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A Decaheme Cytochrome as a Molecular Electron Conduit

in Dye-Sensitized Photoanodes

Ee Taek Hwang, Khizar Sheikh, Katherine L. Orchard, Daisuke Hojo,* Valentin Radu,
Chong-Yong Lee, Emma Ainsworth, Colin Lockwood, Manuela A. Gross,
Tadafumi Adschiri, Erwin Reisner,* Julea N. Butt,* and Lars J. C. Jeuken*

In nature, charge recombination in light-harvesting reaction centers is
minimized by efficient charge separation. Here, it is aimed to mimic this by
coupling dye-sensitized TiO, nanocrystals to a decaheme protein, MtrC from
Shewanella oneidensis MR-1, where the 10 hemes of MtrC form a =7-nm-long
molecular wire between the TiO, and the underlying electrode. The system

is assembled by forming a densely packed MtrC film on an ultra-flat gold
electrode, followed by the adsorption of approximately 7 nm TiO, nanocrys-
tals that are modified with a phosphonated bipyridine Ru(ll) dye (RuP). The
step-by-step construction of the MtrC/TiO, system is monitored with (photo)
electrochemistry, quartz-crystal microbalance with dissipation (QCM-D), and
atomic force microscopy (AFM). Photocurrents are dependent on the redox
state of the MtrC, confirming that electrons are transferred from the TiO,
nanocrystals to the surface via the MtrC conduit. In other words, in these
TiO,/MtrC hybrid photodiodes, MtrC traps the conduction-band electrons
from TiO, before transferring them to the electrode, creating a photobioel-
ectrochemical system in which a redox protein is used to mimic the efficient

by photosynthetic organisms through
a complex cascade of photoinduced
energy and electron-transfer steps,
leading to efficient charge separation
and high quantum yields.[] The elegant
way nature converts solar energy has
inspired scientists to create synthetic
photoelectrochemical cells in which bio-
mimetic conversion systems generate
electrical power or photofuels (ethanol,
H,, etc.).’¥ Many studies aim to inte-
grate nature’s light-harvesting systems
such as chloroplasts,®! thylakoids,!®7!
photosynthetic  reaction centers of
bacteria,®1% and photosystems (pho-
tosystems 1 and II)[1*-13] with synthetic
systems. In particular, by connecting
these proteins to (semi-)conducting sur-
faces, bio-hybrid structures are formed

2308 wileyonlinelibrary.com

charge separation found in biological photosystems.

1. Introduction

As global energy consumption increases, the development
of biological or bio-inspired systems for solar energy con-
version has received intense interest.!! Sunlight is the most
abundant renewable energy source and is readily utilized

capable of photochemistry.l*11 A major

drawback in many such photobioelectro-

chemical devices is the suboptimal ori-

entation of the proteins on the surface,
preventing fast electron transfer between the reaction center
and the electrode, instead leading to nonproductive charge
recombination.['®17] Efforts have been made to improve the
electron-transfer efficiency by embedding photosystem I and
IT in redox polymer-modified electrodes, which also enable
control over the direction of electron transfer (cathodic vs
anodic photocurrents).[':18-20]
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Figure 1. Left: Schematic representation of the layered MtrC/TiO, system on a SAM-modi-
fied gold electrode and the interfacial electron-transfer steps required for the generation of a
photocurrent. Right: The molecular structure of the cation Ru(bpy),(4,4’-(POsH,),bpy)?* (RuP). ~ 8:2

Besides using biosystems for light harvesting, many studies
have been performed with inorganic systems such as semicon-
ducting nanoparticles or quantum dots.?22 Although inor-
ganic materials do not suffer the generally short lifespan of
their biological counterparts, they often suffer in their quantum
yield as they are not as efficient in charge separation. In biology,
charge separation proceeds by a series of fast electron-transfer
steps along a chain or wire of redox centers. Here, we report on
a hybrid system where we have coupled a dye-sensitized TiO,
nanocrystal to a decaheme protein from Shewanella oneidensis
MR-1, known as MtrC (Figure 1). In this biomimetic system,
the dye-sensitized nanocrystal functions as the light-harvesting
center and MtrC provides a long redox chain for charge separa-
tion. Electron transfer across the 10 hemes in MtrC will spatially
separate the photoinduced charge from the nanocrystal, poten-
tially reducing charge recombination. The successful construc-
tion of the biohybrid system is confirmed by a photoswitching
behavior where the photocurrent depends on the redox state of
the MtrC electrical bridge.

Shewanella oneidensis MR-1 is a dissimilatory metal-
reducing bacterium, which can thrive in anaerobic environ-
ments by coupling the intracellular oxidation of electron
donors and carbon sources to the respiratory reduction of a
variety of extracellular electron acceptors, a
feature that is extensively studied for exploi-
tation in microbial electrochemistry.?3-27]
Biochemical and structural studies on the
outer-membrane proteins that are essential
for extracellular respiration have led to a
widely accepted porin-cytochrome model for
the complexes that support electron transfer
through the outer membrane (OM).[282
The porin-cytochrome complex consists
of various multi-heme proteins capable of
rapidly transferring electrons across tens
of nanometers.?% One of these proteins is
the decaheme MtrC in which eight out of
10 hemes are organized in an almost linear
chain, 7 nm in length.BU MtrC lies at the

N
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extracellular face of the OM in Shewanella
oneidensis MR-1132 and is believed to operate
at broad redox potentials that make it fea-
sible to transfer electrons directly to extra-
cellular insoluble mineral substrates with
different redox potentials.**!

