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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.1-2 Particularly the two photosystems (PS) of the 

oxygenic photosynthesis have attracted the attention of 

researchers to build up new biohybrid solar energy-converting 

systems.3,43,44 In photosystem I (PSI) absorption of light results 

in charge separation with a quantum efficiency of nearly unity.4 

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.5-7 In such 

systems efficient 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, harboring 96 

chlorophylls a (Chl a) – per monomeric subunit. Most Chls 

serve as light-harvesting antenna pigments and 6 Chls form the 

electron transport chain.8 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).6,7 

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).9,10 Improvements in surface 

enlargements by using meso- and nanostructured surfaces have 

been reported, for example coupling PSI with gold-

nanoparticles11 and on nanoporous gold leaves10. A molecular 

wiring approach have been accomplished by reconstitution of 

PSI with vitamin K1 derivatives.12 Application of crosslinked 

Platinum-nanoparticle/PSI composites with ferredoxin13 or 

pyrroloquinoline quinone-linked PSI as a biohybrid relay 

assembly32 have also been reported. Additionally, PSI has been 

assembled in a non-covalent fashion onto different self-

assembling monolayers (SAM) with terminal carboxy-, 

hydroxy- or amino-functions via adsorption.14-19,40 

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 
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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.20 Recent investigations also address indirect electron 

transfer (IET) with various combinations of redox mediators in 

solution.21 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-2.12,22 One 

reason is related to the lack of controlled orientation of PSI on 

the electrode surface23, another may be the limited accessibility 

of mediator molecules to PSI.21  

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.29-31 Very recently, a 

similar attempt has been accomplished using a cyt c polymer 

complex to connect PSI to an electrode.26 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 

Isolation of Photosystem I from T. elongatus 

Trimeric PSI has been isolated from T. elongatus essentially as 

described previously.38,39 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) 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. 

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 
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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 a 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 plastocyanine or cyt c6 can act 

as an electron donor of PSI.24,25 In addition, it has been shown 

that cyt c6 can mediate the reactivity of PSI with electrodes in 

solution.27 T. elongatus-PSI has a luminal-located binding site 

close to P700 suited for cyt c6 interaction.6 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 

point28 (10 – 10.5), which leads to a pronounced electrostatic 

adsorption on negatively charged SAMs and may also support 

an improved interaction with PSI. 

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 

 

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. 

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.29-31 

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 behavior can be seen. However, a significantly 

reduced mass deposition is detected, demonstrating the 

importance of a subjacent cyt c ML for an efficient PSI 

assembly process.  

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 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).34-37,40 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. 

 

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 

color scale is shown on the top of the Fig., ranging from 0 to 22 nm. 

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-
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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 

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 an 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 a 

 

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 oxidize the reduced FB
-
 iron sulfur cluster, which can be methyl viologen (MV

2+
) 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 visualisation of the small photocurrents versus the cyt c 

mediated one. (D) chopped light voltammetry of Au-SAM/cyt c/PSI (a) without MV
2+

 and (b) with MV
2+

 illuminated with white light of a power of 60 mW cm
-2

. All 

measurements have been performend under aerobic conditions in phosphate buffer (5 mM, pH 7). 

slight conformational change around the heme group, alterating 

the redox properties. 

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 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 

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 carboxy-

modified electrodes have been reported for PSI assembly and 

photocurrent generation.14-19 At a potential of -100 mV vs. 

Ag/AgCl such an electrode (Au-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.     

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 act 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 
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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 

previously20, assuming photons as substrate for PSI. However, 

the obtainend 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. 

Photocurrent generation by a cyt c/PSI multilayer assembly 

In a next step of development we have tried to extend the idea 

of contacting PSI with the electrode by means of cyt c. In order 

to increase the surface concentration of PSI 3D protein 

architectures have been built up by applying the layer-by-layer 

deposition technique (see Fig. 4A). First assembly studies have 

been carried out by SPR in order to verify the formation of 

multilayered arrangements. Here, a fast adsorption of cyt c on a 

cyt c/PSI system can be observed. Subsequent injections of PSI 

also lead to a strong mass accumulation on the surface. It needs 

to be mentioned at this point that no further PSI deposition is 

possible after surface saturation is reached. Only on the basis of 

an intermittent cyt c adsorption further PSI deposition becomes 

feasible. 

The formed multilayers (Au-SAM/[cyt c/PSI]n/cyt c, n = 1, 2) 

have been studied electrochemically in order to test one 

important prerequisite – the electrical connectivity of cyt c 

within the different layers and the electrode. 

 
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 sucessively 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).  

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 behavior can be explained by interprotein 

cyt c–cyt c electron exchange as already has been verified 

previously in cyt c multilayers.33,41,42 

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-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 behavior 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 behavior 

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. 
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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 an 

unidirectional photocurrent generation indicating a cyt c driven 

orientation 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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