 centrifugal filter (100,000 MWCO, Amicon) and centrifuged 

for 7 min and 4 °C to remove excess cyt c. The protein complex was washed 6 times with 

400 µL buffer (see above) and analysed by MALDI-TOF. The determination of protein 

masses was carried out in linear mode using Microflex instruments (Bruker). An equal 

volume of 40 % acetonitrile, 0.1 % TFA in saturated sinapinic acid was mixed with protein 

sample in a ratio of 1:1. 

Preparation of electrodes 

Au-disk-electrodes (CHI) with an accessible geometrical surface of 0.0314 cm² have been 

briefly cleaned with abrasive paper (P1200, P2500, P3000) and subsequently cycled between 

-0.2 and 1.6 V (vs. Ag|AgCl) in 100 mM sulfuric acid. Au-chip-electrodes (Micrux, Spain) 
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with an accessible geometrical surface of 0.00785 cm² have been pre-cleaned in piranha 

solution (1:3 H2O2:H2SO4) for 2 min. Afterwards, electrodes have been cycled between -1.5 

and 1.6 V vs. Ag|AgCl in 100 mM sulfuric acid, followed by an additional cycling between -

0.2 and 1.6 V in 100 mM sulfuric acid. Subsequently, both electrode types have been 

incubated for 48 h at RT in an ethanolic solution of a 3:1 mixture containing 11-mercapto-1-

undecanol (MU, Sigma) and 11-mercaptoundecanoic acid (MUA, Sigma). Afterwards the 

electrodes have been incubated in 30 µM cytochrome c (horse heart, Sigma) in phosphate 

buffer (5 mM, pH 7) for 2 h forming the cytochrome c monolayer (cyt c ML), according to Ge 

et al. 2002.144 Before starting the assembly on the surface solutions with different molecular 

ratios of 1:20, 1:50, 1:100, 1:200 and 1:500 PSI:cyt c have been prepared in 5 mM phosphate 

buffer, pH 7 and these mixtures were allowed to equilibrate in the dark for 30 min at RT. For 

the preparation of PSI:cyt c – co-assembly (Au-cyt c ML-[PSI:cyt c]), the electrodes have 

been incubated in the PSI:cyt c solution in the dark at RT for various time scales, and were 

finally ready for measurements. In DNA-based preparations the Au-cyt c ML electrodes have 

been first incubated with 0.2 mg mL-1 calf thymus DNA (Sigma) in 0.5 mM phosphate buffer, 

pH 5 for 10 min. Afterwards the electrodes have been alternately incubated in PSI:cyt c 

solution (molecular ratio 1:100) for 20 min at RT in 5 mM phosphate buffer, pH 7, followed 

by an incubation for 10 min in 0.2 mg mL-1 DNA in 0.5 mM phosphate buffer pH 5 forming 

the first bilayer (PSI:cyt c/DNA). If not stated otherwise, 6x bilayer have been built up 

followed by 30 min incubation in phosphate buffer, pH 7 at 40 °C for film stabilization. 

Finally the DNA-electrodes were ready for measurements or have been stored dry at 4 °C in 

the dark. At all incubation stages cyclic voltammograms have been recorded to verify the 

assembly process. 

Electrochemical experiments 

Electrochemical measurements have been performed using the potentiostat CHI660E (CHI) 

and a custom-made electrochemical cell containing 1 mL of phosphate buffer (5 mM, pH 7) a 

Pt counter electrode and an Ag|AgCl (3 M KCl) reference electrode. Cyclic voltammetric 

measurements have been performed at a scan rate of 100 mV s-1 and in a potential range from 

+300 to -300 mV. 

Photoelectrochemical experiments 

Photoelectrochemical measurements have been performed using an integrated system 

(CIMPS, Zahner) containing a white LED light source (4300 K, Zahner) with adjustable 
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intensity (max. 100 mW cm-2), an electrochemical cell and a photodiode with feedback 

control to the light source via a potentiostat (PP211, Zahner). Electrochemical investigations 

have been carried out through a coupled potentiostat (Zennium, Zahner). In all experiments a 

Pt counter electrode and an Ag|AgCl (3 M KCl) reference electrode have been used in an 

aqueous solution containing phosphate buffer (5 mM, pH 7). For most experiments no 

additional electron acceptor was used and air saturation of the solutions has been ensured. 

Photochronoamperometric experiments have been performed at RT and -100 mV vs. Ag|AgCl, 

while using an illumination time of 30 s and a light power of 20 mW cm-2 (white light source 

spectrum see Fig. S8). Light power dependent photocurrent experiments have been done 

using a power range of 0.5 – 20 mW cm-2 using white light with and without 1 mM of the 

soluble electron acceptor methyl viologen (MV2+). 

Surface plasmon resonance 

Surface plasmon resonance (SPR) experiments have been performed on a Biacore T100 (GE 

Healthcare) at a constant flow rate of 1 µL min-1 and 25 °C. Before use, Au sensor chips have 

been cleaned with low pressure air plasma. The clean Au surface has been incubated 48 h at 

RT with a freshly prepared ethanolic solution of a mixture containing MUA and MU. After 

the thorough washing of the surface with ethanol and phosphate buffer (5 mM, pH 7) the chip 

was ready to use. First cyt c has been adsorbed on the thiol layer forming the cyt c ML. 

PSI:cyt c pre-complex mixtures (1:20 and 1:100) have been flushed over the surface with 

different injection times. 

Scanning electron microscopy 

Au-chip-electrodes (Micrux) have been used and 6x bilayer of Au-cyt c ML-[PSI:cyt c] and 

Au-ML-DNA-[PSI:cyt c/DNA] have been prepared, according to the previously described 

procedure in this study. Functionality of the assembly has been verified via 

photochronoamperometric measurements. To elucidate profile heights of the assembly, 

electrode surfaces have been carefully cut with an ultrasharp blade in order to obtain sharp 

edges. For visualization of morphology of the prepared electrodes scanning electron 

microscopy (JSM-6510, JEOL) has been employed. The acceleration voltage was 5 kV, which 

allowed a non-destructive irradiation of the biological surface. A working distance of 20 mm 

and a magnification of 10,000 and 20,000 fold were chosen. Images have been recorded under 

an approximate angle of 85° relative to the surface normal. 
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Results and Discussion 

Co-assembly of cyt c and PSI: Au-ML-[(PSI)x:(cyt c)y] 

It has been found, that PSI can be adsorbed onto cyt c and vice versa, indicating a strong 

interaction between both biomolecules.267 These proteins may also form a complex in solution 

with the opportunity to turn the interaction of cyt c and PSI into a time-controlled self-

growing process. To verify pre-complex formation in solution, cyt c and PSI have been 

incubated together (see experimental details). The complexes have been purified afterwards 

via filtration to remove excess cyt c. Fig. S1 shows the MALDI-TOF analysis of the purified 

complexes, exhibiting a clear mass signal of cyt c. This indicates that cyt c has bound to PSI 

and cannot be removed, even by several washing steps. The main driving force for this 

interaction is of electrostatic nature since the same kind of experiments in the presence of 100 

mM NaCl inhibits complex formation by lowering the interaction between the proteins. This 

verifies the complex formation in solution and is the starting point for assembling these 

complexes onto surfaces. Moreover, efficient electron transfer from a modified gold electrode 

via cyt c to PSI can be shown with both proteins in solution. (see Experimental Section and 

Fig. S9).  

Scheme 1 illustrates the proposed concept of the co-assembly of PSI:cyt c complexes on an 

electrode. First, a cyt c monolayer (cyt c ML) is formed onto the thiol-modified gold to ensure 

the electrical communication of PSI with the electrode via the redox protein.267 The 

heterogeneous electron transfer from the electrode towards the surface-bound cyt c is fast 

(ks = 70 s-1) and of quasi-reversible character providing a good basis for the subsequent 

electron transfer steps.  

Under conditions of low ionic strength the PSI:cyt c complexes are found to adsorb onto a 

cyt c ML electrode and grow over time. This offers the opportunity to control the film 

thickness and thus the amount of PSI on the electrode with the assembly time. The molar ratio 

between both proteins (PSI:cyt c) in the complex solution turns out to be crucial for the mass 

deposition and adsorption behaviour. Using a fixed assembly time the molar excess of cyt c 

has been varied from 20 to 500. In order to control the functionality of the surface assembly 

of both compounds photochronoamperometric measurements have been chosen. They rely on 

the possibility to connect PSI effectively with electrodes via the electron donor cyt c and 

exhibit a nearly exclusive cathodic photocurrent.267 
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Scheme 1: Schematic representation of an Au-ML-[PSI:cyt c] electrode construction. The gold surface was 

modified with mercaptoundecanoic acid / mercaptoundecanol 1:3 (MUA/MU) adsorbing a monolayer of cyt c 

(cyt c ML). PSI and cyt c complexes were self-assembled with various molecular ratios of PSI to cyt c (x:y) for 

different time periods, allowing an increase of the photoactive protein amount on the electrode surface. 

The functionality of electrodes prepared with different protein ratios can be seen from the data 

compiled in Tab. 1. The table displays major differences in photocurrent output for varying 

molar excesses of cyt c at a specific assembly time. Larger amounts of cyt c lead to an 

increase in photocurrent, which seems to level off at a 200-fold cyt c excess (see also Fig. S2). 

Tab. 1: Photocurrent density achieved after 20 h of protein assembly onto an Au/MU:MUA/cyt c (cyt c ML) 

electrode from a mixture of PSI and cyt c with different molar ratios between PSI and cyt c (n = 3). 

1:20 [µA cm-2] 1:50 [µA cm-2] 1:100 [µA cm-2] 1:200 [µA cm-2] 1:500 [µA cm-2] 

1.6 ± 0.4 3.2 ± 0.2 5.0 ± 0.9 7.4 ± 2.2 8.9 ± 0.2 

cyt c ML

PSI:cyt c
- complex

(PSI)x : (cyt c)y

PSIcyt c

co-assembly time
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Furthermore, the time dependence of the assembly of the PSI:cyt c complex has been studied 

at a fixed molar ratio (1:100) as given in Fig. 1. After a longer exposure time (44 h) a 

saturation of the photocurrent becomes visible. This indicates that either i) equilibrium of 

adsorption and desorption from/to the surface is reached during preparation, or ii) electron 

transfer to PSI molecules immobilized far away from the electrode surface is not sufficient 

anymore. Here, a hyperbolic function can be found to fit the data points giving characteristic 

parameters of the time-controlled co-assembly process (K50 = 122 ± 43 min, 

Jmax = 5.4 ± 0.6 µA cm-2, regression coefficient R2 = 0.98).  

 

Fig. 1: Photocurrent density in dependence on the assembly time. Electrodes have been modified with a cyt c 

ML, then PSI and cyt c have been co-assembled for different time periods from a 1:100 mixture of both proteins. 

Photochronoamperometric measurements have been carried out under aerobic conditions at RT in phosphate 

buffer (5 mM, pH 7) at a potential of -100 mV vs. Ag|AgCl using white light of 20 mW cm-2 (n = 4). 

To gain further insights in the co-assembly process, surface plasmon resonance (SPR) 

experiments have been carried out, elucidating the mass accumulation on the cyt c ML (see 

Fig. 2). Thus, repeated injections of the protein mixture are used to verify both the mass 

deposition and the adsorption kinetics of the co-assembly. Here, two different molar ratios of 

cyt c and PSI have been tested, which have resulted in a significantly different photocurrent 

density: 1:100 (5 ± 0.9 µA cm-2) and 1:20 (1.6 ± 0.4 µA cm-2). For the experiment 6 

subsequent flushes of PSI:cyt c complexes over the surface with intermittent buffer flow have 

been performed. For short assembly times (up to 16 min), no significant difference of mass 

deposition on the surface is detected. For longer exposure times the mass deposition from a 
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solution of a molar ratio of 1:100 yields a higher mass correlated signal. For both cases a 

saturation behaviour is observed, however saturation for 1:20 solution starts earlier. The total 

amount of proteins on the surface (proportional to the SPR signal) is lower compared to the 

deposition from a 1:100 solution.  

 

Fig. 2: Surface plasmon resonance (SPR) sensorgramm of the co-assembly of PSI:cyt c complexes on modified 

gold surfaces. All experiments have been performed in phosphate buffer (5 mM, pH 7) at RT in a flow system 

(1 mL min-1). A mixture of 11-mercaptoundecanoic acid (MUA) and 11-mercapto-1-undecanol (MU) (1:3) has 

been used for SAM formation on the gold surface prior to the protein assembly. First, a cyt c monolayer 

(cyt c ML) was formed on the surface by flushing cyt c (30 µM, 1 mL min-1) over the surface (not shown). 

Afterwards a pre-mixed solution of PSI:cyt c (1:100 – red curve, 1:20 – black curve) was injected for 8, 16, 36, 

60, 120 and 300 min, respectively with intermittent buffer flushes. The SPR signal has been normalized to the 

mass signal of the cyt c ML. 

Via cyclic voltammetry the redox reaction of immobilized cyt c in the co-assembly on the 

gold electrode can be verified, while the transferred charge in the film corresponds to the 

electro-active amount of deposited cyt c. The redox protein can be detected within the protein 

architecture even when fixed further away from the electrode surface because of self 

exchange between the cyt c molecules. This property does not only result in the 

electrochemical addressability of many layers of cyt c but has also been exploited in 

connecting enzyme molecules in different layers with the electrode.178,271 
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Fig. 3: (A) Cyclic voltammetry of Au-ML-(PSI:cyt c) electrodes for different assembly times (0, 8, 24, 60, 

120 min, 20 and 40 h) in phosphate buffer (5 mM, pH 7) at RT using a scan rate of 100 mV s-1. The red arrow 

indicates the increase in peak current with the incubation time. (B) Correlation plot of photocurrent density 

against electro active surface concentration of cyt c, determined via cyclic voltammetry (Pearson’s correlation 

coefficient r = 0.993, n = 4). 

In Fig. 3A the increase in peak current and thus the transferred charge from/to cyt c within the 

PSI:cyt c assemblies can be followed with the incubation time of the electrode in the protein 

mixture. Additionally, there is a slight increase in peak separation (from 15 mV to 22 mV) and 

the half peak width (from 92 ± 8 mV to 144 ± 11 mV) on raising assembly times. This 

indicates that with increasing protein mass on the surface the electron transfer through the 
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assembly is slowing down. Furthermore, the heterogeneity of the cyt c micro-environment 

rises. For electrodes, which have been obtained after different assembly times, the cyt c 

surface concentration can be plotted against the generated photocurrent density. A correlation 

between the electro-active cyt c amount and the functional PSI - indicated by the photocurrent 

- is received (Fig. 3B, Pearson’s correlation coefficient r = 0.993). This corresponds to the 

idea of well connected PSI molecules within the 3D architecture and reveals that both proteins 

assemble jointly to the surface. 

Taken together, a higher molar excess of cyt c to PSI results not only in a faster adsorption on 

the electrode, but displays an increase in photocurrent. Within these architectures the cyt c–

cyt c electron self-exchange, which is necessary for the reduction of PSI, is not the limiting 

parameter. Even PSI molecules far away from the electrode surface can still be electrically 

addressed, which improves the efficiency compared to a 2D photo-reactive electrode 

design.267 The equilibrium condition at which the rate of adsorption equals the rate of 

desorption can be tuned by the molecular excess of cyt c. We conclude, that cyt c by itself 

plays a major role for the structural integrity of the deposited film. Hence, in addition to its 

function to create electron pathways within the structure, cyt c acts as molecular scaffold 

between the PSI molecules and may also stabilizes the large membrane protein in detergent-

diminished solution. 

Multilayer electrodes: Au-ML/DNA-[PSI:cyt c/DNA]n 

To address the limiting features of the co-assembly PSI:cyt c electrode with respect to the 

structural thickness and stability, the assembly strategy has been further improved. Therefore, 

the idea of stabilizing the assembly via a further building block is applied to extend the 

photoactive and connected protein amount on the surface. Here, the natural biopolymer DNA 

from calf thymus is used to increase the cohesion of the photoactive protein arrangement 

mainly because of the strong interaction of cyt c and DNA (see scheme 2).  

