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This communication reports on the preparation of stable and photo-
[NiFe]
hydrogenase from Aquifex aeolicus bacterium grafted on hydrophilic

active nano-heterostructures composed of O, tolerant
CdSe/CdS quantum rods in view of the development of H,/O, biofuel
cells. The resulting complex is efficient towards H, oxidation, displays
a good stability and new photosensitive properties.

The same length scale of biomolecules and inorganic nanocrystals
allows the preparation of nanotools where the unique, photonic,
electronic and catalytic properties of nanoparticles are combined
with the properties of biomolecules. Among the nanoparticles,
anisotropic semi-conductor nanocrystals, namely quantum rods, have
emerged as a promising class of materials for a broad range of
applications such as energy conversion.' In particular core@shell
quantum rods made of CdSe@CdS are known to efficiently convert
light in order to perform redox reactions in comparison to their
spherical counterpart.’ Indeed the life time of the photo-induced
charge separation (i.e. exciton) is enough longer to favor electron
transfer at the surface of the quantum rods due to their anisostropic
shape.

In a natural photosynthesis, plants absorb solar radiation using
pigments that efficiently separate the charge carrier and deliver it to
catalysts, such as hydrogenase (Hase) in order to perform the
reversible reaction of Thydrogen decomposition/generation.
Previously complexes composed of an O,-sensitive FeFe Hase and
either a CdS nanorod® or CdTe quantum dot* have been obtained
through electrostatic interaction for hydrogen generation. In the
present work, our artificial system consists in an O,-tolerant and
hyperthermophilic Hase (MbH1) covalently grafted on a hydrophilic
peptide-coated quantum rod where the latter acts as a
photosensibilizer. To the best of our knowledge the covalent
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attachment of such an enzyme on an inorganic nanoparticle, with the
preservation of its catalytic activity, has never been reported in
colloidal suspension. MbH1 contains a NiFe active center and
presents a bias toward the catalytic hydrogen splitting. Based on
these properties, MbH1 has been integrated in a H,/O, biofuel cell
on an anode modified by carbon nanotubes.’ Furthermore, we
previously demonstrated a light-induced reactivation under turnover
of an inhibited state of the NiFe MbH1 (Ni-B) formed at high redox
potentials.®
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Scheme 1: a) Cartoon showing the strategy adopted to graft covalently MbH1
on the QR surface (30*5 nm) via a peptidic coupling.

Herein we report on an efficient and simple strategy to covalently
graft MbH1 from the hyperthermophilic bacterium Aquifex aeolicus
to quantum rods made of CdSe@CdS in water. The resulting
biohybrid complex has been characterized by gel electrophoresis and
by electrochemistry. We showed that the enzyme retains its activity
on the quantum rod surface. We have next investigated the
photosensitive properties of this complex in electrochemistry. This
work would be a further step towards the design of an efficient
biofuel cell.

J. Name., 2012, 00, 1-3 | 1



ChemComm

Quantum rods CdSe@CdS were dispersed in water thanks to a
robust peptidic exchange strategy according to a previously
published procedure on quantum dots CdSe@ZnS.” The interaction
between the tricystein sequence of the hydrophilic ligands (see
scheme 1) is strong enough to allow purifying the suspension of the
free ligands while limiting aggregation process. Besides those
advantages, the peptidic ligand used in this work is terminated by a
carboxylic acid that can react to form an ester via (EDC/NHS)
coupling agents. The QR suspension is then activated and can further
react with a primary amine at the surface of MbH1 in order to form a
QR/Hase complex by a covalent bond (see Scheme 1).

Figure 1: Migration of the different components by nativePAGE: (a)
detection of MbH1 activity in gel assay (b) QR (30*5 nm) detection by UV
illumination. 1: QRs alone (20 mg/mL), 2: QRs after activation of the
carboxylic acid via a mixture of (400/100 mM; EDC/NHS) coupling agents
(Initial concentration 20 mg/mL), 3: MbH1 (28 uM) grafted on QR. 4: MbH1
alone. The concentration of QRs is fixed at 20 mg/mL for all lanes containing
QRs (1, 2, 3). The framed bands were analyzed by MS.

