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Solar-converting nanosystems using self-renewing biomaterial
resources carry great potential for developing sustainable technol-
ogies to ameliorate climate change and minimize reliance on fossil
fuels. By mimicking natural photosynthesis, diverse proof-of-
concept biosolar systems have been used to produce green elec-
tricity, fuels and chemicals. Efforts so far have focused on optimiz-
ing light harvesting, biocatalyst loading and electron transfer (ET),
however, the long-term performance of best-performing systems
remains a major challenge due to the intensive use of diffusive,
toxic mediators. To overcome this limitation, we developed a
rationally designed nanosystem based on the entrapment of non-
toxic mediator, ferrocene dimethanol (Fc), localized at the abiotic—
biotic molecular interface that efficiently promoted ET between
electrode surface and two photosynthetic proteins: cytochrome ¢
and photosystem |. We demonstrate that space-confined Fc mediators
(1 nM) are as effective in terms of ET kinetics as a 500 000-fold higher
concentration of freely-diffusive Fc. The Fc-confined biophoto-
cathodes showed a milestone photocurrent density of 14 pA cm—2
under oxic conditions compared to analogous planar (2D) biophoto-
electrodes, with a photoconductive biolayer stable for over 5 months.
The space-confined ET mediation reported in this work opens a
new avenue for efficiently interfacing biomachineries, providing a
benchmark design advancement in the quest for viable biohybrid
technologies.
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New concepts

We report the discovery of an innovative and sustainable biomolecular
nanosystem for efficient direct electron transfer (ET) in which the novel

abiotic-biotic interface is based on a non-toxic, space-confined

carbonaceous redox mediator. Whilst biohybrid materials had emerged
as promising alternatives to purely synthetic materials in a vast range of
applications ranging from solar cells to catalysis and sensing, the
effective electrical wiring of the enzymes to electrode materials remains
a key challenge to achieve high performance of such systems in the long
term. The system with the nM concentration of space-confined ferrocene
in the biomolecular interface outperformed the analogous system with
the freely diffusing mediator used in a uM range in terms of significantly
faster ET kinetics and higher photocurrent output and stability. As such,
the new concept of space-confined mediators overcomes the limitations
of mass transfer commonly used in the biomolecular systems to boost
their performance. It also provides a true milestone in the development of
sustainable and viable biomolecular conversion systems.

Introduction

Integrating natural molecular machines into advanced func-
tional materials is an important burgeoning strategy toward a
sustainable future whereby ever-growing energy demand can be
satisfied with a carbon-neutral or even carbon-negative foot-
print. Natural photosynthesis provides a blueprint in the quest
for the construction of viable artificial and semi-artificial solar
conversion devices." Although mimicking natural photosynth-
esis has inspired scientists for decades since the seminal work
of Fujishima and Honda®> spawning a plethora of techno-
logically advanced artificial solar conversion systems, so far
Solar-to-X technologies have not been implemented at scale
mainly due to the use of expensive, toxic, and underperforming
in the long-term catalytic materials.>® In contrast, semi-arti-
ficial photosynthesis aims to overcome the limitations of fully
artificial photosynthetic systems by using whole cell biocata-
lysts, enzymes or even light-gated biomachineries’™ to obtain
the desired reaction. Numerous biosolar proof-of-concept
prototypes have been developed for the production of green

This journal is © The Royal Society of Chemistry 2025
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electricity, and in some cases also renewable fuels.'’""> Among
the different solar-driven enzymes, photosystem I (PSI) is by far
the biophotocatalyst of choice due to its exceptional inherent
photochemical properties (quantum yield of unity, long-lived
charge-separated state P700'Fg~, and highest known natural
reducing potential) together with its remarkable thermal and
pH stability upon its isolation from the natural environment of
photosynthetic membranes.”® Whilst PSI functionality has
been optimized throughout over 2 billion years of evolution,
the successful implementation of PSI in solar-converting tech-
nologies relies on a rational nanoengineering of efficient
electron transfer (ET) between PSI and electrode surface.'*"
Specifically, to exploit the potentiality of PSI in biophotovoltaic
devices, the optimization of the abiotic-biotic molecular inter-
face is essential to ensure forward electron transfer while
minimizing wasteful back reactions and short-circuiting. Addi-
tionally, a uniform and ordered orientation of PSI, acting as a
natural photodiode, is essential for obtaining a well-controlled
anisotropic ET. Although increasingly efficient devices have
been reported, notably those with 3D nanostructured electro-
des for improved PSI loading and light absorption,'®™*® few
examples have actually applied the controlled interfacing of PSI
with the electrode surface. Instead, the best-performing systems
have resorted to the use of freely-diffusing toxic mediators and
mass transfer processes to sustain PSI functionality,'®?*° thus
precluding a large-scale implementation. Some systems have been
devised to address this major drawback by developing redox-active
polymeric interfaces, albeit they suffer from the lack of stable
immobilization of oriented proteins,”*> and reliance on toxic
mediators to boost the performance.>***