To assemble the biomimetic photoelectro-
chemical cell schematically shown in Figure 1,
we constructed hybrid layers of the molecular

2+

[\i ~ wire from MtrC and TiO, nanocrystals pho-

tosensitized with a Ru(lI)(bipyridine); dye
in which one of the bipyridines is phospho-
nated in the 4,4"-position to enhance binding
to TiO, (RuP, see Figure 1 and Reisner et
al.B*). While negligible photocurrent response
was observed using commercial P25 TiO,
nanoparticles (average crystallite size 21 nm,
mixture of anataserrutile), greatly
enhanced photocurrent was obtained using
well-dispersed, in-house synthesized, anatase
nanocrystals with diameters comparable to that of MtrC
(6.8 £ 0.7 nm and approximately 3.5 nm X 6 nm X 7 nm, respec-
tively). This novel MtrC/TiO, system exhibits oxidative photocur-
rents that are dependent on the redox state of MtrC, thus con-
firming that electron transfer proceeds via MtrC. To the best of
our knowledge, this report is the first demonstration of a pho-
tobioelectrochemical system that uses a redox protein to mimic
efficient charge separation found in biological photosystems.

PO(OH),

2. Results and Discussion

2.1. Synthesis and Characterization of Dye-Sensitized TiO,
Nanocrystals

The TiO, nanocrystals used for constructing the hybrid system
were prepared by a high temperature solvothermal synthesis
method to yield highly crystalline, oleic acid-capped (hydrophobic)
particles with narrow size distribution. The particles were then
transferred to the aqueous phase via a two-step ligand-exchange
procedure using methyl-3,4-dihydroxy benzoate (MDB), which
is subsequently converted to 3,4-dihydroxybenzoic acid (DHBA,
Figure 2). This two-step ligand exchange was used instead of

Methyl 3,4- 3.,4-Dihydroxy-
dihydroxy benzoate benzoic acid
(MDB) (DHBA)
0 5
0 Q
MDB
OH Q 0 Q 0
_()\n’@()n —% —
0
_  —
Trimethylamine KOH

Figure 2. Scheme of the ligand-exchange reaction on the surface of oleic-acid-modified TiO,
nanocrystals to produce DHBA-TiO, nanocrystals.
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phosphonate resonances in the FT-IR spectrum of a dried
(A) . .. . .
sample (Figure S3-ii, Supporting Information).
600
z
= 400 - 2.2. Construction and Characterization of the Photoanode
£ 200 To optimize construction of the photoanode composed of RuP-
TiO, and MtrC on a gold electrode, ultra-flat template-stripped
, | | | | | gold surfaces were modified with a range of different self-
20 30 40 50 60 70 80 assembled monolayers (SAMs), made up of various mixtures
20 (degree) of alkanethiols with positive (amine), negative (carboxylic acid),
(011) Anatase-type TiO, and uncharged (hydroxyl) “headgroups.” A dilute MtrC protein
(0?4) (OTO) R s solution (<1 x 107° m) was applied to the surface for 1 min at

(001) (101)

Figure 3. A) X-ray diffraction (XRD) pattern of 3,4-dihydroxybenzoic
acid (DHBA)-TiO, nanocrystals and bulk anatase TiO, reference pattern
(# JCPDS 84-1286) and B) transmission electron micrograph (TEM)
images of oleic acid capped TiO, nanoparticles.

direct modification with DHBA since both carboxylate and cat-
echol groups can bind to TiO,; therefore, the ester group of MDB
was used as a protecting group to ensure that the carboxylate
group of DHBA was orientated away from the surface, resulting
in highly water-dispersible nanoparticles. No change in crystal-
linity or particle size occurred during ligand exchange (transmis-
sion electron microscopy (TEM), X-ray diffraction (XRD)).

The XRD pattern of the TiO, nanoparticles showed a crystal-
line pure anatase phase (Figure 3A) and, by TEM, the particles
were found to be truncated octahedra with diameters of 6.8 £
0.7 nm (Figure 3B). The organic content of the dried DHBA-
TiO, particles was measured to be 7.26% by thermogravimetric
analysis, equating to =1.4 DHBA-molecules per square nanom-
eter on the surfaces of the TiO, nanocrystals (Figure S1, Sup-
porting Information). The isoelectric point of the DHBA-TiO,,
determined by zeta potential measurements (Figure S2, Sup-
porting Information), was found to be 4.49, consistent with
carboxylic acid functionality on the surface. Fourier-transform
infrared spectroscopy (FT-IR) spectroscopy of the dried DHBA-
TiO, particles showed characteristic resonances for the DHBA
modifier; however O-Ti-O peaks absorbances were too weak to
be clearly observed (Figure S3-i, Supporting Information).

Dye-sensitization of the TiO, nanocrystals was carried out
by stirring the particles with an aqueous solution of RuP. The
quantity of RuP bound to the TiO, particles (herein referred
to as RuP-TiO,) was estimated by UV-vis spectroscopy to be
90 + 20 nmol mg . The RuP-TiO, displayed characteristic

© 2015 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

20 °C after which non-bound MtrC was removed by rinsing
with buffer. The purity of MtrC was confirmed with sodium
dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE)
and UV-vis electronic absorption spectroscopy (Figure S4,
Supporting Information). Cyclic voltammetry (CV) was used
to compare the electroactive coverage of MtrC on the various
surfaces and the SAM composition was found to influence this
property significantly. Redox signals were only detected with
positively charged surfaces and the highest electroactive cov-
erage was obtained with a SAM consisting of 8-mercaptooc-
tanol (8-OH) and 8-amino-1-octanethiol (8-NH;") in an 80/20
ratio (Figure 4). At neutral pH, MtrC has an overall negative
charge and the positively charged SAM is expected to interact
favorably with the negatively charged propionate groups of the
c-type hemes, facilitating the desired orientation in which MtrC
can directly exchange electrons with the electrode.

Cyclic voltammograms of MtrC display reversible broad
redox signals within a window of —0.4 to 0 V versus standard
hydrogen electrode (SHE), similar to that previously pub-
lished.>3% The complexity of the decaheme system makes it
impossible to accurately determine interfacial electron-transfer
rates, but even at scan rates of 1000 mV s, the oxidative and
reductive peaks are fully reversible without any significant
peak separation (Figure 4), indicating fast interfacial electron-
transfer rates with k, values above 100 s~!. Based on the peak
area, the electroactive coverage (/.,) can be quantified according
to /., = peak-area/nFAv, where n is the number of electrons
(10 for MtrC), F is the Faraday constant, A is the electrode area

0.2 T
0.1
0.0

-0.1

-0.2
-0.4-0.20.0 0.2 0.4 i
Potential vs SHE (V)

Current (uA)

04 02 00 0.2 0.4
Potential vs SHE (V)

Figure 4. CV at 1V s™' and 20 °C before (gray) and after (black) adsorp-
tion of MtrC onto a 8-OH/8-NHj3* (ratio of 80/20) modified gold electrode
in buffer (20 x 1073 m MOPS, 30 x 1073 m Na,SO, at pH 7.4). The insert
shows the baseline-subtracted protein signal.

