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ABSTRACT

The conducting polymer, poly(3,4-ethylenedioxythiophene) (PEDOT) film is a suitable
matrix material for the enzymes, due to its outstanding properties, specifically, high electrical
conductivity and excellent inherent environmental stability. The counter ions for PEDOT
have a significant effect on the structural features and morphology of the polymer film
produced by electropolymerization. Different carbon-based materials, ranging from paper-like
carbon ink paper or carbon paper to reticulated vitreous carbon foam (RVC foam), were
explored as substrate materials for PEDOT film generation by electropolymerization. The
immobilization of Trametes hirsuta laccase (ThL) in the PEDOT film was facilitated via in
situ entrapment during electropolymerization. When 2,2’-azinobis(3-ethylbenzothiazoline-6-
sulfonate) (ABTSZ') was used as the mediator, the immobilized ThL exhibited catalytic
activity for the reduction of O, to water. The amount of ThL in the PEDOT matrix is tunable
by controlling the manufacturing parameters, including the charge density used for the
electropolymerization of the EDOT monomer and the T7ThL concentration in the
electropolymerization electrolyte. The use of a porous material, e.g., RVC foam, as the
PEDOT supporting template was tested to improve the current density per unit area/volume
generated by biocathodes. These RVC foam-based biocathodes produced a large current
density, reaching 1 mA/cm® at 0.45 V when 19.5 pg/ml of ThL was used in the
electropolymerization electrolyte.

In addition, direct electron transfer (DET) type biocatalysis was accomplished for ThL by
immobilizing ThL into a fine-tuned dual-layer-architecture of PEDOT films. In a PEDOT-
NOs/ThL/PEDOT-PSS enzyme electrode, the reduction of O, to water was catalyzed by ThL
with the T1 Cu site as the primary electron acceptor. The fabrication parameters included
different combinations of PEDOT films, 7hL loadings, and thicknesses of both PEDOT
layers; their effects on the electrode performance were then investigated. It is proposed that
the n-m interaction between the PSS™ and the hydrophobic substrate-binding pocket in the
vicinity of the T1 Cu site results in a favorable location of the conducting polymer chain of
PEDOT-PSS close to the T1 Cu site and thus facilitates the DET of ThL within this particular
architecture.

The flavin adenine dinucleotide (FAD)-dependent glucose dehydrogenase from Glomerella
cingulata (GcGDH) and cellobiose dehydrogense from Corynascus thermophuilus (CtCDH)
have been studied to construct different enzyme electrode configurations as bioanodes
towards biofuel cell applications. For GeGDH, six Os-containing polymers, whose redox
potentials range across a broad potential window between +15 and +489 mV vs. NHE, were
used to ‘wire’ the GcGDH on the graphite electrodes to catalyze the oxidation of glucose. The
ratio of GcGDH:Os-polymer in the overall loading onto the electrode surface significantly
affected the catalytic performance of the enzyme electrode on the glucose oxidation. Both the
Os-polymer and the GcGDH:Os-polymer ratio were optimized for obtaining the maximum
current density; a high current density of 493 pA/cm’ for 30 mM glucose was produced by a
GcGDH/Os ¢ modified electrode. DET type biocatalysis of CtCDH on lactose (and glucose)
oxidation was accomplished on Au nanoparticle (AuNP) structured electrode. The haem site
in the CtCDH enzyme functions as a ‘built-in’ mediator for communicating the electron
transfer between the FAD site and the AuNP surface. The redox potential of the haem site in
C!CDH was determined to be E;, = -122 mV vs. Ag/AgCIUKCI(s) (75 mV vs. NHE). The
CtCDH/AuNP/Au bioanode can generate a maximum current response for lactose with 7, =
43.3+1.5 (uA/em?) or for glucose with /. = 31.242.3 (nA/cm?). The DET type biocatalysis
of CtCDH works most efficiently in a more neutral pH range (pH = 7.0 to 8.5).
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An enzyme electrode CtCDH/AuNP/Au used as a bioanode was coupled with a Myrothecium
verrucaria bilirubin oxidase (MvBOD) enzyme electrode MvBOD/AuNP/Au as a biocathode
to fabricate a one-compartment, implantable BFC. The best performance characteristics of
this mediator- and membrane-less BFC were obtained in a pH = 7.4 phosphate buffer
containing 5 mM lactose, showing an open circuit voltage (OCV) of 0.68 V and a maximum
power density of 15 uW/cm? at an operating cell voltage of 0.52 V. The corresponding values
measured in human blood were 0.65 V and 3 pW/cm? at an operating cell voltage of 0.45 V.
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SVENSK SAMMANFATTNING

Den ledande polymeren poly(3,4-etyldioxytiofen) (PEDOT) dr ett passande matrismaterial for
enzymer p.g.a. sina speciella egenskaper, i synnerhet dess hoga elektriska ledningsformaga
och utmirkta kemiska stabilitet. De for PEDOT anvinda motjonerna har en signifikant
inverkan pa strukturen och morfologin hos den elektropolymeriserade polymerfilmen. Olika
kolbaserade material, strickande fran ett med elektriskt ledande kolblack impregnerat
pappersmaterial eller kolfiberpapper till pordst/retikulerat vitrost kolskum (RVC-skum),
provades som substratmaterial for PEDOT-filmens bildning via elektropolymerisation.
Immobiliseringen av Trametes hirsuta-lackas (ThL) i PEDOT-filmen uppnaddes genom in-
situ-inneslutning under elektropolymeriseringsprocessens géng. Nir 2,2’-azinobis(3-
etylbenzotiazolin-6-sulfonat) (ABTS™) anvindes som mediator, visade den immobiliserade
Trametes hirsuta-lackasen katalytisk aktivitet med avseende pa reduktionen av O; till vatten.
ThL-halten 1 den fardiga polymerfilmen kan regleras genom att variera
polymerisationsparametrarna,  speciellt ~den  anvdnda  laddningstitheten = under
elektropolymerisationen av EDOT-monomeren samt koncentrationen av ThL i
polymeriseringselektrolyten. Anvéndningen av pordsa material, som t.ex. RVC-skum, som
substrat for PEDOT undersoktes med avsikt att forbéttra den, for elektroden per enhetsareal/-
volym, genererade stromtitheten. Dessa RVC-skum baserade biokatoder uppvisade en hog
katodisk ppenkretspotential och genererade en hog stromtithet, vilken uppnadde 1 mA/cm’
vid 0.45V nér halten av 7ThL-enzym i polymeringselektrolyten var 19.5 pg/ml.

Vidare, biokatalys som utnyttjar direkt elektrondverforing (DET) uppnéddes for 7AL genom
immobilisering av enzymet i noga avstdmda tvélagerkonfigurationer av PEDOT-filmer. I en
PEDOT-NOs/ThL/PEDOT-PSS-enzymelektrod katalyserades reduktionen av O, till vatten
med enzymets T1 Cu-atomposition som primdr elektronacceptor. De olika
framstallningsparametrarna omfattade olika kombinationer av PEDOT-filmer, olika ThL-
halter samt olika PEDOT-filmtjocklekar, och deras inverkan pa -elektrodprestandan
undersoktes. Det har foreslagits att m-m-interaktionen mellan PSS -motjonen och den
hydrofoba bindningsfickan hos substratet i ndrheten av T1 Cu-atompositionen resulterar i en
fordelaktig position hos den ledande PEDOT-PSS-polymerkedjan, och dirmed befrdmjar
DET hos ThL i denna specifika polymerstruktur.

