Towards improved performance of mediated
glucose oxidising enzyme electrodes for

biosensing and biopower applications

Submitted by:
Richard W. Bennett M.Sc.

Thesis is submitted for the Ph.D degree by research of the National University
of Ireland Galway

NUI Galway

OE Gaillimh

School of Chemistry

Month and year of submission: November 2019

Head of School: Dr. Patrick O’Leary

Supervisor: Professor Donal Leech



Declaration

The contents of this thesis, except where otherwise stated, are based entirely on my own
research which was carried out in the Biomolecular Electronics Research Laboratory based in
the School of Chemistry and Ryan Institute, National University of Ireland Galway. I have not

obtained a degree at NUI Galway or any other university on the basis of this research.

Richard W. Bennett
November 2019



Acknowledgements

I would like to thank everyone who helped me get to this point and assisted me through my
many years of study.

Firstly to my supervisor, Professor Donal Leech, for giving me the opportunity to join his
research group. I am grateful for his guidance and support as well as encouraging me to strive
for more. I consider myself privileged to have been part of the BERL.

To all my friends associated with the BERL group for being so supportive on both the good
days and bad! In particular I would like to thank Dr. Conan Mercer and Dr. Peter O Conghaile
for their guidance and taking me under their wing in the beginning.

To all my friends in the Chemistry department, especially the members of Tagnesium, for
providing some great memories outside of lab hours!

To all my friends, thank you for providing a much needed outlet and constantly reminding me
that there is more to life than obtaining a PhD!

To my brother Jack for putting up with me and always being there.

To anyone pursuing a Ph.D.; “Ever tried. Ever failed. No matter. Try Again. Fail again. Fail
better.” — Samuel Beckett.

Finally to my parents and uncle John, thank you for your never ending support and constant
encouragement. | have been given a life filled with opportunity thanks to you. Without your
support this would not have been possible.



Table of Contents

ACKNOWLEDGEMENTS 3
ABSTRACT 6
CHAPTER 1: INTRODUCTION 8
] INTRODUCTION ......eeieutieeeiteestteeatteeaseseeeseseeeasssseassaaassssaasssssessssesssssseasssssesssssssssssesssssesssssessssssssssseesssssessssessnnns 8
Lo T FUEL CELLS....ititieiie ettt ettt ettee et te e st e e etbee e tbeeesabaeeasssaeasssaeasssaeassaaesssseaassseesssaeessesasssseessssasanssesanses 9
Lo 100 BIOSUCL COIIS ...ttt bttt ettt 11
L.3 ENZYME CATALYSTS 1oieuttieiitteeesireeesreeesseeeasseeasssseassseassssssassssessssssessssssssssssessssssssssesssssssssssssssssssssssssessssseans 14
.31 GIUCOSE OXIAASE ...ttt ettt reeae e 15
1.3.2 DERYATOZENASES ...ttt ettt ettt 17
1.4 ELECTRON TRANSFER FROM ENZYME TO ELECTRODE ......cccouvtieiieiiiirieeeeeeiureeeeeeeeitneeeeeeesnseeeeeessssreseeesessneeens 19
1.4.1 Osmium based redoXx MEAIATOTS. ..............cccccueeeeeeiiieeeeeeeeeeeeeeeee et 21
1.5 IMMOBILISATION STRATEGIES ......ecccvtieiitteeeuteeesereeaseseeesseeessssessssseeasssesesssssssssssesssssssssssssssssssssssesssssssssssseans 23
1.6 NANOSTRUCTURED SUPPORTS IN ENZYME ELECTRODES .....cccuvtiiiuiieeririeenereeesireeessreeessseessseessssesssssseessseeans 24
1.7 OPTIMISATION STRATEGIES ....cccutiieitreeestteeetreeaseseeeseseeesssseesssesassseaasssesesssssessssssesssesssssssessssesasssssssssssssssseans 25
1.8 PERMSELECTIVE MEMBRANES ......cccutieiitteeettteesereeasseeesseeesssesassseeasssessssssssssssssassssssssssssssssssssssssssssssesssseans 26
1.9 ENZYMATIC FUEL CELLS....cuttteeittteesteeesteeeasseessssesassseesassssesssseesssssessssessssssssssssssssssssssssssssssssesssssssssssssssssenns 28
1.10 ELECTROANALYTICAL TECHNIQUES ......uttieititeeiereeesireeeateeeeereeessseeesssesessseessssesssssesessssesssssssssssessssssessssseans 29
1.10.1 Voltammetric and amperometric teCRNIGUES ................cccceciicieiiieiiiaiiiiiniee e 30
1.11 THESIS PROPOSITION .....cciiiuiieeiurieesreeesreeeasseeasesesessseasassesesssssssssssessssesssssssssssssessssessssssssssssssasssesssssssessssenns 34
L. 12 REFERENCES......cccittiiiittteiitteeestteeesreeessteaassseeasssaeassseasassssaassseesssseasssesesssssessssessssesesssssessssesasssssssssssessssenns 36
CHAPTER 2: BIO-INSPIRED STRATEGY FOR SURFACE IMMOBILISATION OF ENZYME AND
OSMIUM REDOX CENTRES USING POLY(L-DOPA). 51
INTRODUCTION.......cccutiiiitieeetiteeeteeesiteeestteeeesaeeestaeeasseeeassseesssssaassseesssssessssseassseeassseassssesansssesssaessssesssssesensses 51
EXPERIMENTAL ....ooeiutiiiititeeetteeeitteeestteeesttesesssseessssaeassseeeassseesssssaasssessassssessssseassssesnssseasssssssnsssesssssessssessssesessses 52
RESULTS ettt ettt e ettt e e e tb e e e ta e e e tbeeesssaeesasaeaeseseeessaeesssaeeassseessssaeassseaeansseessssaeesssaeensseeenssees 53
CONCLUSIONS ....utttiettteesttteeetteeeereeestseeasssseaassseessssseassseeessssesssssssasssessassssesssssssssssssnssssesssssssssssesssssessssesenssesesssses 60
REFERENCES ....cutiiiitiii ittt e ettt e etee e tteeesttteeesateesstsaeasssaeeassaeesssseaasssessssssasssseaassseesnssseassseeansseessssaeesssessnssesennsnes 61

CHAPTER 3: DESIGN OF EXPERIMENTS APPROACH TO PROVIDE ENHANCED GLUCOSE-
OXIDISING ENZYME ELECTRODE FOR MEMBRANE-LESS ENZYMATIC FUEL CELLS

OPERATING IN HUMAN PHYSIOLOGICAL FLUIDS 67
AABSTRAC T ...ttt eeetiteee e eeete e e e et e e e eeetae e e e eeeetaaeeeeeeeateseeeeeestaaeeeeeeatassseeeeaetssseeeeeassaseeeeeastssaeeeeensnsseeseeannsseeeeeans 68
INTRODUGCTION.....eeiiieeiiteie e eecttee e eecte et e e eeetae e e e eeeetaeeeeeeeetaaeeeeeeeasaeeeeeeaarsaeeeesasssseseeeessssseeseeessseseeeensrseeseennnnes 68
EXPERIMENTAL ...vvviiieiiitieeeeeeeiteee e e eetee e e e eeetaeeeeeeeetaeeeeeeeetasaeeeeeeasaeeeeeeaassaeeeesasssaseeeeessssseeeeeassseseeeessrseeeeeannnes 70
IMIATERIALS ....cottvteeeeeeetteeeeeeeetateeeeeeettaeeeeeestaeeeeeeeetsaeeeeeeesasseeeeeeasaeeeeeeaassaeeeeaasssaeaeeeaasssseeseesssseeeseensrseeeeeannnes 70
RESULTS AND DISCUSSION ......uutiiiiiieiirteeeeeiitteeeeeeeiseeeeeeeetsseeeeeeisseeeeeesissseseesasssssseseessssseseesassesssesssssseesessnnes 72
CONCLUSIONS ..ttteieeeeitreeeeeeeetteeeeeeeetreeeeeesetaeeeeeeeassaeeeeeaeassaeeeeassaeaeeeeatassaeseesassaseeseaasssseeseesssseseeeassrseesesannnes 84
ACKNOWLEDGEMENTS .....utvtiieiiiitttteeeeeiitteeeeeeeiisreeeeeeeiseseeeeseataseseeeastassseseeaatsssseeesassrsseeeseaetsseesseesissseesesssssseseeeans 84
REFERENCES .....uttiiiiiiiitieit e ettt ettt e e ettt e e e e eeta e e e e e eeetaaaeeeeeeaaaeeeeeeaasaaeeeesassaaseeeeeasssseeeeeessseseseensrseeeeennntes 85

CHAPTER 4: EFFECT OF INDIVIDUAL PLASMA COMPONENTS ON THE PERFORMANCE OF A
GLUCOSE ENZYME ELECTRODE BASED ON REDOX POLYMER MEDIATION OF A FLAVIN

ADENINE DINUCLEOTIDE-DEPENDENT GLUCOSE DEHYDROGENASE 87
AABSTRACT ..vveeeeeeeteeee e eeet e e e e ettt e e e eeeaae e e e eeeetaaeeeeeeeabeseeeeeestaaeaeeeastsssaeeeeaesssseeeeeassaseeeeeastssaeeeeenanssseseesnnsseeeeeans 88
INTRODUGCTION.....ceiiieeitieiee e ettt e e eectt e e eeeae e e eeeetaeeeeeeeettaseeeeeetsaeeeeeeaassaeeeesasssaeeeeeessssseeseeessseeeseessrseeseeannnes 89
EXPERIMENTAL ...vvviiieiiittieeeeeeitee e e e eettee e e e eeetaeeeeeeeetaaeeeeeeetaaseeeeeeasaeeeeeeaassaeeeesasssaseeeeeasssseeeeeatsseseeeessreeeseeannnes 90
RESULTS AND DISCUSSION ......uutiiiiiieitirieeeeeiiteeeeeeeeiseeeeeeeetseeeeeesisaeeeseesissseeeesesssseseseessssseseesssreeesessssseesessnnes 91
CONCLUSION .....utttieeeeeetteee e e eeetaeeeeeeeetaeeeeeesetaeeeeeeeattaaeeeeeeeasseeeeeeasaeaeeeeasssaeeeesassseeeseessssseeseesssseseseensrseeseennntes 99
ACKNOWLEDGMENTS ......uttiiiiiiiitieeeeeeeiteeeeeeeeitaeeeeeeetiareeeseestsseeseeaattsseseseastsseseeeaasssesesesaisrsseseesisseeeeseassreseeeens 100
REFERENCES .....utttiiiieiiittee e eeetee e ettt e e e eeetae e e e e eettaaeeeeeeeaseeeeeeeeataaeeeeeestaseeeeeeattsseaeeeeasseeeeeenssseeeeesansseeeeeenses 100

CHAPTER 5: IMPROVED OPERATIONAL STABILITY OF MEDIATED GLUCOSE ENZYME

ELECTRODES FOR OPERATION IN HUMAN PHYSIOLOGICAL SOLUTIONS ...uuueeteeercrrnneeeecconns 108
A BSTRACT ..ttt eeiteee e e eeete e e et e e e e e e ttae e e e e eeettaaeeeeeestasaeeeeeatassaeeeeeeatbaeeeeeastaseeeeeesssseeeeeansssseeseeaaasseeeeeeasraeeeeann 109
INTRODUGCTION . ...ceiiiieiititiee e eeeiee e e ettt e e e eeeta e e e e eeettaaeeeeeeeareeeeeeseataseeeeeetaseeeeeesstsseaeeeeasseseeeeassseeeeesansseeeesenses 110



EXPERIMENTAL SECTION ....ccouvvtiiiiiiitireeeeeeiitreeeeeeeisseeseeeiissseeeeesasssseeesestsseseseessssesesesssseseesesssssesesssssssesessnnses 111

RESULTS AND DISCUSSION ......uvtiiiiiiititieeeeeiitteeeeeeeirteeeeeeeiseeeeeeseseseeeeeessseseseesissseseeesssseseesessssseeeessesssseeessnnses 112
CONCLUSIONS ....uvtteeeeeittreeeeeeeiteeeeeeeettaeeeeeeesaseeeeeeatsaeeeeeesisssaeeeeaastaseeeeaasaseseseesttsseaeeesaasseseeeeassseeeeesansseeeesaases 119
ACKNOWLEDGEMENTS .....uvttiiiiiittieeeeeeiueeeeeeeeitseeeeeeesisseeeeeeatsseeseeaattssesessestsssesseesasssesesessisrsseseesssrseseeseessrsseesas 120
REFERENCES .....utttiiiieiitieee e eeetee e ettt e e ettt e e e eeettaaeeeeeeeasaeeeeeeeabaaeeeeeetaseeeeeesstsseaeeeeasseseeeeassseeeeesantseeeeeannses 120
SUPPORTING INFORMATION .....cccotviieeiiiitureeeeeeiitrreeeeeeeitreeeeeeeetsseeeeesssnseeeseesasssesessessssseseeesissseseseesisssseseesnssnnens 126
CHAPTER 6: CONCLUSIONS AND FUTURE DIRECTIONS 128
CONCLUSIONS ....uvtteeeeeittreeeeeeeiteeeeeeeettareeeeeeeaseeeeeeatsaeeeeeeaiassaeeeeaastaseeeeaassseseseeattsseaeeesasseseeeeassseesessanssseeesanses 128
FUTURE DIRECTIONS ....uvviiiieiiittieeeeeeeitteeeeeeeeteeeeeeeeitsseeseeeeissseeeeesasseseeeeeaassseseeeesssseaeeessssseseeeeasssseeseessssseeesannses 129
REFERENCES .....utttiiiieiiitiee e eeetee e e ettt e e e ee ettt e e e eeettaaeeeeeeeaaeeeeeeaeataaeeeeeetaseeeeeestssseaeeesassaeeeeeasrseeeeesanssseeeeanntes 131
APPENDIX 134
PUBLICATIONS . ...cvtteiieitittee e eeeeee e ettt e e e eeetae e e e eeettaa e e e eeeeaseeeeeesestaaeeeeeetaseeeeeeatssseaeeesasseeeeeeassseeeeesansseeeeeenses 134
ORAL PRESENTATIONS ...veeiieiiurteeeeeieitueeeeeeeitseeeeeeeisseeseeeiissseeeeesasssseessessssseseesisssesesesssssesesssssssssssesssssssesessnnses 134
POSTER PRESENTATIONS .....cooiutvtieeeiitrreeeeeeitseeeeeeeisseeseesiissseseeesasssseeeseassssseseessssesesesssseseeeessssssesessssssseeesennses 134
AAXWARDS ...ttt ettt eeee e e e ettt e e e ettt e e e e e eetaae e e e eea——teeeeeai——aeeeeaa———aaeeeaa——teeeeeabaeaeeeaaartaeeeeaarraaeeeaatraeaaeann 135



Abstract

Energy produced through enzymatic catalysis at electrodes, namely oxidation of glucose and
reduction of oxygen may be used to power devices. The goal of powering implantable or semi-
implantable medical devices through enzymes has driven forward the field of enzymatic
bioelectrochemistry. Significant challenges must be overcome prior to their inclusion as a
power source for medical devices such as low power output, poor operational stabilities and
biocompatibility issues. Similar challenges hinder the development of continuous use
enzymatic biosensors with poor operational stabilities and biocompatibility preventing long
term deployment. This thesis aims to build on work carried out previously in the area of enzyme
electrode assembly for fuel cell and biosensor development to improve the understanding and
performance of glucose oxidising enzyme electrodes for enhanced operation. Novel enzyme
electrode immobilisation strategies are investigated and compared with previously published
enzyme electrode assemblies. Enzyme electrodes were prepared using the
electropolymerisation of L-Dopa to poly(L-Dopa) as an immobilisation strategy. Improved
optimisation methodologies are reported and used to assemble glucose oxidising electrodes
with higher current output than those previously described. Enzyme electrodes consisting of
co-immobilised redox polymer with FADGDH, MWCNTs and PEGDGE achieved current
densities of 1.22 + 0.10 mA cm™ in PBS containing 5 mM glucose were achieved, 52 % higher
than those using one factor at a time optimisation approaches. Enzyme electrodes consisting of
co-immobilised redox polymer with FADGDH, MWCNTs and PEGDGE were tested in test
solutions containing individual plasma components to investigate the reduced performance of
enzyme electrodes in human physiological solutions. Electrodes tested in the presence of uric
acid generated the lowest current responses and the lowest operational stabilities of all
individual plasma components. Current densities of 0.9 + 0.10 mA cm2 were observed at 5
mM glucose concentrations in the presence of uric acid compared to 1.5 + 0.10 mA c¢cm™ in
PBS with no uric acid present. 46 % of the initial current remained after 12 hours continuous
operation in the presence of uric acid compared to 72 % for PBS with no uric acid present. In
comparison, glucose oxidase based electrodes maintained identical operational stabilities of 70
% with and without uric acid present while cellobiose dehydrogenase electrodes maintained 86
% stability in PBS, with 33 % stability in the presence of uric acid. Enzyme electrodes were
prepared with Nafion coatings to minimise the effect of plasma on the enzymatic film. Current
densities of 8.0 £ 2.0 mA cm? were recorded in 100 mM for glucose oxidase enzyme electrodes

prepared with a 0.5 % w/v Nafion coating with an operational stability of 84 % for 12-hour
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continuous operation when tested in artificial plasma. FADGDH based electrodes in the same
test conditions produced current densities of 4.5 + 0.70 mA cm and an operational stability of
58 %. Further work is required to fully understand changes to enzyme electrode performance
in physiological solutions and strategies to minimise the impact of these solutions for operation
in-vivo to allow for higher power outputs and longer operational lifetimes for prototype

devices.



Chapter 1: Introduction

1 Introduction
Since the development of the first external electrical heart stimulation by Zoll, there have been

huge strides made in the field of medical intervention and medical devices. [1] The current
definition for an implantable medical device includes any device which is intended to be totally
or partially introduced, surgically or medically, into the human body or by medical intervention
into a natural orifice, and which is intended to remain after the procedure. [2,3] In the decades
since 1952, scientists and engineers have developed a range of devices for implantation such
as bladder stimulators, cochlear implants, cardiac defibrillator and cardiac pacemakers. [4—7]
Advancements in biomedicine have led to further miniaturization of devices for implantation
in the body. All implantable and semi-implantable devices require a power source for
operation. Power generated electrochemically is the most efficient method for powering of
such devices when compared to alternative methods such as mobile solar cells or mechanical
to electrical power generation. This is due to lower cost and higher power density. [8]
Electrochemical power generation can be split into two major sub-groups, batteries and fuel
cells. The first report of electrochemical power generation for an implantable device was from
Charles Simmons in 1913 with the Zn/NH4+C1l/MnO; cell. [9] By the 1980s the first fully
implanted pacemaker in humans was launched, containing two nickel-cadmium battery cells
capable of producing 60 mAh. [10,11] The current state of the art is a fully implantable, battery
powered, leadless pacemaker. Over 700,000 pacemakers are implanted worldwide annually
with the two available leadless pacemakers produced by St. Jude Medical and Medtronic. [12—
14]

Despite these advances in battery powered implantable devices, several key issues are
associated with their implementation. Further miniaturisation of such devices is limited by the
size of the battery. These batteries require casings, membranes and seals to isolate the toxic
components from the human body and from each electrode to avoid short circuiting. [15-17]
The pacemaker requires eventual replacement due to the limited lifetime of the battery. This
requires further surgery and its accompanying risks. Power generation through fuel cells offer
an alternative to battery-based power. In theory, a fuel cell which operates using substrates
present in the body would allow for continuous power generation throughout the lifetime of an
implanted device. Fuel cells which operate through the oxidation of glucose and the reduction
of molecular oxygen would accomplish this as both glucose and oxygen are present in-vivo.

Traditional metal-based fuel cells based on catalytic surfaces such as platinum are unattractive
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due to their lack of specificity, propensity for surface fouling and inability to operate under
physiological conditions. [18,19] Enzymatic fuel cells (EFCs) offer a promising route towards
powering implantable or semi-implantable devices. The EFC works through immobilisation of
a glucose-oxidising enzyme at the anode and an oxygen-reducing enzyme at the cathode. The
advantages over traditional metal-based fuel cells include specificity of the electrode reaction
due to the inherent nature of the enzymatic active site and capacity to operate under
physiological conditions. This allows for further miniaturisation, as the membrane associated
with batteries and metal-based fuel cells is redundant if sufficient specificity of the enzymes at
each electrode is obtained. [8,20] Despite the advantages of implementing EFCs as power
sources in implantable and semi-implantable devices certain obstacles need to be addressed.
Research is required to improve current density at each electrode to improve overall power
density, to improve the operational lifetime through stability in current output and to mitigate
the foreign body response to which all implanted or semi implanted devices are subject.

