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The efficient electron transfer between redox enzymes and electrode surfaces can be obtained by wiring

redox enzymes using, for instance, polymer-bound redox relays as has been demonstrated as a basis for

the designof amperometric biosensors, logic gates or sensor arrays andmore general as a central aspect of

‘‘bioelectrochemistry’’. Related devices allow exploiting the unique catalytic properties of enzymes,

among which photosynthetic enzymes are especially attractive due to the possibility to trigger the redox

reactions upon irradiationwith light. Photocatalytic properties such as the light-drivenwater splitting by

photosystem 2make them unique candidates for the development of semiartificial devices which convert

light energy into stable chemical products, like hydrogen. This review summarizes recent concepts for the

integration of photosystem 1 and photosystem 2 into bioelectrochemical devices with special focus on

strategies for the design of electron transfer pathways between redox enzymes and conductive supports.
Introduction

Among all energy converting processes on earth—including non-

biological—oxygenic photosynthesis is by far the most impor-

tant. Notably, this process requires only water and sunlight as

energy sources; their combination enables CO2 fixation which

finally provides us with food and biomass.

Oxygenic photosynthesis is also the historic source of our fossil

fuels that drive our technologies while having a serious impact on
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Broader context

Solar energy is by far the most important renewable energy source o

the primary process which is the basis for continuous synthesis of l

energy originating from sunlight and water. The early events of this

the photosynthetic enzymes—occur with an unsurpassed efficiency

leads to a considerable decrease of this efficiency, profitable use of th

the earliest stage possible. This can be realized by the integration

devices for which the electric coupling to conductive supports/elect

step. Optimized ‘‘wiring’’ enables (a) the exploring of the capacity

cellular restrictions and (b) the estimation of their potential for te

energy conversion or biosensing.
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our environment and climate. Besides the challenge to decode the

basic molecular mechanism which efficiently converts solar

energy into chemical energy, photosynthesis could also be

considered a marvellous source of inspiration for the develop-

ment of techniques which will help to harness solar energy for

our future energy demands beyond fossil fuels.

The arrangement of chlorophylls as antennae within the

matrix of photosynthetic proteins allows an efficient capture of

light and the transfer of its energy to the reaction centres, where

charge separation occurs. In turn, the arrangement of cofactors

optimizes the transfer of electrons from the inner reaction centre

to the protein periphery connected with a decrease of the formal

potentials of the cofactors, where finally the energy is stored in

a stable compound. Starting from the oxidation of water at

photosystem 2 (PS2) to the reduction of ferredoxin by photo-

system 1 (PS1) the electron overcomes a remarkable potential

difference of about 1.5 eV.1–3

As the photosynthetic efficiency decreases with the number of

downstream processes, each living cell finally uses more than
n our planet. It is harnessed most efficiently by photosynthesis,

ife on earth, but also a blue print for conversion and storage of

reaction—especially the light-induced charge separation within

. As the complexity of subsequent reactions in biological cells

is process requires that the captured light energy is harnessed at

of isolated photosynthetic complexes into bioelectrochemical

rodes by ‘‘molecular wires’’ turned out to be the most relevant

and the limits of these light-triggered reactions irrespective of

chnical applications in bio-inspired artificial systems for solar
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95% of the incident light energy for metabolic processes, with less

than 5% remaining as energy stored in form of biomass.4 For this

reason, it seems to be attractive to harvest the power of light

energy as early as possible in the reaction chain of events.

Photosynthetic reaction centers (RC) are designed to use a frac-

tion of the captured light energy for increasing the distance

between light-induced electron hole pairs by allowing an

extremely fast redox reaction to occur from the excited state of

the chlorophyll to a primary electron acceptor. This leads to an

increased lifetime of the electron hole pair and enables diffusion

controlled follow up redox reactions with soluble partners. For

this reason the integration of photosynthetic RCs into bio-

electrochemical devices can provide knowledge on parameters

which limit the catalytic properties of isolated photosynthetic

enzymes and on the potential to maximise the harvesting of

electrons from these systems.5

The basis for an integration of photosynthetic RCs into semi-

artificial systems is the establishment of efficient and reproduc-

ible isolation procedures for the membrane proteins PS1 and PS2

(see, e.g. ref. 6 and 7), and the knowledge of their 3D-structures

at high resolution, which yield a profound insight into structure/

function principles.8–11 The information on the molecular level

provides an excellent blue print for the introduction of photo-

synthetic RCs into bioelectrochemical and semi-artificial energy

converting devices. Photosynthetic RCs are also in the focus of

other technological applications such as biosensors for environ-

mental screenings or opto electronic devices as optical memories

or amplifiers.

The integration of redox enzymes into bioelectrochemical

devices requires immobilisation procedures which generate

a spatially organised biointerface on a conductive support.

Immobilisation comprises the attachment of enzymes via elec-

trostatic interactions, affinity interactions, covalent binding or

entrapment within (redox/conducting) polymers on various

conductive and semiconductive supports (for detailed reviews see

ref. 12 and 13). According to Marcus theory of electron transfer

the rate of the electron exchange between enzyme and conductive

support is—besides the potential difference and the reorganisa-

tion energy—mainly governed by the distance between the elec-

tron donor and acceptor.14 As the active sites are often buried

deeply within the protein shell, the electron transfer rate is

significantly decreased. Thus, electron transfer (ET) pathways

between the active site of the immobilized enzyme and the

conductive support have to be designed for an efficient electron

transfer communication. While many methods for this so-called

‘‘wiring of enzymes’’ are available, themost simple consists of free

diffusing native or artificial redox mediators, which are oxidized

or reduced at the conductive support, diffused into the active

center of the redox protein where they accept or donate electrons

before they diffuse back to the electrode surface. The activity of

the enzyme can then be monitored via a current response. More

elaborate methods comprise the chemical modification of

enzymes with redox relay units, the extraction of cofactors fol-

lowed by reconstitution of the apo-enzyme with surface bound

redox mediators and the entrapment of the enzymes within three-

dimensional networks of redox/conducting polymers.

