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Development of a universal conductive platform
for anchoring photo- and electroactive proteins
using organometallic terpyridine molecular wires¥
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The construction of an efficient conductive interface between electrodes and electroactive proteins is a
major challenge in the biosensor and bioelectrochemistry fields to achieve the desired nanodevice per-
formance. Concomitantly, metallo-organic terpyridine wires have been extensively studied for their great
ability to mediate electron transfer over a long-range distance. In this study, we report a novel stepwise
bottom-up approach for assembling bioelectrodes based on a genetically modified model electroactive
protein, cytochrome css3 (Cyt cs53) and an organometallic terpyridine (TPY) molecular wire self-assembled
monolayer (SAM). Efficient anchoring of the TPY derivative (TPY-PO(OH),) onto the ITO surface was
achieved by optimising solvent composition. Uniform surface coverage with the electroactive protein was
achieved by binding the cyt css3 molecules via the C-terminal Hisg-tag to the modified TPY macro-
molecules containing Earth abundant metallic redox centres. Photoelectrochemical characterisation
demonstrates the crucial importance of the metal redox centre for the determination of the desired elec-
tron transfer properties between cyt and the ITO electrode. Even without the cyt protein, the ITO-TPY
nanosystem reported here generates photocurrents whose densities are 2-fold higher that those reported
earlier for ITO electrodes functionalised with the photoactive proteins such as photosystem | in the pres-
ence of an external mediator, and 30-fold higher than that of the pristine ITO. The universal chemical
platform for anchoring and nanostructuring of (photo)electroactive proteins reported in this study pro-
vides a major advancement for the construction of efficient (bio)molecular systems requiring a high
degree of precise supramolecular organisation as well as efficient charge transfer between (photo)redox-
active molecular components and various types of electrode materials.
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Biohybrid technologies provide a promising approach to
develop cost-effective, sustainable nanomaterials for a wide
range of applications'™ combining evolutionary optimised
natural functionalities with advanced nanoengineering.® In
this context, metalloproteins play an important role due to
their unique redox properties and fast (on ns-us timescale)
electron transfer (ET). One such protein, cytochrome ¢ (cyt c)
has been used as an electroactive component of various types
of devices including biosensors and biosolar cells.””® This
small protein containing a redox-active haem group is a crucial
electron mediator in the mitochondrial respiratory chain and
in photosynthesis. It has been intensively studied as a model
system to understand the ET processes occurring in biological
systems’ as well as in hybrid nanomaterials."® Indeed, its
ability to relay electrons has found many applications in
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various fields ranging from biosensors,"" biocatalysis,"> mole-
cular memory"® and biophotovoltaics."* In natural oxygenic
photosynthesis, cyt ¢ delivers water-derived electrons to the
photo-oxidised primary electron donor of photosystem I (PSI),
one of the key light-harvesting macromolecular components of
the photosynthetic machinery. This feature has been utilised
in artificial photosynthetic systems, whereby cyt ¢ forms a bio-
organic conductive interface between PSI and the electrode
surface,'>'® at the same time orienting PSI so as to achieve a
significant improvement of photocurrent output.'”'® A key
factor for the optimal performance of such biohybrid devices
is to ensure the efficient electronic communication between
cyt ¢ and the electrode surface, which can be achieved either
via direct electron transfer (DET) or in a mediated fashion
(MET). Depending on the nature of the ET many factors can
influence the efficiency of this process such as the energetic
compatibility with the electrode material, the surrounding
solvent, as well as the mediator itself and its concentration in
the case of the mediated ET."> A common important factor is
the nature of the interface between cyt ¢ and the electrode
surface that affects ET kinetic parameters and modifies the
distance and orientation of the electroactive protein.'"*°

In the molecular wiring approach, the design of the mole-
cular wire’s structure together with the appropriate orientation
of the photo-electroactive protein towards the electrode surface
is important to achieve the highest possible charge transport
efficiency and minimise wasteful back reactions. The rational
approach (concluded both from the experimental data and
theoretical calculations) for designing the molecular wire with
improved conductivity is based on increasing the conjugation
level of the electronic molecular structures.”’ > A promising
strategy relies on the use of organometallic terpyridine (TPY)
wires covalently attached to the conductive transparent
material.>> " The geometry of TPY complexes allows for the
construction of a well-organised modular architecture that is
amenable for the fine tuning of the conductive properties
through the incorporation of various metallic redox centres.

It was reported that some self-assembled molecular wires,
based on TPY complexes, can be highly conductive even up to
~40 nm in length. This high conductivity was attributed to the
presence of coordination redox-active centres in the highly
rigid organic core.’® Remarkably, it was shown that there is no
strong dependence between electron work function and the
molecular length of the TPY wire.*> Another important factor
to take into account is the development of the appropriate
structure of the highly conductive TPY wire for the domain-
specific anchoring of an electroactive protein such as cyt ¢. In
this context, the bottom-up strategy based on step-by-step con-
struction of the wire offers an advantage over other approaches
as it permits to fine-tune the ET parameters by tuning the
molecular structure of the wire.*>** These structural and elec-
tronic features altogether make the coordinative TPY ligand-
based conductive organic interface an excellent material of
choice for efficient ET between redox-active proteins and the
compatible electrode, together with its ability of strong and
selective binding to protein molecules.
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In this work, we report for the first time the rational design
and cost-effective production of bio-hybrid nanodevices based
on cyt css3 and well-organised metallo-organic terpyridine
wires. Highly n-conjugated TPY ditopic ligands and phospho-
nate derivatives were synthesised and used as the conductive
building blocks in the hybrid nanoarchitecture. The optimised
step-by-step construction of the nano-assemblies on transpar-
ent oxide-based electrodes via the bottom up approach and
using non-toxic Earth abundant metal redox centres is
described. We demonstrate that these molecules form a well-
defined surface-coverage SAM that can be used as a universal,
highly conductive platform for the domain-specific anchoring
of electroactive proteins. The efficient ET amenable for fine-
tuning through the incorporation of metallic redox centres
within the TPY structure paves the way for the application of
this promising novel interface in various types of bionanode-
vices ranging from solar cells and solar-to-fuel devices to
Nnanosensors.

Experimental
General materials

All chemical reagents and solvents used for synthesis were pur-
chased from commercial sources (Aldrich, Acros and VWR)
and used without further purification. ITO glass substrates
were purchased from Ossila (15 mm x 20 mm, 1.1 mm thick-
ness). Prior to use, ITO electrodes were cut in 15 x 10 mm for
all following modifications, and in 7.5 mm x 10 mm for SIMS
analysis. TPY-Br was synthesised by a combination of pre-
viously described procedures.’®?>7 Cyt c55; 19AA protein was
prepared and purified in our laboratory as previously
described.*® The "H and "*C NMR spectra were recorded on a
700 MHz and 176 MHz Agilent DirectDrive2 spectrometer
equipped with a room-temperature HCN probe, temperature-
controlled at 25 °C. "H and "*C chemical shifts were calibrated
to the residual solvent peak. Coupling constant values (J) are
given in Hz and chemical shifts (§) in ppm. The high-resolu-
tion electrospray ionisation mass spectroscopy (ESI-HRMS)
analyses were performed on a Mariner mass spectrometer
(PerSeptive Biosystems).