Here, we report a simple and sustainable approach for
efficiently interfacing PSI with a cost-efficient planar transparent
electrode. By rationally designing the molecular interface for
stable orientation of PSI*> and enhanced anisotropic ET?®
(Fig. 1), we demonstrate the successful application of space-
confining an innocuous and unexplored redox mediator:
ferrocene dimethanol (Fc) within the abiotic-biotic interface
to significantly improved photocurrent production and long-
term stability of the photoconductive biolayer. We show that
the Fc-confined biophotocathode remarkably outperforms the
Fe-free counterpart, even in the presence of increasing amounts
of freely diffusive Fc. This approach provides a breakthrough in
the quest for viable biosolar and bioelectronic technologies, by
space-confining ET mediation at the abiotic-biotic interface,
thus preventing the limitations of diffusive mediators and their
competitive interference with complex electrolytes when
applied for solar fuel production, biocatalysis and biosensing.

Results and discussion
Preparation of PSI biohybrid electrodes

For efficiently interfacing PSI on fluorine-doped tin oxide
(FTO), the bio-organic interface was employed comprising a
covalent diazonium-based molecular wire shown previously
to promote improved directional electron transfer’® and

This journal is © The Royal Society of Chemistry 2025
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terminated with the nickel-nitrilotriacetic acid (NTA) complex
for stable binding of Hise-tagged cytochrome css; (cyt ¢). The
latter electroactive protein serves as a natural electron donor to
the photochemical reaction centre of PSI. As cyt ¢ interacts with
PSI in a domain-specific manner, it can serve to orient PSI with
its reaction centre towards the electrode surface>®>” and to
ensure directional cathodic ET, i.e. from the electrode to PSI.>®
The PSI-based biophotocathode was constructed following the
previously optimized step-by-step procedure,**® as shown in
Fig. 1a. Briefly, the FTO surface was first covalently function-
alized via the electrografting of an aryl diazonium salt bearing a
protected alkyne with trimethylsilyl (TMS) group (Fig. S1, ESIT).
After the deprotection step with tetrabutylammonium fluoride
(TBAF), the NTA moiety was bound to the wire by the click
chemistry reaction between the terminal alkyne and azide
group of the NTA derivative. Following an EDTA treatment to
remove the residual copper traces from the alkyne-azide
cycloaddition step, nickel cations were added to form the
Ni-NTA complex for covalent anchoring of Hises-tagged cyt ¢
via metal affinity, allowing the final electrical wiring®® and
oriented immobilization of PSI*>*” due to the molecular recog-
nition between both protein interactors.

The stepwise preparation of the abiotic FTO-cNTA-Ni (Fig. S2,
ESIt) and biotic architectures FTO-cNTA-Ni-cyt (Fig. S2, ESIT) and
FTO-cNTA-Ni-cyt-PSI (Fig. 1b) was followed by measuring electro-
chemical impedance spectra (EIS) in the presence of the redox
probe 1,1'-ferrocenedimethanol (Fc) and examining the variation
of the charge transfer resistance Rcr and the double-layer capaci-
tance Cg; parameters (Table S1, ESIt). The tendency observed until
the nickel metalation is fully in line with our previously reported
observations,*® confirming the covalent functionalization as well
as its homogeneity as shown by atomic mapping of nickel atoms
by secondary ion mass spectrometry (SIMS) (Fig. 1c). As expected,
subsequently to the immobilization of cyt ¢ and PSI proteins, a
significant increase of the Ry parameter was recorded owing to
the dense protein backbone hindering the interfacial ET pathway
between the electrode and diffusive Fc probe. Interestingly, the
attachment of the proteins resulted in a slight increase of the Cq
and the @ parameters (Table S1, ESIt), confirming the formation
of a well-ordered bio-organic architecture.*

