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ABSTRACT

To establish a semiartificial device for (bio-)hydrogen pro-
duction utilizing photosynthetic water oxidation, we report on
the immobilization of a Photosystem 2 on electrode surfaces.
For this purpose, an isolated Photosystem 2 with a genetically
introduced His tag from the cyanobacterium Thermosynecho-
coccus elongatus was attached onto gold electrodes modified
with thiolates bearing terminal Ni(II)-nitrilotriacetic acid
groups. Surface enhanced infrared absorption spectroscopy
showed the binding kinetics of Photosystem 2, whereas surface
plasmon resonance measurements allowed the amount of pro-
tein adsorbed to be quantified. On the basis of these data, the
surface coverage was calculated to be 0.29 pmol protein cm 2,
which is in agreement with the formation of a monomolecular
film on the electrode surface. Upon illumination, the gener-
ation of a photocurrent was observed with current densities of
up to 14 pA cm ™2 This photocurrent is clearly dependent on
light quality showing an action spectrum similar to an isolated
Photosystem 2. The achieved current densities are equivalent
to the highest reported oxygen evolution activities in solution
under comparable conditions.

INTRODUCTION

Hydrogen is one of the most promising energy carriers among
environmentally friendly and clean energy sources for the future.
For this reason, alternative strategies for its production must be
developed because most hydrogen is still produced from fossil
fuels, which involves environmental pollution (1). One strategy is
to use natural systems as blueprint for either the design of ap-
propriately modified natural systems or for the construction of
semiartificial or fully artificial model systems. Among the energy
converting processes in nature, light-driven water splitting

*Corresponding author email: matthias.roegner@ruhr-uni-bochum.de
(Matthias Rogner)
© 2006 American Society for Photobiology 0031-8655/06

photosynthesis of microalgae and higher plants is the key process.
If the extremely effective photosynthetic energy conversion could
be efficiently combined with the biological process of hydrogen
production via the enzyme hydrogenase, this would represent a
significant step toward the development of environmentally ac-
ceptable, regenerative systems for (bio-)hydrogen production.

Because optimizing the efficient combination of both processes
(i.e. photosynthesis and hydrogen production) in a living cell is still
a long-term process, which is especially hampered by the extreme
oxygen sensitivity of almost all hydrogenases, the electrochemical
connection of the involved redox enzymes—Photosystem 2 (PS2),
Photosystem 1 (PS1) and hydrogenases—within a photochemical
cell, converting light energy into hydrogen, now appears more
promising. Although various versions of such photochemical de-
vices have already been proposed in the past (2-6), several recently
determined crystal structures of the three principal redox enzymes
(7-11) enable a completely new approach to this topic: They
contribute considerably to a mechanistic understanding of the in-
volved electron transfer processes and allow—in combination with
genetic engineering tools—their directed modification.

Realization of a semiartificial system for biohydrogen pro-
duction involves the integration of photosynthetic protein com-
plexes and hydrogenases into a bioelectronic or bioelectrochemical
device. Practically, this can be achieved by the immobilization of
the protein complexes on conductive supports (e.g. noble-metals,
carbon or semiconductors), in which the first step is the efficient
electron transfer from light-driven water splitting by PS2 to the
conductive surface.

A possible arrangement of photosynthetic proteins and hydro-
genases is depicted in Fig. 1. PS2 complexes immobilized on the
anodic part of the photochemical cell transfer electrons for the
reduction of immobilized PS1 on the cathode, which in turn, can
supply electrons for the catalytic reduction of protons by the
coimmobilized or linked hydrogenase. The energy required to
overcome the potential difference between water oxidation and
proton reduction is supplied by the light-induced processes of the
two photosystems.

Successful steps toward a functional cathodic part (i.e. hydrogen
production via immobilized hydrogenases on electrodes), have
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Figure 1. Proposed model of a semiartificial system for biohydrogen
production based on immobilized PS2/PS1 complexes and hydrogenases.

already been reported by various groups (12-17); they show
convincingly the remarkable catalytic properties of hydrogenase
modified electrodes toward proton reduction. Electrochemical stud-
ies could also indicate how to exploit the photocatalytic properties
of PS1 complexes (18-20). The combination of those or an ad-
vanced cathodic part with a functional and efficient anodic part
consisting of PS2 immobilized on an electrode surface would be
a further valuable contribution toward a clean production of
hydrogen according to the model of Fig. 1.