This review focuses on methods for the integration of PS1 and

PS2 into bioelectrochemical devices mainly aiming at providing

an overview on strategies for the design of electron transfer
3264 | Energy Environ. Sci., 2011, 4, 3263–3274
pathways which are vital for the efficient communication of

immobilized enzymes with conductive supports. Progress in this

field could provide a major contribution towards coupling of

light-triggered photosynthetic processes with biofuel production

such as the formation of molecular hydrogen from water.
What comprises ‘‘wiring’’?

In this review ‘‘wiring’’ comprises the immobilisation of the

photosynthetic RCs on conductive support materials including

the establishment of efficient ET pathways for the purpose of

photocurrent generation. These electrochemical measurements

are an important indicator for the functional ET to, from and

through these photsynthetic RCs and can provide essential

information about the maximum possible ET rate under optimal

conditions and without compromising with the limitations

imposed by living cells. Photocurrent measurements and espe-

cially photocurrent voltammetry can provide important infor-

mation about rate-limiting steps.
Photosystem 2 in bioelectrochemical devices

Photosystem 2 (PS2) represents a multi-subunit cofactor enzyme

which is embedded in the thylakoid membrane of higher plants,

green algae and cyanobacteria and catalyses light-driven water

splitting. Water splitting combined with the light induced

reduction of ferredoxin by photosystem 1 (PS1) supplies protons

and electrons which finally enable biomass formation. The light-

triggered reaction of PS2, which was recently revised (see ref. 15)

starts with the absorption of a photon which either directly or via

excited state energy transfer from the antenna chlorophyll leads

to charge separation within the reaction center.16,17 In a sequence

of ET reactions (see Fig. 1a, b), starting with the primary donor

of the charge separated state, ChlD1, and proceeding via pheo-

phytin to quinone A, the first stable radical pair PD1
+_PheoQA

�_ is

formed.18,19 PD1
+_in turn drives the oxidative water splitting at the

Mn4O5Ca complex,15 with a redox active tyrosine TyrZ medi-

ating the stepwise extraction of four electrons from the water-

oxidizing complex (WOC). At the so-called acceptor site of PS2,

QA
�_ induces the reduction of plastoquinone-920 in two successive

one electron reactions to PQH2, the enzymatic product that is

released from PS2. This reaction occurs in a binding pocket

called QB-site which provides direct access to the enzyme for

a number of artificial electron acceptors: suitable electron

acceptors are usually benzoquinone-derivates like 1,4-dichloro-

benzoquinone or substituted indamines.21,22 These acceptors are

commonly used as sacrificial reagents to determine the light

induced O2 evolution rates of isolated PS2 complexes or of

membrane fractions with missing natural acceptor. On the other

hand the QB-pocket is also the binding site for numerous

herbicides which block the ET sequence.23

For the integration of PS2 into bioelectrochemical devices we

can in a first attempt ignore the complex reactions within the

photosynthetic RC and treat it as an ordinary redox enzyme.

Moreover, one has just to consider the acceptor site, as the donor

site receives electrons directly from the water splitting process at

the WOC. Decisive parameters comprise a) an immobilisation

strategy, which should preserve the activity of PS2 on the elec-

trode surface, b) two ‘‘substrates’’: light and water, and c) a redox
This journal is ª The Royal Society of Chemistry 2011



Fig. 1 a) Cofactor arrangement of the ET chain of PS2 showing the ET

pathway (arrows). The order of the reaction sequence is highlighted by

encircled numbers. b) Redox potential scheme of the cofactors involved in

the ET reaction sequence of PS2 in accordance with the revised reaction

sequence (P680 represents PD1, PD2, ChlD1, ChlD2) (according to ref. 2).
mediator with suitable redox potential (>�0.03 V vs. NHE, see

Fig. 1b) and affinity to the QB-site of PS2, which also has to be

reduced or oxidized at a suitable potential at the electrode surface.

The basic concept is schematically depicted in Fig. 2. Upon

excitation of immobilised PS2 with light, water splitting provides

electrons for the reduction of a redox mediator, which in turn is

oxidized at an electrode surface, if a suitable potential is applied.
Fig. 2 Basic principle for the integration of PS2 into bioelectrochemical

devices (for details see text).

This journal is ª The Royal Society of Chemistry 2011
The determined photocurrent under potentiostatic control is

proportional to the immobilized PS2 activity.

A first application of immobilized PS2 was demonstrated in

an amperometric biosensor for the detection of herbicides in

water. Koblizek et al.24 reported the entrapment of PS2 parti-

cles, which had been isolated from the thermophilic cyano-

bacterium Thermosynechococcus elongatus, within gelatine,

agarose and a bovine serum albumin25 matrix mixed with

glutaraldehyde. PVC sheets modified with a graphite ink were

used as electrodes, and duroquinone and ferricyanide served as

freely diffusing redox mediators. Although this system suffered

from low current signals, the inhibition by classical herbicides

like atrazine or DCMU indicated its function as simple

biosensor.