This thesis presents steps towards improved understanding and performance of glucose
oxidising electrodes for the development of enzymatic fuel cells and biosensing devices. These
steps are presented as chapters, with three of the chapters (3,4 and 5) published as research
articles, with me as first author. Chapter 2 focuses on the electropolymerisation of L-Dopa as
an immobilisation strategy for preparation of glucose oxidising enzyme electrodes. This is
followed by chapter 3 which details a design-of-experiments approach towards optimisation of
surface component amounts to provide a glucose oxidising enzyme electrode of high current
density for fuel cell application operating under pseudo-physiological conditions. Chapter 4
investigates the effect of individual components present in human plasma on glucose oxidising
enzyme electrode performance in an attempt to understand why current density output
decreases when EFC operate in complex solutions such as human plasma or blood. This is
followed by chapter 5 which focuses on improving the operational stability of glucose oxidising
enzyme electrodes through the application of Nafion over-coating to mitigate the effect of some
plasma components on the enzyme electrode performance.

This introductory chapter is aimed at providing a general overview of the literature relating to

experimental and theoretical aspects not covered in detail in chapters 2-5 of the thesis.

1..1 Fuel Cells
Fuel cell technology is based around two central processes, the oxidation of fuel at the anode

and the reduction of an oxidant at a cathode. These electrochemical processes when coupled



together result in the flow of electrons to produce electricity. Pioneering experiments
performed by Sir Humphry Davy which were reported on in 1807 led to Sir William Grove
reporting the first fuel cell in 1842.[21,22] The power generated in a fuel cell (Pc) is the product
of the potential difference in the cell (Vc) and the current produced (Ic) (equation 1.1). The
power is measured in Watts, with the potential and current measured in Volts and Amperes,
respectively.

Pc=VcxlIc Equation 1.1

The standard cell voltage as determined by the difference in standard reduction potentials of
the cathode and anode undergoes irreversible losses under the current load and results in the
operational voltage of the cell differing from the theoretical standard cell voltage (equation
1.2). These irreversible losses are called the overpotential (1)) and occur due to mass transport
limitation, kinetic losses due to the electrochemical reaction and losses due to resistance against

electronic and ionic conduction. [23,24]

Ve =(E°c—E°a)— n  Equation 1.2

Fuel cells and batteries operate by harnessing the energy in chemical bonds and converting it
to electricity. Batteries differ in that they contain a finite internal supply of chemical energy
and are defined as closed thermodynamic systems. Fuel cells convert chemical energy from an
external source and are open thermodynamic systems. [23] This suggests that a fuel cell can
operate continuously as long as it is supplied with fuel and oxidant whereas this is not the case
with batteries.

A well-known example of a fuel cell is the proton exchange membrane fuel cell (PEMFC)
which oxidises hydrogen at the anode and reduces oxygen at the cathode. Fig. 1 depicts an
operational PEMFC with the flow of electrons and transfer of ions across the membrane.
Molecular hydrogen is oxidised at the anode by a catalyst, producing protons and electrons.
This is usually achieved through use of a metal catalyst such as platinum. The protons cross
the proton exchange membrane while the electrons flow through the external circuit to the
cathode. Molecular oxygen is reduced to form water at the cathode, again by use of a catalyst

such as platinum. [25] The standard cell voltage for a hydrogen/oxygen fuel cell is 1.23 V. [26]
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Load

Hydrogen Oxygen

Figure 1: Schematic showing a working PEMFC with anode (A), proton exchange membrane (PEM) (B) and
cathode (C). Hydrogen is oxidised at the anode with oxygen reduced at the cathode, creating a flow of electrons
with hydrogen ions passing through the PEM.

While platinum is an excellent catalyst, there are disadvantages associated with its use.
Platinum is a non-specific catalyst meaning that in the setup described it is capable of catalysis
of both oxidation and reduction processes. The surface of the platinum electrode can easily be
fouled or passivated, making the fuel cell less effective over time. The lack of specificity means
that a membrane is required to isolate anolyte from catholyte to avoid short circuiting the fuel
cell. Furthermore, platinum is expensive and is not a very effective catalyst under mild
conditions such as those present in the human body (pH 7.4, 37 °C). All of the disadvantages
associated with platinum-based fuel cells suggest that advancements in fuel cell research

require more specific catalysts that are active under physiological conditions.

1.1.1 Biofuel cells

Biofuel cells (BFCs) are based on use of a biological catalyst (microorganisms or enzymes) at
an electrode or in the electrolyte to convert chemical energy to electricity. [27] BFCs operate
in an identical manner to metal-based fuel cells with oxidation of a fuel at the anode and
reduction of an oxidant at the cathode. Microbial fuel cells use microbial colonies present at an
anode to oxidise the fuel present and can be coupled to either an enzymatic, metal based or

bacterial cathode. The MFC is usually compartmentalised to separate the anode from the
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cathode. [28] Enzymatic fuel cells operate by isolating redox enzymes capable of either
oxidation or reduction from organisms and immobilising them at the appropriate electrode
surface. [29] As the research carried out in this thesis is on enzymatic biosensors/fuel cells, the

area of MFCs will only be briefly discussed.

1.1.1.1 Microbial fuel cells

Microbial fuel cells operate by usually using microorganisms at an anode to oxidise organic
substrates. This allows for the generation of electricity from previously unused fuel sources
such as wastewater. The prospect of power generation from wastewater has resulted in MFC
technology receiving considerable interest. MFCs are well established in scientific literature
with their first appearance over 100 years ago. They were first reported by Potter and his
research group in 1912,[30] using a fuel cell that generated electricity from the fermentation
of microbes in glucose solution. A typical MFC is made up of an anode connected through an
external circuit to a cathode. The anode and cathode are separated by a membrane to allow for
transfer of ions. Oxidation of the substrate (wastewater for example) at the anode produces
protons and electrons. The protons cross through the membrane to reach the catholyte while
electrons are forced through the external circuit to the cathode. Oxygen interacts with the
hydrogen ions and electrons to form water at the cathode, similar to the PEMFC. Most MFCs
operate using a metal catalyst to reduce oxygen to water. [31] Fig. 2 below shows a simple

schematic illustrating a typical MFC setup.

|

Fucl )

Anaerobic Aerobic
Chamber Chamber

H+

Figure 2: Schematic showing a simple microbial fuel cell setup with anode (A), proton exchange membrane (PEM)
(B) and cathode (C) where red-filled ovals depict presence of bacterial cells on the anode.
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1.1.1.2 Enzymatic fuel cells

EFCs work in a similar manner to traditional metal-based fuel cells and MFCs but the catalytic
processes at one, or each, electrode are performed by enzymes immobilised at the electrode
surface. The pioneering work by Yahiro et al. in 1960 [32] was the first example of a fuel cell
operating using glucose and oxygen where one of the half reactions was catalysed by an
enzyme. Typically, the enzymes utilised in a fuel cell are isolated from native organisms such
as fungi and immobilised at an electrode. Enzymes which oxidise a fuel such as glucose are
used as anodic enzymes while enzymes capable of reducing an oxidant such as oxygen are used
as cathodic enzymes. This particular EFC setup is the most commonly reported in the literature
as both glucose and oxygen are present in the body making it an attractive route towards
powering medical devices. [33-35] Fig. 3 below shows a schematic highlighting a typical
enzymatic glucose/oxygen fuel cell setup. As this thesis focuses solely on glucose oxidation
using enzymes for application in fuel cells and biosensors, other classes of redox enzymes will

not be discussed.

Glucose |Gluconolacton

S~——— ~———

—_—
e-

Figure 3: Schematic showing a typical setup for a glucose/oxygen fuel cell. A glucose oxidising enzyme is
immobilised at the anode with an oxygen reducing enzyme at the cathode. Electrons flow from the anode to the
cathode with hydrogen ions migrating through the electrolyte to the cathode.

While it is an interesting challenge to create power from substrates present in-vivo there are
numerous limitations associated with deployment of EFCs. The two main drawbacks
associated with enzyme electrodes are low power densities and poor operational stability.
These are significant hurdles to overcome prior to EFCs becoming a legitimate alternative to

battery powered implantable or semi-implantable devices. Enzyme electrodes must produce
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sufficient current density and maintain operational stability under physiological conditions (5
mM glucose, 150 mM NaCl, pH 7.4, 37 °C for electrodes operating in human blood). Current
battery technology allows for implantation and continuous operation of a lithium-based cell for
5-10 years. [36] The latest trends in implantable battery technology is in the area of energy
harvesting through mechanical, physical or electrical routes. [37,38] When considering
timescales for continuous operation by EFCs, hours are used instead of years. More recently,
work carried out by El Ichi-Ribault et al. demonstrated operation of an enzymatic fuel cell
implanted in a rabbit for 2 months, although this was not used continuously. [39] It is difficult
to forecast if EFCs will ever be capable of overtaking batteries as power sources for implantable
devices due to their limitations. However, EFCs used to power short term devices that can be
replaced are more viable applications of the technology. Printing of EFCs on readily disposable
patches, paper or cartridges to power devices is a way of minimising the two biggest drawbacks

of EFCs; low power density and poor operational stability.

1.3 Enzyme catalysts

Traditional metal-based catalysts for the oxidation of glucose and reduction of oxygen, such as
platinum, have numerous drawbacks. While a platinum electrode is excellent at catalysing
these reactions, the surface is non-specific, can be easily poisoned and operates most efficiently
under harsh conditions. Enzyme catalysts can be specific, requiring therefore no membrane to
separate fuel from oxidant, and can operate under physiological conditions. [33,40,41] In
addition to these advantages, enzymes electrodes can be based on enzymes immobilised at
catalytically less active, carbon-based, electrodes: these are cheaper than platinum-based
electrodes and avoid crossover reactions occurring that can short-circuit a membraneless fuel
cell. For these reasons, there has been extensive research on improving the performance of
enzyme electrodes for application to fuel cells. [20,42,43] A promising route towards providing
sufficient power output and operational lifetime of EFCs involves the genetic engineering of
enzymes prior to immobilisation at an electrode surface. This can be done to widen the substrate
specificity to incorporate more fuels or to enhance the catalytic efficiency of an enzyme. [44—
46] As the primary aim of this research is to optimise the performance of glucose oxidising
enzyme electrodes, the following sections will introduce each of the glucose oxidising enzymes

used throughout the thesis.
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1.3.1 Glucose oxidase

Glucose oxidase (GOx) is a glucose oxidising enzyme with a molecular weight of 160 kDa. It
is a dimeric glycoprotein consisting of two subunits each weighing 80 kDa, see Fig. 4. Flavin
adenine dinucleotide (FAD) in the active site is buried approximately 1.5 nm inside the protein
shell and acts as the initial electron acceptor. Upon oxidation of glucose to produce
gluconolactone, the FAD is reduced to FADH:> which is in turn oxidised by the final electron
acceptor, molecular oxygen, back to FAD. [33,35,41] The reduction and oxidation of FAD is

presented in the equations 1.3 and 1.4 below.

Figure 4: Crystal structure of the Aspergillus niger glucose oxidase. (PDB ID: 3QVP, Kommoju et al.) [47] This
image was generated using the UCSF Chimera package.

GOx(FAD) + 2e~ + 2H* — GOx(FADH,) Equation 1.3

GOx(FADH,) + 0, — GOx(FAD) + H,0, Equation 1.4

Molecular oxygen acts as the natural co-substrate and final electron acceptor for the enzyme.

Glucose oxidase cannot undergo direct electron transfer to donate electrons to a solid electrode,
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despite multiple publications stating this to be the case. [48] In order to facilitate electron
transfer between active site and electrode, a redox mediator is thus required. Redox mediators
can compete with oxygen to accept electrons from the enzyme active site for wiring of the
enzyme active site to the electrode surface. This mediated electron transfer occurs at lower
overpotentials when compared to oxidation of the enzyme co-product peroxide or reduction of
enzyme co-substrate oxygen (eqn 1.4). However, coupling of a GOx-based anode with an
oxygen reducing cathode in a membraneless fuel cell then creates significant issues. The
oxygen required in solution for the cathode to function competes with the redox mediator as an
electron acceptor. This parasitic effect results in lower current produced at the anode. The
second issue is the production of hydrogen peroxide as co-product when oxygen acts as the
final electron acceptor. Peroxide affects the performance of enzyme electrodes as it is
damaging to these biological macromolecules. [49] For these reasons, replacement of GOx as
glucose oxidising enzyme with an oxygen insensitive enzyme, such as a dehydrogenase is
desirable. However, due to GOx being commercially available, relatively stable and substrate
specific it is a useful benchmark to evaluate the performance of alternate enzyme electrodes.
[35,50]

Historically GOx-based enzyme electrodes for sensing of glucose focused on the oxidation of
hydrogen peroxide at an electrode surface to monitor blood glucose levels. These sensors
operated at high potentials (0.6 V vs. Ag/AgCl) and suffered from interference through direct
oxidation of compounds such as uric acid and ascorbic acid present in blood. [51,52] The
introduction of redox mediators to shuttle electrons from active site to the electrode surface
allowed for glucose sensors to operate at lower potentials, which limited the effect of
interfering compounds. The first demonstration of mediated electron transfer using GOx was
by Cass et al. who used ferrocene-based compounds as mediators. GOx was co-immobilised
on a pyrolytic graphite electrode alongside ferrocene to produce a glucose sensor which
operated at 0.35 V vs. Ag/AgCl. [53] More recently Meredith et al. reported GOx crosslinked
with ferrocene modified linear poly(ethyleneimine) polymer on electrodes produces 2 mA cm-
2 in the presence of 100 mM glucose at 0.13 V vs. Ag/AgCl in PBS. [54] Despite improvements
to ferrocene mediated GOx enzyme electrodes, issues remain with the use of ferrocene
derivatives such as the fact that ferrocene in its oxidised form ferricenium is unstable in
aqueous solution and that ferrocene derivatives are not readily soluble leading to complications
with electrode assembly. [55] This resulted in the introduction of a range of alternative metal-
based mediator replacements to overcome the limitations of ferrocene and its derivatives. For

example Zakeeruddin er al. synthesised a range of tris-(4,4'-substituted-2,2'-bipyridine)
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complexes of iron(Il), ruthenium(Il) and osmium(II) mediator compounds for application as
mediators in GOx-based enzyme electrodes. [56] These mediator systems will be discussed

further in section 1.4.1.

1.3.2 Dehydrogenases

Dehydrogenases such as glucose dehydrogenase (GDH) and cellobiose dehydrogenase (CDH)
are oxidoreductase enzymes capable of oxidising glucose and transferring the electrons to co-
factors such as flavin adenine dinucleotide (FAD), nicotinamide adenine dinucleotide (NAD)
or pyrrolo-quinoline quinone (PQQ). [57-59] Biosensing and fuel cell devices utilising
dehydrogenases have become more widespread in recent years as the enzymes do not donate
electrons to oxygen as co-substrate and therefore do not produce hydrogen peroxide as co-
product. An FAD-dependent glucose dehydrogenase (FADGDH) was first isolated in 1951
from Aspergillus oryzae. [60] Dehydrogenases remained mostly unexplored until their
application as biocatalysts for glucose oxidation and since then have received increased
attention. [61-63] Yoshida et al. reported on the structure of fungus-derived FADGDH, see
Fig. 5. The 3-D structure consists of two major domains; a C-terminal domain and an FAD-
binding domain and it was found to be structurally similar to fungal GOx (Fig. 5). [64] Amino
acid residues believed to associate with molecular oxygen in GOx are not conserved while
differences in the binding cavity may account for the substrate recognition differences observed
between the two enzymes. The FAD domain is bound within the enzyme and undergoes a two
proton, two electron redox reaction. The flavin has a reported redox potential of -0.23 V versus

a standard hydrogen electrode (SHE) at pH 7. [65]
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Figure 5: Crystal structure of the Crystal structure of the Aspergillus sp. flavin adenine dinucleotide dependent
glucose dehydrogenase. (PDB ID: 4YNT, Yoshida ef al.) [64] This image was generated using the UCSF Chimera
package.

Cellobiose dehydrogenase is a monomeric protein with a heme b-containing cytochrome
domain connected to a flavin-containing dehydrogenase domain. [66] The study of CDH
enzymes for application as enzyme electrodes has focused on electrodes that operate through
direct electron transfer from the cytochrome domain. A variant of the CDH enzyme has been
applied in direct electron transfer electrode assemblies for lactose detection. [67] The
cellobiose dehydrogenase used in Chapter 4 was from the Corynascus thermophilus species
(CtCDH) for comparison with other glucose oxidising enzymes, as it has better selectivity for
glucose compared to CDHs used for lactose detection. To facilitate comparison with other
mediated glucose oxidising electrodes the flavodehydrogenase domain of the CtCDH was
heterologously expressed using Pichia pastoris, a methylotrophic yeast, and purified prior to
use. This resulted in a protein of only 60 kDa, compared to 85 kDa for the original, untruncated
enzyme, and it is this recombinant enzyme, »CtCDH that is reported on in Chapter 4 of this
thesis. [68,69]

In summary three glucose oxidising enzymes were used for comparison in this research; GOX,

FADGDH and »CtCDH.
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1.4 Electron transfer from enzyme to electrode

One of the major concerns for selection of enzyme catalyst in biosensing and biopower
applications is efficient electron transfer between active site and electrode surface. There are
two routes through which electrons can transfer from active site to the electrode. These are
direct electron transfer (DET) and mediated electron transfer (MET) (Fig. 6). [55,70] In DET
systems, electrons transfer directly from the enzymatic active site to the electrode surface. In
order for this to occur the enzyme active site must be within suitable distance of the electrode
surface with fast electron transfer restricted to distances less than 0.8 nm. [48] As an example,
using cytochrome c and a zinc substituted cytochrome c as a model system, the rate of electron
transfer decreased by approx. 10* when the distance was increased to 1.7 nm from 0.8 nm.
[71,72] This puts a limit on the amount of enzyme that can be wired directly to the electrode
surface and the type of enzyme to be wired, as not all enzymes can undergo DET. An important
consideration for DET systems is the orientation of the enzyme on the electrode surface.
Stochastic positioning of enzymes at an electrode surface leads to inefficient direct wiring.
Therefore, orientation strategies based on chemical bonding and surface treatments are
required. [73] This complicates enzyme electrode assembly and can often be difficult to
achieve while currents produced are low when compared to MET based enzyme electrodes.

[74]
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Figure 6: Simplified schematic highlighting the major differences between direct electron transfer (DET) and
mediated electron transfer (MET).
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For example, GOx has a bulky shell surrounding its FAD active site, which acts as the catalyst
in a ping-pong mechanism, making DET with GOx impossible. [75] Artificial meditators are
capable of communicating with the redox-active centre of the enzyme and efficiently shuttling
electrons from the enzyme to the electrode, instead of the oxygen electron acceptor. The re-
oxidation of the mediator occurs at potentials lower than the peroxide product of oxygen
reduction. [76] Electrode assembly can be more straightforward when including the mediator
due to wiring of the active site to the electrode surface such that that proximity and orientation
of the enzyme is not as important as it is to achieve DET. Redox mediators are capable of
shuttling electrons across a multi-layer film of enzymes allowing for greater amounts of
enzyme to be connected to the electrode surface compared to monolayers of enzyme for DET.
In order for effective electron transfer to occur between the active site and the artificial
mediator, an appropriate redox potential for the mediator is required to make the transfer
thermodynamically favourable. [41,55,77] For fuel cell application, an appropriate redox
potential is required to compromise between sufficient current generation and the cell voltage.
The rate at which electron transfer occurs between enzyme and mediator can be described by
Marcus theory where the rate varies exponentially with reaction free energy until it becomes
limited by mass transport. [78] Furthermore, in order for the mediator to operate over long
timeframes, it needs to be stable in both oxidised and reduced states. This is to allow for
continuous regeneration of the oxidised form of the mediator for shuttling of electrons from
enzyme to active site. Osmium-based polypyridyl redox complexes and polymers are attractive
candidates as mediators due to their stability in oxidised and reduced forms, tunable redox
potential, ease of co-immobilisation and ability to operate at low potentials. [79—82] The
tunable nature of the osmium redox potential allows for inclusion of osmium mediators in both
anodic and cathodic processes. [77,83] Osmium based polypyridyl redox centres have been
connected to polymer backbones for a range of sensing and fuel cell applications. [84] The
structure of one of the most widely used redox polymers, [Os(2,2‘-bipyridine)(poly-
vinylimidazole)1oCl]" (Os(bpy)PVI), is presented in Fig. 7.
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Figure 7: Structure of the redox polymer [Os(2,2‘-bipyridine)z2(poly-vinylimidazole)10C1]" (Os(bpy)PVI).