Here we report on an optimized PS2 immobilization strategy on
gold surfaces that is, from our point of view, the central part within
such a device and decisive for its efficiency. We present an efficient
method to achieve current densities, which are up to ~1200 times
higher than those obtained in previous works (21,22).

Our approach is based on a simple and common immobilization
method using His-tagged PS2 on thiolated gold surfaces. As shown
in previous studies (23-25), such a recombinant protein allows
a reversible binding via metal affinity interactions to exposed
Ni(ID)-nitrilotriacetic acid (NTA) groups on the gold surface. Qual-
itatively, this binding to the surface was monitored by surface
enhanced infrared absorption spectroscopy (SEIRAS), whereas the
surface coverage was determined by surface plasmon resonance
(SPR) spectroscopy. Using these results, we could establish an
optimized light dependent electrochemical communication be-
tween PS2 and a gold electrode with activities corresponding to the
highest oxygen-evolving rates achieved in solution.

MATERIALS AND METHODS

Biochemical preparations. CP43-His-tagged PS2 was prepared from mass
cultures of Thermosynechococcus elongatus in a 20 L photobiofermenter as
reported Kuhl et al. (26). Solubilized membrane proteins were purified by
immobilized metal ion affinity chromatography (Chelating Sepharose,
Amersham Biosciences AB, Uppsala, Sweden) as a first chromatographic
step using the affinity of the genetically introduced His-tag of PS2 to the
Ni(II)-NTA matrix of the column. The elution of PS2 was induced by
a linear gradient up to 100 mM L-histidine in the buffer solution (20 mM 2-
(N-morpholino)-ethane sulphonic acid [MES], 10 mM MgCl,, 10 mM
CaCl,, 300 mM NaCl and 0.03 % [w/v] n-dodecyl-B-p-maltoside [B3-DM,
Biomol]). After dialysis in 20 mM MES, 10 mM MgCl,, 10 mM CaCl, and
0.03 % (w/v) B-DM isolated complexes were further purified by ion
exchange chromatography (Uno-Q6 column, Bio-Rad Laboratories,

Germany) yielding an active dimeric subpopulation of PS2 complexes
with a typical oxygen evolution activity of 4000-6000 pmol O, (mg
chlorophyll [ChI]) " h™'. Samples were stored in buffer containing 0.5 M
mannitol at 1-2 mg Chl mL™" at —70°C prior to use.

Surface modification. Prior to the immobilization of His-tag PS2
complexes, a self-assembled monolayer was deposited on the respective
surface by immersing the gold substrate in a dimethyl-sulfoxide (DMSO)
solution of 10 mM 1-octanethiol (Sigma-Aldrich, Germany) and 0.1 mM
16-mercaptohexadecanoic acid (Sigma-Aldrich) for 1 h. After removal from
the solution the surface was rinsed several times with DMSO and finally
dried under a nitrogen stream. To activate the carboxy-groups of 16-
mercaptohexadecanoic acid, the modified surface was kept in a solution of
10 mM N-hydroxysuccinimide (Sigma-Aldrich) and 10 mM 1-ethyl-3-[3-
(dimethylamino)propyl]carbodiimide (Sigma-Aldrich) was diluted in ultra-
pure water (Seralpur Pro 90 CN, Seral) for 1 h and rinsed thereafter with
water to remove unreacted species. Binding of the NTA group was induced
by incubation of the surface in 150 mM No',No*"-bis(carboxymethyl)-L-
lysine (Fluka, Switzerland), dissolved in 0.5 M K,COj; buffer, pH = 9.8, for
90 min, followed by washing with water. For the complexation of Ni*"
ions, the surface was kept in 100 mM NiSO, for 30 min and finally rinsed
with water.

Spectroscopy. For the SEIRAS experiments, a gold film was deposited on
the flat surface of a single reflexion silicon hemicylindrical prism (20 mm
width X 25 mm height X 10 mm radius) by an electroless deposition
technique (27). The adsorption process of PS2 onto the modified surface
was monitored starting with 1 mg mL ™" His-tagged PS2 in buffer solution
(20 mM MES, 10 mM MgCl,, 10 mM CaCl, and 0.03 % [w/v] B-DM).
Unbound PS2 complexes were removed by washing with buffer.

