N

N

Recent advances on enzymatic glucose/oxygen and
hydrogen/oxygen biofuel cells: Achievements and
limitations
Serge Cosnier, Andrew J. Gross, Alan Le Goff, Michael Holzinger

» To cite this version:

Serge Cosnier, Andrew J. Gross, Alan Le Goff, Michael Holzinger. Recent advances on enzymatic
glucose/oxygen and hydrogen/oxygen biofuel cells: Achievements and limitations. Journal of Power
Sources, 2016, 325, pp.252 - 263. 10.1016/j.jpowsour.2016.05.133 . hal-01644734

HAL Id: hal-01644734
https://hal.science/hal-01644734
Submitted on 19 Nov 2020

HAL is a multi-disciplinary open access L’archive ouverte pluridisciplinaire HAL, est
archive for the deposit and dissemination of sci- destinée au dépot et a la diffusion de documents
entific research documents, whether they are pub- scientifiques de niveau recherche, publiés ou non,
lished or not. The documents may come from émanant des établissements d’enseignement et de
teaching and research institutions in France or recherche francais ou étrangers, des laboratoires
abroad, or from public or private research centers. publics ou privés.


https://hal.science/hal-01644734
https://hal.archives-ouvertes.fr

ResearchGate

See discussions, stats, and author profiles for this publication at: https://www.researchgate.net/publication/304105544

Recent Advances on Enzymatic Glucose/Oxygen and Hydrogen/Oxygen Biofuel
Cells: Achievements and Limitations

Article in Journal of Power Sources - September 2016

DOI: 10.1016/j.jpowsour.2016.05.133

CITATIONS READS
94 682
4 authors:
- Serge Cosnier Andrew J Gross
e . s . . .o
.- Université Grenoble Alpes French National Centre for Scientific Research
424 PUBLICATIONS 15,689 CITATIONS 47 PUBLICATIONS 525 CITATIONS
SEE PROFILE SEE PROFILE
Alan Le Goff Michael Holzinger
University Joseph Fourier - Grenoble 1 University Joseph Fourier - Grenoble 1
103 PUBLICATIONS 3,935 CITATIONS 139 PUBLICATIONS 6,449 CITATIONS
SEE PROFILE SEE PROFILE

Some of the authors of this publication are also working on these related projects:

Project Study on photo-electrochemical properties of metal-organic frameworks and their application View project

Project Dengue biosensor View project

All content following this page was uploaded by Andrew J Gross on 20 November 2016.

The user has requested enhancement of the downloaded file.


https://www.researchgate.net/publication/304105544_Recent_Advances_on_Enzymatic_GlucoseOxygen_and_HydrogenOxygen_Biofuel_Cells_Achievements_and_Limitations?enrichId=rgreq-620e2573ad4e0b89d01967767515ae94-XXX&enrichSource=Y292ZXJQYWdlOzMwNDEwNTU0NDtBUzo0MzA1MTYyNDg4MTM1NzNAMTQ3OTY1NDQ4MDg4OQ%3D%3D&el=1_x_2&_esc=publicationCoverPdf
https://www.researchgate.net/publication/304105544_Recent_Advances_on_Enzymatic_GlucoseOxygen_and_HydrogenOxygen_Biofuel_Cells_Achievements_and_Limitations?enrichId=rgreq-620e2573ad4e0b89d01967767515ae94-XXX&enrichSource=Y292ZXJQYWdlOzMwNDEwNTU0NDtBUzo0MzA1MTYyNDg4MTM1NzNAMTQ3OTY1NDQ4MDg4OQ%3D%3D&el=1_x_3&_esc=publicationCoverPdf
https://www.researchgate.net/project/Study-on-photo-electrochemical-properties-of-metal-organic-frameworks-and-their-application?enrichId=rgreq-620e2573ad4e0b89d01967767515ae94-XXX&enrichSource=Y292ZXJQYWdlOzMwNDEwNTU0NDtBUzo0MzA1MTYyNDg4MTM1NzNAMTQ3OTY1NDQ4MDg4OQ%3D%3D&el=1_x_9&_esc=publicationCoverPdf
https://www.researchgate.net/project/Dengue-biosensor-2?enrichId=rgreq-620e2573ad4e0b89d01967767515ae94-XXX&enrichSource=Y292ZXJQYWdlOzMwNDEwNTU0NDtBUzo0MzA1MTYyNDg4MTM1NzNAMTQ3OTY1NDQ4MDg4OQ%3D%3D&el=1_x_9&_esc=publicationCoverPdf
https://www.researchgate.net/?enrichId=rgreq-620e2573ad4e0b89d01967767515ae94-XXX&enrichSource=Y292ZXJQYWdlOzMwNDEwNTU0NDtBUzo0MzA1MTYyNDg4MTM1NzNAMTQ3OTY1NDQ4MDg4OQ%3D%3D&el=1_x_1&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Serge_Cosnier2?enrichId=rgreq-620e2573ad4e0b89d01967767515ae94-XXX&enrichSource=Y292ZXJQYWdlOzMwNDEwNTU0NDtBUzo0MzA1MTYyNDg4MTM1NzNAMTQ3OTY1NDQ4MDg4OQ%3D%3D&el=1_x_4&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Serge_Cosnier2?enrichId=rgreq-620e2573ad4e0b89d01967767515ae94-XXX&enrichSource=Y292ZXJQYWdlOzMwNDEwNTU0NDtBUzo0MzA1MTYyNDg4MTM1NzNAMTQ3OTY1NDQ4MDg4OQ%3D%3D&el=1_x_5&_esc=publicationCoverPdf
https://www.researchgate.net/institution/Universite_Grenoble_Alpes?enrichId=rgreq-620e2573ad4e0b89d01967767515ae94-XXX&enrichSource=Y292ZXJQYWdlOzMwNDEwNTU0NDtBUzo0MzA1MTYyNDg4MTM1NzNAMTQ3OTY1NDQ4MDg4OQ%3D%3D&el=1_x_6&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Serge_Cosnier2?enrichId=rgreq-620e2573ad4e0b89d01967767515ae94-XXX&enrichSource=Y292ZXJQYWdlOzMwNDEwNTU0NDtBUzo0MzA1MTYyNDg4MTM1NzNAMTQ3OTY1NDQ4MDg4OQ%3D%3D&el=1_x_7&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Andrew_Gross2?enrichId=rgreq-620e2573ad4e0b89d01967767515ae94-XXX&enrichSource=Y292ZXJQYWdlOzMwNDEwNTU0NDtBUzo0MzA1MTYyNDg4MTM1NzNAMTQ3OTY1NDQ4MDg4OQ%3D%3D&el=1_x_4&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Andrew_Gross2?enrichId=rgreq-620e2573ad4e0b89d01967767515ae94-XXX&enrichSource=Y292ZXJQYWdlOzMwNDEwNTU0NDtBUzo0MzA1MTYyNDg4MTM1NzNAMTQ3OTY1NDQ4MDg4OQ%3D%3D&el=1_x_5&_esc=publicationCoverPdf
https://www.researchgate.net/institution/French_National_Centre_for_Scientific_Research?enrichId=rgreq-620e2573ad4e0b89d01967767515ae94-XXX&enrichSource=Y292ZXJQYWdlOzMwNDEwNTU0NDtBUzo0MzA1MTYyNDg4MTM1NzNAMTQ3OTY1NDQ4MDg4OQ%3D%3D&el=1_x_6&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Andrew_Gross2?enrichId=rgreq-620e2573ad4e0b89d01967767515ae94-XXX&enrichSource=Y292ZXJQYWdlOzMwNDEwNTU0NDtBUzo0MzA1MTYyNDg4MTM1NzNAMTQ3OTY1NDQ4MDg4OQ%3D%3D&el=1_x_7&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Alan_Le_Goff?enrichId=rgreq-620e2573ad4e0b89d01967767515ae94-XXX&enrichSource=Y292ZXJQYWdlOzMwNDEwNTU0NDtBUzo0MzA1MTYyNDg4MTM1NzNAMTQ3OTY1NDQ4MDg4OQ%3D%3D&el=1_x_4&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Alan_Le_Goff?enrichId=rgreq-620e2573ad4e0b89d01967767515ae94-XXX&enrichSource=Y292ZXJQYWdlOzMwNDEwNTU0NDtBUzo0MzA1MTYyNDg4MTM1NzNAMTQ3OTY1NDQ4MDg4OQ%3D%3D&el=1_x_5&_esc=publicationCoverPdf
https://www.researchgate.net/institution/University_Joseph_Fourier-Grenoble_1?enrichId=rgreq-620e2573ad4e0b89d01967767515ae94-XXX&enrichSource=Y292ZXJQYWdlOzMwNDEwNTU0NDtBUzo0MzA1MTYyNDg4MTM1NzNAMTQ3OTY1NDQ4MDg4OQ%3D%3D&el=1_x_6&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Alan_Le_Goff?enrichId=rgreq-620e2573ad4e0b89d01967767515ae94-XXX&enrichSource=Y292ZXJQYWdlOzMwNDEwNTU0NDtBUzo0MzA1MTYyNDg4MTM1NzNAMTQ3OTY1NDQ4MDg4OQ%3D%3D&el=1_x_7&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Michael_Holzinger?enrichId=rgreq-620e2573ad4e0b89d01967767515ae94-XXX&enrichSource=Y292ZXJQYWdlOzMwNDEwNTU0NDtBUzo0MzA1MTYyNDg4MTM1NzNAMTQ3OTY1NDQ4MDg4OQ%3D%3D&el=1_x_4&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Michael_Holzinger?enrichId=rgreq-620e2573ad4e0b89d01967767515ae94-XXX&enrichSource=Y292ZXJQYWdlOzMwNDEwNTU0NDtBUzo0MzA1MTYyNDg4MTM1NzNAMTQ3OTY1NDQ4MDg4OQ%3D%3D&el=1_x_5&_esc=publicationCoverPdf
https://www.researchgate.net/institution/University_Joseph_Fourier-Grenoble_1?enrichId=rgreq-620e2573ad4e0b89d01967767515ae94-XXX&enrichSource=Y292ZXJQYWdlOzMwNDEwNTU0NDtBUzo0MzA1MTYyNDg4MTM1NzNAMTQ3OTY1NDQ4MDg4OQ%3D%3D&el=1_x_6&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Michael_Holzinger?enrichId=rgreq-620e2573ad4e0b89d01967767515ae94-XXX&enrichSource=Y292ZXJQYWdlOzMwNDEwNTU0NDtBUzo0MzA1MTYyNDg4MTM1NzNAMTQ3OTY1NDQ4MDg4OQ%3D%3D&el=1_x_7&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Andrew_Gross2?enrichId=rgreq-620e2573ad4e0b89d01967767515ae94-XXX&enrichSource=Y292ZXJQYWdlOzMwNDEwNTU0NDtBUzo0MzA1MTYyNDg4MTM1NzNAMTQ3OTY1NDQ4MDg4OQ%3D%3D&el=1_x_10&_esc=publicationCoverPdf