1.4.1 Osmium based redox mediators

From the initial development of mediated glucose oxidising electrodes by Cass ef al. to the
development of tris substituted polypyridyl osmium, ruthenium and iron complexes by
Zakeeruddin et al., there has been much interest in the area of mediator development for
glucose oxidising electrodes. [53,56] Osmium based mediators are advantageous as they have
operate at lower potentials and have faster electron self-exchange rates. [56] The basis of this
research is on improving glucose oxidising electrodes using osmium redox complexes (Chapter
2) and redox polymers (Chapters 3, 4 and 5) so alternative mediators will not be discussed. The
overall synthetic strategy for Os complexes and polymers can be seen in Fig. 8. The
introduction of tetherable Os complexes allows for various crosslinking and preparation
strategies for enzyme electrode assembly. [77,85] Enzyme electrodes based on Os-containing
redox polymer allow for crosslinking, using a di-epoxide crosslinker, to add structural stability
to the film. Crosslinked polymer films allow for entrapment and/or crosslinking of redox active
enzymes, adding to the operational stability of the enzyme electrode by avoiding leaching from

the surface. [79,86]
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Figure 8: Schematic showing the general structure of the starting complex [Os(2,2’-bipyridine).Cl1]* with route A
showing the synthesis of [Os(2,2*-bipyridine)z(poly-vinylimidazole)10oCl]* through reaction with a PVI polymer.
Route B shows the synthetic strategy for an osmium complex with introduction of a tetherable ligand to the
osmium complex of general formula [Os(2,2’-bipyridine)2(L)C1]* where R = NH», OCH3, CH3, H, CL

Crosslinking of redox polymers with enzymes at the electrode surface is achieved using
bifunctional crosslinkers to give a redox hydrogel with reduced leaching of components from
the film. Electron transfer through these hydrogels is proposed to happen through self-exchange
between oxidised and reduced osmium moieties along the polymer backbone and/or between
moieties on adjacent polymer strands. Collisions between oxidised and reduced neighbouring

osmium centres tethered to the polymer backbone result in electron exchange (see Fig. 9). [87]
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Figure 9: Simplified schematic showing collisions between neighbouring osmium centres resulting in electron
transfer through redox hydrogels. The exchange occurs when oxidised and reduced centres are within a certain
distance of each other. [88,89]

1.5 Immobilisation strategies

Poor operational stability is one of the major challenges associated with the application of
enzyme electrodes to continuous use biosensing and biofuel cells. One of the main reasons for
poor operational performance is leaching of components from the electrode surface into the
bulk solution. There are numerous approaches for the immobilisation of components at the
electrode surface such as covalent attachment, physisorption, entrapment and crosslinking all
with the aim of enhancing operational stability through minimising leaching. [90]
Considerable progress has been made in the area of electrochemical immobilisation, with
electropolymerisation of polymers at electrode surfaces the most well-known approach.
Electrode assemblies using conducting polymers such as polypyrrole and non-conducting
polymers such as polyphenol have been studied. [91] In Chapter 2 enzyme electrodes were
prepared using electropolymerisation of L-Dopa to produce poly(L-Dopa) to entrap
components at the surface. The electropolymerisation scheme to convert L-Dopa to poly(L-
Dopa) is shown in Fig. 10. The process is similar to work published previously using
poly(dopamine) and chemical polymerisation of L-Dopa. [92-94] This was tested as an
alternative to existing crosslinking strategies for enzyme electrode preparation such as use of a

di-epoxide crosslinker, described in the next section.
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Figure 10: Schematic showing the conversion of L-Dopa to poly(L-Dopa) through electropolymerisation.

Gregg and Heller developed a strategy for entrapment of enzyme and mediator using epoxide-
based crosslinkers to assemble three dimensional redox hydrogels. [95] These three
dimensional redox hydrogels are hydrophilic in nature and swell when immersed in solution
thus improving self-exchange redox conduction and aiding mass transport. [96] Various
crosslinking strategies have been developed in order to improve the stability and connectivity
of redox films on electrode surfaces. O’Hara et al. prepared crosslinked enzyme electrodes
consisting of Os(bpy)PVI, GOX and the crosslinker poly(ethylene glycol) diglycidyl ether
(PEGDGE) (Fig. 11). [97] De Lumley-Woodyear et al. compared PEGDGE as a crosslinker
with enzyme electrodes co-immobilised using either glutaraldehyde solution, suberic acid
bis(N-hydroxysuccinimide ester) or dimethyl suberimidate. [81] More recently MacAodha et
al. compared enzyme electrodes prepared using PEGDGE with those prepared using
glutaraldehyde vapours for the immobilisation of GOXx, redox polymer and MWCNTs. [50,98]
PEGDGE was used as a crosslinker in electrode preparation in Chapter 3, 4 and 5.
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Figure 11: General structure of poly(ethylene glycol) diglycidyl ether (PEGDGE).

1.6 Nanostructured supports in enzyme electrodes
The development of nanostructured supports is an active area of research in materials
chemistry. Nanostructures such as gold nanoparticles, graphene sheets, buckypaper and carbon

nanotubes (CNTs) have been included in enzyme electrode preparation. [99—-103] CNTs were
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first developed in 1991 and have been the focus of extensive research for many applications
since due to their intrinsic electrical conductivity. The CNT structure is formed through rolled
layers of graphene sheets to give tubular structures. Variations of CNTs can be produced
depending on how they are synthesised. Multiwalled CNTs (MWCNTs) can be produced when
multiple layers of graphene sheets are rolled into tubular structures. [104] The inclusion of
MWCNTs in enzyme electrode preparation is of interest as they contribute to higher current
densities and operational stabilities due to the increase in surface area of the electrode.
[90,103,105] MWCNTs can be treated prior to electrode preparation to functionalise their
surface, such as introduction of carboxylate groups to enhance dispersion in aqueous solvent
and to aid in crosslinking. [83,90,106,107] Due to the increased current density and operational
stability of electrodes prepared with MWCNTs, each chapter presented includes MWCNTs as
nanostructured supports in the co-immobilisation process along with enzyme, redox mediator

and crosslinker.

1.7 Optimisation strategies

The traditional approach towards improving an experimental process typically involves
changing one variable while holding the other variables steady. This means that the variables’
effect on the experimental outcome is measured in isolation of the other factors. This
methodology is referred to as a one factor at a time (OFAT) approach. Determining the
relationship between the output of a process (experimental result) and the factors affecting that
process through the selection of factorial experimental designs is a more efficient and thorough
route for optimisation of an experimental process (Fig. 12). [108,109] A design of experiments
(DoE) approach is one particular route towards optimisation of an experimental process
providing structure to experimental procedures. Once the experimental design phase has been
completed, relationships between experimental outcomes and experimental factors can be
established. [109,110] DoE has been applied in numerous processes across science and

engineering, [111-114] including enzyme electrode preparation.

25



Controllable X; X, X,
factors

INPUT PROCESS OUTPUT
RESPONSE

Figure 12: A model of an experimental process with controllable factors and a given output response which can
be changed by manipulation of the controllable factors.

For example, Flexer et al. described the implementation of the relaxation method and a simplex
algorithm to optimise experimental parameters from electrodes consisting of osmium redox
polymer and GOx. The results obtained showed excellent correlation between experimental
results and simulated results and allowed for optimisation of film thickness and redox mediator
concentration. [115] Babanova et al. used DoE to improve the performance of an air-breathing
bilirubin oxidase-based cathode. The major factors associated with improved performance
were identified and an improved cathode was assembled based on DoE results. This cathode
produced current densities 2-5 times higher than the previous highest reported current density
from a similar cathode. [116] More recently Kumar and Leech described a DoE approach using
a Box-Behnken design (BBD) for optimisation of current output of a glucose oxidising
electrode based on GOx and an osmium redox complex. BBD is a type of response surface
design using a three-level factorial design for each component; low, central and high. These
factors can be estimated based on previous experiments using similar electrode assemblies.
[109] Glucose oxidation currents were 32% higher than currents optimised through use of
OFAT. [117] In Chapter 3 a Box-Behnken design is used for optimisation of current signal for
glucose oxidising electrodes based on combination of redox polymer, FADGDH and

MWCNTs.

1.8 Permselective membranes
Successful application of enzyme electrodes as implantable or semi-implantable devices face

numerous challenges. One of the major challenges is the significant loss of performance due to
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desorption from electrode surface and presence of interfering molecules when operated in
physiological or pseudo-physiological solutions compared to operation in phosphate buffered
saline (PBS). [118-122] Use of Nafion membranes is an attractive option for shielding glucose
oxidising enzyme electrodes from physiological solutions as this decreases transport of bulky
proteins and anionic compounds through the membrane while allowing glucose to permeate.
[86] Nafion ionomers were first developed by DuPont and have been used extensively in
sensing applications for their advantageous properties. [123—126] Nafion is an ionomer with a
sulfonate group which gives the membrane its anionic nature and DuPont produces membranes
of varying thickness suitable for a range of applications as well as Nafion solutions used to cast

membranes on electrode assemblies (Fig. 13). [127]

Figure 13: General structure of Nafion.

For example, Harrison et al. used Nafion as a membrane to protect enzyme electrodes used as
glucose sensors in whole blood from interfering compounds such as ascorbic acid, uric acid
and acetaminophen. The Nafion-coated electrodes were superior to cellulose dialysis
membrane-coated electrodes and uncoated control electrodes, providing continuous
measurement of glucose in blood for 6 days. [128] Bindra and Wilson reported a non-enzymatic
glucose sensor using a Nafion membrane for improved selectivity and good limits of detection.
[129] Vaidya et al. reported on Nafion membranes as a method of excluding interfering
substances from enzymatic films at electrodes for glucose sensing and the extension of the
linear range due to diffusion limitation of glucose. [130] Chapter 5 focuses on using Nafion
membranes to improve operational stability of continuous use glucose oxidising electrodes in

complex physiological and pseudo-physiological solutions.
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1.9 Enzymatic fuel cells

From the breakthrough work of Yahrio ef al. in the 1960s, with the report of an enzyme based
glucose oxidising anode coupled to an oxygen reducing cathode, there have been significant
developments in the field of EFCs up to now. [32] The main limitations to advancing EFC
technology further are limited voltage output, low power density, poor operational stability,
inability to fully oxidise fuels and biocompatibility issues for implantable and semi-
implantable EFCs. [131] Research is being carried out to address each of these limitations
crucial to achieving EFC advancements.

One route towards improved voltage output is the use of enzymes capable of DET, thus
removing the need for mediators and the voltage losses associated with their use. CDH is an
anodic enzyme capable of undergoing DET while laccase is a well-known cathodic enzyme
capable of DET. Elouarzaki ef al. reported on laccase electrode assemblies with DET and MET
approaches as well as combined orientation and mediation strategies. [132] Current densities
were recorded for mediated electrodes, electrodes using an orientation strategy, and electrodes
using a combined orientation and mediation strategy. The highest current density recorded was
2.5 mA cm for electrodes using a combined approach of orientation and inclusion of mediator.
Tasca et al. compared anodic assemblies based on CDH and reported a higher voltage output
for EFCs based on DET but with higher current densities recorded in the presence of redox
polymer mediator. [133] There is therefore a trade-off between increasing the voltage output
and producing higher current densities with the inclusion of mediators.

Current densities produced from enzyme electrodes are significantly lower compared to metal
based electrodes of similar surface area resulting in lower power densities when assembled as
part of a fuel cell. This is due to the density of active sites being lower as a result of the bulky
protein shell surrounding the enzyme active site. [131] There are multiple strategies for
increasing the current density of an electrode resulting in increased power densities when
assembled in a fuel cell configuration. One method of increasing the current density is to
increase the enzyme loading on an electrode through increasing the surface porosity. Deng et
al. reported a power density of 178 uW c¢cm compared to 12.6 uW ¢cmin 30 mM glucose for
a GDH/laccase fuel cell immobilised on highly ordered microporous gold electrodes compared
to planar gold electrodes, respectively. [134] This increase in power density was due to
increased enzyme loading as a result of the increase in surface porosity.

Most EFC assemblies use a single oxidising enzyme immobilised at the anode to oxidise a fuel.

This only partially oxidises the fuel, with further enzymes required to further oxidise and
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capture more of the energy available from the fuel. [135] Xu and Minteer demonstrated that
complete oxidation of glucose to COxz is possible using an multi-enzyme electrode consisting
of six enzymes that yields an enzyme cascade. [136] This highlights the potential for further
efficiency gains using enzyme cascades in enzyme electrode assemblies.

While advances have been made in miniaturising EFCs and increasing power outputs,
operational stability of EFCs remains a major barrier preventing deployment of EFCs. The loss
of operational stability is due to numerous factors, with leaching of enzyme from the surface
as well as enzyme deactivation some of the main reasons. One method of overcoming this loss
of operational stability is the entrapment of enzyme at the surface. For example, Lojou and co-
workers investigated recreating the physiological environment of the enzyme as a route
towards improved stability. Here, O> resistant hydrogenases were inserted into liposomes with
increased stability observed for hydrogenase inserted into liposomes compared to the free

hydrogenase. [137,138]

1.10 Electroanalytical techniques

Electrochemical characterisation methodologies are the essential techniques required for
studying performance of enzyme electrodes. Throughout this thesis various electroanalytical
techniques are used to investigate the behaviour of enzyme electrodes. Therefore, a brief
description of the techniques used is presented in the following sections.

During electrochemical investigations, a standard three cell electrode is typically used with no
membranes present between electrodes. This consists of a working electrode, counter electrode
and reference electrode. The working electrode is the electrode at which the redox process of
interest occurs and is typically made of graphite, glassy carbon, platinum or gold. All work
carried out in this thesis was performed using graphite working electrodes. The counter
electrode is used to facilitate electron transfer in the electrolyte so current can be measured at
the working electrode. Typical counter electrode materials are titanium or platinum, with a
platinum mesh used for all experimental results generated in this thesis. This was used to ensure
that the counter electrode was not limiting the current at the working electrode. The reference
electrode is used to measure the potential applied at the working electrode. An Ag/AgCl (3M
KCI) reference electrode was used throughout this thesis as it is inexpensive, simple to maintain
and provides a consistently stable potential. [139-142]

If the working electrode is driven to more positive potentials, electrons will flow from an

oxidisable species at the electrode/solution interface to the electrode, resulting in an anodic
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process (Equation 1.5) as illustrated by consideration of electron energy levels in Fig. 14.
Alternatively, if the working electrode is driven to more negative potentials, electrons will flow
from the electrode to a reducible species at the electrode/solution interface, resulting in a

cathodic process (Equation 1.5) (Fig. 14).

R =0 +ne” Equation 1.5
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Figure 14: Simplified schematic showing electron transfer at the electrode/solution interface during an
electrochemical process. A) This shows an example where no electron transfer is possible as the LUMO of the
electrolyte species has a higher energy level than the electrode. B) This shows an example of oxidation of an
electrolyte species where the electrode has a lower energy than the HOMO of the electrolyte species. C) This
shows an example of reduction of an electrolyte species where the LUMO of the electrolyte species has a lower
energy level than the electrode.

1.10.1 Voltammetric and amperometric techniques

One of the major electroanalytical techniques available to an electrochemist for studying redox
processes is cyclic voltammetry. The technique works by applying an initial potential to the
working electrode followed by the linear ramping of potential to a predetermined switching
point where the potential is linearly ramped back across the same potential range at the same
rate (Fig. 15). Throughout this process the electrochemical events resulting in current changes
as a function of applied potential are recorded. This results in a cyclic voltammogram (CV)
which is a plot of applied potential on the x axis with current flow at the working electrode on
the y axis (Fig. 16). [141]

When the rate of heterogeneous electron transfer at the electrode surface is fast enough to
ensure the concentrations of oxidised and reduced species are in equilibrium the redox reaction

is deemed reversible and the Nernst equation is obeyed (Equation 1.6). [142] The key
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parameters in a CV are seen in Fig. 16. On driving the electrode potential to positive potentials
through the standard redox potential (E°) of a solution-phase redox species an oxidation peak
is observed, with peak potential Ep.. Switching of the potential to scan in the reverse direction
through the E° results in the formation of a reduction peak with peak potential Ep., due to

reduction of the previously oxidised species occurring.

Forward scan Reverse scan

Potential (V)

initial

Time (s)

Figure 15: A typical linear waveform for a cyclic voltammogram.
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Figure 16: A typical cyclic voltammogram of a reversible solution-phase redox reaction. The initial potential
applied is shown (a), the anodic peak potential and current (Epa and ipa), the switching potential (b) and the cathodic
peak potential and current (Epe and ipc). [142]

The Nernst equation describes the relationship between the electrode potential (£), the standard
electrode potential (E£°), the number of electrons involved in the process (n) and the

concentration of the oxidised and reduced species, respectively (Ox), (Red).

_ po _ 0059 Red .
E=FE — log Y Equation 1.6

For an electrochemically reversible process, when the heterogeneous electron transfer is faster
than the rate of mass transport the separation of peak current potentials is given by:
59

AE = E,, — E,. = —mV  Equation 1.7

pbc n

Peak currents scale proportionally with the square root of scan rate. The peak oxidation or
reduction current for an electrochemically reversible reaction is given by the Randles-Sev¢ik
equation (Equation 1.8), where i, is the peak current for an anodic or cathodic process (in
Amps), n is the number of electrons transferring in the process, A is the area of the electrode
(cm?), D is the diffusion coefficient of the oxidised or reduced species (cm? s!), C is the

concentration of the oxidised or reduced species (mol cm™) and v is the scan rate (V s!).
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ip = 0.4463.n.F\[g.A.D%.C.v% Equation 1.8

Electrochemically irreversible or quasi-reversible behaviour occurs when the rate of electron
transfer is slow relative to the applied scan rate. The Nernstian equilibrium is not maintained
as the electron transfer is the rate determining step and the peak to peak separation is greater
than 59/n mV. [142] For multilayer modified electrodes such as enzyme electrodes, the
Randles-Seve¢ik equation may be used to model the CV once the scan rate is sufficiently quick
to ensure semi-infinite diffusion. From this equation an estimation of the diffusion coefficient
for charge transport through enzyme electrode multilayer films can be made.

For CV scans recorded using slow scan rates for monolayer or multilayer electrodes finite
diffusion prevails due to extension of a depletion layer into the bulk solution. [142] In cases
where finite diffusion prevails an estimation of surface coverage of redox active species
confined to the electrode surface (I') can be made (Equation 1.9) by measuring the faradaic
charge (Q) passed through the film during the electrolysis. This is quantified by measuring the

area under the curve for either an anodic peak or cathodic peak on a CV.

r=-< Equation 1.9
nFA

A CV for a surface confined species with an ideal Nernstian system behaviour with no lateral

interactions between adjacent redox centres can be described by Equation 1.10 and Equation

1.11 where FWHM is the full width at half maximum of either the anodic or cathodic peak.

3.53RT _ ﬁmv Equation 1.10

n

FWHM =

pa Equation 1.11

pc
Each chapter of this thesis focuses on electron transfer at a modified electrode from an enzyme
catalyst to an electrode surface. The process is known as an EC’ mechanism and represents
catalytic processes at electrodes. Catalysed electrochemical reactions including enzyme
catalysed electrochemical processes have received widespread attention as they have numerous

advantages including enhanced chemical reactivity and specificity. Typical cyclic
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voltammograms for EC’ processes show no catalytic current response in the absence of
substrate. Catalytic processes show enhanced current response in the presence of increased
substrate concentration at the same potential. [142] The transfer of electrons to the electrode
which regenerates the enzyme catalyst for further electrocatalysis is discussed in detail in
section 1.3. For this thesis the focus is on the electrocatalytic oxidation of glucose by glucose
oxidising enzymes at graphite electrodes.

In addition to CV, amperometry is a commonly used technique for electrode characterisation
and evaluation of electrode performance. Amperometry is used extensively in this thesis for
investigating the performance of enzyme electrodes. The technique works through
measurement of an anodic or cathodic current at a working electrode under a fixed applied

potential. The current measured at the working electrode is plotted as a function of time. [142]

1.11 Thesis proposition

The aim of this thesis is to investigate routes towards improving glucose oxidising electrode
performance for biosensing and biofuel cell applications. These investigations are detailed in
the following 4 chapters with a concluding chapter to finish. Each chapter is based on the
performance of glucose oxidising enzyme electrodes using novel methodologies or testing
procedures and benchmarked against previously published methodologies.

Chapter 2 focuses on using the electropolymerisation of L-Dopa to poly(L-Dopa) as an
immobilisation strategy to produce glucose oxidising enzyme electrodes. The poly(L-Dopa)
film was used to immobilise enzyme, mediator and MWCNTs at the electrode surface. Chapter
3 addresses the use of a design of experiments approach towards optimisation of surface
component amounts and compares the results with previously benchmarked electrodes
optimised using a one factor at a time approach. The optimised electrodes showed a greater
than 50 % increase in current density at 5 mM glucose levels when compared to previous
electrodes optimised using an OFAT approach. Chapter 4 address the decrease in performance
of glucose oxidising enzyme electrodes in complex human physiological solutions. Uric acid
was successfully identified as the compound present in artificial plasma which resulted in the
most significant drop-off in electrode performance for FADGDH electrodes. Chapter 5 aims to
mitigate the effects of human physiological solutions on electrode performance by inclusion of
Nafion membranes to diminish access of anionic components, such as uric acid, to the
enzymatic film. Finally, chapter 6 is a summary of work completed to date during the thesis
with suggestions of possible future directions to continue this research. As part of my PhD I

have published first author research articles as well as receiving co-authorship on another

34



paper. A list of my publications, awards, oral and poster presentations to date is included in an

appendix.
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Chapter 2: Bio-inspired strategy for surface immobilisation of enzyme and osmium
redox centres using poly(L-Dopa).

