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1. Introduction

Closing the green gap of photosystem | with
synthetic fluorophores for enhanced photocurrent
generation in photobiocathodes

Sascha Morlock, 2 *2® Senthil K. Subramanian,? Athina Zouni ©°® and Fred Lisdat*?

One restriction for biohybrid photovoltaics is the limited conversion of green light by most natural
photoactive components. The present study aims to fill the green gap of photosystem | (PSI) with
covalently linked fluorophores, ATTO 590 and ATTO 532. Photobiocathodes are prepared by combining
a 20 pm thick 3D indium tin oxide (ITO) structure with these constructs to enhance the photocurrent
density compared to setups based on native PSI. To this end, two electron transfer mechanisms, with
and without a mediator, are studied to evaluate differences in the behavior of the constructs.
Wavelength-dependent measurements confirm the influence of the additional fluorophores on the
photocurrent. The performance is significantly increased for all modifications compared to native PSI
when cytochrome c is present as a redox-mediator. The photocurrent almost doubles from —32.5 to up
to —60.9 pA cm™2 For mediator-less photobiocathodes, interestingly, drastic differences appear
between the constructs made with various dyes. While the turnover frequency (TOF) is doubled to 10
e /PSl/s for PSI-ATTO590 on the 3D ITO compared to the reference specimen, the photocurrents are
slightly smaller since the PSI-ATTO590 coverage is low. In contrast, the PSI-ATTO532 construct
performs exceptionally well. The TOF increases to 31 e /PSl/s, and a photocurrent of —47.0 pA cm ™2 is
obtained. This current is a factor of 6 better than the reference made with native PSI in direct electron
transfer mode and sets a new record for mediator-free photobioelectrodes combining 3D electrode
structures and light-converting biocomponents.

photovoltaics, photoactive biocomponents are connected to arti-
ficial electrode materials to generate that photocurrent. Successful

Earth's main power source is solar radiation. For over 3 billion
years, nature has converted this resource in a process called
photosynthesis to produce energy-rich carbohydrates and
molecular oxygen as a byproduct.** In plants and cyanobacteria,
this procedure relies on two photoactive protein complexes,
photosystems I and II (PSI and PSII). While PSII provides elec-
trons by water-splitting, PSI leads to the reduction of NADP' in
a multi-step process, which is afterward utilized for CO,
fixation.>*”

In recent years, many efforts have been made to use this
natural potential for the benefit of humanity or, more specifically,

for sunlight to electricity conversion*’ In biohybrid
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setups have been achieved with PSI,»>”**"*> PSIL,>**** and bacterial
reaction centers.**** But likewise, thylakoid membranes**>* and
even whole cells***> have been deployed effectively.

Many electrode materials and constructions have been applied
as the synthetic part in contact with the biological entity. Metals,
alloys, and metal oxides such as gold,*****?* silver,” indium
bismuth tin,* antimony tin oxide (ATO),>* indium tin oxide
(ITO), 421283638 titanium dioxide,'******* zinc oxide,>* and zirco-
nium dioxide® as well as many carbon-based materials****-*
have been utilized successfully. It is important to note that not only
flat 2D electrodes have been produced,”*** but also thicker
architectures including multilayers,******** hydrogels,"”** and 3D
setups.'®#?*¥%4:4 This is mainly devoted to better light energy usage
and reflects the photoactive components’ arrangement in a natural
thylakoid membrane.

A critical aspect of the overall performance of such biohybrid
systems is the interaction of the biocomponent with the electrode
material. As a defined orientation of large photosystems is difficult
to achieve, often redox-active molecules have been used to shuttle
electrons. Examples for these mediators are small redox mole-
cules,>'#263%32% redox polymers' 9?2323 or different cyto-
chromes.'>?>?7353645 The renunciation of redox mediators and,
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thus, the exploitation of a direct electron transfer provide a less
complex system with better-defined electron transfer pathways.
However, in general, these approaches result in significantly lower
photocurrent densities.'®3>#1

Uncountable steps of evolution have optimized photosynthesis.
Once a photosystem captures a photon, it is converted with almost
100% internal quantum efficiency.>>”***® For sunlight absorption,
both complexes, PSI and PSII, mainly rely on the green pigment
chlorophyll.»** Hence, they cannot convert green light efficiently.
This limited absorption in the region between 500 and 650 nm is
termed the green gap and coincides with the area where the
sunlight reaches its peak.* Thus, this property of photosystems is
one of the main causes for their low external quantum
efficiency.">**

Both nature and science have tried to reduce this limitation.
Photosystems do not solely rely on photon absorption by chlo-
rophylls but also contain other pigments. While one primary
purpose of carotenoids is the prevention of oxygenic stress, they
are also excited by light in the green gap.*®** This absorbed
energy can be transferred to the chlorophylls, thus increasing
the performance of the photosystems.*>** Much more efficient,
however, are the phycobilisomes in cyanobacteria and red
algae. These light-harvesting antenna complexes surround the
reaction centers and work well in their absorption gap.®**

In research, photoactive biocomponents have been combined
with many different systems that can interact with green light.
Here, two different principles can be distinguished. On the one
hand, a 2™ photoactive component is integrated into the electrode
structure. Here, charge separation occurs in the biocomponent as
well as in the 2™ component. Hence, higher cell voltages are ob-
tained and the photoelectrochemical output is improved.'***** On
the other hand, additional light-harvesting dyes have been coupled
to photosystems following the natural example to increase the
number of excited electrons.

It can be shown that Forster resonance energy transfer
(FRET) works for covalently connected synthetic systems, e.g.,
from Rhodamine Red to the light-harvesting complex,* CdTe
quantum dots to purple bacterial reaction centers,* and Lum-
ogen Red to PS1.>* Dutta et al. have attached three types of Alexa
Fluor dyes to genetically modified bacterial reaction centers.
Thus they obtained more than twice as much charge separation
as in unmodified reaction centers.* Gordiichuk et al. covalently
modified PSI with artificial ATTO 590 dyes and thus improved
the electron transfer to oxygen up to 4-fold.*®

However, despite the many studies demonstrating the
upgrading of light-harvesting protein complexes with artificial
entities, only a few approaches have been described for applica-
tions in photobioelectrodes. Yoneda et al. attached fluorophore-
modified reaction centers to ITO electrodes and proved a signifi-
cant photocurrent linked to the absorption maxima of the dyes.**
This group also demonstrated that the efficiency of excitation
energy transfer increases with raising spectral overlap.*” Yet, overall
the photocurrents were very low for both systems.***” Hartmann
et al. modified PSII with phycobilisomes of three different cyano-
bacteria and thereby doubled the incident photon-to-current
conversion efficiencies in the green gap.” Yet, so far, the overall

© 2023 The Author(s). Published by the Royal Society of Chemistry

View Article Online

Chemical Science

performance of a biohybrid system has not been improved by any
modification with synthetic dyes.