Journal of Power Sources xxx (2016) xxx-Xxx

PR
Sbu.af8

Contents lists available at ScienceDirect

Journal of Power Sources

journal homepage: www.elsevier.com

Review article

Recent advances on enzymatic glucose/oxygen and hydrogen/oxygen biofuel cells:
Achievements and limitations

Serge Cosnier,” Andrew Gross, Alan Le Goff, Michael Holzinger

Département de Chimie Moléculaire, UMR-5250, CNRS-Université de Grenoble Alpes, 38041 Grenoble, France

ARTICLE INFO ABSTRACT

Article history:

Received 2 May 2016

Received in revised form 25 May 2016
Accepted 30 May 2016

Available online xxx

The possibility of producing electrical power from chemical energy with biological catalysts has induced the development
of biofuel cells as viable energy sources for powering portable and implanted electronic devices. These power sources
employ biocatalysts, called enzymes, which are highly specific and catalytic towards the oxidation of a biofuel and the
reduction of oxygen or hydrogen peroxide. Enzymes, on one hand, are promising candidates to replace expensive noble
metal-based catalysts in fuel cell research. On the other hand, they offer the exciting prospect of a new generation of
fuel cells which harvest energy from body fluids. Biofuel cells which use glucose as a fuel are particularly interesting for

Keywords: generating electricity to power electronic devices inside a living body. Hydrogen consuming biofuel cells represent an
g’;zyme biofuel cell emerging alternative to platinum catalysts due to comparable efficiencies and the capability to operate at lower tempera-

ucose tures. Currently, these technologies are not competitive with existing commercialised fuel cell devices due to limitations
Implanted biofuel cell . . . e . . .
Hydrogen biofuel cell including insufficient power outputs and lifetimes. The advantages and challenges facing glucose biofuel cells for im-
Enzyme wiring plantation and hydrogen biofuel cells will be summarised along with recent promising advances and the future prospects
Biocathode of these exotic energy-harvesting devices.

© 2016 Published by Elsevier Ltd.

1. Introduction

For four decades, the development of biointerfaces has been the
subject of increasing research effort and now provides immense op-
portunities and major challenges for research fields such as health, en-
vironmental monitoring and energy. Concerning the energy field, the
depletion of fossil fuels and the need for clean electricity production
methods have led to the emergence of new sources of sustainable and
renewable energy which do not emit CO,. Among these clean power
generation strategies, biofuel cells that convert chemical energy into
electrical energy by electro-enzymatic reactions have attracted con-
siderable attention. Biofuel cells, constituting a subclass of fuel cells,
mainly rely on redox enzymes which are very efficient and selective
biocatalysts that can advantageously replace rare and expensive plat-
inum-based catalysts in classic fuel cell devices.

Enzymes provide exceptional specificities towards their substrates,
thus enabling the assembly of both the anode and cathode electrodes
of a fuel cell without the need for membranes and noble metals. How-
ever, a constant challenge in enzymatic biofuel cell design is the
so-called electrical “wiring” of biocatalysts with electrodes. Electri-
cal wiring refers to the transfer of electrons involved in the power
generating redox process to (at the cathode) and from (at the an-
ode) the respective active sites of the biocatalysts [1]. In the ideal
case, the external circuit directly exchanges the electrons with the
enzymes leading to optimal cell voltages and maximising current

* Corresponding author.
Email address: serge.cosnier@univ-grenoble-alpes.fr (S. Cosnier)
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outputs. Such direct electron transfer (DET), however, is unfortu-
nately not achievable in all cases and strongly depends on the loca-
tion and orientation of the active site inside the protein. When the cat-
alytic centre is deeply embedded, for example, the distance to the elec-
trode material is often too high for efficient electron transfer. In this
case, small molecules having the appropriate redox potential and ac-
tivity may be employed as electron shuttles, called mediators, to en-
hance electron transport. Despite an expected cell voltage loss and fre-
quent stability issues for such mediated electron transfer (MET), elec-
trical wiring of enzymes via MET is quantitative and frequently leads
to higher catalytic currents than can be achieved by DET (Fig. 1).