Adv. Funct. Mater. 2015, 25, 2308-2315



'a\
M“h\)iié

www.MaterialsViews.com

N
o
o < =
o £ di
= =3 = D
S n W gm
oH 112
N -40 8 ¢
T’ =
Y X
< -80f L 14 A
~ |
120} lo

0 1000 2000 3000 4000
Time (sec)

Figure 5. QCM-D results with frequency (black line, left axis) and dis-
sipation (gray line, right axis) against time for a gold crystal at 21 °C. The
gold surface is modified with 8-OH/8-NH;" (ratio 80/20) SAM prior to
the experiments. The plots shown are representative of triplicate experi-
ments. As indicated, the gold crystal is consecutively incubated with:
MtrC (0.87 x 107° m) in buffer (20 x 1073 Mm MOPS, 30 x 1073 m Na,SO,
at pH 7.4); buffer only; EDTA (25 x 107 m EDTA at pH 7.4); RuP-TiO,
(0.2 mg mL™") in EDTA and, finally, EDTA.

(0.25 cm?) and v is the scan rate. The obtained electroactive cov-
erage on the 8-OH/8-NH;" surfaces is 0.56 + 0.11 pmol cm™.
The binding of MtrC onto the modified gold was further
characterized using quartz-crystal microbalance with dissipa-
tion (QCM-D, Figure 5), which provides information on both
the mass and viscoelastic properties of the adsorbed protein
layer through the frequency shift and the energy dissipa-
tion of the resonating crystal. MtrC adsorption saturates at
—19 £ 1 Hz, which, according to the Sauerbrey equation, cor-
responds to ca. 0.34 £ 0.02 pg cm~2. Rinsing with buffer does
not remove MtrC, indicating it is irreversibly adsorbed on the
surface. Assuming the mass of MtrC is increased by about
25% due to water entrapped within the protein matrix,[’’]
the MtrC coverage can be estimated at 3.6 + 0.2 pmol cm™.
The dimensions of MtrC are predicted to be 3.5 nm X
6 nm X 7 nm by comparison to the structure of the close
homologue MtrF for which a crystal structure is available.’!
Depending on the orientation of MtrC on the surface, a
closely packed monolayer would consist of 6.0 pmol cm™
(upright orientation) or 3.0 pmol cm™? (prone orientation).
Comparing the electroactive coverage from
CV (0.56 £ 0.11 pmol cm™) with the total
coverage from QCM-D, it is clear that only
=15% of the adsorbed protein is electroac-
tive. Presumably, the majority of the MtrC
is adsorbed on the surface in a configura-
tion that does not allow fast interfacial elec-
tron transfer. We note that the formation of a
close-packed monolayer of MtrC is required
to prevent RuP-TiO, from binding directly
to the underlying gold electrode and thus
for the formation of the biohybrid system.
We thus complemented the CV and QCM-D
studies with atomic force microscopy (AFM)

Adv. Funct. Mater. 2015, 25, 2308-2315
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to visualize the MtrC film. Figure 6B shows typical AFM images
of MtrC on the SAM surface, which indicate a dense mono-
layer of MtrC. A few areas or spots are visible with heights
above 4 nm, which seem to be consistent with the deposition of
agglomerates of MtrC. Further analysis shows that these areas
cover less than 5% of the surface. Further analysis also shows
that the measured average height of the MtrC monolayer is
1.8 nm, about half the expected height (3.5 nm) for the prone ori-
entation. This difference is consistent with a pressure-induced
compression of the MtrC molecules, commonly observed
with AFM.8]

TiO, has a high affinity for the carboxylates in Glu/Asp side
chains and we previously used this propensity to couple P25
RuP-TiO, nanoparticles to redox enzymes in solution.’3*3%
However and unexpectedly, we did not observe immobiliza-
tion of P25 TiO, or RuP-(P25)TiO, on either MtrC films or bare
gold electrodes modified with SAMs (either pure or mixtures
of 8-OH, 8-NH;* and/or 8-mercapto-octanoic acid). To test
whether the size of the nanoparticles has a major influence on
its binding properties to the MtrC film, commercially obtained
unmodified 5 nm anatase TiO, particles were tested. However,
also these smaller particles did not show any binding to the
protein film, as tested with QCM-D.

In contrast, when we incubated the electrode surfaces
with the here synthesized DHBA-modified TiO, nanocrystals
(0.2-0.5 mg mL™), a densely packed TiO, monolayer was
formed on either MtrC films or bare SAM surfaces within
5 min, as monitored with QCM-D and AFM (Figure 5,6 and
S5, Supporting Information). The reason for this stark con-
trast in behavior between the commercial nanoparticles and
the DHBA-modified nanocrystals is suspected to be related to
either differences in agglomeration tendency or surface chem-
istry of the particles. Modifying the P25 particles with DHBA
and RuP did not affect the adsorption or photocurrent com-
pared to unmodified P25.