Synthesis

4'-((4-Bromophenyl)phenyl)-2,2":6',2"-terpyridine  tTPY-Br.>°
To a solution of 4-bromobenzaldehyde (2.01 g, 10.75 mmol)
and 2-acetylpyridine (2.55 mL, 21.47 mmol) in ethanol (50 mL)
were added KOH (1.30 g, 23.17 mmol) and NH,OH (34 mL).
The solution was stirred for 4 h until a precipitate appeared.
The solution was then filtered, and the solid was washed with
ethanol. Recrystallisation of the crude product in a methanol/
dichloromethane mixture gave white crystals of the desired
compound (1.22 g, 29% yield). "H NMR (700 MHz, CDCls) &
8.73 (d, J = 4.5 Hz, 2H), 8.71 (s, 2H), 8.67 (d, J = 7.9 Hz, 2H),
7.89 (t,J = 7.7 Hz, 2H), 7.78 (d, J = 8.4 Hz, 2H), 7.64 (d, J = 8.3
Hz, 2H), 7.36 (dd, J = 7.0, 5.1 Hz, 2H). >C NMR (176 MHz,
CDCly) & 156.2, 156.1, 150.1, 149.2, 137.5, 137.1, 132.3, 129.0,
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124.1, 123.6, 121.6, 118.8. HRMS: m/z calc. for C,;H;sN;Br"
388.0449 [M + HJ", found 388.0439.

Diethyl  (4-([2,2:6',2"-terpyridin]-4’-yl)phenyl)phosphonate
TPY-PO(OE),.* The following compounds were added sequen-
tially to a solution of tTPY-Br (500 mg, 1.28 mmol) dissolved in
anhydrous toluene (15 mL): diethyl phosphite (0.18 mL,
1.38 mmol), triethylamine (0.2 mL, 1.41 mmol) and Pd(dppf)
Cl, (37 mg, 0.05 mmol). The reaction mixture was heated at
90 °C under argon for 24 h. The solvent was evaporated to
dryness in a vacuum to afford a violet thick oil residue which
was crystallised with acetonitrile to afford purple crystals of the
desired compound (556 mg, 97% yield). "H NMR (700 MHz,
CDCl;) 6: 8.75 (s, 2H), 8.74 (d, J = 4.7 Hz, 2H), 8.68 (d, J = 7.9
Hz, 2H), 7.98 (m, 4H), 7.89 (td, J = 7.7, 1.8 Hz, 2H), 7.37 (ddd, J
=7.4,4.7,1.1 Hz, 2H), 4.23-4.09 (m, 4H), 1.36 (t,/ = 7.1 Hz, 6H).
3C NMR (176 MHz, CDCl) § 156.3, 156.1, 149.3, 142.7, 137.1,
132.6 (d, J = 10 Hz), 129.1 (d, J = 188 Hz), 127.6 (d, J = 14 Hz),
124.1, 121.5, 119.1, 62.4 (d, J = 5 Hz), 16.5 (d, J = 7 Hz). HRMS:
mjz calc. for C,5H,5N305P" 446.1634 [M + H]", found 446.1639.

(4-([2,2":6',2"-Terpyridin]-4"-yl)phenyl)phosphonic acid
TPY-PO(OH),.**  Bromotrimethylsilane  97% (0.3 mL,
2.20 mmol) was added to a solution of TPY-PO(OEt),
(270.1 mg, 0.61 mmol) in anhydrous dichloromethane (10 mL)
under argon. After stirring the reaction mixture overnight at
room temperature, the solvent was evaporated to dryness in a
vacuum. Methanol (20 mL) was then added and the solution
was stirred at room temperature for 2 h. The reaction mixture
was filtered and the solid was washed with methanol and
acetone and dried. The obtained solid was dissolved in water
(10 mL) by adding NaOH (10% aqueous solution) and precipi-
tated by adding HCI (10% aqueous solution). The solid was fil-
tered off, washed with water, ethanol and acetone and dried to
yield a light pink powder of the desired compound (162 mg,
69% yield). "H NMR (700 MHz, DMSO) &: 8.80 (d, J = 4.1 Hz,
2H), 8.78 (s, 2H), 8.73 (d, J = 7.8 Hz, 2H), 8.13-8.03 (m, 2H),
7.90 (dd, J = 12.3, 7.9 Hz, 2H), 7.61-7.56 (m, 2H). °C NMR
(176 MHz, DMSO) § 154.9, 153.8, 149.0, 148.6, 139.3, 138.7 (d,
J =7 Hz),135.4 (d, J = 181 Hz), 131.6 (d, J = 9 Hz), 126.8 (d, ] =
14 Hz), 125.1, 121.6, 118.7. HRMS: m/z calc. for C,;H;5N;05P"
388.0851 [M + HJ', found 388.0854.

4'-(4-Pinacolatoboronphenyl)-2,2":6',2"-terpyridine TPY-BO,-
CeHyp.*' A degassed solution containing tTPY-BR (501 mg,
1.29 mmol), bis(pinacolato)diboron (345 mg, 1.36 mmol),
KOAc (385 mg, 3.93 mmol) and Pd(dppf)Cl, (39 mg,
0.05 mmol) in anhydrous DMSO (6 mL) was stirred at 80 °C
for 12 h under argon. Toluene (50 mL) was added and the
mixture was washed with water (3 x 100 mL). The organic
phase was dried over Na,SO, and the solvent removed by
rotary evaporation to yield a light brown solid of the desired
compound (529 mg, 94% yield). "H NMR (700 MHz, CDCl;) &:
8.76 (s, 2H), 8.74 (d, J = 4.4 Hz, 2H), 8.68 (d, J = 7.9 Hz, 2H),
7.95 (d, J = 8.0 Hz, 2H), 7.92 (d, J = 8.0 Hz, 2H), 7.89 (t, /= 7.7
Hz, 2H), 7.36 (dd, J = 6.9, 5.2 Hz, 2H), 1.39 (s, 12H). *C NMR
(176 MHz CDCl;) § 156.4, 156.1, 150.3, 149.3, 141.1, 137.1,
135.5, 126.7, 124.0, 121.6, 119.1, 84.1, 25.2, 25.1. HRMS: m/z
calc. for C,,H,,BN;0," 436.2196 [M + H]', found 436.2198.
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Bis(2,2:6',2"-terpyridin-4"-yl)phenyl L@.*> The following
compounds were added sequentially to a degassed solution of
TPY-BO,-C¢H;, (120 mg, 0.28 mmol) and TPY-Br (72 mg,
0.23 mmol) in THF (20 mL): a degassed solution of sodium
carbonate (102 mg, 0.97 mmol) in water (5 mL) and [Pd
(PPh;),4] (26 mg, 0.02 mmol). The mixture was refluxed under
argon for 48 h. The suspension was then cooled down to room
temperature, and then filtered. The white solid was washed
with THF and dried to yield the desired compound (124 mg,
99% yield). 'H NMR (700 MHz, CDCl;) &: 8.81 (s, 4H), 8.77 (d, J
= 4.2 Hz, 4H), 8.70 (d, J = 8.0 Hz, 4H), 8.07 (s, 4H), 7.90 (t, ] =
7.3 Hz, 4H), 7.40-7.36 (m, 4H). *C NMR (176 MHz CDCI3)
156.4 (TpyC®?), 156.2 (TpyC>*), 152.1 (ArC"*), 149.3
(TpyC®®"), 139.4 (TpyC*), 137.1 (TpyC**"), 128.1 (ArC>**®)
124.0 (TpyC>®"), 121.6 (TpyC*>*"), 119.0 (TpyC>"*). HRMS: m/z
cale. for C36H,5Ng' 541.2141 [M + H]', found 541.2153.

