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Intensive research during the last 15 years on mechanistic understanding of hydrogenases, the key enzyme
for H, transformation in many microorganisms, has authorized the concept of green energy production
through H,/O; enzymatic fuel cells (EFCs), in which enzymes are used as biodegradable and bioavailable
biocatalysts. More recently, great effort has been put in the improvement of the interfacial electron
transfer process between the enzymes and high surface area conductive materials in order to shift from
a proof-of-concept to a usable power device. Herein, we analyze the main issues that have been
addressed during the last 5 years to make this breakthrough. After a brief introduction on the structure
of hydrogenases and bilirubin oxidases, a widely used enzyme for O, reduction, we compare their
activity with that of platinum. We introduce the first H,/O, EFCs and discuss their main limitations mainly

Received 6th April 2017 related to the sensitivity of hydrogenases to O, and oxidative potentials. We then review the discovery of
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new enzymes in the biodiversity and the advances in the control of the functional immobilization of
DOI: 10.1039/c75e00180k these enzymes on electrodes that have permitted to overcome these limitations. We finally present all

rsc.li/sustainable-energy the reported H,/O, EFCs, with a critical discussion on the perspectives of such devices.

Introduction temperature increase below 2 °C (source: httl-)s://unfcccf.i.nt/
resource/docs/2015/cop21/eng/10a01.pdf).  This  ambition
Two years ago, within COP21, 195 countries adopted a first requires a transition from non-renewable carbon-based energy
universal deal aiming at maintaining the global average sources to clean and low-carbon energy sources. The emergence
of renewable energy sources such as solar and wind ones also
induces the need of sustainable energy carriers that would allow
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production. Hydrogen meets this requirement, presenting at
the same time high energy density and harmless water gener-
ation upon reaction with abundant oxygen. Hydrogen can be
produced from clean energy sources such as biomass, and is
transportable either in a liquid or gas state, or combined with
nanomaterials. H, high energy conversion efficiency in fuel cells
(above 60%) is one last applicative interest of this fuel. With all
these advantages, is the competition with Li batteries the
unique reason for slow development of H,-based fuel cells,
especially for transportation? One drawback of proton exchange
membrane fuel cells (PEMFCs) is that they rely on the require-
ment for catalysts, mainly based on noble metals such as plat-
inum, to accelerate the reactions of H, oxidation and O,
reduction. Pt use encounters availability, economic and polit-
ical issues. During the last few decades, active research thus
focused towards the decrease or even the replacement of Pt in
fuel cells. Can we imagine enzymes doing the job? In microor-
ganisms, enzymes are biocatalysts that very efficiently convert
various substrates, e.g. to sustain microorganism energy. The
identification, then purification, and finally immobilization on
electrodes of some of these enzymes led to the concept of
enzymatic fuel cells (EFCs), which would operate as PEMFCs,
but with biocatalysts harboring only earth-abundant metals and
offering a larger panel of available fuels and oxidants* (Fig. 1).
Actually, EFCs based on substances largely available in physi-
ological fluids, such as glucose and O,, associated with the
specific enzymes, i.e. glucose oxidase and multicopper proteins
such as bilirubin oxidase (BOD), were the most developed
systems since their proof of concept in 1964.>* Powering of
medical devices was targeted with implanted EFCs, or more
recently with systems disposed on lenses or on patch applica-
tions.> Interest in the development of H,/O, EFCs is much
more recent, and motivated by the expected high energy output
and applications in the powering of portable electronics.****
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In H,/O, EFCs, hydrogenase, first recognized in 1931, is the
key enzyme for H, oxidation at the anode.” However, H,/O,
EFCs were developed late compared with glucose/O, EFCs,
mainly because of the extreme oxygen sensitivity of most
hydrogenases. Extensive research during the last decade
towards the understanding of O, sensitivity of hydrogenases
and the discovery of new hydrogenases presenting outstanding
properties including O, tolerance and CO resistance, nowadays
permit the envisioning of the development of H,/O, EFCs.

This literature survey provides an excellent opportunity to
emphasize the most recent improvements and breakthroughs
in the knowledge of the involved enzymes in H,/O, EFCs, in
rational use of (nano)materials as the enzyme host matrix, in
understanding of the interactions between these materials and
enzymes required for fast electron transfer, and then in the
resulting high power output of the related devices. It also allows
to identify the remaining bottlenecks and future fundamental
research directions required in this domain to fulfill the
application requirements.

The proof-of-concept

The first H,/O, enzyme-based fuel cell was not an entirely
enzymatic one. Nevertheless, it was an initial proof that elec-
tricity could be generated by microorganisms presenting H,
metabolism, opening the way for a true H,/O, EFC. Actually,
Tsujimura et al.*® reported in 2001, ie. 70 years after the
discovery of hydrogenase activity in bacteria, a fuel cell based on
sulfate-reducing cells at the anode and BOD at the cathode,
both deposited on 0.22 cm® carbon felts. Methyl viologen (MeV)
and 2,2'-azinobis(3-ethylbenzothiazoline-6-sulfonate) (ABTS)
redox mediators were used to mediate H, oxidation and O,
reduction respectively. The fuel cell operated at 1.0 V with
a current of 0.9 mA, exhibiting the highest open circuit voltage

Biocathode

Membrane

Fig.1 General scheme of the H,/O, EFC. At the anode hydrogenase is the enzyme for H, oxidation. Multicopper oxidase such as BOD reduces
O, into water at the cathode. A proton exchange membrane eventually separates the two compartments.
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(OCV) ever reported for EFCs of 1.17 V. In this hybrid bacterial/
enzymatic H,/O, fuel cell, the anode activity towards H, oxida-
tion was suggested to be linked to the hydrogenase content of
the periplasmic space of Desulfovibrio vulgaris Hildenborough
(DvH). In our group, we further demonstrated that DvH was able
to communicate with a pyrolytic graphite electrode (PG) in the
presence of MeV in solution, exhibiting H, oxidation or proton
reduction activity depending on pH." The activity was
measured with whole cells and periplasmic, membrane or
cytoplasmic fractions, where different hydrogenases were
identified. The highest contribution of the periplasmic
hydrogenase in the overall catalytic current, and more specifi-
cally in the H, uptake direction was proposed.” Actually, H,
metabolism is widespread in many biotopes and in very
different microorganisms. It is supported by the presence of
many various hydrogenases. The occurrence of microorganisms
gaining energy from H, in air early suggested that some
hydrogenases could even operate at high O, concentrations.*®
Hydrogenases differ in the metal content of the active site,
which can be composed of Fe only, di-Fe or Ni and Fe atoms."”**
Most often both [FeFe]- and [NiFe]-hydrogenases are identified
in a given cell. They are located in different spaces and present
a bias toward H, uptake or evolution. Some of them have been
recognized to be bidirectional and able to perform electron
bifurcation to harness energy.'® In Desulfovibrio fructosovorans
(Df), another sulfate-reducing bacterium, 6 different hydroge-
nases were identified in the genome! This indicates a complex
but very efficient machinery that may be exploited in EFCs.

Turning from bacterial cells to
enzymes

Among the three classes of hydrogenases, i.e. [FeFe], [NiFe] and
[Fe] hydrogenases, the [FeFe] hydrogenase presents the highest
turnover rate for H, evolution/uptake. Nonetheless, the [NiFe]-
hydrogenase is the most wide-spread. It is present in all Pro-
teobacteria as well as in Firmicutes, Cyanobacteria, Aquificae."
It is also the most robust hydrogenase especially towards O,-
tolerance, and its role in the microorganism is H,
uptake.'”'®?*2> Therefore, this class of hydrogenases is the most
adapted for use in EFCs.

[NiFe]-hydrogenases share a similar overall structure.® The
enzyme is composed of two subunits (Fig. 2). In addition, the
membrane-bound [NiFe]-hydrogenases have a trans-membrane
helix that serves as an anchor to the membrane. The large
subunit harbors the [NiFe] active site, in which the Fe ion is
coordinated by 1 CO and 2 CN™ ligands, while two cysteine
residues bridge the Ni and Fe atoms. A conserved pendant
arginine would also act as a catalytic base for H, activation.”® The
small subunit contains three FeS clusters at a distance less than
13 A and is able to transfer electrons from the active site to the
physiological partner. Gas diffusion channels allowing H, to
reach the active site are identified. Nowadays, in-depth
biochemical and spectroscopic characterization of [NiFe]-
hydrogenases from different organisms allows to propose
a global mechanism for H, oxidation'®*" (Fig. 2). In brief, H,
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reaches the Ni(u)Fe(u) active site (known as Ni-SI state) where it
undergoes heterolytic cleavage resulting in a Ni(u)Fe(u) state with
H™ bridging the two atoms. Successive release of 2 protons and 2
electrons leads back to the initial Ni(u)Fe(u) state. However,
some debates subsist concerning inactive states of the enzyme.**

Concerning O, reduction, multicopper oxidases (MCOs)
have been reported for many years as efficient bio-
electrocatalysts reducing O, into water.>*>® Laccase and BOD
belong to this class of proteins, and they are found in many
fungi and bacteria. They are both commonly used in sugar/O,
EFCs.* However, BOD tends to surpass laccase because it is able
to operate at neutral pH and is less sensitive to chloride at this
pH.”* BOD contains four copper atoms, which are classified
according to their geometric and spectroscopic properties: one
T1 Cu, one T2 Cu coupled to a binuclear T3 Cu (the TNC center)
(Fig. 3). As for hydrogenases, the global catalytic cycle is deter-
mined, although some states remain unclear, especially those
formed in the presence of halides*** (Fig. 3). Briefly, O, binds
at the TNC center of the fully reduced BOD, and is reduced into
water following two successive electronic steps involving a per-
oxy state and a state where a hydroxyl bridges the T3 copper
atoms.””**** The electrons are received at the T1 Cu and trans-
ferred to the TNC through a conserved (His-Cys-His) sequence.

Replacing platinum with enzymes?