QCM-D shows an additional frequency shift of
ca. =80 + 2 Hz and -120 + 3 Hz for with and without MtrC,
respectively. A low-to-moderate increase in dissipation is
observed, indicating some dynamic flexibility of the inter-
actions between RuP-TiO, and the MtrC film or SAM sur-
face. Based on the Sauerbrey equation, the frequency shifts
correspond to 1.4 + 0.1 pg cm™ and 2.0 £ 0.1 pg cm ™2 and, for
TiO, nanocrystals of 6.8 + 0.7 nm diameter, we estimate the
coverages to be 3.3 + 0.1 pmol cm™ and 4.8 £ 0.1 pmol cm™
on the MtrC film and SAM surface, respectively. These values

Figure 6. AFM height images of A) template stripped gold modified with a SAM, B) MtrC film,
and C) MtrC/TiO, system on the SAM-modified gold electrode. All images are 1 pm x 1 ym
and displayed on a A) 5 or B,C) 10 nm z-scale. All surfaces were modified with SAM consisting
of 8-OH/8-NHj3* (ratio of 80/20).
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translate to ca. 66% and 96% of a theoretical monolayer cov-
erage or, for the adsorption onto the MtrC film, a one-to-one
complex between MtrC and TiO,. Following RuP-TiO, adsorp-
tion, the electroactive coverage of MtrC decreases to 0.17 +
0.03 pmol cm™2, reducing the percentage of MtrC that displays
fast electron transfer with the electrode from 15% without
RuP-TiO, to 5% with RuP-TiO,. This suggests that the mobility
and/or the orientation of MtrC is influenced by its interaction
with the TiO, nanocrystals. The AFM images of the films fol-
lowing RuP-TiO, binding are consistent with close-to-mon-
olayer coverages (Figure 6C and S5, Supporting Information)
of TiO, on top of MtrC, although some agglomerates are also
visible. On the basis of the AFM images alone, it is difficult
to distinguish between an MtrC monolayer, a TiO, monolayer,
and/or a MtrC/TiO, hybrid bilayer. To confirm the formation
of an MtrC/TiO, bilayer, the hybrid film was mechanically
removed (i.e., scraped) from a small area by increasing the
cantilever force during scanning. Subsequent imaging of a
larger area indicated that the surface film has a thickness of
~9 nm, consistent with an MtrC/TiO, bilayer.

In the presence of ethylenediaminetetraacetic acid (EDTA) as
a sacrificial electron donor, photocurrents are readily observed
upon excitation of the RuP-TiO, nanocrystals with visible light.
Control experiments that lack one of the components (either
RuP, TiO,, or EDTA) gave no observable photocurrent. The
absence of a photocurrent in the control experiment without
TiO, (but with 5 x 103 M RuP and 25 x 103 m EDTA) shows
that RuP cannot directly donate electrons to MtrC and that the
hemes in MtrC are not photoreduced by EDTA. Furthermore,
in the presence of TiO, (but absence of RuP), photocurrents
were only observed under UV light, confirming that electron
transfer proceeds from RuP via TiO, to MtrC.

Since MtrC is a redox protein that exists in oxidized and
reduced states, it can also operate as an electrical diode or on/
off switch for photocurrent. When MtrC is reduced at poten-
tials below —0.3 V, no oxidative photocurrents are observed
and the system behaves the same as without the sacrificial
electron donor EDTA (Figure 7A). This switch is clearly dis-
tinct from the behavior of RuP-TiO, without MtrC (when
TiO, is directly adsorbed on the SAM-modified electrode).
In Figure 7B, differences in photocurrent with and without
EDTA are plotted, where the switch in oxidative photocurrent
is more clearly visible upon reduction of MtrC. When MtrC
is reduced (i.e., at potentials below 0 V), the electron transfer
from RuP-TiO, to MtrC is impaired, explaining the observed
switch in photocurrent. The switch thus provides direct proof
that for the MtrC/TiO, hybrid system the majority of elec-
tron transfer proceeds via MtrC and that the densely packed
monolayer of MtrC prevents direct interaction between the
gold electrode and the RuP-TiO, layer, confirming the for-
mation of the layered structure schematically depicted in
Figure 8.

We have previously shown that fuel production by TiO,
particles coated with redox catalysts is limited by fast charge
recombination.**#? This limitation is likely to apply to most
inorganic photocatalytic systems where the catalyst is not
separated from the light-harvesting particle. Here, we show
that the decaheme MtrC can act as an electron-transfer conduit.
Engineering a conduit-like MtrC between catalysts and TiO,

© 2015 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 7. A) Effect of applied bias potential on the photocurrent of MtrC/
RuP-TiO, (+MtrC) and RuP-TiO, only (—MtrC) measured with EDTA
(+ EDTA) and without EDTA (-EDTA). The response was measured by
linear sweep voltammetry (LSV) at 5 mV s™'. B) Normalized photocurrent
(the difference between photocurrent generalized with and without the
sacrificial electron donor EDTA). The gray bars represent the times during
with the photoanodes are illuminated.

might reduce charge recombination by spatially separating the
electron from the hole in the RuP-TiO, nanoparticle thereby
enhancing the efficiency of fuel production. Regretfully, in the
hybrid MtrC/TiO, system, oxidative photocurrents at +0.4 V
are limited by light intensity up to 0.5 W cm™ (Figure S6,
Supporting Information), making it difficult to determine the
rate-limiting electron-transfer step or to unambiguously deter-
mine whether charge recombination is reduced. Nonetheless,
detailed analysis seems consistent with the idea that the MtrC
conduit might improve photoefficiency.

Based on an electroactive coverage of 0.17 pmol cm™ for
MtrC, it can be calculated that, at 0.2 W cm™2 light intensity,
30 electrons per second are transferred through each electroac-
tive MtrC. Based on the QCM-D data, it can be estimated that
only 1 electron s per RuP-TiO, particle is generated for the
photoanodes that do not contain a MtrC film. Thus, despite the
fact that only 5% of the MtrC is electroactive and less RuP is
adsorbed on the MtrC film than the anode without MtrC, the
observed photocurrents are very similar between the RuP-TiO,
only and the RuP-TiO,/MtrC hybrid system.