Flavin-adenin-dinukleotidberoende (FAD) glukosdehydrogenas fran Glomerella cingulata
(GcGDH) och cellobiosdehydrogenas fran Corynascus thermophuilus (CtCDH) studerades
med avsikt att konstruera olika enzymelektrodkonfigurationer for bioanoder i
biobrénslecellapplikationer. For GcGDH, 6  Os-innehédllande  polymerer, vilkas
redoxpotentialer striacker sig dver ett brett potentialomrade mellan +15 och +489 mV med
avseende pd NHE, anvindes for att uppnd en elektronisk koppling mellan enzymet pa
grafitelektroder for oxideringen av glukos. Den enzymatiska aktiviteten for glukosoxidation
paverkades  starkt av  forhdllandet GcGDH/Os-polymer 1 den  sammansatta
elektrodkompositionen. Bade  Os-polymeren och  GcGDH/Os-polymerforhallandet
optimerades med avseende pd den maximala stromtitheten, vilken uppnaddes som 493
pA/cm’ for en 30 mM 16sning av glukos. DET-typs biokatalys for CfCDH uppnaddes dven
for oxidationen av laktos (samt glukos) pa elektroder med ytstrukturer av guld-nanopartiklar
(AuNP). Haem-gruppen i CtCDH-enzymet fungerar som en ”inbyggd” mediator for
elektronoverforingen mellan FAD-gruppen och elektrodens AuNP-yta. Haem-gruppens
redoxpotential i C2CDH uppmittes till E,, = -122 mV vs. Ag/AgCIUKCI(s) (75 mV vs. NHE).
CtCDH/AuNP/Au-bioanoden kan generera en maximal stromrespons for laktos som 7, =
43.3+1.5 (uA/cm?) samt for glukos som I = 31.242.3 (nA/cm?). Biokatalysen for DET-typs
CtCDH fungerar effektivast vid neutrala pH-vérden (pH = 7.0 — 8.5).
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En CtCDH/AuNP/Au-enzymanod kopplades ihop med en Myrothecium verrucaria
bilirubinoxidas (MvBOD) enzymelektrod av typen MvBOD/AuNP/Au som biokatod for att
framstélla en inplanterbar biobrénslecell ddr samtliga komponenter delar samma cellvolym.
For denna mediator-, separator- och membranldsa biobrinslecell uppmaéttes i en pH=7.4
fosfatbufferlosning innehallande 5 mM laktos en dppenkretspotential (OCV) pa 0.68V samt
en maximal effekttithet pA 15 pW/em?® vid en operativ spanning pa 0.52V. Motsvarande
virden for minniskoblod var OCV=0.65V samt 3 pW/cm? vid 0.45V.

vi
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1.  Objectives

Nowadays, when fossil fuel depletion and global climate change threaten our existence and
future, extensive research has been devoted on finding alternative energy resources and
developing more efficient and environmentally friendly processes for energy storage and
conversion. The current work focuses on enzymatic biological fuel cells (BFCs), which are
designed to convert the chemical energy of the fuel into electricity in a green and
biocompatible manner. The objectives are: to achieve a better understanding of the interplays
of the enzymatic biocatalysis of the anodic or cathodic electrode reactions, and to design new
enzyme electrode configurations for BFCs by addressing the major challenges in BFC
research, which involve enhancing power output and operational stability, to bring BFCs
closer to the requirements of the promised applications.

This work was part of the European Union Sixth Framework Programme project BIO-
MEDNANO: Integrating enzymes, mediators and nanostructures to provide bio-powered bio-
electrochemical sensing systems (STRP 017350); the Finnish-Tekes projects PEPSIC: Printed
Enzymatic Power Source with an Integrated Capacitor (1681/31/07); and PEPScond: Printed
Enzymatic Power Supply with Embedded Capacitor on Next generation Devices (40109/10).
These multidisciplinary projects explored the frontiers of knowledge about enzymes,
mediators, surfaces, and immobilization strategies, with the aim of improving enzymatic
electron transfer reactions for use in integrated bio-powered electronics for diagnostic and
healthcare applications. The objectives of the current sub-project were to optimize electrode
materials to achieve improved electron transfer systems and to maximize the enzyme loading
and activity on the electrode surface; and to create novel electrodes, with improved
electrochemical transduction system performance. In the current thesis, Papers 1 to III,
dealing with different immobilization strategies for laccase immobilization in biocathode
construction, were resulted from the project work.

In 2010, the author was a visiting researcher in Professor Lo Gorton’s group at Lund
University, Sweden. The work performed there focused on developing new enzyme electrode
configurations for bioanode construction (Papers IV and V) and on developing an
implantable, one-compartment BFC as a demonstration for the full BFC setup (Paper V).



2.  Background

Section 2.1 presents a general introduction to the concept of the BFC, its development
along the historical line, and its applications as power sources. Section 2.2 to 2.5 provide a
more detailed discussion of the critical issues involved in the construction of enzyme
electrodes for BFCs including biocatalysts, enzyme catalysis, electron transfer, and enzyme
electrode configuration.

2.1 BFCs

BFCs are energy conversion devices that utilize biocatalysts (either complete living cells or
enzymes) to convert the chemical energy of a fuel into electrical energy. They are also a
special class of fuel cells, in which the biocatalysts are employed to catalyze the electrode
reactions instead of the metallic inorganic catalysts used in conventional polymer electrolyte
membrane fuel cells. There are different types of BFCs, defined by the type of biocatalyst.
Microbial BFCs use living cells to catalyze the electrode reactions of the fuel and the oxidant,
whereas enzymatic BFCs use enzymes for this purpose. Microbial BFCs typically have long
lifetimes (up to several years) and are capable of completely oxidizing the fuels; however,
they usually produced low power density owing to slow transport across cellular membranes.
In contrast, enzymatic BFCs typically have power densities orders of magnitude higher, but
can only partially oxidize the fuel and have limited lifetimes owing to the fragile nature of the
enzymes (Cooney et al., 2008; Minteer et al., 2007). The current work focuses mainly on
enzymatic BFCs. Hereby, BFCs refer to enzymatic BFCs in this thesis.

A conventional BFC configuration is illustrated in Fig. 2.1. Like any galvanic cell, a BFC
consists of an anodic compartment and a cathodic compartment. In the anodic compartment,
the substrate specific to the anodic enzyme is fed in as the fuel and is oxidized to the
corresponding oxidized form of the substrate. In the cathodic compartment, O, or H,O; is
taken as the oxidant and reduced to the end product, HO. The electrode reactions, both the
oxidation of the fuel and the reduction of the O,, are catalyzed by the enzymes integrated into
the anodic or cathodic enzyme electrode. It is important to note that a separation membrane
(e.g., a size exclusion membrane, as shown in Fig. 2.1) is standard, but if there are selective
enzymes on the anode and cathode then the separation membrane is unnecessary. The
electrons produced by the oxidation of the fuel are collected by the anode current collector
and then flow through the outer circuit to the cathode where they participate in the reduction
of oxidant. The fuels that can be used in BFCs diverse from carbohydrates to alcohols, as well
as H (as in the conventional fuel cell), depending on the specificity of the anodic enzyme
species used in the enzyme electrode configuration. Since biocatalysts mostly prefer ambient
temperature and only some thermophilic species can tolerate elevated temperatures, BFCs
typically work under more neutral pHs and near room temperature conditions (Barton et al.,
2004; Bullen et al., 2006; Cooney et al., 2008).
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Fig. 2.1. Schematic diagram of a BFC cell configuration

The history of BFCs dates to 1912. The first microbial BFC was demonstrated by Potter, in
which the yeast cells were used to oxidize glucose on the anode (Potter, 1912). There was
little research interest in BFCs until the 1960s when Kimble proposed using isolated enzymes
at electrode surfaces. He and his co-workers were able to generate positive open circuit
potentials for the two oxidases in complete BFCs work which initiated this research area
called enzymatic BFCs (Yahiro et al., 1964). Fig. 2.2 displays the key chronological
landmarks in the development of enzymatic BFCs.
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Fig. 2.2. Landmarks in the development of enzymatic BFCs (Cracknell et al., 2008)
(Copyright permission with American Chemical Society)