Over the last two decades, steady improvements in biofuel cell
design have led to devices with power outputs in the respectable
mW cm 2 range and high energy densities in the Wh kg ' [2-6] com-
pared to lithium ion batteries. Although the voltages of enzymatic
biofuel cells are typically lower than those of commercial batteries
(1.5 V-3.6 V), the energy density can reach up to almost 300 Wh kg71
which, for example, compares to 150 Wh kf{1 for a rechargeable
lithium ion battery or 160 Wh kg ' for a Li —MnO, battery. Coupled
with the ongoing development of ultra-low power microelectronic de-
vices, tremendous interest in the use of biofuel cells as power sources
for future practical applications can be assured.

A vast majority of biofuel cells generate electrical energy from the
enzymatic degradation of glucose and oxygen, two substrates present
in physiological fluids. Consequently, the major motivation for the
development of enzymatic biofuel cells lies in their implantation in
the human body as an autonomous power source of, in theory, unlim-
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Fig. 1. Principle and key parameters of electron transfer pathways for an immobilised enzyme: Direct Electron Transfer (DET) vs indirect or mediated electron transfer (MET) via a

small redox mediator (M®¥™).

ited energy, since the fuel glucose is steadily produced by metabo-
lism [7-9]. Such biofuel cells thus constitute an attractive alternative
to traditional fuel cells and primary batteries for powering implanted
medical devices such as stimulating electrodes, pacemakers, pumps,
metabolite sensors and bionic implants. The first biofuel cell entirely
implanted in a mammal materialised the first step towards this goal
in 2010 [10]. Since this pioneering work, special attention has been
dedicated to the design and implementation of biofuel cell configura-
tions implanted partially or completely into insects and animals. Re-
cently it was demonstrated that the power output of a single implanted
biofuel cell in a living organism was sufficient for powering small
electronic devices such as pacemakers and a light-emitting diode [11].
The challenge now is to power a new generation of implanted med-
ical devices capable of monitoring physiological processes and data
transmission. Meeting this challenge will open up new prospects for
scientists involved in fuel cell research and revolutionise medicine.
However, it is commonly recognised that the development of such im-
plantable power generators faces, up to now, insufficient power out-
put in vivo and short lifetimes. Moreover, due to the small number of
entirely implanted biofuel cells in animals, the impact of other tech-
nological barriers like sterilisation and biocompatible packaging have
rarely been examined, despite being decisive factors for the future of
these technologies.

Beside the use of glucose, which has the advantages of being pre-
sent in human metabolism and being a safe and easy-to-handle energy
compound, another vector of energy, hydrogen, has appeared more re-
cently in the area of biofuel cells research. Biofuel cells, which exploit
hydrogen will be dedicated to the powering of portable electronics or
recharging of batteries in electronic equipment. Hydrogen is a vector
of clean energy that can be stored as a gas under pressure. Thanks to
the growing improvement in production, transport and storage of H,,
and recent developments of highly efficient hydrogenases [12], a few
examples of H,/O, enzymatic fuel cells have been reported and pre-
sented as the most powerful biofuel cells for electricity production in
the near future [13—15]. It should be noted that, in contrast to glucose,
the small size of hydrogen and its gaseous nature may facilitate the
combination of O, and H, breathing electrodes, and hence solve trans-
port and diffusion problems in the development of biofuel cells.

Given the vast promise of H,/O, biofuel cells, for electricity gen-
eration, and glucose/O, biofuel cells, for powering implanted medical

devices, the aim of this review is to summarise significant recent
advances in the field of biofuel cells and to identify the remaining
technological bottlenecks to overcome before biofuel cells can be ex-
ploited for actual commercial applications.

2. Implantable biofuel cells for in vivo applications

Owing to the current problems of sterilisation, biocompatibility
and short lifetimes of enzymatic biofuel cells for in vivo applications,
the development of non-invasive and minimally-invasive biofuel cells
has become increasingly attractive and represents an important step
towards implantable biofuel cells [16]. Enzymatic biofuel cells which
use metabolites such as glucose, lactate, pyruvate and ascorbate from
human sweat, lachrymal fluids and saliva, have been developed and
reviewed very recently [17]. Wang and coworkers pioneered the field
of tattoo-based biofuel cells by utilising sweat lactate [18], while
Shleev and coworkers have focused their efforts on the development
of contact lens based biofuel cells to power glucose or lactate sensors
[19]. In the same way, Minteer and coworkers recently reported an en-
zymatic fuel cell integrated into a contact lens [20]. Despite exciting
advances towards flexible, resilient and wearable biofuel cells, and the
fact that the concentration of oxygen is not a limiting parameter, major
drawbacks remain concerning low power output, biocompatibility and
device fabrication. Moreover, this approach is not a viable solution for
powering medical devices implanted in the body since the skin pro-
vides a mechanical barrier to microorganisms (bacteria, viruses, proto-
zoa or fungi) and should not be altered or crossed by cables. To elimi-
nate contamination problems due to infectious microorganisms enter-
ing across an epithelium, the ideal route is full implantation of the bio-
fuel cell inside the body.

Owing to the presence of glucose and oxygen in extracellular flu-
ids (blood and interstitial fluid), the most exciting application for
glucose/O, biofuel cells is their implantation in mammals to power
medical devices. In 2010, Cosnier and coworkers conceived the first
glucose biofuel cell setup based on free-standing enzymatic bioelec-
trodes which could be fully implanted in mammals, in collaboration
with the clinicians group of Cinquin [10]. This biofuel cell integrated
an original biocathode configuration based on an electrically wired
polyphenol oxidase. The device exhibited maximum activity at pH 7
and was compatible with physiological fluids. This enzyme had al-
ready been exploited by Cosnier and coworkers for the development
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of microbiosensors implanted in a rat brain [21]. Additionally, this
type of enzyme electrode exhibited exceptional long-term storage sta-
bility with 80% of its initial sensitivity observed after one year stor-
age in buffer [22]. This enzymatic fuel cell, fully implanted in the
retroperitoneal space of a rat, demonstrated for the first time the pos-
sibility to harvest energy out of extracellular fluids of a mammal. Al-
though the power output of 1.8 pW for the biofuel cell remained sta-
ble during 11 days after implantation, the performance was far below
the required levels to supply implanted devices. Following this break-
through, and thanks to innovative advances in the design of nanos-
tructured materials, various types of biofuel cells have been partially
implanted in living organisms such as snails [23], insects [24-26],
clams [27], lobsters [28], rats [29-31], and rabbits [32]. While elec-
tric power can be generated with glucose and oxygen in mammals,
the disaccharide trehalose represents a fuel precursor present in insects
which is enzymatically converted into glucose and can be exploited
[25]. Many of these biofuel cells present significant progress in terms
of enzyme wiring via carbon nanotubes. Nevertheless, the real power
delivered in mammals by implanted biofuel cells remains very small
(0.0095-2.75 pW, depending on the electrode surface) and hence is
inefficient for activating implanted biomedical devices.

Katz and coworkers have demonstrated that several clams or lob-
sters with implanted biofuel cells, connected in series or in parallel,
can deliver enough power to supply low power electronics; namely,
a watch, an electric motor, and a pacemaker [27,33]. However, they
reported that biofuel cells cannot be connected in series in a single
animal due to problems with tissue conductivity. This means that we
must focus our efforts on increasing the power of the single biofuel
cell itself. In that context, Cosnier and coworkers patented a novel
approach for bioelectrode fabrication based on the compression of
a mixture of carbon nanotubes and enzyme that provides, simulta-
neously, the immobilisation and electrical wiring of enzymes [2,34].
A Dbiofuel cell based on glucose oxidase (GOx) and laccase deliv-
ered an impressive power output of 1.69 mW at open circuit voltage
(OCV) and 1.3 mW cm 2 at 0.95 V. Connecting two biofuel cells gave
3.25 mW at 1.8 V. In 2013, this biofuel design was used again for im-
plantation in mammals [11]. After surgery, the biofuel cell entirely
implanted in a freely moving rat delivered 38.7 pW (193.5 pW cm 9
with an OCV in the range of 0.51-0.66 V. By connecting an external
boost converter, the implanted biofuel cell powered a light emitting
diode or an electronic thermometer. However, the lifetime of this im-
planted biofuel cell is, so far, no more than 9 days. Another solution
to increase the power of biofuel cells is to integrate biofuel cells with
supercapacitors. The groups of Cosnier and Shleev have prototyped
hybrid supercapacitors/biofuel cells which use the capacitive proper-
ties of carbon nanotubes or polyaniline-modified carbon nanotubes to
store high energy densities with charge/discharge cycles [3,35].