The first report that envisioned hydrogenase as a biocatalyst in
replacement of Pt is dated 1977.** This was encouraged by the
demonstration of hydrogenase ability to exchange electrons with
an electrochemical interface to oxidize H,, at least with the aid of
a redox mediator. This type of electron transfer process is named
Mediated Electron Transfer (MET). At that time, the possibility of
direct connection (Direct Electron Transfer (DET)) between the
active site of the enzyme and the electrode was an open ques-
tion* (Fig. 4). DET between proteins less than 20 kDa and various
electrodes was known since the 1970's.*®* The issue of required
orientation to expose the metal center close to the electrode was
also clearly identified. However, the burying of the active site into
the protein moiety of larger enzyme molecules (more than 50 kDa
and 5 nm diameter if considered as globular) was long believed to
preclude any DET. Until now, MET is still widely used to connect
enzymes via small redox molecules either diffusing or immobi-
lized mostly within polymers at the electrode.***” Many enzymes
are still not directly addressable by electrochemistry. However,
some of them, including hydrogenases and bilirubin oxidases,
have been proved to be able to directly exchange electrons with
electrodes such as pyrolytic graphite electrodes (PG).**** Before
deeper explanations, which will be exposed later in this review, it
was suggested that some enzyme molecules were able to adopt
a favorable orientation for DET, i.e. placing the surface FeS (distal
cluster) or Cu T1 at a tunneling distance from the electrode, for
hydrogenase and BOD respectively. In the DET process, enzy-
matic rates are then measured directly as a current.

The successful direct electric communication of enzymes on
electrodes allowed comparison with Pt, a prerequisite towards
further H,/O, EFC developments. Accordingly, O, reduction by
the Pt electrode was compared to BOD immobilized on an
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Fig. 2 O,-tolerant [NiFe]-hydrogenases are key enzymes for H, oxidation. (A) Structure of membrane-bound [NiFe]-hydrogenase showing the
large subunit and the small subunit harboring the [NiFe] active site and the 3 FeS clusters, respectively, as well as the trans-membrane helix.
Electron pathway from the [NiFe] active site through the FeS clusters and the diheme cytochrome b partner is also drawn. (B) States of the [NiFe]-
hydrogenase involved in the catalytic cycle for H, oxidation and Ni-B state formed at high potential in the absence of oxygen.

Fig. 3

Fully reduced enzyme

Native intermediate
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(A) Crystal structure of BOD from Myrothecium verrucaria (PDB ID: 2XLL). Copper atoms are represented by brown spheres, and their

ligands appear as sticks with colors corresponding to the elements. Color code: white: carbon; blue: oxygen; red: nitrogen and yellow: sulfur. (B)
Catalytic cycle involved in the mechanism of O, reduction by BODs, with the different redox states of the three Cu atoms.

electrode. An accurate comparison is complicated by the most
often unknown quantity of enzyme participating to the current.
However, based on an electroactive enzyme monolayer, the elec-
trochemical data suggested that the enzyme should be several
orders of magnitude more efficient than Pt.***> Net improvement
in the overpotential required for O, reduction was also expected
by using BOD which has been maturated for bilirubin oxidation;
hence presenting a high potential T1 Cu.*® Actually, the over-
potential of O, reduction was shown to be much lower for the
enzyme compared to that of Pt, especially at neutral pH or
moderate acidic pH.**** For BOD from the fungus Myrothecium

1478 | Sustainable Energy Fuels, 2017, 1, 1475-1501

verrucaria (Mv), an overpotential of 80 mV was measured at pH 5
against 210 mV for Pt under the same pH conditions. It should be
also underlined that BOD outperformed Pt in complex media, for
example, in air-saturated human blood.** These results confirm
the previous conclusion drawn from comparative O, reduction
efficiency between Pt and BOD wired in redox hydrogels.>** In this
latter case, the enzyme loading is also far above the monolayer,
allowing the envisioning of current densities in the same range as
Pt-loaded carbon nanoparticles.

[NiFe]-hydrogenase from Allochromatium vinosum (Av)
adsorbed on PG at 45 °C was compared to Pt under the same

This journal is © The Royal Society of Chemistry 2017
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Fig. 4 Electrocatalysis using enzymes proceeds either via a direct enzyme connection at the electrode (DET, left), or through a redox mediator
(MET) either diffusing (middle) or immobilized for example in hydrogels (right).

conditions.” Under 1 atm H,, a similar catalytic current for H,
oxidation was recorded between the hydrogenase and Pt at an
overpotential of 200 mV. The absence of non-catalytic signal for
the hydrogenase precluded any quantification of the enzyme
coverage. However, the similarity of current between the
enzyme and Pt suggested a higher turnover rate for the enzyme
to compensate for the low density of catalytic sites. At lower
overpotentials, the enzyme was progressively less efficient as
a result of interfacial and intramolecular electron transfer
limitations, except when low H, concentrations were used. It
was also demonstrated that the enzyme surpassed Pt in the
presence of CO. While CO immediately poisoned Pt, the
hydrogenase recovered its activity after CO removal. The
comparable efficiency of hydrogenase over Pt was confirmed
later by Karyakin et al., even when the Pt-based electrode was
operating under sulphuric acid condition.** Woolerton et al.
finally compared the efficiency of the membrane-bound
hydrogenase from the aerobic bacterium Ralstonia eutropha
(Re MbH) and that of Pt for oxidation of low levels of H,.*
Interestingly it was shown that the extremely high affinity of
hydrogenase towards H, (Ky = 6 uM) resulted in the enzyme
outperforming Pt for sub-atmospheric H, levels. H, oxidation
was even recorded in mixtures of H, and O,, under conditions
where most hydrogenases were expected to be inactivated. An
inactivation process of hydrogenase at high potentials, not
occurring on Pt, limited however the usable potential range.
Electrochemical data underlined that both the enzyme-based
and Pt-based electrodes oxidized H, and reduced O,, albeit
the enzyme was much more efficient in H, oxidation, thus again
outperforming Pt in H,/O, gas mixtures. At the same time,
progressive inhibition of Re MbH by O, was demonstrated. A
fast recovery of the activity was however noticed after O,
removal, suggesting an O,-tolerance of this enzyme extracted
from an aerobic bacterium. Last but not least, the Re MbH-
based bioanode was demonstrated to be insensitive to CO.

The first enzymatic H,/O, EFCs

Based on the efficiency of hydrogenases and MCOs, and on the
ability of Re MbH to operate in air, the first H,/O, EFC with no
membrane separator was designed by Vincent et al. in 2005.**

This journal is © The Royal Society of Chemistry 2017

The EFC operated at 30 °C, pH 5.6 in a beaker containing buffer
flushed with H, close to the bioanode, and air close to the
biocathode. Re MbH and a laccase were deposited on graphite
strips of 0.7 cm®. The OCV was 970 mV, and a maximum power
of 5 uW was reached. Comparison with an EFC running with the
hydrogenase from Av showed a maximum power of 0.2 uyW.** In
addition to provide the proof that hydrogenase could be
coupled to MCO in a H,/O, EFC to produce electricity, this
paper also underlined the requirement of an O,-tolerant
hydrogenase, such as the membrane-bound [NiFe]-hydrogenase
from Re. Afterwards, another H,/O, EFC was demonstrated to be
able to operate in 3% H, in air, thanks to the peculiar properties
of the membrane-bound hydrogenase from R. metallidurans.*
An OCV of 950 mV and a maximum power density of 5.2 uyW
cm~ > were recorded. Three cells in series were shown to power
a wristwatch for 24 h. Even if a low power density was obtained
due to very low enzyme coverage on graphite, these results
clearly highlighted the great potential of such devices based on
high H, affinity, O,-tolerant MbH hydrogenases and high redox
potential MCO.

Limitations of the first H>/O, EFCs

The initial biodevices also put forward the main limitations that
had to be overcome in view of large scale development of H,/O,
EFCs. The first prerequisite is the use of efficient but stable
enzymes. The anodic side which relies on sensitive hydroge-
nases is especially critical. The identification of the O,-tolerant
Re MbH opened the route for new outstanding enzymes. This is
the case of the membrane-bound [NiFe]-hydrogenase from
Escherichia coli (EcHyd1) which was proved to be very active for
H, oxidation in air.>® O,-tolerance is not sufficient however.
Wait et al. pushed forward the understanding of H,/O, EFCs by
comparing their performance in three different configurations:
(i) fuel cell with a Nafion membrane separator fed with 100% H,
and 100% O, in the anodic and cathodic compartments,
respectively; (ii) a membrane-less fuel cell fed with 96% H,/4%
O, mixture; (iii) a membrane-less fuel cell fed with 4% H,/96%
air mixture® (Fig. 5). The bioelectrodes were based on EcHyd1
deposited on PG and Mv BOD immobilized at a carboxylic-
modified PG. Important features can be extracted from these

Sustainable Energy Fuels, 2017, 1, 1475-1501 | 1479
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Fig.5 H,/O, EFC operating in three different configurations and highlighting the effect of hydrogenase inactivation on the EFC performances.
(A) Membrane EFC, 100% H, and 100% O, in the anodic and cathodic compartments; (B) membrane-less EFC, 96% H, and 4% O, in the anodic
and cathodic compartments; (C) membrane-less EFC, 4% H, and 96% air in the anodic and cathodic compartments. (i), (i) and (iii) depict
respectively in red catalytic H, oxidation by Echydl and in blue catalytic O, reduction by Mv BOD, power performances, and voltages of cell
(black) and individual electrodes (anode in red and cathode in blue). Reprinted with permission from Wait et al., J. Phys. Chem. C, 2010, 114,

12003-12009. Copyright 2017 American Chemical Society.

studies. In the first configuration, the OCV was 990 mV and the
maximum power density was 63 pW cm™ > at 511 mV. In the
second configuration, as expected, the cathode was limiting the
EFC. O, reduction at the anode occurred, and inactivation of
EcHyd1 was visible at potentials higher than —200 mV vs. Ag/
AgCl. Full power was restored after the polarization experi-
ment. Conversely, in H,-poor gas mixtures (configuration iii)
where the anode limited the EFC, complete anode inactivation
occurred above —50 mV vs. Ag/AgCl, full power was not recov-
ered after the polarization experiment and the anode potential
was not restored. Typical characteristics of EFCs in the different
configurations were demonstrated to be linked to the formation
of the inactive state of the hydrogenase under O,, the so-called
Ni-B state (Fig. 2). Many fundamental studies have been dedi-
cated to the kinetics of formation of this inactive state, in which
a hydroxyl bridges the Ni and Fe atoms. It is formed in all the
hydrogenases either O,-sensitive or O,-tolerant, the difference
being a faster reactivation rate under reducing conditions for
O,-tolerant hydrogenases.**** One important conclusion of the
EFC study was that Ni-B formation restricts the usage of H,/O,
EFCs to high-load devices for which the potential of the anode
does not exceed critical values. Hydrogenase inactivation
induces however a wider use restriction. Indeed, the Ni-B
inactive state is also formed at high potential in the absence
of O,. This state can be fully reactivated under reducing
potentials. However above 200 mV vs. Ag/AgCl inactivation
appears to be irreversible. As a consequence, in case of EFCs
limited by the anode, even in the presence of a separator

1480 | Sustainable Energy Fuels, 2017, 1, 1475-1501

membrane, the very high potential reached by the anode may
yield irreversible inactivation of the hydrogenase.**

In addition to the main limitation associated with hydroge-
nase inactivation under O, or under oxidizing conditions, the
first H,/O, EFCs also raised other critical issues. Tsujimura et al.
concluded that mass transfer controlled the EFC performances,
which could be only overcome by using porous materials as host
matrices.”® Further, although enzymes were suggested to be
much more active than Pt to compensate the lower surface
coverage,* the power reached in the EFCs clearly indicated the
need to increase the enzyme coverage per geometric area.