The aim of the present study is the first construction of a pho-
tobioelectrode based on PSI, which was modified with covalently
bound fluorophores. ATTO 590 has been chosen as an artificial dye
since the FRET to PSI was proven to be very effective.*® A three-
dimensional structure of ITO nanoparticles has been selected as
the synthetic electrode material because of its advantageous
properties, particularly a high surface area and good trans-
parency.'>*”* Regarding the interaction of the artificial electrode
surface with PSI, a mediator based approach exploiting the small
redox protein cyt ¢ (MET)*” has been utilized. Additionally, the
direct electron exchange of native PSI and the modified PSI
constructs with the ITO surface (DET) has also been investigated -
based on our recent study.*® To achieve more than solely a proof-of-
principle, this study aims to elucidate the potential of PSI modifi-
cation for a significant increase in photocurrent density. Thus,
another fluorophore (ATTO 532) with a different excitation wave-
length has been included in the investigations. Furthermore, PSI
constructs with both fluorophores, ATTO 532 and ATTO 590, are
evaluated. The study will emphasize that not only conditions of
efficient FRET are necessary when modified photoactive complexes
are combined with electrodes, but also a productive interaction of
the artificial material and the modified biocomponents.

2. Experimental section

2.1 Materials and chemicals

The fluorophores ATTO 590 and ATTO 532, modified as NHS-
esters, were bought from ATTO-TEC GmbH, Germany. The
chemicals provided by Sigma Aldrich, Germany, were indium
tin oxide nanopowder (ITO, <50 nm particle size), latex bead
suspension (0.8 um mean size, 10% in water), methanol
(=99.9%), and n-dodecyl-B-p-maltoside (DDM) (>99%), {[1,3-
dihydroxy-2-(hydroxymethyl)propan-2-ylJamino} acetic acid
(tricine, =99%), and cytochrome c¢ (horse heart; =95%). Roth,
Germany, supplied 2-(N-morpholino) ethane sulfonic acid
(MES, =99%), magnesium sulfate (=99%), 4-(2-hydroxyethyl)-1-
piperazineethanesulfonic acid (HEPES, =99.5%), potassium
dihydrogen phosphate (=99.5%), orthophosphoric acid (85%),
and potassium chloride (=99.5%). Acetone (ACS grade) and 2-
propanol (ACS grade) were purchased from VWR, Germany.
Potassium hydrogen phosphate (>99%) was bought from Fluka,
Germany, and sodium sulfate (=99%) from Merck, Germany.
Ultrapure water attained by using a water purifier Aquinity”
from Membrane Pure GmbH, Germany, was utilized for the
aqueous solutions. For the potassium phosphate buffer (PPB),
precalculated amounts of potassium dihydrogen phosphate and
potassium hydrogen phosphate were dissolved in water. The pH
was then controlled with a pH electrode from Sartorius, Germany.
Finally, MES, tricine, and HEPES buffer were prepared by the
addition of aqueous KOH to solutions of the respective acid.

2.2 Cultivation, purification, and modification of PSI

The cultivation of Thermosynechococcus vesticus and the extrac-
tion of the thylakoid membrane proteins were performed as per
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Kern et al.*® Using ion-exchange columns, PSI was purified from
detergent-solubilized membrane proteins. The PSI trimer
received from the second column was crystallized by the ‘Salting
in’ principle using buffer A (5 mM MES-NaOH, pH 6.0, and
0.02% n-dodecyl-B-p-maltoside (DDM) at 4 °C, as previously
described.®® The concentration of PSI-bound chlorophyll a was
determined spectroscopically in buffer A containing 150 mM
MgSO, by €60 = 57.1 mM ' cm™ ', and the concentration of the
reaction center (P5oo) was determined by eggo = 5.5 mM "
cm 1. The functional activity of purified PSI was determined
by its ability to reduce oxygen upon light illumination, which
was measured using a Clark-type electrode, as previously
reported.®

Immediately before dissolution, the PSI crystals were washed
with buffer B (5 mM MES-KOH pH 6, and 0.03% DDM) by
centrifuging at 1000 rpm (93 r¢f) at 4 °C for 5 min. The washing
was repeated until the supernatant was colorless and thus free
of unbound chlorophyll. Next, buffer C (100 mM tricine pH 9,
150 mM MgSO,, and 0.03% DDM) was added to dissolve the PSI
pellet, and the concentration was regulated to 40 uM using UV/
vis spectroscopy.

Since comparatively high PSI concentrations are required for
the construction of the photobiocathodes, the following procedure
was established, inspired by Gordiichuk et al.,* for the coupling of
the fluorophores. 75 uL of the PSI solution was added a tube that
was placed in a Thermomixer comfort (Eppendorf, Germany) and
cooled down to 4 °C. For the coupling, 31.5 pL of different solu-
tions in dried DMF were added:

- PSI-ATTO590: 20 mM ATTO590.

- PSI-ATTO532: 20 mM ATTOS532.

- PSI-ATTO-mix: 20 mM ATTO590 and 20 mM ATTO532.

- PSI-pure: pure DMF (for the reference specimen).

The solutions were kept at 4 °C for 3 h and afterward at room
temperature for another 21 h. Then, the solutions were trans-
ferred into dialysis cassettes (Slide-A-Lyzer 20 000 MWCO 0.1-
0.5 mL capacity) and thoroughly dialyzed versus buffer D (50
mM HEPES pH 7, 50 mM MgSO,, and 0.03% DDM) at 4 °C. The
dialysate was changed repeatedly until no fluorophore was
detected via UV/vis spectroscopy. In contrast to previous studies
with photobiocathodes, the buffer D was used for the PSI
solution to find conditions suitable for all constructs and the
unmodified PSL.*”***® Finally, the PSI solutions were set to 20
uM and 4 pM, respectively, and kept at 4 °C.