At the beginning of the 1980s, Hill and co-workers reported a half enzymatic methanol-
oxidizing BFC that used a diffusive methanol dehydrogenase as the anodic catalyst with
diffusive mediator mediating electron transfer to a Pt electrode (Davis et al., 1983). With
direct O, reduction on the Pt electrode at the cathode, this half enzymatic BFC produced a
current density of 30 uA‘cm'2 at an operating voltage of 50 mV.
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Throughout the 1980s and 1990s, there was more intense activity devoted to enzyme-based
biosensors because of the more obvious market for the rapid analysis of critical analytes, such
as glucose, and because low power output was not an issue for such applications (Wang,
2008; Wilson & Hu, 2000). Research on biocatalytically modified electrodes for sensor
applications provided a substantial technological underpinning for BFC research. In 1999,
Willner and co-workers reported a membraneless BFC with immobilized enzymes as catalysts
at both the anode and the cathode (Katz et al., 1999). This BFC was based upon the anodic
oxidation of glucose catalyzed by flavin-containing glucose oxidase (GOx), coupled to the
cathodic reduction of O, by cytochrome ¢ oxidase. From then on, the feasibility of a BFC to
be simply constructed and to be minimized without the need of a membrane to separate the
fuel and the oxidant, has gathered support. Based on these specifications, the enzymatic BFC
was conceived as an implantable power source that can operate in biological fluids. Willner
and co-coworkers developed elaborate strategies for attaching flavin- or PQQ- dependent
enzymes to electrodes, employing covalent attachment of the cofactor, and allowing it to
reinsert into the apoenzymes (Willner et al., 1996; Zayats et al., 2005). Armstrong et al.
proposed an immobilization strategy for a cathodic enzyme (laccase) based on the affinity
concept: the substrate-like electron-conducting functionalities are covalently grafted onto the
electrodes, which can enhance the adsorption of laccase on the electrode surface through the
specific affinity between the substrate-like functionalities and the substrate binding pocket in
the vicinity of the electron relay centre and also orient laccase on the electrode surface via
direct electron transfer since the electron tunneling distance is shortened (Blanford et al.,
2008). These immobilization strategies grew out of the development of knowledge and
techniques development in several fields. They benefited from the study of ‘protein film
voltammetry’ which began in the 1970s (Rusling & Zhang, 2003; Leger & Bertrand, 2008)
and from the rapid progress in protein engineering technology for site-direct mutagenesis after
1980s (Stracha & Read, 1999), which improved the understanding of the electrocatalysis
mechanism of the redox enzymes and enabled to work with more efficient and specified
functionality-directed mutants of enzymes.

A major advance in BFC research was the Os-redox hydrogel enzyme electrode
configuration proposed by Heller and co-workers, in which the enzymes (GOx, laccase, or
bilirubin oxidase (BOD)) are embedded into the hydrogel formed by a redox polymer to
which Os-complexes are attached as the electron mediating component (Mano et al., 2005;
Mano et al., 2006; Kang et al., 2006). This design produces a 3D electrode equivalent to a
large number of monolayers of electronically coupled enzymes. Another distinguished feature
of this enzyme electrode configuration is the co-immobilization of the redox mediating
segment in the hydrogel. This type of enzyme electrode facilitates the construction of a
miniaturized, membrane-less, one-compartment BFC, which yields electricity in glucose-
containing physiological buffers or in living plants (a grape) (Mano et al., 2002; Mano et al.,
2003a; Mano et al., 2003b).

In addition to alcohol/sugar-fueled BFCs, there are also Hj-fueled BFC. The H;-O,
combination as fuel and oxidant has long been the standard in conventional PEM fuel cells
and is featured with attractive characteristics, such as the low reduction potential of H,, the
clean and thorough oxidation to the plain end product H,O, and the ease of supplying a
gaseous fuel. Researchers have explored the feasibility of applying hydrogenase as a
replacement for Pt and it has been proposed that the active sites of hydrogenases have activity
comparable to that of Pt (Jones et al., 2002; Karyakin et al., 2005). While most hydrogenases
are inactivated by traces of O,, the important discovery of O,-tolerant hydrogenase from
aerobes eliminates this problem (Cracknell et al., 2008). The first membrane-less H,|O, BFC
based on the oxidation of low level of H; in air was demonstrated by Armstrong and co-
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workers, it can power a wristwatch (Vincent et al., 2006). This proves that highly active
enzymes can extract energy from H, and O,, producing clean water as the ultimate end
product.

The possible applications of BFCs fall into three classes: (1) implantable power sources,
such as microscale cells implanted in human or animal tissues or larger cells implanted in
blood vessels; (2) power derived from ambient fuels or oxidants, mainly plant saps or juices,
but extendable to sewage and other waste streams; and (3) power derived from conventional
fuels, including H,, methanol, and higher alcohols (Barton et al., 2004). Classes 1 and 2 are
closely related since the reactants available for implantable power, such as blood-borne
glucose, lactate, or O, are ambient in these specific environments. However, Class 2 ambient-
fueled BFCs have more versatile fuel availability, mainly the carbohydrates in the plants or
waste-derived. In contrast, Class 3 BFCs have to compete with well-established conventional
fuel cell technology.

The implantable power source is the most intuitive application of BFCs. Biocatalysts are
physiological species and have evolved to function in complex physiological environments,
efficiently catalyzing reactions at physiological pH and temperature that involve fuels and
oxidants present in such environments, and most important, producing reaction products that
are tolerable to the host organism (Barton et al., 2004). The major advantage of an
implantable BFC over a conventional battery is its infinite energy density if energy can be
derived from ambient sugars and if the BFC operates in a self-sustaining manner in the host
organism. By 2010, Cosnier and co-workers had demonstrated the first in vivo functional
implantable BFC, which operates in the retroperitoneal space of freely moving rats (Cinquin
et al., 2010). This BFC, with 0.133 ml electrodes, produced a peak specific power of 24.4
pW/ml, which exceeds the requirement of a pacemaker.

The use of ambient fuels to generate power is attractive in situations, in which the power
requirements of small electronics are distributed, disconnected, and long-term (Barton et al.,
2004). The ambient-fueled BFCs find their potential applications as power sources for
electronic sensor systems which have to operate remotely or in the presence of biohazards.
The principal fuels, used by the ambient BFCs, are the carbohydrates present in plants or in
the effluent of human or animal processes (Barton et al., 2004); these include
monosaccharides, glucose, fructose, and disaccharide sucrose. Many oxidoreductases have
been found to catalyze the oxidation of carbohydrates, such as GOx (EC 1.1.3.4) (Cracknell et
al., 2008), glucose dehydrogenase (GDH) (EC 1.1.99.17) (Miyake et al., 2009; Tanne et al.,
2010), fructose dehydrogenase (EC 1.1.99.11) (Kamitaka et al., 2007), pyranose oxidase (EC
1.1.3.10) (Odaci et al., 2008), pyranose dehydrogenase (EC 1.1.99.29) (Zafar et al., 2010;
Tasca et al., 2010), cellobiose dehydrogenase (CDH) (EC 1.1.99.18) (Ludwig et al., 2010) and
other oligosaccharide dehydrogenases (Ruzgas et al., 1996; Tessema et al., 1997). Compared
with implantable BFCs, ambient-fueled BFCs can use more versatile fuels and are more
flexible in terms of the selection of materials for enzyme electrode construction. Sony is
already advertising their ‘biobattery’, which they first demonstrated in 2007 (Sony Globe,
2011). Using GDH and BOD as biocatalysts with diffusive redox mediators on the anode and
cathode compartments, respectively, it can generate a power output of over 70 mW (28 cn’,
2.5 mW/cm®) for three cell units in series and is able to operate a memory-type Walkman and
a radio-controlled toy car (Sakai et al., 2010). Another notable BFC prototype development is
the printable, flexible, and disposable BFCs on paper-substrates. This printed BFC is a
miniature power source developed for intelligent packaging by the Finnish-Tekes projects
PEPSIC (1681/31/07) and PEPScond (40109/10). Intelligent packaging refers to packaging
for goods such as food and pharmaceuticals, that includes sensors which monitor the
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condition of the product (Smolander et al., 2010). This BFC would be printed alongside the
sensors on the same piece of paper as it is envisaged in the application. At the present stage of
development, it can produce an output of around 50 pW and can drive electronics with lower
power demand, e.g., an active radio frequency identification tag or a functional greeting card.
Besides intelligent packaging, the other applications being considered for printed BFCs are in
the medical sector, where they could be integrated into disposable medical devices requiring
portable, long-term power, such as 24 h pulse monitoring or body temperature logging. This
printed BFC was selected as one of the more innovative Demos at the 5" Fuel Cell Expo in
Tokyo (Butler & Hugh, 2009).