Cyt c binds electrostatically with mainly positively charged residues to the backbone of DNA, 

the strongest complex formation between both biomolecules occurring in a low ionic strength 

buffer at pH 5. The biomolecular interaction has been studied previously273 and shown to 

allow a high mass deposition of the redox protein on surfaces. Additionally, it has been 

verified that DNA does not hinder cyt c-cyt c electron transfer and thus allows the preparation 

of protein multilayer electrodes with a rather high amount of redox-active cyt c.178 
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These properties are exploited here for the construction of PSI electrodes. Basically the layer-

by-layer technique is used to alternately deposit DNA and PSI:cyt c complexes for a specific 

time, to build up multilayered PSI:cyt c/DNA biocomposites. A simultaneous adsorption of 

these three molecules from solution is not suitable, since for the deposition of DNA on cyt c 

low ionic strength and pH 5 have to be used.178 In such a layered surface structure each 

biological building block has its own unique function: DNA acts as stabilizing matrix and 

scaffold, cyt c as electron shuttle and assembly template for PSI and PSI as a photo-functional 

building block. 

 

Scheme 2: Schematic representation of the construction of Au-ML-DNA-[PSI:cyt c/DNA]n electrodes. The gold 

surface is modified with mercaptoundecanoic acid / mercaptoundecanol 1:3 (MUA/MU) adsorbing a monolayer 

of cyt c (cyt c ML). Successive assembly of DNA and PSI:cyt c complexes (bilayer) is performed by the layer-

by-layer technique for the construction of a photo-functional biomolecular multilayer electrode. Three different 

matrix elements are used here, cyt c – conductive element, PSI – photo-sensitive element, DNA – structural 

element. 

SPR measurements show an alternating deposition of DNA on top of the PSI:cyt c surface, as 

vice versa (Fig. S5). An assembled PSI:cyt c structure with DNA exhibits a ~1.6 fold 

increased mass deposition on the surface under the same experimental conditions compared to 

a control without DNA (both prepared with 6 deposition steps). 

cyt c ML bilayer := (PSI:cyt c)/DNA 
1 x bilayer 2 x bilayer

PSI:cyt c - complex

DNAct

n x bilayerDNA



Results 

61 

 

Fig. 4: Dependence of the photocurrent density on the number of deposition steps n of the DNA-electrode (Au-

ML-DNA-[PSI:cyt c/DNA]n, black) and the co-assembly electrode (Au-ML-[PSI:cyt c]n, red). 

Photochronoamperometric measurements have been carried out under aerobic conditions at RT in phosphate 

buffer (5 mM, pH 7) at a potential of -100 mV vs. Ag|AgCl using white light of 20 mW cm-2 (n = 4). 

In Fig. 4 a comparison of photocurrent densities of DNA-based electrodes (Au-ML-

[PSI:cyt c/DNA]n) and electrodes prepared by simple co-assembly of PSI:cyt c (Au-ML-

[PSI:cyt c]n) for a different number of deposition steps is shown. Since there is no second 

building block for the co-assembly electrode, the electrode was prepared from a PSI:cyt c 

solution maintaining the same incubation times as for the DNA-based electrode to guarantee a 

better comparability. Until three incubation steps in the PSI:cyt c solution there is no 

significant difference found between the construction of the electrode with or without DNA. 

After the 4th assembly step a saturation of photocurrent density is observed with the co-

assembly electrodes (as already mentioned in the first section). The generated photocurrent of 

the DNA-based electrode increases exponentially and no saturation is found up to the 8th 

bilayer. The DNA-based electrodes circumvent the limiting issue of the co-assembly electrode 

by allowing further protein deposition followed by a strong rise in photocurrent output. By 

investigating the PSI:cyt c/DNA  systems by means of cyclic voltammetry a clear cyt c signal 

has been obtained (see Fig. 5A). 

With each bilayer the peak current and thus the transferred charge increases. A high electro-

active surface concentration of cyt c is found for 6x bilayer (231 ± 28 pmol cm-2, n = 4). 
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Furthermore, the DNA-based electrode exhibits a quasi-reversible electron transfer with a 

formal potential of 39 ± 5 mV vs. Ag|AgCl and a peak current ratio (Ipox/Ipred) of ~1 for 

different numbers of bilayers. The half peak width changed from 92 ± 8 mV for a cyt c ML 

(n = 5) to 140 ± 3 mV for a 6x bilayer (n = 5). These results can be explained by the different 

microenvironment of bound cyt c in the multilayer assembly with the large membrane protein 

PSI. The resulting distribution of redox states and orientation of the cyt c heme exhibits a 

broadening in redox peaks. The peak separation also increases with the number of bilayers 

(Fig. S3) from 13 ± 4 mV (cyt c ML, n = 5) to 66 ± 9 mV (6x bilayer, n = 5), thus the electron 

transfer kinetics is more and more influenced by the electron transport between the assembled 

cyt c molecules. If the resulting photocurrent density of each electrode is plotted against the 

surface concentration of cyt c (which was obtained via cyclic voltammetry), a good 

correlation can be seen (Fig. 5B, Pearson’s correlation coefficient r = 0.995). This indicates 

that also with the newly developed assembly strategy both proteins adsorb as a complex from 

the solution to the surface. In comparison to the co-assembly electrode, the increase in 

photocurrent is due to a higher amount of assembled proteins. If cyt c is left out during the 

assembly process, only minor non-directional photocurrents are achieved (see Fig. S6). This 

shows that DNA does not take part in the light induced electron transfer to the electrode and 

cyt c is needed for the connection of the PSI molecules in the different layers. This also seems 

to be reasonable considering the redox potential of G-bases in DNA (0.81 V vs. SHE)274 and 

the potential of P700 (0.42 V vs. SHE)57. Furthermore the photoaction spectrum of this system 

demonstrates that the photocurrent follows the absorption spectrum of PSI in solution, and 

also the absorption of a 6x bilayer assembly, and therefore originates from the photoexcitation 

of PSI (Fig. S10). 

At least for the tested assembly numbers of PSI:cyt c/DNA, the photocurrent correlates with 

the PSI concentration, thus verifying that cyt c self exchange within the architecture can 

provide the necessary electrons for PSI reduction even when PSI is located far away from the 

electrode surface. A second result is the feature of DNA, which does not alter the working 

properties of the co-assembly, acting only as a structural framework without any 

electrochemical activity within this potential range. This overcomes the limitation of the co-

assembly method and extends the electrode structure towards a larger photo-functional film 

thickness. 



Results 

63 

 

Fig. 5: (A) Cyclic voltammograms of Au-ML-DNA-[PSI:cyt c/DNA]n electrodes with different bilayers (1x-6x) 

in phosphate buffer (5 mM, pH 7) at RT using a scan rate of 100 mV s-1. The red arrow indicates the increase in 

peak current with the bilayer number. The potential is given vs. Ag|AgCl, 3 M KCl. (B) Correlation plot of 

photocurrent density obtained with Au-ML-DNA-[PSI:cyt c/DNA]n electrodes against the electro-active cyt c 

concentration of these electrodes determined via cyclic voltammetry (Pearson’s correlation coefficient r = 0.995, 

n = 4). 
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Features of the Au-ML-[PSI:cyt c/DNA]n electrode 

One of the indicated features of DNA-based assemblies is the surface enlargement during the 

deposition of multiple layers. Scanning electron microscopy images have been displayed to 

verify this claim (see Fig. 6).  

 

Fig. 6: Scanning electron microscopy (SEM) images of 6 bilayer assemblies prepared in the presence or absence 

of DNA: Au-ML-DNA-[PSI:cyt c/DNA]6 and Au-ML-[PSI:cyt c]6. A magnification of 10,000x, 20,000x and a 

voltage of 5 kV were used. White bars indicate the scale (1 µm). 

A rather high surface roughness can be seen for the DNA-based electrode compared to the co-

assembly electrode. Here, the DNA-based PSI:cyt c assemblies form films of different height 

(250 – 700 nm) with additional islands. On the contrary, the PSI:cyt c co-assembly form a 

rather flat and smooth film. The height of this deposition is much more uniform and around 

500 nm. The comparatively rough surface of the DNA-based electrodes indicates an increased 

overall biomolecule mass on the surface and correlates well with the higher photocurrent 

densities found for this system. 

This is also in very good agreement with the photocurrent differences found between the 

electrodes. The output of the DNA-electrode is for 6x bilayers twice as high as for the co-

assembly electrode with the same number of assembly steps (see Fig. 4). Since, there is no 

additional photoactive element used in the DNA-assembly, the overall output corresponds 

only to the amount of connected PSI on the surface. While DNA could also disturb the 
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connection between cyt c and PSI, and lower the active amount of PSI, the relatively good 

correlation between the surface structure and the photocurrent contradicts to this assumption. 

In this section we also provide insight into the photoelectrochemical properties of the DNA-

based electrode. For the photocurrent densities it has to be mentioned that no additional 

electron acceptor has been used in the solution so far. Under such conditions electrons from 

the reduced FB
- (E0’ = -0.58 V vs. SHE 24) can be transferred to molecular oxygen. A high 

photocurrent density with only oxygen in the solution can be obtained with 8x bilayers 

(17 ± 3 µA cm-2, n = 3). In order to elucidate the limiting step of the electron transfer cascade 

methyl viologen (MV2+) has been used as an additional electron acceptor for FB
- (in addition 

to the presence of molecular oxygen). This approach in testing photocatalytic systems with 

MV2+ has been used previously, since it was reported that the presence of MV2+ can enhance 

the electron withdrawal from photo-excited PSI.275,276 A recent study has proposed that this is 

probably caused by a first reaction of oxygen with MV2+, which then oxidizes the reduced FB 

cluster of PSI.277  

 

Fig. 7: Photochronoamperometric measurement of an Au-ML-DNA-[PSI:cyt c/DNA]6 electrode (6x bilayer) at 

RT in phosphate buffer (5 mM, pH 7) with 1 mM MV2+ (black) and without (red). A 20 mW cm-2 light intensity 

(white light) was used for light pulses of 15 s and for a longer exposure time of 30 min. The potential was fixed 

at -100 mV vs. Ag|AgCl. 
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This would also agree with our experiments since in the absence of oxygen, MV2+ additions 

have no effect on the photocurrent. By the addition of MV2+ one can test whether the 

photobiohybrid system is limited by electron transfer to the excited PSI or electron 

withdrawal from PSI. Consequently, the influence of MV2+ in solution on the photocurrent 

has been evaluated with a 6x bilayer electrode. A remarkable photocurrent density increase 

can be obtained by adding MV2+, here the current becomes a factor of 2.7 higher (increase 

from ~9 to ~24 µA cm-2).  

This verifies that the overall electron transfer process in the system is not mainly limited by 

cyt c, but by electron withdrawal from the excited PSI. The photo-induced cathodic electron 

transfer for these electrodes starts at about 60 mV vs. Ag|AgCl, which can be seen from 

voltammetric experiments with and without illumination of the surface (see Fig. S4). Here, 

the onset of photocurrent is mainly determined by the redox properties of cyt c, which 

demonstrates the wiring properties of the redox protein, i.e. cyt c needs to be reduced before 

electrons can be transferred to PSI. This is in agreement with previously reported findings267. 

No anodic catalysis has been found verifying the photodiode character of the protein 

architecture. The proposed mechanism of electron transfer in the assembly starts at the 

electrode where cyt c is reduced and is followed by subsequent interprotein electron transfer 

steps between the cyt c molecules and cyt c to PSI finally resulting in electron transfer from 

PSI to oxygen (or oxygen+MV2+). This is schematically shown in the supporting information 

(Fig. S11). 

Another interesting feature of these electrodes is the photocurrent stability, which is shown in 

Fig. 7. After several times of 30 s light exposition, the electrode exhibits a rather stable 

photocurrent. When illuminated for 30 min with constant light (power of 20 mW cm-2) a 

moderate photocurrent decrease of about 16 % is observed using MV2+ in solution. On the 

contrary the reduction of photocurrent without MV2+ by exposing the electrode to light is very 

small (~3 %). This finding might be explained by a rather fast depletion of MV2+ near the 

electrode surface. Nevertheless, remarkable photocurrent stability has been found, 

additionally underpinning the pronounced stability of the protein-DNA framework. Ancillary, 

long term storage experiments have been performed. Storing the electrodes in buffer solution 

results in a reduction of photocurrent within the time frame of several days. Cyclic 

voltammetric experiments suggest that the framework tends to lose connection with the 

electrode (data not shown). 
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Fig. 8: (A) Dependence of the photocurrent density of an Au-ML-DNA-[PSI:cyt c/DNA]6 electrode on the light 

intensity with (red) and without (black) MV2+. Experiments have been performed under aerobic conditions at RT 

in phosphate buffer (5 mM, pH 7). Data were fitted with the Michaelis-Menten equation. Parameters have been 

elucidated with MV2+ (KM = 0.77 ± 0.02 mW cm-2, Imax = 26.8 ± 0.1 µA cm-2, regression coefficient R2 = 0.994) 

and without (KM = 1 ± 0.02 mW cm-2, Imax = 10.6 ± 0.1 µA cm-2, regression coefficient R2 = 0.994). (B) 

Calculated external quantum efficiency (EQE) of an Au-ML-DNA-[PSI:cyt c/DNA]6 electrode as a function of 

light intensity with (red) and without (black) MV2+. 

However, when the electrodes are stored dry at 4 °C after 9 d of storage the DNA-based 

electrodes exhibit still 94 ± 13 % (n = 3) of its starting activity, which is in comparison to the 
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storage ~65 % of the activity is retained with the DNA-electrode (see Fig. S7). This is 

remarkable particularly since the electrodes have been measured several times during the 

storage period. The usability of the electrode over a longer time period provides the next 

advantageous feature of the system. 

In the following set of experiments the dependency of the photocurrent density on the light 

power has been investigated (see Fig. 8A). Considering photons as the substrate for a photo-

reactive enzyme such as PSI, the Michaelis-Menten equation can be used to fit the 

experimental data, which was proposed previously.214,266,267 As there is no additional photon-

to-current converting species in the system, the cooperativity n was chosen to be 1. The 

parameters of KM and vmax can be calculated for a 6x bilayer electrode (KM = 1 ± 0.02 mW 

cm-2, Jmax = 10.6 ± 0.1 µA cm-2, regression coefficient R2 = 0.994). When using MV2+ as an 

additional electron acceptor in solution, the overall photocurrent density increases 

significantly (Jmax = 26.8 ± 0.1 µA cm-2, regression coefficient R2 = 0.994), as already 

mentioned (see Fig 7). The light power at the half-maximum of photocurrent undergoes a 

slight decrease (KM = 0.77 ± 0.02 mW cm-2). This result points out, that without MV2+ the 

withdrawal of electrons from the FB is the rate-limiting step of electron flow in the system, 

because of either low electron acceptor concentration in solution or slow electron transfer rate 

of the oxidation of FB with oxygen. This behaviour changes after the addition of MV2+. Under 

these conditions the light-to-current conversion of the PSI multilayer electrode seems to be 

limited by the electron transfer of the electron shuttle to PSI. This can be concluded 

considering the fast intramolecular rate of charge separation (~1 µs) upon PSI illumination 

and a quantum yield of PSI of nearly 100 %.25,59 The lower KM value after the addition of 

MV2+ indicates, that the efficiency of light conversion is improved by the additional electron 

acceptor in this system. Proux-Delrouyre et al. have also shown, that at a high molecular 

excess of MV2+ with respect to the natural electron donor cyt c6 the apparent rate constant 

reaches the rate constant of P700 reduction by cyt c6 and thus the latter process becomes the 

rate-limiting step.251 PSI concentration has been determined for a 6x bilayer electrode 

following chlorophyll extraction. The total density of PSI in this assembly is 13 ± 2 pmol cm-2 

(n = 3). With MV2+ in solution a turnover number of 21 ± 2 s-1 can be calculated.  

For the usage in a photovoltaic setup, the external quantum efficiency (EQE) can be 

estimated, which is defined as the ratio of the collected number of carriers (ne) to the number 

of incident photons (np) at a given energy: 
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𝐸𝑄𝐸 = 𝑛𝑒
𝑛𝑝

. 

In Fig. 8B the EQE is calculated and plotted against the light power used for excitation. Here, 

for all light intensities an overall higher quantum efficiency can be obtained, when MV2+ is 

used. At light intensities of half maximum (0.77 mW cm-2) an EQE of 4.1 % is achieved. This 

is in the same order of magnitude of values found for other 3D PSI architectures.214 The 

internal quantum efficiency (IQE), considering only the absorbed photons, has also been 

estimated from the PSI absorption spectrum in solution corrected for the number of PSI 

complexes in a 6x bilayer assembly (and considering the spectral properties of the white light 

source used for the photocurrent measurements). At half-maximum light intensities 

(0.77 mW cm-2) an IQE of about 24 % is achieved, which is about 6 times larger compared to 

the EQE.  