In the MtrC/TiO, hybrid system, four interfacial electron-
transfer (ET) steps are required to obtain an oxidative photo-
current (see Figure 8): 1) from RuP to TiO,, 2) from TiO, to
MtrC, 3) from MtrC to the electrode, and 4) from the sacrifi-
cial electron donor, EDTA, to oxidized RuP. Electron transfer
from RuP to TiO, (step 1) occurs in the order of 180 ps,

Adv. Funct. Mater. 2015, 25, 2308-2315
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Figure 8. The predicted behavior of RuP-TiO,/MtrC photodiode based
on the energy diagram.

whereas recombination from TiO, to oxidized RuP is much
slower on the timescale of 1 ms.?%4!l We did not observe an
increase in photocurrent upon increasing the EDTA concentra-
tion, suggesting that step 4 is also not rate limiting. The elec-
tron transfer from electroactive MtrC to the electrode (step 3)
is less than 10 ms, i.e., much faster than the observed photo-
generated 30 electrons s~1. By exclusion, it is thus possible that,
besides light intensity, the electron transfer from TiO, to MtrC
(step 2) is rate limiting in the MtrC/TiO, system.

A large fraction of the immobilized MtrC is not electroactive
and RuP-TiO, nanocrystals that are coupled to the nonelectro-
active MtrC might thus not contribute to the photocurrent. To
further study this, we added N,N’-dimethyl-4,4"-bipyridinium
dichloride (methyl viologen, MV?*). MV?" is an electron
acceptor that has been shown to efficiently trap the conduction
band electrons*’l and can efficiently transfer these trapped elec-
trons directly to the underlying electrode. Indeed, addition of
1 x 1073 M MV?* leads to a fourfold enhancement in photocur-
rent (Figure S7, Supporting Information).

3. Conclusion

We have shown the assembly of a bio-hybrid system composed
of a light-harvesting RuP-TiO, nanocrystal and a molecular
wire, the decaheme MtrC. Its formation is confirmed by the
observed photoswitching behavior, which is due to the redox
state of the MtrC electrical bridge on the electrode surface.
At potentials below —0.4 V, in the fully reduced state of MtrC,
no or very small cathodic photocurrents are observed. Upon
increasing the applied potential, the (partly) oxidized MtrC acts
as the initial electron acceptor for the photoexcited TiO,.
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4. Experimental Section

General Materials: Unless otherwise stated, reagents and solvents
were purchased from commercial suppliers and used without
further purification: 3-(N-morpholino)propansulfonic acid (MOPS),
4-(2-hydroxyethyl) piperazine-1-ethanesulfonic acid (HEPES),
sodium sulfate, EDTA disodium salt dehydrate, 8-mercaptooctanol,
ethanol, and DHBA were purchased from Sigma-Aldrich (UK);
titanium tetraisopropoxide, oleic acid, hexadecylamine, and methyl
3,4-dihydroxybenzoate were purchased from Wako Pure Chemical
Industries Ltd; 8-amino-1-octanethiol hydrochloride was purchased from
Dojindo Molecular Technologies; isopropanol and dichloromethane
were purchased from Fisher Chemicals; methyl viologen hydrate
was purchased from Acros Organics; EPOTEK 307 was purchased
from Epoxy technology. [Ru(bpy),(4,4”-(PO3H;),bpy)](Br); (RuP) was
prepared according to a literature procedure.*' AEROXIDE P25 TiO,
particles were provided by Evonik Industries, and were a mixture of
8:2 anatase:rutile. Anatase 5 nm TiO, particles were purchased from
Nanostructure & Amorphous Materials, Inc.

Synthesis of TiO, Nanocrystals: a) Oleic acid-capped TiO,: The
precursor, 1 mmol of titanium tetraisopropoxide and the modifiers,
3 mmol of oleic acid and 0.5 mmol of hexadecylamine were heated
at 120 °C for 5 min as a pretreatment and the mixture was placed in
a pressure-resistant Hastelloy vessel (inner volume = 5 mL) with a
Hastelloy sphere. This resulted in a well-mixed solution of the precursor
and modifiers. Next, the solvothermal reaction was made to occur in the
reactor at 400 °C for 10 min. The organic ligand-modified nanocrystals
were extracted from the product mixture using cyclohexane (3 mL).
The products were precipitated from the resulting cyclohexane phase
using ethanol (3 mL) as an antisolvent agent and were separated using
centrifugation. The centrifuged products were then washed twice with
a mixture of cyclohexane (3 mL) and ethanol (3 mL). The washed
products were dissolved in cyclohexane (5 mL). b) Ligand exchange:
A solution mixture containing 25 mg of methyl 3,4-dihydroxybenzoate
(MDB) and ethanol (2 mL) was delivered dropwise into cyclohexane
dispersing the oleic acid-modified TiO, nanocrystals (2 mL, 0.7 wt%)
and the mixtures were stirred at the room temperature for 2 h after
introducing trimethylamine (200 mg). The catechol groups of MDB
react with the surfaces of TiO, nanocrystals exchanging the oleic acid.
The MDB-modified TiO, nanocrystals were centrifuged to separate them
from residual MDB and oleic acid. The centrifuged products were then
washed with a mixture of cyclohexane (4.5 mL) and ethanol (4.5 mL) and
centrifuged once more. The washed pellet was dispersed in water (9 mL)
adding 50 pL KOH aqua (5 m) and the mixtures were stirred for 30 min,
followed by ultrasonic treatment for 30 min so that ester bond in MDB
hydrolyzed. The products were centrifuged after adding acetone (5 mL)
and the centrifuged products were then washed with a mixture of acetone
(5 mL) and water (4 mL). After centrifugation, the washed products
were dispersed in water (4 mL) to produce a DHBA-TiIO, nanocrystals
dispersion. c) Attachment of RuP: RuP (1 x 107 m, aq.) was added to the
solution of DHBA-TIO, in a ratio of 1 pmol RuP per 5 mg nanocrystals.
The solution was allowed to mix for at least 1 h before use, and was
stored protected from light. To analyze the extent of RuP attachment,
the nanoparticles were precipitated by acidification (0.1 m HCl) and
centrifuged (10 000 rpm, 5 min). Comparison of the absorbance at
457 nm of the supernatant to a reference solution gave an estimate of
0.09 £ 0.02 pmol RuP per mg particles. Acidification of RuP alone did
not result in any precipitation.