In addition, several studies reviewed by M. Giardi and E. Pace

showed the ability of isolated PS2 complexes and PS2 enriched

membrane fragments to act as amperometric biosensors which

are sensitive towards different classes of herbicides and heavy

metals.26

Maly et al.25 immobilised PS2 onto thiolated gold electrodes

which had been modified by terminal Ni-nitrilotriacetic acid

groups (NiNTA). This is a common method for the immobili-

zation of enzymes which were previously modified with a genet-

ically introduced polyhistidine-tag.27,28 The tag allows

a reversible and oriented binding viametal affinity interactions to

the exposed NTA-functionality on the gold surface. Due to the

further introduction of BSA as a ‘‘spacer’’ molecule within the

immobilized PS2 layer the electrode response was increased to

0.055 mA cm�2 mW�1. This was attributed to an optimized mass

transport of the redox mediator to the immobilised PS2 mole-

cules. However, the discrepancy between calculated current

densities—based on the amount of immobilized PS2

complexes—and the measured current density, was in the range

of four orders of magnitude. This may be due to various

parameters such as the activity of the immobilised enzyme, the

choice of the redox mediator and mass transport limitations. To

overcome the latter, Maly and co-workers modified gold elec-

trodes by electrodeposition with mercapto-p-benzoquinone

under formation of a layer on which unmodified PS2 could

adsorb.29 Current densities of up to 0.5 mA cm�2 mW�1, i.e. about

a 10-fold increase, showed that this layer can shuttle electrons

between PS2 (QA-site) and the electrode surface. In contrast to

the initial approach using His-tagged PS2, the adsorbed PS2

particles are randomly orientated on the electrode surface. Thus,

only PS2 particles which are facing the benzoquinone layer with

their QA-site are connected for successful ET. This is additionally

related to the fact that the formed polymer chains are too short—

about 6 nm—as compared with the dimensions of the PS2

molecule (20.5 � 11 � 4.5 nm)2,8 to reach the acceptor site of

each adsorbed PS2.

In 2006 we developed a system with considerably higher

current densities, using immobilized PS2 from the same

organism.30 His-tagged PS2 was specifically bound via metal

affinity interactions on a self-assembled monolayer of long

chains (C16) of carboxyalkylthiolates modified with NiNTA-

groups. Unspecific protein binding onto the electrode surface

was prevented by an excess of the shorter 1-octanethiol which

controlled the amount of NiNTA-groups during the generation

of the SAM (Fig. 3). According to surface plasmon resonance
Energy Environ. Sci., 2011, 4, 3263–3274 | 3265



Fig. 3 Scheme for structuring a gold surface with mixed thiolates

(1-octanethiol and 16-mercaptoethanolic acid). Carboxy groups were

activated with NHS/EDC for binding of Amino-NTA, which forms

a complex with Ni2+ ions. (Reproduced from ref. 30).

Fig. 4 PS2 embedded within a polymer matrix which is modified by Os-

complexes; red arrows indicate the ET from the QB-site to the electrode

(according to ref. 35).
measurements, a layer with �80% specifically bound PS2 mole-

cules was generated on the gold surface. This limited amount of

immobilized PS2 prevented mass transport limitation of the

soluble redox mediator 2,6-dichloro-1,4-benzoquinone as

compared with an overcrowded protein layer.

A current density of up to �8 mA cm�2 mW�1 was achieved

which is equivalent to an O2-evolution rate of 6400 mmol O2 mg�1

Chl h�1. This is the highest ever reported activity of isolated PS2

particles7 and confirms that the activity of immobilized PS2 is

preserved under these conditions.

As a matter of fact, the amount of PS2 which can be

immobilized within a monolayer on a surface is limited.

Theoretical calculations indicate a monolayer coverage of

about 0.4 pMol cm�2.30 For this reason, higher current densities

can only be expected if the amount of immobilized PS2 can be

increased or if the ET rate can be optimized. Both effects can

be combined by the use of osmium-complex modified redox

polymers which fulfill both the role of a 3-dimensional immo-

bilisation matrix and of a redox mediator. Previously, redox

polymers had been successfully applied for the development of

reagentless biosensors (e.g. glucose sensors).31–34,45 For PS2, the

principle of a ‘‘wired’’ enzyme is schematically shown in Fig. 4.

While the polymer immobilizes PS2 by the formation of

a cross-linked three-dimensional hydrogel with a mesh width

which is smaller than the size of the protein, its hydrogel

character still enables small molecules to diffuse into the

swollen polymer matrix. The ET is realized by an electron

hopping mechanism between neighbouring redox centers con-

sisting of polymer-bound Os complexes which, finally, allows

the transfer of electrons from the active centre of PS2 to the

electrode surface by means of a sequence of self-exchange ET

reactions between neighbouring polymer-bound Os

complexes.12 In our study Os-bis-N,N-(2,20-bipyridyl)-dichlor-
ide was attached to a poly-imidazol polymer backbone via
3266 | Energy Environ. Sci., 2011, 4, 3263–3274
a ligand exchange reaction under liberation of one Cl�-ligand

and coordinative binding of a polymer-attached imidazolyl

moiety.35 PS2 entrapped within this matrix showed current

densities in the range of �18 mA cm�2 mW�1 under illumina-

tion. The operational stability was improved about from t1/2 ¼
18 min to about t1/2 ¼ 245 min as compared with the previously

reported monolayer system.30 This is most probably due to the

fast ET between PS2 and the redox polymer, which reduces

the light induced damage of PS2 by reactive oxygen species or

the damage of the water oxidizing complex itself.15,36,37

The introduction of Os-complex-modified redox polymers

provided an extremely simple method for the effective immobi-

lisation of PS2, since the pretreatment is reduced to a drop

coating procedure in which isolated PS2 complexes are mixed

with a polymer solution and a cross-linker (e.g. poly(ethylene

glycol)diglycidyl ether) followed by deposition on the electrode

surface. The synthesis of tailored redox polymers with predefined

properties and redox potentials may lead to further improve-

ments: in combination with non-manual deposition methods,

catalytic interfaces with increased reproducibility and stability

can be generated.38

In summary, these PS2 coated electrodes represent an interface

for the heterogeneous catalysis of water oxidation. Under illu-

mination, they are capable of water splitting at oxidation

potentials as low as �0 V vs. NHE.35 In contrast, other artificial

devices for water oxidation require overpotentials in the range of

�1.3 V,39 which emphasizes the outstanding performance of PS2.