Conclusions 

This study demonstrates a feasible proof of concept for the artificial connection of biological 

building blocks exploiting different biomolecular features. First, we have shown that the 

redox protein, cyt c, and a solar energy converting protein, PSI are able to form complexes in 

solution. Second, this biomolecular interaction has been exploited for the co-assembly of both 

proteins on electrode surfaces. Here, cyt c acts as the conductive biomolecular element, 

building up an electrical wiring network, which embeds PSI as the photo-functional 

component. As for most deposition processes from solution, self-assembly on a surface is 

limited by the adsorption equilibrium or the available 2D area. To overcome this problem a 

structural matrix element, DNA, is introduced, giving the opportunity to successively enhance 

the functional film thickness and thus the photocurrent output, in a layer-by-layer approach. 

Together these building blocks form an artificial 3D architecture exhibiting several features 

for future applications: A rather high stability compared to other photo-biohybrid electrodes, a 

reasonable and tuneable photocurrent, and a renewable biological interface for the 

incorporation of other biomolecules. Prospects of this system can be seen since the biological 

assembly is not restricted to one surface or electrode material, it can be used in conjunction 

with different kinds of electrodes; nano-, semiconductor-, transparent or polymer-based 

materials. Furthermore, the biological nature of the photobiohybrid electrode allows an 

excellent embedment and communication with additional biomolecules of different functions. 
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This may raise the opportunity to develop photo-enzymatic electrodes for synthesis 

generating simultaneously electrical energy. 
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Supporting Information 

I) MALDI verification of PSI:cyt c complex formation in solution 

 

Fig. S1: Mass spectrometry analysis of PSI:cyt c complexes. (A) MALDI-TOF spectrum of cyt c. The 

characteristic peaks at 12,358 and 6,179 correspond to the molecular mass of cyt c (one and two protonated 

mass, respectively). (B) MALDI-TOF spectrum of PSI:cyt c complexes formed in solution with a molecular ratio 

of 1:50 in phosphate buffer (5 mM, pH 7). Cyt c can be found in the spectrum with peaks at 12,356 and 6,178. 

(C) MALDI-TOF spectrum of PSI:cyt c complex solution after  addition of 100 mM NaCl. Cyt c characteristic 

peaks at 12,358 and 6,179 are missing due to disassembly of the PSI:cyt c complexes and removal of free cyt c  

by filtration. (D) Comparison between mass spectra of the molecule ion peak of cyt c. After addition of 100 mM 

NaCl to the complex solution and filtration of the PSI:cyt c complex solution to remove the free cyt c molecules 

the peak at 12,356 is missing. Spectra have been normalized to the highest peaks. 
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II) Photocurrent response of different PSI:cyt c mixtures 

 

Fig. S2: Photocurrent density in dependency of the molar excess of cyt c to PSI. Electrodes have been first 

modified with a cyt c ML, then cyt c and PSI are co-assembled from protein mixtures with different molar 

excess of cyt c versus PSI.  Photochronoamperometric measurements have been carried out under aerobic 

conditions, phosphate buffer (5 mM, pH 7) at a potential of -100 mV (vs. Ag|AgCl) using white light of 

20 mW cm-2 (n = 4). 

III) Peak separation of Au-ML-DNA-[PSI:cyt c/DNA]n electrodes 

 

Fig. S3: Peak separation of Au-ML-DNA-[PSI:cyt c/DNA]n electrodes in dependence of the number n of 

bilayers. Peak separation increases linearly with the number of bilayers. Measurements have been performed 

with a scan rate of 100 mV s-1 between -300 mV and 300 mV in phosphate buffer (5 mM, pH 7) in the dark. 

Linear fit was performed with an adjusted R2 = 0.962. 
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IV) Photocatalysis of Au-ML-DNA-[PSI:cyt c/DNA]n electrodes 

 

Fig. S4: Photo-induced catalytic current of the Au-ML-DNA-[PSI:cyt c/DNA]n electrode. The experiment has 

been performed in the dark (black) and with 50 mW cm-2 of white light (red) at a scan rate of 10 mV s-1 in 

aerobic phosphate buffer (5 mM, pH 7) containing 1 mM MV2+. Cathodic catalysis starts at 80 mV vs. Ag|AgCl. 
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V) SPR of Au-ML-DNA-[PSI:cyt c/DNA]n assembly 

 

Fig. S5: Surface plasmon resonance measurements of the assembly of photosystem I (PSI) and cytochrome c 

(cyt c) on a cyt c monolayer (cyt c ML) with and without the use of DNA (Au-ML-DNA-[PSI:cyt c/DNA]n  and 

Au-ML-[PSI:cyt c]n  assembly for n = 1, 2, 3, 4, 5, 6). An intermittent buffer wash with phosphate buffer (PB) 

between the PSI:cyt c and DNA layer has been performed. The sensorgramm starts after the incubation of a cyt c 

ML (both systems) and one DNA layer (only for the DNA/co-assembly system) and have been normalized to the 

cyt c mass signal of the cyt c ML. The rather minor differences for the first bilayer between the control (co-

assembly) and the DNA/co-assembly can be explained by a small increase of surface roughness after the first 

DNA layer incubation, which raises the accessible area for the protein complexes. Here, for all assembly steps 

(both control and DNA assembly) the same injection time was chosen, which exhibit a different kinetic 

behaviour compared to Fig. 2 (the experiment has been performed under varying injection times of the PSI:cyt c 

complex solution). 
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VI) Photocurrent control without cyt c in the multilayer assembly: Au-ML-DNA-

[PSI/DNA]6 

 

Fig. S6: Photocurrent measurements of the Au-ML-DNA-[PSI/DNA]6 electrode. The electrode assembly 

contains a cyt c monolayer (ML) separated by DNA from the PSI/DNA assembly. The photocurrent 

measurement at two different potentials (-100 mV, +500 mV vs. Ag|AgCl) exhibit only minor photocurrent 

densities and cathodic and anodic photocurrents are observed. This experiment shows, that cyt c is necessary for 

the high unidirectional photocurrent generation of a multilayer assembly – DNA does not contribute to the 

electron transfer. The experiments have been performed at RT in phosphate buffer (5 mM, pH 7) using white 

light (20 mW cm-2, 30 s pulse) at a potential of -100 mV (black) and +500 mV (red) vs. Ag|AgCl. 
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VII) Long term storage experiments of the Au-ML-DNA-[PSI:cyt c/DNA]6 electrode 

 

Fig. S7: Relative photocurrent density of the Au-ML-DNA-[PSI:cyt c/DNA]6 (black) and Au-ML-[PSI:cyt c]6 

electrode vs. storage time. The experiment shows the measurement of each type of electrodes after a certain time 

of storage (dry at 4 °C in the dark). The electrodes have been measured first after preparation, than subsequently 

after 2, 9 and 30 days of storage. The experiments have been performed at RT in phosphate buffer (5 mM, pH 7) 

using white light (20 mW cm-2) at a potential of -100 mV vs. Ag|AgCl. 

VIII) Light source spectrum (white light) 

 

Fig. S8: Spectrum of the white light source used in all experiments. The spectrum was normalized to an integral 

area of 1. Characteristic peak values are at 456 nm and 576 nm. 
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IX) Interaction between cyt c and PSI in solution 

 

Fig. S9: O2 consumption of PSI vs. cyt c concentration in solution. The experiment has been performed at 20 °C 

under aerobic conditions and saturating light (700 µmol m-2 s-1) in phosphate buffer (5 mM, pH 7) containing 

170 µM MV2+, 0.05 % ß-DM, 1 mM Na-ascorbate, 20 nM PSI and a variable concentration of cyt c. Data have 

been fitted with a Michaelis-Menten equation with a KM value of 23 ± 3 µM and a vmax value of 74 ± 2 µM min-

1. For the interaction of PSI with cyt c a catalytic rate of 20 ± 1 s-1 can be calculated. The experiment shows, that 

cyt c enhances the oxygen consumption of PSI dramatically, as it provides the electrons for the photoexcited P700 

reduction. 
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X) Photoaction spectra of the Au-ML-DNA-[PSI:cyt c/DNA]6 electrode 

 

Fig. S10: Photoaction spectrum of an Au-ML-DNA-[PSI:cyt c/DNA]6 electrode in comparison to the absorption 

spectrum of PSI in phosphate buffer (5 mM, pH 7) and with the absorption spectrum of a glass-APTES-DNA-

[PSI:cyt c/DNA]6 surface, all normalized at the peak at 680 nm. The spectra verify the origin of the photocurrent, 

since the photoaction spectrum follows the general line shape of absorption spectra of PSI in solution and in the 

assembly. Additionally, comparison between the absorption spectra of PSI in solution and the one on the glass-

APTES-DNA-[PSI:cyt c/DNA]6 surface reveals a similar wavelength dependence. However, due to 

incorporation of cyt c and DNA into the assembly the surface spectrum has an increased background. 

Photoaction spectra have been obtained with monochromatic light (bandwidth 15 nm, intensities > 10 mW cm-2) 

in aerobic phosphate buffer (5 mM, pH 7). The broadening of the peaks is due the relatively high bandwidth of 

the monochromatic light. The lower photocurrent generation in the region of 400 to 450 nm is possibly due to 

competing absorption of the cyt c Soret band. Spectra are the averages of 3 independent measurements. 
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XI) Proposed electron transfer mechanism for the Au-ML-DNA-[PSI:cyt c/DNA]n 

electrode   

 

Fig. S11: Schematic representation of the proposed cathodic electron transfer mechanism for the Au-ML-DNA-

[PSI:cyt c/DNA]n electrode. Electrons are injected into the cyt c monolayer (cyt c ML) and relayed via cyt c – 

cyt c self exchange. Cyt c molecules bound to DNA molecules in proximity can exchange electrons. Finally, 

electrons are transferred to PSI-bound cyt c and reduce photoexcited P700
+. Within PSI complex, electrons flow 

to the terminal iron-sulfur cluster FB which is oxidized by oxygen or methyl viologen. Heterogeneous electron 

transfer processes are indicated with blue, homogenous with yellow, and intramolecular ones with red arrows. 
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4.3 Biohybrid architectures for efficient light-to-current conversion 

based on photosystem I within scalable 3D mesoporous electrodes 

Authors: Kai R. Stieger, Sven C. Feifel, Heiko Lokstein, Mahdi Hejazi, Athina Zouni and 

Fred Lisdat 

Abstract 

The combination of advanced materials and defined surface design with complex proteins 

from natural photosynthesis is currently one of the major topics in the development of 

biohybrid systems and biophotovoltaic devices. In this study transparent mesoporous indium 

tin oxide (µITO) electrodes have been used in combination with the trimeric   supercomplex 

photosystem I (PSI) from Thermosynechococcus elongatus and the small redox protein 

cytochrome c (cyt c) from horse heart to fabricate advanced and efficient photobiocathodes. 

The preparation of the µITO via spin coating allows an easy scalability and ensures a defined 

increase in electrochemically active surface area with accessibility for both proteins. Using 

these 3D electrodes up to a 40 µm thickness, the immobilization of cyt c and PSI with full 

monolayer coverage and their electrical communication to the electrode can be achieved. 

Significant improvement can be made when the heterogeneous electron transfer rate constant 

of cyt c with the electrode is increased by proper surface treatment. The photocurrent follows 

linearly the thickness of the µITO and current densities of up to 150 µA cm-2 can be obtained 

without indications of a limitation. The internal quantum efficiency is determined to be 39 % 

which demonstrates that the wiring of PSI via cyt c can be advantageously used in a system 

with high protein loading and efficient electron pathways inside 3D transparent conducting 

oxides. 

Introduction 

The construction and development of photobiohybrid electrodes incorporating key 

components of natural photosynthesis – mainly the solar-to-charge carrier converting 

complexes – have been strongly emerged over the past few years.258,259 These biohybrid 

electrodes are suitable for potential future applications such as photo-switchable biosensors, 

solar-to-chemical260 or solar-to-electrical energy converting systems and establish the basis 

towards a bio-based renewable economy.193,230,239,261–263  

Published in: Journal of Materials Chemistry A. K. R. Stieger, S. C. Feifel, H. Lokstein, M. Hejazi, A. Zouni, F. Lisdat. Biohybrid 
architectures for efficient light-to-current conversion based on photosystem I within scalable 3D mesoporous electrodes. Journal of Materials 
Chemistry A 2016, 4, 17009. DOI: 10.1039/C6TA07141D. Copyright © Royal Society of Chemistry 2016. 
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Learning from nature, light-to-charge carrier converting proteins from oxygenic 

photosynthesis of plants and cyanobacteria are of high interest for the construction of new 

functional devices.192 One of the most promising light-converting complexes is photosystem I 

(PSI), because of a very high quantum efficiency (~100 %), fast and stable charge separation, 

and a proper spectral overlap with our sun.25,192 In the thermophilic cyanobacterium 

Thermosynechococcus elongatus (T. elongatus) PSI is a trimeric pigment-protein super-

complex, consisting of 12 different protein subunits, harbouring 96 chlorophylls a (Chl a) and 

22 carotenoids – per monomeric subunit. Most Chls serve as light-harvesting antenna 

pigments and 6 Chls form an electron transport chain.78 In PSI charge separation occurs at the 

luminal pigment dimer, Chl a/Chl a’ (P700) finally leading to a reduction of the stromally-

located terminal iron-sulfur-cluster (FB).83,244 Light-induced electron-hole pairs are restocked 

via cytochrome c6 (cyt c6), which reduces P700, whereas the oxidation of PSI takes place at the 

FB cluster, which is done by the redox protein ferredoxin (Fdx).52 

The effective electrical wiring of PSI to various electrode structures and materials is of 

fundamental importance for functional photobiohybrid devices generating higher photocurrent 

densities.191 A vast number of strategies has been published applying different surface design 

and chemistry.196–198,201,245,246,264,265 A strong improvement in electrode performance can be 

seen if electrical signal chains with electron shuttling systems or conducting junctions have 

been used.206,210,229,266,267 

In order to overcome the limitations of 2D arrangements and to generate higher photocurrents 

per geometrical electrode area, various strategies have been explored, which can be divided 

mainly into three groups: Multilayer architectures211,217,241,269,278,279, 3D polymer gels212–

214,216,231,268 and 3D electrode surfaces204,205,280. Particularly in the latter group application 

potential can be seen, since limitations of electron transport in PSI multilayer architectures 

due to long electron transfer pathways can be circumvented. The light induced charge carriers 

can be injected directly into a high conductive material without being restricted to a planar 

surface dimension. Hence, photoactive PSI-containing 3D electrodes have been developed – 

often using semiconductor materials, such as ZnO/TiO2 nanowires220 or nanostructured TiO2 

columns228. In addition, also porous structures such as silica nanopores show the possibility of 

PSI integration, but lack the electrical connection to an electrode.281 Moreover, other light-

harvesting components like the bacterial reaction center - light harvesting  complex 1 (RC-

LH1) could be connected to mesoporous silver electrodes.282  
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In this study, we exploit the features of a mesoporous indium tin oxide (µITO) electrode. 

Transparent conducting oxides (TCO) provide the advantage of high transparency with 

reasonable conductance. So far, direct electrochemistry of large proteins with TCOs is often 

rather difficult. Different reasons can be seen for this such as improper surface groups, low 

intrinsic charge carrier density and low electron tunneling rates. However by surface 

modification efficient functional systems with enzymes have been demonstrated.283–285 In 

addition photosystem II (PSII) has been functionally attached to such surfaces.286,287 

Here, we use cytochrome c (cyt c) as a wiring agent for PSI molecules, which has been 

previously investigated in mono- and multilayer architectures by us.267,278 The small redox 

protein cyt c is oxidized by the photo-excited PSI and subsequently reduced at the electrode. 

Furthermore, cyt c adsorbs and exhibits reasonable heterogeneous electron transfer rate 

constants (ks) on planar159,288, meso-161,289 and nanostructered162 ITO. As an obvious 

consequence, we combine the cyt c-PSI system with a mesoporous indium tin oxide electrode 

(µITO) to construct a tuneable photobiocathode. We characterize the (photo-) electrochemical 

properties in terms of efficiency so as scalability and demonstrate ways to improve the light-

to-current conversion performance. 