It should be noted that the power of biofuel cells is generally re-
lated to the amount of enzyme immobilised on the electrode, the elec-
trical wiring with the active site of the enzyme, and an efficient fuel
supply within the cell. The typical low concentration of O, and glu-
cose (50 pM and 5 mM, respectively) in blood also significantly limits
biofuel cell performance. Furthermore, these biofuel cells are consti-
tuted by, at least, two enzyme systems that must operate at the same
pH (pH 7.4).

Moreover, biofuel cells should be properly sterilised before their
introduction into an animal in order to prevent any nosocomial infec-
tion which can lead to serious illness. In fact, most of the implanted
or partially inserted biofuel cells reported to date were not sterilised,
and placed in animals without sterile conditions. There are numerous
technical processes to sterilise implants: high pressure steam steril-
isation with autoclaves, dry heat (exposure to extreme temperatures

higher than 140 °C), gas sterilisation with ethylene oxide, cold chemi-
cal sterilisation with, for instance, sodium hypochlorite, formaldehyde
or ozone, and sterilisation by gamma or X-ray irradiation. Unfortu-
nately, these techniques, which present a more or less penetrating ster-
ilisation effect which depends on the porosity of the biomaterial and
packaging material, result in a loss of enzyme activity.

Another parameter that has been largely overlooked regards the
biocompatibility of biofuel cells. Implanted biofuel cell devices must
first be biocompatible, meaning that they should not cause significant
inflammatory reactions or induce toxicity to body tissues. It is there-
fore necessary to create a barrier or self-contain components of the
fuel cell to prevent release of nano-objects and proteins. In previous
work, bioelectrodes were wrapped in a dialysis membrane and the bio-
fuel cells subsequently inserted in a biocompatible container such as
a dacron® bag [10,11]. Unfortunately, the presence of this bag dras-
tically increases the volume of the implant and reduces the diffusion
of glucose and oxygen to the biofuel cell electrodes. Another solu-
tion would be to cover the bioelectrodes with biocompatible polymers
such as collagen, Nafion®, polysaccharides (alginate, chitosan), hy-
drogels based on gelatin, or aliphatic polyesters. However, these ad-
ditional layers will likely create steric constraints with regard to glu-
cose diffusion and thus reduce the power output of the biofuel cell fur-
ther. Moreover, the use of biofuel cell devices in blood vessels, which
could be mounted on stents, will need hemocompatible devices, which
is more constraining than just biocompatibility.

In parallel to the two major roadblocks that affect the power out-
put of biofuel cells: sterilisation and biocompatibility, another major
issue with implanted biofuel cells is their long-term operational sta-
bility. Although bioelectrodes operate under constant humidity, tem-
perature and pH, enzyme inactivation can occur due to high biocat-
alytic turnover or inhibition by exogenous or endogenous metabolites
present in physiological fluids. For biofuel cell configurations based
on mediated electron transfer, with redox mediators present in solu-
tion or weakly absorbed on the electrode, leaching of the mediator
into the surrounding environment is a concern that leads to reduced
operational stability and polluting of the organism. Owing to the dif-
ficulty in examining the long-term operational stability of implanted
biofuel cells in freely moving or anaesthetised animals, only peri-
odic measurements have been performed and only over a short pe-
riod of 9-11 days [10,11]. Nevertheless, long term stability of glucose/
O, biofuel cells has been examined in vitro. For instance, the opera-
tional stability of a microneedle biofuel cell was continuously exam-
ined in artificial interstitial fluid. This device delivered 75% of its ini-
tial power density after 60 h of operation [36]. In sweat, a miniature
biofuel cell delivered its maximum power continuously for 10 h, with
the power output remaining at 65% of its initial value after this period
[37]. Bilewicz and coworkers reported a decay of 20% of the initial
power of 131 uW cm 2 after 24 h of continuous discharge for a bio-
fuel cell based on naphthalene functionalised carbon nanotubes [38].
Di Lorenzo and coworkers reported a flow through miniature biofuel
cell based on porous gold, which operated continuously for a period
of 30 days and had an operational half-life of approximately 8 days
[39]. Biocathodes based on laccase and stored in phosphate buffer are
rapidly inhibited at pH 7, but, to prolong lifetimes, can be reactivated
at acidic pH values [40]. The OCV of laccase-based cathodes remains
almost constant at around 0.6 V for one year, highlighting the surpris-
ing stability of this enzyme in biofuel cell design.

3. Recent advances in biocathode configuration

Most oxygen-reducing biocathodes in enzymatic fuel cell research
contain enzymes from the multicopper oxidase (MCO) family. These
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enzymes have a set of four copper centres. A mononuclear copper cen-
tre is responsible for the electron transfer between the substrate — or
the electrode surface — and a type 2/type 3 trinuclear copper cluster
(called TNC) where oxygen is reduced to water (Fig. 2).

The main recent developments in the fabrication of MCO-based
bioelectrodes have relied on the controlled orientation of these en-
zymes on electrodes.

The T1 copper centre of MCOs is responsible for the binding of
the phenolic substrate and subsequent electron transfer with the T2/T3
copper centre where oxygen is activated and reduced (Fig. 1) [41,42].
Since this T1 unit is located near the surface of the protein, strate-
gies have been employed to favour the orientation of enzymes and
to shorten the distance between the electrode and the T1 centre. Lac-
cases and bilirubin oxidases from specific organisms have been es-
pecially chosen for the high redox potential of their T1 copper cen-
tre, which is responsible for the low-overpotential oxygen reduction
electrocatalysis of only several tens of millivolts at near neutral pH
[41,42]. An important work has recently been realised by Armstrong
and coworkers on the orientation of laccases from Trametes versi-
color on electrodes. It was shown that a set of hydrophobic amino
acids, constituting the substrate pocket of the enzyme, could be tar-
geted by hydrophobic groups attached on the surface of the elec-
trode [43,44]. Graphite-based electrodes were modified via aryldia-
zonium electrografting of anthracene or anthraquinone groups. These
electrodes have shown superior performances towards the immobil-
isation and direct electrical wiring of laccases. Several groups have
since transferred this strategy to carbon nanotube-based electrodes
where diazonium-based chemistry [38,45], electrografting of amines
[46,47], and amide coupling [48] chemistries have been employed for
controlled attachment of enzymes. We and others have also investi-
gated the non-covalent coupling of hydrophobic groups by modifying
pyrene molecules with anthraquinone [49] or anthracene [50] groups.
These strategies have led to excellent oxygen reduction electrocataly-
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sis with maximum catalytic currents of several mA cm > at pH 5. Sim-
ilar substrate-mimicking strategies have also been employed in cath-
ode design for the orientation of bilirubin oxidases (BOD). In this
case, the modification of electrodes with bilirubin or molecules with
similar structures led to electron transfer promoting properties towards
BO [51-53]. The use of different types of porphyrins, which are bio-
logical precursors of bilirubin, has underlined the fact that both struc-
tural and electrostatic interactions influence the orientation of the en-
zyme [54]. Atanassov and coworkers have developed a high perfor-
mance biocathode based on bilirubin oxidase from Myrothecium ver-
rucaria (Mv) using the covalent linker pyrene-NHS for oriented immo-
bilisation of the enzyme [52]. Other research teams have also demon-
strated that the orientation of BOD from My is strongly influenced by
negatively-charged groups such as carboxylates on electrode surfaces
[55,56]. On the contrary, positively-charged groups have a detrimental
effect on the wiring of this enzyme by favouring a surface orientation
at the opposite side of the T1 centre [55,57]. Lalaoui et al. have re-
cently shown that this behavior cannot be generalised for other BOD
enzymes. For instance, BOD from bacillus pumilus exhibits unfavor-
able orientation on napthoic carboxylate-modified MWCNTs [58]. In
a different strategy, laccase mutants from 7Trametes sp C30 have been
specifically modified with a pyrene group, by tagging a lysine residue
at the vicinity of the T1 centre. Lalaoui et al. have demonstrated effi-
cient electrocatalytic oxygen reduction by immobilisation of these lac-
cases on MWCNTs and MWCNT/AuNP supramolecular assemblies
[59].