At >20%, the overall solar conversion efficiency of PS2 is in the

range of good silicon solar cells. The latter, however, are lacking

the ability for catalytic water oxidation.40 On the other hand, PS2

still suffers from a low operational stability when exposed to

light. Under physiological conditions in a plant cell, the ongoing

function of PS2 is secured by a very efficient repair cycle, which

replaces the central D1 subunit of the complex with a high

turnover rate including most of the cofactors.41,42 This repair

mechanism, which results in a physiological half-life time for the

D1 subunit of 20–30 min cannot be realized in a semi-artificial

photochemical cell with immobilized PS2.43 This is the major

reason why such systems are important as proof of principle, but

most probably have to be replaced by biomimetic light driven

power supplies for larger technological devices in the future.
This journal is ª The Royal Society of Chemistry 2011



Wired PS2: Outlook

Table 1 summarizes the photocurrents with immobilized PS2 as

achieved with various electron acceptors. The considerable

increase in current density by systematic improvements within

a rather short period of time indicates the high potential of this

bioelectrochemical approach, especially as the immobilization

procedures could be highly simplified in parallel. The lifetime of

PS2 could be increased considerably which may be due to

avoiding the formation of reactive oxygen species by efficient ET

processes. The evaluation of the parameters influencing and

limiting the ET processes between immobilised PS2 and electrode

surfaces can be studied in simple model systems providing

interesting hints concerning avoiding/minimising light damage in

biomimetic PS2 constructs. For processes within the protein

itself, the combination of bioelectrochemical methods with

fluorescence spectroscopy or infrared spectroscopy, as already

demonstrated for cytochrome oxidase,27 might lead to a better

understanding of ET reactions including their potential and

limitations.44 Especially the use of redox or conducting polymers

enables the control of the light-driven reactions simply by

modulating precisely the applied potential and thus the activity

of the enzyme.

These informations may serve as a benchmark for improving

performance and lifetime of PS2 and for the development of

artificial model compounds—for instance for an efficient gener-

ation of bioenergy using water and sunlight (see last section).
Fig. 5 a) Cofactor arrangement of the ET chain in PS1 (arrows indicate

the ET pathway). For a better understanding the first three steps of the

reaction sequence are highlighted with encircled numbers. b) Redox

potential scheme of the components involved in ET of PS1 in accordance

with the revised reaction sequence (P700 implies Chla, Chla0 and Chlacc)

(according to ref. 1, 46, 47, 55).
Integration of PS1 into bioelectrochemical devices

Photosystem 1 (PS1) represents the largest trans-membrane

multi-subunit protein complex.6 It catalyzes the translocation of

electrons from plastocyanin (or cytochrome c6) on the luminal

side to ferredoxin (or flavodoxin) on the cytoplasmic side of the

thylakoid membrane. The driving force for this endergonic

reaction is supplied by the absorption of visible light by PS1. This

leads to the formation of an electronically excited state which is

accompanied by a substantial change in the redox potential of

the reaction center from +0.43 V to �1.3 V.46,47 The overall

reaction sequence (see Fig. 5a) was recently revised. In accor-

dance with new spectroscopic data the accessory chlorophyll Aacc

is now considered to be the primary electron donor which

undergoes charge separation due to the absorption of a photon,

resulting in the first radical pair ChlAcc
+_ChlA0

�_.48,49 Thereafter

P700 (formerly regarded the primary donor) is oxidized. At the

acceptor side, a series of cofactors guides the inner protein ET

with contribution from both cofactor branches along with

a decrease of the potential.46,47,50 The final light induced redox
Table 1 Summary: Photocurrents with PS2a

Procedure Acceptor

Monolayer on Ni(II)NTA-SAM/BSA spacer Duroquin
Adsorbed on electrodeposited layers of the acceptor Mercapto
Monolayer on Ni(II)NTA-SAM 2,6-Dichlo
Os complex modified polymer matrix Os compl

a Current densities were standardised to an irradiation intensity of 1 mW cm

This journal is ª The Royal Society of Chemistry 2011
potential difference between the donor, P700+ and the acceptor

site, FB
�, is about 1 V, representing a thermodynamic efficiency

of nearly 60% for a red-light photon. As each absorbed photon

generates a charge separated state, P700
+/FB

�, the quantum yield

approaches almost 1.1,51

These outstanding photocatalytic properties make PS1

particularly suitable for the conversion of visible light into

chemical energy by means of specifically designed bio-

electrochemical devices.30,52

Interestingly, the number of PS1-related articles within the

field of optoelectronics and bioelectrochemistry by far exceeds
Current density
(mA cm�2 mW�1) Ref.

one 0.055 25
-p-benzoquinone 0.5 29
ro-1,4-benzoquinone 8 30
exes 18 35

�2.

Energy Environ. Sci., 2011, 4, 3263–3274 | 3267



PS2-related articles. This may be due to the higher stability of

PS1 in combination with the possibility to manipulate its internal

ET pathway without strongly affecting its function. Also, inte-

gration of this enzyme into solid state devices53,54 and various

bioelectrochemical systems underlines its unique catalytic

activity.
Fig. 6 Integration of PS1 into bioelectrochemical devices including

possible short circuit or recombination pathway between the redox

partners.
Direct ET between PS1 and electrode surfaces

The most straightforward ET pathway of immobilised redox

protein is the direct electron transfer between the active site of the

redox protein and the electrode surface. Typically for large

protein complexes, and also in the case of PS1, the active sites are

usually embedded in the interior of the protein, so that direct ET

is unexpected. As a matter of fact, direct electron transfer is only

possible after a proper orientation of the PS1 complex with the

active site in the closest possible proximity to the electrode

surface. One attempt was seen in the proper orientation of PS1

at self-assembled monolayers (SAM) composed from

u-organothiols:

a) Lee et al.56 used –OH, –COOH and –SH modified SAMs to

immobilise PS1 by electrostatic interactions in different orien-

tations on gold surfaces. A preferentially parallel orientation on

the –COOH surface was suggested. A potential scan (current–

voltage curve) resulted in a semiconductor-like behaviour with

a bandgap of�1.8 eV in accordance with the energy gap between

P700 and P700*. A diode-like behaviour was observed on an

–OH terminated SAM surface with a preferentially perpendic-

ular orientation of PS1, while –SH modified surfaces showed no

preferential orientation of PS1.

b) Munge et al.57 used protein film voltammetry for the elec-

trochemical characterization of immobilized PS1 complexes on

pyrolytic edge-plane graphite electrodes. The electrochemical

response could be assigned to the cofactors A1 and FA of PS1.