Experimental Methods 

Isolation of Photosystem I from T. elongatus 

Growth of Thermosynechococcus elongatus BP-1 and extraction of membrane proteins from 

thylakoids were performed according to Kern et al. 2005.272 For the purification of PSI two 

chromatography steps were used. The first column was packed with Toyo Pearl DEAE 650 S 

(GE Healthcare) and pre-equilibrated with buffer A (20 mM MES-NaOH, pH 6.0, 20 mM 

CaCl2, 0.02 % β-DM, 5 % glycerol). After sample loading and washing the column with 

buffer A, PSI was separated from PSII using a linear gradient with buffer B (20 mM MES-

NaOH, pH 6.0, 20 mM CaCl2, 0.02 % β-DM, 5 % glycerol, 100 mM MgSO4). PSI eluted at 

80-90 mM MgSO4 was pooled and diluted with the same volume of buffer C (5 mM MES-

NaOH, pH 6.0, 0.02 % β-DM). The second column was packed with Q-SepharoseTM Fast 

Flow (GE Healthcare) and pre-equilibrated with buffer D (5 mM MES-NaOH, pH 6.0, 0.02 % 

β-DM, 60 mM MgSO4). PSI trimer was separated from remaining PSI monomer by a linear 

gradient with buffer E (5 mM MES-NaOH, pH 6.0, 0.02 % β-DM, 150 mM MgSO4). The PSI 

trimer eluted at 150 mM MgSO4. The fractions were pooled and concentrated in an Amicon 



Results 

82 

stirring cell using a Biomax 100 membrane (Millipore). Finally, the PSI trimer was 

crystallised by dilution with buffer C at 4 °C until a concentration of 5 mM MgSO4 was 

reached. The crystals were collected by centrifugation (5 min, 4 °C, 4000 g), washed with 

buffer C, re-solubilized by adding buffer F (5 mM MES-NaOH, pH 6.0, 30 mM MgSO4) and 

re-crystallised as described above. For the assembly experiments the crystals were dissolved 

in 10 mM tricine, 50 mM MgSO4, 0.02 % ß-DM, pH 8.  

Preparation of µITO electrodes 

ITO slides (20 Ω / sq, Sigma) have been cut to a rectangle with dimensions of 0.5 and 1.5 cm. 

The slides have been cleaned with acetone, isopropanol, ethanol for 30 min each in an 

ultrasonication bath and stored in an oven at 150 °C prior to use. The cleaned ITO slides have 

been allowed to cool down to RT and placed on a spin coater (SCC-200, KLM). Slides have 

been covered with parafilm to result in a free area of 0.2 cm². A mixture of 800 nm diameter 

latex beads (LB, Sigma) and 50 nm ITO nanoparticles (ITONP, Sigma) has been produced 

according to Mersch et al.287 35 mg of ITONP has been suspended in 300 µL (6:1 

methanol/water) and ultrasonicated for at least 1 h. 1 mL of a 2.5 % LB methanol suspension 

was centrifuged for 10 min at 25,000 g. After removal of the supernatant the LB precipitate 

was re-suspended with 300 µL ITONP solution and thoroughly vortexed. The mixture was then 

ultrasonicated in an ice bath for at least 5 min. Afterwards 4 µL of the ITONP/LB suspension 

was spin coated at 60 rps for each layer onto a geometrical area of 0.2 cm². Between each 

layer there was a waiting time of 5 s after the next layer was drop casted. The as-deposited 

µITO electrodes have been sintered for 2 h at 500 °C in a custom-made chamber under either 

air or argon atmosphere. The air sintered µITO electrodes have been cleaned with air plasma 

for 5 min at 50 % power (Diener electronic).  

Preparation of µITO-PSI-cyt c electrodes 

A volume of 2 µl of a 20 µM PSI solution (10 mM tricine, 50 mM MgSO4, 0.02 % ß-DM, pH 

8) has been drop casted onto the µITO electrode and incubated for 2 min. The unbound 

protein was removed by repeated washing in phosphate buffer (5 mM, pH 7). Afterwards the 

electrodes have been drop casted with 10 µL of 1 mM cyt c (horse heart, Sigma) in phosphate 

buffer (5 mM, pH 7) and incubated for 2 min. Unbound cyt c was washed away by dipping 

into solution containing phosphate buffer (5 mM, pH 7). This procedure appeared to be 

optimal, because changing the incubation order or protein concentrations yields less 

photocurrent.  
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Protein concentration determination 

For PSI protein concentration determination, chlorophyll a has been extracted by incubating 

the electrode in 80 % acetone for 2 h at RT followed by measuring the extinction at 664 nm 

using an extinction coefficient of 76.79 L mmol-1 cm-1.248 The cyt c surface concentration has 

been determined by cyclic voltammetry at 100 mV s-1 in a potential range of -300 – 400 mV 

vs. Ag|AgCl. Electro-active protein amount was calculated from the peak area and using 

Faraday’s law.144 

Electrochemical experiments 

Electrochemical measurements have been performed using the potentiostat CHI660E (CHI) 

and a custom-made electrochemical cell containing 1 mL of phosphate buffer (5 mM, pH 7), a 

Pt counter electrode and an Ag|AgCl (3 M KCl) reference electrode. Cyclic voltammetric 

measurements have been performed at a scan rate of 100 mV s-1 or 10 mV s-1 if not otherwise 

stated and in a potential range from +400 to -300 mV vs. Ag|AgCl. The heterogeneous 

electron transfer rate constant (ks) has been determined according to the method of Laviron.290 

Experiments have been performed with scan rates of 5 to 3000 mV s-1 under ohmic drop 

compensation in phosphate buffer (5 mM, pH 7).   

Photoelectrochemical experiments 

Photoelectrochemical measurements have been performed using an integrated system 

(CIMPS, Zahner) containing a white LED light source (4300 K, Zahner) with adjustable 

intensity (max. 100 mW cm-2), an electrochemical cell and a photodiode with feedback 

control to the light source via a potentiostat (PP211, Zahner). Electrochemical investigations 

have been carried out through a coupled potentiostat (Zennium, Zahner). In all experiments a 

Pt counter electrode and an Ag|AgCl (3 M KCl) reference electrode have been used in an 

aqueous solution containing phosphate buffer (5 mM, pH 7). Experiments have been 

performed under air saturation of the solutions. Photochronoamperometric experiments have 

been performed at RT and -100 mV vs. Ag|AgCl, while using an illumination time of 6 min 

and a light power of 20 mW cm-2 (white light source spectrum see Fig. S8). Light power 

dependent photocurrent experiments have been done at -100 mV using a power range of 0.5 –

 60 mW cm-2 of white light. Photoaction spectra have been achieved at a potential of -100 mV 

vs. Ag|AgCl in aerobic phosphate buffer (5 mM, pH 7) using a monochromator 

(Polychrome V, Till Photonics) with a bandwidth of 20 nm.   
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Scanning electron microscopy 

6x layer µITO electrodes have been prepared, according to the previously described procedure 

in this study. For visualization of morphology of the prepared electrodes, scanning electron 

microscopy (JSM-6510, JEOL) has been employed. The acceleration voltage was 10 kV. A 

working distance of 10 mm and a magnification of 12,000 fold were chosen. Images have 

been recorded from the top and under an approximate angle of 45° relative to the surface 

normal. 

Results and Discussion 

In this study we exploit the transparency and conductivity of ITO with the possibility of 3D 

structure preparation and combine it with PSI and cyt c to develop a functional photocathode 

system. In scheme 1 electrode design and electron transfer pathways are displayed. To 

produce a µITO electrode, a mixture of ITO nanoparticles (ITONP) and latex beads (LB) have 

been spin coated onto an ITO slide in various deposition steps (see experimental section). The 

sintering process at high temperatures is performed only once after the layers have been 

deposited on the surface. It forms an inverse opal mesoporous structure, because of the 

thermal decomposition of LB. The generated hollow structure is then first incubated with PSI, 

followed by an incubation with cyt c, yielding a greenish-coloured electrode (see 

experimental methods). After light exposure a cathodic photocurrent is obtained verifying that 

electrons are transported from the planar ITO electrode towards the deposited porous ITO 

structure, reducing the bound cyt c and further the assembled PSI. At the stromal side of PSI 

electrons can be finally transferred to an acceptor in solution (here oxygen, see scheme 1). 

The signal chain is switched on and off by the light excitation of PSI. 

First of all, the prepared µITO electrodes have been characterized with scanning electron 

microscopy (SEM) and cyclic voltammetry (CV) to clarify the successful and reproducible 

construction of these basic electrodes. SEM measurements show a regular structure with 

circle shaped holes comprising interconnections to the next layer of removed latex particles 

(Fig. 1). Highly uniform holes with a diameter of 640 ± 10 nm (n = 20) are observed. In 

comparison with the used LB diameter (~800 nm) in the deposition mixture, the produced 

holes are shrunken by about 160 nm in diameter during the baking step. Interconnections are 

of different size and range from 200 to 400 nm. This may ensure access to deeper layers of the 

µITO even for large proteins like PSI. 
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Scheme 1: Schematic representation of a µITO electrode with integrated photosystem I (PSI) and cytochrome c 

(cyt c). The µITO structure displays an inverse opal mesoporous structure with nanoparticular surface roughness. 

Cyt c binds to the surface and allows the electrical connection of PSI to the µITO electrode surface. After light 

excitation, electrons flow from base ITO electrode in the µITO structure consisting of sintered ITO nanoparticles 

(ITONP) further to cyt c, which subsequently reduces PSI. The photo-excited electron within PSI can be 

transferred to molecular oxygen. Light blue arrows display intrinsic electron transfer in ITO, the dark blue arrow 

indicates the heterogeneous electron transfer, yellow arrows show the protein-protein electron transfer and red 

arrows display the PSI intramolecular electron transfer cascade.   

The µITO electrodes can be prepared with various numbers of spin coating steps allowing a 

defined adjustment of the thickness of the electrode structure. The individual preparation steps 

can also be seen in Fig. 1. The average layer thickness for one spin coating step is 

5.2 ± 0.4 µm. The gain in electro-active surface area can be verified by CV measurements. 

Since the double layer capacity scales with the electrode area in electrolyte contact, the 

electro-active area is calculated from the charging current of flat ITO and the different µITOs 

(for procedure details see ESI, section A). This results in a linear function with the number of 

layers (R2 = 0.999) with a slope of 5.5 ± 0.01 cm² / layer. The results taken from CV and SEM 

measurements indicate that the surface area and height of µITO electrodes can directly be 

controlled via the number of deposited layers. Here, no saturation behaviour has been 
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observed. Moreover, structural properties like hole diameters, interconnections and uniformity 

are highly conserved within all produced electrodes. 

 

Fig. 1: Scanning electron microscopy images of sintered µITO electrodes, prepared by 6 spin coating steps (6x 

µITO). Bottom left: Top view of the 6x µITO electrode. After thermal removal of latex beads, hole diameter can 

be determined to 640 ± 10 nm (n = 20). Right: Side view of the 6x µITO electrode. Defined separation between 

the successively added spin-coated layers with a height of 5.2 ± 0.4 µm / layer are visible. Top left: Electro-

active surface area increase dependent on the number of applied layers. Surface increases by 5.5 ± 0.01 cm² / 

layer (R2 = 0.999, n = 4).  

Photoelectrochemical properties of µITO-PSI-cyt c electrodes 

In this section the focus is on the construction of a photobiohybrid system using the above 

described µITO electrodes. Here different strategies for combining PSI and cyt c with the 3D 

electrode have been studied. The current behaviour of these electrodes after illumination has 

been used as success criteria. Besides the approaches of solution incubation and drop casting, 

the order of protein contacts and protein concentration has been varied. The highest 

photocurrent density can be achieved, when the following preparation procedure is used: 

First, a highly concentrated PSI solution (> 20 µM) is drop-casted and the electrode is 

incubated for several minutes, then the electrode is washed with phosphate buffer. Second, a 

1 mM cyt c solution is drop-casted afterwards and incubated for several minutes, followed by 
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washing with phosphate buffer prior to any photoelectrochemical measurement (see 

experimental section). After the incubation steps the greenish colour of the  electrode already 

indicates the binding of PSI to the µITO surface. The second incubation step with cyt c 

ensures the binding of the redox protein to PSI and the µITO surface, which results in the 

connection of PSI with the electrode. To clarify the electron transfer mechanism of such a 

µITO-PSI-cyt c electrode, CV experiments have been performed. They reveal the direct 

electrochemistry of cyt c incorporated in the µITO electrode (see Fig. S1), which is in 

accordance to results obtained at other porous ITO electrodes.161 Clear oxidation/reduction 

peaks are visible with a peak-to-peak separation of 80 mV and a full peak width at half 

maximum of 93 mV indicating a quasi-reversible heterogeneous electron transfer of the redox 

protein with the electrode.126 It has to be noted here that the electrochemistry of cyt c is not 

disturbed by the presence of PSI in the 3D electrode structure (see Fig. S1). Under 

illumination a distinct solely cathodic catalytic current is detected starting at around 70 mV 

vs. Ag|AgCl (see Fig. S2). This indicates that cyt c is reduced by the electrode to further inject 

electrons into PSI, as previously proven by us at modified gold.267,278 The open circuit 

potential of this electrode is in the range of -50 to -100 mV vs. Ag|AgCl. 

Fig. 2 displays the photocurrent density of a µITO-PSI-cyt c electrode under constant 

illumination at a potential of -100 mV vs. Ag|AgCl. A peak cathodic photocurrent density of 

103 ± 8 µA cm-2, as well as a steady-state photocurrent of 35 ± 2 µA cm-2 (n = 4) is measured. 

The fast decay in photocurrent over time can be addressed to diffusion limitation of the final 

electron acceptor (oxygen). When diffusion has been accelerated by constant stirring, the 

decay can be drastically reduced and a rather stable photocurrent output is obtained. The small 

drop observed even under stirring can be attributed to the transport limitation of oxygen 

within the 3D µITO structure, which cannot be influenced by external stirring. During the 

photo-excitation process dissolved oxygen is consumed by PSI and thus, has to diffuse from 

the bulk of the solution to the surface-fixed proteins. Due to the mesoporous nature of the 

electrode, the diffusion of reactants is slowed down, consequently becoming a rate-limiting 

step. At this point it should be added that the photocurrent can be further enhanced when the 

electron transfer from the FB cluster is enhanced by addition of methyl viologen (by 45 %).  

The incorporation of cyt c in this assembly is essential for the functioning of the 

photocathode, since without cyt c only minor photocurrents of about 1 µA cm-2 are detected 

(with PSI alone, Fig. S3). This means that only few PSI molecules can directly exchange 

electrons with the electrode. Furthermore the µITO and the µITO-cyt c electrode do not show 
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any detectable photocurrent, indicating the necessity of the presence of the photoactive 

enzyme (see Fig. S3). 

 

Fig. 2: Photocurrent response of a 6x µITO-PSI-cyt c electrode.  Experiments have been performed at RT in 

phosphate buffer (5 mM, pH 7) using white light (20 mW cm-2, 3 min) at a potential of -100 mV vs. Ag|AgCl 

with constant stirring (dotted) or without (solid). Geometrical electrode area: 0.2 cm2. 

Operation of the photobiohybrid cathode is based on the strong interaction of cyt c with the 

ITO surface on the one hand and with PSI on the other. This view is supported by experiments 

of such an electrode in buffer of higher ionic concentration (100 mM). Here much smaller 

photocurrents have been found (reduction of about 70 %) which can be attributed to the 

lowering of interaction forces between the essential components of the system and the 

electrostatic nature of this interaction (see Fig. S4). 

For a better understanding of the limitations within such a complex structure, two different 

preparation procedures for the µITO electrode have been investigated. The µITO electrodes 

have been sintered either under standard air conditions (PAir) or under argon atmosphere 

(PArgon). This strategy has been chosen, since oxygen vacancies in ITO are supposed to 

improve conductivity and electron mobility.291 In Fig. 3 a comparison of different electrodes 

prepared according to both procedures (PAir, PArgon) is displayed. Here the photocurrent 

densities of µITO-PSI-cyt c electrodes are plotted against the number of µITO layers used 

during electrode preparation. From 2 to 8 layers a linear increase in photocurrent output is 
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achieved. The procedure under argon (PArgon) results in the highest overall photocurrents. 

They increase linearly with a slope of 17.5 ± 0.4 µA cm-2 / layer (R2 = 0.992, n = 4). 

 

Fig. 3: Photocurrent density dependent on the number of applied µITO layers of a µITO-PSI-cyt c electrode and 

different sintering procedures (PAir = sintering under air = circles, PArgon = sintering under argon = squares). A 

linear relationship between photocurrent and the number of layers can be found (PArgon: 17.5 ± 0.4 µA cm-2 / 

layer, R2 = 0.992; PAir: 7.7 ± 0.2 µA cm-2 / layer, R2 = 0.989). Experiments have been performed at RT in 

phosphate buffer (5 mM, pH 7) using white light (20 mW cm-2) at a potential of -100 mV vs. Ag|AgCl (n = 4). 

Geometrical electrode area: 0.2 cm2. 