To compete with conventional fuel cell technology, H,- or alcohol-fueled BFCs have
advantageous key properties, including catalytic activity at low temperatures and near-neutral
pHs, chemical selectivity, and potentially low-cost production using fermentation and
bioseparation technologies. However, the current density (1-10 mA/cm?) which H,- or
methanol-fueled BFCs can generate at present is still several orders of magnitude lower than
that from conventional methanol fuel cells. Because of this constraint, the only major category
of conventional applications suitable for this type of BFCs is small fuel cells for portable
power (Barton et al., 2004).

The fundamental technical requirements for all three classes of application include high
power density and excellent operational stability, which are the main challenges for BFC
research. The modest current density generated by the present BFC electrode design is limited
mainly by factors related to the physicochemical processes in the BFC, such as the low
catalytic efficiency of biocatalysts after immobilization in the electrode structure and the mass
transfer issue of the fuel to the active sites of enzymes. The lifetime of a BFC is regulated by
several factors. For MET BFCs, the lifetime of the redox mediator is a concern; for most
BFCs, the lifetime is determined by stability of the biocatalysts. Typically, BFCs last only a
few days (Kim et al., 2006). Immobilization of an enzyme in its preferred environment helps
to extend its lifetime (Moore et al., 2004). Therefore, in terms of both the catalytic efficiency
and stability of immobilized enzymes, it is important to develop more efficient biocompatible
enzyme immobilization techniques for BFC electrode.

To find solutions to these challenges, in the past decade, extensive research has focused on
screening more efficient and durable enzymes for bioelectrocatalysis, understanding the
interplay of the electrocatalysis reactions, designing novel enzyme electrode configurations by
integrating nanostructured conductive materials to enhance the current density output, and
engineering prototype BFCs for specified applications to bring them closer to
commercialization. More detailed discussions on the specific aspects of BFC research appear
in the following chapters.

2.2 Biocatalysts in enzymatic BFCs

This section describes in detail the enzymes used in the BFC cathode and anode as
catalysts for the electrode reactions (the oxidation of sugars/or reduction of O,). The structural
features and catalytic properties of the enzymes, including substrate specificity, active sites,
and substrate-bind sites, are addressed for each enzyme studied in this thesis.

2.2.1 Biocatalysts for BFC cathodes

The biocatalysts employed in the BFC cathode are enzymes which possess catalytic
activity on the reduction of O, or H,O, into water. In earlier research, peroxidases were
extensively studied to develop biosensors for detection of H,O, and phenolic compounds in
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various industrial process fluids (Gorton et al., 1992; Lindgren et al., 2001; Nakabayashi &
Yoshikawa, 2000; Serra et al., 2003). For BFCs, peroxidases have also been exploited as
biocatalysts when H,O; is used as the oxidant in the biocathode (Jia et al., 2010).

O, is more clean and preferable oxidant for BFC design simply due to its more universal
presence in the ambient. Blue multicopper oxidases are the most common biocatalysts in O,-
consuming BFC cathodes. Blue multicopper oxidases refer to a class of Cu-containing
oxidoreductases which can catalyze the four-electron reduction of O, to water without the
formation of highly toxic oxygen intermediates, coupled to the one-electron oxidation of a
variety of small organic (generally aromatic) or inorganic substrates (Solomon et al., 1996;
Nakamura & Go, 2005; Kosman, 2010). The well-defined multicopper oxidases include
laccase (Rodgers et al., 2009), BOD (dos Santos et al., 2010), ceruloplasmin (Biellli &
Calabrese, 2002), and ascorbate oxidase (Solomon et al., 1996). In research into the
construction of BFC cathodes, laccase and BOD are the two most extensively investigated
blue multicopper oxidases.

Laccases (p-diphenol: dioxygen oxidoreductase, EC 1.10.3.2) catalyze the oxidation of
ortho- and para- diphenols, amino-phenols, polyphenols, polyamines, lignins, and aryl
diamines, as well as some inorganic ions coupled to the reduction of O, to water (Yaropolov
et al.,, 1994; Solomon et al., 1996). The catalytic sites of laccases consist of four Cu ions,
which can be classified in accordance with their spectroscopic characteristics as T1, T2, and
T3 sites. A mononuclear T1 Cu is responsible for the blue color of the enzyme with a
characteristic absorbance band at a wavelength around 610 nm in the UV-vis spectrum. One
T2 Cu and two T3 Cus form a trinuclear cluster site, where oxygen is bound between the two
T3 Cu nuclei and reduced to water. The T1 Cu extracts one electron from the electron donor
(substrate), followed by a subsequent intramolecular electron transfer via a His-Cys-His
bridge to the T2-T3 Cu cluster, where the oxygen is reduced to water (Solomon et al., 1996;
Shleev et al., 2005).

Laccases are widely distributed in high plants, fungi (ascomycetes and basidiomycetes),
and even in some bacteria and insects (Claus, 2004). The enzymatic and physicochemical
properties of laccase depend on the original source. The key characteristics of laccase are the
standard redox potentials of its redox centres: the T1, T2, T3 sites. The value of the redox
potential of the T1 Cu site, which has been determined for a great number of different
laccases using potentiometric titration with redox mediators, varies between 430 and 780 mV
vs. NHE (Shleev et al., 2005). As stated above, the T1 Cu site is the primary active site at
which electrons are accepted from the reducing substrates. The catalytic efficiency of laccase
is dependent on the redox potential of the T1 Cu site. Laccases are divided into three groups
based on the redox potential of the T1 site: low, middle, and high potential laccases. The low
potential group includes laccases from trees, e.g., Rhusvernicifera whose T1 Cu site has a
potential of about 430 mV vs. NHE (Reinhammar & Vianngard, 1971). The middle group
includes laccases from basidiomycetes like Myceliophthora thermophila (Xu et al., 1996),
basidiomecete C30 (Klonowska et al., 2002), Rhizoctonia solany (Xu et al., 1996), and
Coprinus cinereus (Schneider et al., 1999), whose T1 Cu sites have a potential ranging from
470 to 710 mV vs. NHE. The high potential laccases, produced from Trametes versicolor,
Trametes hirsuta, and Trametes villosa, are those whose T1 Cu sites have a potential of about
780 mV vs. NHE (Reinhammar 1972; Xu et al., 1996). The high potential laccases are of
special interest in biotechnology due to their higher catalytic efficiency; they are especially
well suited to use in BFCs. Within this thesis, Trametes versicolor laccase (TvL) and
Trametes hirsuta laccase (ThL) are elaborately described.
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The TvL is a monomeric protein, organized in three sequentially arranged domains (Fig.
2.3.A). It has dimensions of 65x55x45A (Piontek et al., 2002). The trinuclear T2/T3 Cu
cluster is embedded 12 A deep from the molecular surface between domains 1 and 3 with
both domains providing residues involved in the coordination of the Cu. The oxygen-reducing
site at the T2/T3 Cu cluster has access to solvent through two channels, one of which leads to
the T3 Cu sites and the other to the T2 Cu site. These solvent channels are well suited to both
fast access of O, to the trinuclear cluster and subsequently easy release of H,O. The
mononuclear T1 Cu lies embedded in domain 3, about 6.5 A below the enzyme surface. The
T1 Cu is connected to the trinuclear cluster by a His-Cys-His tripeptide, which is highly
conserved in the blue multicopper oxidases. For TvL, the closest distance between the T1 and
T2/T3 Cus is about 12 A. Near the T1 Cu site, there is a wide and hydrophobic substrate
binding pocket, rich in @ electron density, to which a range of substrates can bind and undergo
rapid one-clectron oxidation to radical products that dissociate before further reaction.
Accordingly, the T1 Cu is regarded as the primary electron acceptor site. 7vL has a
dominating surface distribution of negative charges as in accordance with the acidic PI of
about 3.5. The substrate binding pocket is also a small negatively charged cavity, which can
stabilize the radical cation products formed during the catalytic cycle (Piontek et al., 2002).