The effective electrical wiring of redox-active cyt ¢ was
investigated by cyclic voltammetry (CV) in aqueous phosphate
buffer (PB, pH 7). Importantly, following the EIS experiments,
a “residual” redox signal originating from the Fc probe was
systematically detected despite meticulous cleaning between
each functionalization step. Therefore, freshly-made electrodes
were prepared without the stepwise EIS characterization.
As shown in Fig. 1d, the presence of cyt c¢ leads to the
appearance of a redox signal at E,,, = 0.29 V vs. Ag/AgCl, which
is attributed to the Fe"'/Fe" couple from the heme group of
cyt ¢, attesting ET through the molecular wire. By analysing the
current peak intensity of ET (I) at different scan rates (v), the
covalent binding of cyt ¢ was confirmed from the obtained
linear dependency f(v) = I (inset Fig. 1d) with a surface coverage
(I') of 9.85 x 10~** mol cm > (see Experimental section). The
interfacial ET rate constant (kgy) was determined from the
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Fig. 1 Synthesis and characterization of the biohybrid electrodes. (A) Schematic representation of the stepwise preparation of functionalized
FTO-cNTA-Ni-cyt-PSI electrodes. (1) Electrochemical grafting of TMS-N, (grafted). (2) TBAF in THF (deprotected). (3) Click chemistry with NTA-N3
(click). (4) Aqueous solution of EDTA (EDTA). (5) Metalation with NiSO4 (nickel). (6) Biofunctionalization with Hisg-tagged cytochrome css3 (Cyt ¢). (7) Bio-
molecular recognition with PSI (PSI). (B) Nyquist plot and fitted curves of electrochemical impedance spectra obtained for FTO-cNTA-Ni-cyt-PSI
electrode at different steps of functionalization. Inset: Corresponding cyclic voltammograms at 100 mV s~* recorded at each step. All measurements
were performed with 1 mM 1,1’-ferrocenedimethanol (Fc) in 0.1 M phosphate buffer (pH 7). (C) Atomic mapping by secondary ion mass spectrometry of
nickel atoms for the configuration FTO-cNTA-Ni. Inset: Corresponding atomic mapping of nickel atoms for the bare FTO substrate. (D) Cyclic

voltammetry at 5 mV st

of functionalized electrode FTO-cNTA-Ni with and without immobilized cyt ¢, in 5 mM phosphate buffer (pH 7).

Inset: Linear dependency of current (/) vs. scan rate (v) of immobilized cyt ¢ in the FTO-cNTA-Ni-cyt architecture. (E) Scanning electron microscopy
images of the bare FTO, and biohybrid configurations FTO-cNTA-Ni-cyt and FTO-cNTA-Ni-cyt-PSI, recorded at 75° with a 150.00kx magnification

(EHT = 15.00 kV).

Laviron’s plot®° with a value of 0.08 s~ * (Fig. $3, ESIt), which is
in the lower range of previously reported kgr values for cyt. This
rather low value should therefore be improved to allow a fast
ET to the photo-oxidized P700" hole and prevent the internal
charge recombination within the P700"Fg~ species with a life-
time of 65 ms.*" Finally, the presence of immobilized PSI was
visualized by cross-sectional scanning electron microscopy
(SEM) (Fig. 1e and Fig. S4, ESIt) and energy dispersive spectro-
scopy (EDS) elemental mapping (Fig. S5, ESI{) showing
a thicker and smoother bio-organic layer compared to the

1560 | Mater. Horiz., 2025, 12, 1558-1567

PSI-devoid controls. The PSI biolayer was additionally observed
by confocal fluorescence microscopy depicting ~ 2-fold
higher fluorescence signal compared to the control samples
(Fig. S6, ESIY).

Identification of space-confined Fc in the bio-organic interface

Intrigued by the consistent observation of the Fc signal within
the abiotic and biotic architectures after the EIS analyses
and considering the capability of analogous Fc counterparts
to mediate ET with the photosynthetic bacterial reaction

This journal is © The Royal Society of Chemistry 2025
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Fig. 2 Detection of space-confined Fc redox centres within the molecular interface. (A) Cyclic voltammetry at 50 mV s~* of functionalized electrode
FTO-cNTA-Ni with and without entrapped Fc, in 5 mM PB (pH 7). (B) Linear dependency of current (/) vs. scan rate (v) of entrapped Fc in the FTO-cNTA-Ni
architecture with the calculated surface coverage I' (value obtained from the average of three independent replicas). Inset: Representative cyclic
voltammograms at various scan rates. (C) Corresponding Laviron’s plot obtained for the calculation of the kgt parameter (values obtained from the
average of three independent replicas). (D) Atomic mapping by SIMS of iron atoms for (left) pristine FTO, (middle) FTO-cNTA-Ni without Fc and (right)
FTO-cNTA-Ni with entrapped Fc. Insets: Corresponding atomic mapping of nickel atoms.

centre,**** a preliminary electrochemical investigation was

undertaken with the simplest abiotic architecture, FTO-
cNTA-Ni. By comparing the electrochemical behaviour of the
samples prepared in the presence or absence of the Fc probe
(Fig. 2a), a well-defined redox system at E;,, = 0.33 V vs. Ag/AgCl
corresponding to the Fc'/Fc couple was identified for the
sample characterized by EIS measurements. To exclude the
possibility that the signal originates from the residual Fc in
the electrolyte solution, the observed redox system was ana-
lysed at different scan rates. The resulting f(v) = I plot (Fig. 2b)
depicts a clear linear dependency, confirming the surface-
confined nature of the process. The average surface coverage
I' of 2.36 + 0.4 x 10~ " mol ecm™> was obtained for the FTO-
cNTA-Ni system, which suggests the presence of sparsely-
loaded Fc molecules within the interface when compared to
the I values ranging between 4-7 x 10~"° mol em ™ reported
for densely packed ferrocene monolayers.>* 3 Interestingly, the
extrapolated kgy parameter of entrapped Fc (3.29 s~ '; see Fig. 2c)
shows a competitive value compared to directly grafted ferrocene
analogues (0.8 s~ and 0.4 s),*** as well as 40-times higher
value than the kgr of immobilized cyt ¢ (0.08 s™).
Complementary to the electrochemical measurements, the
SIMS analysis further confirmed and localized the presence of
space-confined Fc molecules (Fig. 2d). For the pristine FTO
sample, neither Ni nor Fe atoms were observed by the atomic
mapping whilst in the case of FTO-cNTA-Ni (no Fc) sample,
homogeneous detection of Ni was obtained (2.94 x 10° counts)