In order to investigate the putative binding of MbHI1 to QR, native
PAGE has been performed (Figure 1). First the colloidal stability
and the monodispersity of the quantum rods grafted with peptidic
derivatives were evidenced by a single spot in agarose gel
electrophoresis corresponding to the migration of the nanoparticles
(see the gel Figure S1). In the case of nativePAGE, one has to notice
that the migration of the quantum rods in the gel (lanes 1, Figure 1)
is non-uniform even if the colloidal suspension is homogeneous and
the nanorods are monodisperse in size (see TEM Figure S2). The
heterogeneous migration of the quantum rods is attributed to the
higher concentration of polyacrylamide gel (5% m/v polyacrylamide
gel versus 0.5 % m/v for agarose gel electrophoresis). A decrease in
the quantum rods migration is observed when 400 mM/100 mM
EDC/NHS are added in the quantum rods suspension (lanes 2,
Figure 1) corresponding to an overall decrease of the particle charge
due to the formation of ester on the terminal function of the peptidic
ligands or/and to the crosslinking between QRs (see Figure S3).
Then, the activity of -MbH]1 in one hand and its grafting on QR
surface in the other hand were detected and visualized in gel. No
visible aggregation of the QR/Hase suspension was observed before
deposition on the gel even if one can not exclude that protein
coupling induces partially the formation of some aggregates.The
enzymatic activity for H, oxidation is revealed with a gel assay
displaying a red color induced by the reduced triphenyltetrazolium
chloride (see protocols in supporting information). Colocalization of
red-active MbH1 with the fluorescent quantum rods clearly appears
on the gel (lane 3, Figure 1a and 1b).® This last observation assesses
the formation of the QR-MbH1 complex and that the MbH1 retains
its activity on the QR surface. MbH1 is composed of two subunits a
large one (72 kD) and a small one (39 kD). The formation of the
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QR-MbH1 complex has been confirmed in Peptide Mass
Fingerprint. The MALDI-ToF and LC-Q-ToF mass spectrometry
evidenced the grafting of the MbHI1 protein (see supporting
informations, Figure S4). No protein was detached from the surface
of the particle for the duration of the electrophoresis experiment
(about 2 hours after the coupling) therefore non-covalent adsorption
of the protein appears not to be significant.
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Figure 2: Cyclic voltammetry (CV) for adsorbed MbH1 (2.8 uM, black
curve), QR/MbHI (2 mg.mL"'/2.8 uM) complex before (grey), and after
10uM methylene blue (MB) (blue) addition in solution. The deposition on
the pyrolitic graphite PG electrode was immobilized through a dialysis
membrane. 50 mM HEPES buffer solution, pH 6.8, 60°C (v =35 mV.s"). The
experiments are performed under H, atmosphere.

When MbH1 is immobilized at the membrane graphite electrode,
under H, at 60°C, a direct current for H, oxidation is observed
(Figure 2, black curve). This is rationalized by the fact that some
MbH1 molecules are oriented at the rough surface of the PG
electrode with the last electronic relay (the distal FeS cluster) at a
tunnel distance of the PG electrode.” A decrease in the current is
observed for potentials higher than -0.2 V. This reversible inhibition
process has been widely studied, and is linked to the formation of a
hydroxide bridge between the Ni and Fe atoms (called Ni-B state).
By lowering the potential, electron injection allows the reduction of
this bridging ligand and consequently the formation of an active state
of the NiFe site.