Search in the biodiversity for new
enzymes with outstanding properties

This review already underlined the benefit of enlarging the
panel of enzymes in order to obtain new electrocatalytic prop-
erties. This is the case of the O,-tolerant [NiFe]-hydrogenases
such as Re MbH and EcHyd1 which were proved to support
high concentrations of O, and to be insensitive to CO. These two
properties allowed envisioning of their use in biotechnological
devices, which had been quite unexpected for the “standard”
sensitive hydrogenases originally purified and studied by elec-
trochemistry. Besides Re MbH and EcHyd1, three more [NiFe]-
hydrogenases have been identified presenting the same
phenotypes of O,-tolerance and CO-insensitivity. They are
present in bacteria able to sustain energy from an electron
transfer chain coupling H, oxidation to O, reduction. The first

This journal is © The Royal Society of Chemistry 2017
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one is extracted from the facultative anaerobe Salmonella
enterica, and is homologous to EcHyd1.** The second one is
purified from the hyperthermophilic bacterium Aquifex aeolicus
(Aa MbH).*® In addition to O,- and CO-tolerance, Aa MbH was
demonstrated to be able to oxidize H, on a temperature range
from 25 °C up to 85 °C ***” (Fig. 6). The last one is purified from
the aerobic marine bacterium Hydrogenovibrio marinus (Hm
MbH), and was also shown to be thermostable.’® As a general
rule, O,-tolerant hydrogenases are membrane-bound enzymes,
a membrane cytochrome b being their physiological partner
(Fig. 2). They present a net bias toward H, oxidation against
proton reduction, but oxidize H, at potentials 100-150 mV
higher than “standard” O,-sensitive hydrogenases, a drawback
in view of application in EFCs. Many studies are still dedicated
to the understanding of the origin of O,- and CO-tolerance in
view of engineering O,-tolerant hydrogenases or in order to
determine the molecular keys to synthesize biomimetic
complexes. The crystal structures of four O,-tolerant hydroge-
nases definitely helped in the definition of some molecular
determinants explaining the O,-tolerance.’**** They are detailed
in recent reviews.'®'$>>6354 Briefly, the main exceptional feature
of O,-tolerant hydrogenases compared to sensitive ones is the
presence of an unusual [4Fe-3S] cluster close to the [NiFe] active
site, coordinated by six cysteines instead of four, providing an
electron-rich environment. This peculiar FeS cluster allows
complete reduction of O, into water, which can be evacuated
through specific hydrophilic channels. However, this is not
sufficient to totally account for O,-tolerance. Based on various
mutations, specific amino acid residues in the canopy very close
to the active site and at the end of the gas channels are also
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suggested to play a key role in the protection.”****® The tetra-
meric structure of O,-tolerant hydrogenases might also act as
a rescue mechanism, enabling electron transfer between inac-
tivated and active monomers.*”

Biodiversity has been less explored for BODs, perhaps
because the identification of BODs themselves already provided
the key to overcome halide inhibition encountered by the lac-
cases originally used for O, reduction.” Note however that the
inhibition process of MCOs by halides is nowadays intensively
revisited.**** Fungal Mv BOD is commercially available and is
the most widely studied BOD, although some new BODs
emerged such as those isolated from the bacterium Bacillus
pumilus (Bp)® and from the fungus Magnaporthe oryzae.®® Both
of them were demonstrated to be thermostable, but the reason
for such thermostability is not elucidated yet. However, the
redox potential of T1 Cu, the entry point of electrons, was shown
to be 100 mV lower than that of T1 Cu in Mv BOD,” a feature
that will result in lower OCV in EFCs.

How to address the issue of
hydrogenase inactivation at high
potentials?

As discussed before, anaerobic hydrogenase inactivation at high
potentials restricts the devices that can be powered by H,/O,
EFCs, even if a membrane separator is maintained between the
two cell compartments. This phenomenon is accelerated under
O, excess.” Various directions have been explored to resolve
this issue. The first one is a reconstitution of an in vivo

-0.55 -0.35 ‘ -0.15
Potential (V vs Ag/AgCl)

Fig.6 The membrane-bound [NiFe]-hydrogenase from Aquifex aeolicus presents outstanding properties. (A) O,-tolerance: H, oxidation activity
is recovered after O, injection at E,ppiieq = O V vs. Ag/AgCL. (B) CO-resistance: H, oxidation (grey curve) is unaffected by addition of CO (green
curve). (C) T°-resistance: H, catalytic oxidation current is stable on the 10-60 °C temperature range. (A) is reprinted with permission from
Pandelia et al., . Am. Chem. Soc., 2010, 132, 6991-7004. Copyright 2017 American Chemical Society. (C) is reprinted from Monsalve et al.,

ChemeElectroChem, 2016, 3, 2179-2188. Copyright 2017 Willey.
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reactivation mechanism at the electrode. We just discussed
above that oligomeric forms of hydrogenase could provide the
sink of electrons necessary to maintain the activity under
oxidative conditions.®” The two dimers in the tetrameric forms
would be able to share electrons through the distal FeS cluster.
This is supported by a crystal structure of a dimer of EcHyd1
which underlines a distance between the two distal FeS clusters
of each monomer compatible with electron transfer.”* In vivo
like strategy was used by Wait et al. under EFC conditions.*
Starting from the knowledge that an inactivated enzyme can be
reactivated under reducing conditions, the idea consisted in the
direct connection of a second hydrogenase-based anode to refill
electrons to the deactivated anode. H, oxidation at the second
anode provided electrons required to reactivate the first inac-
tivated bioanode. This resulted in the EFC recovery, and
constitutes one solution to address anaerobic hydrogenase
inactivation at high potentials. Another strategy was proposed
by Ciaccafava et al. who demonstrated that O,-tolerant Aa MbH
could be reactivated by light” (Fig. 7). Actually, the magnitude
of photocurrents was shown to be dependent on potential, and
rate of photooxidation was shown to depend upon light inten-
sity for potentials above Ni-B formation potential. The light-
induced reactivation process of Aa MbH under turnover was
thus hypothesized to promote the loss of the hydroxyl ligand
bridging the Ni and Fe atoms. Unfortunately, attachment of Aa
MDbH to quantum rods did not allow the immobilized enzyme to
assess the light induced reactivation because of the require-
ment of a redox mediator to oxidize H,.” The last strategy
explored to suppress anaerobic oxidative inactivation was re-
ported by So et al.”*”® Both O,-tolerant Hm MbH and the O,-
sensitive hydrogenase from Desulfovibrio vulgaris Miyazaki (Dv
MF) were immobilized on gas diffusion electrodes made of
Ketjen black (KB) deposited on carbon cloth. In this configu-
ration, H, is supplied from the gas phase, diminishing the
limitation induced by low concentrations of hydrogen in buffer
solutions. Electrochemical results were analyzed by a modeling
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approach that considered a competition between Ni-B forma-
tion from Ni-SI and catalytic reduction of Ni-SI by H,. While it
remains unclear if H, concentration in the gas diffusion elec-
trode exceeds Henry's law saturation limit, it was proposed that
it was sufficient to avoid the formation of the high potential
inactive state for Hm MbH, and to limit its formation for Dv
MF.74'75

The strategies just discussed to overcome the issues of
oxidative inactivation of hydrogenases are all based on DET
between the enzyme and the electrode. DET is usually preferred
to MET for fundamental studies because it allows to obtain
kinetic data on the enzymatic catalysis. DET is also preferred
nowadays to MET for biotechnological devices because of the
lower overvoltage for the transformation of the substrate, and
avoidance of redox mediators that are often toxic and not easily
co-immobilized with enzyme on the electrode while retaining
a high catalytic efficiency. MET is however the strategy used in
vivo for electron transfer. Radu et al.”® immobilized membrane
fractions of Re MbH including cytochrome b and quinone pool
in tethered bilayer lipid membranes on gold electrodes. In such
architecture, the physiological catalytic function of Re MbH is
restored through a true electron transfer pathway from the
[NiFe] active site to the electrode via the quinone pool. This
elegant reconstitution demonstrated that hydrogenase did not
inactivate at high potentials even under conditions of low H,
concentrations, a behavior completely different from the usual
inactivation observed with purified Re MbH at the electrode. It
was proposed that the higher oligomeric states inside the
membrane prevent the Ni-B state formation by allowing one
active oligomer to donate electrons, thus reactivating a neigh-
boring inactive oligomer. However, in this configuration Re
MDbH is not placed in direct connection with the electrode, so it
is difficult to determine the exact potential it is subjected to. In
vitro, it was shown by Plumeré et al. that MET can be beneficial
in the case of hydrogenase, because it prevents the formation of
the Ni-B inactive state.”” Dv MF O,-sensitive hydrogenase was

Inactive
Ni-B
Fe'(OH )N

Light-induced
reactivation

Active

(B) t j

Fig. 7 Light induced reactivation of Aa [NiFe]-hydrogenase and proposed mechanism. (A) Catalytic current obtained for H, oxidation under
illumination as a function of applied potential (purple columns) compared to catalytic currentin the dark (grey columns) underlines that Ni-B can
be reactivated by light. (B) Reactivation mechanism under irradiation is proposed to promote the loss of hydroxo ligand on the photo-induced
Ni-SL intermediate from Ni-B to Ni-SI. Adapted from Ciaccafava et al., Phys. Chem. Chem. Phys., 2013, 39, 16463-16467. Copyright 2017 Royal

Society of Chemistry.
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embedded in redox hydrogels based on viologen entities. No
deactivation at high potential was observed in the cyclic vol-
tammograms. Spectroelectrochemical Fourier transform
infrared experiments confirmed the absence of Ni-B formation
as MET proceeds at high potentials. This protective process is
most probably linked to the fact that the enzyme experiences
the redox potential of viologen, but not the potential of the
electrode. It should be noted that a similar result was observed
by incorporation of Df O,-sensitive hydrogenase in a viologen-
polypyrrole matrix some years before, although the protective
role of the polymer matrix was not recognized at that time.”® The
protective role of redox hydrogels may not be effective for O,-
tolerant hydrogenases, however. Indeed, in this case higher
redox potential mediators are required to fit the higher opera-
tional potentials of these hydrogenases. The potential of redox
mediators may then be too high to prevent oxidative
deactivation.