Sintering under air atmosphere (PAir) also give defined photocurrents, but with significantly 

lower current output (7.7 ± 0.2 µA cm-2 / layer, R2 = 0.989). A comparison between PArgon and 

PAir in terms of electro-active surface area (for a given number of µITO layers) reveals no 

significant difference (see Fig. S5). Furthermore the protein concentration in the structure, 

either cyt c or PSI, is very similar (in the limits of error, see discussion below), and thus 

cannot be the reason for the drastic change in photocurrent magnitude. Therefore, we focus on 

the heterogeneous electron transfer rate (ks) of cyt c to the µITO electrode being possibly the 

reason for a higher current density of the photobiohybrid system when prepared under argon 

atmosphere. By using the method of Laviron290 a ks of 1.1 ± 0.1 s-1 for PArgon and 

0.54 ± 0.03 s-1 for PAir can be derived (see Fig. S6). The values compare well with other 

findings on porous TCO materials. Oxygen vacancies, conductivity, surface roughness, and 
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protein orientation have been elucidated as key factors for the heterogeneous electron transfer 

rate between cyt c and the TCO material.161,162,166 Thermal treatment of ITO under air leads to 

a higher concentration of oxygen in the material, thus lowering the carrier density. This seems 

to be the reason for the higher ks using PArgon, since all other parameters (e. g. sintering 

temperature and time) have been kept constant. When all the other electron transfer steps 

(cyt c-cyt c, cyt c-PSI, PSI-oxygen) are faster than the heterogeneous electron transfer of cyt c 

on ITO, the overall current flow through the system is not only limited by acceptor diffusion 

but also by the rate of cyt c reduction. These experiments show that analysing limiting steps in 

complex systems can help to improve the performance. As a consequence, in the following 

experiments we use sintering under argon for the µITO preparation. 

In the next set of experiments, the focus is on the protein amount that can be integrated in the 

µITO structure for different layers. The concentration of cyt c has been analysed via CV by 

evaluating the charge of the redox reaction, whereas PSI concentration can be determined by 

UV/Vis measurements evaluating the chlorophyll concentration extracted from the electrode 

(see experimental section). Fig. 4 displays the determined protein concentration related to the 

geometrical surface. Here, a linear relationship of both the cyt c and PSI concentration to the 

number of µITO layers deposited during preparation of the base electrode is found. A 

concentration  increase related to the geometrical area of 4.5 ± 0.2 pmol cm-2 / layer 

(R2 = 0.997, n = 5) can be detected for PSI, whereas the value for cyt c is 

0.46 ± 0.01 nmol cm-2 / layer (R2 = 0.998, n = 5). Related to the electro-active surface area 

(see Fig. 1) a surface coverage of 0.2 ± 0.01 pmol cm-2 for PSI is calculated, which is close to 

an entire monolayer coverage. The same encounters for cyt c, which assembles also in 

monolayer coverage of 15.5 ± 0.4 pmol cm-2. These values indicate that both proteins can 

penetrate the whole 3D structure and we can make use of the full electro-active surface of the 

electrode.  

In order to describe the electron transfer efficiency per molecule, the turnover number (Te) has 

been calculated. Te is the number of electrons, which are processed by each individual protein 

per second. The result of this analysis is given in Fig. 4. At a minimum of 4x µITO layers Te 

for both proteins become constant to a value of 0.42 ± 0.01 e- cyt c-1 s-1 and 35 ± 3 e- PSI-1 s-1. 

The Te for µITO-PSI-cyt c with respect to PSI is two orders of magnitude higher than without 

cyt c (µITO-PSI, 0.3 ± 0.1 e- PSI-1 s-1). This clearly explains the strong effect on performance, 

when cyt c is added to the system. A comparison of the Te value of cyt c to the determined ks 
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shows, that not all of the cyt c molecules contribute to the reduction of PSI, but are connected 

to the electrode. 

 

Fig. 4: Protein concentration (top) and turnover number (bottom) in dependency on the number of µITO layers. 

A linear relationship between the protein amount and the number of layers can be found (PSI: 

4.5 ± 0.2 pmol cm-2 / layer, R2 = 0.997; cyt c: 0.46 ± 0.01 nmol cm-2 / layer, R2 = 0.998;  n = 4). Geometrical 

electrode area: 0.2 cm2. 
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Photophysical features of µITO-PSI-cyt c electrodes 

In this section, we characterize the photo-physical features of the µITO-PSI-cyt c electrode 

demonstrating its potential as an efficient, biohybrid and transparent  photocathode. In Fig. 5 

the photocurrent density of a 6x µITO-PSI-cyt c electrode is plotted against the incident light 

power. The Michaelis-Menten equation can be applied to fit the experimental data, since 

photons can be considered as a substrate for PSI. The light intensity at half maximum (KM) is 

determined to be 2.6 ± 0.2 mW cm-2 with a maximum photocurrent (Jmax) of 148 ± 2 μA cm-2. 

The cooperativity (n) of this behaviour is calculated to be 1.0 ± 0.1. This means that PSI 

excitation by photons can be seen as multiple parallel single events, taking place 

independently. The KM value derived from these experiments is very similar to our findings of 

a cyt c/PSI monolayer system267 and more than a factor of 2 higher as in a multilayer setup278 

on planar gold electrodes. The nature of light absorption here seems to be more similar to a 

monolayer system as compared to a complex multilayer environment with additional 

assembled components. In addition, this behaviour also corresponds to the determined 

monolayer coverage of the proteins within the 3D structure.  

As a next experiment for characterization, a photoaction spectrum has been recorded and 

compared with the absorption spectrum of PSI in solution as well as immobilized in the µITO 

structure. Fig. 6 displays the spectra normalized to the peak at 680 nm. The photoaction 

spectrum follows the overall wavelength distribution of PSI in solution and with the spectrum 

measured for a 6x µITO-PSI-cyt c electrode. Peaks are observed at 680, 620 and 440 nm 

corresponding either to the Qy, Qx and the Soret band of chlorophyll a.248 Due to scattering 

and the heterogeneity of surface confined proteins the absorption of the µITO-PSI-cyt c in the 

typical green gap is higher compared with PSI in solution. For shorter wavelength the 

photoaction spectrum decreases as expected from the absorption behaviour. Due to the other 

assembled component cyt c and the high protein loading the Soret absorption at 410 nm 

(ferric) and 416 nm (ferrous) are lowering the effective photon-to-charge carrier conversion of 

PSI.161 From the transmission spectra of ITO and µITO a decrease in transmission over the 

visible light spectrum going to shorter wavelength is recognizable. If both spectra are 

compared, the transmission at 680 nm reduces from 86 % to 24 % for the 3D electrode (see 

Fig. S7). This points to an increased scattering effect in the µITO. During the construction of 

the 3D electrodes ITO nanoparticles are used as starting material. Due to their diameter much 

smaller than the incident light wavelength higher Rayleigh scattering can be expected (more 

pronounced at shorter wavelengths). 
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Fig. 5: Photocurrent density of a 6x µITO-PSI-cyt c electrode in dependency on the illumination intensity. Data 

have been fitted with the Michaelis-Menten equation (KM = 2.6 ± 0.2 mW cm-2, Jmax = 148 ± 2 μA cm-2, 

n = 1.0 ± 0.1, R2 = 0.998). Inset: Lineweaver-Burk plot of the same data.  Experiments have been performed at 

RT in phosphate buffer (5 mM, pH 7) using white light  at a potential of -100 mV vs. Ag|AgCl (n = 3). 

Geometrical electrode area: 0.2 cm2. 

The quantum efficiency has also been calculated for various light intensities of the µITO-PSI-

cyt c electrode, whereas the incident light-to-current efficiency is referred to as external 

quantum efficiency (EQE). Here, a peak value of about 11 % (6.6 % at the apparent KM) is 

determined. The internal quantum efficiency (IQE) represents the ratio between the number of 

absorbed photons to the number of produced charge carriers in a given time. For this reason 

the absorption spectrum of a µITO-PSI-cyt c electrode is taken and the number of photons 

absorbed by the electrode can be calculated from the light source spectrum (see Fig. S8). The 

calculation does not take into account, that due to the light scattering nature of the 

mesoporous structure, the real absorption of the electrode will be lower. A plot of the IQE 

against the light power displays also a peak value at low light intensities of about 30 % (and 

18 % at the apparent KM). These values represent one of the highest efficiencies of PSI 

electrodes to date.210,212,214,227,239,278 If we assume, that only PSI contributes to the 

photocurrent, which can even be seen from the photoaction spectra, the IQE can also be 

0 20 40 60

0

-40

-80

-120

-160

0.0 0.5 1.0 1.5 2.0 2.5
0.00

-0.01

-0.02

-0.03

-0.04

-0.05

1/
Ph

ot
oc

ur
re

nt
 d

en
si

ty
 / 

µA
-1
 c

m
2

1/Power / mW-1 cm2Ph
ot

oc
ur

re
nt

 d
en

si
ty

 / 
µA

 c
m

-2

Power / mW cm-2



Results 

94 

calculated from the absorption spectra of PSI in solution corrected for the respective PSI 

concentration in a 6x layer µITO electrode. 

 

Fig. 6: (Top) Photoaction spectrum of a 6x µITO-PSI-cyt c electrode in comparison to the absorption spectrum 

of PSI in phosphate buffer (5 mM, pH 7) and to the absorption spectrum of a 6x µITO-PSI-cyt c, all normalized 

to the peak at 680 nm. Photoaction spectrum has been obtained with monochromatic light (bandwidth 15 nm, 

intensities <10 mW cm-2) in aerobic phosphate buffer (5 mM, pH 7). Spectra are the averages of 3 independent 

measurements. (Bottom) External (EQE) and internal (IQE) Quantum efficiencies of a 6x µITO-PSI-cyt c 

electrode calculated for different light intensities. 

400 500 600 700
0.0

0.5

1.0

1.5
 n

or
m

. I
nt

en
si

ty

Wavelength / nm

Photoaction spectrum µITO-PSI-cyt c     
Absorption spectrum   µITO-PSI-cyt c    
Absorption spectrum   PSI                       

4 8 12 16 20
0

10

20

30

40

Qu
an

tu
m

 e
ffi

ci
en

cy
 / 

%

Power / mW cm-2

 EQE
 IQE



Results 

95 

Here, an IQE of even 39 % (and 23 % at the apparent KM) is achieved. This value clearly 

demonstrates that either scattering/reflectivity effects, or the additional cyt c absorption 

influence the efficiency of the electrode. Nevertheless this system provides very good 

performances already at low intensities, in contrast to approaches which need more than one 

order of magnitude higher light intensities.282 

Conclusions 

In this study a mesoporous scalable 3D electrode structure has been successfully combined 

with PSI, which is electrically wired by means of the redox protein cyt c resulting in a highly 

efficient photocathode. The experiments suggest a linear scalability of the photocurrent output 

over various layer thicknesses of the µITO electrode without boundaries (at least up to 

40 µm). The thickness of the µITO can easily be adjusted during the preparation of the 

electrode by the number of spin coating steps. The electro-active area follows the thickness of 

the 3D structure linearly. Due to the fast and easy preparation procedure of µITO, electrode 

production speed can be significantly enhanced compared to other preparation protocols. 

Additionally the study of different fabrication procedures allows a deeper understanding of 

the functionality and limiting steps of the photo-biohybrid structure. PSI and cyt c can be well 

integrated into the 3D electrode structure. Remarkably the entire inner electrode surface can 

be used for protein immobilisation and photocurrent generation. On this basis it is possible to 

generate high cathodic photocurrents, which are scalable with the number of µITO layers used 

during electrode preparation. The system shows high quantum efficiencies and follows the 

spectral properties of PSI. The biohybrid approach enables the construction of more complex 

light-to-current converting devices, like the integration of enzymes or nanomaterials for the 

light-to-chemical energy conversion. The study demonstrates that the cyt c-PSI wiring system 

can be applied to a variety of materials and surfaces, and allows photocurrent densities of 

more than 150 µA cm-2. Thus, it has shown its potential for further developments and 

applications. 
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Supporting Information 

A) Calculation of the electro-active surface of a µITO structure 

The electro-active surface of µITO structure was calculated as follows: First cyclic 

voltammetry measurements of a defined surface area (geometrical surface: 0.2 cm²) of flat 

ITO (pre-cleaned by ultrasonication in acetone, isopropanol and water) and of 2, 4, 6, 8 x 

µITO (geometrical surface: 0.2 cm²) have been performed from -300 – +400 mV vs. Ag|AgCl 

at RT in phosphate buffer (5 mM, pH 7) without any redox species. At 0 mV vs. Ag|AgCl 

(dI/dV = 0) the charging currents (anodic and cathodic) have been determined and averaged 

(n = 4). Here, we assume that the electro-active surface of flat ITO is corresponding to its 

geometrical surface and that the electrochemical double layer structure is similar for ITO and 

µITO. This means higher charging currents are only caused by a higher surface area in contact 

with the electrolyte. Consequently, the electro-active surface area is calculated for the µITO 

out of the charging current increase of µITO compared to flat ITO. 

I) Cyclic voltammetry of 6x µITO, 6x µITO-cyt c, 6x µITO-PSI-cyt c and µITO-PSI 

electrodes 

 

Fig. S1: Cyclic voltammograms of different 6x µITO electrodes: A) CV of a bare 6x µITO, a 6x µITO-cyt c and 

a 6x µITO-PSI-cyt c electrode. (B) CV of a bare 6x µITO and a 6x µITO/PSI electrode.  No redox signals can be 

detected when only PSI is immobilized in the structure. The experiments have been performed in the dark at a 

scan rate of 10 mV s-1 in aerobic phosphate buffer (5 mM, pH 7). 
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II) Photocatalysis of 6x µITO-PSI-cyt c electrodes 

 

Fig. S2: Photo-induced catalytic current of the 6x µITO-PSI-cyt c electrode. The experiment has been performed 

in the dark (black) and with 60 mW cm-2 of white light (red) at a scan rate of 10 mV s-1 in aerobic phosphate 

buffer (5 mM, pH 7) as well as 1 mM methyl viologen. Cathodic catalysis starts at 70 mV vs. Ag|AgCl and 

decreases when oxygen reduction starts at the electrode. In the dark only the redox conversion of cyt c can be 

seen at around 45 mV vs. Ag|AgCl. Cathodic catalysis under illumination starts at a potential at which cyt c can 

be reduced by the electrode. This means that first electrons are transferred from the µITO to cyt c before PSI 

reduction by cyt c occurs. 
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III) Photocurrent control: µITO-PSI, µITO-cyt c, µITO 

 

Fig. S3: Photocurrent measurements of the 6x µITO-PSI, 6x µITO-cyt c and 6x µITO electrodes. (A) The 

photocurrent measurements at three different potentials of a 6x µITO-PSI  (-100 mV, +500 mV, OCP = 196 mV 

vs. Ag|AgCl) exhibit only minor photocurrent densities, cathodic but no anodic photocurrents are observed (left). 

This experiment shows, that cyt c is necessary for the high unidirectional photocurrent generation. The direct 

electron transfer from PSI to the µITO electrode is highly limited. (B) Comparison of photocurrents achieved at 

a potential of -100 mV vs. Ag|AgCl between 6x µITO-PSI, 6x µITO-cyt c and 6x µITO electrodes. Without PSI 

in the structure there is no photocurrent detected. All experiments have been performed at RT in phosphate buffer 

(5 mM, pH 7) using white light (20 mW cm-2, 30 s pulse). 
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IV) Photocurrent of 6x µITO-PSI-cyt c electrodes in buffer consisting of higher ionic 

strength 

 

Fig. S4: Photocurrent measurements of the 6x µITO-PSI-cyt c electrode. Due to higher concentration of either 

buffer substance (100 mM phosphate) or addition of 200 mM MgSO4, photocurrents decrease significantly. The 

experiments have been performed at RT in phosphate buffer (5 mM, pH 7) using white light (20 mW cm-2, 30 s 

pulse) at a potential of -100 vs. Ag|AgCl.  
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V) Surface area of air sintered/air plasma treated µITO electrodes 

 

Fig. S5: Surface area increase dependent on the number of applied layers. The surface increases by 5.3 ± 0.2 cm² 

/ layer (R2 = 0.995, n = 4). 

VI) Determination of heterogeneous electron rate constant (ks) for a µITO-cyt c 

electrode 

 

Fig. S6: Trumpet plot for the determination of ks after the method of Laviron for PAir (left) and PArgon (right). The 

overpotential (E0 – Ep) for both anodic (black) and cathodic (red) peaks is plotted against the decadic logarithm 

of the scan rate (lg v). A linear fit of the data with a peak separation of > 200 mV results in a slope proportional 

to the charge transfer coefficient (α) with an intercept proportional to ks. 
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VII) Transmission spectra of ITO and 6x µITO structures 

 

Fig. S7: Transmission spectrum of ITO, 6x µITO and 6x µITO-PSI-cyt c electrodes. 