ITO cleaning and activation

Commercial ITO surfaces were first cleaned by a detergent/
solution (DSC) process; surfaces were scrubbed with a drop of
Triton X-100, followed by successive sonication in diluted
Triton X-100 solution in water, Mili-Q water and ethanol for
15 min each. Dried surfaces were then activated in an oxygen-
fed plasma cleaner (Plasma processing reactor centre Dionex
2000 coupled to a solid-state power generator OEM-12A) oper-
ating at 100 W for 15 min, followed by direct immersion in the
anchor solution.

Anchoring optimisation

Cleaned and activated ITO surfaces were immersed in 1 mM
solution of the different surface anchors overnight (TPY-PO
(OEt), in CHCI;, TPY-PO(OH), in DMF : H,O (1: 1) and TPY-PO
(OH), in DMSO), then rinsed thoroughly with their respective
solvent followed by ethanol and annealed at 140 °C for 30 min
to complete the chemical bonding. Surfaces were then soni-
cated with 5% Et;N solution in ethanol for 15 min and rinsed
generously with ethanol. The anchored ITO surfaces were
immersed in 0.1 M solution of FeSO,-7H,0 in water for 15 min
followed by a copious rinsing with water and ethanol. The
dried surfaces were then immersed in 1 mM solution of
2,2":6',2"-terpyridine in CHCI; for 15 min followed by a gener-
ous rinsing with CHCl;.

Stepwise formation of the modified ITO electrode

Cleaned and activated ITO surfaces were immersed in 1 mM
solution of TPY-PO(OH), in DMSO overnight, then rinsed
thoroughly with DMSO followed by ethanol and annealed at
140 °C for 30 min. Surfaces were then sonicated with 5% Et;N
solution in ethanol for 15 min and rinsed generously with
ethanol. The anchored ITO surfaces were immersed in 0.1 M
solution of the corresponding metal (FeSO,-7H,O or Co
(NO3),-6H,0) in water for 15 min followed by a copious rinsing
with water and ethanol. The dried surfaces were then
immersed in 0.1 mM solution of the ditopic ligand Le¢ in
CHCI; overnight followed by a generous rinsing with CHCl;.
The metalation step was reproduced as before with the corres-
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ponding metal salt. Biofunctionalisation was performed by
incubating the modified ITO electrodes with 30 pM 19AA cyt
Cs53 solution (25% glycerol in 5 mM phosphate buffer) for 2 h
at room temperature followed by rinsing with 5 mM phosphate
buffer (pH 7).

Secondary ion mass spectrometry (SIMS)

SIMS measurements were performed employing a CAMECA SC
Ultra instrument under ultra-high vacuum (UHV), usually of 4
x 107'° mbar. The Cs + primary beam was rastered over 250 x
250 pm? (the analysis area was limited to 200 x 200 um?) and
positive ion detection mode was used in the experiments and
thus all species were measured as CsX + cluster ions. The
intensity of the primary beam was 2 pA, and the impact energy
was 5 keV. To perform lateral imaging measurements a highly
uniform beam was required - the beam on the sample in the
SC Ultra tool has a square shape and owing to the “variable
rectangular shape concept” forms a homogeneous spot. The
primary beam at the working point in the SC Ultra is formed
by two stencils — well-shaped apertures. While the first one is
used to choose the most intense and homogeneous part of the
Gaussian-shaped ion beam, the second one changes the size
of the spot.

X-ray photoelectron spectroscopy (XPS)

XPS experiments were carried out using a SPECS Surface Nano
Analysis GmbH (Berlin, Germany) instrument equipped with
an XR 50 MF X-ray source and a p-Focus 600 monochromator
(600 mm Rowland Circle), using a monochromatised X-ray Al
Ka emission line, photon energy 1486.6 eV, operating at 100
W, and a Phoibos 150 hemispherical analyser with a 150 mm
radius, NAP version, equipped with a 2D-DLD detector. The
system base pressure was in the 10~'° mbar range. Spectra
were fitted using Gaussian-Lorentzian lineshapes using
CasaXPS software, version 2.3.18PR1.0 and the quantitative
analysis was performed using CasaXPS built-in Scofield relative
sensitivity factors.

Electrochemistry

Electrochemical experiments were performed with a Metrohm
Autolab B.V. potentiostat/galvanostat in a custom-made Teflon
three-electrode cell. Cyclic voltammetry was conducted under
an argon atmosphere, using a glassy carbon rod as a counter
electrode (CE) and an ITO surface as a working electrode (WE)
connected with a conductive adhesive copper tape (6.4 mm
width, 1181, 3 M) to provide electrical contact. For non-
aqueous experiments, 0.1 M HFPTBA in CH;CN was used as
the electrolyte support with an Ag/AgNO; (0.01 M AgNO3) refer-
ence electrode (REF1). The reference electrode was calibrated
with ferrocene prior to use with a Fc/Fc' redox potential at
81 mV. For aqueous measurements, 0.1 M phosphate buffer
(pH 7) was used as the electrolyte support with an Ag/AgCl (3
M KCl) reference electrode (REF2). The surface coverage I’
(mol em™?) was calculated using the following eqn (1), 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
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the gas constant, T is the temperature (298 K), v is the scan
rate and A is the surface.

n® x F?
Ip:(i)l’xva (1)
4XRXT

Electrochemical impedance measurements were conducted
in 0.1 M phosphate buffer (pH 7) with 1 mM 1,1’-ferrocenedi-
methanol in a frequency range from 0.01 Hz to 0.1 MHz.
Z-View 2 software was used to fit the impedance data with the
equivalent circuit. Photoelectrochemical experiments were per-
formed using a KL 2500 LCD halogen white light source
(Schott) with a light intensity of 100 mW c¢cm™>. The geometric
surface area of the analysed samples was calculated as
0.4185 cm®. Photochronoamperometric experiments were per-
formed under aerobic conditions at room temperature with a
5 mM phosphate buffer (pH 7) as the electrolyte support.
Before each measurement, the open circuit potential (OCP)
was recorded under dark conditions until a stable potential
was achieved. During photochronoamperometric measure-
ments, samples were illuminated at different potentials (vs.
Ag/AgCl) with 30 s ‘light ON/OFF’ periods. The influence of
the presence of O, was studied firstly in deaerated solution
(20 min bubbling with argon), then with a freshly aerated elec-

trolyte solution.

Computational methods

MD setup. Molecular dynamics (MD) simulations have been
performed on a cubic 10 x 10 x 10 nm® box in which 100 TPY
molecules have been inserted in a crystalline-like pattern to rep-
resent full coverage of the self-assembled monolayer (SAM). One
of the TPY molecules has been coordinated with the Hise-
tagged 19AA cyt ¢s53. The box has been neutralised with CI™
ions and filled with water molecules. In the starting position
the haem was in a perpendicular orientation with respect to the
TPY-Fe molecules main axis and 42 Angstroms from the SAM to
allow freedom of movement before adsorption on the SAM.