Introduction
Catecholamine based chemistry has received increased attention in recent years due to the

importance of molecules such as dopamine (DA) and noradrenaline. [1,2] Catecholamines are
produced within the human body and act as neurological signalling compounds. They have
been previously studied due to their electrochemical activity[3—5] and have been used to
modify electrodes through -electropolymerisation of DA to form polymer films of
polydopamine (PDA). [6] Films consisting of coated PDA are advantageous as they are
biocompatible for biosensing and biopower applications. [7]

A structurally similar but far less studied molecule amenable to electropolymerisation for
immobilisation on films on electrodes is L-Dopa. L-Dopa is found in high concentrations in an
adhesive protein in mussels. This discovery resulted in increased interest in bio-inspired
adhesive compounds. [8][9] While L-Dopa has been extensively studied in other capacities
such as the treatment of Parkinson’s disease, it has not received much attention to date for use
in electrode immobilisation strategies. [10]-[11] L-Dopa is self-polymerised to form poly(L-
Dopa) (PLD) in a similar route to that for PDA. This is achieved by one of three methods;
chemical, enzymatic or electrochemical polymerisation. Chemical oxidation is achieved using
NaAuCls and enzymatic oxidation is achieved using horseradish peroxidase. [12—14]
Electropolymerisation of L-Dopa to produce thin films of PLD is an attractive route towards
formation of redox active biofilms for application as either anodic or cathodic electrodes for
enzymatic based fuel cells (EFCs) or biosensing applications. This is due to the ease at which
these films can be created at an electrode surface as well as their highly controllable nature
when synthesised electrochemically. [15]

Enzyme electrodes for biosensing and biofuel cell applications operate by converting chemical
reactions with an enzyme into an electrical signal. [16—18] Enzymes capable of electrolysing a
fuel/oxidant present in the human body such as glucose and oxygen make them suitable for in-
vivo power or biosensor development. [19-22] Enzymes offer numerous advantages over
traditional metal catalysts such as platinum as they are highly specific, operate under
physiological conditions (pH 7.4, 37 °C) and do not require a membrane, all of which allows
for device miniaturisation. [23-25]

Improved shuttling of electrons between the active site of an enzyme and the electrode surface

is achieved by inclusion of a redox mediator complex. Osmium based metal centres have been
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well studied for this application due to their stability in the Os(IT)/Os(III) states, fast electron
transfer rate and their tuneable redox potential by using coordinating ligands attached to the
metal centre. [26—28] Enhanced current densities are achieved on inclusion of nanomaterials
on the electrode surface such as multi-walled carbon nanotubes (MWCNTs). [29-31] This is
attributed to increased surface area for immobilisation. Immobilisation strategies used to date
rely on crosslinking agents such as glutaraldehyde or PEGDGE. [32-34] These require long
curing times (~24 hours) before the electrode is ready for operation. It is proposed that PLD
electrodes can be prepared in a shorter time frame with a fall in time for immobilisation from
24 hours to under 4 hours.

This chapter focuses on immobilisation of glucose oxidising enzyme electrode components
using PLD. A flavin adenine dinucleotide dependent glucose dehydrogenase (FADGDH) was
co-immobilised with [Os(2,2’-bipyridine),(4-aminomethyl pyridine)CI].PFs (Os(bpy)2(4-
AMP)CI) or [Os(2,2'- bipyridine)(poly-vinylimidazole)ioCl]* (Os(bpy)PVI) and with
MWCNTs using PLD. Characterisation of the electrodes was undertaken by electrochemical

methods and scanning electron microscopy (SEM).

Experimental
Materials and reagents

All chemicals were purchased from Sigma Aldrich. The flavin adenine dinucleotide dependent
glucose dehydrogenase was from Aspergillus sp. (Sekisui Diagnostics). The multi walled
carbon nanotubes (MWCNTs) were purchased from Sigma Aldrich and acid treated (conc.
nitric acid) under reflux for 6 hours before being filtered and washed with deionised water until
neutral. This was determined by monitoring the pH of the washings passing through the
column. All aqueous solutions were prepared using HPLC grade deionised water from Sigma
Aldrich unless otherwise stated (18 MQcm). The (Os(bpy)2(4-AMP)CI) and (Os(bpy)PVI)

were synthesised as previously reported in the literature. [35,36]

Enzyme electrode preparation

Graphite rods (3 mm diameter) were purchased from the Graphite store. The cylinder of these
rods was insulated with heat shrink tubing with the exposed tip creating an electrode surface.
This surface was polished using p-400 and p-1200 grit silicon carbide paper (Buehler) with a
final washing in deionised water and subsequent drying. The finished electrode surface had a

defined geometric surface area of 0.0707 cm™. Aqueous solutions of enzyme (10 mg ml),
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redox polymer/complex (5 mg ml™!), acid treated MWCNTs (46.25 mg ml ™), PEGDGE (15 mg
ml ') and L-Dopa (1.97 mg ml ") were prepared. The electrodes were modified by depositing
10 ul of the FADGDH solution, 10 pl of the osmium solution, 10 pl of the MWCNTs dispersion
and either 20 pul of the L-Dopa solution or 2 ul of the PEGDGE solution onto the exposed
electrode disk area. The L-Dopa electrodes were allowed to stand for 3 hours to ensure the
electrodes are dry prior to initiating the electropolymerisation process. For the electrochemical
polymerisation of the L-Dopa on the modified electrode, cyclic voltammetry was performed
from -0.5 V to 0.5V (vs. Ag/AgCl) for 20 sweeps at a scan rate of 50 mV s!. The PEGDGE
electrodes were allowed to crosslink and dry for 24 hours prior to testing in accordance with

established procedures. [37]

Electrochemical measurements

Electrochemical testing was carried out using a 1030 multichannel potentiostat from CH
Instruments. All testing was performed in a custom designed electrochemical cell permitting
use of 8 working electrodes. The electrolyte was phosphate buffered saline (PBS) prepared by
inclusion of 150 mM NacCl in a solution of 50 mM phosphate buffer, pH adjusted to 7.4. Testing
was carried out at 37 °C unless otherwise stated. The graphite rods were used as working
electrode electrodes, with a common Ag/AgCl reference electrode and either a Pt mesh or Ti

counter electrode (Goodfellow) in the cell.

Results
Polymerisation of L-dopamine or L-dopa to form Polydopamine (PDA) or Poly(L-dopa) (PLD)

respectively by electrochemical or chemical means, has previously been reported as an
immobilisation strategy for preparation of modified electrode surfaces.[15] [38] Dai et al.
reported on electrodes assembled using electropolymerised PLD to immobilise glucose oxidase
and gold nanoparticles for biosensing and biofuel cell applications. [15] The first step in the
proposed mechanism for the electrochemical polymerisation of L-Dopa to PLD is through the
oxidation of L-Dopa to give dopaquinone. This cyclises to form leucodopachrome which is
oxidised to dopachrome. The dopachrome undergoes further electropolymerisation to give

PLD at the electrode surface, see Fig. 1. [15]
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Figure 1: Schematic showing the conversion of L-Dopa to poly(L-Dopa) through electropolymerisation.

This research targets co-immobilisation of a glucose oxidising enzyme (FADGDH) and an
osmium redox centre (polymer or complex) with MWCNTs using PLD.

The immobilisation of components at the electrode was achieved through
electropolymerisation of L-Dopa at the electrode surface. Figure 2 below shows the initial CV
scan recorded showing the presence of L-Dopa at the electrode surface. This is in agreement
with work previously carried out. [41] The continued electropolymerisation of L-Dopa to form
PLD, a non-conducting polymer can be seen with the only remaining redox peak showing the

presence of the osmium complex at the electrode surface at the end of the process.
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Figure 1: CV scans taken during the electropolymerisation process for films containing FADGDH, Os(bpy)2(4-
AMP)Cl and MWCNTSs. Scans taken at 50 mV s! (PBS @pH 7.4, 37°C). The blue line shows the first sweep of
the process with the red line showing the final sweep.

Scanning electron microscopy was used to verify the presence of PLD films on the electrode

surface. Fig.3 and Fig.4 below show the modified electrodes prepared with PLD. The images
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indicate the presence of PLD within the film. The images were taken of electrode surfaces after
testing and are identical to those mentioned in the experimental section. Figure 5 shows an
electrode drop coated with MWCNTs and no PLD to compare with electrodes modified with
both MWCNTS and PLD (Fig. 3 and Fig. 4).

15.0kV 14.0mm x800 SE(M)

Figure 2: SEM image taken of the modified electrode using electropolymerisation to give PLD immobilised
surfaces. The biofilm contains FADGDH, Os(bpy)2(4-AMP)Cl, MWCNTs and PLD. The structures visible are a
combination of MWCNTs and the PLD.
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15.0kV 13.8mm x2.00k SE(M)

Figure 3: SEM image taken of the modified electrode using electropolymerisation to give PLD immobilised
surfaces. The biofilm contains FADGDH, Os(bpy)2(4-AMP)Cl, MWCNTs and PLD. The structures visible are a
combination of MWCNTs and the PLD.

15.0kV 13.2mm x1.98k SE(M) 1/16{2017
Figure 4: SEM image taken of an electrode surface modified with MWCNTs with no PLD present, to highlight
the difference between electrodes modified with and without PLD.

The performance of these electrodes is assessed through comparison with electrodes prepared

using a PEGDGE crosslinker. Verification of the presence of (Os(bpy)2(4-AMP)CIl) and
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(Os(bpy)PVI) and of the enzyme at the surface was accomplished by recording cyclic
voltammograms in the presence and absence of glucose substrate. The redox potential for the
complex and polymer estimated from the midpoint between oxidation and reduction potentials
in the absence of substrate at slow scan rates (1 mV s'!) were confirmed to be 250 mV and 220
mV, respectively, versus an Ag/AgCl (3M KCIl) reference electrode, in agreement with
previously quoted redox potentials for these materials. [39] Cyclic voltammograms measured
in the absence of glucose at slow scan rates (<20 mV s!) have peak currents that scale linearly
with scan rate, indicative of a surface-confined redox response. [40] At higher scan rates the
measured peak currents scale linearly with the square root of the scan rate, which is indicative
of semi-infinite diffusion within the films. [40]

Electrodes containing PLD were compared to electrodes that did not have PLD present but
were otherwise identical (n=3). Figure 6 shows the inclusion of L-Dopa in the electrode
preparation step results in higher current for the enzyme electrodes for CVs recorded in the
presence of 10 mM glucose. A comparison of current density response as a function of
increasing glucose concentration for electrodes prepared with PDA versus those without is
presented in Fig. 7. The increase in glucose oxidation current at low concentrations for
electrodes prepared without PLD is most likely due to the presence of residual unbound enzyme
and redox complex dissolving from the electrode surface over the experimental timeframe.
This current drops off upon increasing the glucose concentration when detachment of the

enzyme/redox centre couple from the electrode surface occurs.
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Figure 5: CV scans (1 mV s) recorded in quiescent solution (PBS @ pH 7.4, 37 °C) of electrodes with FADGDH,
Os(bpy)2(4-AMP)Cl, MWCNTs with PLD present (blue) and absent (red) in 10 mM glucose.
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Figure 6: Current responses for glucose oxidation in PBS (pH 7.4 @ 37 °C) stirring at 150 rpm at an applied

potential of 0.45 V (vs. Ag/AgCl), for electrodes containing FADGDH, Os(bpy)2(4-AMP)Cl, MWCNTs with
PLD present (blue) and absent (red) (n=3).

These results suggest that electropolymerisation of PLD is effective for immobilising the
enzyme/redox complex at the electrode surface. Further testing was carried out by comparison
of the response recorded for two types of enzyme electrodes: one group containing the redox
centre and the second group without. The results shown below in Fig. 8 and 9 show that the
redox centre is required to shuttle electrons from enzymatic active site to the electrode surface.

The results above are in agreement with previous research carried out using FADGDH for

glucose oxidation at an electrode surface. [42,43]
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Figure 7: CV scans (1 mV s!) recorded in quiescent solution (PBS @ pH 7.4, 37 °C containing 10 mM glucose)
for electrodes prepared with FADGDH, MWCNTs, immobilised in the presence (blue) and absence (red) of
Os(bpy)2(4-AMP)CI in PLD films.
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Figure 8: Current responses for glucose oxidation in PBS (pH 7.4 @ 37 °C) stirring at 150 rpm at an applied
potential of 0.45 V (vs. Ag/AgCl), for electrodes prepared with FADGDH, MWCNTs, immobilised in the
presence (red) and absence (blue) of Os(bpy)2(4-AMP)CI (n=4) in PLD films.

Testing of electrodes over a longer time frame is performed to assess the operational stability
in PBS given the importance of signal stability for application to continuous use enzyme
electrodes as biosensors or EFC assembly. Amperometry is performed at 0.45 V vs. Ag/AgCl
in solutions containing 100 mM glucose with stirring at 150 rpm (pH 7.4 @ 37 °C). Comparison
of the current obtained after a 24-hour timeframe is used to assess stability of signal. The
current remaining after 24 hours is used to report on the performance of enzyme electrodes.

The PLD modified electrodes were compared to PEGDGE crosslinked electrodes to benchmark
their suitability for biosensing and EFC applications over a 24-hour timeframe. Amperometry
was performed at 0.45V (vs. Ag/AgCl) in 100 mM glucose allowing for comparison of signal
stability throughout the experiment for each electrode assembly. Fig. 10 shows that electrodes
assembled with PEGDGE as crosslinker produced higher current densities consistently over

the 24-hours of testing when compared to electrodes modified with electropolymerised PLD.
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Figure 10: Mean current response (n=3) over 24-hours in PBS (pH 7.4 @ 37 °C) stirring at 150 rpm with an
applied potential of 0.45 V (vs. Ag/AgCl). The graph shows the decrease in current for electrodes with FADGDH,
MWCNTs, Os(bpy)PVI with PEGDGE as crosslinker (blue) and electropolymerised PLD as immobilisation
strategy (red).

Both electrode groups showed a significant decrease in operational stability over 24-hours of
continuous operation. The PLD coated electrodes had significantly less current signal at the
beginning of testing and produced less current throughout testing when compared to the

crosslinked electrodes.

Conclusions
Enzyme electrode components were immobilised at the electrode surface through

electropolymerisation of L-Dopa. Electrodes prepared with PLD were compared with a control
group prepared using no immobilisation strategy. The PLD electrodes achieved current values
in the presence of 10 mM glucose (n=3) of 32.2 £ 5.6 pA compared to 2.73 + 0.5 pA for
electrodes prepared without using PLD. This suggests that electropolymerisation of L-Dopa
successfully immobilised the enzyme and redox polymer at the electrode surface. The
combination of osmium redox centre with the enzyme and PLD provided higher currents than
the control group containing no enzyme showing the requirement for a mediator. The PLD
electropolymerisation process was effective at immobilising the surface components at the
electrode surface. When compared with electrodes prepared using PEGDGE, the current signal
was much lower. This suggests that PLD as an immobilisation strategy is not a suitable
replacement for crosslinker based strategies. Further work is required to provide enzyme
electrodes that produce higher current densities and maintain high operational stabilities over

their lifetime. Crosslinking of components co-deposited at the electrode surface using
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PEGDGE is used as an immobilisation strategy in the subsequent chapters of this thesis as it

produced higher current densities and maintained higher current signal after continuous

operation over 24 hours compared to electropolymerised PLD.
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Abstract

Graphite electrodes are modified with a redox polymer, [Os(4,4’-dimethoxy-2,2'-
bipyridine)2(polyvinylimidazole)ioCI]" (E°'=—0.02 V vs Ag/AgCl (3M KCl), crosslinked with
a flavin adenine dinucleotide glucose dehydrogenase and multi-walled carbon nanotubes for
electrocatalytic oxidation of glucose. The enzyme electrodes provide 52% higher current
density, 1.22 + 0.1 mA c¢cm 2 in 50 mM phosphate-buffered saline at 37 °C containing 5 mM
glucose, when component amounts are optimised using a design of experiments approach
compared to one-factor-at-a-time. Current densities of 0.84 = 0.15 mA cm 2 were achieved in
the presence of oxygen for these enzyme electrodes. Further analysis of the model allowed for
altering of the electrode components while maintaining similar current densities, 0.78 + 0.11
mA cm 2 with 34% less enzyme. Application of the cost-effective anodes in membrane-less
enzymatic fuel cells is demonstrated by connection to cathodes prepared by co-immobilisation
of [Os(2,2'-bipyridine)z(polyvinylimidazole)1oCl* redox polymer, Myrothecium verrucaria
bilirubin oxidase and multi-walled carbon nanotubes on graphite electrodes. Power densities
of up to 285 uW cm2, 146 uW cm 2 and 60 pW cm 2 are achieved in pseudo-physiological
buffer, artificial plasma and human plasma respectively, showing promise for in vivo or ex vivo
power generation under these conditions depending on power requirements for prototype

devices.

Introduction
Enzymatic fuel cells (EFCs) are electrochemical devices that utilise biocatalysts for conversion

of chemical energy to electrical energy [1-3]. In EFCs, enzymes replace the conventional metal
catalyst providing improved specificity towards reactions they catalyse [1, 4, 5] allowing for

development of miniaturised, potentially implantable or portable, membrane-less EFCs
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through the elimination of the need for half-cell compartments and separating membranes [2-
4, 6]. Enzyme catalysts operate under relatively mild conditions (20-40 °C, neutral pH), making
them attractive for power generation in vivo utilising fuels and oxidants such as glucose and
oxygen present in the bloodstream [7-9].

Redox polymer matrices for enzyme electrodes improve shuttling of electrons between active
site and electrode surface, making electron transfer independent of orientation or proximity of
the enzyme active site to the electrode surface, in comparison to that for direct electron-transfer
mechanisms between enzyme and electrode [5, 10]. Current output from enzyme electrodes
depends on selection of mediator with appropriate structure and suitable redox potential for
rapid electron transfer between enzyme active site and electrode surface [11, 12]. Osmium-
based mediators have been widely used [2, 13-15] owing to the ability to modulate the mediator
redox potential of the central Os metal by using coordinating ligands, the relative stability of
the resulting complexes in the Os(I1)/Os(I1I) states, and because the hydrogel characteristics of
redox-polymer films permit rapid mass and charge transport, thus generating substantial
current signals [2, 16, 17]. The inclusion of multi-walled carbon nanotubes (MWCNTs) is one
route towards improving glucose oxidation currents for enzyme electrodes prepared by
crosslinking the nanomaterial with enzymes and osmium-based redox mediators [8, 18-20],
attributed to improved retention of enzyme activity [21, 22]. Tsujimura et al. reported on
similar bio anodes with magnesium oxide-templated mesoporous carbon as a support structure
for hydrogels consisting of FADGDH and redox polymer [23].

We here report on optimisation of an enzyme electrode for glucose oxidation based on co-
immobilisation of an [Os(4,4'- dimethoxy-2,2'-bipyridine)(poly-vinyl imidazole)ioCI]*
(Os(dmobpy)PVI) polymer, selected due to its lower redox potential, —0.02 V vs Ag/AgClI (3
M KCl), compared to our previous studies using [Os(4,4'- dimethyl-2,2'-bipyridine)z(poly-
vinylimidazole)ioCl]" (Os(dmbpy)PVI), and an enzyme [22]. A flavin adenine dinucleotide
dependent glucose dehydrogenase (FADGDH) enzyme is selected over glucose oxidase due to
its lack of reactivity with oxygen as co-substrate, for operation of an EFC in a membrane-less
glucose/oxygen solution. Tremey ef al. have shown improved performance of glucose oxidase
in the presence of oxygen through mutation of the enzyme [24].

Enzyme electrode current output is dependent on the relative amount of components (osmium
redox polymer, enzyme and MWCNTs) and optimisation is usually undertaken by varying one
factor at a time. Kumar et al. [25] used a response surface design of experiment (DoE)

methodology to optimise components used to construct enzyme electrodes. They reported a
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32% increase in glucose oxidation current in comparison to that observed for enzyme
electrodes optimised by varying of one factor at a time [25, 26].

Here we develop and validate a DoE methodology to optimise the enzyme electrode
performance for current output under pseudo-physiological conditions (5 mM glucose, 50 mM
phosphate buffered saline, PBS, pH 7.4, 37 °C). The DoE-optimised enzyme electrodes provide
>50% improvement of glucose oxidation current density in absence of oxygen compared to
previously reported values with the same components optimised using one-factor-at-a-time
approach (OFAT) [22]. Tailoring of dropcoat amounts guided by contour plots from DoE
software to include a lower amount of enzyme provides similar current density at 5 mM glucose
concentrations while saving on enzyme amount required. Application of the selected anodes in
membrane-less enzymatic fuel cells is demonstrated by connection to an oxygen-reducing
Myrothecium verrucaria bilirubin oxidase-based cathode, operating in pseudo-physiological
buffer, artificial plasma and human plasma respectively, showing promise for in vivo or ex vivo

power generation under these conditions.