Adsorption of PS1 onto gold electrodes modified with hydroxyl-

terminated SAMs enabled both the signals of P700 and the FA/

FB peaks in one cyclic voltammogram. Weak photocurrents in

the range of 3 nA cm�2 could be observed with methyl viologen as

electron acceptor.58As electron transfer in PS1 occurs in less than

1 ms, photocurrent densities of about 1 mA cm�2 can be expected,

assuming an immobilised monolayer of PS1 with 0.5 pMol cm�2

coverage.1,59 To overcome this discrepancy, an efficient ET

pathway between PS1 and the electrode surface has to be

designed.
Wiring of PS1

In PS1 the reduction and oxidation of the redox partners occur

on opposite sides of the complex which are additionally sepa-

rated under physiological conditions by the thylakoid

membrane. The ET pathway is sterically predefined to optimise

the yield of photogenerated products and maximise energy

storage. However, if the protein is not isotropically orientated

within a lipid bilayer, both recombination and short circuit of the

redox partners and/or PS1 have to be avoided. The basic prin-

ciple is schematically illustrated in Fig. 6: light excitation of

immobilized PS1 results in the reduction of the electron acceptor

(FB-cluster) and the oxidation of the donor. Electrochemical

monitoring of these reactions requires the application of
3268 | Energy Environ. Sci., 2011, 4, 3263–3274
a potential to the electrode which is adjusted to reduce the

oxidized donor species. However, due to the necessary difference

in the formal potential of the donor and the acceptor species this

electrode potential will be sufficient to oxidize the acceptor and

leads by this to a complete loss of any measurable photocurrent

(see Fig. 6). For this reason, a PS1-dependent net photocurrent is

only detectable if the rate of either the donor reduction or

acceptor oxidation at the electrode surface differ at least slightly

from each other one, for instance, through a coupled follow-up

reaction. For a follow-up reaction at the acceptor site methyl

viologen (1,10-dimethyl-4,40-bipyridinium) is a good example. It

is faster reoxidized by O2 in the bulk solution than reduced by

PS1 or oxidized at the electrode (for details see below).
Mediated ET between PS1 and electrode surfaces

a) Freely diffusing redox mediators. To utilize enzymatic reac-

tion effectively within a bioelectrochemical set-up the activity of

the enzyme within the artificial environment is one of the most

important parameters, which can be easily quantified by

measuring the catalytic current (for a summary see Table 2).

Freely diffusing redoxmediators offer the easiest way to establish

an ET communication between PS1 and a suitable electrode

surface. Faulkner et al.60 reported a vacuum assisted assembly of

PS1 particles on gold electrodes which had been modified with

SAMs bearing –NH2, –COOH and –CH3 terminal groups for

electrostatic binding as well as N-hydroxysuccinimide (NHS) and

terephthaldialdehyde (TPDA) modified surfaces for covalent

binding of PS1. Interestingly, the highest protein film thickness

(72� 9�A)—achieved on bare gold electrodes—yielded the highest

photocurrent densities approximately up to 100 nA cm�2. In this

case, the diffusing redox mediator 2,6-dichlorophenolindophenol
This journal is ª The Royal Society of Chemistry 2011



Table 2 Summary: Photocurrents with PS1a

Procedure Donor Acceptor
Current density
(mA cm�2 mW�1) Ref.

Bare gold Na-ascorbate/DCPIP 0.01b 60
TPDA-SAM on nanoporous gold Na-ascorbate/DCPIP 0.4 62
Aminoethanethiol-SAM K3[Fe(CN)6]/K4[Fe(CN)6] 0.15 63
NQC15S-AuNP on gold Na-ascorbate/DCPIP NQC15 0.007 59
NQC15EV on gold Na-ascorbate/DCPIP NQC15EV 0.12 67
3-mercapto-1-propanesulfonic acid SAM DCPIP MV 0.5 68
Bis-aniline-NP-Pt-Fd-NP/PS1 composite Na-ascorbate/DCPIP Bis-aniline-NP; Fd 1.38 72
Os complex modified polymer Os complexes/MV MV 17 75

a All current densities were standardised to an irradiation intensity of 1 mW cm�2. b Irradiation intensity not reported.

Fig. 7 Concept of a PS1-based ‘‘bio-photosensor’’ in which PS1 is

coupled with a gold electrode surface via a molecular wire. a) PS1 is

attached to a gold surface via a composite of 1,4-benzodithiol-Au-NP-

NQ15S. b) Attachment via a 1,4-benzodithiol-viologen-NQ15-composite

(according to ref. 59, 67).
(DCPIP) in combinationwith sodiumascorbate as electron donor

provided the electrical contact between PS1 and the electrode. As

DCPIP could simultaneously act as electron donor and acceptor,

which would result in a zero net current, it is likely that ascorbate

acts as a sacrificial reagent which reduces DCPIP in a homoge-

neous reaction in solution shifting the equilibrium towards

DCPIPH2. Due to the low redox potential of the terminal iron-

sulfur cluster FB (E0 (FB/FB
�)¼�0.58V) the reduction ofO2may

contribute to the photocurrent generation.61 The same set-up was

used to immobilise PS1 on nanoporous gold leaf electrodes.62Due

to the substantially increased surface area of this material

improvedphotocurrent densities of up to 0.4mAcm�2mW�1 could

be achieved. Alternatively, a ‘‘dip and dry’’ methodwas applied to

generate densely packed PS1 films on gold electrode surfaces:63,64

in this case, a peak-shaped current response indicated mass

transport limitations between PS1 and the electrode due to the

high protein film density. The considerable increase in photo-

current response may be mainly due to the higher light intensity

used in this study (95 mW cm�2, white light vs. 0.5 mW cm�2, red

light).62 After normalisation photocurrent densities of about

0.15 mA cm�2 mW�1 remain.