This journal is © The Royal Society of Chemistry 2025

without significant traces of Fe. As expected, for the sample
FTO-cNTA-Ni with confined Fc, both Ni (2.81 x 10° counts) and
Fe (0.90 x 10° counts) atoms were clearly identified. Although
several defect spots corresponding to the Fc ‘clusters’ are visible
in the Ni map, the coverage is relatively homogeneous with
similar Ni counts as for the Fc-free sample, suggesting that
the entrapped Fc molecules are not substituting the Ni ions
bound to the NTA moiety but rather may be spread within and
beneath the Ni layer of the molecular interface. To verify this
hypothesis and obtain in-depth information on the key steps
of Fc-entrapment, additional electrochemical analyses were
performed to monitor the appearance of confined Fc at each
stage of electrode functionalization (Fig. S7, ESIf). Notably,
after the EIS measurement on pristine FTO, signals from the
surface-confined Fc molecules were identified likely due to their
adsorption on the FTO surface via hydrogen bonding®”*® with-
out affecting the overall covalent functionalization, as shown by
similar Ni counts recorded by SIMS. Throughout the stepwise
functionalization, the variation of the I' and kgr parameters
for Fc indicates a distribution of this redox molecule that is
localized in different areas and depths within the interface,
as shown by broadening of the CV peaks (at 1 V s AEpro =
168 mV, AEgrafea = 409 mV and AEy;cre= 273 mV; see Fig. S7,
ESIT). The latter observation implies the occurrence of inter-
molecular ET between Fc with inhomogeneous chemical
environments.*®*° Overall, these results suggest, together with
the observed overlapping of the redox systems for confined Fc

Mater. Horiz., 2025, 12, 1558-1567 | 1561
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and immobilized cyt (Fig. S8, ESIt), improved ET processes
across the entire biomolecular nanoarchitecture due to the presence
of space-confined Fc acting to boost electron relay pathways
between the electrode surface and the photo-generated P700"
hole in PSI.

Enhanced biophotoelectrochemical performance

Recent studies have shown that ferrocene derivatives are cap-
able of replacing the natural cyt ¢ as an electron mediator with
photoactivated bacterial reaction centre (RC).**** Despite the
reported ET between cyt ¢ and ferrocenes,*®*' the combination
of these two mediators has not been studied yet, in particular
within the PSI-based biomolecular systems.*” Therefore, the
advantages of entrapped Fc within the bio-organic interface of
PSI-photocathode were investigated in the context of the photo-
current generation (Fig. 3). As a first step, chopped photochro-
noamperometric (PCA) measurements with 30 s. cycles of light
ON/OFF in aerated 5 mM PB were performed for all the samples
at various applied potentials vs. Ag/AgCl. A clear improvement
of cathodic photocurrent generation was observed for the
Fc-confined vs. Fe-free biomolecular systems, with the highest
enhancement at —300 mV (2.5-fold for FTO-¢cNTA-Ni-cyt-PSI
and 1.4-fold FTO-¢cNTA-Ni-cyt; see Fig. 3a and Table S2, ESIT).
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No significant enhancement of anodic photocurrents was
detected in the 200-400 mV potential range, highlighting the
beneficial effect of the captured Fc for the directional light-
induced ET process.

To emphasize the impact of the confined Fc on the photo-
induced ET kinetics, a mathematical model was applied to the
normalized PCA curves obtained at 0 mV, whereby the samples
reach steady-state photocurrents during the light ON/OFF
cycles. The rise of the normalized photocurrent was fitted to
a biexponential equation (eqn (1)):

I=a x (1 — exp(—kt)) + ¢ x (1 — exp(—kyt))

1)

where I is the normalized photocurrent, ¢ is the time in
seconds, the coefficients a and ¢ represent the contribution of
the two phases, and k; and k, represent the rates of the two
exponential raising (Fig. S9 and Table S3 and ESIf).