Experimental

Materials

All chemicals and biochemicals were purchased from Sigma-Aldrich, unless otherwise stated.
The flavin dependent glucose dehydrogenase is from Aspergillus sp. (FADGDH 1.1.99.10,
Sekisui, Cambridge, USA; product GLDE-70-1192). The Myrothecium verrucaria bilirubin
oxidase (MvBOd) is provided by Amano Enzyme Inc. (Product BO-3, Nagoya, Japan). The
MWCNTs (product 659258; Sigma-Aldrich) were pre-treated under reflux in concentrated
nitric acid for 6 h and isolated by filtration. Polyethylene glycol diglycidyl ether (PEGDGE)
was purchased from Sigma-Aldrich (average Mn ~ 526). All aqueous solutions unless
otherwise stated were prepared in Milli-Q water (18 MQ cm). The [Os(4,4’-dimethoxy-2,2'-
bipyridine)2(polyvinylimidazole)ioCl]* (Os(dmobpy)PVI) and
[Os(2,2-bipyridine)(polyvinylimidazole)1oCl]*  (Os(bpy)PVI) redox polymers were

synthesised accoridng to literature procedures [27, 28].

Methods

Anode enzyme electrode preparation
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Electrodes were prepared from graphite rods (Graphite store, USA, 3.0 mm diameter,
NC001295) insulated with heat shrink tubing and the exposed disk polished on fine grit paper
to create a geometric working surface area of 0.0707 cm?. Enzyme electrode assembly was
achieved by depositing appropriate volumes from 5 mg mL™! redox polymer aqueous solution,
10 mg mL™' FADGDH aqueous solution, 46 mg mL™' aqueous dispersion of acid-treated
MWCNTs and 2 pL of a 15 mg mL~! PEGDGE aqueous solution on the surface of the graphite
working electrode and allowing the deposition to dry for 24 h. The amount of each component
of MWCNTs, Os(dmobpy)PVI and FADGDH added in the enzyme electrode preparation step
is determined by the Design Expert Software (version 9, STAT-EASE Inc., Minneapolis, USA)

using the low, central and high levels selected in Table 5.1.

Electrochemical measurements

Electrochemical tests were conducted using a CH Instrument 1030 multichannel potentiostat
in a three electrode cell containing 50 mM phosphate buffer saline (PBS, 150 mM NaCl) pH
7.4, at 37 °C as electrolyte and a Ag/AgCl (3 M KCl) reference electrode, a graphite working

electrode and a platinum mesh counter electrode (Goodfellow).

Fuel cell assembly and testing

The EFCs were constructed by combining anode enzyme electrodes with a previously
described cathode [29], prepared as described for anode enzyme electrodes except using
MvBOd as enzyme, (Os(bpy)PVI) as redox polymer and a volume of the 46 mg mL™! aqueous
dispersion of acid-treated MWCNTs to provide 78 % w/w MWCNTs in the coating procedure.
The EFC current and power densities were estimated from linear sweep voltammetry (LSV)
obtained at | mV s™! and normalised to the geometric area of the current-limiting electrode.

Oxygen saturation was estimated, by using a dissolved oxygen electrode and meter (EUTech
Instruments), to occur at approximately 0.22 mM O, achieved by bubbling oxygen into the
solution. The artificial plasma contained uric acid (68.5 mg L™!), ascorbic acid (9.5 mg L),
fructose (36 mg L), lactose (5.5 mg L), urea (267 mg L), glucose (916.5 mg L), cysteine
(18 mg L), sodium chloride (6.75 g L™!), sodium bicarbonate (2.138 g L!), calcium sulfate
(23.8 mg L), magnesium sulfate (104.5 mg L) and bovine serum albumin (7 g L™!) [30].
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Results and Discussion

Enzyme electrodes were initially modified through the co-immobilisation of
Os(dmobpy)PVI redox polymer, FADGDH and MWCNTs, using a PEGDGE di-epoxide
cross-linker on graphite electrode. Cyclic voltammetry (CV) is used to characterise the
Os(II/III) transition for the Os(dmobpy)PVI in the enzyme electrode for the presence and

! scan rate in the absence of glucose display

absence of substrate. CVs recorded at 1 mV s~
oxidation and reduction peaks centred at —0.02 V vs Ag/AgCl, which is similar to the redox
potential previously reported for the osmium polymer in solution and on electrode surface [16,
19, 31]. In the absence of substrate, peak currents vary linearly with scan rate at slow scan rates
(<20 mV s, thereby indicating a surface-confined response. At high scan rates (> 20 mV
s 1), CVs display peak currents that scale linearly to the square roots of scan rates, which
indicates semi-infinite diffusion control as expected for the formation of multi-layered films
on electrode surface. The osmium surface coverage (I'os) for the redox polymer is calculated
by integrating the area under the peak for CVs recorded at slow scan rates, the I'os is
comparable to previously reported values in the presence of MWCNTs [19]. CV upon addition
of glucose to the electrochemical cells, measured at slow scan rates, resulted in a sigmoidal-
shaped response for enzyme electrodes (Figure 1), which is characteristic of an electrocatalytic
(EC’) process. A shift of ~ 100 mV for the half-wave potential (E1»2) of the sigmoidal-shaped
catalytic wave for enzyme electrodes in the presence of glucose in comparison to that observed
in the absence of glucose is observed. Others have reported that a shift indicates glucose
substrate transport limitation and occurs for a mixed-case between kinetic- and substrate-

limited conditions [32, 33].
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Figure 1 Slow scan rate, ] mV s™!, CV of Os(dmobpy)PVI (80 ug) films co-immobilised with FADGDH (100
pg) and MWCNTs (410 pg) in oxygen-free PBS containing no glucose (blue), 5 mM glucose (red) and 100 mM
glucose (green) concentrations.
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Figure 2: Glucose oxidation current densities as a function of glucose concentration, measured in oxygen-free
PBS at 37 °C with stirring at 150 rpm at an applied potential of 0.15 V, for enzyme electrodes using
Os(dmobpy)PVI (80 ng) co-immobilised with FADGDH (100 pg) and MWCNTSs (410 pg).

Catalytic current densities for all anodes are extracted from steady state amperometry at an
applied potential of 0.15 V, a potential selected to be in the region of the plateau current in the
CV in the presence of 100 mM glucose (Figure 1) to ensure steady state current is achieved.
Amperometric glucose oxidation current density is measured as a function of glucose
concentrations (Figure 2). Amperometric current densities obtained are similar in magnitude
to the catalytic plateau current densities observed with the slow-scan CV, thereby confirming
steady state. An increase in glucose oxidation current density as a function of glucose

concentration is observed, with substrate saturation at concentrations greater than 50 mM
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glucose for all enzyme electrodes. Apparent Michaelis-Menten constants, Km*PP, and maximum
current densities jnax can be estimated using non-linear least squares to fit the amperometric
plots to the Michaelis-Menten equation. The Km*P of 16 £+ 1 mM is obtained for enzyme
electrodes co-immobilised with Os(dmobpy)PVI, MWCNTs and FADGDH and is similar to

values obtained from previous report [19, 21].

Design of Experiment

For the optimisation of bioanodes, a DoE based on response surface factorial Box—Behnken
Design (BBD) with a three level factorial design is used to evaluate the main effect and
interaction between the MWCNTs, osmium redox polymer and FADGDH components
required to prepare glucose-oxidising enzyme electrodes. The Box-Behnken design requires an
experiment number according to N = 2k (k — 1) + Co [34], where k is the number of factors,
and Cp is the number of central points. The 16 run (with n=3 electrodes used to determine the
current density for each run) experimental design is used to demonstrate the relative
significance of the bioanode components and seek to enhance current density in pseudo-
physiological conditions, compared to OFAT approach. The range and level of components

investigated is given in Table 1 and runs and results used to build the model given in Table 2.

Table 1: The factors and levels selected to vary for DoE optimisation of performance of enzyme electrode.

Factor/Level Low Central High
1 (0) (+1)
MWCNTs (png) 0 300 600
Os(dmobpy)PVI (ng) 10 55 100
FADGDH (ug) 20 60 100
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Table 2 Design layout showing the run number, component level and the response (current densities in mA cm™2
measured amperometrically at 0.15 V vs Ag/AgCl in 5 mM glucose solution) and standard deviation (SD, n=3)

Run Os(dmobpy)PVI MWCNTs FADGDH Response SD
1 -1 0 1 0.36 0.10
2 0 0 0 0.75 0.13
3 1 1 0 0.77 0.08
4 0 1 -1 0.58 0.04
5 0 0 0 0.85 0.10
6 -1 -1 0 0.23 0.08
7 0 -1 1 0.58 0.12
8 1 0 -1 0.63 0.14
9 -1 0 -1 0.21 0.07
10 0 0 0 0.70 0.10
11 0 -1 -1 0.39 0.05
12 1 0 1 0.79 0.11
13 1 -1 0 0.49 0.05
14 0 0 0 0.83 0.15
15 -1 1 0 0.14 0.05
16 0 1 1 0.87 0.24

The low levels of FADGDH and Os(dmobpy)PVI in this design are selected to be 20 pug and
10 pg respectively as a minimum level requirement for the production of glucose oxidation
current density based on previous reports [2, 10, 14, 25, 35]. The high levels selected for each
component are to eliminate difficulties in co-immobilisation and retention of higher amounts
on electrode surface. For example, if higher amounts of the components are added, it is difficult
to control the drop-coat on the electrode surface. The four runs for electrodes prepared using
the central (0) component level, runs 2, 5, 10 and 14 in Table 2, achieve responses of 0.75 +
0.13, 0.85 + 0.10, 0.70 + 0.10 and 0.83 + 0.15 mA cm 2, respectively, which, when all 12
electrode responses are considered together yield an average response of 0.77 = 0.16 mA cm 2
for the central component level. Replication of the central levels strengthens the model. The

response can be presented by a quadratic equation,
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Yy = by + bix; + byxy + byxs + by X2 + byyx3 + by3x3 + biaxiXy + bizXyX3 + bazxoxs (1)

where v is the predicted current response value in mA cm 2, x4, x, and x5 are the MWCNTs,
redox polymer and enzyme amounts in pg used in the enzyme electrode preparation, bo is the
constant coefficient (intercept), bi, b2, b3 and bi2, b3, b3 are linear and cross product
coefficients, respectively, and the quadratic coefficients are bi1, b2> and b33. The resulting

response model from the 16 runs is

y = —0.15634 + 0.015719x; + 6.85648 x 10~ *x, + 5.14236 X 107 3x5 — 1.17901 x 10~ *x? —
1.48611 x 107 %x3 — 2.73438 x 107 °x% + 6.85185 X 10~ %x;x, + 1.38889 x 10~ %x; x5 +
1.875 X 10~ %x,x3 ()

In this response model, analysis of variance (ANOVA) is used for statistical testing and the
data extracted demonstrates whether or not the model is statistically significant [36]. The low
F-value (19.43) and p-value (0.0009) evaluated suggests that the model is statistically
significant, as the higher the values, the more likely the rejection of the null hypothesis that the
data show no variation. Furthermore, a coefficient of determination (R?) between predicted and
observed responses was evaluated to be 0.97, and when the amount of variation in the model
was adjusted the measure of the adjusted R? (Adj R?) value is 0.92, thereby suggesting
significant correlation. These results are similar to those observed previously by Kumar et al.
[25] for enzyme electrodes prepared by co-immobilisation of MWCNTs, GOx, osmium redox
complex and carboxymethylated dextran on graphite and current measured in physiological

conditions.

Model Validation and Optimised Enzyme Electrode

In order for a system to be optimised, it is imperative to demonstrate that the model is a
reasonable representation of the actual system and that it reproduces system behaviour with
enough fidelity to satisfy analysis objectives. Model validation was tested based on values
randomised by the model together with their predicted results under pseudo-physiological
conditions (5 mM glucose, 50 mM phosphate buffered saline, PBS, pH 7.4, 37 °C), with the
results presented in Table 3. A plot of predicted current density versus observed current density

delivers a correlation (R?) of 0.87 suggesting that the model is valid.
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Table 3: Model validation comparing predicted versus actual (at 0.15 V) amperometric current density response
for enzyme electrodes under pseudo-physiological conditions. Conditions as in Table 2. Errors are from the
predicted standard deviation from the model for the predicted current density or from the standard deviation of 4
electrodes for the actual current density.

Os(dmobpy) PVI MWCNTs FADGDH (pg) Predicted Actual
(ng) (ng) Current density Current density
mA cm mA cm
56 316 63 0.80 +0.07 0.81+0.05
100 316 63 0.78 £ 0.07 0.89 +0.04
100 600 63 0.81+0.07 0.88 £ 0.07
100 600 97 0.88 £ 0.07 1.07 +£0.13
100 600 26 0.67 +£0.07 0.96 +0.09
100 291 26 0.64 £0.07 0.78+0.15
54 600 26 0.59 +£0.07 0.60 +0.09
100 600 100 0.89 +0.07 1.06 £ 0.27

Following the response achieved from enzyme electrodes prepared using this model, the
FADGDH and MWCNTs amounts were shown to be the main factors contributing to the
enhanced current densities (see Figure 3). A previous report has shown that the addition of
MWCNTs on the enzyme electrode increased the amount of redox polymer that is co-
immobilised and electronically coupled within the enzyme films leading to greater current
response [21]. Variation in the amount of the Os(dmobpy)PVI, once added, have the smallest
effect of the three components.

The DoE optimum component amounts, based on maximising the predicted current density
using equation 2, are 80 pg redox polymer, 410 ug MWCNTs and 100 ug FADGDH, predicted
to deliver a current density 0f 0.93 = 0.07 mA c¢cm 2 in PBS containing 5 mM glucose. An actual
measured current density of 1.22 + 0.1 mA cm 2 (n=4) is obtained for the enzyme electrodes
prepared using the DoE determined optimum component amounts. This represents a 52 %
increase on the response, under similar conditions, for enzyme electrodes (0.8 mA cm™?) using
the same components and a OFAT method of optimisation of response [22].

The electrochemical response for the optimised enzyme electrodes is shown in Figure 1 and 2,
demonstrating a maximum current density jmax of 3.41 = 0.21 mA cm 2 for the electrode under
glucose saturation (100 mM) conditions in comparison to previously reported jmax of 2.30 +

0.31 mA cm 2 for the same enzyme electrode using the OFAT optimised component amounts.

77



Prior to incorporation of the optimised anode in a fuel cell setup a further round of testing was
conducted based on consideration of the contour plot generated for FADGDH versus
MWCNTs levels (Figure 3). The consideration of the contour plots and predicted response by
variation in FADGDH and MWCNT amounts (Table 4) demonstrates that little variation in
current density is observed in the region of 0.5 to 1.0 FADGDH and MWCNT levels (Figure
4). Thus the selected amounts for each of these factors can be altered depending on other factors
to be considered in manufacturing enzyme electrodes, such as cost of materials or ease of

electrode preparation.

Table 4: Predicted current densities from the model upon altering the amount of enzyme and MWCNTSs on the
electrode surface, using 80 pg for Os polymer. The errors are the predicted errors from the model.

MWCNTs FADGDH Predicted Current
(ng) (1g) Density (mA cm?)
410 100 0.93 +0.07
500 100 0.93 +0.07
600 100 0.91 £0.07
410 80 0.90 +0.07
500 64 0.87 +£0.07
540 64 0.86 +0.07
600 64 0.86 £0.07
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urrent density (mA cm-2)

C: FADGDH

B: MWCNTs

Figure 3: Contour plot for FADGDH vs MWCNTs showing glucose oxidation current density values predicted
from the model (equation 2) attributed for each contour in mA cm 2. The area outlined by the dotted black line
shows relative component amounts that predict high current responses.

For example, use of lower amounts of enzyme makes the anode less expensive to produce while
maintaining a high current response. A compromise amount of FADGDH of 64 pg and 540 pg
of MWCNT is selected to maintain a high current response. This selected anode was used for
fuel cell testing with component amounts of Os(dmobpy)PVI (80 png), FADGDH (64 pg) and
MWCNTs (540 pg) which is predicted to deliver 0.86 + 0.07 mA c¢m 2. Testing of the enzyme
electrode anodes generated a current density of 1.0 + 0.1 mA cm™? (n=3) in 5 mM glucose
solutions. These enzyme electrode anodes produce a maximum current density jmax of 2.63 +

0.73 mA cm™? in solutions of 100 mM glucose concentrations.

Operation in Oxygen

The selected bioanodes were further tested in the presence of oxygen in order to evaluate the
effect of oxygen on these enzyme electrodes for eventual application in membrane-less EFCs.

A 17% decrease in current density is observed for the enzyme electrode operating in 5 mM
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glucose concentration in the presence of oxygen, compared to the absence of oxygen, Figure
4. The decrease in glucose currents in the presence of oxygen suggests that molecular oxygen
is reduced by the osmium redox polymer, which in turn decreases the amount of osmium redox
centres that can be accessed by the electrons from glucose substrate, thus decreasing current

density in the presence of oxygen, as reported on recently [16, 22, 37].
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Figure 4: Glucose oxidation current density observed as a function of glucose concentration for the selected
enzyme electrode (Os(dmobpy)PVI (80 pg) co-immobilised with FADGDH (100 pg) and MWCNTs (410 pg)
measured in PBS at 37 °C with stirring at 150 rpm at an applied potential of 0.15 V, for enzyme electrodes in the
presence (red) and absence of oxygen (blue).

Enzymatic Fuel Cell Testing

Enzymatic fuel cells were assembled based on the utilisation of glucose as fuel and oxygen as
oxidant for testing under pseudo-physiological conditions using anodes prepared by co-
immobilisation of Os(dmobpy)PVI redox polymers with FADGDH and MWCNTs using
amounts optimised from the DoE approach. Enzyme electrodes chosen as cathodes are based
on previous reports [22, 29] of Os(bpy)PVI redox polymer co-immobilised with MvBOd and
78% w/w MWCNTs on graphite electrodes of the same geometric area as the anodes.

A potential application for EFC system is to power implantable medical devices via the
oxidation of glucose as fuel and the reduction of oxygen as oxidant available in the
bloodstream. Assembled EFC were therefore first tested in pseudo-physiological buffer
conditions containing 0.2 mM O:. For these EFCs, average power density of 270 = 15 uW ¢cm 2

is achieved (Figure 5) with a maximum power output of 285 pW ¢m 2. The polarisation curves
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(Figure 6) for enzyme electrodes and the assembled EFC indicate that the cathode current
density limits power produced. The maximum power density is observed at ~0.3 V similar to
that obtained previously [22]. Others have reported on a membrane-less EFC operating at
higher cell voltages. For example, Kim et al. [38] report on an EFC producing a power density
of 50 uW cm 2 ata 0.5 V cell voltage under physiological conditions (air saturated pH 7.4, 140
mM NaCl, 37.5 °C in 15 mM glucose concentration) with the increased voltage due to the
differences in redox potential of the osmium redox polymers selected. Due to differences in
operating conditions, such as pH, glucose concentrations and also electrode preparation
methodologies, comparison with other EFC results has proven difficult. Nonetheless our results
compare well with those reported on for similar systems. For example, Soukharev et al. [39]
report an EFC using GOx and a fungal laccase, co-immobilised with osmium redox polymers
on 7 um diameter, 2 ¢cm long carbon fibres, produces a power density of 350 uW ¢m™2 in 15
mM glucose solutions. However, when the same EFC is tested for operation in 5 mM glucose
solutions and using GOx sourced from Penicillium pinophilum, a power density of 280 uW
cm 2 is achieved [40] similar to the maximum power density obtained in Figure 6. More
recently MacAodha et al. [29] report on an EFC operating in pseudo-physiological conditions
using a GDH enzyme but co-immobilised with Os(dmbpy)PVI redox polymer at the anode
while Myceliophthora thermophila laccase enzyme was used at the biocathode that produced
a power density in in 5 mM glucose solutions of 145 pW c¢cm2,
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Figure 5: Power curves recorded for membrane-less enzymatic fuel cells using 1 mV s ™! linear sweep voltammetry
in 50 mM PBS, at 37 °C, containing 5 mM glucose (blue dots), artificial plasma (red dash) and human plasma
(green solid) for optimised bioanodes prepared by co-immobilisation of Os(dmobpy)PVI 80 pg with FADGDH
64 pg and MWCNTs 540 pg. Cathode enzyme electrodes prepared by co-immobilisation of Os(bpy)PVI,
MWCNT and MvBOd. Power densities normalised to the geometric area of the current-limiting electrode.
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Figure 6: Polarisation curves from 1 mV s™! linear sweep voltammetry recorded in 5 mM glucose and Oz at 37 °C
for optimised enzyme electrodes prepared by co-immobilisation of Os(dmobpy)PVI 80 pg co-immobilised with
FADGDH 64 ng and MWCNTSs 540 ug (red dotted line) as anodes and a cathode enzyme electrode prepared by
co-immobilisation of MvBOd and Os(bpy)PVI (blue dashed line) reported vs Ag/AgCl, and for the enzyme
electrodes assembled as a membrane-less fuel cell (black solid line) operating in PBS (A), artificial plasma (B)
and human plasma (C). Current densities normalised to electrode geometric area for anode and cathode and to the
geometric area of the current-limiting electrode for the EFC.