Despite these high performances, commonly-used laccases and
bilirubin oxidases might have important drawbacks for in vivo appli-
cations: low catalytic stability and inhibition by common substances
present in physiological fluids such as chloride and urates for laccase
and BOD, respectively. Furthermore, laccase shows low activity at
neutral pH [40]. Several attempts have been made to replace these en-
zymes with new mutants, enzymes from other organisms, and with

Arginine
residues

Fig. 2. Schematic presentation of the orientation of BOD and laccase on electrodes for electrocatalytic oxygen reduction.
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novel combinations of enzymes. BOD from Bacillus pumilus, a re-
cently-discovered MCO, has an excellent tolerance of stability to-
wards both urates and chloride as well as other chelators such as
EDTA. Direct mutagenesis has improved the resistance of laccases
to chlorides and hydroxides [60]. Polyphenol oxidases or tyrosinase,
which is composed of a type 3 binuclear copper centre, has recently
demonstrated its ability to reduce oxygen by DET at redox potentials
of 0.58 V vs SCE at pH 7 [61]. Even when the redox potential of the
enzyme is around two hundred millivolts lower than laccase or BOD,
this enzyme is not inhibited by species found in physiological fluids.
An original cascade reaction using bioanodes having two enzymes,
glucose oxidase (GOx) and horseradish peroxidase (HRP), has also
been investigated for the complete reduction of O, into water [62—64].
GOx oxidises glucose while reducing oxygen to hydrogen peroxide.
The produced H,O, is then reduced to water by HRP. GOx and HRP
were immobilised on CNT-based electrodes and, while GOx generates
H,0,, an efficient DET of HRP could be achieved with a high reduc-
tion potential [64]. This enzyme cascade led to the complete reduc-
tion of O, into water by a dual enzymatic/electroenzymatic process at
a high potential of 0.84 V vs NHE. Important developments have also
been made on the design of controlled nanostructures for the improve-
ment of enzyme loadings and oxygen mass transport. Different mate-
rials with controllable and hierarchical porosity have been especially
studied to increase catalyst loading and to enhance oxygen mass trans-
port. In particular, carbon-based materials, such as carbon aerogels
[65], carbon cryogels [66], carbon nanofibers [67], carbon microfibers
[47], and carbonaceous foams [68,69], have all shown enhanced per-
formances towards the wiring of MCOs and electrocatalytic oxygen
reduction.

In order to get closer to the technologically-relevant operation of
these enzymes, air-breathing electrodes have been investigated to im-
prove oxygen mass-transport limitations and to circumvent the low
solubility of oxygen in water. Laccase or BOD have been integrated in
gas-diffusion electrodes (GDE), allowing the biocatalyst to operate at
a “three-phasic” interface [70]. These air-breathing biocathodes were
finally able to deliver several mA c¢m 2 under air without any need
for forced oxygen convection using a hydrogen/air enzymatic fuel cell
setup [58].

GOx

gluconolactone

4. Recent progress on bioanodes based on glucose oxidase
(immobilisation and electrical wiring): challenges

The most commonly used enzyme for glucose oxidising bioanodes
is glucose oxidase (GOx) from Aspergillus niger. This biocatalyst
provides very high specificity, activity and stability towards p-D-glu-
cose, present in biological fluids, compared to other glucose oxidis-
ing enzymes. Furthermore, the intrinsic co-factor, flavin adenine dinu-
cleotide (FAD), has an advantageous redox potential (around —0.45 V
vs Ag/AgCl) for use in the design of bioelectrocatalytic bioanodes.
Wilson and Turner reviewed the characteristics of GOx and declared
it in the early nineties as “an ideal enzyme” for glucose sensor ap-
plications [71]. However, for glucose biofuel cells, this enzyme un-
fortunately poses both advantages and disadvantages. For instance,
GOx is a particularly large enzyme with a molecular weight of around
160 kDa and an average diameter of 8 nm [71,72]. The high stabil-
ity of its catalytic activity is certainly related to its impressive pro-
tein shell since the active site and the FAD cofactor are deeply em-
bedded inside the protein matrix. At the same time, the large en-
zyme size and deeply embedded active site unfortunately make it dif-
ficult to achieve electron transfer to the electrode due to long elec-
tron tunneling distances and steric constraints, as indicated in Fig. 3.
There are still countable examples in the literature where real DET
with GOx has been observed. For example, an electrochemical sig-
nal due to FAD co-factor residues is discernible using commercial
GOx samples. The signal cannot be accounted for by DET if no cat-
alytic current can be measured [2,73—76]. Nanotube based materi-
als seem to be the most appropriate material for optimised electron
transfer in biofuel design since the thin and long structure of CNTs
facilitates getting close to the redox active site of the enzyme. One
strategy to achieve DET with GOx is to use electrodes prepared via
compression of CNTs in the presence of enzyme [2]. It is well ac-
cepted that only a small quantity of GOx is wired using this approach
and that the promising current densities are related to the very high
amount of enzyme employed during fabrication. Another strategy to
wire GOx is to modify the electrode material with FAD and to use
especially produced apo-GOx, where the co-factor has been removed
[77,78]. The disadvantage here is the lack of availability of apo-GOx.
A more reliable strategy to wire GOx is to use advanced redox medi-

gluconolactone

glucose

Fig. 3. Sketch of possible electron transfer modes from the active site of GOx to a CNT electrode. Left DET, right MET.
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ators such as osmium based hydrogels and quinones which have
emerged as the most promising candidates [79,80].

The advantage of Os based hydrogels is that their redox poten-
tial can be modulated and optimised for optimal electron transfer rates
by fine tuning of the Os complex structures [81]. Furthermore, the
hydrophilic character of the redox hydrogels allows the diffusion of
the substrates, for the biocatalysts, and the enzymatically generated
products [82]. As a result, these electrodes have proven to be very
efficient for construction of glucose oxidase anodes [83]. Leech and
coworkers comprehensively studied different Os based hydrogels for
a variety of glucose oxidising and oxygen reducing enzymes [84-88].
For example, they investigated enzymatic biofuel cells prepared with
[Os(4,4'-dimethoxy-2,2"-bipyridine) 2(polyvinylimidazole),,CI]" as a
mediator for glucose oxidase and [Os(4,4'-dichloro-2,2’-bipyri-
dine),(polyvinylimidazole),,C1]" as a mediator for different MCOs
[84]. The different ligands allowed a satisfying potential window
for the optimised glucose biofuel cell and a catalytic current of
43 pWcm 2at 025V using amine modified graphite electrodes,
where the enzymes were crosslinked using poly (ethylene glycol)
diglycidyl ether. This configuration also retained 70% of its initial
power output after 24 h. Leech and coworkers also immobilised glu-
cose oxidase via di-epoxide crosslinking within biofilms containing
different functionalised osmium complexes on graphite electrodes
[85]. The bioelectrodes, prepared with dimethoxy- or dimethyl-
bipyridyl ligands, provided catalytic currents for glucose oxidation of
around 30 pA cm 2 and 70 pA cm 2 at 0.2 V and 0.35 V vs Ag/AgCl,
respectively, under pseudo physiological conditions in 5 mmol L™
glucose solutions. Mano and coworkers have deposited such osmium
hydrogels on CNT fibers with great success [89]. A very high per-
forming glucose biofuel cell with a power output of 740 pW cm 2 at
0.57 V could be obtained using the MET setup [90]. The glucose ox-
idase based bioanode delivered a current density of 10 pA mm 2 near
—0.1 V vs Ag/AgCl [91]. However, even though Os based redox poly-
mers efficiently wire glucose oxidase, and lead to clearly enhanced
biofuel cell performances, such hydrogels do not yet provide the nec-
essary stability to be competitive with other systems in terms of long-
term operation [85].