2.3 Setup of the photobiocathodes

The preparation of the artificial 3D electrode material was
conducted as described previously.*® In brief, a fluorine-doped
tin oxide slide (10 x 10 mm) was cleaned by 15 min ultra-
sonication in each water, 2-propanol, and acetone, and dried at
150 °C for 15 min. Next, it was placed on a KLM Spin-Coater SCC
(Schaefer Technologie GmbH, Germany), which was turned to
80 rps. Six drops of the spin-coating mixture (35 mg ITO
nanoparticles and 25 mg latex beads in 300 pL methanol : water
(6:1)) were applied to obtain 20 um thick ITO structures.
Compared to earlier studies, the protein incubation was
slightly modified.*”*® It was always performed for 3 min in the
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dark, and excessive biomolecules were removed by rinsing twice
with 1 mL buffer as described below. For the test series
exploiting MET, 3 uL of 20 pM PSI and 5 pL of 1 mM cytochrome
¢ (cyt ¢, in buffer E (5 mM PPB pH 7)) solutions were utilized and
buffer E was applied for rinsing and the execution of the elec-
trochemical measurements. Electrodes relying on DET were
incubated with 4 uL 4 pM PSI solution. They were then rinsed
and measured using buffer F (100 mM MES pH 6 and 400 mM
KCl). Controls without PSI were conducted, too. Here, the pure
ATTO dyes were dissolved in buffer D. 7 pL of the solutions were
applied for 3 min in the dark. Equivalent fluorophore concen-
trations were present as in the incubation for the DET-based
photobioelectrodes. This means 48 pM ATTO 532, 44 uM ATTO
590 or 44 uM ATTO 532 & 32 uM ATTO 590 (ATTO-mix),
respectively. Then, the electrodes were rinsed and measured
with buffer F.

2.4 (Photo-)electrochemical experiments

A three-electrode arrangement was utilized for all electrochemical
measurements, in which the photobiocathode acted as the
working electrode. The counter electrode was a platinum wire
along with an Ag/AgCl/3 M KCl reference electrode (DRIREF-2SH
from World Precision Instruments, USA). The photo-
electrochemical experiments were conducted at the workstation
Zennium PP210 by Zahner, Germany. Usually, a white light source
was used at an intensity of 100 mW cm ™" unless stated otherwise
(for the spectrum, see Fig. S1t). For the measurements of the
photocurrent, i.e. the change in the current flow between dark and
illuminated states, an overpotential of —100 mV vs. Ag/AgCl was
applied. The turnover frequency was determined as the ratio of the
photocurrent divided by the number of PSI trimers.

During chopped-light voltammetry, 5 s light pulses were
applied repeatedly while the potential was varied at 2.5 mV s~ *
from 463 to —300 mV vs. Ag/AgCl. Photo-action spectra were ob-
tained by illuminating the photobioelectrode with the light of
different wavelengths generated by a Polychrome V (FEL, USA) and
recording the photocurrent response at —100 mV vs. Ag/AgCl.

2.5 Calculation of the loading with biomolecules

The PSI and PSI-construct coverage on the 3D electrodes was
determined similarly to before.”® The electrodes were prepared
with 8 x 8 mm dimensions to fit into a test tube. Only the edges
of the slides were cleaned from excessive ITO material to allow
for a defined, large area. For mediator-free electrodes, the
preparation followed the procedure under Section 2.3. Yet, 7 pL
of 4 uM PSI solution were used for incubation to allow for
a greater area. After the preparation, the biohybrid structures
were kept in buffer F for 25 min. The following day, the struc-
tures were placed into 500 pL 80% acetone for 60 min for
chlorophyll extraction. The UV/vis absorption at 664 nm was
used to calculate the PSI concentration. The electrodes con-
taining cyt ¢ were handled analogously. However, 5 pL of 20 uM
PSI and 10 pL of 1 mM cyt ¢ solutions were used and buffer E
was applied instead.

To determine the cyt ¢ loading, cyclic voltammetry (CV) was
utilized, similar to reported.*” For this purpose, scans of the

© 2023 The Author(s). Published by the Royal Society of Chemistry
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photobioelectrodes were recorded in the dark at a rate of 10 mV
s~ " from —200 to +300 mV vs. Ag/AgCl. The area below the peak
(faradaic current) correlates with the number of transferred
electrons and, thus, with the number of adsorbed cyt ¢ molecules.

2.6 Further measurements

An Evolution 300 UV/vis spectrometer (Thermo Scientific, Ger-
many) was used in the range from 350 to 750 nm at a rate of 600
nm min ' for the absorbance measurements. Scanning elec-
tron microscopy (SEM) was executed with a JSM-6510 (JEOL,
Japan). Fluorescence was studied after excitation at the absor-
bance maxima of the dyes, 532 and 590 nm, respectively. A Cary
Eclipse Fluorescence Spectrometer (Varian, USA) was utilized.
The O, consumption of the constructs was measured in
solution in buffer G (5 uM chlorophyll in 5 mM tris pH 7, 16 uM
cyt ¢, 0.2 mg mL ™" sodium ascorbate, 0.05 mg mL ™" methyl
viologen, and 0.02% DDM) with a Clark-type electrode (Oxy-
graph’, Hansatech, Germany) as reported previously by appli-
cation of cyt ¢ as an electron donor to the luminal side of PSI.*