To verify that EFC can produce power under more realistic sample conditions the assembled
EFCs were operated in an artificial plasma recipe solution [30], providing an average power
density of 109 + 37 uW c¢m 2 (Figure 5) with a maximum power output of 146 uW cm™2.
Maximum power output produced in artificial plasma is approximately half that observed for
the same EFC operating in PBS: a similar change has been reported by MacAodha et al.

achieving a power density of 60 uW c¢m2 [29]. This difference in power output observed
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between artificial plasma and PBS is probably due to the presence of antioxidants and enzyme-
inhibiting compounds in the artificial plasma solutions [41-43]. In addition, an oxygen
concentration of only 0.06 mM was measured in the plasma, achieved by oxygen sparging
through the solution, compared to 0.125 mM measured in the PBS. To evaluate the factors
limiting the power output for the EFCs, polarisation curves at the anode and cathode enzyme
electrodes from the 1 mV s™! slow scan CVs can be combined to model cell polarisation curves
for each EFC (see Figure 6). The polarisation curves indicate that the current at the cathode (as
cathode and anode areas are the same) limits power produced at the assembled fuel cell under
these conditions.

Further experiments were conducted to test for EFC operation in human plasma in an attempt
to evaluate the effect of the deployment in real solutions. The human plasma sample was used
as purchased. An average power density of 53 + 9 pW cm 2 (Figure 6) with a maximum power
output of 60 uW c¢cm2 is achieved for the EFC this sample. The maximum power output
observed for human plasma is approximately half of that observed in artificial plasma. This
difference is possibly due to the fact that blood plasma contains additional components such as
blood clotting factors, lipids, hormones, enzymes, antibodies, and other proteins/components
not present in artificial plasma, some of which are enzyme-inhibiting [44]. Although the
oxygen concentration measured in human plasma is 0.1 mM and similar to a previous reported
value [43, 45], the power density achieved is lower in comparison to that observed in artificial
plasma which is most likely due to the effect that additional components in the plasma have on
the cathode as the polarisation curves for the EFC (Figure 6) indicate that the cathode still
limits the power produced in the EFC.

Others have reported on EFC operation in real samples. For example, an EFC based on direct
electron transfer by cellobiose dehydrogenase enzyme at the anode and MvBOd enzyme at the
cathode was operated in human serum, human plasma and human blood samples [42], where
no significant change in power output between PBS and real physiological solutions were
observed, but a maximum power density of only 4 uW cm ™2 obtained. A recent study on an
EFC utilising FADGDH with a ferrocene redox hydrogel as bioanode and direct electron
transfer at the biocathode using MvBOd immobilised onto multi-walled carbon nanotubes
modified with anthracene moieties reported power densities of ~58 uW cm 2 and ~45 pW c¢cm 2
in human serum and citrate/phosphate buffer respectively at 37 °C [7]. O Conghaile et al. [45]
report on an EFC constructed using enzyme electrodes of Os(dmbpy)PVI, MWCNTs, and a
de-glycosylated pyranose dehydrogenase at anodes and MvBOd on a gold-nanoparticle

modified electrode substrate as cathode. Power densities of up to 275 + 50 uW c¢cm 2 were
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achieved in pseudo physiological conditions, and 73 + 7 uW ¢m ™2 when tested in whole human

blood [45, 46].

Conclusions

Enzyme electrode components were optimised using DoE methodology for application in
physiologically relevant glucose solutions. Current densities of 1.22 + 0.1 mA cm 2 were
achieved at 5 mM glucose concentration in the absence of oxygen with 0.84 + 0.15 mA cm 2
produced in the presence of oxygen. This represents a >50% increase on previously reported
enzyme electrodes optimised using OFAT approach in absence of oxygen. Consideration of
the model allowed for altering the electrode components to minimise cost while providing high
current outputs. This suggests that at biologically relevant concentrations there is no precise
optimal surface concentration but a range of values where high current outputs are achievable
in the presence of oxygen. Further testing is required to provide a more robust model for current
response. EFCs were assembled and tested for power generation to compare performances in
oxygenated PBS, artificial plasma and human plasma using the optimised anode coupled to a
cathode containing MvBOd co-immobilised with Os(bpy)PVI and MWCNTs. The fuel cells
were cathode limiting showing the need for further cathodic improvement to increase power
output from the EFC. The assembled membrane-less EFCs produced power densities of 285
uW cm2, 146 uW cm2 and 60 pW cm? in PBS, artificial plasma and human plasma

respectively.
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Abstract
The performance of glucose enzyme electrodes, consisting of crosslinked flavin adenine

dinucleotide glucose dehydrogenase (FADGDH), an osmium redox polymer and multi-walled
carbon nanotubes on graphite electrodes, was tested in phosphate buffered saline, artificial
plasma and the individual components of artificial plasma to assess the effect of each
component on current response and operational stability of the response to better understand
the decrease in electrode performance observed in blood. Electrodes tested in artificial plasma
show a significant decrease in current response in 5 mM glucose, and operational stability of
the response in 100 mM glucose, compared to electrodes tested in buffer. The lowest current
response for the enzyme electrodes was observed in the presence of physiological level of uric
acid although the largest alteration to enzyme affinity, as estimated from the apparent
Michaelis-Menten constant, occurred upon addition of physiological level of sodium
bicarbonate. The operational stability observed in the presence of uric acid was the lowest of
all components tested, with only 46 % of initial current response after 12 hours and was
comparable to the 27% of current remaining after 12 hours for electrodes operating in artificial
plasma. The effect of uric acid on glucose oxidation by enzyme electrodes prepared using both
glucose oxidase (GOx) and a recombinant cellobiose dehydrogenase (CDH) was assessed. The
maximum current decreased for both FADGDH and GOx enzyme electrodes in the presence
of uric acid, with no significant change to the enzyme affinity, suggesting non-competitive
inhibition. The CDH based electrodes provided highest stability of current signal in buffer,
with 86 % of the initial signal present after 12 hours, but display significant change enzyme

affinity, maximum current and operational stability, dropping to only 33%, in the presence of
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uric acid. In contrast the operational stability of the GOx-based enzyme electrodes was
unaffected by the presence of physiological level of uric acid. As uric acid and sodium
bicarbonate are present in blood, these results highlight the importance of enzyme selection for
in vivo biosensing and biofuel cell applications. Further work is required to understand the

mechanism of uric acid inhibition on each of the enzymes.

Introduction
A fuel cell couples the electrocatalytic oxidation of a fuel at an electrode with the reduction of

an oxidant at a separate electrode to generate power. These reactions occur readily at electrodes
using traditional metal-based catalysts. However, numerous disadvantages are associated with
implementation of non-specific transition metals as catalysts: the electrode can be easily
poisoned, lacks specificity, operates most efficiently under harsh conditions (temperature and
pH) and requires a membrane to separate the electrode compartments.[1—4] The use of enzymes
as catalysts immobilised at electrode surfaces offers solutions to these drawbacks. Enzyme
electrodes are specific, operate under physiological conditions and do not require a membrane
to operate, allowing for miniaturisation of enzymatic fuel cells (EFCs). EFCs operate by using
enzymes to oxidise a fuel at the anode such as glucose while reducing an oxidant, such as
molecular oxygen, at the cathode.[5—10] As the fuel and oxidant are readily available in the
human body, powering of implantable or semi-implantable devices by miniaturised EFCs using
immobilised enzyme biofilms is one potential application.[1,11-15]

Efficient electron transfer from the enzyme active site to the electrode surface is required in
order for sufficient current generation by the electrode. Direct electron transfer (DET) and
mediated electron transfer (MET) are the two routes of electron transfer between enzyme and
electrode. If the active site of the enzyme is greater than 2 nm from the electrode surface DET
becomes difficult to achieve. [16—18] For this reason, redox centres are immobilised in the
biofilm as mediators to shuttle electrons from the active site to the surface. Osmium based
redox polymers co-immobilised at the electrode surface are widely used mediators as they are
relatively stable in the Os(I1)/Os(I11) states, have tunable redox potentials and the polymer films
allow fast charge and mass transport resulting in high current generation.[19-22]

Inclusion of a multifunctional crosslinker such as poly(ethylene glycol) diglycidyl ether
(PEGDGE) and nano-supports such as multi-walled carbon nanotubes (MWCNTs) in the
biofilm improves the stability and magnitude of current signal generated from the glucose

oxidising electrodes.[21,23] The MWCNTs provide a larger surface area for the electrode,
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leading to higher production of current density.[24,25] Electrodes consisting of co-immobilised
osmium-based redox centres with nano-supports and enzyme to form enzymatic fuel cells have
been widely reported.[26—30]

We recently reported on a design of experiments-based optimisation process for maximising
current generation from glucose oxidising electrodes prepared using a flavin adenine
dinucleotide dependent glucose dehydrogenase (FADGDH), osmium based redox polymer,
MWCNTs and PEGDGE. Current densities of 1.2 + 0.1 mAcm™ in 5 mM glucose in the
absence of oxygen and 0.8 + 0.2 mAcm™ in the presence of oxygen were achieved. For fuel
cell testing, oxygen reducing cathodes consisting of Myrothecium verrucaria bilirubin oxidase,
MWCNTs and osmium redox polymer were coupled to the glucose oxidising electrodes
yielding power densities of 285 uWem in phosphate buffered saline (PBS), and 146 uyWem™
in artificial plasma.[31] The poor long term stability, coupled to the low power output, from
EFC remain major roadblocks towards continuous use implantable and semi-implantable EFC
devices.[32-35] One of the major reasons for low current output and lack of stability is the
impact that interfering molecules have on performance of the electrodes.[36—42]

Here we report on testing of glucose oxidising enzyme electrodes in PBS, artificial plasma and
stability of the glucose oxidation current over a 12-hour window in the presence of each
interfering molecule present in artificial plasma is measured to assess the impact on enzyme
electrode performance. In addition, FADGDH was replaced as glucose oxidising enzyme by
glucose oxidase (GOx) or cellobiose dehydrogenase (CDH) in the presence of an interfering
molecule to gain greater understanding of the importance of enzyme catalyst on the

deterioration of current response and stability of the biofilms.

Experimental
Materials

The redox polymer [Os(2,2’-bipyridine):(poly-vinylimidazole)ioCI]" (Os(bpy)PVI), was
synthesised by modification of procedures found in the literature. [43,44] All chemicals were
purchased from Sigma-Aldrich, unless otherwise stated. The flavin dependent glucose
dehydrogenase is from Aspergillus sp. (FADGDH 1.1.99.10, Sekisui, Cambridge, USA;
product GLDE-70-1192). The glucose oxidase is from Aspergillus niger (GOx, EC 1.1.3.4,,
Sigma-Aldrich). The flavodehydrogenase domain of Corynascus thermophilus CDH
(rCtCDH) was heterologously expressed in the methylotrophic yeast Pichia pastoris and
purified as previously described. [45] The MWCNTs (Sigma-Aldrich) were pretreated in
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concentrated nitric acid under reflux for 6 hours followed by washing and filtration. The
PEGDGE was purchased from Sigma-Aldrich (average Mn~526). Milli-Q water (18 MQcm)

was used to prepare all aqueous solutions unless otherwise stated.

Methods

Graphite electrodes were prepared to give a geometric working surface area of 0.0707 cm? by
insulating graphite rods (Graphite store, USA, 3.0 mm diameter, NC001295) with heat shrink
tubing and polishing the exposed surface on fine grit paper. Enzyme electrodes were prepared
through deposition of 16 uL of a 5 mg mL! redox polymer aqueous solution, 2 uL of a 15 mg
mL! PEGDGE aqueous solution, 8.88 pL of a 46.25 mg mL"' MWCNT aqueous dispersion
and sufficient quantity of enzyme (aqueous solution) to achieve a deposition of 0.1 mg of
enzyme per electrode. All electrodes were allowed to stand for 24 hours to ensure the biofilm
had cured.

Electrochemical testing was performed using a CH Instrument 1030a multichannel potentiostat
with a three electrode cell containing 50 mM PBS (150 mM NaCl, pH 7.4, 37°C). Graphite
rods were used as working electrodes with a platinum mesh as counter electrode (Goodfellow)
and a custom-built Ag/AgCl (3M KCl) as reference electrode. All electrochemical responses
are an average of the response obtained for 4 separate electrodes.

The artificial plasma contained uric acid (68.5 mg L), ascorbic acid (9.5 mg L"), fructose (36
mg L), lactose (5.5 mg L), urea (267 mg L), cysteine (18 mg L!), sodium chloride (6.75 g
L"), sodium bicarbonate (2.138 g L), calcium sulfate (23.8 mg L), magnesium sulfate (104.5
mg L") and bovine serum albumin (7 g L!). [46]

Results and Discussion
Previous studies wiring FADGDH with osmium redox polymers at electrode surfaces have

focused on optimising current density for application as anodes in EFCs. [28,31,47-49]
Substantial changes to current density, or EFC power, responses are observed when anodes or
EFCs are operated in physiological fluids, compared to operation in buffer solutions.
[31,38,50-52] We report the effect of selected blood plasma components on the performance
of wired glucose oxidising electrodes, in an attempt to understand and hence mitigate against
any effect. The performance of the electrodes is assessed by measuring current response in the
presence of increasing concentration of glucose as well as the stability of the signal over a 12-

hour timeframe. Control testing is carried out in PBS with no other plasma component present.
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Enzyme electrodes are produced by coating graphite electrodes with an amount of enzyme,
redox polymer, MWCNTs and crosslinker, with amounts selected based on results from
previous work.[31] Slow-scan cyclic voltammetry (CV) in the presence and absence of glucose
substrate is used to monitor the response of the enzyme electrodes (Figure 1). In the absence
of glucose, oxidation and reduction peaks for Os(bpy)PVI centre at ~ 0.22 V vs Ag/AgCl, in
agreement with previously reported values for the Os(II/III) redox transition for this redox
polymer at an electrode surface.[53,54] Peak currents vary linearly with scan rate at slow scan
rates (<20 mVs™!) in the absence of substrate which indicates a surface confined response. At
higher scan rates (>20 mVs™!) peak currents vary linearly with the square root of scan rate
indicative of semi-infinite diffusion which is expected from multi-layer biofilms at an electrode
surface. Slow scan CV recorded in the presence of glucose shows a sigmoidal response for the
enzyme electrodes (Figure 1), characteristic of an electrocatalytic process (EC’). The half-wave
potential (Ei2) of the catalytic response is negatively shifted by approx. 100 mV when
compared to the response in the absence of substrate. At low substrate concentration a
separation of the response between the plateau-shaped catalytic wave and a reversible mediator
wave is also evident. This shift and separation may be due to transport limitation of the glucose
and occurs for a mixed case between substrate-limited and kinetic-limited conditions,
particularly for high local mediator concentrations relative to the Michaelis-Menten kinetics

for the enzyme-mediator interaction, as is the case for these redox polymer films. [55-57].
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Figure 1: Slow scan (1 mVs™) cyclic voltammograms of electrodes in quiescent 50 mM PBS solution (150 mM
NaCl, pH 7.4, 37°C). Electrode biofilms consisted of FADGDH (100 pg), Os(bpy)PVI (80 pg), MWCNTs (410
pg) and PEGDGE (30 ng). CV scans were recorded in the absence of glucose (blue), 5 mM glucose (red) and 100
mM glucose (green).
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Plateau currents observed in 100 mM glucose concentrations in Figure 1 are used to select an
electrode potential of 0.45 V to be applied for steady state amperometry measurements. The
amperometric response of enzyme electrodes is then measured as a function of increasing
glucose concentration (Figure 2). Current densities observed in steady state amperometry are
slightly higher than those for the same potential in slow scan CVs, due to the stirring of the
solution during amperometric measurements implemented to avoid depletion of the substrate

at the electrode surface, as reported previously.[49]

Parallel amperometric responses of enzyme electrodes are measured in PBS, in artificial plasma
as well as in PBS containing only one of the components of artificial plasma. Oxidation current
responses increase with increasing glucose concentrations for all enzyme electrodes, with some
variation in magnitude of current response in the presence of plasma components.
Representative current vs concentration plots are shown in Figure 2 and the response in the
presence of 5 mM and 100 mM glucose, representing response under typical human

physiological and under typical substrate saturated conditions, shown in Table 1.
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Figure 2: Current response at 0.45 V (37 °C) with stirring at 150 rpm for enzyme electrodes (n=4) consisting of
FADGDH (100 pg), Os(bpy)PVI (80 pg), MWCNTs (410 pg) and PEGDGE (30 ng) in PBS, pH 7.4 (blue circle),
artificial plasma (red diamond) and in the presence of magnesium sulfate (purple star), or uric acid (green
triangle)) at the level expected for plasma (see experimental section).

Electrodes tested in artificial plasma show a significant decrease in performance compared to
electrodes tested in PBS, as reported previously. [31,50,51] Testing of electrodes in PBS
containing magnesium sulfate, cysteine and calcium sulfate produced marginally higher

glucose oxidation current densities at 5 mM and 100 mM glucose when compared with testing
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in PBS. The observed increase in current density is in agreement with work published
previously on the effect of cations in solution on glucose oxidising enzymes, such as calcium.
[58—60] The effect of individual plasma components on biosensor or bioanode performance
has been reported previously, although not extensively studied. [61-64] Current densities
recorded for enzyme electrodes in the individual presence of either urea, fructose, lactose,
ascorbic acid, BSA, sodium bicarbonate or uric acid are lower than responses in PBS, Table 1.
Nonlinear least-squares fitting of the data points obtained to the Michaelis-Menten equation is
used to estimate K" and jmax values for the enzyme electrode, to permit comparison of
performance, Table 1. The estimated Kin*? values obtained in the presence of individual plasma
components are similar to that obtained in PBS, with the exception of that obtained in the
presence of sodium bicarbonate which is significantly higher than the value obtained in PBS.
This suggests that the significant increase in Kn,*? observed for FADGDH enzyme electrodes
in artificial plasma, compared to buffer, is due to the presence of sodium bicarbonate. It is
unclear as yet if the observed change in Kn*? is due to a specific effect of sodium bicarbonate
on the enzyme or on the redox polymer. The estimated jmax value in the presence of uric acid
is significantly lower than values for enzyme electrodes tested in PBS, and in all other plasma
components. Uric acid and ascorbic acid are capable of undergoing direct oxidation at
electrodes. [65,66] There is evidence of direct oxidation of uric acid at these physiological
concentrations at the enzyme electrode, but not of ascorbic acid. Although oxidation of uric
acid should provide for increased enzyme electrode response in its presence it is possible that
the allantoin product of uric acid oxidation is accumulated within the enzyme electrode, and
therefore decreases enzyme electrode response.

Further testing of the enzyme electrodes is performed to assess the operational stability in
buffer, artificial plasma, and the individual components of artificial plasma, given the
importance of stability of signal for application to continuous enzyme electrode operation as a
biosensor or EFC. Amperometry was performed at 0.45 V vs. Ag/AgCl in solutions containing
100 mM glucose with stirring at 150 rpm (pH 7.4 @ 37 °C), immediately following recording
of the slow-scan CV (see Figure 1). Comparison of the current obtained 10 min after testing
was commenced with that after a 12-hour timeframe is used to assess stability of signal. The
percentage of current remaining after 12 hours is used to report on the performance of enzyme

electrodes in the presence of plasma components (Table 2).

94



Table 1: The current densities observed at 5 mM and 100 mM for electrodes consisting of FADGDH (100 pg),
Os(bpy)PVI (80 png), MWCNTs (410 pg) and PEGDGE (30 pg) tested in the presence of an individual plasma
component (n=4). Apparent Michaelis-Menten constants (Km*?) and jmax values for each experimental run is
included below. Amperometry performed at 0.45V vs. Ag/AgCl in PBS with stirring at 150 rpm (pH 7.4 @ 37
°C).