Bioanode systems have also been investigated based on quinones
and, in particular, napthoquinones (NQ), as promising alternatives to
mediate electron transfer from glucose oxidase to the electrode. Cos-
nier and coworkers reported the first wiring of GOx inside CNT disks
using NQ and observed a 7 fold increase in catalytic current densi-
ties with only a small increase in open circuit potential (OCP) of the
bioanode from —0.45 V to —0.2 V vs SCE [92]. A whole glucose bio-
fuel cell, with laccase as the cathodic biocatalyst, delivered a power
output density of 1.54 mW cm 2 1.92 mW mL " and 2.67 mW gl

The fact that NQ is not immobilised can lead to leakage of this
toxic mediator and thus the appropriateness of this approach for im-
plantable glucose biofuel cells must be questioned. Nonetheless, Cos-
nier and coworkers managed to clearly minimise this negative effect
by initially controlling leakage of the mediator. For this approach,
an equilibrium was reached via a negatively charged Nafion® based
membrane which retained the water soluble naphthohydroquinone, the
reduced form of NQ. This stabilised system led to a high performance
glucose biofuel cell which retained approximately 20% of its initial
power output after one year with negligible evidence for NQ leakage
[40]. A total of 30 mWh of energy was produced, which corresponds
to the stored energy in classic 1.5 V button cell batteries. To date, this
represents the world record of produced power for a glucose biofuel
cell device.

Since NQ has been shown to lose its wiring capacities when chem-
ically modified and immobilised on electrodes, Minteer and cowork-
ers addressed this problem and tested different setups with

NQ modified hydrogels and NQ modified glucose dehydrogenase
(GDH) enzymes. The optimised bioanode of the hydrogel setup
yielded a maximum current density of 3.3 mA cm ? at 0V vs SCE
and an OCP of —0.25 V at pH 6 [80]. The same group synthesised a
bis naphthoquinonyl-pyrene derivative and functionalised CNTs via
n-stacking interactions. Current densities of 124.5 + 0.4 pA cm 2 and
166.2 + 2.7 pA cm 2 at 0 and 0.3 V vs SCE were recorded using a
PQQ dependent GDH with an OCP of +0.15 V vs SCE [93]. Unfor-
tunately this naphthoquinone pyrene derivative did not show any ac-
tivity for MET towards GOx. Despite evidence that immobilised NQ
is not appropriate for MET with GOx, this bioanode system may still
be regarded as one of the most promising for high performance bioan-
odes and thus further research is encouraged to overcome these issues.

5. Advances and limitations of hydrogen/oxygen enzymatic fuel
cells

Another class of intensively studied enzymatic fuel cells is the
H,/O, biofuel cell. These fuel cells rely on MCOs for the reduction
of oxygen at the cathode and hydrogenases for oxidation of H, at
the anode. Hydrogenases are metalloenzymes which catalyse the re-
versible conversion of H, into protons. The main families of hydroge-
nases are NiFe and FeFe hydrogenases which have a dinuclear FeFe
sulfur cluster or a dinuclear Ni—Fe sulfur cluster as their active sites,
respectively. A chain of iron-sulfur clusters ensures electron trans-
fer between the surface of the protein and the embedded active site.
Several examples have demonstrated that these enzymes can com-
pete with platinum in terms of catalytic efficiency for H, oxidation
[94,95]. However, several important obstacles have to be overcome
before these enzymes are realistically operational in hydrogen biofuel
cells.

As already discussed, an efficient electron transfer has to be
achieved between the enzyme active site and the electrode. MET-
based electrodes mostly relied on methylviologen (MV)-modified
polymers for the entrapment of hydrogenases and for low-potential
MET, owing to the excellent match between the redox potential of
MV/MV?" and the redox potential of NiFe hydrogenases (Fig. 4,
right) [96,97]. Owing in particular to progress in surface modifica-
tion chemistry and nanostructured materials design, several recent
achievements have shown highly efficient DET between nanostruc-
tured electrodes such as those based on carbon nanotubes with hydro-
genases. As for the MCOs, surface modification strategies were devel-
oped to favour orientation of the enzyme on electrodes. De Lacey and
coworkers have proposed electrochemical aryldiazonium functionali-
sation of MWCNTs for the grafting of ammonium groups on CNTs
[98]. These positively-charged nanostructured electrodes favour the
orientation of NiFe from Desulfovibrio gigas, an enzyme which pos-
sesses a favourable dipolar moment. Lojou and coworkers showed
that surfaces such as gold or CNTs, modified with hydrophilic groups,
could favourably interact with the protein residues of NiFe hydroge-
nases [58,99]. Excellent DET properties were achieved with high cat-
alytic current densities for H, oxidation of several mA em? (Fig. 4,
left).

One major issue when dealing with hydrogenase electrodes for
H,/0, enzymatic fuel cell applications is their oxygen sensitivity. The
mechanism of this sensitivity has been widely investigated and shows
that oxygen is inhibiting towards enzyme activity [100]. To circum-
vent this effect, several strategies have been employed in the design
of such enzymatic fuel cells. A simple strategy is to use a separat-
ing membrane or low levels of O, [101]. The most effective strategy
to date has been to elaborate and study oxygen-tolerant hydrogenases
such as hydrogenase from the hyperthermophilic bacterium Aquifex



Journal of Power Sources xxx (2016) XXX-Xxx 7
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Fig. 4. Sketch of MET (right) and DET (left) modes from the active site of NiFe hydrogenases to an electrode substrate.

aeolicus [102]. The first hydrogen biofuel cells based on oxygen-tol-
erant NiFe hydrogenases from R. Eutropha, at the anode, and laccase
from Trametes versicolor, at the cathode, were reported by Armstrong
and coworkers [103]. The enzymes were adsorbed on graphite elec-
trodes for construction of a fuel cell setup which delivered a maxi-
mum power output of 5 yW cm? at > 0.8 V at pH 5. More recently,
through nanostructuration of the electrodes and improvements in con-
trolled enzyme orientation and wiring, clear improvements in power
densities have been realised. In particular, the use of carbon nan-
otubes increased the power density by one order of magnitude to the
range of 100-300 pW cm’ 2 [104,105]. Subsequently, further improve-
ments in the control of hierarchical porosities of carbon-based elec-
trodes, combined with the use of oxygen-tolerant hydrogenases, have
increased power performance. Power densities have been reported up
to 0.42 mW cm? at room temperature and pH 7, for mesoporous car-
bon electrodes [106], and 1.5 mW cm 2 at 60 °C and pH 7, for carbon
nanofiber electrodes [67]. Armstrong and Xu pushed the limits fur-
ther and assembled several membrane-less hydrogen biofuel cells both
in parallel and in series. The best configuration obtained using a se-
ries multicell delivered 7.84 mW (0.149 mW cm73) at 1.22 V at 20 °C
and pH 6. It should be noted that one individual biofuel cell deliv-
ered 600 pW, which corresponds to a power density of 100 pW cm >
or 500 pW cm 2, taking into account effective surface areas of 6 cm >
and 1.2 cm? at the biocathode and bioanode, respectively [15].