Use of nanomaterials to enhance the
power

The enhancement of the currents delivered by the bioelectrodes
is required to power real devices by EFCs. Actually, planar
electrodes limit the amount of available enzymes, hence the
catalytic currents. It is difficult to assess the maximum attain-
able current because in most cases no information on the true
quantity of electroactive enzymes is available. Assuming an
average turnover k., between 100 and 1000 s~ ', and a maximal
amount of a monolayer of electrocatalytically active enzymes,
current densities would be limited to around 1 mA cm 2. On the
contrary, the use of nanomaterials presenting a high surface/
volume ratio will a priori increase the loading of enzymes per
geometric area unit. Although many works have been reported
since more than 15 years in this domain, research towards 3D
architectures for both enzymatic H, oxidation and O, reduction
is still very active.>*”*** The interest has moved from amplifi-
cation of the catalytic current by an increase in the developed
electroactive surfaces, to more fundamental queries on the
relation between loading/orientation/conformation/activity of
the enzyme inside the nanostructures. Both DET and MET are
considered, but the issues that need to be addressed are
different depending whether DET or MET process is used for
the electrocatalysis. Certainly, this section will not be exhaustive
because this is beyond the scope of this review, but it will give
the recent main results and current open questions in the use of
nanomaterials for hydrogenase and BOD bioelectrochemistry.

A variety of nanomaterials

For a DET process, the aim is to increase the amount of enzymes
able to communicate directly with the electrochemical inter-
face. Thus nanomaterials behave as ideal platforms to increase
the surface area, to ensure intimate electric contact with
enzymes, and potentially decrease the tunneling distance
between active sites or surface electronic relays and electrode.
In the particular case of EFCs, the current densities are expected
to be sufficiently high to achieve useful power. Accordingly, this

This journal is © The Royal Society of Chemistry 2017
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imposes high specific conductivity of the electrode material to
avoid ohmic losses. That is why two kinds of highly conductive
nanomaterials are particularly often used in EFCs: carbon and
gold nanomaterials (Fig. 8).

Carbon-based nanomaterials are the most popular for bio-
electrode design.**** The graphene sheet is the building block of
most of the carbon nanostructures. It possesses a high
conductivity and an extraordinary surface area estimated to be
about 2630 m? g~ .2 It can be wrapped to form fullerenes, rolled
along the axis to form nanotubes and stacked to form
graphite.®® Although it was considered as a very attractive
material when discovered, the advantage of using graphene in
bioelectrocatalysis has not been fully demonstrated yet.*® This
may be due to the difficulty to obtain and handle perfect
monolayer graphene sheets, and from the fact that most of the
studies are performed with (electro)chemically reduced gra-
phene oxide (rGO) which still contains some oxygen functions
and has different electronic properties than graphene.* It has
never been used for hydrogenase immobilization, and very poor
catalytic signals are most often observed after BOD immobili-
zation on rGO sheets.*” Enhanced electroenzymatic currents
could be rather attributed to the deposit of carbon nanotubes
(CNTs) on graphene used as a platform.*”*® However, some
recent studies tend to demonstrate the usefulness of graphene
for enzymatic O, reduction. Catalytic current density around 0.5
mA cm > was reported for O, reduction by BOD integrated
within rGO.***° Besides, enzyme surface coverage and the rate of
interfacial electron transfer were shown to depend on the
density of charges on the graphene surface. This point will be
discussed further in the stability section.

CNTs appear to be the nanomaterials of choice for both
BOD”*°" and hydrogenase immobilization,>***>"#>-7 thanks to
their high conductivity, chemical and thermal stability.”” CNTs
can be either single-walled (SWCNTs) or multi-walled
(MWCNTS). In both cases, enzymes can readily interact with
them through electrostatic and van der Waals forces. The
chirality and diameter of SWCNTs control their electrical
conductivity, resulting in either semi-conducting or metallic
materials. On the other hand, MWCNTs can only be metallic,
which makes them a more attractive material for bio-
electrocatalysis. Their nanometric size and curvature compa-
rable with enzyme dimensions may also be a key point.” CNTs
can be arranged in a multitude of different geometries (isolated
tubes, planar arrays, random networks, or forests) that are
currently explored for H, oxidation and O, reduction.*>*** They
can be compacted into disks,'” arranged to form flexible
buckypaper films with pm thickness,'* deposited at electrode
surfaces by layer-by-layer drop casting,*****® or painted as an
ink.' Although catalytic currents are enhanced in all the cases,
the respective role of increase in the electroactive surface area,
in the heterogeneous electron transfer rate or in the loading of
electroactive enzymes need to be elucidated.

Nano- and microfibers are other examples of carbon based
nanomaterials being considered more recently, which provide
a large surface area for potential attachment or entrapment of
enzymes. Compared to CNTs, carbon nanofibers (CNFs) usually
have smaller specific surface areas, but instead, they represent
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Fig. 8 A variety of nanomaterials can be used for enzyme immobilization. (A) Preparation of graphene and rGO (reproduced from Filip et al.,
Electrochim. Acta, 2014, 136, 340-354); (B) CNT forests (reproduced from Zelechowska et al., Sensors Actuators B, 2017, 240, 1308-1313); (C)
AuNP layer-by-layer deposits (reproduced from Monsalve et al., Bioelectrochem., 2015, 106, 47-55); (D) nanoporous gold electrode obtained
from dealloying process (reproduced from Siepenkoetter et al., Electroanal., 2016, 28, 2415-2423). Copyright 2017 Elsevier.

a bigger and more open macroporous structure thus allowing
enhancement of substrate diffusion towards the immobilized
enzymes. CNFs made by graphene cone stacks and coated on
a PG electrode were used for Aa MbH immobilization. Such
modification allowed a current density of 4.5 mA cm > for
enzymatic H, oxidation, which was one of the highest current
density ever reported.*®*

Upon enzyme-loading increase, substrate depletion is likely
to occur. This is especially critical when talking about highly
active enzymes like hydrogenases and low solubility of gaseous
substrates (e.g. H, and O,) in water-based solutions. Apart from
specific EFC design such as microfluidic substrate distribution,
larger pores of the carbon support are thus desirable. In
general, larger pores can be obtained through carbon felts
(CFs), carbon cryogels, or carbon foams which present inter-
esting properties of mechanical strength and stability.**%”
These macroscopic supports often have a defined geometric
shape that can be easily modeled depending on the application.
Furthermore, their mechanical stiffness facilitates manipula-
tion. Large porosity in such materials, has a positive impact on
the magnitude of catalytic current. However, it is difficult to
relate this enhanced catalytic current to a larger amount of
connected enzymes or to facilitated substrate diffusion.
Different nanomaterials can be mixed to provide a hierarchical
interconnected porous structure with the ability to reach
a tunable pore size. Mesopores are desirable for enzyme
anchorage while ensuring efficient substrate delivery in large
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macropores. It should be noted that micropores below 2 nm
range are quasi-useless for EFC since they are too small for
enzymes to penetrate and give rise to high capacitive current
contribution which is usually undesirable except in some
specific cases. In order to improve the favorable characteristics
of porous materials, their macrostructure can thus be used as
a primary framework towards 3D hierarchically structured
materials by incorporation of a secondary structure of smaller
dimensions like CNTs."*® For example, CNTs were deposited on
the microfibers of carbon felts for H, oxidation by Aa MbH.'*®
The developed electroactive surface evaluated by capacitance
measurement was 5 times higher compared to that of the bare
CF. In another work, a wet-spinning approach was used to
fabricate electrodes in the form of microfibers, in which CNTs
and enzymes for O, reduction were directly imbricated.™ "
Pore size can otherwise be tuned and controlled using tem-
plated carbons such as MgO-based ones."'” Modeling has not
been largely applied to such a system yet, but it will certainly
help in the rationalization of porosity.

Gold nanoparticles (AuNPs) are another type of nano-
materials that have unique physicochemical characteristics and
optical-electronic properties. They have been largely used for H,
oxidation and O, reduction by enzymes. Their synthesis drives
their properties, which can be tuned by changing their shapes,
sizes and chemical environments. The most common prepara-
tions of AuNPs are either by physical “top-down” methods
where the bulk is divided into smaller units, or by “bottom-up”

This journal is © The Royal Society of Chemistry 2017
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chemical methods. The latter starts with a reduction of an Au-
precursor creating metal clusters followed by their aggrega-
tion into particles and growth until the desired size."* Despite
the common acceptance that nanoparticles by themselves
enhance electron transfer, a decisive study to clarify the influ-
ence of the size of nanoparticles in biocatalysis (current and
reaction overpotential) was done by Pankratov et al'** The
authors modified bare Au electrodes with a sub-monolayer of
AuNPs. It was found that AuNPs with a size at least four times
bigger than the enzyme (20-80 nm) influenced neither the
direct electron transfer rate nor the overpotential of O, bio-
electrocatalysis compared to bare Au electrodes. Similar results
were obtained by immobilizing Ae MbH on AuNPs of two
different sizes.'® In this latter study, multilayers of AuNPs were
deposited on a gold electrode showing increasing catalytic
currents for H, oxidation up to 1.8 mA cm™?, i.e. 150 times more
than the current recorded on the bare gold electrode. However,
when reported to the real developed electroactive area, which
can easily be deduced from simple cyclic voltammetry experi-
ments in acidic solution, it was demonstrated that the
enhancement in catalytic current was simply correlated to the
surface area increase.