b) Molecular wires. The intrinsic ET chain of PS1 can espe-

cially be modified or ‘‘engineered’’ at the acceptor side—an

advantage which was realized by ‘‘wiring’’ PS1 to a gold electrode

with a surface bound naphthoquinone-derivate (NQ).59 A

prerequisite for this is the fact that the A1-cofactor of PS1—

a phylloquinone—can be extracted from the protein environ-

ment with organic solvents such as diethyl ether or hexane.65,66

The vacant A1-site can then be reconstituted with a phylloqui-

none analogue such as NQ (1-[15-(3-methyl-1,4-naph-

toquionon)]pentadecyl thiol) which is simultaneously bound to

a gold nanoparticle (NP). By this, the protein bound gold NP can

be further used for the immobilisation of the modified PS1 at

a gold electrode surface via a bridging dithiol moiety (1,4-ben-

zenedimethanethiol; Fig. 7).

It is assumed that the PS1 is orientated towards the electrode

surface, thus facilitating direct ET communication at the formal

potential of the A1 site (E0 (A1/A1
�) ¼ �0.8 V). The reconsti-

tution of PS1 with the NQ/gold NP was convincingly shown by

TEM imaging. The surface coverage of the immobilised PS1 was

determined to be 0.7 pMol cm�2, which is a reasonable number

assuming monolayer coverage. Although the photocurrent of

7 nA cm�2 mW�1 obtained in presence of DCPIP/ascorbate as
This journal is ª The Royal Society of Chemistry 2011
electron donor was rather poor, the immobilisation of this

construct onto a thin Si3N4–Ta2O5 layer of the gate of a field

effect transistor using silane coupling chemistry demonstrated

the application of PS1 as a bio-photosensor in an imaging device.

In another study, a viologen-derivative (NQC15EV) was

placed at the end of the molecular wire as electron relay instead

of the gold NP.67 In this case, electrons from the A1-site were

directly transferred to the electrode, which considerably

improved the photocurrent to up to 120 nA cm�2 mW�1.

However, as compared with the theoretical value, the photo-

current is still small. Possibly, the molecular wire is not suffi-

ciently conducting due to the lack of a conjugated p-electron

system and thus cannot provide a fast ET rate. The observed

photocurrent represents the net current: as mentioned above,

oxidation of the acceptor (NQ15-viologen) and reduction of

the donor (DCPIP) occur simultaneously due the external bias

(0 V vs. Ag/AgCl) applied to the electrode. Therefore, the ET

efficiency of the reaction occurring via the molecular wire itself
Energy Environ. Sci., 2011, 4, 3263–3274 | 3269



cannot be determined directly. Indirectly, the integrity of the wire

was shown by time resolved absorption spectroscopy with

absorbance changes of the viologen in the range of 20 ps

reflecting the light induced reduction by A0.
67

Both studies represent good examples for acceptor-site wired

PS1 on electrodes. If further optimized, this could be a strategy to

utilize the power of light-driven charge separation at an early

stage of the intrinsic ET. On the one hand this guarantees a high

reducing power, and on the other hand the intrinsic ET reaction

sequence is minimized. A considerable drawback for a practical

large-scale application is, however, the time-consuming PS1

preparation and pretreatment. In an extension of this study, an

improved and simplified procedure was presented which also

showed improved photocurrent values.68 To a gold surface,

which was modified with a SAM of 3-mercapto-1-propane-

sulfonic acid, PS1 was bound by electrostatic interactions. In

contrast to the work by Faulkner and Ciesielski,60,62–64 methyl

viologen (MV2+) was used as acceptor and DCPIP as electron

donor. The reduction of MV2+ by the FB- side of PS1 follows the

reaction scheme shown in Fig. 8.

As the reduction of O2 by MV_+ is very fast (k ¼ 108 M�1 s�1)

and also about two orders of magnitude faster than the reduction

of MV2+ by PS1 (k � 106 M�1 s�1), MV_+ is hardly reoxidized at

the electrode surface. Hence it should not notably effect the net

photocurrent of up to�0.5 mA cm�2 mW�1, which should only be

governed by the diffusional mass transport of the redox media-

tors. Surprisingly, even under these conditions we are far away

from the outstanding photon to charge conversion efficiency of

PS1 in biological systems.

c) Redox/conductive polymers. Another possibility to wire PS1

to solid supports via components at its acceptor side is based on

the capability of PS1 to photo-precipitate metal colloids like

[PtCl6]
2�, [OsCl6]

2� and [IrCl6]
2�.69–71

In the presence of these nanoclusters which are electrically

attached to the FB-site, PS1 can produce H2 if an electron donor

is available. This method was adapted successfully for the elec-

tropolymerisation of PS1 complexes onto electrode surfaces.72 Pt
Fig. 8 Reaction scheme of the acceptor site (FB) interaction of PS1 with

methyl viologen.
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nanoclusters associated with PS1 complexes were modified with

thioaniline and further electropolymerized with thioaniline

functionalized Pt- nanoparticles. The obtained bis-aniline-

crosslinked PS1/Pt NP composite (see Fig. 9) was shown to

participate in the ET from PS1 to the electrode depending on the

electrode potential (>0 V vs. Ag/AgCl).