A recent study on methylviologen-modified hydrogels using an
oxygen sensitive hydrogenase has underlined the advantages brought
about by MET. While these types of redox polymers had previously
been employed for efficient hydrogenase immobilisation and wiring
[96,97], Lubitz, Schuhmann and coworkers showed that methylvio-
logen-based hydrogels could provide several useful functions [107].
On one hand, the MET mode efficiently prevents catalyst deactivation
at high potential via the formation of an inhibited form of the NiFe
active centre [107,108]. On the other hand, these viologens catalyse
the reduction of oxygen, thus clearly reducing inhibition of the hydro-
genase. Furthermore, these multifunctional redox polymers afford a
highly stable immobilisation of hydrogenases via cross-linking, lead-
ing overall to a highly-efficient bioanode for electrocatalytic H, oxi-
dation. This anode was integrated in a biofuel cell using an oversized

cathode modified with BOD from Mv. The biofuel cell delivered
0.2 mW cm * at 40 °C and pH 7 [107].

6. New materials

Nanostructured carbon materials like carbon nanotubes (CNTs)
have demonstrated great potential as the conducting substrates in en-
zymatic bioelectrode design [109]. Most high performance bioelec-
trodes to date have been fabricated using CNTs due to their high spe-
cific surface area and exceptional electronic and mechanical properties
which allow enhanced DET and MET [92,110]. Furthermore, CNT
materials benefit from being readily modified with organic functional
groups, permitting immobilisation, stabilisation and orientation of bio-
catalysts for enhanced electrical wiring [40,49,54,93].

A wide range of CNT materials has been developed in recent years
and consistently demonstrate good performance for electron transfer
reactions between the substrate and redox enzymes [111]. High per-
formance CNT bioelectrodes are prepared via drop-casting [62], wet-
or electro-spinning methods [90,112], direct growth [73], and print-
ing [113] onto a conductive support, by compression into free-stand-
ing disks [2,92], or by filtration to give free-standing [27,63,114] or
supported CNT films [27,115]. Although efficient electron transfer
is readily demonstrated in the laboratory, the adoption of CNTs as
a robust, easy-to-process and scalable technology requires additional
methodology and rational engineering. Ideally a CNT bioelectrode
would be fabricated without the use of additives such as surfactants,
binders and fillers, which can reduce conductivity and may lead to
additional fouling in solution. In this respect, tremendous advances
have been made towards implantable enzymatic fuel cell devices us-
ing CNT disk and buckypaper electrodes. These CNT electrodes are
generally obtained by straightforward, low-cost compression and fil-
tration methods, respectively.

The CNT disk bioelectrodes are obtained by compression of an
aqueous slurry of CNTs that often contains an enzyme and other com-
ponents such as catalase and electron mediators [2,11,40]. The com-
pression of CNTs with enzyme enables intimate contact between the
surface of CNTs and the enzyme in a large surface area 3D-struc-
tured matrix. These electrodes were exploited for production of the pi-
oneering biofuel cells implanted in rats and shown to be stable for 9
days [11]. Incorporation of an electron transfer mediator such as NQ
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in the CNT slurry before compression improves catalytic performance
for glucose oxidase, and led to a biofuel cell power density of
1.5 mWem 2 [92]. Such compressed CNT/enzyme electrodes benefit
from good and stable power output, although the very high loadings of
enzyme used during compression is a major limiting factor. Further-
more, CNT disk electrodes tend to be brittle and difficult to manip-
ulate, leading to potential CNT nanotube release into the local envi-
ronment. The disks also have diffusional transport and electron trans-
fer limitations due to the large electrode thickness (1 mm) and porous
nanotube structure with limited nanotube interconnections.

Compressed CNT/enzyme bioelectrodes have also been used ex
vivo for the development of a novel biobattery system for energy stor-
age and conversion, with a view to overcoming the power limitations
of classic glucose/O, biofuel cells for implantable devices. Cosnier
and coworkers and others, have reported an exciting advance in pro-
totyping whereby the CNT matrix was exploited as both a superca-
pacitor and an electrode material for construction of a hybrid biofuel
cell/supercapacitor [3,35]. CNT materials are among the best type of
supercapacitors available and hence are ideal for such applications
[116,117]. The prototype devices enable short, high power discharge
cycles via redox enzymes whilst being continuously recharged via bio-
catalytic energy conversion. The best performing device to date exhib-
ited operational stability for at least 40,000 pulses of 2 mW for 5 days
and had one of the highest power outputs for a hybrid biofuel cell de-
vice achieved to date of 16 mW at 0.5 V [35]. Further gains in power
output should be possible by construction of a cell with shorter dis-
tances between the electrodes, for example, as reported by Bilewicz
and coworkers. A decrease in inter-electrode distance from 2 cm to
0.1 cm reduced the potential drop between the electrodes and resulted
in a power increase by a factor of two to 2.2 + 0.3 mW [118].

An attractive alternative to CNT disk bioelectrodes with excellent
properties for implantable electrodes are CNT buckypaper electrodes
[115,119,120]. These electrodes have only started to emerge over the
last 5 years since the early reports from Hussein and coworkers [121].
Buckypaper is typically obtained by vacuum filtration of a dispersion
of CNTs to obtain a thin film with a typical thickness in the range
of 20-300 pm. The film is held together by van der Waals attrac-
tions and CNT interlocking. Its properties as an electrode substrate are

Laccase
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largely influenced by the purity and density of the CNTs used and
the homogeneity of the suspension. Buckypaper electrodes can be ob-
tained via a commercial source or via reported methods [121,122].
Like CNT disks, buckypapers tend to be brittle; however, they are typ-
ically denser than CNT disks and less prone to degradation in solution.
Compared to CNT disks, free-standing BP electrodes require consid-
erably smaller amounts of enzyme to obtain competitive current densi-
ties. Furthermore, BP electrodes benefit from being lighter, more com-
pact and more easily processed into different shapes and sizes.

Buckypaper modified by pyrene derivatives via pi-stacking with
the surface of CNTs has proven to be a very successful electrode sys-
tem for in vivo biofuels, as previously mentioned, in snails, clams and
lobsters [23,27,28]. For implantable devices, Katz and coworkers used
buckypaper electrodes for DET via a bifunctional pyrene-activated es-
ter cross-linker with a pyrroloquinoline quinone dependent glucose
dehydrogenase (anode) and laccase (cathode) (Fig. 5). The implanted
biofuel cells were operated, impressively, for more than two weeks in
a moving organism [23].

Using the same type of electrode, the first sustainable operation of
a pacemaker was demonstrated in a system mimicking human phys-
iological conditions, highlighting the promise of these electrode ma-
terials [33]. Towards the goal of remote autonomous operation, re-
cent research from Katz and coworkers demonstrated the first in vivo
biofuel cells equipped with microelectronics for wireless transmission
[123,124]. However, improvements in power output are still required
to ensure self-activation and meaningful information transmission.