In the same electrode configuration, the complex QR/MbH1 was
then studied at 60°C under H, using cyclic voltammetry (Figure 2,
grey curve). No oxidative current can be detected until MB was
added into the solution (Figure 2, blue curve). Three important
conclusions can be derived from these measurements. First, MbH1
engagement in a complex with QR is confirmed since the direct
electron transfer (DET) process obtained for H, oxidation with
MbHI1 at the same concentration in the absence of QR disappears
thus no free MbHI1 is present in the QR/Hase suspension at the
concentration used. Second, the length of the derivative for MbH1
immobilization, and/or the site of fixation of MbHI1 on the QR, as
suggested by mass spectrometry, precluded approach of the distal
FeS cluster to the electrode so that no DET process can be achieved
via the QR/MbH1 complex. However, MbH1 is still efficient for
mediated H, oxidation. After addition of MB into the buffer solution,
a mediated process for H, oxidation appears at the potential for MB
oxidation. A second order rate constant of 8x107 M™'s' was
calculated. The mediated catalytic process is not plateau-shaped, and
a decrease in the current density is observed above -0.15 V, which
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may be linked to MbH1 inhibition. Moreover, the complex showed
great a long-term stability as the H, oxidation occurs even one week
after the peptidic coupling.
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Figure 3: Chronoamperometry at -0.1 V vs Ag/AgCl for the complex
QR/MbHI immobilized at the membrane PG electrode in the presence of 10
pM MB under N, or H, with light pulse applied every 60 s. 50 mM HEPES
buffer solution, pH 6.8, 60°C.

The QR/MbH1 complex has been next studied by
chronoamperometry at an oxidizing potential (-0.1 V) where the
NiFe active site bears a hydroxo ligand (Ni-B state). Short light
pulses using a LED (A = 405 nm) were applied to the working
electrode and the photoinduced charge transfer between the complex
and the electrode, named hereafter photocurrent, was recorded in the
presence of MB. The wavelength at 405 nm was selected to have a
strong absorption of QR while having low absorption of the protein.
The intensity of illumination applied on the working electrode was
fixed to 700 lux. The bare PG electrode shows weak photocurrents
under H, (Figure 3, grey curve). Conversely, the QR/MbH1 complex
displays significant higher photocurrent (Figure 3, black line). The
contribution of the individual constituents of the bioelectrode on the
total photocurrent was established by working either under H, or N,
atm. We have shown recently that the enzymatic activity of MbHI1
can be triggered by light at those oxidizing potentials.® Indeed,
under N, only the photocurrent induced by the QR and MB must be
recorded. In this latter case, the photocurrent profile is similar to the
one obtained in the absence of MbH1 on the QR (Figure S5). It is
characterized by a sharp increase corresponding to an oxidation
photocurrent that sharply decreases when the light is switched off
(Figure 3, blue curve). This behavior has been described on quantum
dots and was assigned to the alignment of the Fermi level at the
electrode interface which is potential dependent.'® The photocurrent
link to the QR is thus strongly related to the potential applied on the
electrode (see Figure S6). In addition, the decay of the photocurrent
observed under illumination increases with the number of pulses.
This latter observation is attributed to a partial photooxidation of the
nanocrystals in absence of any sacrificial hole scavenger (see Figure
3)."" Under H,, (Figure 3, black line) the photocurrent evolution
with time is notably different. A continuous increase is recorded
when the light is on, and the photocurrent slowly decreases when the
light is switched off. Those results suggest a synergistic effect
between the QR and MbHI1 as the observed photocurrent differs
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from the individual constituents on the bioelectrode. The increase in
photocurrent under turnover at an oxidizing potential where the
enzyme is in an inactive state can be attributed to a reactivation of
the enzyme by a light induced process.

In conclusion, a complex composed of quantum rods and an
enzyme has been obtained through a covalent peptidic
coupling. The techniques employed to characterize the complex
demonstrate that the enzyme immobilized on the nanorod
surface presents a long-term stability. We demonstrate also an
original light triggered reactivation process of the active site of
MbHI1 at oxidizing potential. We are currently working on the
surface chemistry of the quantum rods in order to avoid the use
of the electron mediator that limits the integration of such
system in biofuel cells. The aim is to improve the life time
duration of biofuel cell technology thanks to light reactivation
of the hydrogenase.