For the SPR spectroscopic measurements, first an adhesive sublayer (10
nm) of titanium was evaporated on the surface of a 10 X 10 mm glass
substrate followed by a 100 nm layer of gold (28) After priming the surface
with buffer solution (see above), the kinetics of PS2 adsorption were
monitored in a Biacore 1000 (Biacore, Uppsala Sweden) flow system at
a flow rate of 5 pL min"'. For the desorption of PS2 complexes, the Ni(II)-
NTA surface was flushed with buffer solution containing 200 mM
L-histidine.

Bioelectrochemical investigations. For electrochemical measurements,
a three-electrode system was used consisting of a Pt-counter electrode,
a gold disc working electrode (& = 2 mm, CH-Instruments, USA) and an
Ag/AgCl reference electrode (WPIL, USA) with 3 M KCl as electrolyte. The
amperometric measurements were performed with an AUTOLAB PGSTAT
12 potentiostat (Metrohm, Switzerland).

Prior to the experiments, the working gold electrode was cleaned by
polishing with 0.3 pm aluminum oxide paste (LEKO) and rinsed there-
after several times with water. Recording of a cyclovoltammogram in 1 M
KOH was used to check the cleanness of the surface. After the surface
modification (see above), PS2 complexes were immobilized by incuba-
tion of the gold electrode in 0.25 mg mL™' buffered protein solution
(see above) for 1 h in the dark. To remove unspecifically bound PS2
complexes from the surface the gold electrodes were incubated in buffer
solution for 10 min in the dark. The procedure was repeated twice with
fresh buffer.

Electrochemical experiments with immobilized PS2 complexes were
carried out at 30°C in buffered electrolyte containing 1 mM 2,6-dichloro-
1,4-benzoquinone (Sigma-Aldrich) as the electron acceptor for PS2.
Response from immobilized PS2 was registered by applying an oxidation
potential of 0.3 V for 2,6-dichloro-1,4-benzoquinone (DCBQ) and re-
cording the time dependence of the current. Immobilized PS2 was illu-
minated with a halogen cold light reflexion lamp using a 675 nm
interference filter (Schott, Germany) and a cold light filter Calflex 3000
(Balzers, Liechtenstein) to protect the sample from excessive heat.

Cyclic voltammetry was performed with 50 pM 2,6-dichloro-1,4-
benzoquinone at a scan rate of 1 mV s~ between —0.04 V and +0.34 V
vs. Ag/AgClL

Action spectra were recorded with interference filters and filter
combinations, respectively, between 405 nm and 737 nm (Schott).

RESULTS AND DISCUSSION
Surface modification

The integration of photosynthetic proteins into a bioelectrochemical
device requires a targeted structuring of the surface in order to



Figure 2. Scheme for surface structuring on a gold surface with mixed
thiolates (i.e. 1-octanethiol and 16-mercaptohexadecanoic acid [MHA]J).
The carboxy group of MHA was activated with NHS/EDC for binding of
ANTA, which forms a complex with Ni*" ions.

achieve a well controlled and preferably reversible attachment of the
enzymes. By using appropriately -functionalized organothiol self-
assembled monolayers (SAMs), an organic surface with predefined
composition and properties can be generated. To immobilize His-
tagged PS2 via metal ion affinity interaction with Ni(I)-NTA
groups, we chose carboxyalkylthiolates; this allowed us to anchor
the amino-terminated NTA moiety by forming an amide bond
(activation was carried out using NHS/EDC (N-hydroxysuccini-
mide/1-ethyl-3-[3-(dimethylamino)propyl]carbodiimide) (29). The
density of COOH groups on the surface was controlled by diluting
16-mercaptohexadecanoic acid (MHA) with 1-octanethiol (1-OT).
An MHA:1-OT ratio of 1:100 was found to yield the highest surface
coverage of specifically bound protein molecules.

Figure 2 shows the modified MHA/1-OT SAM surface after
treatment with EDC/NHS and amino-nitrilotriacetic acid (ANTA).
Each of the surface modification steps was monitored by SEIRAS
(data not shown; see Ataka et al. for a similar strategy, 23).