A 15 ns-long NPT molecular dynamics was run with a 2 fs
Time step using Desmond software (Desmond Molecular
Dynamics System, D. E. Shaw Research, New York, NY, 2020.
Maestro-Desmond  Interoperability — Tools,  Schrodinger,
New York, NY, 2020) with the OPLS2005 forcefield."* The
Nose-Hoover thermostat was used, keeping the temperature at
300 K, while the pressure was constrained using the Martyna-
Tobias—Klein barostat at 1 bar. Long range non-bonding inter-
actions (Coulomb and van der Waals) have been considered
within a 1.5 nm cutoff. Water was modelled using the TIP3P
model. TPY molecules forming the SAM were restrained with a
force constant of 10 Hartree. To speed up the computations,
the ITO surface was not considered explicitly, and hydrogen
atoms were added to TPY to avoid radicals.

QM/MM setup. The last frame of the MD simulation has
been extracted and considered as input for the QM/MM calcu-
lations. The TPY-Fe/Haem pair with the shortest distance was
considered in this part, with an average distance of 1 nm.
Three water molecules completing the metal coordination of

This journal is © The Royal Society of Chemistry 2021
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the TPY molecule have been explicitly considered, while the
entire protein has been considered in the electrostatic embed-
ding scheme as point charges. Single point calculations with
Jaguar 9.5 software®® (Jaguar, version 9.5, Schrodinger, Inc.,
New York, NY, 2017) have been performed using the
CAM-B3LYP-D functional and the LACV3P** basis set. All iron
metal ions have been considered in the Fe(n) oxidation state,
with the low spin state, which led to a +2 formal charge of the
entire system. In the case of the Co(u) complexation we used
the same snapshot and replaced one of the Fe(u) ions with the
Co(u) ion to yield a diradical system.

Results and discussion
Synthesis of the TPY ligands

The synthesis pathway used to obtain the anchor TPY-PO
(OH), and the ditopic ligand L¢ used in the present study is
shown in Scheme 1. The tTPY-Br intermediate was formed by a
Hantzsch reaction in the presence of potassium hydroxide and
ammonium hydroxide in ethanol.>® The phosphonate TPY-PO
(OEt), was obtained by a palladium-catalysed cross-coupling
between tTPY-Br and diethylphosphite in toluene with triethyl-
amine. As the next step, deprotection was performed using
bromotrimethylsilane in dichloromethane. The boronate ester
TPY-BO,-C¢H;, was obtained from a palladium-catalysed
cross-coupling between tTPY-Br and bis(pinacolato)diboron in
dimethylsulfoxide in the presence of potassium acetate.*’
Finally, the ditopic ligand L (Fig. S1-S4t) was synthesised by
a Suzuki-Miyaura coupling between TPY-BO,-C¢H;, and

Diethylphosphite
Br Pd(dppf)CIz
KOH
NH,OH
O/ »
EtOH (30%)
| @] [e) | A
~N N =

tTPY-Br B
Br
I =
NN
| N [N N~
_
Pd(dppf)Cl> NT YOS TPY-Br
KOAc _N N__~ -
DMSO (94%) Pd(PPhs)s
TPY-BO,-C.H KoCO3
e THF/H,0

Toluene (97%)
/ TPY-PO(OEt),
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TPY-Br in a water-tetrahydrofuran mixture in the presence of
potassium carbonate.*?

Optimisation of the ITO surface anchoring process

Although the phosphonic-type attachment group showed
efficient properties concerning stability and reactivity towards
different types of electrode surfaces,*>™” the compound
TPY-PO(OH), has been used in this study for the first time for
direct anchoring onto the ITO surface. In 2010, Spampinato
et al. reported a methodology to graft this anchor on an SiO,
surface using a priming step based on a zirconium phosphate
monolayer. The anchor can then be attached either by the TPY
moiety or by the phosphonic acid.*® In 2007, Wolpher et al.,
described properties of ruthenium(u) complexes grafted on
nanostructured TiO,.*® However, the authors of the latter
study directly attached the entire complex onto the surface in
contrast to the step-by-step, bottom-up approach of the
present study.

In order to find the best conditions for ITO grafting, both
TPY-PO(OEt), and TPY-PO(OH), compounds were investigated
since both functions were reported for efficient attachment to
various types of electrode surfaces via a phosphonate
group.**”>* Commercially available ITO surfaces were first sub-
jected to a detergent/solution cleaning (DSC) followed by an
activation with oxygen plasma treatment to improve electroac-
tivity and surface work function.>® The plasma-activated sur-
faces were functionalised using different conditions depend-
ing of the compound solubility: TPY-PO(OEt), in CHCl;,
TPY-PO(OH), in DMF : H,O (1:1)*° or TPY-PO(OH), in DMSO,
followed by an annealing treatment to increase chemical bond
stability.>>°

EtO\c'P?/OEt HO\E,OH

TMSBr

CHoCl, (69%)

o

0.0

Scheme 1 Synthesis pathway for the anchor TPY-PO(OH), and the ditopic ligand L.
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Incorporation of the redox metal centre was performed in
an aqueous solution of FeSO,-7H,O and the coordination
sphere was finally completed by immersing the surfaces in a
solution of 2,2":6',2"-terpyridine.

To assess the efficiency of surface coverage using the above-
mentioned step-by-step approach, the freshly modified electro-
des were analysed by secondary ion mass spectrometry (SIMS)
to simultaneously map the presence of phosphorus and iron
atoms. The SIMS analyses confirmed that efficient TPY anchor-
ing and complex formation was accomplished on the ITO
surface especially when DMSO was used as the solvent for the
TPY-PO(OH), modifier (Fig. 1C). The mapping result obtained
for TPY-PO(OEt), shows a strong heterogeneity between phos-
phorus and iron distribution with the non-functionalised area
corresponding to the black spots in Fig. 1A. The higher con-
centration of phosphorus compared to iron could be rational-
ised by a partial protonation of the terpyridine or a misalign-
ment of the terpyridine motif due to the acidic tendency of
chloroform®” preventing the chelation of the iron centre. In
contrast, both samples prepared from TPY-PO(OH), display
better surface coverage (Fig. 1B and C) characterised by a
higher concentration of phosphorus atoms. A particularly
higher density and clear coverage homogeneity of phosphorus
and iron atoms are demonstrated for the sample produced
from DMSO solution (when compared to other solvents) dis-
playing the presence of the same subtle shadow pattern in
both phosphorus and iron maps (Fig. 1C). The observed mis-
match between phosphorus and iron atoms in the case of the
DMF : H, 0O solution could be explained by the poor solubility
of the anchor, and the presence of residual compounds, which
could hinder the access of iron.
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A similar sample of TPY-PO(OH), in DMSO with cobalt was
also analysed (Fig. S67), confirming the good surface coverage
and efficient formation of cobalt complexes. Consequently, all
following experiments on the functionalisation of the ITO elec-
trodes were performed using TPY-PO(OH), solution in DMSO.