3. Results and discussion
3.1 Characterization of the PSI-ATTO-constructs

The present work aims to increase the photocurrent density of
photobioelectrodes by modifying PSI with synthetic fluo-
rophores. Here, two dyes (ATTO 590 and ATTO 532) have been
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selected with two different absorption maxima in the green gap
(ca. 590 nm and 532 nm respectively; for absorbance spectra
see Fig. S21). These molecules have been covalently coupled to
PSI via NHS chemistry (see Section 2.2). Additionally, to the
single fluorophore coupling to PSI, both fluorophores have
also been bound. The latter construct is termed, here, PSI-
ATTO-mix. As a first step, the constructs have been examined
to verify the successful coupling. To this end, UV/vis spec-
troscopy has been conducted in buffer D solution. All three
constructs have been purified by dialysis after the coupling
reaction. In the solution, there is no unbound fluorophore
present since no fluorophore could be detected in the dialysate
during purification. Therefore, the signals at 590 and 532 nm,
respectively, can be attributed to covalently attached dyes.
Fig. 1A shows clearly that the coupling has been successful.
Distinct peaks are visible in the green gap, where PSI does not
absorb well as shown by the reference spectrum. The spectra
can also be used to quantify the coupling efficiency. A
summary of the obtained coupling ratios is given in Table 1.
For comparison, only data of the coupling of ATTO 590 can be
found in the literature, and the results are similar.>® Slight
differences occur since for the present investigations high PSI
concentrations are necessary for the subsequent immobiliza-
tion in the 3D electrode structure. Thus, for all coupling
experiments, a PSI concentration of 28 uM (compared to ca. 1
uM in the literature) has been used.
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(A) to (C) Spectra of the constructs and pure ATTO dyes in buffer D. (A) Absorbance of the PSI-ATTO variants normalized at 680 nm; (B)

fluorescence spectra after excitation at 532 nm (ATTO532_pure: ATTO dye in absence of PSI); (C) fluorescence after excitation at 590 nm
(ATTO590_pure: ATTO dye in absence of PSI); (D) comparison of the oxygen consumption of the different PSI constructs in solution with cyt c as
the electron donor (see Section 2.6). Pure: unmodified PSI (n = 3); ATTO590: PSI-ATTO590 (n = 3); ATTO532: PSI-ATTO532 (n = 4); ATTO-mix:

PSI-ATTO-mix (n = 3).
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Table 1 Degree of labeling (Dol) for the 3 modified PSI used in this
study. The values were determined by UV/vis spectroscopy in buffer D
and are stated as dyes per PSI trimer (n.a. — not applicable)

Construct DoL (ATTO 590) DoL (ATTO 532)
PSI-ATTO590 11 n.a.
PSI-ATTO532 n.a. 12
PSI-ATTO-mix 8 11

To evaluate the FRET within the constructs, fluorescence
measurements have been executed. Fig. 1B and C show that the
fluorescence of all the tested chromophores is drastically
quenched when they are connected to PSI compared to pure ATTO
molecules in solution. This indicates that FRET is feasible for the
three constructs. For the PSI-ATTO532 variant, a small fluores-
cence peak remains while it is not present for PSI-ATTO590. The
latter is in line with the literature.> This implies that FRET in the
PSI-ATTO590 construct is slightly more effective due to the higher
overlap of the fluorescence emission with the absorption of PSI.
Yet, for the PSI-ATTO532 construct also a significant energy
transfer is achieved as the fluorescence peak’s height is reduced by
one order of magnitude. In the PSI-FATTO-mix construct, only
a small fluorescence signal remains after excitation. This indicates
that here energy transfer is slightly more efficient than with only
ATTO532 coupling to PSI. The FRET can also be verified by eval-
uating the PSI fluorescence with excitation at 532 nm or 590 nm
(see Fig. S37T). Here the fluorescence intensity is increased after
coupling the dyes to the photoactive complex.

Furthermore, the activity of the different constructs has been
assessed. Thereto, the O, consumption has been determined
under illumination with cyt ¢ as the electron donor. The results
shown in Fig. 1D illustrate that all variants are very active. The
modified PSI constructs perform significantly better since they
can absorb more photons from green light due to the attached
dyes. The O, consumption is approximately doubled for all
modifications. There is no clear trend visible. As indicated in
the fluorescence measurements, the performance of the PSI-
ATTOS532 variant is also boosted despite the lower spectral
overlap.

After demonstrating successful coupling and functional energy
transfer for all three PSI constructs, they have been subsequently
studied as a photoactive component in photobiocathodes.

3.2 Working principle

The properties of the photoactive protein complex have been
altered by attaching the dyes to the trimeric PSI from Thermo-
synechococcus vesticus as indicated in Fig. 2. Such coupling
affects not only the absorption spectrum, but also other prop-
erties. For example, the modified PSI is no longer soluble in 5
mM MES pH 6 with added 60 mM MgSO, and 0.02% DDM,
although this buffer works well for native PSL.* Hence, its
behavior in photobioelectrodes might also be impacted and
will, thus, be investigated here.

For the study, 3D ITO electrodes have been used, which can be
prepared easily by a template-based approach combining spin-
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coating depositions with a heating step for template removal and
ITO sintering. This procedure allows tuning the thickness in the
range of 10 to 30 um providing thus an attractive 3D space for PSI
immobilization.*® The open 3D structures have been verified by
SEM investigations as given in Fig. S4.1

Two strategies have been tested to connect PSI and the three
PSI constructs with the electrode: (i) a mediator-based approach
applying cyt ¢ and (ii) a mediator-free setup with direct electron
exchange between ITO and PSI. The former has already been
observed several times in the literature.'®*”*® For the latter, it
has been shown recently by ourselves that conditions can be
found to increase the performance significantly.*®

For the immobilization of the native protein and the
constructs, direct assembly on 3D ITO has been exploited which
is fast and efficient. The same is valid for cyt ¢ deposition. This
redox active protein was co-immobilized with PSI in some of the
photobiocathodes to shuttle the electrons to PSI. The mediation
of electron transfer between PSI and electrodes by means of the
small redox protein has been previously carefully analyzed and
is thus not in the focus of the present study.***”% The following
conditions have been applied for all constructs - 4 pM PSI
solutions for electrode preparation in DET mode and 20 pM PSI
and 1 mM cyt ¢ solutions for MET for 3 min each. However, the
different surface properties of the different PSI variants may
influence the adsorption efficiency within the short time
interval of immobilization, as studied in Section 3.6. In all the
experiments, no additional electron acceptor has been added to
the solution so that the oxygen in the air-saturated buffer is the
final electron acceptor.**** In the case of cyt ¢ containing elec-
trodes (MET), the electrons are transferred from the electrode
towards this redox protein first and then to the excited PSI. The
electrons are transported along the in-built electron transfer
chain towards the stromal side where they can be passed to
molecular oxygen. For cathodes without cyt ¢ and, thus, without
any mediator present in the setup, the electrons are transferred
directly from the ITO material to the luminal side of the PSI
complex (DET). Then the electrons follow the same pathway as
described for the MET system.