Qualitative analysis by SEIRAS

SEIRAS measurements were performed to verify and monitor the
adsorption process of detergent-solubilized dimeric PS2 complexes
onto the Ni(I)-NTA/1-OT modified surface (see above); for
comparison, a reference spectrum was recorded in buffer solution.
Upon addition of solubilized PS2 complexes, bands appear at
1659, 1545 and around 1400 cm ™ (Fig. 3a), with the former two
bands representing the amide I and II modes of the PS2-protein
backbone vibrations, respectively. The increase of the band
intensities reflects the accumulation of PS2 on the Ni(I[)-NTA
surface. Although the bands around 1400 cm™" could not be clearly
assigned, they may originate from Ni(I[)-NTA as suggested by
Ataka et al. (23). Figure 3b shows the binding kinetics of the His-
tagged PS2 complexes to the Ni(II)-NTA as obtained by plotting
the intensity of the amide I band as a function of the adsorption
time. Exponential and linear fitting (continuous line) yields a time
constant of T = 294 sfl, however, without reaching saturation,
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Figure 3. (a) SEIRA spectra of His-tagged PS2 adsorbed to the Ni(I)-
NTA SAM modified gold surface via metal ion affinity. PS2 complexes
were added to a final concentration of 1 mg X mL™'. Absorbance increase
of the bands indicates the binding of the protein to the surface. (b)

Adsorption kinetics of PS2 onto the Ni(II)-NTA SAM/Au modified surface.
The peak height of the amide I band at 1659 cm ™' was plotted versus the

adsorption time. The continuous line represents the fit of an exponential and
a linear term.

which is due to a baseline drift during the measurement time of
90 min.

Quantitative analysis by SPR

Although SEIRAS is very useful for the qualitative analysis of
adsorption processes of molecules on surfaces, it is rather difficult
to determine the surface coverage of immobilized PS2. This can be
achieved by the SPR technique, which can monitor the adsorption
of PS2 complexes on the modified surface under continuous flow
conditions as shown in Fig. 4.

After pretreatment of the surface with buffer the detergent-
solubilized protein (0.25 mg mL™") was injected resulting in a signal
increase due to both the rapid change in refractive index between the
buffer and the protein solution (bulk effect) and association of PS2
complexes. On reinjection of buffer a fast decrease in the SPR signal
could be observed (reverse bulk effect) followed by a slower decay
showing the dissociation of protein from the surface. The amount of
PS2 bound specifically to the surface was tested by washing with
buffer containing 200 mM L-histidine. Injection of 200 mM His
resulted in a strong bulk signal due to the different refractive indices
of the two buffers. Desorption of specifically bound PS2 can be
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Figure 4. SPR signal on binding of His-tagged PS2 onto a Ni(II)-NTA
SAM modified gold surface, followed by dissociation of the protein with
200 mM vr-histidine. Characters on top of the figure represent the individual
steps of the surface treatment: B = washing with buffer, PS2 = association
of His-tagged PS2 complexes and his-B = washing with buffer containing
200 mM vL-histidine. ARU; = specifically bound fraction of the protein,
ARU, = unspecifically bound fraction. For further details see the text.
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observed after the end of the treatment with histidine because His
replaces the PS2 complexes from the Ni(II)-NTA coordination site.
The difference between the resonance units (RU) before and after
the last washing step corresponds to the fraction of putatively
specific bound PS2 accounting for J ARU; = 1458 RU (%59 RU),
corresponding to averaged data from three measurements. The
baseline elevation between the start and end levels corresponds to
unspecifically bound PS2 (e.g. denaturated protein) accounting for
& ARU, = 63 RU (%26 RU) (see Fig. 4). Assuming a molecular
mass of ~500,000 g mol ' for dimeric PS2 (26) and considering
that 1 RU corresponds to 1 pg protein mm > (Biacore manual,
www.biacore.com) the surface coverage of specifically bound PS2
is 0.29 pmol cm 2, whereas the unspecifically bound part remaining
after the His washing amounts to 0.01 pmol cm™2. With dimensions
of 20.5 X 11.0 nm for dimeric PS2 complexes (7), which are
extended by a detergent layer of about 3 nm, a maximum coverage
of ~0.37 pmol PS2 cm™ can be estimated. This corresponds to
a specific coverage of ~78% and an unspecific surface coverage of
~2%, which is in agreement with a monolayer of PS2 complexes
attached to the Ni(II)-NTA groups via His tag.