This study uses ThL, which is produced by the white rot basidiomecete Trametes hirsuta.
ThL and TvL have a sequence identity of 90%. The main structural features of 74L, including
the folding pattern (in three domains) and the location of the active sites, are similar to those
of TvL. ThL is more glycosylated than 7vL, having a higher content of sugar residues
(Polyakov et al., 2009). The phenylalanine residues are highly conserved in the coordination
ligands of the T1 Cu site among the high redox potential laccases, 7vL and ThL, which
suggests that it may act as a binding site for a hydrophobic substrate. The substrate binding
pocket has dimensions of 8x10x10 A. Furthermore, a comparison of the amino acid residues
forming the substrate binding pockets shows that the pockets of the high redox potential
laccases TvL and ThL contain more aromatic residues, about 18 on average, than those of
medium redox potential laccases, which contain about 13 aromatic residues (Polyakov et al.,
2009).

A B

Fig. 2.3. A. Ribbon diagram of 7vL. The arrangement of the domain structure is depicted in
different color coding (D1-D3). The blue spheres represent Cu ions. Carbohydrates appear as
stick models (Piontek et al., 2002). B. 3D representation of the copper binding site of BOD
from Myrothecium verrucaria. The brown spheres represent the coppers in the T2/T3
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trinuclear cluster and the dark blue sphere represents the T1 Cu. The red sphere represents an
oxygen species bound to the trinuclear cluster (dos Santos et al., 2010) (Copyright permission
with RSC publishing).

Due to its high reactivity at neutral pH, BOD from Myrothecium verrucaria has been
considered one of the best enzymes for catalyzing the biocathodic reactions in BFCs. In
contrast, the high redox potential laccases usually have optimal pHs in acidic range and
exhibit a substantial reduction of the catalytic activity at neutral pHs (Shleev et al., 2005).
Consequently, BOD is an attractive candidate as a biocathodic enzyme in implantable BFCs.

In vitro, BOD catalyzes the oxidation of bilirubin to biliverdin and then to a purple
pigment. In pharmaceutical applications, BOD is used for the diagnostic measurement of the
bilirubin concentration in serum (Shimizu et al., 1999). The crystalline structure of BOD has
recently been resolved (Mizutani et al., 2010); BOD is a monomeric protein with a molecular
mass of 60 kDa. The protein is folded into three domains and contains four copper binding
sites, which are the catalytic sites for the binding of oxygen and extraction of electrons from
electron donors. The overall structure of the four-copper binding sites is almost identical to
that of the other multicopper oxidases (Fig. 2.3.B). Numerous studies have attempted to
elucidate the electron transfer mechanism involved in the biocatalysis of O, reduction by
BOD. The redox potential of the T1 copper site in BOD has been determined in the range of
+650 ~ +670 mV vs. NHE at pH 7.0. It is generally accepted that, as in laccases, the
mononuclear T1 copper is the physiological entry point for electrons, which in turn are
transmitted to the trinuclear centre via a highly conserved His-Cys-His bridge across a
distance of 13 A (dos Santos et al., 2010). However, the intermediate states of BOD involved
in the catalysis are not completely understood.

2.2.2 Biocatalysts for BFC anode

The biocatalysts employed in BFC anodes are enzymes which possess catalytic activity for
the oxidation of sugars such as monosaccharides (e.g., glucose and fructose) and
disaccharides (e.g., cellobiose and lactose). A single enzyme is typically used to catalyze the
first step of the oxidation of carbohydrates, but several enzymes can be integrated into the
electrode configuration to increase the columbic efficiency of the catalysis of sugar oxidation
(Tasca et al., 2010). Glucose is the most widely used fuel in BFCs due to its presence in
diverse sources. In particular, glucose is the fuel available in physiological fluids for
implantable BFCs. In this thesis, GOx (EC 1.1.3.4), GDH (EC 1.1.99.17), and CDH (EC
1.1.99.18) are used as the biocatalysts for BFC anodes.

Currently, GOx and GDH are the biocatalysts most commonly used in BFC anodes; they
have been extensively studied in the context of glucose biosensor, which dates back to the
1970s (Clark Jr. & Lyons, 1962; Degani & Heller, 1988; Degani & Heller, 1989). GOx is a
flavoenzyme, which catalyzes the oxidation of B-D-glucose to D-glucono-1, 5-lactone with
the concurrence of H,O,. It is highly specific for f-D-glucose and does not act on a-D-
glucose. GOx from Aspergillus niger is a homodimeric and structurally rigid glycoprotein
with a molecular weight of 146~186 kDa. The protein structure consists of two identical
polypeptide chains, each containing noncovalently bound flavin adenine dinucleotide (FAD)
as the cofactor, which is localized in a cavity deeper than 13 A in the apoenzyme (Fig. 2.4)
(Hecht & Schomburg, 1993). Native GOx is highly glycosylated, with a carbohydrate content
of 16~20%. Glucose binds close to the active site; it is stabilized by hydrogen bonds and
hydrophobic interactions with aromatic amino acid residues and FAD (Wohlfahrt et al.,
1999). FAD serves as the catalytic site, by accepting the electrons donated by the glucose and
being reduced to FADH,. Two protons and two electrons can subsequently be transferred
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from GOx to O,, yielding H,O, and regenerating the oxidized state of GOx. Therefore, O, is a
competing electron acceptor when GOX is used as the biocatalyst in a BFC anode.