Other nanostructured materials are worth mentioning. Co-
deposition of different nanomaterials is explored, such as
AuNPs and CNTs deposited onto electrospun polyacrylonitrile
microfibers.*® Nano- or mesoporous gold electrodes are prom-
ising materials. They were used to enhance DET with My
BOD." As the diameter of the pores is expected to play a key
role in the loading of electroactive enzymes, the pore size of the
nanoporous gold electrode was varied between 4 and 78 nm
thanks to Au/Ag dealloying processes at different tempera-
tures."'® The catalytic current was shown to be the highest for
a pore size of 8 nm, i.e. slightly higher than the BOD size. For
higher pore dimension the current decreased. The authors
concluded that BOD did not diffuse deeply inside the electrode,
and that catalysis occurred mainly on the surface of the nano-
porous electrode. The results can however suggest that 8 nm is
the most suitable pore size for hosting a single enzyme mole-
cule, thus favoring an excellent electrical connection.

Enzyme distribution in mesoporous and nanomaterials

There is a general assumption that enzymes are homogenously
distributed throughout the entire nanomaterial volume with an
optimal microenvironment to favor catalytic activity. Nonethe-
less, enzyme distribution should not only depend on the
material properties, but also on the interactions the enzyme is
subjected to during the immobilization process, and on the
immobilization process itself. The correlation between enzyme
distribution and electrochemical response is thus important to
gather fundamental knowledge about substrate/enzyme diffu-
sion restrictions that can compromise performance. This is also
a prerequisite to optimize the loading of the electroactive
enzyme. Indeed, even when enzymes are compacted with
carbon particles into free-standing pellets, the intimate mixture
does not preclude aggregates of inactive enzymes to be formed.
This is especially true because large amounts of enzymes are

This journal is © The Royal Society of Chemistry 2017
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generally used in this configuration.'® One relevant demon-
stration of non-homogeneous enzyme distribution in the
porous matrix was given by the results obtained using fluores-
cence confocal microscopy to follow the distribution of malate
dehydrogenase immobilized in macroporous chitosan. The
images suggested that enzyme distribution was dependent on
the interactions between the biomolecules and the charged
polymer species that create a singular chemical microenviron-
ment.'” Few studies however address such issues with
hydrogenases and BODs. Complementary to electrochemistry
measurements of O, reduction using wet-spun carbon fibers
directly fabricated with BOD and CNTs inside the fibers, Mateo—
Mateo et al. corroborated the presence of Magnaporthe oryzae
BOD within a fiber by confocal fluorescence microscopy exper-
iments and transmission electron microscopy with EDX anal-
ysis of the cross section of CNT fibers. The images and EDX
indicated the presence of BOD throughout the fiber, from its
outer surface to its core'*® (Fig. 9).

The embedding of enzymes and CNTs in the core fiber was
shown to favor DET. However, these images show the total
enzyme distribution and do not allow the deduction of the
fraction of them participating actually in the biocatalysis.
Armstrong et al. compared the electrocatalytic activity of
EcHyd1 in a cylinder or in a half cylinder of compacted graphite
particles. The twice less catalytic current in the half cylinder
suggested a homogeneous distribution of enzymes inside the
entire porous matrix.""®* Nevertheless, the very few data on
enzyme distribution in a porous matrix imposes development of
tools to couple electrochemistry to surface imaging and other
techniques to realize enzyme cartography of various
bioelectrodes.

From enzyme orientation on planar electrodes...

As mentioned earlier, the large size of enzyme molecules and
active sites buried within the protein shell often require the
molecule to be adsorbed in specific orientations to perform
electron transfer. It results in a low amount of electroactive
enzyme molecules among adsorbed ones, and the appearance
of a linear region on DET voltammograms due to the dispersion
of enzyme orientations."™'** From the practical point of view,
the dispersion of orientations should be minimized and
enzyme should be immobilized in a defined orientation
bringing the surface electron relay as close as possible to the
electrode surface in order to maximize the current densities.
This can be done by rational electrode modification.

In vivo, the orientation of an enzyme in a metabolic chain
before electron transfer is most often driven by electrostatic
interactions between interacting partners.”” Transitory
complexes are formed which put the interacting redox sites at
a minimal distance to optimize the electron transfer rate. This
molecular recognition can serve as a model for chemical
modification of electrochemical interfaces suitable for enzyme
orientation. If the electron transfer chain is unknown, the
examination of the secondary structure of the enzyme may help
in the definition of the key amino acids for proper orientation.
Hence, self-assembled-monolayers (SAM) on gold can be used
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Fig. 9 (A) Scanning electron microscopy cross-sectional images of
a spun CNT/enzyme fiber. Top and down are two images of the same
fiber. (B) Superposition of (A) and of the images obtained using
confocal fluorescence microscopy of the same cross sections with
BOD labeled with a fluorescent dye. Adapted from Mateo—Mateo et al,,
ChemeElectroChem., 2015, 2, 1908-1912. Copyright 2017 Willey.

to tune the chemical functions of the electrode in order to
recognize the target residues. Let us consider the examples of Aa
MbH and Mv BOD to illustrate the orientation issue on planar
electrodes.

In the case of hydrogenase, the exit point of electrons
consecutive to H, oxidation is the distal FeS cluster. In our
group, we examined the oriented immobilization of Aa MbH on
SAM by electrochemistry and polarization modulated infrared
reflection absorption spectroscopy (PMIRRAS).'”*> Briefly, H,
oxidation mainly proceeded through MET on hydrophobic
SAMs, while both DET and MET were observed on hydrophilic
SAMs (neutral, positive or negative). The two different electro-
chemical processes according to the SAM hydrophobicity were
proved to be correlated to different orientations of the enzyme.
Absence of DET on hydrophobic surfaces was explained by the
presence of surfactant surrounding the trans-membrane helix.
This helix is less than 15 A from the FeS distal, thus defining
a hydrophilic domain pushing away the exit point of elec-
trons."” Coexistence of DET and MET was attributed to
a distribution of orientation: some enzymes are positioned at
the electrode with the distal FeS cluster at a tunneling distance
from the electrode surface, compatible with DET, and others are
placed with the distal FeS cluster far from the electrode, thus
requiring a redox mediator for electrocatalysis. This absence of
enzyme orientation by electrostatic interactions is linked to the
membrane position of the enzyme, which uses the hydrophobic
trans-membrane helix for membrane anchorage with no inter-
vention of electrostatic interactions. Molecular dynamics (MD)
confirmed this assumption, underlining a low dipole moment
whose direction fluctuates largely.”™ MD analysis further
underlined that orientations for DET should be preferred on
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positive interfaces (Fig. 10). Similar conclusions were drawn by
Heidary et al. for Re MbH."*®

A different scheme can be drawn for My BOD immobilization
on SAMs. My BOD is a nice model, because its crystallographic
structure has been resolved.”” The entry point of electrons is
the T1 Cu. Mv BOD structure displays a dipole moment of
752 Debye pointing toward a highly positive patch formed by
4 arginine (pK, = 12.5) residues surrounding the T1 Cu center.
Such an environment is expected to promote DET by electro-
static interactions on negatively charged interfaces. Accord-
ingly, only the DET process was recorded for O, reduction
with My BOD immobilized on negatively charged SAMs, and
only the MET process on positively charged SAMs, suggesting
a specific orientation according to favorable -electrostatic
interactions.'?”'?*

...to enzyme orientation in mesoporous structures and on
nanomaterials

Turning back to one fundamental question: can nano-
structuration help overcome the orientation limitation? If not,
can the molecular determinants for enzyme orientation ob-
tained on planar electrodes be extended to macroporous, meso-,
and nanomaterials?

The pore size effect on bioelectrocatalysis was recently
modelled by Sugimoto et al.’* in the case of Mv BOD and Dv MF
hydrogenase immobilized in mesoporous KB material. The
authors concluded that an enzyme molecule encapsulated in
pores of comparable size has a higher probability to be in electric
connection whatever its orientation." On the other hand, for
pore size much larger than enzyme dimensions, macroporous
and planar electrodes gave similar electrochemical signals. The
difference becomes more pronounced with bigger enzyme
molecules. These findings have major consequences on the use
of porous materials for bioelectrocatalysis, at least if one wants
to take benefit from the porosity.

Quinson et al. compared various carbon-based materials
(micron-sized graphite particles, CNTs, nanofibers and carbon
blacks) showing different morphologies, graphitic structures and
specific surface areas.*® Comparative H, oxidation by immobi-
lized EcHyd1 led to the main conclusion that there was no strong
difference in the distribution of orientations of the enzyme as
a function of the carbon type. In the case of the carbon blacks,
this was explained by the size of the pores which was determined
to be in the range 3.5-9 nm within all the carbon materials, i.e. in
the same range than the enzyme, thus favoring the electrical
contact with hydrogenase. In the particular case of CNTs, accu-
rate comparison was not realized in this study. However, when
enzymes are immobilized on CNTs either arranged within films
or part of macro- or mesoporous structures, hierarchical porosity
may induce heterogeneity of enzyme orientation. Hence, the
demonstration of orientation distribution, and the tools to
control efficient orientation is certainly the most important
breakthrough in the domain for the last two years.