Bioelectrochemical investigations

For the establishment of an efficient bioelectrochemical device, the
communication between the immobilized enzyme and the electrode
surface is crucial. We therefore generated the same thiol-based
Ni(I)-NTA surfaces as reported above on gold disc electrodes
(J = 2 mm). Due to the long distance, direct electron transfer
between the electrode and PS2 complexes is inefficient (30) and
artificial electron mediators are required. Among the tested soluble
redox components interacting with the Qg binding site of PS2,
DCBQ was most suitable according to oxygen evolution/producing
measurements.

Figure 5 shows the cyclic voltammogram of a PS2 modified
electrode. The first cycle was performed without light showing
a typical cyclovoltammogram of DCBQ with redox waves indi-
cating the oxidation at +0.2 V and the reduction at +0.04 V,
respectively. Upon illumination a strong increase of anodic current
was observed in the same potential range as where DCBQ oxi-
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Figure 5. Cyclic voltammetry of DCBQ (50 pM) with His-tag PS2
immobilized on the surface of a Ni(I[)-NTA SAM functionalized gold disc
working electrode (& = 2 mm); the potential range is —0.04 V to +0.34 V
(vs. Ag/AgCl) at a scan rate of 1 mV s '. Supporting electrolyte was
a buffer solution with 20 mM MES pH 6.5, 10 mM MgCl,, 10 mM CaCl,,
0.03% (w/v) B-DM. The voltammetric scan was performed under

illumination (100 pmol photons m2 s at 675 nm, dashed line), or in

darkness (continuous line).

dation occurs. Without PS2 such a response was not observed
(i.e. excitation of PS2 leads to the catalytic reduction of DCBQ at
the Qg site and approximation of its oxidation potential during the
potential scan is the reason for the anodic current increase). This
clearly demonstrates the electrochemical communication between
PS2 complexes and the electrode as mediated by DCBQ.

Figure 6 shows the response of the electrode upon illumination
of immobilized PS2 in a chronoamperometric experiment applying
a potential of +0.3 V to oxidize DCBQ.

Immobilized PS2 was excited with red light of 675 nm at an
intensity of ~100 pmol photons m > s~' for 5 s. During this light
pulse the strong signal remained stable, while it decreased rapidly
to the baseline upon switching off the light. The average current
density was about 14 pA cm .

The surface coverage determined by SPR measurement (see
above) can be converted into the nonflow bioelectrochemical ap-
proach because here too, several washing steps were applied to
remove loosely bound PS2 after the immobilization (i.e. a similar
amount of adsorbed protein molecules can be expected). Based on
the surface coverage of 1.74 X 10" dimeric PS2 complexes (0.29
pmol cm™2), this is equivalent to the transfer of 502 electrons per
second (ET = 1.4 107> A/[1602 10" As * 1.74 10'']) or 125 O,
released per second and dimeric complex by water splitting.
Because each PS2 dimer contains 70 Chl (31), an oxygen evolution
rate of 6430 O, Chl'! h™! (e.g. oXygeneyotution = 125 Op s *
[3600/70]) can be calculated, corresponding to a turnover rate
of ~4 ms per reaction center. This estimated oxygen evolution rate
is equivalent to the highest published rate achieved with isolated
PS2 particles (26); interestingly, they have been prepared from WT
cells of the same cyanobacterium using a similar procedure. Also,
the calculated turnover rates are in agreement with previously
proposed values for PS2 (32). This indicates that there is no loss
in activity due to the immobilization procedure.