Construction and characterisation of cobalt and iron-based
ITO electrodes

The methodology employed for the construction of cyt c553 bio-
hybrid electrodes is depicted in Fig. 2. It was important to
rationally design the final TPY molecular structure so as to
achieve fine-tuning of the ET process within the SAM through
incorporation of the metallic redox centres into the wire. To
this end, two different metals were chosen for insertion into
the structure of the TPY molecules, iron and cobalt, for their
ability to easily form TPY complexes under mild conditions,
which is optimal for the development of a viable, step-by-step,
bottom-up strategy. Typically, cleaned and activated ITO sur-
faces were anchored with TPY-PO(OH), in DMSO, as previously
described. Metalation was performed with either FeSO,-7H,0
or Co(NO;),-6H,0 aqueous solution followed by the complexa-
tion with the ditopic ligand L¢ in CHCl;. Homo-dinuclear TPY
wires were formed by a second metalation step. Finally, the cyt
553 protein molecules (Fig. S6T) were immobilised through
binding of the C-terminal Hise-tag moiety (genetically incor-
porated into the cyt structure, see the ESI}) to the metal centre
in order to form a thin layer of this electroactive protein.

X-ray photoelectron spectroscopy (XPS) analysis was per-
formed on the bare ITO surface and on the full organometallic
wires (ITO-TPY-Co-L@-Co and ITO-TPY-Fe-Lo-Fe) in order to
analyse the elemental composition of the surfaces (Fig. S7 and
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Fig. 1 Secondary ion mass spectrometry analyses of ITO-TPY-Fe-TPY electrodes with phosphorus (top) and iron (bottom) atoms. (A) Surface
obtained with TPY-PO(OELt), in CHCLs. (B) Surface obtained with TPY-PO(OH), in DMF : H,O (1:1). (C) Surface obtained with TPY-PO(OH), in DMSO.
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Fig. 2 Stepwise preparation of functionalised ITO electrodes. (1) 1 mM TPY-PO(OH), in DMSO. (2) 0.1 M aqueous solution of FeSO,-7H,0O or Co
(NO3),-6H,0. (3) 0.1 mM L¢ in CHCls. (4) 0.1 M aqueous solution of FeSO,4-7H,0 or Co(NO3),-6H,0. (5) 30 uM 19AA cyt css3 in phosphate buffer.

S87). Due to the extremely low concentration of Co-TPY and
Fe-TPY on the ITO surface, the registered spectra for those
samples were dominated by signals of ITO components.
Analysis of the Fe 2p region for the pure ITO and ITO-TPY-Fe-
Lg-Fe samples revealed overlapping of potential Fe 2p signals
with strong In 2p,,, and Sn 3ps, signals, making the detection
of Fe impossible (Fig. S7t). The small Fe 2p signals are com-
pletely masked by the In 3p,,, and Sn 3p;/, signals.

The analysis of the Co 2p region (Fig. S8AY) in the
ITO-TPY-Co-Lg-Co sample revealed the Co 2p signals typical of
Co(un) components, namely 2p;, and 2p;,, doublets at 781.5
and 796.6 eV, respectively (versus 778.3 for Co 2ps,, for metallic
Co°%), and two doublets of satellite peaks (present only for the
oxidised Co) at 787.0 and 802.1 eV (first doublet) and 792.1
and 806.6 eV (second doublet), together with the Co LMM
signal at 776.0 eV. Those signals were not present in the case
of pure ITO (see Fig. S8At). XP spectra registered for N 1s and
P 2p regions (Fig. S8BT) allowed for a rough approximation of
sample elemental composition. As both samples are domi-
nated by In and Sn (components of ITO), O (component of ITO
and part of the adventitious organic contamination), and C
(mostly adventitious carbon), the general atomic composition
did not represent the Co-TPY composition. Thus, we focused
on Co, N and P ratios, as those elements are not common con-
taminants and were not present in significant amounts in the
control ITO sample (see Fig. S81). Using integrated Co 2p, N 1s
and P 2p signals (Fig. S81) and Casa build-in Scofield Relative

This journal is © The Royal Society of Chemistry 2021

Sensitivity Factors, equal to 1.8 for N 1s, 1.192 for P 2p and
19.16 for Co 2p, the Co:N:P atomic ratio was determined as
close to 1.0:2.3:1.0, where the small amount of N and P orig-
inating from the reference ITO sample was subtracted from
the N and P amounts determined from the N 1s and P 2p
signals in the Co-TPY-ITO sample. The XPS quantitative ana-
lysis proved to be challenging due to the fact that a monolayer
of TPY ligand wires yielded extremely low signals, and thus,
determination of the peak area for such low intensity peaks
may result in errors as high as +25%.

The step-by-step construction of TPY-functionalised electro-
des was followed by cyclic voltammetry (CV) and electro-
chemical impedance spectroscopy (EIS) analyses which were
used to explore the evolution of interfacial electronic processes
(Fig. 3). Experiments were performed in the presence of a
redox probe 1,1-ferrocenedimethanol in phosphate buffer (pH
7) in a frequency range from 0.01 Hz to 0.1 MHz. The corres-
ponding Nyquist plot and CV scans obtained for Fe-TPY-based
electrodes are presented in Fig. 3 (see Fig. S9f for Co-TPY
ligand-functionalised electrodes). The charge transfer resis-
tance R2 and the double layer capacitance Cy, of the bare and
modified ITO electrodes were calculated by fitting the impe-
dance data with the equivalent circuit model (Fig. 3C) where
R1 stands for the electrolyte resistance, CPE1 is the constant
phase element corresponding to double layer capacitance®
existing between the solid/liquid phases, R2 corresponds to
the charge transfer resistance between the electrolyte and the

Nanoscale, 2021,13, 9773-9787 | 9779
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Fig. 3 (A) Nyquist plot with fitted curves of electrochemical impedance spectra obtained for Fe-based ITO electrodes at different steps of functio-

nalisation. (B) Cyclic voltammetry of ITO-TPY-Fe-Ly-Fe and ITO-TPY-Fe-Lg-Fe-cyt at 100 mV s~ (C) Equivalent circuit model. All measurements
were performed with 1 mM 1,1'-ferrocenedimethanol in 0.1 M phosphate buffer (pH 7) in the dark.

studied ITO electrode, and W1 represents Warburg impedance
caused by the diffusion process. The obtained resistances (R1/
R2) and capacitance Cq (from CPE1 parameter Q and &°°)
values are summarised in Table 1. The evolution of the resis-
tance values shown in Fig. 3A and in Table 1 is consistent with
the step-by-step construction of the organometallic TPY ligand
molecular wires (terminated with the anchored Hise-tagged cyt
Css3). The bare ITO electrode possesses a small charge transfer
resistance of 178 Q cm™ in accordance with the good conduc-
tivity of this material. After the attachment of TPY-phosphonic
acid, the resistance rises to 323 Q cm ™2 and continues to
increase after each step of functionalisation, reaching the final
value of 1.09 kQ ecm™ and 1.02 kQ ecm™? respectively for Fe-
and Co-containing TPY wires. Even though the construction of
the organometallic interface hinders somewhat the charge
transfer process, it is interesting to notice that the whole con-
ductivity, which is inversely proportional to the resistivity, is

still promising prior to the cyt css; attachment. After the
immobilisation of this protein, a significant increase of resis-
tance is observed with the values of 3.73 kQ cm™> for iron and
2.39 kQ em™2 for cobalt nanoassemblies, which is correlated
with the insulating properties of the protein
backbone.®®®* The hindrance of ET due to the presence of cyt
Css3 15 also visible from the CV analysis shown in Fig. 3B. For
the Fe-based TPY wires, a well-defined quasi-reversible redox
process is observed. After the biofunctionalisation step, a clear
attenuation of the electrochemical processes is recorded with
an increase of the peak-to-peak potential separation of 100 mV
and a decrease of current intensity.