VII) White light source spectrum 

 

Fig. S8: Spectrum of the white light source used in all experiments. The spectrum was normalized to an integral 

area of 1. Characteristic peaks are found at 456 nm and 576 nm. 
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5. Discussion 

In the following chapter the results obtained during the doctorate will be discussed. There are 

three different topics studied within this thesis:  

1. The cytochrome c / photosystem I monolayer electrode (P4.1, see chapter 4.1),  

2. The cytochrome c / photosystem I multilayer electrode (P4.2, see chapter 4.2), 

3. 3D mesoporous indium tin oxide electrodes incorporating cytochrome c / photosystem I 

(P4.3, see chapter 4.3).  

These three systems share a common underlying concept – the connection of PSI to an 

electrode via cyt c. This aspect will be discussed in this chapter in more detail, while the 

performance and efficiency will be compared and classified with other systems of state of the 

art. This provides the basis for the final analysis of advantages and drawbacks of the cyt c / 

PSI systems, including the evaluation of critical parameters. In the last sub chapter, an outlook 

and putative future perspectives of the cyt c / PSI system will be given.   

5.1 The interaction and communication between cytochrome c and 

photosystem I 

The non-natural interaction between cyt c and PSI has been exploited for the connection of 

the large super-complex to electrodes. To understand the nature of binding of the small redox 

protein to PSI, insights have to be given into the native protein interaction of cyt c. In the 

natural system the binding process and ET reaction of cyt c to its partners is more complex 

and can be divided into two steps: 1. Long-range interaction and 2. Short-range interaction. In 

the first one, cyt c is docking via positively charged lysine residues to an acidic patch on the 

opposing protein.292 Site-mutagenesis on these acidic residues have a strong effect on the 

docking to cytochrome c oxidase, where complex formation needs lower ionic strength and 

changes kinetic parameters, such as KM (getting higher) and kcat (getting lower).293,294 The 

next step of ET complex formation is mediated by short-range hydrophobic van der Waals 

contact interactions by means of apolar residues on the opposing protein site.295 Changes to 

theses residues, will primarily have a negative effect on the kET and thus this region is also 

being considered to be the electron entry point of ET.292 Nonetheless, cyt c is also able to bind 
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non-natural partners, which is often ensured by the electrostatic nature of cyt c, exhibiting a 

strong dipole momentum at neutral pH. Examples for this have already been shown in several 

studies, where cyt c can interact with various biomolecules, such as enzymes, phospho-lipid 

membranes and DNA.182,270,273,284,296 This demonstrates, that cyt c binds to other biomolecules 

rather nonspecifically, but retains its natural function. As can be seen in chapter 3.2.2.3, cyt c 

can keep its function as a redox shuttle also in a surface-fixed state and can exchange 

electrons with an electrode, whereas self-exchange between cyt c molecules helped the 

connection of enzymes to electrodes.182,185,270 Nevertheless, the situation of how cyt c 

connects these enzymes is often not well understood. 

In this thesis, the interaction partner for cyt c is PSI, which interacts very transient with its 

natural electron donor proteins (cyt c6 and PC).25 In contrast to cyt c, cyt c6 displays a more 

homogeneous surface potential with a pI of 5.5 (negative charges are dominant) and is only 

slightly charged with apolar patches around the heme pocket (vacuum electrostatic analysis of 

PDB:3DR0).297 Thus, interaction between cyt c and PSI differs from the natural situation with 

freely diffusible redox proteins. These shuttles must leave the ET complex after electron 

transition, to regain electrons from the cyt b6/f complex. This is in contrast to the cyt c / PSI 

system, where electrons are transferred via the electrode or via self-exchange of surface-

confined cyt c molecules. Thus, a simple analogy to the natural system is not helpful for 

understanding the interaction between cyt c and PSI. At the moment, a complete picture on 

the cyt c / PSI system cannot be given, but first conclusions can be drawn.  

The light-harvesting super-complex PSI has a strong dipole momentum itself between the 

luminal (negatively charged) and stromal side (positively charged) of the protein with a 

hydrophobic transmembrane intersection (see 4.1 Fig. S3). From P4.1 it is reasonable to 

assume that PSI assembles preferentially with its luminal side on a cyt c monolayer. This 

assembly takes time (as can be seen from SPR, P4.1, Fig. 2) and is more pronounced 

compared to a SAM-modified electrode only, while producing a complete PSI layer (AFM, 

P4.1, Fig. 1). Additionally, the interaction is very sensitive to variations in pH having the 

maximal protein deposition in the experimental range at pH 7 (P4.1, Fig. S1A). Reasons for 

this can be seen in the charge situation on the proteins. Both biomolecules have different pI 

values, whereas cyt c (pI = 10.5) has a positive net charge and PSI (pI = 6.4) a slightly 

negative one at pH 7.  At higher pH (> 7) the positive charges on the protein surface of cyt c 

will be lowered, at a lower pH (< 7), the negative charges at PSI will be reduced. The charge 

situation on both proteins supports the experimental findings of an interaction maximum at a 



Discussion 

104 

certain pH. From MALDI-TOF experiments (P4.2, Fig. S1) it is verified, that cyt c binds 

strongly to PSI in solution under these conditions, while this binding can only be prevented in 

a buffer of higher ionic strength. Photocurrent experiments of the mesoporous 

photobioelectrode (P4.3, S4) with higher salt concentration in the buffer decrease the 

produced photocurrent density at least by a factor of 7. Due to a suppressed binding of cyt c to 

PSI as well as to the electrode by means of buffer ions, the electrical connection of PSI is 

prevented. These experiments make the electrostatic interaction scenario between both 

biomolecules most likely, since it is very sensitive to changes in pH and in ionic strength. 

The electron transfer pathway from the electrode to PSI must involve cyt c as the electrical 

wire and cyt c acts as the electron donor molecule for PSI. This has been found in all 

photobioelectrodes produced within this thesis (P4.1, Fig. 3B, P4.2, Fig. S4, P4.3, Fig. S2). 

Electrons are transferred first to cyt c from the electrode and can also be exchanged under the 

neighbouring cyt c molecules. This is supported by cyclic voltammetry, since light-induced 

catalysis starts at the redox potential of cyt c. To generate a photocurrent, there must be a cyt c 

molecule bound in the near of P700, which is able to reduce P700
+. Other cyt c molecules, 

which may also be bound to PSI, must be in ET distance to the P700 associated cyt c for its re-

reduction. Only this would lead to a steady-state photocurrent, which has been observed all 

photobioelectrodes (P4.1, P4.2 and P4.3). As can be seen from Fig. 7 the heme group of cyt c 

is located at one side of the protein. An efficient electron transport can be achieved, when 

interprotein distances are small between the redox groups of the proteins. Hence, a rotational 

freedom at RT of bound cyt c on either the electrode, as well as on PSI must exist, resulting in 

the ET to P700. A proof of the self-exchange can be seen in the results of the CV measurements 

of multiple layer of cyt c, giving an electro-active amount of cyt c much higher than a 

monolayer in contact with the modified gold electrode (P4.1, Fig. 4; P4.2, Fig. 3A, 5A).    

Another phenomenon is observed, when PSI and cyt c are assembled on top each other. Both 

proteins reach deposition saturation, when deposited onto a terminal layer of the other 

molecule, resulting in a dense packed bilayer (cyt c/PSI, see P4.1). If the proteins are 

alternately assembled on each other, multiple layers can be build up, with connecting PSI 

molecules to the electrode. Cyt c has a molecular weight which is around 85 times lower than 

the large trimeric PSI, drawing the conclusion, that under buffer and pH conditions used in 

this thesis, there must be several binding sites for cyt c at PSI. Fig. S3 from P4.1 shows that 

there are negative potential surface patches at the stromal side of PSI, being large enough that 

cyt c molecules can dock to these places. Despite the high positive surface potential, cyt c 
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displays also hydrophobic patches, being located around the heme pocket (crystal structure 

analysis of hydrophobicity, PDB:1HRC).113 It can be assumed, that the small redox protein 

can also bind in the hydrophobic area of PSI, but further studies are necessary for verification.  

Under buffer conditions of low ionic strength and without a further stabilizing tenside 

molecule in solution, PSI is often only semi-stable and tends to agglomerate within hours. If 

cyt c is present, this mixed solution is much more stable (several days, data not provided in 

the three publications). From these findings it can be concluded, that the cyt c/PSI hybrid 

complex is being better adapted to the situation in aqueous solutions, even under buffer 

conditions of low ionic strength. This is clearly a new feature, because large membrane 

proteins often require a complex buffer composition containing a surfactant for stabilizing the 

membrane regions. At this point the role of cyt c as a bridging molecule between complexes 

can only be guessed, which would explain the co-assembly of both proteins on the surface, 

but without further experiments it cannot be fully elucidated. Nonetheless, these complexes 

can slowly (several hours) assemble from solution to a surface, while the total protein amount 

deposited is depending on several parameters, such as the ratio of cyt c with respect to PSI 

(P4.2, Fig. 2, Fig. S2), or the assembly time (P4.2, Fig. 1). A higher excess not only 

accelerates the deposited protein amount, but also enhances the assembled protein amount. 

This means, that binding of cyt c to PSI is probably nonstoichiometric, while the low affinity 

suggests an unspecific binding phenomenon. If several cyt c binding sites on PSI are assumed 

with each having a different affinity, not all binding sites will be populated by a given 

molecular ratio of both proteins. When some of these binding sites are needed for the co-

assembly onto an electrode surface, a raise in the cyt c excess and thus subsequently in the 

population of these crucial binding sites, would help to accelerate the adsorption process to 

the surface.  Another finding shows, that the photocurrent of the system correlates with the 

amount of electrically addressable cyt c molecules, which also underpins that both proteins 

must assemble jointly.  

To further elucidate the conclusions on the interaction between cyt c and PSI, a docking 

analysis of both proteins reveals putative binding sites of cyt c at the monomeric PSI (see 

Fig. 9). The analysis has been done using crystal structure information of both proteins and 

ClusPro 2.0 (cyt c: 1HRC, PSI: 4FE1).115,253,298–300 This analysis can be seen only qualitatively 

since the binding behaviour can be different under various buffer conditions used in this 

thesis. Nevertheless, the analysis reveals, that several cyt c-interaction spots at the luminal 

side of PSI can be found, while also some binding sites are located at the stromal side. This 
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was guessed before, since it can explain, that after deposition of PSI, cyt c can be assembled 

again and that on top of this another layer of PSI can be adsorbed. 

 

Fig. 9: Crystal structure visualization from protein-protein docking analysis (ClusPro 2.0) between cytochrome c 

(black, cartoon, PDB:1HRC) and monomeric photosystem I (vacuum electrostatic surface, red-white-blue, 

PyMOL, PDB:4FE1). A selection of different putative interaction spots is displayed. The selection has been done 

according to the highest cluster values. If there are multiple binding conformations of cyt c at one individual 

cyt c-PSI interaction site, only one is displayed for a better visualization.115,253,298–300 

Nevertheless, it has to be mentioned here, that in the assembly solution the hydrophobic 

region of PSI is covered by ß-dodecyl maltoside (ß-DM), which was not taken into account 

for the analysis presented in Fig. 9. Therefore the exact situation of cyt c binding to PSI 

cannot yet be fully enlightened. Interestingly, from these in silico binding analysis, no direct 

binding of cyt c is found at the putative binding site for the natural electron donor cyt c6 

below the P700 at the luminal side of PSI. This may indicate a larger distance of cyt c 
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molecules to P700, and may explain, that the ET rate of cyt c to PSI is smaller as compared 

with the natural system (will be discussed more in detail in the next chapter). For the 

electrical connection of photoactive protein layers to the electrode, electrons have to be 

transferred via cyt c to the next PSI layer. The analysis can also help to explain this, because 

of two findings: 1. Interaction sites can be found in the hydrophobic region of PSI, 2. 

Neighbouring binding sites of cyt c enable self-exchange between cyt c molecules. When 

electrons are to be transferred to the next protein layer, cyt c molecules need to have a close 

distance to each other and the redox molecules thus form a protein network surrounding PSI.  

To further elucidate the binding situation of cyt c / PSI hybrids assembled on the surface, a 

closer look has to be taken into P4.2, where the introduction of DNA can greatly enhance the 

overall protein amount on the surface. While a saturation behaviour is observed for the 

assembly of PSI and cyt c on the surface from the protein mixture, assembling DNA as 

separating layer provides a new surface for the start of another cyt c/PSI deposition. The 

consequence from this finding is, that the cyt c/PSI layer loose cohesion after a certain 

number of complexes have been deposited onto the surface. This means, that at one time the 

rate of assembly equals the rate of disassembly at specific buffer and temperature conditions. 

DNA can protect complexes from detachment from the surface and strengthen interlayer 

forces by means of a strong cyt c-DNA binding, which has been found previously and can 

also be seen from various experiments (P4.2, Fig. 4, S5, S7).273 Furthermore, DNA does not 

hinder the ET between the photoactive protein layers, because here also the amount of 

electrically connected cyt c molecules correlates well with the photocurrent density (P4.2, 

Fig. 5B).  

The co-assembly has also been tested at the 3D ITO electrodes, but does not result in high 

photocurrents. Here, a separate deposition of PSI and cyt c is more beneficial for the 

connection of a large amount of photoactive protein. Thus the binding situation of both 

proteins to the electrode is different as has been seen on planar electrodes. From SEM 

analysis of the electrode (P4.3, Fig. 1), the interconnections between the µITO structure are 

around 100-150 nm. This means that large cyt c/PSI complexes can get stuck and prevent 

mass transfer to the deeper layer of the structure. The benefit of the one-by-one assembly is, 

that the small redox protein can manage to bind between electrode and PSI to achieve a 

productive connection. Both proteins can be detected at a monolayer coverage if the electro-

active surface area of the µITO structure have been taken into account.  Furthermore it can 

remove loosely bound PSI molecules from the surface and thus clean the surface from 
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inefficient connected molecules. This can be observed, when the electrode is incubated with 

cyt c. After the cyt c deposition step, the colour intensity of the greenish electrode decrease. 

Because of the strong green colour of PSI, the presumption is, that cyt c removes PSI from the 

surface.  

In P4.3 it has been clearly shown, that the overall electrode performance mainly relies on the 

ET rate of cyt c to the electrode (P4.3, Fig. 3, Fig. S6). This means also, that the basic findings 

about the interaction, communication and productive assembly of the cyt c-PSI biohybrid 

system is not affected on other materials, which results in the possibility to even extend the 

use of various electrode materials and structures. This new system in the photobiovoltaic 

research, where biomolecules with different tasks are coupled together generating a new kind 

of photobioelectrode, can be the starting point of further more advanced developments. In the 

next chapter, the focus is turned to the performance and efficiency of such a biohybrid 

approach in comparison to other systems. 

5.2 Photobioelectrode performance and efficiency 

So far new insights into the interaction between the biomolecules used in this thesis have been 

discussed. To bring this strategy in a broader context, a comparative analysis to other 

developed photobioelectrode systems will be given in this chapter. Besides the construction 

strategy of biohybrid electrodes, the performance and the efficiency of the electrodes are a set 

of parameters, which has an important role in optimisation and evaluation. This chapter will 

give conclusions about the quality of PSI photobioelectrodes and will present the most 

superior concepts. 

The first parameter discussed here is the photocurrent density (IP) of the photobioelectrodes 

produced within this thesis in comparison with other systems reported in the literature. It can 

be expressed as the number of light-induced generated electrons per second by the electrode. 

Higher photocurrents are desirable, since they reflect the maximum capacity of the electrode 

to transfer electrons to the counter electrode in a solar cell or to a useful acceptor, like an 

enzyme producing energy-rich chemicals. Nevertheless, this important parameter is difficult 

to compare, since photocurrent values and kinetics are dependent on the applied overpotential 

relative to the redox potential of the oxidized or the reduced redox center in PSI, the kind and 

concentration of the electron acceptor/donor used and the power or wavelength of the incident 

light. Therefore photocurrent densities have been extracted at their reported maximum values 



Discussion 

109 

and are highlighted if very unconventional experimental conditions have been used. Within 

the series of publication 4.1 to 4.3 (P4.1, P4.2, P4.3), the photocurrent density has been 

improved by 2 orders of magnitude: 1.6 → 25 →150 µA cm-2. Compared with another cyt c-

based approach reported in the literature, P4.1 already exceeds their produced photocurrents 

(0.225 µA cm-2).229 So far, about 35 photobioelectrodes have been published using PSI as 

their main light-to-current converting component. To evaluate the results achieved in this 

thesis, these publications have been analysed according to their reported maximum IP, as well 

as to their IP normalized to the light intensity used. It has to be mentioned at this point, that 

such an analysis requires the light intensity applied in the study, since in most publications 

different light sources have been used (e. g. illumination at 680 nm, sun light emulating 

sources, or others). The normalized values can be considered only as a rough estimation, but 

may help to evaluate the efficiency better than only maximum values. Publications have been 

excluded if a) no electrode area or b) no light intensities have been given.      