The immobilization of PS2 has been realized earlier, but so far
the reported approaches suffer from rather low photocurrent
densities (21,22). The current densities determined in our setup
are ~1200 times higher than those published by Maly er al. (21)
(0.0113 pwA cm™2) in a similar approach. The authors calculated an
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Figure 6. Current response upon illumination of immobilized His-tag PS2
on the surface of a Ni(II)-NTA SAM functionalized gold disc working
electrode (J = 2 mm). The applied potential was +0.3 V vs. Ag/AgCl. As
supporting electrolyte, a buffer solution containing 20 mM MES pH 6.5,
10 mM MgCl,, 10 mM CaCl,, 0.03 % (w/v) B-DM was used; | mM DCBQ
was added as electron acceptor. The modified working electrode was
illuminated with 100 pmol photons m 2 s™' at 675 nm.

approximately four times higher surface coverage of PS2 (1.18
pmol ecm ™), which clearly indicates the presence of a multilayer
film of adsorbed PS2 based on a theoretical value of 0.37 pmol
cm 2 for the maximum coverage. These results suggest that PS2
was mainly adsorbed unspecifically, because apart from the Ni(Il)-
NTA groups, amino terminated thiolates were also used, which
show strong proteophilic properties (33). The combination of these
effects certainly retards the diffusion of the electron mediator to the
electrode, causing the low current densities upon illumination of
the immobilized PS2.

In contrast, the extremely high current densities in our study
result from the applied immobilization strategy: It prevented the
diffusion retardation of the reduced electron mediator to the
electrode surface by a too densely packed protein layer and con-
sequently allowed an efficient electron transfer. To this end, the
optimal choice of the electron mediator—DCBQ—might also have
contributed.

Action spectrum of the photocurrent

The photocurrent of PS2 immobilized on the electrode surface was
investigated to determine its dependence on the light quality. The
resulting action spectrum is shown in Fig. 7 in comparison with the
absorption spectrum of PS2 in solution. Both spectra agree perfectly
with the highest current around the absorption maxima at 430 nm
and 675 nm, respectively. Also, this current could be inhibited by
specific inhibitors of PS2 acting at the Qg site of the D1 subunit,
such as Atracine, DCMU (3-[3.4-dichlorophenyl]-1,1-dimethyl-
urea), Phenmedipham (3-methoxycarbonylaminophenyl-[3’methyl-
phenyl]-carbamate) or Dinoterb (2-terbutyl-4,6-dinitrophenol) (results
not shown).

In summary, these results further confirm that the generated
photocurrent is due to the mediated electron transfer from
immobilized PS2 complexes via DCBQ to the gold electrode.

CONCLUSION

Here we presented a simple and cost-efficient procedure (all
reagents are commercially available) for the integration of PS2
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Figure 7. Action spectrum of immobilized His-tag PS2. Wavelength

dependence of the generated photocurrent was determined between 405
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spectrum. For comparison, the absorption spectrum of isolated PS2
complexes in solution is also shown (full line).

complexes into a bioelectrochemical device, which is considered as
decisive step toward a semiartificial (bio-)hydrogen production.
Mixed thiols of 1-octanethiol and 16-mercaptohexadecanoic acid
could efficiently be introduced to immobilize dimeric PS2
complexes on a gold surface via Ni(II)-NTA (bound to the latter
compound), which allowed a specific and reversible attachment of
the protein to the surface. The adsorption process as monitored by
SEIRAS and SPR technique revealed that specific binding of the
detergent-solubilized PS2 to the surface achieved almost 80% of
the theoretically predicted surface coverage, whereas the non-
specific binding was minimized successfully down to 2%.

Amperometric experiments showed an efficient mediated
electron transfer between immobilized PS2 complexes and the elec-
trode, with current densities corresponding to the highest oxygen
evolution rates measured with isolated PS2 complexes to date.
Such a high yield of PS2 activity is most probably due to the high
stability of the thermophilic PS2 preparation, combined with an
individual immobilization method for PS2. This is in contrast to
all other immobilization procedures reported up to now that ap-
parently used excess PS2, making aggregation and multilayer
formation unavoidable.

The improvement achieved for PS2 in this report is an excellent
basis for further optimizing the efficiency and the long-term
stability, for instance, of PS2-based bioelectrochemical devices.
The final goal is the realization of a model device (34) that
integrates both photosynthetic proteins and hydrogenases (see Fig.
1) and transports electrons from the water splitting site of PS2 on
the anode via immobilized PS1 on the cathode to the hydrogenase,
which catalyzes the reduction of protons to hydrogen. If successful,
such a model photochemical cell could be the blueprint for the
future development of an environmentally acceptable, regenerative
system for (bio-)hydrogen production.
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