Monsalve et al® considered H, oxidation by Ae MbH
immobilized on different CNT surfaces. Not only can CNTs
develop large surface areas, but their walls can be chemically
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Fig. 10 Orientation of dipole moment and large dipole moment fluctuation of Aa MbH obtained from MD (A) suggest a favored orientation for
DET on positively charged interfaces, which is assessed by H, oxidation by the enzyme immobilized on CNTs with different functionalities (B). (A)
is adapted from Oteri et al., Phys. Chem. Chem. Phys., 2014, 16, 11318-11322. Copyright 2017 Royal Society of Chemistry. (B) is adapted from
Monsalve et al., ChemElectroChem., 2016, 3, 2179-2188. Copyright 2017 Willey.

modified by oxidative treatment, by m-m stacking of poly-
aromatic derivatives or by reduction of diazonium salts.?* Thus,
they behave as versatile platforms for studying enzyme oriented
immobilization. In the case of Aa MbH, three different CNT
surfaces were studied, i.e. hydrophobic pristine CNTs, carbox-
ylic- and amino-functionalized CNTs (renamed COOHCNT and
NH,CNT respectively). The carboxylic functions were generated
by oxidative treatment of CNTs, while amino ones were formed
by -7 stacking of aminomethyl-pyrene, inducing negative and
positive charges on the CNT walls at neutral pH, respectively.
Films of the various CNTs were made by successive drop cast-
ings on a PG electrode. The surface area of the modified elec-
trode was estimated from the capacitive current at a potential
where faradic processes are minimal, and the catalytic currents
were reported to the real electroactive surface area. In that way
the catalytic current densities depend on the quantity of
enzymes orientated favorably for DET on the CNTs. Only the
hydrophilic CNT films, i.e. COOHCNTSs or NH,CNTs, gave rise to
enhanced catalytic current densities compared to the bare PG
electrode. More interestingly, catalytic current density on the
positively charged NH,CNTs was at least twice higher than that
recorded on negatively charged COOHCNTs. These results
provided experimental proof of a better orientation for DET of
Aa MDbH on positive interfaces, and underlined a full agreement
with the model proposed on SAMs and confirmed by MD
(Fig. 10).

Contrary to Aa MbH, many studies based on Mv BOD are
available to assess the validity of molecular determinants
determined on planar electrodes for porous ones. As the first
answer, dos Santos et al. modified a PG electrode with different

This journal is © The Royal Society of Chemistry 2017

aromatic compounds, bearing amino or carboxyl groups,*® and
studied enzymatic O, reduction by coated Mv BOD. The
roughness of the PG surface is sufficient to consider this elec-
trode as non-planar albeit it cannot be considered as a true
porous electrode. It was demonstrated that only modifiers
containing carboxylates showed enhanced catalytic currents
compared to bare PG electrode. This result is in agreement with
data on SAMs. The use of aromatic compounds can furthermore
play a role by mimicking the natural substrates of BOD.'*
Unfortunately, in case of amino derivatives, the MET process
was not evaluated, precluding the evaluation of the percentage
of well oriented enzymes. Electrodeposited reduced graphene
oxide was used as a platform for Mv BOD immobilization.*
High porosity was shown with macropores in the range of 10-20
pm within rGO aggregates. rGO was functionalized by diazo-
nium salt reduction to provide naphtoic acid functionalities on
the surface. DET for O, reduction by Mv BOD was observed,
although the addition of ABTS as a redox mediator gave rise to
MET currents. This result would suggest a distribution of
orientation of the enzyme on the surface. However, the immo-
bilization was made in the presence of a coupling agent which
can favor immobilization of enzymes in various orientations.
More insights into Mv BOD orientation in the porous matrix
was gained by the use of CNT films. Bilirubin, the natural
substrate of My BOD, as well as its functional analogues, was
used to modify CNTs. With the DET/(DET + MET) ratio more
than 90%, enhanced catalytic currents were attributed to the
proper orientation of BOD."™""** The strategy was extended by
Lalaoui et al. by use of porphyrin-functionalized CNTs.”* The
idea was to promote proper BOD orientation by use of bilirubin
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precursors. A non-catalytic pH-dependent signal attributed to
T1 Cu was observed allowing us to propose the involvement of
histidine residue in the electron transfer process. A kinetic
model was used to fit the catalytic cyclic voltammograms.™® It
was demonstrated that protoporphyrin IX, the closest to the
bilirubin structure, enabled proper BOD orientation. At the
same time, protoporphyrin derivatives deprived of ionisable
carboxylic moieties resulted in much worse orientation arguing
again for the importance of negative charge. Given the catalytic
current and the coverage of electroactive BOD, a high value of
keae = 2400 s~' was calculated. However, there is still some
doubt whether the non-catalytic signals are related to enzymes
effectively participating in catalysis. The same group reported
the effect of the nature of chemical functions carried by CNTs
on the electrocatalysis by Mv BOD.**>*** While on the negatively
charged CNTs, DET occurred at the T1 Cu centre, O, reduction
was shown to occur at much lower potentials on positively
charged CNTs. The latter catalytic process was attributed to
a catalytic pathway through a partially oxidized form of the TNC,
previously identified in the presence of chloride.'**

Mazurenko et al. studied in depth the influence of the
chemistry of CNTs on the O, catalytic reduction by My BOD
using an integrative approach that considers both the enzyme
and the electrode surface” (Fig. 11). Hydrophobic pristine
CNTs, COOHCNTs and NH2CNTs were compared. Careful
determination of the chemical composition and charge carried
by each type of CNTs was made by XPS, and zeta potential was
measured as a function of pH. The adsorption of Mv BOD was
realized at different pH values in the range of pH 3-8, and the
catalytic process for O, reduction was quantified by electro-
chemistry and modelling before and after ABTS addition. The
study also included the evolution of charges and dipole
moments of the enzyme as a function of pH. This strategy
allowed to provide a rational understanding of BOD/CNTs
interactions. On NH,CNTs, MET/DET ratio increased with
decreasing pHs, in relation with progressive appearance of
positive charges on CNTs. However, no catalytic wave attributed
to an electron pathway through the TNC was observed as stated
in the former work by Lalaoui et al. The origin of the discrep-
ancy is not clear yet. It was confirmed that carboxylic functions
favor DET and narrow BOD distribution orientation, except at
very low pH < 4 where the carboxylic functions are protonated.
Similar results were obtained for BOD activity in carbon felts
post-functionalized by COOHCNTSs.'****¢ It is noteworthy that
the density of carboxylic functions can be also modulated by the
length of CNTs, hence directly influencing O, catalytic reduc-
tion by Mv BOD, with the maximum current obtained for the
shortest CNTs, i.e. those bearing more negative charges."”’

In parallel with Mv BOD, a thermostable Bp BOD was studied
by Mazurenko et al.”® The crystal structure of this BOD is not
resolved yet, but a model was constructed based on its
sequence. From this model, a high dipole moment associated
with a negative charge in a 15 A sphere around the T1 Cu was
determined in the pH range of 4-12. This configuration is
totally different from that on Mv BOD, suggesting also a very
different catalytic behavior when immobilized on CNTs. As ex-
pected from this structural consideration, no DET was obtained
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on negatively charged CNTs, while a high MET current was
measured. Conversely, the ratio MET/DET was close to zero in
the pH range of 3-8 used for Bp BOD adsorption (Fig. 11). DET
was however also obtained on surfaces presenting weak total
charges, as in the case of pristine CNTs or CNFs.'” These
last results were attributed to nonpolar residues in the vicinity
of T1 Cu.

KB electrodes were chemically modified to favor Mv BOD
orientation towards efficient DET for O, reduction. As obtained
with CNTs, bilirubin coating was shown to enhance the catalytic
current."*®'** A kinetic analysis of the DET signal led to the
conclusion that almost all electroactive BODs adsorb in a proper
orientation with some contribution of molecules in other
orientations. In another report by the same group, several
aromatic amines bearing various end-functions were linked to
KB."° The highest catalytic current was obtained with carbox-
ylate end-function compared to ~-COOCH; or -NH;", with poor
response in the case of -NH;', again in agreement with the
statement made on planar electrodes that negative functions
promote DET on My BOD while positive ones prevent DET.

In conclusion, it appears that unless nanomaterials in which
each enzyme molecule enters a pore of similar diameter to
enzyme diameter are designed, surface chemical modification
is required for enzyme orientation yielding efficient catalysis in
porous electrodes. This general rule has been verified with other
enzymes useful for H,/O, EFCs. The immobilization of Df
hydrogenase on amino-modified CNTs is fully consistent with
a structure of the enzyme showing high value of dipole moment
and a strong acidic patch of glutamate residues around the
distal FeS.***** The case of Re MbH is more astonishing. Re and
Aa MDbHs share more than 60% of homology. Nevertheless,
catalytic activity with Re MbH sharply dropped down to zero as
the quantity of negative charges on the CNT surface increased.””
This unexpected result might be explained by Re MbH dena-
turation induced by strong negative electrode charge in the
absence of detergent in the enzyme solution, contrary to Aa
MbH. Further conformational studies of enzymes immobilized
on strongly charged interfaces are required in the near future.

Generally speaking, rational functionalization of meso-
porous and nanomaterials with a large developed surface had
drastic consequences on the enhancement of enzymatic current
densities. In many cases, the current densities reported for the
projected surface area of the electrodes are nowadays close to 10
mA cm 2.

Case of MET in mesoporous and nanomaterials

The problem is somehow different when speaking about MET in
mesoporous materials. In this case, enzymes in any orientations
can a priori communicate with the electrode via the diffusing
redox mediators or through electron hopping between the
immobilized redox entities. Any conductive materials that can
increase the loading of enzymes, while maintaining its activity
and allowing substrate diffusion, should thus be suitable. In the
particular case of redox polymers such as widely used redox
hydrogels, the polymer itself can be made thick enough to
incorporate a large amount of enzymes, although with very

This journal is © The Royal Society of Chemistry 2017
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Fig. 11 Electrostatic interactions between Mv and Bp BODs and CNTs bearing various charges control the DET or MET processes for O,

reduction. Adapted from Mazurenko et al. ACS Appl. Mater. Interfaces,

thick layers the entire film thickness does not take part in
catalysis. Nevertheless, to further increase the currents, there is
an advantage to deposit the hydrogel on porous materials as it
was highlighted recently for photosystem II immobilized in the
redox hydrogels on hierarchical indium tin oxide."*> Some other
relevant examples are reported in the literature. CNT poly-
electrolytes with viologen substituents acting as redox media-
tors were synthesized and reacted with Thiocapsa roseopersicina
hydrogenase.® It was proposed that CNTs act as nanoscale
backbones with an increased surface area, and as electric wires
for both redox mediator and hydrogenase. Oxidized CNTs were
mixed with an Os-based redox polymer for Mv BOD encapsula-
tion.*** Enhanced O, reduction was shown to come from elec-
tron transfer through the conductive CNT networks which may
assist the hopping process between the osmium entities. One
main issue should be to determine the suitable pore size for the
porous volume to be accessible. This is well illustrated in a very
recent study dedicated to the electroactivity of enzyme
embedded in an osmium polymer film deposited on/in nano-
porous gold."* Looking at the enzymatic current as a function
of pore size in the range of 10-50 nm, it clearly appears that the
polymer/enzyme biocomposite was unable to fully enter the
pore structure.