The biofuel cell embedded in a contact lens, developed by Minteer
and coworkers, exploited in particular the mechanical flexibility of
buckypaper electrodes. This biofuel cell delivered a power density of
8 uW cm ™2 at an OCP of 0.4 V from human tears [20]. Commonly
used electrode substrates such as Toray paper lacked sufficient flex-
ibility for this application. The amount of power demonstrated us-
ing the fully integrated device was sufficient to power actual ocular
devices for 12-16 h, although the majority of power was consumed
within the first 4 h. The loss of power over time was attributed to
leaching of the physisorbed, electropolymerised methylene green me-
diator over time. Leaching of organic material is a significant toxicity
issue and as such significant improvements in surface engineering are
required.

glucose

) ,PAQ-GDH

Fig. 5. Cartoon of the buckypaper based bioelectrodes pierced into the body of a snail.
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The use of advanced buckypaper materials to construct and im-
prove gas-diffusional air breathing (GDAB) electrodes has also been
demonstrated [70,125,126]. Such electrodes operate by increasing the
amount of accessible O, in a fuel cell and are attractive to over-
come problems with low levels of solution O, in living systems.
Atanassov and coworkers developed the first paper-based air-breath-
ing electrode using teflonised carbon black, for the gas diffusion layer,
and commercially-available buckypaper as the electrode substrate for
enzyme wiring [126]. Incorporation of buckypaper with the carbon
black layer, with bilirubin oxidase as the catalyst, improved perfor-
mance significantly from 200 + 30 pA em 2 to 475 + 90 pHA cm ? at
0V (~250 pA cm 2 at 0.3 V) vs Ag/AgCl. After further optimisation,
the electrodes were able to output currents up to 755 + 39 pA cm 2 at
0.3 V vs Ag/AgCI [125]. The higher cathodic performance with the in-
corporation of buckypaper is attributed to the higher enzyme loadings,
lower hydrophobicity and improved electrochemical properties com-
pared to teflonised carbon black.

An effective approach to improve CNT material stability is to
use bifunctional crosslinking molecules capable of bonding of CNTs
[63]. Recent work by Bourourou et al. demonstrated the formation
of a robust free-standing BP via pyrene-ABTS (bis-pyrene-2,2’-azino-
bis(3-ethylbenzothiazoline-6-sulfonic acid)) as a simple platform for
electrical wiring with enzyme adsorbed on the surface or present in so-
lution [114]. However, the close proximity of the two pyrene groups
in this molecule limits the amount of structural reinforcement due
to a low probability of connecting two CNTs. A more effective ap-
proach is to incorporate a long linear polymer chain bearing sev-
eral cross-linking groups, as reported recently [122]. In this work, a
polynorbornene monomer with pyrene groups was introduced into the
CNT dispersion during fabrication, giving improved physical stabil-
ity and flexibility, and good performance for a laccase-modified elec-
trode (Fig. 6). Use of such polymers for advancing CNT bioelectrodes
requires careful attention to avoid poorly conducting materials that
provide inefficient electron transfer and diffusional barriers. Never-
theless, use of small amounts of polymer of around 20 wt% should

Crosslinkerand
tether unit
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maintain good conductivity whilst maximising chemical functionality
and mechanical stability.

Further improvements in CNT material stability can be afforded by
improving the alignment and packing density of the matrix [127], or
by integration of resins and carbon fibers [128].

CNT fibers have become prominent candidates in biofuel design
due to the possibility to form miniaturised electrocatalytic bioelec-
trodes with porous high surface area architectures. CNT fibers can
be produced by electrospinning [129], or by wet spinning methods
[89,130], where the diameter of these fibers range from several tenths
of micrometers down to a few hundreds of nanometers. A conve-
nient technique to produce fibers at the submicron scale is electro-
spinning. However, since this technique is based on strong polarisa-
tion at high voltages, conductive additives can provoke short circuits,
thus preventing the formation of fibers. In order to produce fiber elec-
trodes, the required conductivity properties of the electrospun mate-
rial are obtained by metallic coating [131], annealing [132-134], or
by carefully employing conductive fillers at low concentrations [135].
Zheng and coworkers reported electrospun collagen-CNTs nanofibers
for preparation of both the anode and cathode in a glucose/O, bio-
fuel cell setup [136]. A power density of 14 uW cm > could be ob-
tained with this electrospun-nanofiber-based glucose biofuel cell. An
original strategy developed by Cosnier and coworkers for laccase
wiring is based on the use of electrospun polyacrylonitrile (PAN)-
CNT fiber modified electrodes after annealing [112]. After a stan-
dard immobilisation technique, leading to randomly oriented laccases
on these fibers, about one third of the enzymes provided DET for
O, reduction. The current density was doubled by using a molecu-
lar plug based on the previously mentioned bis-pyrene-ABTS, lead-
ing to a maximum current density of 100 pA cm 2. Conductive CNT
fibers with high tensile strength, produced by wet-spinning and sub-
sequent annealing [89], were coated with enzyme containing osmium
hydrogels [90]. The Os mediators increased very efficiently the elec-
tron transfer yield and were exploited in a miniaturised glucose bio-
fuel cell setup, consisting of two micro bioelectrodes. Using this ap-
proach, an excellent power density of 740 pW cm > at 0.57 V at pH

CNT Buckypaper

Fig. 6. Sketch of a MWCNT buckypaper formed and stabilised with a functional polymer.
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7.2 was observed. Another innovative approach to wire enzymes to
CNT fibers for biofuel cell applications was reported by Baughman
and coworkers [5]. To introduce mediator and enzyme to these fibers,
the authors used a twisting based yarn spinning process [137]. This
methodology permits the formation of extremely well defined 3D car-
bon nanostructures. The final glucose biofuel cell provided an OCV
0f 0.70 V and gave a maximum power density of 2.18 mW cm 2. Fur-
thermore, the obtained bioelectrode yarns are sufficiently robust that
they can be woven into textiles with a sewing machine, opening up
the exciting possibility of automated fabrication of wearable bioelec-
trodes.

7. Conclusions

The possibility of generating power using biological catalysts has
now greatly surpassed the proof of concept stage and represents an
attractive complementary alternative to other power systems which
convert mechanical, thermal, or photovoltaic energy into electricity.
Besides the attraction of biofuel cells as portable power sources for
miniaturised electronics such as mobile phones, the possibility to self-
power implanted medical devices using the body is particularly excit-
ing. It is greatly accepted that future implantable devices will help to
save lives, improve health and prevent diseases. However, there are
still many challenging obstacles to overcome before implanted biofuel
devices can get close to becoming a commercial reality. Future im-
planted biofuel cells will undoubtedly exploit glucose and will need to
permanently output the required power on the order of many months,
ideally years, to become competitive with currently used batteries. Fu-
ture work is required to ensure both short and long term implants are
safe, stable and reliable to prevent issues including foreign body rejec-
tion, infection and inflammation.

To overcome critical issues concerning solution pH and the
fragility of enzymes, it may be necessary to use genetically modi-
fied enzymes to confer a greater degree of resistance. Another likely
solution lies in the development of strategies to periodically renew
the enzyme itself, a concept initially described by Kerzenmacher and
coworkers [138]. A promising strategy might thus involve non-immo-
bilised enzymes confined in hollow electrodes with a membrane to
supply fresh enzyme by perfusion. Another alternative strategy to in-
crease the power and operational lifetime of biofuels would be to em-
ploy purely abiotic catalysts [124,139] or only one enzymatic anode
together with a non-enzymatic cathode. The development of such hy-
brid biofuel cells, for example, utilising metal nanoparticles as the cat-
alyst at the cathode, may circumvent complications including inhibi-
tion encountered by enzymatic biocathodes under physiological con-
ditions.

Enzymatic biofuel cell technology might therefore be considered
as a fundamental research field for a long time until, after further tech-
nological breakthroughs, devices become commercially viable. The
great potential of biofuel cell devices to be implanted in a wide range
of future portable and implanted devices will nevertheless continue to
attract tremendous interest in these exciting and potentially revolution-
ary technologies.
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