Typical photocurrent responses were in the range of 1 mA cm�2

mW�1 which is equivalent to a photon to carrier conversion

efficiency (IPCE) of 0.35%. Incorporation of the native PS1

electron acceptor ferredoxin into the matrix of the bis-aniline-Pt/

PS1 composite facilitated the ET resulting in an enhanced

photocurrent of 1.38 mA cm�2 mW�1 (IPCE ¼ 0.5%).

These studies demonstrate the big variety of possible proce-

dures for the integration of PS1 into bioelectrochemical devices.

Interestingly, nearly all publications use DCPIP as electron

donor, which is far from being the best choice as compared

with other free diffusing reductants of the donor site (P700) of

PS1, e.g. phenazine-methosulfate or the native electron donor

cytochrome c6.
73,74 In order to optimize the ET communication

with the electrode surface it is therefore mandatory to improve

the interaction with the donor site of PS1. This was achieved in

our own work by using osmium complex containing redox

polymers as electron donors for PS1.75 Similar compounds were

previously used together with PS2 in bioelectrochemical

systems.35 The major advantage is seen in the fact that the redox

polymers act simultaneously as immobilisation matrix and as

polymeric ET mediator. They provide an efficient ET pathway

via a sequence of self-exchange reactions between adjacent

polymer-bound Os-complexes, which is mainly, with the excep-

tion of the necessary movement of the counter ions during the

redox process, mass transport independent.

The photogenerated charge separated state [P700+, FB
�] can be

either reduced by Os2+ or oxidized byMV2+, with the coupled O2-

reduction providing a fast regeneration of the MV2+. This set-up
Fig. 9 Schematic representation of a bis-aniline-crosslinked NP-Pt

nanocluster/PS1 composite on an Au-electrode (according to ref. 72).
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achieved average photocatalytic current responses of �17 mA

cm�2 mW�1 equivalent to an IPCE of 3.5%. The strong depen-

dence of the photocurrent on the O2 concentration in solution

indicated that the catalytic current is only limited by the mass

transport of MV2+ or O2 and not by the donor-site interaction.

Besides donor and acceptor sites, the generated photocurrents

were also dependent on the light intensity and show a saturation

curve, which reflects the rate limitation of the enzymatic catal-

ysis. If treated according to Michaelis–Menten kinetics, deter-

mination of the kinetic parameters KM/app (1.27 mW cm�2 at

675 nm) and Imax/app (38 mA cm�2) was possible which can be

advantageously used for comparison of different systems.

Considering the fact that nearly all reports on bio-

electrochemistry of PS1 are based on completely different light

intensities and/or light quality, the need for standardization is

more than obvious.

While the presented studies indicate how donor-site rate

limitations could be overcome, the PS1 acceptor site is consid-

ered to be the real bottleneck for harvesting light energy. The

only promising strategy to fully harvest the photocatalytic

potential of PS1 may be the direct coupling of redox components

at the acceptor site to desired reaction pathways.

Application of wired photosystems: Towards
photobiological production of hydrogen from water

One benefit of wired photosystems could be their use in engi-

neered systems for photobiological hydrogen production.

In the broadest sense biological hydrogen production can be

realized by three mutually supporting strategies:

- Biological approach: Microalgae (green algae or cyanobac-

teria) are ‘‘designed’’ via genetic modification for photobiological

hydrogen production4,52

- Artificial approach: Bio-mimetic water-splitting systems are

combined with hydrogen evolving catalysts76–79

- Semi-artificial approach: Isolated biological components are

integrated into (photo)electrochemical devices.52,80,81

The latter strategy is within the scope of this article and fills the

gap between artificial and biological approaches. In terms of

efficiency, this approach is a benchmark for the development of

either fully synthetic catalysts or self-reproducing biological

‘‘design’’ cells. Acting in series, PS1 and PS2 are particularly

suitable as electron source for the reduction of protons, espe-

cially as their substrates are finally only water and visible light.

Due to its formal potential at the FB-site (E
�0 ¼ �580 mV vs.

SHE1), PS1 has the unique capability to produce H2, since the

driving force—considering the H+ reduction potential under

physiological conditions (pH ¼ 7, rH2 < 1 mbar) of about

�250mV vs. SHE—is very high.82However, as PS1 is not capable

of reducing protons at the Fe–S cluster, a proton reducing catalyst

has to be electrically connected to the acceptor site of PS1.

As mentioned above, the formation of nanoclusters from

photoprecipitated metal colloids like [PtCl6]
2� and the associa-

tion with the FB-site of PS1 can be utilized for the production of

H2 with PS1.70,71 This approach yielded H2-rates of up to �0.08

mmol H2 (mg Chl)�1 h�1, obtained with isolated and platinized

PS1 particles from spinach. Using this strategy, a considerable

improvement with H2-rates of up to 5.5 mmol H2 (mg Chl)�1 h�1

was achieved with PS1 particles from the thermophilic
This journal is ª The Royal Society of Chemistry 2011
cyanobacterium T. elongatus.5 Although the efficiency of this