This journal is © The Royal Society of Chemistry 2017

2016, 8, 23074-23085. Copyright 2017 American Chemical Society.

Bioelectrode stability: many origins,
various solutions

The existence of living organisms relies on the constant renewal
of enzymes,'*® so that, in vivo, enzymes are functioning only
during limited duration.*” It is thus expected that the stability of
enzymatic electrodes is a key parameter that restricts EFCs to
short term applications. As stated at the beginning of this
review, screening biodiversity is the first answer for the
discovery of new enzymes able to operate and be stable in
various environments, including extreme ones. Otherwise, the
stabilization of enzymes by immobilization on solid supports
such as electrodes is still an open question. Sensitive tools are
required to address this issue, and to be able to discriminate
between the different origins of instability of bioelectrodes. Any
variation in catalytic current needs to be attributed to higher/
lower enzyme amount or more/less active enzyme, which can
be itself related to enzyme reorientation, or reconformation, or
denaturation. Some recent studies report the use of electro-
chemistry coupled to quartz crystal microbalance (e-QCM),"*”**%
or surface plasmon resonance (e-SPR)"” to determine the

146

factors explaining the decrease in catalytic currents with time. It
was established that this decrease is not related to enzyme
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release from the electrode. Enhanced stability by covalent
attachment of the enzyme was then attributed to rigidification
of the enzyme structure. Ellipsometry,”* PMIRRAS™ and
interferometry'*® suggested conformational changes in the
enzyme structure upon immobilization. The influence of the
applied potential, the drastic role of the negative charges used
to properly orient the enzyme, and the influence of full enzyme
coverage on the catalytic activity were also underlined. These
studies have been limited to gold planar electrodes, so far. By
modification of the negative charge density of reduced gra-
phene oxide, it was nevertheless shown that the highest My BOD
coverage was reached with the highest charge density while the
highest heterogeneous ET was obtained with the lower charge
density.” This result may also reflect the negative effect of the
charges used for enzyme orientation on its conformational
stability.

Otherwise, one of the main sources of instability in H,/O,
EFCs is the inhibition of hydrogenases by O,. All the [NiFe]-
hydrogenases are inactivated under O,, but various states are
formed with different reactivation rates according to the
hydrogenase type. While the O,-tolerant hydrogenases such as
Aa MDbH are able to oxidize H, in the presence of O,, this is not
the case for O,-sensitive hydrogenases which require applica-
tion of very low redox potentials to be reactivated. O, inhibition
of hydrogenases thus restricts the panel of enzymes suitable as
anode catalysts in H,/O, EFCs.

Three main directions have been proposed to overcome
aerobic inactivation of hydrogenases. The first one takes profit
of the porous matrix which may be used as an electrochemical
barrier to O,. Xu et al. compacted CNTs alone or mixed with
graphite (G/CNT) to design 0.3 mm thick disk electrodes.'*
These electrodes contain pores with diameters in the 10-70 nm
range, for which effusion of H, occurs 4 times faster than O, in
the gaseous phase. Thanks to this property, the porous matrix
seems to act as an O, filter, and hydrogenases deeply embedded
in the compact film become protected. Full activity of O,-
tolerant EcHyd1 in 78% H,/22% air mixtures was thus observed.
More importantly, it was demonstrated that even the O,-sensi-
tive [NiFe]-hydrogenase from E. coli (Hyd2) was able to oxidize
H, in the presence of air. The larger the volume of mesopores,
the more efficient the protection was. Depending however on
the functionalities carried by CNTs, O, reduction can be
enhanced. This is the case of CNTs modified by - stacking of
amino-pyrene derivatives on which enhanced O, reduction
most probably leads to reactive oxygen species (ROS). ROS were
shown to be more deleterious than O, for Aa MbH, thus
imposing their trapping in the outer layers of the porous
matrix.”” A second way of protection of hydrogenases against O,
is to design the EFC itself to restrict O, diffusion to the anode.
This is typically what is done within air-breathing hydrogen
EFCs, in which O, is supplied from the gaseous phase.*****°

We have focused our review on DET processes because they
are mainly used in EFCs to avoid the drawbacks linked to redox
mediators already discussed above (higher overpotentials,
limited kinetics, co-immobilization, toxicity, etc.). Nevertheless,
MET has long been and is still nowadays being used in many
laboratories, either to study and take benefit of the specific
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interactions between enzymes and their natural partners - the
case of soluble O,-sensitive hydrogenases and polyheme cyto-
chrome c; is particularly relevant*-or to overcome the diffi-
culties related to enzyme orientation. Redox hydrogels based on
osmium redox entities were in that way very popular to embed
BODs."*>*** Whether the enzyme is more stable in such poly-
mers compared to direct connection has not been discussed as
far as we know. Hydrogenases were also previously incorporated
in polymer films such as thin viologen films™®** or
phenothiazine-based polymers.'® Ciaccafava et al. suggested
that the phenothiazine entity should play several roles and act
as a mediator but also as a ROS scavenger to help Aa MbH to
sustain hydrogen oxidation in the presence of oxygen. Morozov
et al. showed O, tolerance of the O,-sensitive hydrogenase from
Thiocapsa roseopersicina when embedded in the viologen-based
polymer.*** Viologen-based protection of O,-sensitive hydroge-
nases was recently rationalized by Plumeré et al.””***5® It was
demonstrated that hydrogen oxidation induced catalytic O,
reduction by the reduced viologen entities at the polymer/
solution interface. As a consequence, the bioanode displayed
a half-life as high as 46 days. However, it also pointed out that,
due to diffusional limitations, only a small fraction of the
immobilized enzyme actually participates in the catalysis. ROS
production in the film may be also questionable. As an alter-
native, an integral hydrogenase membrane complex might be
used as a biocatalyst for H, oxidation. As an illustration, Radu
et al. studied quinone mediated H, oxidation by the full heter-
otrimeric membrane-bound hydrogenase from Re, recon-
stituted on gold electrodes modified by tethered bilayer lipid
membranes.”*** In the presence of exogenous quinones, the
oligomeric state of the enzyme was shown to accelerate enzyme
reactivation after O, addition. However, H, oxidation occurs at
high potential, determined by that of the quinone pool, with
a very low current.

The new generation of H,/O,
enzymatic fuel cells

Progressive advancements in nano- mesoporous matrixes suit-
able for enzyme incorporation, and the understanding of how
enzyme orientation proceeds in such environments, have led to
progressive net improvements of H,/O, EFCs. Table 1 summa-
rizes all the reported EFCs since the proof-of-concept. It clearly
appears that this is still an emergent device. For comparison, in
the same period several hundreds of publications reported
glucose/O, EFCs.

A first step was jumped in 2012 in F. Armstrong’s laboratory
in UK, and in our group. This step was followed by improve-
ments of the bioelectrodes in the two laboratories during the
next 4 years, to finally reach a useful power level. Initially, O,-
tolerant hydrogenases and My BOD were immobilized on
functionalized CNTs allowing great enhancement of the direct
catalytic currents compared to bare PG. Covalent attachment
between the carboxylic functions on CNTs and the enzymes
improved the stability of the bioelectrodes. The design of the
EFCs was however notably different in the two laboratories.

This journal is © The Royal Society of Chemistry 2017
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The EFC from Armstrong's group used EcHydl as anodic
enzyme.””> No membrane was used to separate the two
compartments and the EFC was fed with a 80/20 H,/air mixture.
The average power density was 119 uW cm™ 2. The stability of the
EFC was studied at a potential of 0.98 V. 40% loss was observed
after 24 h of continuous operation. Fuel and oxidant supply was
shown to limit the process. A gas bubbler was also required to
be close to the cathode to compensate for the low oxygen
availability. One year later, these last issues were partially
overcome by using compacted mesoporous carbon in which
enzymes were simply incorporated, and by varying the respec-
tive dimensions of the anode and cathode.'” Based on the total
loading of enzyme, apparent TOFs of 6 s~
calculated for EcHyd1 and Mv BOD respectively. These values
are much lower than expected, suggesting that enzymes buried
inside the carbon disk would be not operational. Reproportion
of the cathode vs. anode sizes allowed the increase of the power
density to 1.7 mW cm™> 90% of the EFC performance was
maintained after 24 h at 0.8 V, and 54% after 7 days of
continuous operation. Performance loss was suggested to be
linked to enzyme inactivation, mainly because H, depletion
during catalysis led to a high local O,/H, ratio.

Up-scaling was made in 2015 by arranging multiple cells in
parallel or in series.'® The OCV and maximum power of
a module composed of two stacks of four cells in parallel were
2.09 V and 7.84 mW respectively. The test bed was able to power
an electronic clock and five red LEDs during 8 h with no
decrease in light intensity. Miniaturization is another challenge
for H,/O, EFCs. Wang et al. recently reported a miniaturized
EFC based on EcHyd1 and Mv BOD immobilized on the carbon
electrode and maintained wet within a microvolume of buffer
surrounded by an immiscible ionic liquid.*** Although a low
OCV was observed, the small power density recorded, i.e. 4 yW
cm™?, was stable for 9 h. This configuration allows operation in
typically 6 pl of electrolyte, and opens up new avenues towards
miniaturization of H,/O, EFCs.