Interestingly, the double layer capacity of the interface does
not significantly change upon the stepwise electrode functio-
nalisation suggesting that the nanostructures with inbound cyt
¢ss3 molecules do not collapse at the electrode surface.
Moreover, the @ parameter of the CPE element is close to

dense

Table 1 The curve fitting results based on the R1((R2W1)CPE1) model under different illumination conditions in 1 mM 1,1'-ferrocenedimethanol

+0.1 M phosphate buffer (pH 7)

Dark Light
Samples R1(Qcm™) R2 (kQ cm™?) Ca1 (LF cm™) R1(Qcm™?) R2 (kQ cm™?) Ca (LF cm™)
ITO 672 0.18 12.5 663 0.25 13.2
ITO-TPY 632 0.32 13.3 618 0.42 13.8
ITO-TPY-Co 627 0.61 14.0 642 0.71 14.2
ITO-TPY-Fe 639 0.65 13.8 639 0.77 14.0
ITO-TPY-Co-L¢ 628 0.84 14.9 626 0.90 14.8
ITO-TPY-Fe-Lg 628 0.87 14.1 611 0.89 14.3
ITO-TPY-Co-Lgp-Co 644 1.02 14.0 638 1.02 14.1
ITO-TPY-Fe-Lo-Fe 664 1.09 14.1 663 1.10 14.4
ITO-TPY-Co-L¢-Co-cyt 632 2.39 14.7 628 2.26 14.7
ITO-TPY-Fe-Lg-Fe-cyt 790 3.73 15.3 774 3.26 15.4
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unity (0.92 < @ < 0.96) suggesting the formation of a highly
ordered architecture at the molecular level.®® The homo-
geneous electrode coverage with the bio-interface was con-
firmed by the calculation of the apparent fractional electrode
coverage parameter 0,°* with the respective values of 0.93 for
Co-TPY wires and 0.95 for the Fe-TPY counterparts.

The interface resistivity was also measured under light con-
ditions for all the different configurations (Table 1). Similar to
the bare ITO, all the electrodes devoid of cyt css; possess a
higher or similar resistance upon exposure to light compared
to their respective resistance under dark conditions. In con-
trast, for both cyt-based electrodes noticeably lower resistivity
values were observed, especially for the iron-based TPY inter-
face, with a decrease from 3.73 kQ cm™? to 3.26 kQ cm™ (see
Table 1). The observed lower resistivity in the presence of cyt
Css3 highlights the beneficial combination of TPY SAM and the
redox protein under light irradiation, which is promising for
further development of high-performance bio-photoelectrodes,
such as those based on photosynthetic macromolecular
machines.'®¢°

Additional electrochemical analyses were performed in
acetonitrile with 0.1 M hexafluorophosphate tetrabutyl-
ammonium (HFPTBA) for Fe- and Co-TPY organometallic
wires in order to study their redox behaviour upon immobilis-
ation on ITO (Fig. 4 and Table 2). In solution, these TPY com-
plexes possess a M"™/M" redox signature at E;,, = 0.76 V and
E1/ = —0.06 V,°° respectively for iron and cobalt with a peak-to-
peak potential separation of 60-70 mV, typical of a reversible
system (n = 1). Upon their assembly on the ITO surface, the Fe-
TPY complexes show a redox signature at E, = 0.81 V (Fig. 4A)
and the Co counterparts at E;;, = —0.1 V (Fig. S10%). Their
peak-to-peak potential separation values are very small with
respective values of 5 mV and 12 mV for Fe and Co complexes,
which indicates a surface process with fast ET kinetics and
also points out a facile charge transport between the ITO elec-
trode and the TPY SAM.*' The high reversibility of the ET
process demonstrates the formation of the highly conductive

40
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Table 2 Redox potentials of iron and cobalt terpyridine complexes in
solution and assembled on ITO electrodes and their respective calcu-
lated surface coverage, in deoxygenated CHzCN + 0.1 M HFPTBA at
100 mv st

Samples Eip (V) AE,(mV)  I(molem™)  ker(s™)
tTPY-Co-tTPY" -0.06"  70” —

ITO-TPY-Co-Lg¢  —0.10 12 1.27 x 107! 29
tTPY-Fe-tTPY* 0.76" 607 —

ITO-TPY-Fe-Lo 0.81 5 1.65 x 107" 29

“In solution (CH;CN + 0.1 TBAP). ” Data from ref. 57.

TPY SAM on ITO, which is further confirmed by the observed
linear dependency of current intensity with the scan rate®”®®
(Fig. 4B and Fig. S10Bt). From these analyses, the surface cov-
erage of both Fe-and Co-TPY SAMs was determined as 1.65 x
107" mol em™ and 1.27 x 107" mol ecm™?, respectively,
corresponding to the values reported for similar architectures
on ITO.°>”° Using Laviron’s equation,”” the interfacial electron
transfer kinetic constants kgy of both complexes were deter-
mined with a similar value of 29 s™'. This electron rate is lower
compared to the one published on gold”” or silicon”® probably
due to the loss of conjugation induced by the tetrahedral phos-
phorus atom in the TPY anchor. Nevertheless, the kinetic con-
stant values determined for both systems are still promising
for the attachment of cytochrome ¢ which was shown to yield
smaller electron transfer rates when adsorbed” (kg = 18 s77)
or wired”® (kgr = 5.9 s7) onto ITO.

It was important to relate all the above data to the electro-
chemical properties of the immobilised TPY SAM under bio-
compatible conditions, as ultimately the developed TPY inter-
face is destined for the domain-specific capturing of (photo)
electroactive proteins including photosystems and other redox
active enzymes of biotechnological and fundamental appli-
cations. To this end, a preliminary electrochemical analysis of
the Hisg-tagged cyt css3 in solution was performed using an
aqueous buffer (phosphate buffer, pH 7) as an electrolyte and
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Fig. 4 (A) Cyclic voltammetry of ITO-TPY-Fe-Lg at different scan rates from 500 mV s to 3V s™* in CHsCN + 0.1 M HFPTBA. (B) Linear relation

between the current peak and scan rate obtained for ITO-TPY-Fe-Lg.
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Fig. 5 Cyclic voltammetry at 5 mV st in 0.1 M phosphate buffer (pH 7) of the ITO electrode without and in the presence of 7 uM cyt css3 (A). Fe-

based electrodes with and without immobilised cyt (B).

a bare ITO as a WE (see Fig. 5A). As expected, in the potential
range from —0.2 V to 0.6 V the bare ITO is redox inactive. After
the addition of cyt css3, a well-defined redox system appears
with an oxidative peak at 0.33 V and a reductive peak at 0.06 V.
This redox signature, attributed to the Fe™'/Fe couple in the
haem group, is positively shifted compared to previously
reported data on ITO found between —0.1 V and 0.1 V for
horse heart and yeast cyt ¢.”*”%”” Although different, the redox
peak detection confirms the ability of the modified cyt css3 to
conduct ET with pristine ITO. Finally, both metal-based archi-
tectures with immobilised cyt were analysed under the same
conditions with regards to the 5 mV s™" scan rate.