 

Fig. 10: Reported and light intensity-normalized photocurrent densities of analysed photobioelectrodes (number 

of publications = 35). (A) Distribution of reported maximum photocurrent densities (have been displayed as their 

logarithmic values, bin size = 0.8, bin range = -1.8 to 3, centred). Data have been fitted according to a Gaussian 

distribution, whereas the cumulative fractions of publications with the position of publication 4.1-4.3 (P4.1-4.3) 

have been added. (B) Photocurrent densities normalized to the respective light intensity against the cumulative 

number of publication with the position of P4.1-4.3 added. Photocurrent values have been sorted from low to 

high. Data have been taken from references.201–214,216,217,220,222–224,228,229,231,237,241,266,267,269,278,301–305 

Figure 10 describes the context of P4.1-4.3 with respect to other PSI containing systems. If 

the reported photocurrent densities are analysed, the maximum of the distribution of analysed 

publications peaked at a value of 7.5 µA cm-2. The basic cyt c/PSI monolayer system on gold 

electrodes (P4.1) is below this average. Nonetheless it shows higher photocurrent densities 
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than 30 % of the reported systems. The co-assembly of cyt c/PSI combined with a layer by 

layer approach increases the photoactive protein amount by means of DNA (P4.2), which is 

thus already clearly above average. With the incorporation of cyt c/PSI into a mesoporous 

ITO structure (P4.3) this value further increases, only 17 % of all publication can show higher 

photocurrents.  

The evaluation changes clearly, when the light intensity-normalized values are considered, 

because in most studies high light intensities are needed to achieve high photocurrents. This is 

especially the case for the top 3 systems and other photobioelectrodes based on 

semiconductors.217,220,228 Here, the photocurrent values drop significantly, if normalized to the 

light intensities applied. On top of this, the photocurrent of the basic material used in such 

approaches often show already high photocurrents, while also the origin of the light-induced 

charge separation and the mechanism of electron transfer in these systems are not clear. For 

example, Leblanc et al. 2012 have used vacuum-deposited PSI multilayers on a p-doped 

silicon electrode and reached high, but only transient photocurrents of 875 µA cm-2 

(4.6 µA cm-2 mW-1) with the need of a very high electron acceptor concentration in solution 

(200 mM).217 However, the p-doped silicon already shows 50 % of the photocurrent in control 

experiments. This draws the speculation, that an additional electron transfer pathway may 

have been created, where electrons also can be transferred directly from the electrode to the 

acceptor after charge separation in the p-doped silicon. 

When the light intensity-normalized photocurrents are considered, the performance of P4.3 

belongs to the top 4 produced photobioelectrodes to date (when PSI is used as light-sensitive 

biocomponent). But even among these electrodes care has to be taken to the detailed 

experimental conditions. In the experiments reported by Yehezkeli et al. 2013 a very low light 

intensity at 680 nm has been used (0.28 mW cm-2). This is a spectral and light intensity 

illumination condition, where PSI is most efficient with respect to the light-to-current 

conversion. This condition is far away from the light intensity or spectrum of the sun, thus the 

natural situation. Most studies report their photocurrent values at light saturation conditions 

by using lamp sources covering the whole visible light spectrum. Yehezkeli et al. 2013 have 

not provided the photocurrent dependency upon the light intensity, and without normalizing 

the photocurrent to the light intensity, their electrode performance is only below average.211 

Hence, a clear classification of this study cannot be done and the low light-intensity used here 

does probably not reflect the high efficiency of this system. Kothe et al. 2014 supersaturated 

the buffer with oxygen to yield high photocurrents, whereby under air saturation the 
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normalized photocurrent density reached only 2.45 µA cm-2 mW-1, which is comparable to 

P4.2 (2.5 µA cm-2 mW-1).216 In another strategy of wiring PSI based on Osmium-redox 

polymers have been used, conducting the hole from PSI to the electrode. Here, a large amount 

of electrically connected PSI can be integrated in the hydrogel, while electron donation to P700 

is very efficient.214 When the solvated hydrogel is collapsed by means of a buffer containing 

high concentrations of ions, the connection to the luminal side of PSI can be further 

improved, increasing the photocurrents by a factor of 2.216  

However with the examples discussed so far, it is obvious, that photocurrents and their light-

normalized values often cannot fully be evaluated and a comparison of efficiencies between 

studies is difficult, because they strongly depend on the experimental conditions applied. 

Owing to this, another important parameter has also to be considered – the turnover number 

(Te). This parameter can be seen as the molecular apparent electron transfer rate of the system 

and has to be maximized for a high efficiency. Te is the number of light-induced electrons per 

second and per PSI molecule. Owing to this, systems with high photocurrents not necessarily 

have a high Te. In cyanobacteria a Te of approximately 47 e- PSI-1 s-1 has been determined.235 

With systems developed during this thesis the Te could be increased from 10 (P4.1) over 21 

(P4.2) to 35 e- PSI-1 s-1 (P4.3). In P4.1 the concentration of PSI was determined by SPR and 

exceeds the theoretical value for a monolayer. It can be seen that not all PSI molecules have 

been connected to the electrode, since  the photocurrent increases after another deposition of 

cyt c on top. If only the actively connected PSI molecules are considered, the real Te would 

have been higher, since for the calculation of Te the whole amount of deposited PSI has been 

used. Considering a monolayer coverage of 0.4 pmol cm-2 PSI, the Te of P4.1 would have 

been 26 e- PSI-1 s-1, which is close to P4.2 and P4.3. However the Te of all three systems lies 

beyond the natural system as well as beyond the Te for cyt c and PSI in solution 

(61 e- PSI-1 s-1, see 4.2, S9). The latter experiment suggests that there are possibilities to 

further improve the turnover and thus the photocurrent output. Not many other studies have 

given the Te values, which would show a better comparison of the molecular efficiency of 

systems. Compared with another study using cyt c, the Te achieved in this thesis are one order 

of magnitude higher (3.76 e- PSI-1 s-1, calculated).229  

Another fact, which is often not mentioned in detail for PSI-semiconductor systems is the 

high amount of PSI molecules, deposited onto the electrode surface (1 – 10 µmol cm-2). When 

the Te number is calculated from the provided data in these studies, only very slow rates can 

be estimated (1–90 • 10-5 e- PSI-1 s-1, calculated).223,224,227,279 The electrodes developed within 
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this thesis provide more than 6 orders of magnitude higher Te values. This shows again that 

the above mentioned studies failed to efficiently wire PSI to the electrode and also highlights 

the importance of a PSI connection network. When PSI is connected to gold electrodes via a 

SAM a Te of 4.5 e- PSI-1 s-1 can already be achieved.201 The use of a molecular wiring 

network, like cyt c, conducting polymers and redox polymers improve these values. But not 

every wiring network approach seems to be efficient, for example the embedment of PSI into 

a polyaniline network provides only 1.4 e- PSI-1 s-1.212 The use of a poly-benzylviologen 

polymer increases this value only to 2.5 e- PSI-1 s-1 (calculated).211 Using Osmium-redox 

polymers as a PSI embedding hydrogel, extraordinary values of 335 e- PSI-1 s-1 

(102 e- PSI-1 s-1 under air saturation), have been achieved, when the gel is collapsed.216 Very 

recently, Peters et al. 2016 used a macroporous ATO structure with immobilized PSI (similar 

to P4.3), but PSI connection to the electrode have been done by the adsorption of an electro-

active guest (molybdenum polyoxometalate anion). They achieved a reasonable Te (8.4 e- PSI-

1 s-1), which is nevertheless beyond the values achieved with the cyt c based systems provided 

by this thesis. 

Another interesting parameter is the quantum efficiency (QE), which describes the efficiency 

in terms of photon-to-charge carrier conversion including all limiting effects (e. g. absorption 

by other non- light-to-current converting components of the electrode). The QE is the ratio of 

the light-induced electrons to the incident photons per second. There are two different QE’s, 

which divide into the external and internal QE (EQE, IQE). For calculating the EQE, all 

irradiating photons per second are used, while for the IQE only the absorbed photons per 

second will be taken into account. In most cases the IQE is therefore higher, because there is a 

loss in usable photons due to reflection, scattering or spectral mismatch of the electrode. The 

QE is not often calculated for most photobioelectrodes, but is commonly used in solar cell 

publications to validate the spectral efficiency of a system. In this thesis, the EQE and IQE 

was only determined for P4.2 and P4.3 in dependence on the applied light intensity. For P4.2 

the EQE reached a maximum value of 4.9 %, with an IQE of about 27 %. With the 

introduction of µITO electrodes in P4.3, values of 11 % (EQE) and 30 % (IQE) have been 

evaluated. These efficiencies are extraordinary high compared to other studies, underlining 

the high functionality of PSI within these systems. The IQE of PSI in the natural system can 

reach nearly 100 %, which shows that there is still room for improvements.25  

A comparison with other PSI electrode systems can only be done qualitatively, since most 

studies are not using the same light source, intensity distribution and light intensity. For 
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example, Leblanc et al. 2014 used a 633 nm high pass filter, which resulted in a 15 % higher 

photocurrent as compared by using a standard solar irradiance simulator as light source.223 

Without a given light source spectrum the QE can have strong variations, e. g. when the 

typical green gap of PSI is not included in the incident light spectrum. For the purpose of a 

better comparability, a white light source should be used, simulating the solar intensity 

distribution.  

 

Fig. 11: Reported maximum quantum efficiencies (EQE, black and IQE, red) of different electrode systems 

using PSI.211,212,214,227,239,240,269 As comparison one of the most efficient systems using another biological light-

harvesting component (RC-LH1) is also shown (Friebe et al. 2016).282    

Figure 11 summarizes the EQE as well as the IQE of different PSI containing electrodes. A 

clear tendency can be seen: Most electrode systems are beyond the values achieved in P4.2 

and P4.3. Despite high and moderate reported photocurrent densities achieved in those 

studies, their quantum efficiency is relatively low. This can be attributed to high light 

intensities, which are needed to produce a decent photocurrent in these studies. Additionally, a 

high amount of unconnected PSI molecules will also lower the QE, because these molecules 

competitively absorb light and a higher light intensity is needed. In addition, there are often 

more light-absorbing components in a photobioelectrode and in the cell solution, lowering the 
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photons absorbed by PSI. Another fact is the usage of materials, which strongly scatters or 

absorbs the incident photons, while producing no charge carriers. In terms of EQE, only 

Badura et al. 2011 are in the same magnitude as P4.2 and P4.3. The IQE often cannot be 

measured due to the opaque nature of the electrode. For this reason the absorption spectrum of 

the light-harvesting component is taken and corrected for the protein amount in the structure, 

which have been also done in P4.2.  

At this point, a non-PSI containing photobioelectrode has to be discussed and compared with 

the cyt c approach used in this thesis. Friebe et al. 2016 used also cyt c to connect a different 

light-harvesting protein-complex, the reaction-center light harvesting-1 complex (RC-LH1) 

from Rhodobacter sphaeroides, to a mesoporous silver electrode.282 Here, the 3D 

photobioelectrode has shown photocurrents of 166 µA cm-2, which is comparable to P4.3. But 

when IP is normalized to the light intensity used in this study, P4.2 and P4.3 outperform this 

system by at least a factor of 2 (1.66 vs. 2.5 and 7.5 µA cm-2 mW-1). The maximum possible 

photocurrent density reported by Friebe et al. 2016 could reach up to 416 µA cm-2 using 4 

suns (400 mW cm-2), which can be explained by the plasmonic nature of silver. This system 

therefore is not limited by the illumination intensity as can be seen in P4.1-4.3, where 

maximum currents are reached already at 20 mW cm-2, but needs extra high light intensities 

for high current densities.282 The connection of silver electrodes with cyt c yields a turnover 

number of 142 e- RC-LH1-1 s-1 at 1 sun. Furthermore, they reported one of the highest IQE 

value to date of ~300 % for small light intensities and even 39 % at 1 sun. Nevertheless, for 

the calculation of the IQE, the RC-LHC1 solution spectrum was used, while corrected for the 

number of molecules in the structure. Because of the strong plasmonic effect of the porous 

silver, the apparent IQE is much higher as they would be if absorption and scattering of the 

silver structure was taken into account. This can be seen also by the lower EQE compared to 

the IQE, which is a factor of ~2,300 smaller than the apparent IQE.  

This system clearly demonstrates that cyt c is well suited of connecting light-harvesting 

protein-complexes to electrodes and also shows that especially mesoporous structures with 

plasmonic field effects have a great potential for photobioelectrode performance 

improvements. Interestingly, when basic concepts are compared with respect to efficiency, the 

use of a wiring network for the indirect connection of PSI with the electrode seems to be a 

very powerful approach. These wiring networks exhibit a connection on a very molecular 

level to each individual PSI molecule and are able to connect a large protein amount to an 

electrode. Following this strategy, the cyt c / PSI approaches presented by this thesis, are 
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comparable to the best PSI electrode systems in terms of photocurrent density and turnover 

number, and can be seen as one of the most efficient photon-to-charge carrier converting 

photobioelectrodes.  

5.3 Advantages and drawbacks of the cytochrome c / photosystem I 

photobioelectrodes 

The starting point of this discussion will be the interaction of cyt c and PSI itself. To generate 

a beneficial connection of both components, certain conditions have to be used, including 

ionic strength and pH of the assembly solution. This clearly shows the first drawback of the 

system, because these conditions have to stay constant even when assembled on an electrode 

surface. A high magnitude of photocurrent strongly requires a buffer with low ionic strength. 

Nonetheless higher salt concentrations in electrolyte solutions of electrochemical cells are 

often applied, because this enhances the conductivity of the medium and reduces the ohmic 

loss. Consequently, the usage of the cyt c/PSI photobioelectrodes in a bio-electrochemical cell 

is potentially not beneficial. This can be seen as the first drawback of the system, since the ET 

reactions as well as the conductivity cannot be improved by a higher ionic strength, due to the 

disassembly of the biomolecules, which will lose connection to the electrode.    

There are 4 basic ET reactions in this system, a) the ET between cyt c and PSI, b) the self-

exchange between adjacent cyt c molecules, c) the heterogeneous ET between cyt c and the 

electrode and d) the ET from PSI to an acceptor in solution. All four processes can be the rate-

limiting step of overall electron flow and need to be improved for a high photocurrent density. 

As has been discussed before (5.2), the turnover number in this non-natural system is superior 

to most strategies but still below the natural system, and other artificial systems based on Os-

polymers. It has not been verified that cyt c binds to the putative electron donor binding site 

of PSI. Therefore distances of redox groups between the respective proteins may be rather 

long, demanding cyt c-cyt c ET before cyt c to PSI ET can take place. To address this issue, 

possible actions like site-directed mutagenesis of PSI as well as of cyt c may improve the 

binding situation of the small redox protein at the luminal electron donor-binding site of PSI. 

Other redox proteins can have also the potential to increase the Te of PSI, e. g. because of a 

different redox-active prosthetic group or a more beneficial match with the surface patch 

below the P700. For instance, the Te of PSI in solution is much higher compared to cyt c, when 

cyt c6, the natural interaction partner, is used.235 Nonetheless, the ET reaction of cyt c6 to 
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electrodes has only been achieved from solution, but its electro-active immobilization on 

electrodes has not yet been accomplished.251 This issue further demonstrates, that also the 

electrical connection of a redox shuttle in a surface-fixed state needs to be considered.    

In this thesis two materials (gold and ITO) with a different structure (planar and 3D), a 

different surface-electrolyte interface (carboxyl-/hydroxyl terminated SAM and partial 

hydroxyl-terminated) and a distinct carrier density/mobility have been used, but nonetheless 

in both cases it has been possible to construct photobioelectrodes based on cyt c and PSI. 