DHBA Functionalization and Dye-Sensitization of P25 TiO,: P25 TiO,
(20 mg) was suspended in acetone (200 mL) with sonication for 10 min.
DHBA (20 mg) was added and the mixture was stirred for 5 min. The
particles were isolated by centrifugation (4000 rpm, 5 min), washed with
acetone, and re-isolated by centrifugation. The particles were allowed
to dry in air, protected from light.RuP (1 X 107 w, aq.) was added to a
suspension of DHBA-(P25)TiO, in water, in a ratio of 0.2 ymol RuP per
5 mg nanoparticles. The solution was allowed to mix for 1 h, protected
from light. The particles were isolated by centrifugation (4000 rpm, 5 min)
and allowed to dry in air, protected from light. Comparison of the optical
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absorbance at 457 nm of the supernatant from centrifugation, relative to
a reference solution, gave an estimate of 0.03 pmol RuP per mg particles.

Characterization of RuP-TiO, Nanocrystals: TEM (JEM-2100F, JEOL)
was used for high-resolution image at 200 keV. XRD patterns were
obtained with a Rigaku D/Max-2500 diffractometer using Cu Ko
radiation (1 = 1.5418 A) at a scanning rate of 4.00 degrees min~'. Zeta
potential measurements were carried out using a Malvern Instruments
nanocomposite size analyzer (NanoZS, Worcestershire, UK). FT-IR
spectra were obtained using a Thermo Scientific Nicolet iS50 FTIR
spectrometer in ATR mode.

Characterization of MtrC: A soluble form of MtrC was purified
as described in Edwards et al. (under review) from a construct
in which the 25 N-terminal amino acids of native MtrC are
replaced with the signal sequence of MtrB from S. oneidensis MR-1
(MKFKLNLITLALLANTGLAVAADG). The resulting MtrC sample
(87 X 1078 m MtrC in 20 x 10 m HEPES, pH 7.5) was subject to SDS-
PAGE followed by protein visualization using Coomassie Brilliant Blue
staining (Figure S3, Supporting Information). A single protein band
was revealed with an apparent molecular mass of 75 kDa as expected
for MtrC and confirming that the protein was pure (>95%). Electronic
absorbance spectroscopy of the purified MtrC confirmed the presence
of c-type hemes (Figure S4, Supporting Information). The spectrum of
the air-oxidized MtrC is characterized by a prominent band in the Soret
(1) region with a maximum at 410 nm and accompanied by smaller
features at 531 and 560 nm. MtrC reduced by sodium dithionite displays
a spectrum typical of low-spin ferric c-heme with a peak maximum at
419 nm, together with clearly defined o~ and fB-peaks at 552 and 523 nm,
respectively.

Electrode Preparation and MirC Film Voltammetry: The template-
stripped gold (TSG) as working electrodes was prepared by a method
described previously.*l Using an Edwards Auto 306, 150 nm gold
(99.99%; Goodfellow) was evaporated on silicon wafers (IDB Technology
Ltd, UK). After evaporation, 1.2 cm? glass slides were glued to the
gold layer with Epo-Tek 377 for 2 h at 120 °C. SAMs were made by
incubating the detached glass slide, exposing the TSG surface, with
0.8 x 1073 M 8-OH/0.2 x 1073 m 8-NH;* in ultrapure water (Milli-Q water,
18.2 MQ cm) for more than 2 days at 4 °C. After incubation, the excess
thiol was gently washed away with Milli-Q water and then dried with
nitrogen. For the protein film electrochemistry experiment, a home-build
electrochemical cell was used with a standard three-electrode setup.
As the working electrode, the SAM-modified TSG was embedded in a
polytetrafluoroethylene (PTFE) holder with a rubber O-ring seal, placed
in a glass electrochemical cell container with a platinum wire counter
electrode and a saturated silver/silver chloride reference electrode (Ag/
AgCl; Radiometer analytical, France) and 2 mL of buffer (20 x 103 m
MOPS, 30 x 107 m Na,SO, at pH 7.4) was added. All potentials are
quotes versus SHE using 0.199 mV vs SHE for the Ag/AgCl reference
electrode. The quality of the SAM was assessed with electrochemical
impedance spectroscopy spectra before the immobilization of MtrC.
To form the MtrC protein film, the electrolyte was removed and the
electrode was submersed in 50 pL of protein solution (0.87 x 107 m)
for 1 min at 20 °C. After rinsing the electrochemical cell more than three
times with 2 mL buffer making sure the electrode remains under fluid
throughout, cyclic voltammograms (CVs) were measured in fresh buffer
(2 mL). To immobilize RuP-TiO, nanocrystals, the electrolyte solution
was almost completely removed and 50 pL RuP-TiO, nanocrystal or
P25 suspension (typically 02-0.5 mg mL™") was added. The nanocrystal
solution was freshly diluted in a 25 x 1073 m EDTA solution (pH 7.4), as
prolonged storage in EDTA or buffer solutions was observed to result
in agglomeration of the nanocrystals. After incubation for 5 min, the
electrochemical cell was rinsed several times with 20 x 107 m EDTA to
remove any non-bound RuP-TiO, nanocrystals. CVs were obtained using
an Autolab electrochemical analyzer (Ecochemie, Utrecht, Netherlands)
equipped with a PGSTAT 128N potentiostat, SCANGEN and ADC750
modules, and FRA2 frequency analyzer (Ecochemie). CV experiments
were routinely carried out by holding the potential at 0.19 V for
5 s before cycling at a scan rate of 1 V s7' in the potential window
from 0.4 V to —0.5 mV (vs SHE). Voltammograms were analyzed
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using the freely available software Q-Soas.*l The electrochemical
cell was used in a steel mesh Faraday cage to minimize electrical
noise, and all experiments were conducted under purging with
argon.