Fig. 5B shows the CV of the Fe-based TPY-modified electro-
des in the absence or presence of the anchored cyt ¢ss3. A clear
signature of the immobilised redox active cyt protein is visible,
with an oxidative peak at 0.33 V and a reductive peak at 0.2 V.
The peak-to-peak potential separation of 130 mV is smaller
compared to the one found for cyt css3 in solution (270 mV),
which proves the immobilisation of the protein with an
improvement of surface processes. Moreover, the smaller peak-
to-peak potential separation proves the structural integrity of
the immobilised cytochrome, whereas the formation of aggre-
gates or unfolded cytochrome was shown to result in fully irre-
CV signatures.”®”® Concerning the Co-based
nanoarchitecture, the electrochemical analyses revealed
quenching of the ET process as confirmed by the absence of
the cyt 553 redox signature (Fig. S117).

The difference in the ET properties depending on the
metal-centre used could be explained by a variable contri-
bution of the ET depending on the metal centre used in the
TPY SAM. In the case of the iron, this metal centre facilitates
ET between the haem group of cyt and the ITO surface,
whereas the incorporation of a cobalt redox centre into the
TPY SAM inhibits this process. These electrochemical data
clearly point to the importance of the SAM molecular structure
for efficient ET to occur in the biohybrid electronic devices,
whereby the presence of the specific metallic centre in the con-

versible
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ductive SAM can greatly affect the kinetics and directionality of
ET.*

Photocurrent measurements

In order to verify the suitability of the organometallic TPY-
based SAM developed in this study for future applications,
such as those involving the oriented light-harvester/charge
separator, photosystem 1,'®  photochronoamperometry
measurements were conducted for all the electrode configur-
ations. All the analyses were conducted in an oxygenated
aqueous buffer without any external electron mediator. The
obtained photocurrent density values (J) are presented in
Fig. 6.

Overall, all the TPY-functionalised electrodes are character-
ised by a preferential generation of the cathodic photocurrent.
This feature is particularly prominent in the case of Fe-TPY
SAM. Indeed at +100 mV, the highest anodic current was

recorded for Fe-based TPY wires with a value of 17.2 nA cm™2,
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Fig. 6 Photocurrent density generation of ITO electrodes at different
applied potentials vs. Ag/AgCl. The current density values correspond to
the average values from two independent measurements with error bars
representing standard deviation (n = 2).

This journal is © The Royal Society of Chemistry 2021


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d0nr08870f

Open Access Article. Published on 07 May 2021. Downloaded on 11/2/2025 3:25:58 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Nanoscale

slightly above that of the corresponding electrode with cap-
tured cyt cs5; (15.6 NnA cm™2). At 0 mV, all electrodes behave
similar to the bare ITO electrode with values oscillating
between 0.7 to 4.4 nA cm™>. In the negative potential range,
the presence of the Fe-TPY SAM yields a significant improve-
ment of cathodic photocurrent generation, exhibiting over
20-fold higher photocurrent output compared to a bare ITO
control (%17 nA cm™ vs. 0.7 nA cm™> at —100 mV).
Interestingly, at —200 mV a photocurrent of ~200 nA cm™> was
recorded for Fe-TPY-based electrodes, with a respective 30-fold
and 24-fold higher production without and with cyt css3,
respectively.

In comparison, the photocurrent production of Co-based
wires is less pronounced at this potential, with an obvious
difference between the electrodes without and with cyt css3
(69.8 nA cm™> vs. 36.8 nA ecm™?). This trend is even more
visible at =300 mV. While both Fe- and Co-based TPY-functio-
nalised electrodes generate a similar photocurrent of ~260 nA
em™?, the addition of cyt cs5; onto the Co-based electrode
results in a 2-fold decrease of the cathodic photocurrent.
These observations are in accordance with the previous electro-
chemical analyses and confirm the role of the metal in the
electron transfer process through the TPY wire in these nano-
assemblies. At positive and negative potentials (Fig. S111 and
Fig. 6), the presence of cobalt quenches the ET process
between the cyt and the ITO electrode, whereas in the case of
iron the metal centre facilitates the ET process (Fig. 5B and 6).

The observation of the ET process between ITO and cyt ¢
that is promoted by Fe(n) embedded in the structure of TPY
ligand molecular wire is closely related to the electron transfer
step exerted by the easily oxidizable non-haem Fe present on
the electron acceptor side of Type II photosynthetic reaction
centres (photosystem II and the bacterial reaction centre®'). In
these macromolecular structures the non-haem Fe mediates
ET occurring on a ps timescale®® between the two quinones
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(Qa and Qg) that are symmetrically located on either side of
this metal centre. The removal of Fe or its replacement with
other metals (e.g. Zn, Co) has been shown to alter the electron
transfer rates from the intermediate acceptor to the primary
acceptor Q4,%*% highlighting the importance of the non-haem
iron for the native ET processes on the electron acceptor side
of the photosynthetic reaction centres.

Previous electrochemical studies on other types of SAMs sup-
ported by DFT calculations explained that the electron flow can
be tuned by the presence of different metal redox centres.***®
In this case, the observed decrease in the photocurrent gene-
ration in the presence of cyt ¢ss3 can be explained by the inter-
play between the cathodic and anodic currents occurring simul-
taneously. In fact, for all the configurations, ET occurs from the
electrode to the organometallic SAM (cathodic current). With
the addition of cytochrome, the cathodic electron flow is pre-
served for Fe-based TPY SAM, whereas for a Co-containing
nanoconstruct a competitive reverse electron flow (from cyt css3
to ITO) occurs (anodic current). Nevertheless, the effectiveness
of covalently attached TPY wires for cathodic photocurrent gene-
ration is well demonstrated in the present work exceeding the
photocurrent output obtained for other cyt-modified electro-
des,® even after plasmonic enhancement (92.3 nA cm™> at
—-200 mV)® or for PSI-based ITO electrodes in the presence of
an external mediator (160 nA cm™> at —300 mV).'®

To support the hypothesis concerning the influence of the
cyt ¢s53 on the cathodic photocurrent generation, the energy
diagrams of the Co- and Fe-based configurations were deter-
mined®” (Scheme 2).

From the converted redox potentials of the Co- and Fe-TPY
complexes immobilised on ITO vs. the SCE reference electrode
(by adding 298 mV (ref. 88) to the values vs. Ag/Ag'), the
energy of the highest occupied molecular orbital (HOMO) can
be calculated. The respective values of —4.94 eV (+0.44 V vs.
NHE) and —5.80 eV (+1.30 V vs. NHE) related to the vacuum

COIII/II *
-296V \ e-
Haem m/m* Haem m/m*
77V 77V Y
& Fell/m* N e-
-0.88V
0,/0, e - e Je < 0,/0,
-0.26 V & ‘.0‘1 Vv e -0.26 V
| e
e-
A
Haem "/t e- Co'/ Haem /1
+0.47V Ll +0.47 V
Fell/M
+1.30V

Scheme 2 Proposed mechanism of the cathodic photocurrent recorded at —0.1 V vs. NHE (-0.3 V vs. Ag/AgCl) of the ITO-TPY devices without

(left) and with the presence of immobilised cyt css3 (right).
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energy level were determined using eqn (2) with an energy of
—4.74 eV for SCE with respect to the zero-vacuum level.
Considering the 0-0 transition energy AE*® of the metal-terpyr-
idine chromophores (A2 ..., = 365 nm (ref. 87) and A%,y =
568 nm (ref. 66)), the energy of the lowest occupied molecular
level (LUMO) can be estimated at —1.54 eV (—2.96 V vs. NHE)
and —3.62 eV (—0.88 V vs. NHE), respectively, related to the

vacuum energy level using the eqn (2) and (3).
Enomo (€V) = —4.74 — Ey)p (2)
AE® = Eyymo — Enomo = 1240/1%° (3)

Similarly for cyt css3, after the conversion of the redox poten-
tial vs. SCE (by removing 39 mV to the value vs. Ag/AgCl) and
with the 0-0 transition energy (A°° = 553 nm, Fig. S67), the energy
levels of the HOMO and the LUMO were found at —4.97 eV
(+0.47 V vs. NHE) and —2.72 eV (—1.77 V vs. NHE), respectively.