These systems share a high similarity by means of the cathodic direction of photocurrents, the 

onset potential of photocatalysis, the light dependence of the photocurrent, the turnover 

numbers of PSI and the interaction between both biomolecules under buffer conditions of low 

ionic strength. But especially the heterogeneous ET of cyt c with the electrode can be a crucial 

point. On gold electrodes, the ks of cyt c is already rather fast, but on ITO ks is much slower 

and shows a strong variation depending on the sintering conditions. Since, it has been 

demonstrated, that if the ks is already slow, small improvements on the rate constant by 

modification of the electrode material (from 0.58 s-1 to 1.1 s-1, see P4.3, Fig. 3, S6) have a 

strong direct impact on the photocurrent output. From these findings one essential note is, that 

the cyt c/PSI system is solely beneficial, if a fast electrical connection of cyt c to the electrode 

can be established.  The parameter, which needs to be determined for evaluating the utility of 

such materials, is the heterogeneous electron transfer constant of cyt c with such an electrode. 

These aspects draw the conclusion, that there is a need for the improvement of the ET reaction 

of cyt c to 3D electrodes, but also for ensuring that the interaction of cyt c with PSI itself is 

not becoming the rate-limiting step for the overall electron flow.  

The use of cyt c along with PSI has another not yet discussed parameter, which is needed to 

be addressed here: the onset potential of the photocurrent. To use the entire transformed 

energy provided by PSI (difference between P700 and FB, ~1 V), for a photocathodic system, 

the differences between the electrode potential and P700 (+0.42 V vs. SHE) and the electron 

acceptor and FB (-0.58 V vs. SHE) have to be small. The potential difference can be 

considered as the additional electrical energy, which is needed to be applied for overcoming 

the energy barrier for the electron transfer in the system. Because electrons are first 

transferred from the electrode to cyt c, the redox potential of this small protein determines the 

start of the ET reaction (see P4.1, Fig. 3). There is a potential gap between cyt c and P700 of 

about 0.185 V. Within photobioelectrodes produced in this thesis, an applied electrode 

potential of -0.1 V vs. Ag|AgCl is at least needed for generating maximum photocurrents. This 
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also displays, that an additional overpotential is necessary for a fast ET reaction with cyt c, 

whereby the heterogeneous ET rate can be the rate-limiting step in the overall ET kinetics. 

This clearly demonstrates also a drawback of this system, because additional electrical energy 

is needed for driving the light-induced ET reaction. However, solutions for this issue can be 

potentially applied in the future, because other redox proteins with a higher redox potential 

can be used, or the redox potential of cyt c can be changed by a change in the iron-

coordinating axial ligands or surrounding amino acids at the heme group.       

Another set of parameters, which has to be mentioned here, is the reliability, sustainability, 

simplicity and stability of the cyt c/PSI system. One major advantage can be found if the 

procedure of electrode production is analysed. The protocol of mixing or assembling both 

biocomponents is rather simple as compared with other procedures, which often includes a 

high number of preparation steps. Here, there is only one step of assembling cyt c and PSI, 

which can be done over night (P4.1), in a couple of hours (P4.2) or even in several minutes 

(P4.3). This clearly depends on the electrode structure and modification used, whereas 

especially in 3D electrodes, strong capillary forces support the mass-transfer of the 

biocomponents to the electrode surface. This seems to be even more convincing, when 

combined with a fast preparation of the basic 3D electrode. The protocol for the µITO 

structure could be speeded up enormously, when compared to other µITO photobioelectrodes, 

which often need several days.287,305  

Another aspect is the stability of cyt c/PSI photobioelectrodes. This has only been addressed 

in detail in P4.2, because here the role of DNA has been pointed out. In this study long term 

photocurrent experiments revealed that DNA improves the stability of the assembly, whereas 

electrodes can be stored up to 9 days without a loss in activity. Even 1 month of storage will 

still retain 65 % of activity, which is extraordinary high, when using biocomponents. 

Nevertheless, the co-assembly of cyt c/PSI in a large amount seems to be sensitive to a buffer 

exchange and the applied potential, where cohesion can be lost between the assembled 

molecules. To date little effort has been undertaken for improving this situation, which 

remains as a future task to be addressed. Under permanent illumination, the photocurrent 

stability of the photobioelectrodes from P4.1, P4.2 and P4.3 exhibits strong differences. Here, 

two processes turn out to influence the photocurrent-time dependence. The first process is 

mainly driven by depletion of diffusible electron acceptor molecules close to the electrode. At 

planar electrodes (as can be seen in P4.1 and P4.2) the delivery of acceptor molecules from 

bulk solution to the electrode surface is fast, thus photocurrent stability is only less influenced 
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by this process. In the 3D electrode setup this situation changes dramatically, since 

photocurrents drop fast over a certain time period under diffusion-controlled conditions (see 

P4.3, Fig. 2). If the solution is stirred, the photocurrent becomes much more stable, clearly 

showing, that diffusion is the dominant process in the degradation of photocurrents in this 

electrode setup. As a consequence, 3D electrodes indeed have the potential to produce high 

photocurrents, but without addressing their diffusion problem, the permanent illumination 

stability is less pronounced compared to planar electrodes. A solution can be seen, if the 

concentration of electron acceptors can be increased, or more important, if the stromal side of 

the PSI can be connected by means of a conducting molecule, like a polymer, to another 

electrode. Thus, electrons from the FB cluster can be transferred directly to the counter 

electrode. This means that there is no need for an electron acceptor in solution and the 

diffusion limitation will not be present. The stromal side of the PSI can also be connected to 

an enzyme, which uptakes electrons for substrate conversion. Nevertheless, the substrate must 

also diffuse to the electrode surface, but can be put at high concentrations in the solution. 

Besides diffusion of the electron acceptor, other processes can be identified to degrade the 

photocurrent over time, which is seen in all produced photobioelectrodes within this thesis. 

This behaviour has not been investigated in detail so far, but possible reasons can be seen in 

the damage of PSI by reactive oxygen species, the loss of protein-electrode or protein-protein 

cohesion on the surface, due to an applied potential and/or the photobleaching of the PSI 

molecules.      

In this thesis it has also been shown, that the cyt c/PSI system can be applied to different 

electrode materials, which demonstrates the great reliability of the invented biocomponent 

connection. The prerequisite for this is the establishment of a fast electron transfer between 

the electrode and cyt c. As has been previously described in chapter 3.2.2.3, numerous 

electrode materials for electrical connection of cyt c have already been successful used, which 

shows again the great prospective for the cyt c/PSI system.     

A different aspect to be discussed is the dependence of the photocurrent on the intensity of the 

applied light illumination. For all photobioelectrodes within this thesis, the dependence upon 

illumination intensity has been rather similar. By considering photons as the substrate for the 

light-harvesting super-complex PSI, the Michaelis-Menten equation has been applied, 

resulting in comparable parameters. The Michaelis constant KM is 2.4 (P4.1), 0.77 (P4.2), 2.6 

(P4.3) mW cm-2, respectively. Interestingly, KM seems to be higher for systems where cyt c 

and PSI are assembled in a monolayer fashion, and lower for a multilayer approach. An 
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explanation here can be seen if adjacent PSI molecules and their chlorophylls have an 

energetically coupling with each other. This is not the case if only a monolayer of PSI 

molecules is present. On the other side, there can be a limitation in ET in the multilayer 

system. Electrons have to travel by means of cyt c self-exchange far through the large 

network to transport them to every connected PSI molecule. This takes time and slows down 

the entire ET process, therefore the photocurrent saturation will be observed at smaller light 

intensities. Nonetheless, all KM values are rather small, which on the one hand shows a that 

this system is already efficient at low light intensities, making these electrodes a candidate to 

be used as a photosensor, or in regions, where the solar irradiation is low. On the contrary, 

under full sun light, the photobioelectrode is not able to make use of the excess solar intensity, 

because it already reached saturation at 20 mW cm-2. This makes it highly efficient under 

lower light conditions, which has similarities with cloudy days in northern Europe.
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6. Outlook and Future Perspectives 

The benefits of the cyt c/PSI approach to be used as a light-harvesting biological electrode 

are: 1. The creation of an artificial signal chain on electrodes, 2. The generation of a high 

photocurrent density by means of a multilayer approach or on 3D electrodes and 3. The 

achievement of high external and internal quantum efficiencies. Moreover, certain aspects still 

need to be improved, while first solutions for this have been shown in the discussion. The 

most important issues are: a) The ET rate between cyt c and PSI, b) the redox potential of 

cyt c with respect to P700 and c) the ET rate of cyt c to the electrode. Since there are several 

other electrode materials and structures available, the benefits of them can be explored in the 

future, which may allow an even more efficient biohybrid combination.  

The use of nanomaterials as either electrode material or to improve the connection of the 

biocomponents has not been exploited to their limits. Benefit can be seen here in enhancing 

the light conversion efficiency over a broader light spectrum. PSI typically has a low 

absorption in the green area of the visible spectrum, while additionally the sun provides also 

light energy in the infrared or ultraviolet electromagnetic radiation. Nanomaterials, like 

quantum dots, may improve the energy transfer towards the photosynthetic reaction center. 

Furthermore they are able to conduct charge carriers, which can be used for the acceleration 

of the electron transfer of the system or as artificial catalysts for the production of energy-rich 

molecules. First examples, like silver nanostructures, which have been reported recently show 

great potential for increasing the electrode efficiency by exploitation of plasmonic effects. 

For an application, the overall stability has to be considered; one strategy has been developed 

within this thesis due to the use of DNA as a structural matrix element. Other building blocks, 

like polymers or nanomaterials can also be considered for increasing the stability. The 

integration of the complex PSI in a matrix can increase the operational stability. Protein 

stability in liquid phases has some limitations and to overcome this issue, protein crystals or 

another solid state strategy might be explored, although, the state of the protein is not easy to 

control in the latter approach. Additionally, the adsorption of the proteins from a solution to a 

surface displays room for improvements, as other techniques, like electro-spraying, can help 

to assemble proteins in a different manner.  

To date the system lacks an important component, which transfers the solar energy to storable 

chemical energy. In the future, enzymes or catalytic nanomaterials have to be integrated in the 
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electrode construction, to produce energy-rich compounds, for example NADPH (ferredoxin-

NADP+-reductase), H2 (hydrogenase, Pt nanoparticles) or reducing the climate problematic 

CO2 (formate dehydrogenase). A different area of application of the cyt c / PSI interaction can 

be seen in light-switchable biosensors. PSI can be the photo-active gate in the enzymatic 

signal cascade and thus a photocurrent could become the analytical signal changing in the 

presence of a certain enzymatic substrate.   

The basic working principle provided by this thesis has the potential to be used to study these 

further developments, like understanding and establishing the interaction between enzymes 

and PSI in a productive manner. This thesis can therefore be considered as contributions to the 

development towards a biobased photosynthetic economy, which uses the benefits from 

nature combined with artificial materials.  
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7. Summary 

The construction of light-harvesting electrodes based on the integration and exploitation of 

components from the natural photosynthesis is an emerging field in current research and 

potential can be seen to contribute to the development of a bio-based economy. In this thesis 

the focus was applied to produce photobioelectrodes by the utilization of photosystem I, as 

one of the major light-to-charge separating super-complexes from the thylakoid membrane in 

the oxygenic photosynthesis. The electrical connection of this complex with an inorganic 

electrode material is often rather difficult. Hence, a new strategy has been investigated by 

coupling PSI by means of the small redox protein from the respiratory chain cyt c to the 

electrode. The essential features of the biohybrid photoelectrodes will be summarized 

hereinafter.  

In the first part of this thesis (P4.1), the direct interaction between both biocomponents has 

been addressed, whereas the experimental conditions for the assembly on a SAM modified 

gold electrode have been revealed. Here, PSI was able to assemble in a densely packed layer 

on a cyt c monolayer under buffer conditions of low ionic strength and at a neutral pH. It has 

further found, that cyt c promotes the binding of PSI to the surface. The photobioelectrode 

exhibited a photocurrent of about 1 µA cm-2 at -0.1 V vs. Ag|AgCl. The direction of the 

photocurrent is solely cathodic, since at higher potentials (+0.5 V vs. Ag|AgCl) only very 

small anodic currents have been observed. The light-induced catalysis started at the redox 

potential of cyt c. This demonstrates, that the electrons are first transferred from the electrode 

to cyt c further reducing the PSI in a second step. It also shows, that PSI can be assembled on 

cyt c preferentially with the luminal side down The study also reveals, that multiple 

alternately assembled layers of cyt c and PSI can be built up with an additional contribution to 

the overall detected photocurrent.  

The second part of this thesis (P4.2) has aimed for the further improvement of the 

photobioelectrode and for the elucidation of a deeper understanding of the connection of PSI 

with cyt c. It was found that cyt c and PSI were able to produce artificial complexes already in 

solution. Both biocomponents can be deposited as a thick layer from a mixed solution on a 

modified gold surface. The deposited amount strongly depends on the molecular ratio of cyt c 

to PSI and on the assembling time. The surface concentration of electrically addressable cyt c 

molecules strongly correlates with the generated photocurrents, which demonstrates that both 

biocomponents assemble jointly to the surface. Nonetheless, the amount of proteins on the 
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surface was limited and DNA, as a polyelectrolyte structural scaffold, was introduced to 

circumvent the saturation of biomolecules on the electrode. With a layer-by-layer approach, 

the photocurrent was greatly enhanced up to 27 µA cm-2 for an 8 bilayer electrode. In addition 

the long-term stability of the photobioelectrode was improved (65 % activity after 1 month’s 

storage). The photophysical parameters of the cyt c / PSI electrode revealed high quantum 

efficiencies of 4.9 % (EQE) and 27 % (IQE), with a moderate turnover number of PSI 

(21 e- PSI-1 s-1). 

In the third part of this thesis (P4.3) mesoporous indium tin oxide electrodes have been 

developed for the integration of cyt c and PSI into a 3D transparent electrode. The 

construction process of µITO electrodes has been investigated in detail with respect to 

structural scalability. It was possible to integrate the large membrane super-complex PSI and 

the small redox protein cyt c with monolayer coverage with respect to the electrochemically 

active surface area of the µITO electrode. The produced photocurrents reached up to 150 µA 

cm-2 (for a 40 µm thick or a 6x layer electrode) and the improvement of the heterogeneous 

electron transfer constant, ks of cyt c to the electrode has been identified to play a crucial role 

in this system. The internal quantum efficiency of this photobioelectrode achieved a very high 

value of 39 %, which is extraordinary high if compared with other strategies using PSI. A 

further advantage of this biohybrid electrode can be seen in the ease of preparation. The 3D 

electrode can be produced using a spin-coating procedure within hours, while the integration 

of the protein components takes only several minutes.                  

From all studies performed within this thesis it can be concluded, that the interaction and 

communication of cyt c with PSI plays a crucial role. The binding of both biocomponents 

seems to be of non-specific mainly electrostatic nature. Computational analysis of putative 

contact sites shows, that cyt c is able to bind to different parts of PSI, including the luminal 

and stromal side, as well as hydrophobic regions in the membrane section of the protein 

complex. This feature explains, why both biocomponents can be assembled onto each other 

and form co-complexes in solution, whereby a protein multilayer or co-assembly are feasible. 

However a preferential binding to the luminal side can also be shown and explains the 

docking of PSI to a cyt c monolayer. In the multilayer system PSI molecules far away from 

the electrode surface can be functionally connected, and the generated photocurrent exhibits a 

linear relationship with the protein amount deposited. This can be explained by the efficient 

self-exchange between the cyt c network surrounding PSI. 
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The comparison to other photobioelectrode strategies using PSI displays a remarkable 

development over the studies provided by this thesis. In terms of performance, quantum or 

molecular efficiency, the cyt c / PSI photobioelectrodes P4.2, but especially P4.3 belong to the 

best systems to date, making them candidates for the generation of more complex signal 

chains. Especially the light-to-current conversion efficiency of P4.3, expressed by the internal 

quantum efficiency can reach up to 39 %, while the molecular efficiency expressed by the 

turnover number can be as high as 35 e- PSI-1 s-1. Furthermore, the systems even provide a 

high performance under lower light conditions, which once again shows that efficient signal 

pathways have been created.     

Taken together, these three studies demonstrate the potential and limitations of constructing a 

photobiohybrid electrode based on PSI, when cyt c was used for the wiring to the electrode. 

Within this thesis, the working conditions of the cyt c/PSI system have been revealed, while 

optimization of performance have been done by the choice of electrode material and protein 

arrangement, e. g. by using DNA. The photo-induced signal chain was analysed and 

experimental evidence was presented, that cathodic photodiodes have been produced. The 

limiting factors and the potential for application have been discussed based on supporting 

experiments, clearly showing the high capability of being used in a photobioenzymatic device 

or in a photo-switchable biosensor application. 
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