To date, a great number of GDHs have been reported to catalyze the oxidation of glucose,
in which a hydroxyl group in the C1 position of D-glucose is oxidized in the presence of an
electron acceptor to yield D-glucono-1, 5-lactone. However, depending on the cofactor
involved in the catalytic reaction, GDHs can be classified as nicotinamide adenine
dinucleotide phosphate (NADP)-dependent, pyrroloquinoline quinone (PQQ)-dependent, or
FAD-dependent. FAD-dependent GDHs have been isolated from a limited number of
bacterial or fungal strains (Hauge, 1964; Bak, 1967; Matsushita et al., 1980; Sode et al., 1996;
Tsujimura et al., 2006). The structural features of these GDHs, such as molecular mass,
protein configuration, glycosylation degree, are as diverse as their sources. Despite their great
structural diversity, all FAD-dependent GDHs share the characteristics of a high substrate
affinity and a high turnover number for glucose. The GDH studied in present work, isolated
from the ascomycete fungus Glomerella cingulata, is a novel FAD-dependent GDH. This
Glomerella cingulata glucose dehydrogenase (GcGDH) has the feature of being completely
O, insensitive, which makes it an attractive anodic enzyme because it can avoid competition
of O, as the electron acceptor for the reduced FADH,. No crystalline data is available at
present for GeGDH.

carbohydrate

N N o] N N”
OH +2e oH
o \LOH 2H" o \LOH
? (o}
0O=P. O=P.
28 s
HO CL(O N H'O/o SN
P NH; NHy
N SNy
HO  om NsN HO  om NaoN
FAD FADH,

Fig. 2.4. A. 3D structure of GOx. B. Chemical structure of FAD (oxidized form) and FADH,
(reduced form)

CDH is a flavocytochrome (the only known extracellular one) produced by many
lignocellulose-degrading fungi; it belongs to the haemoflavoprotein family, which includes
flavocytochrome b;, mandelate dehydrogenase, fumarate dehydrogenase, nitric oxide
synthase, and the bacterial cytochrome P-450 (Ludwig et al., 2010; Henriksson et al., 2000).
CDHs participate in the degradation of cellulose and lignin (Zamocky et al., 2006). In general,
these proteins have a distinct flavodehydrogenase domain (DHq4n) and a cytochrome domain
(CYTean), which are connected by a flexible peptide linker (Fig. 2.5). Crystallization of the
complete flavocytochrome is hindered by the extensive interdomain peptide linker. The
crystalline structures of DHcqy and CYTcqn have been determined separately after the cleavage
of the two domains (Martin Hallberg et al., 2002). In terms of the tertiary protein structure,
the two domains are in close contact, which allows internal electron exchange (Martin
Hallberg et al., 2002). The DHc4n contains FAD or 6-hydroxy-FAD moiety (noncovalently)
as the prosthetic group. The CYT.qj carries a haem moiety, either b- or c-type, as the cofactor.
CDHs usually have molecular masses of 90~100 KDa, and the glycosylation is around 10%.
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The catalytic mechanism of CDHs and the role of CYT.q, are not fully understood at present.
In biocatalysis, FAD serves as the catalytic site where the substrate is oxidized. Cellobiose is
one of the substrates preferred by CDHs, and DH,q, catalyzes a two-electron oxidation at the
anomeric C1 position of cellobiose to yield cellobiono-1,5-lactone. The reduced FAD can
then be reoxidized by various electron acceptors, or the electrons can be sequentially
transferred to the haem, which in turn donates the electrons directly to the electrode. In
addition, CDHs efficiently oxidize cellodextrins, mannodextrins, and lactose to the
corresponding lactones at the DHcqp domain, and depending on its origin, they may also
oxidize monosaccharides, e.g., glucose.

More than twenty-five species of fungi have been shown to produce CDH (Ludwig et al.,
2010). All CDHs belong to two related subgroups: Class I, produced by basidiomycetes; and
Class II, produced by ascomycete. Class I CDHs usually have short sequences and exhibit a
strong substrate discrimination against glucose and an acidic pH optimum (around 3.5 to 4.0)
for efficient internal electron transfer (IET) between the DHcq, domain and the CYTca
domain. Whereas, some Class II CDHs have more complex sequences, work under neutral or
basic conditions, and may have a high turnover number with monosaccharides (e.g., glucose)
and oligosaccharides other than cellodextrins and lactose (Zamocky et al., 2006).

This thesis studied Corynascus thermophuilus CDH (CtCDH), an ascomycete Class II
CDH, which has comparatively high catalytic activity for glucose oxidation at neutral pHs.
The ultimate goal was to use it to construct bioanodes for implantable BFCs (Harreither et al.,
2011).

Fig. 2.5. A. Dehydrogenase domain (left) and cytochrome domain (right) of P. chrysosporium
CHD. The position of the interdomain linker is indicated by the dots. Both domains are turned
from their face-to-face position by 45° towards the observer to give a better view of the FAD
(yellow) and the haem b (red) (Ludwig et al., 2010) (Copyright permission with John Wiley
and Sons). B. Chemical structure of haem b in the cytochrome domain of CDHs.

2.3 Kinetics of enzymatic catalysis

The Michaelis-Menten model describes the kinetics properties of many enzymes
(Michaelis & Menten, 1913). It is relevant to situations in which very simple kinetics can be
assumed, i.e., there is no intermediate or product inhibition and there is no allostericity or
cooperativity. In this model, an enzyme (E) combines with a substrate (S) to form an enzyme-
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substrate complex, which can proceed to form a product (P) or to dissociate into £ and S, as
shown in the reaction below:

k+1 ka
E+S — ES — E+P
k1 2.1

The rate of product formation (V) is given by the Michaelis-Menten equation,

V = V &
0 max [s] + Km , (22)

where V., is the reaction rate when the enzyme is fully saturated with substrate, and K}y, the
Michaelis constant, is the substrate concentration at which the reaction rate is half maximal.
Here, Vi is equal to the product of &, (the k., turnover number) and the total concentration
of the enzyme. The Michaelis constant is related to the reaction constants by K, = (k.
1+k3)/k+ ;. The enzyme catalytic efficiency can be interpreted as the ratio k../Ky.

2.4 Electron transfer in the enzyme electrode configuration

Energy conversion in bioenergetic processes such as respiration and photosynthesis is
carried out by a series of proteins and enzymes that form multi-step, long-range electron
transfer chains. It is of great importance to elucidate the electron transfer pathway along the
protein structure (Bartlett, 2008). When redox enzymes are utilized to convert chemical
energy into electricity in BFC, electron transfer between the enzyme active sites and the
current collector is a key process and is a crucial determinant of the magnitude of the catalytic
current and thus of the overall BFC power output performance. In this section, the electron
transfer mechanism is described in terms of Marcus Theory and then the two means of
realizing the electron transfer from the enzyme active site to the electrode surface, direct
electron transfer (DET) and mediated electron transfer (MET), are discussed respectively for
the enzymes investigated in this thesis.

2.4.1 Electron transfer mechanism: Marcus Theory

During an electron transfer reaction, an electron moves from the donor (D) to the acceptor

A).
D+A — D'+ A" (2.3)

There are several classes of electron transfer reactions, defined by the state of the two
redox centres and their connectivity: i) inner-sphere electron transfer (discovered by Henry
Taube (Taube et al., 1953), who won the Nobel Prize in 1983), in which the donor and the
acceptor are covalently linked during electron transfer; if this bridge is permanent, the
electron transfer is termed with intramolecular electron transfer, and if the covalent linkage is
transient, the electron transfer is termed with intermolecular electron transfer; ii) outer-sphere
electron transfer, in which the chemical moieties remain separate species before, during, and
after electron transfer and the electrons hop through space from the donor to the acceptor;
outer-sphere electron transfer is by definition intermolecular, and it can occur between
different species or between identical chemical species that differ only in their oxidation state
(self-exchange); and iii) heterogeneous electron transfer, in which the electrons move across
the boundary of two phases, such as liquid-solid interface, during the electrode reaction.
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The first generally accepted electron transfer theory was developed by Rudolph A. Marcus
(Nobel Prize in 1992); it was elaborated in the 1950s to describe the rate of electron transfer
reactions (Marcus, 1956). Originally formulated to accommodate outer-sphere electron
transfer reactions, it was then extended for inner-sphere electron transfer reactions and
heterogeneous electron transfer (Marcus, 1964; Marcus, 1965; Marcus & Sutin, 1985;
Marcus, 1993).