The two phases presumably account for the different modes
of electronic interactions between the abiotic and biotic com-
ponents of the electrode. The entrapment of Fc influences the
contribution of the different modes of interaction between
the redox centres and the electrode surface in both types of
nanoassemblies. From the photocurrent profiles and the fitting
procedure (Fig. S9 and ESIt), an apparent photocurrent kinetic
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Fig. 3 Photoelectrochemical performances. (A) Photocurrent densities of functionalized electrodes recorded within 30 s. cycles of light ON/OFF in
5 mM phosphate buffer at different applied potentials (100 mW cm™2 white light source). (B) Representative photochronoamperometric curve profiles
recorded at 0 V vs. Ag/AgCl of functionalized electrodes with and without entrapped Fc, in 5 mM phosphate buffer (pH 7). Inset: Apparent photocurrent
kinetics rates k,pp estimated from the fitting parameters obtained with a biexponential rise to maximum kinetic model (Fig. S9 and Table S3, ESI+).
(C) Long-term chronoamperometric measurements at —300 mV vs. Ag/AgCl under 1 hour of light (full square) and dark conditions (empty square).
(D) Photocurrent densities obtained at —300 mV vs. Ag/AgCl during chopped irradiation of FTO-cNTA-Ni-cyt with entrapped Fc and without entrapped
Fc in the presence of increased concentration of diffusive Fc in the aerated 5 mM PB electrolyte. (E) Photocurrent densities obtained at —300 mV vs.
Ag/AgCl during chopped irradiation of FTO-cNTA-Ni-cyt-PSI with entrapped Fc and without entrapped Fc in the presence of increased concentration of
diffusive Fc in aerated 5 mM PB electrolyte. (F) Stability test over 5 months of the photocurrent density at —300 mV obtained through chopped irradiation
for FTO-cNTA-Ni and FTO-cNTA-Ni-cyt with entrapped Fc.

1562 | Mater. Horiz., 2025, 12, 1558-1567 This journal is © The Royal Society of Chemistry 2025


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4mh01266f

Open Access Article. Published on 06 December 2024. Downloaded on 6/19/2026 5:11:43 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Communication

rate k,pp can be derived. The values of k., shown in Fig. 3b
indicate a faster photo-induced electron extraction in the Fc-
confined systems. No surface charge recombination was
detected during the dark phase.*?

Consequently, the presence of entrapped Fc leads to a
considerable improvement of the overall photocurrent density
(Jphoto) produced at —300 mV during prolonged 1 hour irradia-
tion (Fig. 3c and Table S4, ESIt). The Fc-confined abiotic and
cyt-based bio-organic interfaces showed an improvement factor
for the photocurrent output of 2.7 (Jphoto = 2.67 pA cm ™ 2) and
6.3 (Jphoto = 4.19 pPA cm™?), respectively. For the PSI-based
photocathode, an enhancement factor of 2.6 was recorded
reaching an outstanding photocurrent response of 14 pA cm™>
compared to analogous planar PSI-based photocathodes, even
surpassing recent systems based on 3D nanostructured materials
(Table S5, ESIY).

To further confirm the role of Fc as a redox mediator despite
its non-ideal absorption overlap with PSI transitions (Fig. S10,
ESIt),"* chopped PCA measurements were performed for the
Fc-free biophotocathodes with increasing concentrations of
freely-diffusive Fc, and compared to the Fc-confined counter-
parts. As shown in Fig. 3d and e (Fig. S11, ESIf), the photo-
current response of Fec-free biomolecular systems started to
increase from the addition of 100 uM freely-diffusive Fc, whilst
lower concentrations were ineffective. Remarkably, Fc-confined
analogues with an equivalent concentration of ~1 nMyielded a
photocurrent response similar to Fc-free systems with 500 pM
of freely-diffusing Fc, exacerbating the advantage of space-
confining the mediator to maximize the efficiency of forward
ET and reduce competitive short-circuiting and back reaction
processes.**

To shed light on the ET thermodynamics in these systems,
the energy diagram was constructed by combining the con-
verted redox potential*® of various species obtained in solution

P,

Ny r
+0.38
Cytc

+0.38
Cytc

+0.49
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(cyt ¢*® and Fc) with the published energy levels of PSI*” and
molecular oxygen*® (see Fig. 4). Following photoexcitation of
PSI, the charge-separated state P700'Fg~ is formed. In the
presence of molecular oxygen acting as an electron acceptor, an
ET from the Fg~ to O, occurs whilst the ground state of the
photoreactive centre of PSI (P700) is regenerated by ET from cyt c.
The oxidized cyt ¢ is finally reduced by ET from the electrode,
closing the circuit and generating a cathodic photocurrent. In the
case of the Fc-free biophotocathode, the interfacial ET kinetics
between the electrode and cyt c is rather sluggish (kg = 0.08 s™),
favouring partial internal charge recombination between P700"
and Fg~; therefore, resulting in lower photocurrent production.
However, we propose that in the case of the Fc-enriched
system, the space-confined Fc behaves as an efficient electron
mediator, as evidenced by the faster interfacial ET kinetics
(ker = 3.29 s7') and improved photo-induced ET from the
electrode to cyt ¢ (kapp rates). Ultimately, both effects result
in the significantly enhanced cathodic photocurrent output in
the presence of entrapped Fc. Interestingly, in a previously
reported RC-based biohybrid system, covalently bound ferro-
cenes analogues were inefficient in improving the photocurrent
generation under monochromatic irradiation in the absence of
additional diffusive mediators.>® Therefore, we hypothesize
that in the systems reported in this study, efficient ET media-
tion is achieved between cyt ¢ and electrode surface due to the
mobility of the space-confined Fc serving as an electron shuttle.
Another implication is that the full spectrum irradiation
photosensitizes the Fc, which promotes ET from photoexcited
Fc to cyt c. We propose that both processes may synergistically
enhance photo-induced ET. Complementary investigations are
currently underway to determine the exact molecular mecha-
nism of the ET processes occurring in the Fc-confined systems,