approach is still rather low as compared with the activity of

isolated PS1-complexes—about 1000 mmol e� (mg Chl)�1 h�1—

the simple preparation procedure is a major progress.6

A further improvement of the basic idea to link a metal cata-

lyst to the acceptor site of PS1 was achieved by a PS1-mutant

(C13G/C33S) from Synechococcus sp. PCC 7002 lacking

a cysteine.83 After assembly of the Fe-S-cluster in solution and

reconstitution into an apo-PsaC-subunit, active PS1 complexes

could be obtained. Instead of the missing cysteine, 1,6-hex-

anedithiol was used as covalent linker between FB and a Pt-NP

which catalysed proton reduction. This bioconjugate was

capable of reducing protons with rates of �50 mmol H2 (mg

Chl)�1 h�1. A further significant improvement with rates of >300

mmol H2 (mg Chl)�1 h�1 was obtained after crosslinking plasto-

cyanin at the donor site and using 1,4-benzenedithiol as molec-

ular wire between FB and the Pt-NP.84

The amount of precious metals which are required for the

production of hydrogen is limited on earth. They may be

replaced by transition metals like Fe and Ni, which also form the

active centers of hydrogenases and catalyse both the reduction of

protons and the oxidation of H2. These enzymes have been

characterized in various electrochemical studies (for reviews see

ref. 82 and 85). As revealed by protein film voltammetry, [Ni–

Fe]-hydrogenases show a catalytic bias towards H2 oxidation

and are at least as good as platinum.86 In contrast, [Fe–Fe]-

hydrogenases showmuch higher H2-production activities87,88 and

are supposed to be an even better catalysts than platinum.89 The

disadvantage of both enzymes is their pronounced oxygen

sensitivity, which in the case of [Fe–Fe]-hydrogenases leads to

complete inactivation, whereas [Ni–Fe]-hydrogenases are

reversibly inhibited and in very few cases even O2-tolerant.
87,88,90

Lubner et al.91 reported the successful connection of PS1 and

a [Fe–Fe]-hydrogenase from Clostridium acetobutylicum via

a molecular wire, which was based on the principle used for the

linkage of a Pt-NP (see above). A cysteine in the distal located

[4Fe–4S] cluster of the hydrogenase was altered to glycine by site-

directed mutagenesis resulting in a lacking coordination site for

Fe. A covalent linkage between PS1 and the H2ase was generated

by 1,6-hexanedithiol. This construct achieved an activity of

about 30 mmol H2 (mg Chl)�1 h�1 which was lower than with PS1

linked to the Pt-particle.

Up to now, there is only one report on the integration of a PS1-

H2ase construct in an electrochemical device.92 In this case the

membrane bound [Ni–Fe]-H2ase (MBH) from Ralstonia eutro-

pha was genetically fused with the extrinsic PsaE-subunit of

PS1.93 For the assembly of the MBH-PsaE onto the electrode,

immobilised PS1 complexes lacking the PsaE-subunit served as

template. The observation of a weak, but significant H2

production rate (120� 30 pmol H2 s
�1 cm�2) as triggered by light

suggests that electrons provided at the acceptor site of PS1 (FA/B)

can be directly utilised to reduce protons to molecular hydrogen

by the H2ase. Notably, the specific surface activity of the hybrid

complex (75 mol H2 s
�1 mol�1 hybrid complex) is similar toMBH

directly immobilized on a pyrolytic graphite edge electrode in the

absence of PS1 (70 mol H2 s
�1 mol�1 hybrid complex) and also in

accordance with data obtained from measurements in solution.93

In order to produce hydrogen in combination with photobi-

ological water splitting, the key enzyme PS2 has to be linked to
Energy Environ. Sci., 2011, 4, 3263–3274 | 3271



PS1 which in turn is coupled to an appropriate catalyst. Since the

coproduction of oxygen and hydrogen would—via the ‘‘Knallgas

reaction’’—inevitably lead to a light driven futile cycle, water

oxidation and proton reduction reactions have to be spatially

separated. Such an arrangement within a photoelectrochemical

cell is schematically shown in Fig. 10: While the anodic half-cell

reaction 2H2O / O2 + 4H+ + 4e� supplies electrons—driven by

immobilised PS2—the cathodic half-cell reaction: 4H+ + 4e� /

2H2 is catalysed by PS1 in combination with an appropriate

catalyst. Charge balance can be reached by separation of the half

cells with a proton transfer membrane such as Nafion�.

In view of the reported recent progress, the realization of this

kind of approach is within reach. If successful, it could serve as

a blueprint for the further development of artificial as well as

natural devices for hydrogen production. The advantage of such

a photoelectrochemical cell is that each component can be indi-

vidually characterized for its maximum potential and optimized

to reach its maximum performance under defined conditions.
Further considerations

Within the last decade, the bioelectrochemical investigation of

electrodes modified with either PS1 or PS2 became an increas-

ingly important field of research. On the one hand, this is due to

the fact that the 3D structures of PS1 and PS2 have been solved

up to the molecular level.9,94 On the other hand, it is due to the

outstanding catalytic performance of PS1 and PS2. Besides their

important function as model compounds for energy related

devices, their use as biosensors for environmental screening and

optoelectronic devices are promising applications. Notably, as

PS1 and PS2 have been optimized for billions of years for their

function within living cells, under given thermodynamic

constraints,95 their adaptation for technological applications

causes problems especially due to the instability of the isolated

enzymes. In the cellular environment, they are maintained by

repair and biogenesis cycles41,42 which cannot be realized in

a semi-artificial set-up. However, there are good examples, for

nearly non-invasive modifications, such as the introduction of

‘‘molecular wires’’ which direct the catalysis towards the desired

reactions. The design of appropriate ET pathways has to go

beyond the synthesis of suitable redox components by including

also protein engineering. Especially in case of PS2, which is

known to be sensitive for damage by light, the combination of

both strategies—an optimized ET and a stabilized protein
Fig. 10 Proposed model for the photoelectrochemical production of

hydrogen by PS2-based enzymatic water oxidation (according to ref. 30).
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structure—could finally lead to a higher long-term stability and

a more ‘‘robust’’ performance.96 In the case of PS1 further

progress could lead to minimal protein complexes which are

completely adapted to perform the envisaged chemical reactions.

Besides applications, another important aspect of bio-

electrochemical devices gaining a better understanding of the

intrinsic ET reactions in PS2 and PS1, which could be important

blueprints for the development of completely artificial photo-

systems. In contrast to small enzymes like H2ases, which can

easily be adsorbed on carbon surfaces for performing direct

electrochemistry, photosynthetic proteins are impaired for such

measurements by their large size. This can be overcome by

molecular wires as well as by any kind of specifically designed

redox mediators.
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