Quartz Crystal Microbalance with Dissipation: QCM-D measurements
were performed using a Q-Sense E4 (Q-Sense AB). Prior to each
measurement the gold-coated QCM-D crystals (Q-Sense AB) were
cleaned with 2 wt% SDS detergent for 10 min in a bath sonication,
rinsing with Milli-Q water and dried under a nitrogen flow. QCM-D
crystals were subsequently treated for 20 min with UV/ozone (UVOCS
Inc T10 x 10/OES/E, UK) followed by a 30 min reduction in freshly
distilled propanol at 40-60 °C using a Soxlet setup. Freshly cleaned
QCM-D crystals were modified with a SAM as above and then rinsed with
Milli-Q water. QCM-D experiments were conducted at 21 °C, with the
flow rate held at 71 pL min~". Incubations with MtrC (0.87 X 10~® m) and
RuP-TiO, (0.2 mg mL™") are performed as indicated in the result section.
All protein-binding experiments were performed in buffer (20 X 10 m
MOPS, 30 x 107 M Na,SO, at pH 7.4). On graphs, changes in the
dissipation (AD) and frequency (Af) of the third overtone are presented,
while fifth, seventh, ninth, eleventh, and thirteenth overtones were also
recorded.

Atomic Force Microscopy: For AFM images, TSG surfaces were
prepared and modified as described for the electrochemistry
experiments. All AFM images were taken using an Asylum Research
MFP-3D-SA atomic force microscope, operated in intermittent contact
mode, using SNL cantilevers (Bruker) having nominal spring constants
of 0.24 N m™" and nominal tip radii of 2 nm. Free oscillation amplitudes
were ca. 15 nm and the amplitude set point adjusted to maintain
imaging forces of 150-250 pN. Scan rates were 1-2 Hz.

Development and Photoelectrochemical Measurement of TiO,/MtrC
Conduit Wire: Photoelectrochemical measurement were performed
using a cold light source featuring a 150 W, 4.5 cm (15 V) halogen
lamp (OSRAM) with a fiber optic arm (Kriiss KL5125, Germany). The
light source was placed 5-10 cm above the gold electrode with the light
passing through =2 cm of buffer before reaching the electrode surface.
The light intensity on the sample (of 0.25 cm?) was approximately 50 mW.
The UV filter ensured that no UV excitation of the TiO, was possible. The
photoinduced currents were measured between the modified working
electrodes and a Pt counter electrode using Autolab electrochemical
analyzer, as above. Linear scan voltammetry (LSV) was used to determine
the photoelectrochemical properties of RuP-TiO, nanoparticles and TiO,/
MtrC conduit system under controlled illumination. The measurement
was performed at a scan rate of 5 mV s™' between —0.45 and +0.45 V
versus SHE. For chronoamperometry measurements, the potential
E = +400 mV versus SHE was set and an illumination was typically set
to 10 s (40 s off period). Measured photocurrents are after baseline
correction (during the dark phases) with Q-Soas.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.

Acknowledgments

This work was supported by the BBSRC (grants BB/K009753/1, BB/
K010220/1, and BB/K009885/1), the EPSRC (EP/H00338X/2; PhD
studentship to Emma Ainsworth), the Christian Doppler Research
Association and the OMV Group. The authors appreciate Dr. Liang Shi
(PNNL) and Dr. Marcus Edwards (UEA) for providing the S. oneidensis
strain and the protocol allowing for purification of MtrC.

Received: December 22, 2014
Revised: February 5, 2015
Published online: March 11, 2015

Adv. Funct. Mater. 2015, 25, 2308-2315



el
Mt oS
www.MaterialsViews.com

[11 . A. Faunce, W. Lubitz, A. W. Rutherford, D. R. MacFarlane,
G. F. Moore, P. D. Yang, D. G. Nocera, T. A. Moore, D. H. Gregory,
S. Fukuzumi, K. B. Yoon, F. A. Armstrong, M. R. Wasielewski,
S. Styring, Energy Environ. Sci. 2013, 6, 695.

[2] T. Shikanai, Curr. Opin. Biotechnol. 2014, 26, 25.

[3] T. Faunce, S. Styring, M. R. Wasielewski, G. W. Brudvig,

A. W. Rutherford, ). Messinger, A. F. Lee, C. L. Hill, H. deGroot,

M. Fontecave, D. R. MacFarlane, B. Hankamer, D. G. Nocera,

D. M. Tiede, H. Dau, W. Hillier, L. Z. Wang, R. Amal, Energy Environ.

Sci. 2013, 6, 1074.

A. Badura, T. Kothe, W. Schuhmann, M. Régner, Energy Environ. Sci.

2011, 4, 3263.

[5] R. Bhardwaj, R. L. Pan, E. L. Gross, Nature 1981, 289, 396.

[6] J. O. Calkins, Y. Umasankar, H. O’Neill, R. P. Ramasamy, Energy

Environ. Sci. 2013, 6, 1891.

M. Rasmussen, A. Shrier, S. D. Minteer, Phys. Chem. Chem. Phys.

2013, 15, 9062.

[8] S. C. Tan, F. Yan, L. I. Crouch, ). Robertson, M. R. Jones,

M. E. Welland, Adv. Funct. Mater. 2013, 23, 5556.

D. Gerster, |. Reichert, H. Bi, J. V. Barth, S. M. Kaniber,

A. W. Holleitner, I. Visoly-Fisher, S. Sergani, I. Carmeli, Nat. Nano-

technol. 2012, 7, 673.

[10] M. H. Ham, J. H. Choi, A. A. Boghossian, E. S. Jeng, R. A. Graff,
D. A. Heller, A. C. Chang, A. Mattis, T. H. Bayburt, Y. V. Grinkova,
A. S. Zeiger, K. ). van Vliet, E. K. Hobbie, S. G. Sligar, C. A. Wraight,
M. S. Strano, Nat. Chem. 2010, 2, 929.

[11] T. Kothe, N. Plumeré, A. Badura, M. M. Nowaczyk, D. A. Guschin,
M. Régner, W. Schuhmann, Angew. Chem. Int. Ed. 2013, 52, 14233.

[12] P. N. Ciesielski, A. M. Scott, C. J. Faulkner, B. ]. Berron, D. E. Cliffel,
G. K. Jennings, ACS Nano 2008, 2, 2465.

[13] M. Kato, T. Cardona, A. W. Rutherford, E. Reisner, J. Am. Chem. Soc.
2012, 7134, 8332.