In our group, we first maintained the Nafion membrane
separator and worked with 100% H, and 100% O, in the anodic
and cathodic compartments, respectively.”® Should this
membrane be maintained in a future device, the type of sepa-
rator as a function of the geometry of the cell, and in particular
as a function of pH should be particularly examined. Ae MbH
was used at the anode, allowing it to operate between 25 °C and
80 °C. The concentration of BOD was varied on the cathode in
order to study the three operating cell limitations, i.e. balance
between the anode and cathode, anode limitation or cathode
limitation. A potential zone where the EFC could efficiently
operate was defined controlled by Aa MbH inactivation. The
maximum power density was 300 pW cm > at 0.65 V. The EFC
exhibited more than 60% of its power initial value after 24 h of
continuous operation at 0.65 V. Otherwise, as amine groups
were demonstrated to favour Aa MbH orientation, COOHCNTS
were replaced by CNTs modified by - stacking of an amino-
pyrene derivative.>” Membrane-less EFCs were designed with
different H,/air mixtures up to 15% H,/85% air. Although the
CNT film was not optimized, the EFC was demonstrated to
operate under such extreme conditions for the hydrogenase,

and 0.4 s~ were

This journal is © The Royal Society of Chemistry 2017
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Fig. 12 Main H,/O, EFC configurations. (A) EFC with a membrane separator and direct connection of enzymes; (B) dual gas-diffusion EFC with
direct connection of enzymes; (C) membrane-less EFC in low air/H; gas mixtures with direct connection of enzymes; (D) membrane-less EFC
with direct connection of BOD at the cathode and hydrogenase connected through a redox hydrogel at the anode. In (C) and (D) cathodes are

oversized to compensate low cathode substrate availability.

delivering a maximum power of 70 uW ¢cm ™. This is an inter-
esting result, since, as related above, platinum is not very effi-
cient in poor H, gas mixtures. Other nanomaterials such as
AuNPs were used for the same enzyme immobilization. A
maximum power density of 250 pW cm > at 0.8 V was ob-
tained,'*® but the behavior of Mv BOD on AuNPs was shown to
severely limit the device. To reach the net power required for
a real device, Monsalve et al. up scaled the bioelectrodes by
using cylinders of carbon felts. Post functionalization by CNTs
bearing carboxylic functionalities were suitable for high loading
of active Aa MbH and Mv BOD. The OCV and short circuit
current were 1.12 V and 765 pA, respectively. A maximum power
of 410 uW was obtained. Associated with suitable electronic
circuits, and in particular to a supercapacitor able to store the
energy, this EFC was used to power a wireless transmission
system. The device powered by the H,/O, EFC was measuring in
real time five different parameters and was sending them
wirelessly to a laptop every 25 s for 7 h.

The optimal working temperatures of these former EFCs
based on Aa MbH at the anode were 60 °C and 25 °C in the
anodic and cathodic compartments, respectively. The limitation
induced by denaturation of Mv BOD at temperatures higher
than 40 °C was overcome by the use of the thermostable By BOD
at the cathode.'® In a new EFC, de Poulpiquet et al. immobi-
lized the enzymes in carbon nanofibers. A power density of 1.5
mW cm > was reached at 60 °C. Thanks to the thermostability

This journal is © The Royal Society of Chemistry 2017

of both Aa MbH and Bp BOD, the EFC was proved to be able to
operate from 30 to 80 °C, i.e. in extreme situation for classical
enzymes, enlarging the operational conditions of EFCs.

Are H,/O, EFCs limited to O,-tolerant hydrogenases on the
anodic side? Three different configurations offer the opportu-
nity to enlarge the panel of hydrogenases suitable for the EFC
(Fig. 12). The first one takes advantage of the protective role of
mesoporous films against O, discussed before. Thus, Xu et al.
designed a membrane-less EFC based on the O,-sensitive
hydrogenase from E. coli embedded in compacted CNTs."*®
Under 89% H,-11% air, the EFC delivered a maximum volu-
metric power density close to 100 pW cm > at 0.7 V. The OCV
was 1.114 V, a value higher than that one obtained with EcHyd1,
in agreement with the comparative catalytic offsets of both
enzymes. However, the stability was much less. More than 50%
of the activity was lost after 6 h of operation, compared to 54%
remaining activity under the same conditions after 7 days with
the E. coli O,-tolerant hydrogenase.

The second configuration consists of air-breathing systems
that have been proved to be efficient in fuel cell technology.'**
As this design was shown to be beneficial to prevent hydroge-
nase from inactivation, hydrogen/air-breathing EFC was evalu-
ated with both O,-tolerant and O,-sensitive hydrogenases.
Lalaoui et al used Aa MbH and Bp BOD as thermostable
enzymes immobilized on CNTs with suitable surface chemistry
as defined above. The membrane-less air-breathing EFC was
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operated at 45 °C, and a maximum power density of 0.72 mW
cm~ > was obtained at 0.6 V. The demonstration of hydrogenase
protection by the air-breathing cathode design was even more
relevant when an O,-sensitive hydrogenase was used instead of
O,-tolerant hydrogenases. So et al. immobilized the O,-sensitive
Dy MF hydrogenase and Mv BOD in KB deposited on waterproof
carbon cloth.* In this case, the anode was also supplied by H,
as a gas. As discussed before, this configuration was proposed to
protect the hydrogenase from anaerobic inactivation. The
performances of the bioanode and biocathode were evaluated
separately and served to calculate the cell voltage and cell power
density. Values of 1.14 V and 8.4 mW cm > at 0.7 V were
calculated, for OCV and power density respectively. The same
group further functionalized KB with carboxylic- and amino-
functions to fit suitable orientation of Mv BOD and Dv MH,
respectively.'*® Polytetrafluoroethylene was mixed to KB in order
to get the required hydrophobicity for gas permeation. Very
interestingly, the dual gas-diffusion membrane-less hydrogen/
air-breathing EFC displayed a high power density of 6.1 mW
em 2 at 0.72 V under quiescent conditions. Nevertheless,
anaerobic inactivation of hydrogenase was observed at high
current densities due to the hydrogen depletion. While being
actively developed and very promising in terms of performance,
air-breathing systems are however rarely evaluated for long-
term stability of enzymes that might occur in direct contact
with gaseous phase in such configuration.

The third configuration is based on the use of low potential
redox hydrogels for entrapment of hydrogenases. The above-
mentioned EFCs were based on direct connection of enzymes.
Here, H, oxidation proceeds through a MET process. Plumeré
et al. constructed a membrane-less H,/O, EFC based on the O,-
-sensitive Dv MF hydrogenase and My BOD at the anode and
cathode, respectively.”” To be able to prove the protective role of
the redox hydrogels against hydrogenase inactivation under
extreme conditions, 95% H,-5% O, gas mixture composition was
used, and the cathode was oversized. My BOD was classically
immobilized on carbon modified by carboxylic-functionalized
CNTs. Under these conditions, a maximum power density of
180 YW cm™? was obtained, with an OCV of 947 mV. More
interestingly, the catalytic current delivered by the bioanode
remained unaffected even when the EFC approached short-circuit
conditions where the anode potential reaches very high oxidative
values. The approach based on viologen-based redox hydrogels
was extended to [FeFe] hydrogenase from Chlamydomonas rein-
hardtii, a hydrogenase irreversibly inactivated by O,. The designed
EFC delivered a maximum power density of 225 pyW ¢cm™>.*>

Conclusion and outlook

During the last decade, discovery of new hydrogenases and
BODs in the biodiversity, associated with deep understanding of
their efficient connection to electrochemical interfaces has
allowed us to envision electricity production through H,/O,
EFCs (Fig. 12). Although these EFCs were developed later
compared to the glucose/O, devices, they rapidly outperformed
the sugar-based EFCs. This fast improvement is most certainly
related to the deep knowledge of the structure of the
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hydrogenases and the way they behave on electrodes acquired
before their use in biotechnological devices. Having a high OCV
linked to the nature of oxidant and fuel and the fast kinetics of
the enzymes, they nowadays reach power levels compatible with
use in real applications. Before commercialization however,
there is still a lot of research to be done, to increase short-term
and long-term stability and improve electrical connection.
These two limitations impose to couple electrochemistry to
surface spectroscopy to get a full image of the active enzymes on
an electrode surface. Modeling is also required to get a ration-
alization of the interfaces, to predict a suitable porous matrix
for enhanced electrical connection of enzymes and fast
substrate diffusion. Recent development in small paper fuel cell
would certainly be relevant for EFC designs.'®®

Interestingly, the research in multi-centre redox enzymes has
stimulated intensive research in biomimetic inorganic chem-
istry and artificial enzymes.'**** As an example, until recent
years, biomimetic catalysts of [NiFe]-hydrogenases were only
able to catalyze H, oxidation in organic solvents or in acidic
aqueous solution.”'* Very recently,'”” a nickel-diphosphine
complex was immobilized on functionalized CNTs. High
activity toward H, oxidation over a pH range of 0.3-7 was ob-
tained, with a TOF of 22 s~ ' at pH 7. A fuel cell was mounted
based on this inorganic catalyst at the anode and Mv BOD at the
cathode. At 25 °C and pH 5, the fuel cell delivered 1.85 mW
cm 2 at 0.6 V, which compares well with the hydrogenase-based
EFCs. Talking about advantages of enzymes over inorganic
catalysts, one must be reminded, however, that single enzyme
molecule activity outperforms that of platinum or any other
chemical catalyst, provided a better long-term stability and
more efficient connection are reached. They are widespread in
the environment, even more than reported yet, suggesting new
properties to be discovered and exploited soon." The occur-
rence of O,-tolerant hydrogenases purified from very different
microorganisms underlines the relevance of screening biodi-
versity to look for new enzymes with new properties suitable for
H,/O, EFCs, such as tolerance to high potentials, pressure,
halides, ionic strength, large range of operational temperatures,
low pHs, etc. It should also be highly interesting to search for
BODs with higher affinity to O,, higher reduction potentials, or
being more active at neutral pHs. Mass production of these
enzymes should not be a limitation as soon as commercializa-
tion appears on the market. Whatever their future, H,/O, EFC
development is a nice example of applicative research which is
derived from fundamental ones, and which induces new
fundamental research studies in an interdisciplinary approach.
Other devices in the energy domain nowadays already take
advantage or will take advantage in the close future of the
advances in hydrogenase electrochemistry. This is the case of
water splitting,’”® CO, enzymatic reduction’* or ammonia-
producing H,/N, EFC."”
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