Different photoelectrochemical techniques have been applied
to characterize the electrodes with PSI and the three PSI
constructs, as will be explained in the following three subsections.
They confirm the behavior of PSI-ITO hybrid structures as pho-
tobiocathodes. Finally, it must be noted that for ITO/PSI/cyt ¢
electrodes, a buffer E (5 mM PPB pH 7) is used during operation,
whereas for the ITO/PSI electrodes in DET mode, buffer F (100 mM
MES buffer pH 6, and 400 mM KCl) is applied. These conditions
provide a suitable setting for the respective setups.*”*®

3.3 Potential behavior of the photocurrent

The first series of tests have been performed with chopped-light
voltammetry on electrodes with the different constructs. There-
fore, the applied potential has been varied in a wide range while
white light at 100 mW cm > has been turned on and off repeatedly.
The results of such experiments are compiled in Fig. 3. At first
glance, it is evident that the setup of photobioelectrodes is
successful for all constructs for both MET and DET as envisioned

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Working principle of the photobiocathode. Top left: Sketch of the preparation of the artificial 3D ITO structure by spin-coating and
a baking step. Top right: Coupling PSI and the 2 ATTO dyes and illustration of their different UV/vis absorbance properties. Symbolization of the
constructs: PSI-pure (a), PSI-ATTO590 (b), PSI-ATTO532 (c), and PSI-ATTO-mix (d). Center: Photographs of biohybrid setups prepared by
immobilization of the constructs onto 3D ITO (labeling (a) to (d) as before). Bottom: Electron pathways for the two evaluated electron transfer
mechanisms. When light hits the electrode, only non-green light can be converted by PSI. ATTO 590 and ATTO 532 are excited by light in this
green gap. Curved arrows indicate the direction of the energy flow via FRET. Two principles are exploited to refill the electron into P700, MET via
cyt c (left) or DET without a mediator and direct interaction of the ITO with the luminal side of the protein complex (right).

in Section 3.2. While only slight signs of anodic currents have been
obtained at higher applied potentials, clear photocathodic
responses can be verified.

The experiments also enable the determination of the onset
potential of the cathodic photocurrent. The electrodes based on
mediation depend on the redox potential of the applied cyt c.
Here, cathodic photocurrents start at about +100 mV vs. Ag/AgCl
for all constructs. This finding is in line with the literature.’” By
decreasing the potential, the photocurrent can be further
enhanced, but potentials lower than —100 mV vs. Ag/AgCl do
not increase the current output substantially.

For DET, the first cathodic photocurrents are obtained at
higher potentials. Interestingly, here, significant differences
appear for the constructs. The highest onset potential can be
found for the unmodified PSI. At 400 mV vs. Ag/AgCl, it corre-
sponds well to the values seen before.”® The cathodic photo-
currents for the constructs start at slightly lower potentials
ranging from 250 to 325 mV vs. Ag/AgCl. Also, for the electrodes
operating in DET mode, a lower potential has been found
beneficial for a further gain in photocurrent. From these

© 2023 The Author(s). Published by the Royal Society of Chemistry

evaluations, the working potential for the photocurrent
measurements can be determined as well. For all experiments,
an applied potential of —100 mV vs. Ag/AgCl is chosen since
high currents can be achieved, here, at relatively low over-
potentials. Additionally, this potential enables good compara-
bility to previous studies.?”*®

3.4 Verification of the dyes in the photocurrent
measurement

Photo-action spectroscopy has been executed next, to prove that
the presence of the fluorophores leads to a better performance of
the constructs in the green gap. Therefore, the photobiocathodes
have been illuminated with light of different wavelengths. The
results of these experiments are compiled in Fig. 4 and S5.1 For
the PSI-FATTO590 construct, FRET has been reported before,*® but
here it can be demonstrated that this can be exploited beneficially
for the current generation in photobiocathodes. Interestingly, also
for the PSI-FATTO532 variant, an additional photocurrent

Chem. Sci., 2023, 14, 1696-1708 | 1701
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Fig. 3 Chopped-light voltammetry and determination of the onset potential of the cathodic photocurrent and the optimal working potential for
the photobioelectrodes based on (A and B) MET and (C and D) DET. Yellow bars in A & C are exemplary for one 5s-window, where the light is
turned on. For better visibility some curves are shifted in D with +4 pA cm~2 (PSI-pure), +2 pA cm ™2 (PSI-ATTO590), and —2 pA cm 2 (PSI-ATTO-

mix).

compared to electrodes with native PSI alone can be obtained at
around 540 nm.

When both dyes are coupled to PSI (PSI-ATTO-mix), it can
generate photocurrents in the wavelength range of both fluo-
rophores. Such photocurrent can be seen for electrodes with cyt
¢ (MET) as well as electrodes based on DET.

In conclusion, one can state that the presence of the fluo-
rophores can be verified on a functional level. It results in an
improved photocurrent generation in the green gap compared
to unmodified PSI. This finding corresponds well to concepts in
the literature.'”*%%>7
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3.5 Photocurrent response

As stated previously, the main goal of the application of the fluo-
rophore-modified constructs instead of native PSI is the
improvement of the performance of the photobiocathodes. Hence,
after the proof of principle that the dyes can be seen in the green
gap during photo-action spectroscopy (Section 3.5), photocurrents
have been measured. Like before, 3D ITO electrodes of about 20
um thickness and a white light source at 100 mW cm ™2 have been
used for all experiments. A constant potential of —100 mV vs. Ag/
AgCl is applied as discussed in Section 3.3.
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Fig. 4 Photo-action spectra of the photobiocathodes based on the different constructs. (A) MET with cyt ¢ and the constructs on 3D ITO in 5
mM PPB pH 7; (B) DET without a mediator in 100 mM MES pH 6 and 400 mM KCL.
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3.5.1 Photobiocathodes based on cyt ¢ as the mediator. The
photocurrent densities for PSI and the three constructs are
depicted in Fig. 5A. For unmodified PSI, photocurrents of —32.5
+ 3.6 pA cm™ 2 have been obtained for electrodes based on MET.
These numbers correspond well to the literature for such
a system.””