Acknowledgements

This work is supported Financial support by Région Provence-Alpes-
Cote d’Azur, and ANR Bioénergie. V. Marchi thanks the Direction
Générale de I’Armement (DGA) for PhD fellowship to C. Hamon. We
thank M. Bauzan for growing the bacteria. We are grateful to MT.
Giudici-Orticoni for fruitful discussions.

Notes and references

¢ Université Rennes 1, Institut des Sciences Chimiques de Rennes,

CNRS UMR 6226 Campus de Beaulieu, 35042 Rennes, France. E-mail :
valerie.marchi@univ-rennes|.fr

’ Bioénergétique et Ingénierie des Protéines, Institut de Microbiologie de
la Méditerranée — CNRS-AMU, 31 Chemin Aiguier, 13009 Marseille,
France.

Electronic Supplementary Information (ESI) available: Figure S1: native
PAGE gels of QRs with various aspect ratios; Figure S2: corresponding
TEM images of the QRs; Figure S3: Native PAGE gels of QRs with
various amounts of coupling agents; Figure S4: Native PAGE gels of
MbH1

Chronoamperogram of QRs immobilized at the electrode in presence of

in the presence or not of coupling agents; Figure S5:

MB with light pulses; Figure S6: linear sweep voltammogram of the QRs

immobilized at the electrode with  light See

DOI: 10.1039/c000000x/

pulses.

1. (a) Talapin, D. V.; Lee, J.-S.; Kovalenko, M. V.; Shevchenko, E. V.,
Prospects of Colloidal Nanocrystals for Electronic and Optoelectronic
Applications. Chemical Reviews 2009, 110 (1), 389-458; (b) Salant, A.;
Shalom, M.; Tachan, Z.; Buhbut, S.; Zaban, A.; Banin, U., Quantum Rod-
Sensitized Solar Cell: Nanocrystal Shape Effect on the Photovoltaic
Properties. Nano Letters 2012, 12 (4), 2095-2100; (c) Woolerton, T. W.;
Sheard, S.; Chaudhary, Y. S.; Armstrong, F. A., Enzymes and bio-
inspired electrocatalysts in solar fuel devices. Energy & Environmental
Science 2012, 5 (6), 7470-7490; (d) Liu, K.; Zhao, N.; Kumacheva, E.,
Self-assembly of inorganic nanorods. Chemical Society Reviews 2011, 40
(2), 656-671.

2. (a) Zhu, H.; Song, N.; Lv, H.; Hill, C. L.; Lian, T., Near Unity
Quantum Yield of Light-Driven Redox Mediator Reduction and Efficient

J. Name., 2012, 00, 1-3 | 3



ChemComm

H2 Generation Using Colloidal Nanorod Heterostructures. Journal of the
American Chemical Society 2012, 134 (28), 11701-11708; (b) Wen, X.;
Sitt, A.; Yu, P.; Toh, Y.-R.; Tang, J., Temperature dependent spectral
properties of type-1 and quasi type-II CdSe/CdS dot-in-rod nanocrystals.
Physical Chemistry Chemical Physics 2012, 14 (10), 3505-3512; (c)
Amirav, L.; Alivisatos, A. P., Photocatalytic Hydrogen Production with
Tunable Nanorod Heterostructures. The Journal of Physical Chemistry
Letters 2010, 1 (7), 1051-1054.

3. Brown, K. A.; Wilker, M. B.; Boehm, M.; Dukovic, G.; King, P. W.,
Characterization of Photochemical Processes for H2 Production by CdS
Nanorod—[FeFe] Hydrogenase Complexes. Journal of the American
Chemical Society 2012, 134 (12), 5627-5636.

s4. (a) Brown, K. A.; Dayal, S.; Ai, X.; Rumbles, G.; King, P. W.,
Controlled Assembly of Hydrogenase-CdTe Nanocrystal Hybrids for
Solar Hydrogen Production. Journal of the American Chemical Society
2010, /32 (28), 9672-9680; (b) Greene, B. L.; Joseph, C. A.; Maroney,
M. J.; Dyer, R. B., Direct Evidence of Active-Site Reduction and
Photodriven Catalysis in Sensitized Hydrogenase Assemblies. Journal of
the American Chemical Society 2012, 134 (27), 11108-11111.