Plasma Current density ~ Current density
component at 5 mM at 100 mM
glucose glucose K™ (mM) jmax (MA cm?)
(mA c¢cm?) (mA c¢cm2)

Magnesium 1.6+0.2 89+ 1.0 289+2.8 12.1+04
sulfate
Cysteine 1.5+0.1 8.8+0.6 28.4+1.9 11.8+£0.3
Calcium sulfate 1.5+£0.2 92+2.0 253+43 12.3+£0.7
None (PBS) 1.5+£0.1 7.8+£0.5 23.4+1.8 10.3+0.3
Urea 1.3+0.1 7.8+ 0.6 257+£2.5 10.5+0.3
Fructose 1.3+0.1 8.0+0.7 269+33 10.7+ 0.5
Lactose 1.3+£0.1 7.9+0.6 285+ 1.8 10.8 +£0.3
Ascorbic acid 1.2+0.1 7.4+0.4 29.7+ 1.8 9.9+0.2
Artificial 1.2+0.1 7.5+£0.5 455+2.8 11.1+£0.3
plasma
BSA 1.24+0.2 7.0+ 0.8 24.4+2.7 93+0.3
Sodium 1.24+0.2 95+1.3 48.9 + 6.1 144+0.8
bicarbonate
Uric acid 09+0.1 51+0.3 224+1.7 6.5+0.2
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Table 2: Current densities recorded for electrodes consisting of FADGDH (100 pg), Os(bpy)PVI (80 png),
MWCNTs (410 pg) and PEGDGE (30 pg) in PBS (pH 7.4 @ 37 °C) containing 100 mM glucose and in the
presence of an individual plasma component after 10 minutes and after 12 hours of continuous operation.
Amperometry performed at 0.45V vs. Ag/AgCl with stirring at 150 rpm.

Plasma Initial current ~ Current after 12 % current after
component after 10 minutes hours 12 hours
(mA c¢cm2) (mA c¢cm2)

Fructose 7.7+0.6 7.1+0.5 92
Urea 83+0.8 6.8+0.6 82
Lactose 7.5+0.6 59+0.5 80
BSA 73+0.7 58+04 79
Calcium sulfate 92+2.1 7.1+0.7 77
Magnesium 8.7+0.9 6.5+04 75
sulfate

Sodium 85+1.3 63+1.0 74
bicarbonate

None (PBS) 82+0.3 59+0.2 72
Cysteine 85+0.5 53+0.3 63
Ascorbic acid 7.3+0.5 4.6+0.4 62
Uric acid 4.7+£0.2 22+04 46
Artificial 7.0+0.2 1.9+0.1 27
plasma

Enzyme electrodes tested in PBS, with no additional plasma component, retain 72 % of initial
current after 12 hours. This performance is in agreement with that reported previously for
similar enzyme electrodes.[49] However, enzyme electrodes tested in artificial plasma retain
only 27% of initial current after 12 hours of continuous operation. Previous work carried out
on EFC response in complex solutions, such as artificial tears, report a similar decrease in
operational stability over time. [63] Interestingly, highest operational stability for glucose
oxidation, 92 % of initial current remaining after 12 hours, is achieved for enzyme electrodes
operating in PBS and fructose at physiological levels (36 mg L!). It is unclear why the presence
of fructose in solution stabilises the current response over this time period. For example, the

FADGDH enzyme shows no activity towards fructose. [67,68] Of all the individual
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components present in artificial plasma, the presence of uric acid at physiological levels (68.5
mg L) results in the greatest % decrease in current over 12 hours operation, as well as the
lowest initial current response in the presence of 5 mM or 100 mM glucose, and lowest jmax. It
is known that uric acid is responsible for interfering signals to in-vivo electrochemical sensing
as a result of direct oxidation of uric acid at electrodes (0.59 V vs. NHE) [41,42,69] If the effect
of uric acid on these enzyme electrodes was due to direct oxidation, an increase in current in
its presence is anticipated, not a decrease. The results obtained in this study suggest that uric
acid inhibits enzyme electrode performance resulting in decreased current production and

operational stability (Table 1 and Table 2).

In order to determine whether uric acid affects the FADGDH enzyme, or any of the other
components in the enzyme electrode, enzyme electrodes prepared using alternate glucose
oxidising enzymes (glucose oxidase or recombinant cellobiose dehydrogenase at a loading of
0.1 mg per electrode) within otherwise identical biofilms of osmium polymer, MWCNTs and
PEGDGE are tested. Steady state amperometry is used to record current responses as a function
of increasing glucose concentration, with testing in the presence and absence of uric acid at

physiological level (Figure 3), with K and jmax values estimated as before, Table 3.
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Figure 3: Average current response (n=4) generated for each electrode consisting of glucose oxidising enzyme
(100 pg), Os(bpy)PVI (80 ng), MWCNTSs (410 pg) and PEGDGE (30 pg). Amperometry performed at 0.45V vs.
Ag/AgCl in PBS with stirring at 150 rpm (pH 7.4 @ 37 °C). Uric acid concentration was 68.5 mg L. FADGDH
electrodes tested in the presence (red) and absence (blue) of uric acid. GOx electrodes tested in the presence
(green) and absence (pink) of uric acid. CDH electrodes tested in the presence (dark green) and absence (light
blue) of uric acid.
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Table 3: Apparent Michaelis-Menten constants (Km*P),jmax values, initial current, remaining current and
percentage remaining current for enzyme electrodes (n=4) prepared using a glucose oxidising enzyme (100 pg),
Os(bpy)PVI (80 ug), MWCNTs (410 pg) and PEGDGE (30 pg) from currents in the presence of glucose recorded
under steady state amperometry at 0.45V vs. Ag/AgCl in PBS with stirring at 150 rpm (pH 7.4 @ 37 °C). Uric
acid concentration was 68.5 mg L.

Enzyme KPP (mM) jmax (MA cm2)  Initial current Remaining Remaining
after 10 current after 12 current
minutes hours (%)

(mA cm?) (mA c¢cm?)
FADGDH 234+ 1.8 10.3+£0.3 82+0.3 59+0.2 72
in uric acid 224+1.7 6.5+0.2 4.7+£0.2 22+04 46
GOx 18.0+4.2 8.8+0.6 6.0+1.1 43+1.1 70
in uric acid 17.7+4.9 7.1£0.6 45+1.3 3.1+1.0 70
CDH 80.0£5.8 8.8+0.4 43+0.2 3.7+0.1 86
in uric acid 40.1+5.2 55+0.3 35+04 1.2+0.1 33

Kn®P values are similar for enzyme electrodes produced using FADGDH or GOx when
operated in the presence or absence of uric acid. The jmax value for enzyme electrodes using
GOx is 20% lower in the presence of uric acid than that in PBS buffer alone. This difference is
not as significant as the 37% decrease observed for enzyme electrodes based on FADGDH in
the presence of uric acid. A decrease in jmax While maintaining a similar K, is indicative of
non-competitive enzyme inhibition [70-72] thus uric acid inhibits non-competitively both
FADGDH and GOx activity although GOx is not as badly affected as the FADGDH enzyme.
For comparison, both Kn*P and jmax values decrease significantly for enzyme electrodes
produced using a CDH enzyme when operated in the presence of uric acid instead of PBS
buffer alone. The decrease in both KPP and jmax suggests uncompetitive inhibition [70] occurs
for the CDH based enzyme electrode in the presence of uric acid. The effect of interfering
compounds on the CDH enzyme has been reported on previously, although uric acid was not
investigated. [73]

The proportion of initial current remaining after 12 hr operation dropped from 72 % to 46 % in
the presence of uric acid, compared to operation in PBS buffer alone, for the FADGDH based
electrodes. The stability of the current response is unaltered in the presence of uric acid for the
GOx based enzyme electrodes, although the initial current density, in the absence of uric acid,

is lower than that observed for FADGDH based enzyme electrodes. As reported on previously
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CDH electrodes, in the absence of uric acid, produce the most stable current, retaining 86% of
initial current after 12 hr operation in PBS. [49,74] However, in the presence of uric acid, CDH
based enzyme electrodes retain only 33 % of initial current after 12 hr operation. Again, the
results, in combination with the observed changes to Km®? and jmax, suggest that the uric acid
acts as an uncompetitive inhibitor of the CDH enzyme for the oxidation of glucose. From the
three glucose oxidising enzymes tested, the operational stability of GOx based electrodes in
the presence of uric acid was least affected by the presence of uric acid, with however
significant changes to estimated maximum current density of all three enzyme electrodes in the
presence of uric acid. One possible explanation is that uric acid acts as an inhibitor of the

enzyme however further testing is required to test this hypothesis.

Conclusion
Enzyme electrodes consisting of co-immobilised FADGDH, Os(bpy)PVI, MWCNTs and

PEGDGE were tested in PBS, artificial plasma and the individual components of the artificial
plasma to gain a better understanding of the reason for a decrease in electrode performance
observed in artificial serum and human serum.[31,38,50-52] The lowest current response for
these electrodes was observed in the presence of physiological level of uric acid although the
largest change to K occurred upon addition of physiological level of sodium bicarbonate.
The lowest operational stability observed in the presence of a single plasma component was
recorded in the presence of uric acid, with only 46 % of initial current response after 12 hours:
this compares to only 27% of current remaining after 12 hours for electrodes operating in
artificial plasma. Electrodes were prepared using alternate glucose oxidising enzymes, GOx
and CDH, and tested in the presence of uric acid. For both FADGDH and GOx enzyme
electrodes, jmax decreased significantly with no significant change to the Kn**? suggesting non-
competitive inhibition. The CDH based electrodes provide highest stability of current signal in
PBS, with 86 % of the initial signal present after 12 hours, but demonstrate significant change
to the Kin®PP and jmax values as well as operational stability dropping to only 33% in the presence
of uric acid. In contrast the operational stability of the GOx based enzyme electrodes was
unaffected by the presence of physiological level of uric acid. As uric acid and sodium
bicarbonate are present in blood, careful consideration is required in choosing a glucose
oxidising enzyme for both glucose sensing and EFC device assembly. Further work is required
to understand the mechanism of uric acid inhibition on each of the FADGDH, GOx and CDH

enzymes.
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Abstract

Stability of glucose-oxidising enzyme electrodes is affected by substances in physiological
solutions, hampering deployment as long-term implantable biosensors or fuel cells. The
performance of Nafion over-coated enzyme electrodes, consisting of multiwalled carbon
nanotubes and flavin adenine dinucleotide-dependent glucose dehydrogenase (FADGDH) or
glucose oxidase (GOx) crosslinked with osmium-complex based redox polymer, was compared
to uncoated electrodes in presence of uric acid and artificial plasma. Nafion over-coating
resulted in lower glucose oxidation current densities compared to no over-coating. The highest
initial current density for Nafion over-coated electrodes in artificial plasma in 100 mM glucose
was 8.0 + 2.0 mA cm? for GOx electrodes with 0.5 % w/v Nafion coating. These electrodes
retained 83 % of initial current after 12 hours continuous operation in artificial plasma while
similarly prepared FADGDH electrodes retained 58% signal. This is compared to retention of
only 73 % or 31 % observed for GOx or FADGDH electrodes in artificial plasma with no
Nafion membrane. Enzyme electrodes over-coated with Nafion maintain improved signal
stability when tested continuously in the presence of uric acid, identified as being the main
contributing substance to FADGDH enzyme electrode instability, showing promise for

application to continuous use glucose-oxidising enzyme electrodes.
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Introduction

Despite the significant progress made in continuous-use glucose sensing in recent decades
major hurdles remain for long term function and stability of enzyme electrodes for such
applications. Implantable or semi-implantable devices are subject to the foreign body response
(FBR) as well as the effect of interfering compounds such as uric acid and ascorbic acid. [1,2]
Similarly, the lack of stability of semi-implantable enzymatic fuel cell (EFC) performance can
be attributed to the FBR and the effect of interfering compounds found in-vivo on the EFC.
This remains a major obstacle to overcome before EFCs can be considered as continuous use
power sources for implantable and semi-implantable devices. [3]

Fuel cells based on enzymatic power are an attractive alternative to metal based catalysts such
as platinum as they can electrolyse fuels present in the body, have greater substrate selectivity,
and operate under physiological conditions (pH 7.4, 37 °C). [4—6] EFCs as power sources allow
for greater miniaturisation as there is no need for seals, casings and membranes which are
necessary in battery assemblies. Development of EFCs capable of powering such devices is
reliant on improvements to fuel cell power generation and long-term operational stability of
enzyme electrodes. [3,7-10]

Electron transfer between enzyme active site and electrode surface is achieved either through
direct electron transfer (DET) or mediated electron transfer (MET). [11,12] To achieve DET,
orientation strategies are required to place the active site close to the electrode surface to allow
for shuttling of electrons. This can be difficult to achieve and for this reason redox mediators
are widely used to act as electron shuttles. Osmium-based polypyridyl redox complexes and
polymers are attractive mediators as they operate at low potentials, are relatively stable in the
Os (II/IIT) redox states and the redox potential can be tuned to the enzyme redox potential to
achieve a compromise between cell voltage and current generation. [13—17] Inclusion of multi
walled carbon nanotubes (MWCNTs) in the casting process for preparation of enzyme
electrodes, with the nanomaterial retained using a poly(ethylene glycol) diglycidyl ether
(PEGDGE) crosslinker between enzyme and polymer, results in higher current response and
operational stability for enzyme electrodes. [18,19] EFCs based on co-immobilisation of nano-
supports, osmium based redox mediators and enzyme have been widely reported. [20—24]

We recently reported a systematic analysis of the effect of each component of artificial plasma
on glucose oxidation at electrodes assembled by co-immobilising a flavin adenine dinucleotide-
dependent glucose dehydrogenase (FADGDH) with osmium-complex based redox polymer,
MWCNTs and PEGDGE on graphite. [25] The lowest glucose oxidation current response

generated was for phosphate buffered saline (PBS) in the presence of uric acid when compared
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to results obtained in PBS alone. In addition, the lowest operational stability recorded was in
the presence of uric acid, with 46 % of initial current retained after 12 hours of continuous
polarisation of electrodes for glucose oxidation, compared to 72 % retained in PBS alone.
Electrodes tested in artificial plasma maintained 27 % of operational stability over the same
time frame. Comparison of enzyme electrodes showed that cellobiose dehydrogenase (CDH)-
based electrodes retained 33 % current density in the presence of uric acid compared to 86 %
in PBS, while GOx-based electrodes were least affected by the presence of uric acid
maintaining 70 % of their initial current in the presence and absence of uric acid.

Here we report on the use of Nafion over-coating to protect enzyme electrodes from the effects
of uric acid. The use of Nafion limits direct oxidation at electrode surfaces of negatively
charged molecules such as ascorbic acid and uric acid, as it is a negatively charged ionomer.
[15,26-32] In addition over-coating enzyme electrodes, formed by deposition of enzyme and
polycationic redox polymers, with polyanionic films such as poly-acrylic acid [33] or a co-
polymer containing poly(styrene sulfonate) [34] has been reported to enhance enzyme
electrode stability through improved retention of the redox polymer within the enzyme
electrode film matrix. In this report enzyme electrodes were prepared using either FADGDH
or GOx and tested in PBS, PBS containing physiological levels of uric acid, and in artificial

plasma.

Experimental Section

2.1 Materials

All chemicals used in the study were purchased from Sigma-Aldrich, unless stated otherwise.
The osmium redox polymer wused poly(l-vinylimidazole)-[Os(2,2’-bipyridine),CI]*
(Os(bpy)PVI), with a nominal ratio of one redox complex for every 10" vinyl-imidazole
monomer unit, was synthesised according to previously published work. [35,36] The glucose
oxidase is sourced from Aspergillus niger (GOx, EC 1.1.3.4., Sigma-Aldrich). The flavin
adenine dinucleotide-dependent glucose dehydrogenase is from Aspergillus sp. (FADGDH
1.1.99.10, Sekisui, Cambridge, USA; product GLDE-70-1192). The MWCNTs were purchased
from Sigma Aldrich and were refluxed in concentrated nitric acid for 6 hours before washing
using copious amount of water until the run-off from the washing was neutral, and subsequently
filtered. Milli-Q water (18 MQcm) was used to prepare all aqueous solutions. The Nafion
solution (5% w/v) was purchased from Sigma Aldrich and was diluted in ethanol to produce

solutions containing 0.5% and 1% Nafion. The artificial plasma recipe used in the study
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contained uric acid (68.5 mg L), ascorbic acid (9.5 mg L), fructose (36 mg L'!), lactose (5.5
mg L), urea (267 mg L), cysteine (18 mg L), sodium chloride (6.75 g L), sodium
bicarbonate (2.138 g L), calcium sulfate (23.8 mg L"), magnesium sulfate (104.5 mg L!) and
bovine serum albumin (7 g L). [37]

2.2 Methods

All electrochemical testing was carried out using a CH Instruments 1030a multichannel
potentiostat. Electrochemical testing was performed in PBS (50 mM phosphate buffer
containing 150 mM NaCl, pH 7.4) at 37 °C. No effort was made to exclude oxygen from the
electrolyte. Graphite rods (Graphite store, USA, 3.0 mm diameter, NC001295) were cut,
insulated with heat shrink tubing and polished at one end using fine grit paper to give graphite
electrodes with a geometric working surface area of 0.0707 cm?. Graphite rods were used as
the working electrodes with a custom-built Ag/AgCl (3M KCl) reference electrode and a
platinum mesh as counter electrode. The electrochemical responses reported in this study are
an average result obtained for four separate electrodes tested simultaneously.

Enzyme electrodes were prepared through deposition onto working electrode areas of 16 uL of
a 5 mg mL! redox polymer aqueous solution, 10 pL of a 10 mg mL"! aqueous enzyme solution
(FADGDH or GOx), 8.88 uL of a 46.25 mg mL-' MWCNT aqueous dispersion and 2 uL of a
15 mg mL-! PEGDGE aqueous solution. Electrodes were allowed to stand for 24 hours prior to
testing to ensure the film had cured. Nafion treated electrodes were prepared by allowing the
film described above to cure for three hours followed by deposition of 10 pL of either a 1% or
0.5 % w/v Nafion in ethanol dispersion. The electrodes were then allowed to stand for the

remainder of the 24 hours to allow for the film to cure.

Results and Discussion

Relative quantities of each component for initial preparation of glucose-oxidising enzyme
electrodes using the FADGDH enzyme are selected based on the previously described
systematic analysis of the effect of each component on current response. [20,38,39] The
stability of the current output recorded for these enzyme electrodes is greatly altered when
comparing between PBS and artificial plasma, and a systematic analysis highlighted uric acid
as the component responsible for the largest decrease in electrode stability in artificial plasma
versus PBS. [25] Over-coating of the enzyme electrodes with Nafion is therefore targeted as a
route towards protecting the enzyme electrode from uric acid, as the anionic charge of the

Nafion film should limit access of the anionic uric acid to the enzyme electrode while allowing
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for glucose to permeate through to the film. The redox Os(bpy)PVI redox polymer is selected
for this study, despite the relatively positive redox potential, as it has been previously reported
that lower potential redox polymers are subject to oxidation from dissolved molecular oxygen
in solution [20, 40, 41]. As testing was carried out in solutions containing dissolved molecular

oxygen, a redox polymer with a higher potential was used to seek to minimise this effect.

3.1 Nafion Coated Enzyme Electrodes

Slow-scan cyclic voltammetry in the presence and absence of glucose was used to initially
characterise enzyme electrodes. Scans recorded in the absence of substrate (glucose) show a
redox potential centred at approximately 0.22 V vs. Ag/AgCl (see Fig 1 for enzyme electrodes
based on GOx and Fig S1 for enzyme electrodes based on FADGDH) which agrees with
previously reported values for the Os(II/III) transition of the redox polymer. [42,43] At
relatively slow scan rates (< 20 mV s™!) peak currents vary linearly with scan rate indicative of
a surface-confined redox response. [44] Peak currents vary linearly with the square root of scan
rate at higher scan rates (>20 mV s™!) indicative of semi-infinite diffusion as expected for multi-
layer films. [44] The half-wave potential (E1/2) recorded in the presence of a high concentration
of substrate (100 mM glucose) is shifted negatively by ~ 100 mV when compared to the redox
response in the absence of substrate (see Fig 1 for enzyme electrodes based on GOx and Fig
S1 for enzyme electrodes based on FADGDH). This negative shift occurs for both the Nafion
over-coated and uncoated electrodes. The basis for this shift is unclear at present, but it is not
likely due to a charging process and instead may be indicative of substrate transport limitation

that occurs for a mixed case between substrate and kinetic-limited conditions. [45,46]
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Figure 9: Slow scan (1 mV sV) cyclic voltammograms recorded for enzyme electrodes prepared with no Nafion
coating tested in the presence (green) and absence (blue) of glucose (100 mM in quiescent PBS at 37 °C) compared
to enzyme electrodes prepared with a 0.5 % Nafion coating tested in the presence (purple) or absence of glucose
(red) (100 mM in quiescent PBS at 37 °C). Enzyme electrodes consisted of GOx (100 pg), Os(bpy)PVI (80 pg),
MWCNTs (410 ng) and PEGDGE (30 pg).