The performance of all constructs differs significantly from
that of the non-modified reference. The PSI-ATTO590 construct
works drastically better than the PSI alone (—55.3 #+ 7.0 uA cm ™).
The PSI-ATTO532 variant performs slightly better but is still within
the error bars of both values (—60.9 & 9.5 pA ecm™?). The PSI-ATTO-

-704
= A
£ 60 %
(&}
< -50- %
=
g -40 -
S30] ¢ 3
2 o MET
g -20 o DET
-10 1 & &
0 ; y : :
pure  ATTO590 ATTO532 ATTO-mix
construct
0
B M =
= -10 —— PSl-pure
£ —— PSI-ATTO590
21-20 1 —— PSI-ATTO0532
= —— PSI-ATTO-mix
& 301
5
S 40+
-504
50 60 70 80 90 100 110
time [s]
Or— — PSl-pure
4] © — PSI-ATTO590
= — PSI-ATTO532
£ 204 —— PSI-ATTO-mix
<
=-304
b=
£ .40
= |
o
-504
-604

50 60 70 80 90
time [s]

Fig. 5 Performance of the biohybrid setups prepared by the different
constructs. Pure: PSI-pure; ATTO590: PSI-ATTO590; ATTO532: PSI-
ATTO532; ATTO-mix: PSI-ATTO-mix. (A) Photocurrent of the photo-
biocathodes relying on MET and DET. Pure: MET (n = 4) and DET (n =
7); ATTO590: MET (n = 4) and DET (n = 4); ATTO532: MET (n = 4) and
DET (n = 11); ATTO-mix: MET (n = 4) and DET (n = 3); (B and C)
representative photocurrent measurements for (B) DET and (C) MET
respectively. Photocurrent measurements conducted in buffer F for
DET and buffer E for MET at —0.1 V vs. Ag/AgCl and 100 mW cm—2
illumination.
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mix construct also shows a significant photocurrent increase
(—50.1 & 6.4 uA cm %) compared to electrodes with native PSI, but
no further enhancement is achieved compared to the constructs
with only one fluorophore. These findings show a comparatively
large enhancement when the absorption spectra of PSI and the
constructs are considered only, but they match well with the
activities of natural and modified PSI (measured by oxygen
consumption in solution - see Section 3.1), which has been found
enhanced for all three constructs by a factor of about 2. This
means that the enhanced activity found in solution (which
includes not only the light interaction but also the cyt ¢ reaction) is
well reflected in the electrode performance of the constructs with
respect to the non-modified PSIL

3.5.2 Photobiocathodes based on DET from the ITO elec-
trode. The evaluation of DET-based electrodes and, thus,
systems avoiding an additional component exhibits more
remarkable differences in the performance caused by the various
constructs. Photobiocathodes based on native PSI achieve photo-
currents of —8.5 £+ 0.8 pA cm™?, which matches well with the
literature.®® Interestingly, electrodes with the PSI-ATTO590
construct do not provide a higher photocurrent compared to this
unmodified reference (—7.7 + 1.0 pA cm™2). Furthermore, their
current response kinetics is much slower than for PSI and the
other variants, as illustrated in Fig. 5B. In contrast, the PSI-
ATTO532 variant shows some extraordinary effects within the 3D
ITO electrode structure: the photocurrents are almost 6-fold
higher for this construct (—47.0 + 7.4 pA cm %) compared to
unmodified PSI. This increase surpasses the increment observed
in the UV/vis study as well as in the activity measurements (Section
3.1) and, thus, cannot be explained by the additional absorption of
light in the green gap alone. An important hint can be obtained
when the non-normalized photo-action spectra are compared (Fig.
S67T). Here, the photocurrent enhancement occurs in the whole
wavelength range studied. This means that even for wavelengths,
which are not absorbed by the fluorophore, the photocurrent is
significantly higher than for the other electrodes. Photo-
biocathodes using PSI-ATTO-mix exhibit an intermittent behavior
compared to PSI-ATTO590 and PSI-ATTO532 electrodes (—30.4 +
3.0 pA cm ).

Previously, it was already verified that without PSI no
significant photocurrents can be obtained on bare nano-
particular 3D ITO electrodes.?® To rule out that the dyes inter-
acting with the artificial surface define the photocurrent output,
control measurements with the dyes only have been conducted.
The obtained current responses are depicted in Fig. S7.1 No
clear photocurrent signals can be determined. This demon-
strates that PSI is the photoactive component responsible for
photocurrent generation, which is influenced by the coupled
dyes as illustrated in Fig. 2.

3.5.3 Comparison of MET and DET modes. While the
photocurrent density is in general significantly higher for MET,
also other differences appear between the two electron transfer
mechanisms. As just discussed, the kinetics for the DET to PSI-
ATTO590 is poor, whereas the current response is very fast for
the other systems. Here, when no mediator is present, the
maximal photocurrent is reached within the first second after
switching-on the light. In contrast, for MET the kinetics is
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slower but similar for all variants. It takes about 5 s to reach the
maximum current density as depicted in Fig. 5C.

As shown, the covalent binding of fluorophores to PSI
changes its optical properties but has also other effects that are
essential when applying such constructs in photobioelectrodes.
Two main reasons can be seen for the different photocurrent
output of electrodes in both MET and DET modes: the coupling
of dyes to the PSI surface can impact the number of immobi-
lized protein complexes and their orientation to the ITO
surface. While the first aspect directly influences MET- and
DET-based electrodes, the latter is of higher relevance for elec-
trodes in DET mode. Thus, the number of immobilized
biomolecules has been studied and will be discussed in the next
section with respect to the photocurrent behavior illustrated
above.

3.6 Protein coverage on the photobioelectrodes

The coverage with biomolecules has been determined to trace
possible causes for the performance differences of the
constructs. For this purpose, chlorophyll has been extracted
from the electrodes after preparation like described in Section
2.5. As can be seen in Fig. 64, significant differences appear. It
must be noted that the electrode preparation has not been
identical for photobiocathodes operating in MET and DET
modes (see Section 2.3).