whilst preliminary UV-visible data in solution confirmed the
possible cyt ¢ reduction by Fc (Fig. S12, ESI+t).

Fig. 4 Proposed mechanism of space-confined mediation of ET. Calculated energy diagram and the corresponding proposed photo-induced ET
processes occurring in the bioarchitecture FTO-cNTA-Ni-cyt-PSI with and without entrapped Fc (left). The most favorable ET pathways are shown
with dark arrows. On the right is shown the schematic representation of the photo-induced ET through space-confined Fc in the biohybrid system

FTO-cNTA-Ni-cyt-PSI.

This journal is © The Royal Society of Chemistry 2025
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Finally, the long-term photocurrent stabilities of the Fc-confined
abiotic and cyt-based systems were investigated weekly by perform-
ing chopped PCA measurements at —300 mV in fresh aerated
5 mM PB electrolyte (Fig. 3f and Fig. S13, ESIf). The results
demonstrate the long-term stability of the nanosystems up to
5 months, whilst the apparent decrease of photocurrent density
beyond this period could be explained by the progressive release of
the confined Fc or its degradation by oxygen® (Fig. $14, ESIY).

Conclusions

In this study, we report a simple, yet breakthrough approach for
the efficient electrical wiring of photoenzymes with transparent
electrodes resulting in significant enhancement of the cathodic
photocurrent generation, by the application of space-confined,
non-toxic mediators used as redox shuttle at the bio-organic
interface. This approach can universally be applied to various
biological photoactive systems for solar conversion,>>>6*233 a5
well as to any electroactive enzymes for specific bioelectro-
catalysis'®° and biosensing applications.>"

The biophotocathode of the present study was constructed
with two photosynthetic molecular interactors, cyt ¢ and PSI to
ensure maximization of anisotropic ET by applying rationally
designed covalent metalorganic interface for the controlled
orientation and electrical wiring of the PSI biophotocatalyst.

The discovery of the space-confined Fc mediator system
shows for the first time the application of this innocuous redox
molecule as electron shuttle within the bio-organic interface.
Such an approach leads to significantly enhanced directional
ET and the overall photocurrent output of 14 pA cm™ 2. Impor-
tantly, the Fc-confined biohybrid photocathodes (~1 nM Fc)
outperformed the Fc-free counterparts even in the presence of
freely diffusive Fc (up to 500 pM). Thus, the approach offers a
true milestone in the quest for developing viable solar conver-
sion systems whilst avoiding the limitations of mass transfer
and the necessity of applying high amounts of toxic mediators.
Last but not least, the investigation of the long-term perfor-
mance of the system described in the present study revealed the
stability of photocurrent generation for up to 5 months for
the Fc-confined system even in the presence of oxygen, which
can be further improved by application of anoxic conditions.

Overall, the concept of space-confined mediators presented
in this study can be successfully applied for the rational design
of the bio-organic interface between electroactive molecular
machines and synthetic electrode materials, opening a new
avenue to eliminate the critical performance bottlenecks in
the present-day biohybrid systems.'®>%>%** Space-confined ET
mediation provides a sustainable approach to maximize the
efficiency of ET processes within the abiotic-biotic interface,
avoiding the detrimental effects and competitive interference
of external mediators in a range of applications in biophoto-
voltaics, solar fuels production, biocatalysis and biosensing.
As such, the concept paves the way for the advancement toward
long-term high performance biomolecular technologies for
solar conversion and bioelectronics.
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Experimental
General materials

All chemical reagents and solvents used for the synthesis were
purchased from commercial sources (Merk, Acros, and VWR)
and were used without further purification unless otherwise
noted. FTO glass substrates were purchased from Sigma Aldrich
(30 mm x 30 mm and 2.2 mm thickness). Prior to use, FTO
electrodes were pre-cut to a size of 15 x 15 mm for all subsequent
modification steps. The 4-((trimethylsilyl)ethynyl)benzenediazo-
nium tetrafluoroborate (TMS-N,) and N*,N*-bis(carboxymethyl)-.-
azido-lysine hydrochloride (NTA-N;) were synthesized as pre-
viously described.*® Hisg-tagged cytochrome css; (19AA protein)®
and photosystem I from C. merolae" were prepared and purified
in our laboratory as previously reported. UV-visible absorption
spectra were recorded at room temperature between 300 and
800 nm using a UV-1800 spectrophotometer (Shimadzu).