5. Ciaccafava, A.; De Poulpiquet, A.; Techer, V.; Giudici-Orticoni, M.
T.; Tingry, S.; Innocent, C.; Lojou, E., An innovative powerful and
mediatorless H-2/0-2 biofuel cell based on an outstanding bioanode.
Electrochem. Commun. 2012, 23, 25-28.

6. Ciaccafava, A.; Hamon, C.; Infossi, P.; Marchi, V.; Giudici-Orticoni,
M.-T.; Lojou, E., Light-induced reactivation of O2-tolerant membrane-
bound [Ni-Fe] hydrogenase from the hyperthermophilic bacterium
Aquifex aeolicus under turnover conditions.
Chemical Physics 2013, 15 (39), 16463-16467.

7. Dif, A.; Henry, E.; Artzner, F.; Baudy-Floc'h, M.; Schmutz, M.;
Dahan, M.; Marchi-Artzner, V.,
peptidic CdSe/ZnS nanocrystals and membranes: Formation of hybrid

Physical Chemistry

Interaction between water-soluble

vesicles and condensed lamellar phases. Journal of the American
Chemical Society 2008, 130 (26), 8289-8296.

8. (a) Parak, W. J.; Gerion, D.; Zanchet, D.; Woerz, A.S.; Pellegrino, T.;
Micheel, C. M.; Williams, S. C.; Seitz, M.; Bruehl, R.E.; Bryant, Z.;
Bustamante, C.; Bertozzi, C.R.; Alisivatos, A. P., Conjugation of DNA to
Silanized Nanocrystalline Quantum dots. Chemistry of Materials 2002,
14, 2113-2119. (b) Dif, A.; Boulmedais, F.; Pinot, M.; Roullier, V.;
Baudy-Floc’h, M.; Coquelle, F.M.; Clarke, S.; Neveu, P.; Vignaux, F.; Le
Borgne, R.; Dahan, M.; Gueroui, Z.;Marchi-Artzner, V., Small and Stable
Peptidic PEGylated Quantum Dots to Target Polyhistidine-Tagged
Proteins with Controlled Stoichiometry Journal of the American
Chemical Society 2009, 131 (41), 14738-14746.

9. Ciaccafava, A.; De Poulpiquet, A.; Infossi, P.; Robert, S.; Gadiou, R.;
Giudici-Orticoni, M. T.; Lecomte, S.; Lojou, E., A friendly detergent for
H2 oxidation by Aquifex aeolicus membrane-bound hydrogenase
immobilized on graphite and Self-Assembled-Monolayer-modified gold
electrodes. Electrochimica Acta 2012, 82 (0), 115-125.

10. Yue, Z.; Lisdat, F.; Parak, W. J.; Hickey, S. G.; Tu, L.; Sabir, N.;
Dorfs, D.; Bigall, N. C., Quantum-Dot-Based Photoelectrochemical
Sensors for Chemical and Biological Detection. ACS Applied Materials &
Interfaces 2013, 5 (8), 2800-2814.

11. Berr, M. J.; Wagner, P.; Fischbach, S.; Vaneski, A.; Schneider, J.;
Susha, A. S.; Rogach, A. L.; Jickel, F.; Feldmann, J., Hole scavenger

redox potentials determine quantum efficiency and stability of Pt-

4| J. Name., 2012, 00, 1-3

decorated CdS nanorods for photocatalytic hydrogen generation. Appl.
Phys. Lett. 2012, 100 , 223903.

This journal is © The Royal Society of Chemistry 2012

Page 4 of 4