For MET, after the incubation with PSI, cyt ¢ is applied. This
additional incubation in a highly concentrated cyt ¢ solution
can disrupt the binding of PSI to the ITO surface. Here, the
unmodified PSI shows the highest adsorption to the ITO
surface, whereas the PSI constructs result in somewhat smaller
surface concentrations. When the cyt ¢ coverage is analyzed,
similar electro-active concentrations have been found, with
a small peak for electrodes with the PSI-ATTO532 variant.

Since the number of bound PSI constructs is diminished for
electrodes operating in MET mode (compared to the native
protein complex), but the photocurrents are found to be larger,
a significantly higher turnover number can be elucidated for the
electrodes with the fluorophore-coupled PSI. The highest values
are obtained here for the PSI-ATTO532 and the PSI-ATTO-mix
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construct (105 e /PSI/s). However, in the latter case the amount
of immobilized photoactive protein is the smallest; conse-
quently, the overall photocurrent enhancement is the lowest
among the constructs (although significant).

Evaluating the electrodes prepared in DET mode, again the
highest surface concentrations have been found for the native
protein complex (18.4 4 1.0 pmol cm™2). Slightly smaller values
are obtained for PSI-ATTO532 and PSI-ATTO-mix, 15.8 + 1.3
pmol cm 2 and 14.7 + 0.8 pmol cm 2, respectively. The PSI-
ATTO590 loading falls out of line. Here, just 7.8 &+ 0.4 pmol
cm 2 is bound to the ITO electrode material which is a factor of
2 lower than that for the other constructs.

This low coverage can explain the poor performance of the
PSI-ATTO590 construct on the 3D ITO in DET mode. When the
turnover frequencies (TOFs) are compared (Fig. 6B), it stands
out that this variant performs about 2 times better than the
reference specimen, 10 vs. 5 e /PSI/s. This is in line with the
oxygen consumption activity (Section 3.1), where the same
difference in the turnover rate appears. The highest TOF is
obtained for the PSI-ATTO532 modification with 31 e /PSI/s,
which is a factor of 6.5 better than that of the natural PSI. The
value for PSI-FATTO-mix lies between the others at 21 e /PSI/s.

The disparity between the constructs might be explained by
the chemical structure of the dyes. Although they are rather
similar, there are some differences that are necessary to obtain
different optical properties. ATTO 590 consists of 5 condensed
aromatic rings; thus, it is hydrophobic. In ATTO 532, two sulfo
groups provide a higher hydrophilicity and a negative net
charge. These differences could lead to some consequences:
both dyes bind in different areas of the PSI molecules and/or
they change the binding behavior of the modified PSI to the ITO
structure, ie., the number and orientation, of the adsorbed
constructs. The former is a probable explanation for the PSI-
ATTO590 electrode behavior since here less construct binds to
the ITO structure. In contrast, PSI-ATTO532 performs better
than envisioned although the PSI loading is not enhanced
compared to the unmodified protein complex. Hence, the most
likely reason for the better output is that the ATTO 532 dyes aid
in an accurate orientation of PSI towards the ITO nano-
particular surface. This conclusion originates from the fact that
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Fig.6 Comparison of the biocomponents in the photobiocathodes. (A) PSI and cyt ¢ coverage of the structures; for electrodes in DET mode the
only present biomolecule is PSI (black dots), and in the case of MET-based electrodes, two numbers — for PSI (red squares) and cyt ¢ (red crosses)
— are given; n = 4 for PSI (DET) ATTO590 and ATTO-mix, and n = 3 for the remaining; (B) turnover frequencies of the diverse electrodes

calculated by using the values of Fig. 5A and 6A
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a rather similar amount of the photo-active protein is immo-
bilized in the 3D ITO for the native PSI and the PSI-ATTO532
construct, but a significantly higher photocurrent is observed
for the modified protein. This means that a larger fraction of the
photoactive complexes is in a productive orientation with
respect to the ITO surface for the construct-based electrode.
This explanation is strongly supported by the finding that the
photocurrent with the ATTO532 construct is enhanced in the
whole wavelength range used in photo-action spectroscopy, i.e.,
even at wavelengths where this dye does not absorb light
(Fig. S61). In summary, one can state that the fluorophore
modification helps not only in photon collection, but also in
optimizing the interaction of the photoactive protein complex
with the electrode surface. The intermittent behavior of PSI-
ATTO-mix seems to be consistent with the discussed effects for
attached ATTO 532 and ATTO 590 for the interaction with the
ITO structure. Further studies will, however, be necessary to
elucidate the details of the fluorophore coupling to PSI and the
interaction of the resulting constructs with the ITO surface.

3.7 Evaluation of the PSI-ATTO532 photobiocathode

Since the PSI-ATTO532 construct outperforms the other varia-
tions in DET mode on 3D ITO and the expectations from the
additional light interaction in the green gap, further measure-
ments have been conducted to accumulate more information
about this photobiocathode. First, the photocurrent response at
different illumination intensities has been evaluated. So far, all
experiments have been executed at 100 mW cm 2, which
roughly corresponds to the power of solar radiation. Now, the
illumination intensity has been reduced stepwise by 3 orders of
magnitude down to 0.1 mW c¢cm ™2 The results are depicted in
Fig. 7A. An almost linear increase of the current response with
the light intensity is obtained even for high intensities, which is
remarkable.

Another critical aspect of photobioelectrodes is their stability
under repeated illumination. Thus, 30 light pulses with a dura-
tion of 2 min each have been applied onto PSI-ATTO532 pho-
tobioelectrodes. The photocurrent response is relatively stable,
but tends to decrease over time, as illustrated in Fig. 7B and S8.}
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After two hours of light treatment, a total of 60 min illumina-
tion, the initial performance is halved. This is significantly
better than findings in many previous studies when usually 50%
of the starting value is reached after 1/4™ of this time
period.*®*%* However it has to be noted that the reported pho-
tobioelectrodes have been relying on MET.

Better stability has been found for DET-based electrodes with
unmodified PSI.*® However, in the present study, much higher
photocurrents have been obtained with the fluorophore-modi-
fied PSI so that even after more prolonged operation, much
higher photocurrent values can be retained compared to the
unmodified PSI.