Concerning the nano-architectures devoid of cyt css;
(Scheme 2, left), under illumination (370 nm < A < 790 nm)
both metal-TPY complexes absorb light and are promoted to
their respective excited states. In the next step, the electron
transfer process occurs, ultimately yielding the reduction of
oxygen molecules present in the electrolyte solution, as oxygen
is a well-known electron acceptor.®”°° Finally, the initial redox
state of the devices is regenerated by electron transfer from
ITO, which results in a photo-induced cathodic current gene-
ration enhanced by the presence of O, (Fig. S121).

In the case of the Fe-based biohybrid devices (Scheme 2,
right), the photo-induced electron mechanism depicts a “Z-
scheme” similarly to the natural photosynthesis. Upon illumi-
nation the haem and Fe-TPY complex absorb light and are pro-
moted to the excited states. While the excited state of the
haem is able to reduce the oxygen (Fig. S121), a favourable
electron transfer occurs from the excited state of the Fe-TPY
complex to regenerate the ground state of the haem. Finally,
the ground state of the device is restored by the electron injec-
tion from the ITO substrate. On the other hand, for the Co-
based nanosystem the presence of the haem induces a com-
petitive ET process. After the excitation of the cobalt TPY
complex, an electron transfer occurs to the excited state of the
haem group from which point two mechanisms are possible:
(1) either the electron is transferred to oxygen (Fig. S127) or (2)
a back-electron transfer (BET) reaction takes place to regener-
ate the initial redox state of the cobalt; thus, reducing the
overall cathodic photocurrent output.

Computational analysis of the electron transfer mechanism

The QM/MM calculations reveal that for the TPY-Fe/haem pair
frontier orbitals are localised over two different fragments, with
the HOMO localised over the TPY molecule and the LUMO loca-
lised on the haem (Fig. 7). The energy of the HOMO was found
at —4.70 eV and for the LUMO at —4.28 eV, leading to an energy
gap of 0.42 eV. For the TPY-Co/haem interface, the situation is
the opposite. The presence of cobalt ion leads to the presence of
a diradical state of the TPY molecule, resulting in a different
localisation of the frontier molecular orbitals, with the two semi-
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Fig. 7 (A) The last snapshot of MD simulation showing the equilibrated
interface. (B) Frontier molecular orbitals for TPY-Fe/haem and TPY-Co/
haem interfaces.

occupied SOMOs localised over the haem group and the LUMO
localised over the TPY molecule. The energy for the SOMO are
—4.55 and —4.39 eV for spin up and down, respectively, while the
LUMO is found at —4.00 eV, leading to an energy gap of 0.39 eV.
The computational results may be used to explain the difference
in photogenerated current observed experimentally. When apply-
ing a cathodic bias (from ITO to cyt ¢s53) the current is enhanced
for the TPY-Fe/haem interface, as the internal electron flow and
the external bias are parallel. For the TPY-Co/haem complex, the
situation is different as due to the triplet states recombination®
a diminished ET is observed. This results in a lower photogene-
rated current for the TPY-Co/haem interface with respect to the
TPY-Fe/haem counterpart. In addition, the energy gap found for
both interfaces is relatively low, opening the possibility of an
external bias, even small, to overcome the internal flux of elec-
trons, as seen for the anodic bias.

Several possible electronic-coupling pathways can be predicted
in the heterogeneous cyt/TPY biomolecular system of this study
(Fig. 8). The shortest distance found between haem and the TPY
molecule (0.99 nm) is without the mediation of any amino acid
present within the structure of cyt css;. The charged lysine resi-
dues close to haem, which were suggested to be important for
the successful promotion of electrochemical activity,”* are further
away from the haem-TPY interface. The closest to haem charged

This journal is © The Royal Society of Chemistry 2021
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Fig. 8 Electronic-coupling pathways within the cyt ¢/TPY biomolecular
system. Charged amino acids with the shortest distance to haem and
TPY are depicted in blue (for lysine residues bearing the formal +1
charge) and red (for glutamic acid residues bearing the formal -1
charge), respectively. The distances were measured from the carboxylic
oxygen of the haem to the iron atom of the TPY molecule.

residue (E45) is found at 1.19 nm, again further than the closest
haem-TPY distance, suggesting that the ET occurs via a ‘through-
space’ rather than ‘through-bond’ mechanism.

This hypothesis is strengthened by a relatively large dis-
tance present between the haem group and the TPY molecule
connected to the cyt holoprotein via the 19AA peptide linker,>®
which is slightly below 3 nm and is 3-fold larger than the
shortest haem-TPY distance. Following the protein backbone
of the cyt c-peptide linker system, i.e., from the haem to the
connected TPY molecular wire, a much longer distance than
3 nm is observed. The ET pathway through the protein back-
bone, although cannot be excluded, is likely to yield very low
ET rates, far beyond the electrochemical detection range.

Conclusions

The construction of an efficient conductive interface between
electrodes and electroactive proteins is a major challenge in
the biosensor and biophotoelectrochemistry fields to achieve
the desired performance of various types of nanodevices. As a
major step towards this ambitious goal we report here the
rational bottom-up approach to build a novel highly conduc-
tive interface based on metallo-organic TPY wires forming a
uniform and well-structured SAM on the transparent ITO elec-
trode. We show for the first time that the TPY-ligand-SAM can

This journal is © The Royal Society of Chemistry 2021
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be successfully used as a universal platform for specific
anchoring of the electroactive protein, cyt css; on ITO. The
ITO-TPY nanosystem, even without the cyt css; protein, gener-
ates photocurrents whose densities are 30-fold higher that
those reported for the pristine ITO electrodes and 2-fold
higher than ITO electrodes functionalised with the well-known
photoactive protein PSI in the presence of an external
mediator.'® Interestingly, the nature of the metal centre in the
TPY wires plays a crucial role in the photocurrent generation
and the overall photocurrent output. While in the case of iron
the combination of Fe-TPY and cyt css3 is beneficial for catho-
dic photocurrent generation, in the case of Co-TPY, due to BET
between the haem group and the Co-TPY molecular wire, the
cathodic photocurrent is diminished.

In summary, the development of a universal chemical plat-
form for anchoring and nanostructuring of electroactive pro-
teins reported in this study provides a major advancement for
the construction of efficient (bio)molecular systems requiring
a high degree of precise supramolecular organisation as well
as efficient charge transfer between (photo)redox-active mole-
cular components and various types of electrode materials to
ensure maximised power output.'® Importantly, the highly
conductive photoactive Fe-TPY nanosystem described here is
fully based on non-toxic and Earth-abundant elements and
operates in a water-based electrolyte without external
mediators, which makes it attractive for future applications
such as sustainable solar-to-fuel devices.
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