[14] K. A. Brown, M. B. Wilker, M. Boehm, G. Dukovic, P. W. King, J. Am.
Chem. Soc. 2012, 134, 5627.

[15] T. W. Woolerton, S. Sheard, E. Reisner, E. Pierce, S. W. Ragsdale,
F. A. Armstrong, J. Am. Chem. Soc. 2010, 132, 2132.

[16] S. H. Lee, ). H. Kim, C. B. Park, Chem. Eur. J. 2013, 19, 4392.

[17] M. Rasmussen, S. D. Minteer, Electrochim. Acta 2014, 126, 68.

[18] V. Hartmann, T. Kothe, S. Poller, E. EI-Mohsnawy, M. M. Nowaczyk,
N. Plumeré, W. Schuhmann, M. Régner, Phys. Chem. Chem. Phys.
2014, 16, 11936.

[19] O. Yehezkeli, R. Tel-Vered, D. Michaeli, R. Nechushtai, I. Willner,
Small 2013, 9, 2970.

[20] T. Kothe, S. Péller, F. Y. Zhao, P. Fortgang, M. Rogner,
W. Schuhmann, N. Plumeré, Chem. Eur. J. 2014, 20, 11029.

[27] A. Efrati, O. Yehezkeli, R. Tel-Vered, D. Michaeli, R. Nechushtai,
I. Willner, ACS Nano 2012, 6, 9258.

[22] C. Stoll, S. Kudera, W. J. Parak, F. Lisdat, Small 2006, 2, 741.

[23] D. E. Ross, J. M. Flynn, D. B. Baron, J. A. Gralnick, D. R. Bond, PLoS
One 2011, 6, e16649.

[4

[7

9

www.afm-journal.de

[24] H. Y. Wang, F. Qian, G. M. Wang, Y. Q. Jiao, Z. He, Y. Li, ACS Nano
2013, 7, 8728.

[25] A. L. Kane, D. R. Bond, J. A. Gralnick, ACS Synth. Biol. 2013, 2,
93.

[26] S. A. Patil, K. Gérecki, C. Hagerhill, L. Gorton, Energy Environ. Sci.
2013, 6, 2626.

[27] F. Qian, H. Y. Wang, Y. C. Ling, G. M. Wang, M. P. Thelen, Y. Li,
Nano Lett. 2014, 14, 3688.

[28] D. J. Richardson, M. J. Edwards, G. F. White, N. Baiden,
R. S. Hartshorne, |. Fredrickson, L. Shi, |. Zachara, A. ). Gates,
J. N. Butt, T. A. Clarke, Biochem. Soc. Trans. 2012, 40, 493.

[29] K. Richter, M. Schicklberger, |. Gescher, Appl. Environ. Microbiol.
2012, 78, 913.

[30] L. A. Shi, D. J. Richardson, Z. M. Wang, S. N. Kerisit, K. M. Rosso,
J. M. Zachara, |. K. Fredrickson, Environ. Microbiol. Rep. 2009, 1,
220.

[31] M. J. Edwards, ). K. Fredrickson, J. M. Zachara, D. |. Richardson,
T. A. Clarke, Biochem. Soc. Trans. 2012, 40, 1181.

[32] A. Okamoto, K. Hashimoto, K. H. Nealson, R. Nakamura, Proc.
Natl. Acad. Sci. U.S.A. 2013, 110, 7856.

[33] D. E. Ross, S. L. Brantley, M. Tien, Appl. Environ. Microbiol. 2009,
75, 5218.

[34] E. Reisner, ). C. Fontecilla-Camps, F. A. Armstrong, Chem. Commun.
2009, 550.

[35] R. S. Hartshorne, C. L. Reardon, D. Ross, ]. Nuester, T. A. Clarke,
A. ). Gates, P. C. Mills, ). K. Fredrickson, ). M. Zachara, L. Shi,
A. S. Beliaev, M. ). Marshall, M. Tien, S. Brantley, ). N. Butt,
D. ). Richardson, Proc. Natl. Acad. Sci. USA 2009, 106, 22169.

[36] M. Firer-Sherwood, G. S. Pulcu, S. ). Elliott, J. Biol. Inorg. Chem.
2008, 173, 849.

[37] W. Saenger, Annu. Rev. Biophys. Biophys. Chem. 1987, 16, 93.

[38] J. W. Zhao, J. ). Davis, M. S. P. Sansom, A. Hung, J. Am. Chem. Soc.
2004, 126, 5601.

[39] E. Reisner, D. J. Powell, C. Cavazza, J. C. Fontecilla-Camps,
F. A. Armstrong, J. Am. Chem. Soc. 2009, 131, 18457.

[40] E. Reisner, Eur. J. Inorg. Chem. 2011, 1005.

[41] F. Lakadamyali, A. Reynal, M. Kato, J. R. Durrant, E. Reisner, Chem.
Eur. J. 2012, 18, 15464.

[42] A. Reynal, ). Willkomm, N. M. Muresan, F. Lakadamyali,
M. Planells, E. Reisner, ). R. Durrant, Chem. Commun. 2014, 50,
12768.

[43] H. B. Yildiz, R. Tel-Vered, I. Willner, Adv. Funct. Mater. 2008, 18,
3497.

[44] S. A. Trammell, J. A. Moss, J. C. Yang, B. M. Nakhle, C. A. Slate,
F. Odobel, M. Sykora, B. W. Erickson, T. |. Meyer, Inorg. Chem. 1999,
38, 3665.

[45] D. Stamou, D. Gourdon, M. Liley, N. A. Burnham, A. Kulik,
H. Vogel, C. Duschl, Langmuir 1997, 13, 2425.

[46] V. Fourmond, K. Hoke, H. A. Heering, C. Baffert, F. Leroux,
P. Bertrand, C. Léger, Bioelectrochemistry 2009, 76, 141.

Adv. Funct. Mater. 2015, 25, 2308-2315

© 2015 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

wileyonlinelibrary.com 2315

“
G
F
F
>
v
m
~