3.8 Classification of the findings

As stated in the Introduction, only a few studies have been
undertaken with modified biomolecules to close the green gap
in photobioelectrodes. Light-harvesting bacterial reaction
center core complexes were modified with four different dyes
(Alexa 647, Alexa 680, Alexa 750, and ATTO 647N) and coupled to
ITO electrodes. By that, 1.6 and 1.8 pA cm ™2 were achieved, 37
which is 35 times less than that obtained in this study.

Takekuma et al. combined TiO,, PSI, and a perylene di-imide
derivative to measure photocurrents up to 430 pA cm™ 2. Yet, it
must be noted that most photocurrent is already available
without the photosystem. Since the electrolyte contained
guanidine thiocyanate, it is also questionable whether the
proteins were still intact during measurement. Additionally, no
photo-action spectra or similar experiments are shown to verify
PSI as the current source.

Some photobioelectrodes applying non-modified PSI have
been reported in the literature and can be used for comparison
with these novel photobiocathodes to some extent. However,
most of the studies have been using a mediator to improve the
performance. As stated in Section 3.5, the values obtained for
the reference specimen (native PSI) compare well to earlier
results with the same electrodes.?”

Hence, the photocurrent output, up to —60.9 £ 9.5 pA cm ™2,
of the fluorophore-modified electrodes is 2-times higher than
that for natural PSI-based ones under similar conditions (here,
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Fig. 7 Photocurrent measurements of photobiocathodes without a mediator in 100 mM MES pH 6 and 400 mM KCl at an applied potential of
—100 mV vs. Ag/AgClL. (A) Comparison of the performance of PSI-ATTO532 (n = 4) and native PSI (n = 3) at different light intensities; (B) behavior
over two hours of 3 electrodes (mean value) prepared with PSI-ATTO532.
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MET mode with cyt ¢ as the immobilized mediator). This clearly
demonstrates the potential of improving the spectral properties
of PSI for enhanced light-to-current conversions.

The measurements demonstrate that besides the optical
properties, the binding to the surface can be impacted by the
fluorophore coupling. This can also compensate for improved
light interactions, as shown for electrodes with PSI-ATTO590
and cyt ¢ as mediator.

There is also a significant development in new electrode
materials. For example, a more transparent ITO electrode can
be prepared when starting from solutions of precursor
compounds instead of nanoparticles as done in this study. Such
electrodes have already resulted in much higher photocur-
rents.*® Thus, this will open more opportunities for using fluo-
rophore-coupled PSI to increase photocurrent output further.

In the literature, not many values obtained by DET are
available for comparison. However, in a previous study, 10.1 pA
cm~? was achieved for a similar electrode after an intensive
evaluation of the measurement conditions.*® This benchmark is
outperformed by a factor of 5 by PSI-ATTO532 with even thinner
ITO electrode structures. Here it can be stated that besides the
filling of the green gap of PSI, mainly a better interaction of the
luminal side with the ITO surface contributes to the substantial
performance increase while retaining the adsorption capability
of the PSI construct to the 3D ITO material. To the best of our
knowledge, 47.0 pA cm™? is the record value for DET of any
photoactive biomolecule on a 3D material. The previous record
- 33 pA ecm 2 set for PSII on 3D ITO is surpassed by a factor of
ca. 1.5.%

An interesting aspect is the comparison of the performances
of electrodes based on the two evaluated electron transfer
mechanisms. When similar photobioelectrodes have been
tested before, DET has often been found to be far more than one
order of magnitude less effective than MET.*>*"*73%4 Although
the direct interaction between ITO and PSI has been thoroughly
studied recently and parameters have been optimized,*® this
pathway is still about a factor of 4 less effective for natural PSI as
shown in the present study (—8.5 compared to —32.5 pA cm™ 2 in
MET). However, owing to coupled ATTO 532, this gap narrows
drastically so that the mediator-less system achieves more than
3/4 of photocurrent density of the setup with incorporated cyt ¢
(—47.0 vs. —60.9 pA em™?). Furthermore, these new photo-
biocathodes based on DET and PSI-ATTO532 outperform the
established mediator-based electrodes with natural PSI and cyt
¢ by about 50% (—47.0 vs. —32.5 pA cm™?).

4. Conclusions

In the study at hand, photobiocathodes based on 3D ITO are
described, which exploit fluorophore-modified PSI to close its
green gap. The dyes can be proven to provide an additional
signal at their absorbance maxima in wavelength-dependent
measurements and contribute significantly to the constructs’
performance.

In one approach of electrode construction, cyt ¢ has been
applied as a mediator to shuttle electrons to PSI. Here, all
modified photosystems outperform the natural one up to
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a factor of about two. The TOF has also been increased for all
constructs; up to 105 e /PSI/s have been measured for photo-
systems that have been altered with both dyes, ATTO 590 and
ATTO 532.

Significant differences are obtained for the mediator-less
approach (DET mode). Since PSI-ATTO590 weakly binds to the
ITO structure, its photocurrent is lower than that of the refer-
ence specimens, although the TOF is doubled. In contrast, PSI-
ATTO532 binds nearly as effectively as native PSI to the 3D ITO
and the dye most likely aids in the orientation of the construct
towards the surface. Thus, the photocurrent density and TOF
increased tremendously to —47.0 pA cm > and 31 e /PSI/s,
respectively.

The findings presented, here, offer many new opportunities,
especially for mediator-less approaches, since major differences
have been obtained depending on the modification. Another
interesting prospect of biohybrid photovoltaics is the coupling
of the photoactive setup to enzymes for the conversion of
specific molecules. Therefore, high photocurrents are desirable
because they provide more electrons. However, efficient
communication between all components is essential as well. By
now, it remains open whether this interaction is impeded or
aided by the presence of the fluorophores.

Due to this study, the stimulating question emerges what
other modifications might be advantageous for PSI or other
biocomponents in general for the interaction with artificial
materials. In the present work, only minor changes have been
made (by coupling 11 to 19 fluorophores to the large trimeric
PSI complex), leading to massive behavioral alterations. The
performance of PSI-ATTO532 on 3D ITO in DET mode is boos-
ted for all wavelengths; hence, this aspect is not limited to light-
converting components. Since the interaction is generally
improved, the findings presented, here, will most likely lead to
advances for various photobioelectrodes or bioelectrodes based
on DET.
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