Semi-classical Marcus theory predicts that the electron transfer rate is governed by the
thermodynamic driving force of the reaction (AG?), the nuclear reorganization energy (4), and
the electronic coupling (Hpa) between the donor (D) and the acceptor (4) at the transition
state, as shown in Eq. 2.4:

o Hea (86°+2)?
et = e
kee = 5 Vammr ¢ MR (2.4)

where k., is the DET rate, /4 is the reduced Planck constant, R is the universal gas constant,
and 7 is the absolute temperature (Marcus & Sutin, 1985). Eq. 2.4 partitions into nuclear
(exponential) and electronic (pre-exponential) terms: electron transfer reaches a maximum
when the nuclear factor is optimized (i.e., -AG° = 1), and it depends only on the electronic
factor (Hp,). To elucidate the parameters involved in Eq. 2.4, a simple model is given in Fig.
2.6, in which the reactant and product energy surfaces are treated as parabolic (Marcus &
Sutin, 1985).

N

G

v

Reaction coordinate

Fig. 2.6. Gibbs free energy curves with the reaction coordinate, showing the states of the
reactants and the products. The symbols AG°, 1 and Hp, represents as they do in Eq. 2.4.

In recent decades, there has been a substantial body of research devoted to studying
electron transfer reactions within proteins (Marcus & Sutin, 1985; Moser et al., 1992; Langen
et al., 1995; Kuznetsov & Ulstrup, 1999; Gray & Winkler, 2001; Page et al., 2003) and in
heterogeneous electron transfer reactions between proteins and electrode surfaces (Leger &
Bertrand, 2008; Shleev et al., 2005). Different approaches have been used to predict Hyp in
proteins. The simplest is the square-barrier model: the protein is regarded as a ‘frozen organic
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glass’ in which Hp, decays exponentially as a function of the distance between the donor and
the acceptor:

Hoa = (Hbn)* e~ 6(ron - 1), 2.5)

Where H’p, is the electronic coupling at the van der Waals distance (0) and rp, is the
distance between the donor and acceptor (Moser et al., 1992). The exponential attenuation of
the overlap in terms of the distance between the donor and acceptor is given by the tunneling
parameter /5, which depends on the structure of protein in protein, ranging between 0.8 and 1.6
A (Langen et al., 1995; Gary & Winkler, 1996).

Electron tunneling occurs when the potential energy acting on the electron in space
between the reacting pair is higher than the energy of the electron in its initial localized site.
However, direct electronic coupling between the prosthetic group and the electrode is not
easily achieved for many enzymes since the redox centres are often deeply embedded within
the protein structure. Different means to realize the electron transfer between the redox
centres of enzyme and the electrode surface address either the appropriate protein orientation
on the electrode surface to accomplish DET or the use of mediators (electron transfer relays)
to facilitate MET.

24.2 DET

One of the most intriguing phenomena in bioelectrochemistry, direct electron transfer
(DET) between the redox cofactor of a protein and the electrode surface has been the focus of
considerable over the past few decades (Guo & Hill, 1991; Gorton et al., 1999; Armstrong,
2002; Shleev et al., 2005; Leger & Bertrand, 2008). Research on the direct electrochemistry
of a redox protein at the electrode surface has yielded valuable information about its
thermodynamic and kinetic properties, with implications for the catalytic and analytical
utilization of proteins (Armstrong, 2002; Leger & Bertrand, 2008). The earliest studies on
DET with a redox active protein were published in 1977. Eddowes and Hill (Eddowes & Hill,
1977), using bipyridyl modified gold electrode, Yeh and Kuwana (Yeh & Kuwana, 1977),
using tin doped indium oxide electrode, independently showed that cytochrome ¢, exhibits
virtually reversible electrochemistry as revealed by cyclic voltammetry. Later, in 1978-79,
Russian scientists provided indirect evidence of DET for larger redox proteins with enzyme
activity, either with a laccase-modified carbon electrode (Tarasevich et al., 1979) or with a
peroxidase-modified carbon electrode (Yaropolov et al., 1979), demonstrating catalytic
activity via DET in the presence of the substrates O, or H,O,. Since then, efficient DET
reactions with electrodes have been demonstrated for many redox proteins which have no
intrinsic catalytic activity but act as electron transfer components in biological pathways (e.g.,
ferredoxins, flavodoxins, cytochrome c, and azurin) (Guo & Hill, 1991; Bond, 1994; Hill et
al., 1996). However, efficient DET reactions with electrodes have been reported for a
restricted number of redox enzymes, of which the majority contains redox active
metallocentres in their active sites, e.g., haem, iron-sulphur cluster, and copper (Gorton et al.,
1999). It is more difficult to achieve DET for a redox enzyme containing a sole organic
cofactor (e.g., a flavin or quinone).

There are in principle two experimental approaches to verify whether DET occurs between
redox enzymes and electrode surfaces (Shleev et al., 2005):

1. Direct evidence from the observation of independent electrochemical activity of the
redox cofactor comprising the active site in the absence of substrate.
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2. Indirect evidence from observation of a catalytic response current in the presence of
the enzyme substrate.

The literature suggests that the accomplishment of DET of large redox proteins on an
electrode surface mainly addresses the favorable orientation of the enzyme on the electrode
surface, with the redox centre in close proximity to the conductive electrode surface. This is
achieved either via specific interactions between the functionalized electrode surface and the
protein structure close to the active centre, or by integrating nano-sized conductive material
(e.g., metallic nanoparticles) into the enzyme electrode configuration. This material then
functions as an electronic conductor projecting into the enzyme, enabling DET (Fig. 2.7A, B,
and C).

For blue multicopper oxidases, the realization of DET was reported on an Au electrode
surface with the aid of self-assembled monolayers (SAMs) of different types of thiols, which
favor the orientation of enzyme by interacting with some protein structure close to the active
centres (Shleev et al., 2004; Gupta et al., 2004; Shleev et al., 2006; Pita et al., 2008; Ramirez
et al., 2008). These studies provide substantial insight to the electron transfer mechanism for
enzymes on the electrode surface. A noteworthy approach, the ‘enhanced adsorption’ of
laccase, was developed by Blanford et al.: polycyclic aromatic amines are chemically grafted
onto a carbon electrode surface chosen to mimic the natural organic substrate. There they bind
tightly with laccase in an orientation favorable to DET by interacting more closely with the
hydrophobic substrate binding pocket in the vicinity of the T1 Cu due to the n-n affinity
(Blanford et al., 2008). This concept has also been exploited on other electrode materials, e.g.,
1-pyrenebutanoic acid modified MWCNTs (Ramasamy et al., 2010) and anthracene-2-
methanethiol modified gold (Thorum et al., 2010). The DET biocatalysis of laccase/BOD can
be facilitated by integrating nano-sized conductive materials into the enzyme electrode
configuration, such as Au nanoparticles (Rahman et al., 2008; Murata et al., 2009; Dagys et
al., 2010) or carbon nanotubes (CNTs) (Zheng et al., 2006; Lim et al., 2007; Zheng et al.,
2008; Rubenwolf et al., 2010). These materials interact in closer proximity within the
glycoprotein and shorten the electron tunneling distance. The DET type biocatalysis of
multicopper oxidases has also been reported for enzyme adsorbed on various carbon-based
electrode materials, e.g., pyrolytic graphite (Shleev et al., 2005), spectrographic graphite
(Coman et al., 2008; Ramirez et al., 2008), carbon black (Habrioux et al., 2010), carbon
aerogel (Kamitaka et al., 2007), and carbon ceramic electrodes (Nogala et al., 2010).
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Fig. 2.7. Schematic diagrams of DET from the enzyme active centre to the electrode surface.
(A) Electron tunneling with enzyme having a favourable orientation (with small likelihood)
on a flat electrode surface; (B) Promoting DET from the enzyme active centre to the electrode
surface on a carbon nanotube surface by favouring the appropriate enzyme orientation; (C)
Promoting DET from the enzyme active centre to the electrode surface by incorporating nano-
sized electronic conductors.