Surface modification

Fc-free functionalization procedure. The stepwise construc-
tion of the metalorganic interface was done as previously
described.”® The pristine FTO was cleaned in an acetone bath
for 1 min by ultrasonication and left to dry before being
inserted in the electrochemical cell for the entire functionaliza-
tion process. TMS-N, (2.2 mM) electrografting was performed
in degassed 0.1 M tetrabutylammonium hexafluorophosphate
(NBuyPFs) in acetonitrile via cyclic voltammetry between
+500 mV to —500 mV vs. Ag/AgCl at a scan rate of 50 mV s
(1 cycle). After cleaning with acetonitrile and tetrahydrofuran
(THF), the surface was immersed in a tetrabutylammonium
fluoride (TBAF) solution (50 mM in THF) for 5 min. The electro-
chemical cell was rinsed with THF and water before adding an
argon-saturated solution of NTA-N; (0.4 mM in water), followed
by a mixture of 100 pL of tris(benzyltriazolylmethyl)amine
(TBTA) in DMSO (0.10 mM) and 200 pL of CuSO, in water
(0.04 mM). Additional argon bubbling for 15 min was done
and 100 pL of sodium ascorbate solution in water (1.5 mM)
was added to the cell to run the click chemistry reaction
overnight under an inert atmosphere. After the cleaning step
with water, an ethylenediaminetetraacetic acid (EDTA)
solution (2.5 mM in water) was added to the cell for 20 min.
The cell was then rinsed with water and the metalation with
NiSO,-7H,0 was performed in a 0.1 M aqueous solution for
1 hour. Following cleaning steps with water, the surface was
incubated with a 30 pM cyt ¢ solution in 5 mM phosphate
buffer (pH 7) for 2 h at room temperature. Finally, after
removal of the unbound cyt ¢, a 0.2 uM PSI solution in
5 mM phosphate buffer (pH 7) was dropcasted on the surface
to react overnight at 4 °C in the dark.

Fc-confined functionalization procedure. For the Fc-enriched
systems, at each stage of the functionalization, the electrochemi-
cal cell was additionally cleaned with a copious amount of water
before adding 8 mL of a 1 mM 1,1'-ferrocenedimethanol solution
in 0.1 M phosphate buffer (pH 7). The solution was degassed
for 20 min before running the electrochemical analyses (cyclic
voltammetry and electrochemical impedance spectroscopy),

This journal is © The Royal Society of Chemistry 2025
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followed by copious rinsing with water and with the solvent
used for the next functionalization step.

Electrochemistry

Electrochemical experiments were performed with a Metrohm
Autolab B.V. potentiostat/galvanostat in a custom-made Teflon
three-electrode cell under argon atmosphere, using a glassy
carbon rod as the counter electrode (CE) and an Ag/AgCl
(3 M KClI) reference electrode. The FTO surface was used as a
working electrode (WE) connected with a conductive adhesive
copper tape (6.4 mm width, 1181, 3 M) to provide electrical
contact. The geometric surface area of the analysed samples
was calculated as 0.3848 cm” based on the FFKM O-ring used
as a hermetic seal between the surface and the electrolyte
(8 mL). Cyclic voltammetry (CV) and electrochemical impe-
dance measurements (EIS) were conducted in 20 min argon-
saturated 0.1 M phosphate buffer (pH 7) with 1 mM 1,1’
ferrocenedimethanol at a scan rate of 100 mV s~ ' (CV) and at
a frequency range from 0.01 Hz to 0.1 MHz (EIS). The Z-View
2 software was used to fit the impedance data with an equiva-
lent circuit. Complementary CV analyses were performed in
deoxygenated 5 mM phosphate buffer (pH 7). The surface
coverage I' (mol cm™?) was calculated from the slope of the
line f(v) = I using the following eqn (2), where I is the current
peak intensity, n is the number of electrons involved in the
process (n = 1), F is the Faraday constant, R is the gas constant,
T is the temperature (298 K), v is the scan rate and A is the
surface (0.3848 cm?). The resulting surface coverage values are
in good agreement with the surface coverage values obtained at
low scan rates from the corrected faradaic current (I,) or from
the equation I" = [1/AnFv, where II is the area of the redox peak
(Tables S6 and S7, ESIf).

n* x F?