Slow scan CVs recorded in the presence of 100 mM glucose are similar for Nafion-coated and
uncoated electrodes showing a sigmoidal response, characteristic of an electrocatalytic process
(EC’) (see Fig 1 for enzyme electrodes based on GOx and Fig S1 for enzyme electrodes based
on FADGDH), with the noise in the steady-state current most likely due to mass transport
limitations. Enzyme electrodes prepared using FADGDH (Fig S1) produce similar shaped CV
responses for glucose oxidation in PBS as electrodes prepared using GOx. Over-coating
electrodes with a layer produced by addition of a volumes of either 0.5 % or 1 % Nafion does
not alter significantly the shape for the slow scan CV, when compared to electrodes that are
not over-coated, for both FADGDH and GOx enzyme electrodes, although a slight negative
shift in redox potential is observed with over-coating which may be due to counter-ion effect
within the films. Surface coverage of Os redox centres obtained through integrating the area
under the redox peak for 1 mV s~!scan rate CVs in the absence of glucose as substrate provide
values of 202 + 25, 246 + 37 and 172 + 13 nmol cm™ for FADGDH electrodes with no Nafion
coating, 0.5 % Nafion coating and 1 % Nafion coating respectively. Surface coverage values
of 323 £ 12, 337 £ 21 and 341 + 14 nmol cm™ were obtained for otherwise identical electrodes
containing GOx instead of FADGDH. The increased osmium surface coverage for GOx

electrodes suggests a greater retention of the redox polymer at the surface due to electrostatic
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interaction between the GOx and polycationic redox polymer compared to that for FADGDH
and redox polymer. This may be due to differences in isoelectric point (pI) for each enzyme as
the pl of GOx is 4.05 while the pI for FADGDH is 4.4 leading to a greater negative charge of
GOx under test conditions (pH 7.4): however further testing over a range of pH values is
required to confirm the results. [47—49]

Further characterisation of the Nafion coated electrodes consisting of FADGDH and GOx was
performed in PBS using amperometry. Higher current densities were recorded for
amperometric measurements when compared to slow scan CVs at the same potential as stirring
of the test solution was performed during amperometric measurements to prevent substrate
depletion at the enzyme electrode. [S0] Amperometric measurements were performed at 0.45
V, selected as steady state currents are achieved at this potential as observed in Fig. 1: this also
permits comparison with results previously reported. [25] Apparent K values and maximum
saturation currents (jmax) Were estimated from non-linear fitting of the amperometric current
response as a function of glucose with a Michaelis-Menten model (Fig. 2), with the data
presented in Table 1. [51] Maximum linear ranges were estimated from linear fitting of the
current density versus concentration and selection of the glucose concentration that retained a
correlation co-efficient >0.99, with the enzyme electrode sensitivity values equal to the slope

of the linear plot to that concentration (Table 1).
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Figure 2: Glucose oxidation current densities as a function of glucose concentration, extracted from amperometry
at 0.45 V vs. Ag/AgCl in PBS (37 °C) with stirring at 150 rpm for electrodes (n=4) consisting of enzyme (100
ng), Os(bpy)PVI (80 pg), MWCNTSs (410 pg) and PEGDGE (30 pg). Current responses for electrodes consisting
of GOx (red squares), or FADGDH (blue circles) with no Nafion coating, and GOx (purple triangles) or FADGDH
(green diamonds) with 0.5% w/v Nafion coating.
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To assess which Nafion coating was most suitable for testing in human physiological solutions,

current density values recorded in PBS in the presence of 5 mM glucose, to represent typical

human physiological values, and in 100 mM glucose, are presented in Table 1. The decrease

in current response, decrease in sensitivity, and increase in linear range, as a result of over-

coating of enzyme electrodes with Nafion is in agreement with previously published work, and

is because the Nafion layer acts as a barrier that decreases the glucose flux. [15,52,53]

The glucose oxidation current density under physiological glucose concentrations (5 mM), and

the linear range, is similar for enzyme electrodes prepared with GOx and FADGDH, although

the GOx enzyme electrode response produces a slightly higher current density than that for

FADGDH at higher glucose concentrations (100 mM), and a higher sensitivity over the linear

range, as has been reported on previously for enzyme electrodes prepared with the same

protocol, but using a redox polymer with a lower redox potential. [25,50]

Table 1: Enzyme electrode responses (n=4) for electrodes consisting of enzyme (100 pg), Os(bpy)PVI (80 pg),
MWCNTs (410 pg) and PEGDGE (30 pg). Amperometry performed at 0.45 V vs. Ag/AgCl in PBS (37 °C, pH
7.4) with stirring at 150 rpm.

Enzyme Current Current Km?PP Jmax Maximum  Sensitivity
electrode density in  density in M) (A cm?) linear (A cm M)
5SmM 100 mM " naem range
glucose glucose )
(mA cm?) (mA cm?)

GOx 1.3+£0.1 8.2+0.8 23+£29  113+£0.5 30 0.240
GOx (0.5% 0.5+0.1 45403 549+63 73+04 40 0.080
w/v Nafion)

GOx(1%w/v  04£0.2 44+ 14 80.8 £ 8.1+1.9 50 0.064

Nafion) 343

FADGDH 1.2+04 75+10 28.1+34 103+04 30 0.182

FADGDH 04+0.1 29+£02 413+41 42+02 40 0.050

(0.5% w/v
Nafion)

FADGDH 04+0.1 2604 451+7.6 3.8+03 40 0.044
(1% w/v

Nafion)
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3.2 Enzyme electrode response under pseudo-physiological conditions

The effect of physiological solutions on enzyme electrode performance has been previously
published, showing a significant drop off in electrode performance in complex physiological
solutions when compared to electrodes tested in PBS. [20,54-58] We reported on a systematic
study of the effect of components in artificial plasma on the operational stability of the current
for glucose oxidising electrodes, based on co-immobilisation of enzymes with an osmium
redox polymer. [25] Uric acid was identified as the component of artificial plasma resulting in
the most significant change to current response and operational stability for electrodes based
on FADGDH. It should be noted there is evidence of direct oxidation of uric acid at these
physiological concentrations at the enzyme electrode, but not of ascorbic acid. Current
response to increasing glucose concentrations and continuous operation over a 12-hour window
was measured to assess the performance of the Nafion over-coating on the operational stability
of the glucose-oxidising enzyme electrodes, with Fig. 3 showing the current responses as a
function of glucose concentration for each electrode set tested in artificial plasma and Fig S2
showing current response over the 12 hour window for the enzyme electrodes. The decay
curves differ for electrodes in different electrolytes or with different over-coating,

demonstrating that glucose mass transport is not solely responsible for the current decay.
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Figure 3: Average current responses (n=4) from amperometry at 0.45 V vs. Ag/AgCl in artificial plasma (37 °C)
with stirring at 150 rpm at enzyme electrodes consisting of enzyme (100 pg), Os(bpy)PVI (80 pg), MWCNTs
(410 pg) and PEGDGE (30 pg). Enzyme electrodes are GOx (red squares) or FADGDH (blue circles) with no
Nafion coating, GOx (purple triangles) or FADGDH (green triangles) with 0.5% w/v Nafion coating, and GOx
(black circles) or FADGDH (orange diamonds) with 1% w/v Nafion coating.

Table 2: % Retained current after 12 hours operation for enzyme electrodes (n=4) consisting of enzyme (100 pg),
Os(bpy)PVI (80 ng), MWCNTs (410 pg) and PEGDGE (30 pg). The values recorded are amperometric current
responses at 0.45 V vs. Ag/AgCl in test solutions (37 °C) containing 100 mM glucose with stirring at 150 rpm.

Electrode/Test solution Retained Retained current in ~ Retained current
current in PBS ~ PBS plus uric acid in artificial
(%) (%) plasma
(%)

GOx 80+ 5 78 £4 73 +£8
GOx (0.5% w/v Nafion) 79 £3 90+9 83+ 8
GOx (1 % w/v Nafion) 84+3 100+ 19 84 +6
FADGDH 80+ 5 35+6 31+3
FADGDH (0.5% w/v Nafion) 76 £6 71+£2 58+2
FADGDH (1% w/v Nafion) 90+ 9 90+ 11 66+ 6

The FADGDH electrodes without Nafion over-coating retained 31 % of their initial current
response after 12 hours in artificial plasma compared to the GOx electrodes which retained 73
% of their initial output. The better performance of GOx electrodes over FADGDH electrodes
is in agreement with previous work published on continuous operation in complex solutions.
[25,50,59] The significant decrease in operational current stability in the presence of uric acid
for the enzyme electrodes prepared using FADGDH, falling from 80% to 35% retained current

after 12 hours, compared to those prepared using GOx, with retained current not changing
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significantly, highlights the effect of the presence of this component on the enzyme, as reported
previously. [25] The operational stability of the electrodes, for FADGDH and GOx, was
improved by over-coating with Nafion when compared to enzyme electrodes without Nafion,
presumably because the anionic Nafion acts as a barrier repelling anions such as uric acid in
the artificial plasma from interacting with the enzyme electrode films and the electrode.
[30,31,52] Over-coating GOx enzyme electrodes with Nafion results in an improved
operational stability when comparing performance in uric acid to that in PBS alone, with
retained current increasing from 84% to 100% when 1 % Nafion solution is used to over-coat,
most likely due to improved retention of redox polymer within the film once over-coated with
the Nafion, as reported on previously [58]. Over-coating of the FADGDH enzyme electrodes
with Nafion results in a similar retained current of 90% in the presence of uric acid compared
to PBS alone, compared to retained current of 80% in PBS or 35% in uric acid for electrodes
without Nafion over-coating. Improved operational stability in artificial plasma is observed for
each enzyme electrode when over-coating of Nafion is implemented. The retained current is
however lower in the presence of artificial plasma compared to uric acid indicating that other
component(s) in the artificial plasma contribute to the decreased stability of these enzyme
electrodes. [25] Lower current density is however observed for electrodes over-coated with
Nafion compared to those which are not, reflected also in the higher Kn*? values, increased
linear range and lower sensitivity, due to mass transport limitations on glucose. It should be
noted therefore that electrodes over-coated from a solution of 0.5 % w/v Nafion result in higher
currents compared to electrodes over-coated from a solution of 1 % w/v Nafion, while

maintaining similar operational stability values.

Conclusions

Glucose oxidising electrodes were prepared with and without over-coating of Nafion to
investigate if coating with the anionic polymer could shield the enzyme electrode from the
effect of uric acid and other components present in artificial plasma. Electrodes prepared using
co-immobilised GOx resulted in higher current densities than FADGDH based electrodes.
Enzyme electrodes coated with a 0.5% w/v Nafion membrane produced significantly higher
currents than electrodes coated with 1% w/v Nafion in artificial plasma while having similar
operational stability. The highest initial current density recorded for Nafion over-coated
electrodes in artificial plasma was 8.0 + 2.0 mA c¢m™ for the GOx electrodes with 0.5 % w/v

Nafion coating. These electrodes retained 84 % of their initial current after 12 hours while
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operating continuously in artificial plasma. The FADGDH electrodes with 0.5% w/v Nafion
over-coating produced 4.5 + 0.7 mA c¢cm in artificial plasma initially with a retained current
after 12 hours of 58% of that signal. The GOx-based enzyme electrodes over-coated with
Nafion therefore produce higher current densities and maintained higher current signal when
tested continuously in the presence of uric acid and in artificial plasma, showing promise for

application to continuous use glucose-oxidising enzyme electrodes.
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Improved operational stability of mediated glucose enzyme electrodes for operation in
human physiological solutions
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School of Chemistry & Ryan Institute, National University of Ireland Galway, University
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Figure S10: Slow scan (1 mV s!) cyclic voltammograms recorded for enzyme electrodes prepared with no Nafion
coating tested in the presence (green) and absence (blue) of glucose (100 mM in quiescent PBS at 37 °C) compared
to enzyme electrodes prepared with a 0.5 % Nafion coating tested in the presence (purple) or absence of glucose
(red) (100 mM in quiescent PBS at 37 °C). Enzyme electrodes consisted of FADGDH (100 pg), Os(bpy)PVI (80
ng), MWCNTs (410 pg) and PEGDGE (30 pg).
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Figure S2: Average current response (n=4) from continuous use amperometry at 0.45 V vs. Ag/AgCl in test
solutions (37 °C) containing 100 mM glucose with stirring at 150 rpm. Enzyme electrodes consisted of either
FADGDH (100 pg) A or GOx (100 pg) B co-immobilised with Os(bpy)PVI (80 pg), MWCNTs (410 pg) and
PEGDGE (30 pg) prepared with no Nafion over-coating and tested in PBS (blue) and artificial plasma (red), with

0.5% w/v Nafion over-coating and tested in artificial plasma (magenta) and with 1% w/v Nafion over-coating and
tested in artificial plasma (green).
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Chapter 6: Conclusions and future directions

Conclusions
This thesis focused on improving the performance of glucose oxidising enzyme electrodes for

application as biosensors and in biofuel cells as well as improving the understanding of why
such enzyme electrodes suffer from reduced performance in complex human physiological
solutions. The aim of the thesis was to focus on improving current density and operational
stability of mediated enzyme electrodes which could be utilised under in-vivo conditions.
Chapter 2 focused on using an alternative immobilisation strategy with the
electropolymerisation of L-Dopa to poly(L-Dopa). The aim was to show proof of concept of
the poly(L-Dopa) films as a route for immobilising the enzyme, mediator and MWCNTs at an
electrode surface. These poly(L-Dopa) enzyme electrodes were then tested for performance in
the presence of increasing concentrations of glucose and benchmarked against PEGDGE
crosslinked electrodes.

Chapter 3 demonstrated the application of a design of experiments approach for the
optimisation of surface components for a mediated glucose oxidising electrode. The optimised
electrodes were compared with previously optimised electrodes using an OFAT approach. The
DoE approach was used to optimise amounts of osmium redox polymer, FADGDH and
MWCNTs at an electrode surface for current density in the presence of 5 mM glucose. Current
densities of 1.22 + 0.1 mA cm2in PBS at 37 °C in the presence of 5 mM glucose were achieved.
This was a 52 % increase on previously reported OFAT optimised enzyme electrodes.
Manipulation of component amounts allowed for high current densities 0.78 + 0.11 mA c¢cm™
with 34 % less enzyme.

Chapter 4 reported on the effect of individual components of artificial plasma on the
performance of glucose oxidising electrodes containing FADGDH, osmium redox polymer,
MWCNTs and the crosslinker PEGDGE. The testing was performed to gain a better
understanding of enzyme electrode performance in human physiological solutions. Electrodes
tested in the presence of uric acid produced showed a significant decrease in performance in 5
mM glucose and operational stability over a 12-hour window in 100 mM glucose. GOx based
electrodes maintained 70 % of operational stability over 12 hours when compared to 46 % for
FADGDH electrodes in the presence of uric acid. CDH electrodes maintained 86 % of their
initial current in PBS testing over 12 hours but only 33 % in the presence of uric acid.
Chapter 5 followed on from chapter 4 with application of Nafion membranes to mediated

glucose oxidising electrodes as a strategy to mitigate the effect of artificial plasma on electrode
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performance. Glucose oxidising electrodes containing either FADGDH or GOx with Nafion
coatings were prepared and tested in PBS, PBS containing uric acid and in artificial plasma.
GOx electrodes with a 0.5 % Nafion coating produced 8.0 + 2.0 mA ¢m™in 100 mM glucose
and maintained 84 % of the initial current after 12 hours in artificial plasma. In comparison the
FADGDH electrodes with a 0.5 % Nafion coating generated 4.5 = 0.7 mA c¢cm?in 100 mM
with an operational stability of 58 %. Further work is required to investigate surface coatings

on enzyme electrodes for improved performance in human physiological solutions.

Future directions
There are significant hurdles which need to be overcome before enzyme-based electrodes can

be relied on for power generation or long term biosensing. A recent review by Xiao et al.
suggested four major challenges facing EFC development. These were limited voltage output,
low power density, partial oxidation of fuels and poor operational stability. [ 1] Throughout my
research project detailed in the previous chapters, novel strategies and methodologies were
used to understand and improve the low power output as well as tackling the poor operational
stability of enzyme electrodes. Low power output from EFCs (typically on a pW cm™ scale)
when compared to Li-ion batteries or metal-based fuel cells limit their potential applications.
This is due to the active site being buried deep within a protein shell, complicating electron
transfer to the electrode surface. [1,2]

A potential route towards overcoming this low power output is to look at engineering of wild
type enzymes to provide mutants with increased catalytic activity, and thus improved current
density. Mano recently published a review article detailing strategies employed to improve the
performance of GOx based electrodes through protein engineering. The two main requirements
for new GOx mutations are to reduce its inherent oxygen sensitivity and to increase electron
transfer rate from active site to the electrode surface. [3] Another route towards improved
enzyme electrode performance is directed evolution of the enzyme. This evolution can occur
with the aim of improving the catalytic properties of the enzyme or in the case of GOx, reducing
oxygen sensitivity. Holland et al. redesigned a GOx for improved catalytic performance. They
obtained 4 mutants demonstrating 3 to 4.5 fold improvement of the catalytic rate constant, with
the T110S identified as the mutant with the highest activity. [5] Zhu et al. reported on directed
evolution of GOx from Aspergillus niger for mediated electron transfer using
ferrocenemethanol. Over 4000 mutants were screened with a double mutant (T30S/194V)

showing increased pH and thermal stability and a 1.9 fold increase in enzymatic activity when
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compared with the wild type GOx. [6] Further work is needed in the area of protein engineering
to develop enzymes that are capable of producing higher current densities when immobilised
at electrode surface while also demonstrating robust operational stabilities.

An alternate route towards improved performance of glucose oxidase is the deglycosylation of
the protein. Glycosylations increase the size of the enzyme and result in greater distance
between active site and electrode thus acting as an insulating membrane. Prévoteau et al.
compared deglycosylated GOx with native GOx when co-immobilised at glassy carbon
electrodes with an osmium redox polymer. Glucose oxidation currents produced by the
deglycosylated enzyme electrodes were 38 % than the native enzyme. [4]

A further route towards improving power density of EFCs is the use of enzyme cascades. These
work by immobilising more than one enzyme within the film at an electrode surface. The first
enzyme would oxidise a fuel, such as glucose, with the second enzyme oxidising the product
from the first enzyme. This continued oxidation of a fuel can occur with the inclusion of the
relevant enzymes in the electrode film to allow for complete oxidation of a fuel, thus increasing
the coulombic efficiency of an EFC. [7,8] One such example is the complete oxidation of
glycerol using a three enzyme cascade at an anode, with glycerol/air fuel cells yielding power
densities of 1.32 mW cm™2. [9] Future work on enzyme cascades coupled with protein
engineering strategies could focus on complete oxidation of fuels (such as the conversion of
glucose to carbon dioxide) to produce higher power densities while also addressing the
operational stability of immobilised enzymatic films.

The inclusion of nano-supports such as nanoporous gold and MWCNTs in enzyme electrode
assembly has resulted in higher current densities as well as improved operational stabilities.
[1,10,11] Further examples of nano-supports included in electrode assemblies are carbon
nanofibres, graphene and buckypaper. [12—14] Nanomaterials are not fully understood and
require further investigation for electrochemical performance and toxicity before they can be
implemented in potentially implantable or semi-implantable devices. However, in certain cases
they have improved electrode performance and as a result novel nano-supports should be tested
in electrode assemblies as they are discovered. [15]

One of the biggest challenges facing EFC prototypes is their performance under in-vivo
conditions. There are multiple facets to this challenge with two of the most significant being
achieving acceptable performance of enzyme electrodes in human physiological solutions and
mitigating the foreign body response for implantable or semi-implantable devices. Further
work is required to understand the basis for poor enzyme electrode performance in human

solutions. [16—18] Chapter 4 of this thesis reported on the effect of individual plasma
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components on glucose oxidising electrodes in an attempt to understand reduced electrode
performance. Further experiments are required to understand the impact human physiological
solutions have on each component of the enzymatic film. While electrochemical testing in PBS
is an important step in reporting on novel electrode assemblies, testing in more complex
solutions should be carried out in parallel to give a greater understanding of electrode
performance. Any device once implanted in the body will be subjected to the foreign body
response, resulting in biofouling of the electrodes with the adsorption of layers of cells and
proteins. The end result of this is mass transport and diffusion limitations with reduced power
output from the electrodes. One potential route is the use of biocompatible coatings to reduce
biofouling. Trouillon ef al. reported on the ability of various coatings to reduce biofouling at
an electrode. [19] Biofouling was induced using albumin in solution with fibronectin coatings
reported as the most satisfactory of the tested membranes. Chapter 5 of this thesis reported on
the use of Nafion coatings to mitigate the effects of artificial plasma on enzyme electrode
performance. Further work is required to find an acceptable level of protection from plasma
components while allowing for glucose diffusion through the coating. The use of dialysis bags
for carbon electrodes placed in a Dacron sleeve to prevent leakage and improve
biocompatibility has been reported previously. [20,21] Cadet et al. described the use of
cellulose dialysis bags for enzyme electrodes tested in whole human blood. [22] The dialysis
coated system retained twice the current signal of the unprotected system when tested
continuously in blood for 6 hours. The reduced performance in blood was attributed to mass
transport issues at both electrodes. Further work is required on strategies to improve electrode

performance when operated in blood.
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