IZ(W)FXVXA (2)

Photoelectrochemical experiments were performed using a
KL 2500 LCD halogen white light source (Schott) with a light
intensity of 100 mW c¢m™>. Photochronoamperometric experi-
ments were performed in aerobic conditions at room tempera-
ture with 5 mM phosphate buffer (pH 7) as the electrolyte,
unless otherwise specified. Before each sample measurement,
the open circuit potential (OCP) was recorded under dark
conditions until a stable potential was achieved. During chopped
photochronoamperometric measurements, samples were illumi-
nated at different potentials (vs. Ag/AgCl) with 30 s. ‘light ON/OFF’
periods, whilst for continuous chronoamperometric measure-
ments, samples were exposed to dark or light conditions for
1 hour at a specified potential. To extract the photo-induced
ET kinetics, the normalized photochronoamperometric curves
obtained at 0 mV were fitted to a biexponential rise to maxi-
mum using Levenberg-Marquardt algorithm (least-squares
curve fitting)*®> implemented in a locally developed software,
with the following eqn (3), where I is the normalized photo-
current, ¢t is the time in seconds and the coefficients a and
¢ represents the contribution of the two phases while k; and &,
represent the rate of the two exponential raising. The apparent

This journal is © The Royal Society of Chemistry 2025
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photocurrent kinetic rates k,p, were extrapolated from the
obtained exponential rate (k; and k,) and their respective
contribution coefficient (a and ¢) following eqn (4).

I=ax (e 9 +cx (e 3)

kapp=a X ky + ¢ x ky (4)

The chopped photochronoamperometric measurements with
freely-diffusive Fc were performed at —300 mV vs. Ag/AgCl with
the Fc-free electrodes by replacing the electrolyte solution
successively with Fc solutions prepared at the specified concen-
tration. For the long-term photocurrent stability analyses, the
electrodes were kept in the electrochemical cell with aerated
5 mM phosphate buffer electrolyte in the fridge (dark, 4 °C)
between each weekly photochronoamperometric measurement
performed at —300 mV vs. Ag/AgCl with freshly-changed aera-
ted 5 mM phosphate buffer electrolyte.

Determination of the energy diagram:** from the converted
redox potentials of cyt ¢ and Fc obtained in solution vs. the
SCE reference electrode (by removing 39 mV to the values vs.
Ag/AgCl), the energy of the highest occupied molecular orbital
(HOMO) can be calculated. The respective values of —4.89 eV
(+0.38 Vvs. NHE) and —4.98 eV (+0.49 V vs. NHE) related to the
vacuum energy level were determined using eqn (5) with an
energy of —4.74 eV for SCE with respect to the zero-vacuum
level. Considering the 0-0 transition energy AE® of cyt c and Fc
(2°° eyt ¢ = 553 nm) (Fig. S10, ESIt) and A% Fc = 431 nm
(Fig. S10, ESIt), the energy of the lowest occupied molecular
level (LUMO) can be estimated at —2.64 eV (—1.85 V vs. NHE)
and —2.63 eV (—2.39 V vs. NHE), respectively, related to the
vacuum energy level using the eqn (5) and (6).

Enomo (€V) = —4.74 — Eypp (5)
1240
AE"™ = Erumo — Enomo = 00 (6)

Secondary ion mass spectrometry

Distribution of ions over the sample surface was obtained with
a time of flight secondary ion mass spectrometry (TOF-SIMS).
The measurements were performed on a TOF-SIMS.5 spectro-
meter (ION-TOF GmbH, Germany) operating in Bi;' mode.
The as-received, samples were transferred without special pre-
treatment to the analytical chamber. The base pressure in the
chamber was below 2 x 10~ ° mbar. Operating mode of the
instrument was spectroscopy at 30 keV energy and 0.45 pA Bi;"
ion current conditions. Analyses were done over 500 pm X
500 um area. The internal mass calibration was performed
using mass a series of ions from Mg" up to Sn".

Fluorescence confocal microscopy

The electrodes were analysed using a Zeiss LSM700 laser scanning
confocal microscopy following the protocol implemented in the
previously published study.>® Briefly, the fluorescence maps
were generated setting the excitation wavelength at 636 nm,
while the emission was recorded at 669 nm with a detection
wavelength between 644 and 694 nm. The acquired pictures,
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with a size of 640 pum, were taken using the Z-stack mode
using a 10x objective (NA 0.3) with a pixel size of 0.63 pm
and a pinhole size of 1 airy unit (AU). The sets of images taken
at a different depth of focus were overlapped to generate a
2.5-dimensional (2.5 D) fluorescence map with a greater depth
of field (DOF) than any of the single source images using ZEN
2.6 lite software.

Scanning electron microscopy

The cross-sectional imaging of the samples was performed
using scanning electron microscopy (SEM) with a Zeiss Sigma
microscope equipped with a field emission cathode (HV FE)
with in-lens secondary electron and backscattered electron
detectors. The images were taken by combining signals from
the two detectors at a 50:50 percent ratio in order to visualize
the fine surface features and enhance the contrast. Energy
dispersive spectroscopy (EDS) elemental mapping measure-
ments were carried out in SEM Zeiss Sigma HV at 90 degrees
with Bruker Quantax microanalysis system equipped with an
XFlash detector. The data were collected and analysed using
Bruker ESPRIT software.
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