Both GOx and FAD-dependent GDH contain solely the FAD moiety as the cofactor. The
DET of these enzymes on the electrode surface is accomplished mainly by using different
electrically conductive promoters to reduce the electron tunneling distance from the FAD
cofactor to the electrode surface, e.g., metallic nanoparticles (Xiao et al., 2003; Zhao et al.,
2006; Zayats et al., 2008), graphene (Kang et al., 2009; Zheng et al., 2010; Zhang et al.,
2011), and single- or multi-walled CNTs (Cai & Chen, 2004; Jia et al., 2005). In particular,
CNTs have been extensively studied. They have been integrated into various composite
materials to promote the DET of GOx on the electrode surface. Examples include CNTs
wrapped in polyelectrolytes (Wen et al., 2007), CNTs/chitosan matrix (Zhou et al., 2008),
CNTs/silica matrix (Ivnitski et al., 2008), and CNTs/ionic liquid reconstituted cellulose
matrix (Wu et al., 2009).

For CDHs, the presence of CYT.a in the protein structure can facilitate DET from the
DH.an to the electrode surface, where the haem cofactor situated on the surface of CYTcqn can
come into close proximity to the FAD cofactor in DHcqn with diffusing further through the
flexible linker, accept the electron, and then donate it to the electrode surface. Fig. 2.8
presents a schematic diagram of the DET pathway from the FAD cofactor of CDHs to the
electrode surface. To some extent, the CYT.qy can be looked upon as an enzyme itself ‘built-
in’ mediator (Ludwig et al., 2010). The DET type catalysis of CDHs from different origins
has been observed on various types of electrode materials, including Au electrodes modified
with the SAM of thiols (Lindgren et al., 2000; Stoica et al., 2005), spectrographic graphite
(Larsson et al., 2000; Stoica et al., 2006; Harrieither et al., 2007), and single- and multi-
walled CNTs (Tasca et al., 2008; Tasca et al., 2009).
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Fig. 2.8. Electron transfer from -D-lactose via CDH to an electrode in the DET mode

To accomplish DET between redox enzymes and the electrode surface is of great
significance in the design of BFC. It diminishes the potential loss caused by the mediated
component and simplifies the prototype cell design, as no separation membrane is required to
prevent the cross-over of the anodic and cathodic mediators if they are in diffusive form. This
is crucial for achieving a stable, long-term operation of BFC. However, the main challenges
for DET type biocatalysis are the comparatively low catalytic efficiency (low turnover rate) of
enzymes undergoing DET and insufficient use of the overall enzyme dosage (the proportion
of enzyme molecules with the ‘preferred orientation’ on an electrode surface for DET is still
small). In terms of the power output performance of BFCs, the DET type biocatalysis
configuration is typically less competitive than the MET type biocatalysis configuration.

243 MET

Another approach to facilitate electron transfer in an enzyme electrode is to mediate
electron transfer (MET), in which a redox couple is introduced as a mediating component into
the electrode configuration to shuttle the electrons between the enzyme active site and the
electrode surface. One of the benefits of using redox mediators is the enhanced electron
transfer rate between the enzyme active site and the electrode surface; this is because the
enzyme molecules do not need to interact directly with the electrode surface. Depending on
the enzyme and the reaction conditions, the rate of MET type biocatalysis can be several
orders of magnitude greater than that of DET type biocatalysis (Barton et al., 2004). However,
since additional electron transfer steps are introduced in MET, two aspects must be
considered. One is that the kinetics of MET type biocatalysis has to consider the potential
control over the relative concentrations of the oxidized and reduced mediator at the electrode
surface, which are also affected by bulk mediator diffusion or mediator self-exchange. The
other is the thermodynamic loss caused by the mediating component, which in practice
compromises the reversible potential of a mediated biocatalytic electrode as a mixed potential
between the redox potential of the enzyme active site and the redox potential of the mediator,
but dominated by the mediator couple. By extension, the open circuit voltage (OCV) of a
BFC comprising two MET type bioelectrodes is determined primarily by the difference
between the redox potentials of the two mediator couples (there is no crossover of mediators
taking place between the anodic and cathodic compartments). The potential components for a
mediated glucose/O, BFC are shown in Fig. 2.9. In principle, the criteria for selecting an
appropriate mediator for enzymatic catalysis are the following: the redox chemistry of the
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mediator on the electrode has to be reversible; and the redox potential of the mediator should
be thermodynamically favored in the electron transfer cycles and preferably sufficiently close
to the redox potential of the enzyme active sites to minimize the potential loss caused by
employing the mediating component, thus increasing the MET efficiency (Heller, 2003).

The mediator for biocatalysis can be either in a freely diffusional form in the electrolyte or
co-immobilized with the enzyme in the enzyme electrode configuration. The expertise
acquired from related biosensor research can be usefully applied to mediation for the redox
enzymes used as biocatalysts in BFCs.

Among the possible diffusional mediators for cathodic enzymes (e.g., high redox potential
laccases and BOD), the most widely used is 2,2’-azinobis(3-ethylbenzothiazoline-6-sulfonate)
(ABTS) (Tsujimura et al., 2000; Barton et al., 2004). For the FAD-dependent anodic enzymes
(e.g., GOx), the well-studied diffusional mediators include various ferrocene derivatives,
N,N,N’,N'-tetramethyl-p-phenylenediamine, benzoquinone, and so on (Bartlett & Whitaker,
1987). Using ABTS as an example, the electron transfer steps in a biocathode catalyzed by
laccase via MET are shown in Fig. 2.10 B. Despite the fact that the diffusional form of redox
mediation is the most efficient approach for MET, the need to integrate semi-permeable
membranes or similar technology to keep the mediator close to the electrode imposes
limitations on its application in BFCs.

Glucose/glucon  Glucose  Anodic Cathodic Bilirubin 0,/H,0
olactone{pH=7}  oxidase =~ mediator mediator oxidase {pH=7)
Ad' t' ( -------------------- ’
e Approximate BFC L
L B e
] ) ' J I T T
0.4 0.2 0.0 0.2 0.4 0.6 0.8
E/V vs SHE

Fig. 2.9. Schematic diagram of the potential components in a MET type BFC. All potentials
are specified vs. SHE (Barton et al., 2004) (Copyright permission with American Chemical
Society)
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Fig. 2.10. (A) Chemical structure of ABTS; (B) Biocatalysis of laccase on reduction of O,
mediated by ABTS in biocathode

MET can also be facilitated by immobilizing both enzyme and mediator in the enzyme
electrode configuration, which generally requires polymeric materials. Different redox
polymers have been used to carry the redox mediating moieties, including ferrocene polymers
(Hodak et al., 1997; Deng et al., 2007), Os-polymers (Heller, 2003), and Nafion-N-methyl
phenazium (Bartlett & Whitaker, 1987). Among these, the most successful approach for
achieving effective biocatalysis is to use a redox hydrogel configuration incorporating the Os-
polymers to ‘wire’ the enzymes. A more detailed discussion of this approach appears in
Section 2.5.2.

2.5 Enzyme electrode configuration

The performance of an enzyme electrode is largely governed by the materials and the way
they are assembled on the electrode surface (Sarma et al., 2009). The electrical efficiency of
an enzyme electrode depends on both the electron transport properties of the mediator (in the
case of MET) and the electron transfer steps occurring in the assembly. The immobilization of
the enzyme on the electrode surface is crucial in determining the efficiency of the enzyme
electrode. Different chemical, biochemical, or physical principles, such as chemical cross-
linking using various cross-linkers (Heller, 2003), covalent binding of the enzyme to the
functionalized electrode surface, cofactor-apoenzyme affinity (Willner et al., 1996) (Zayats et
al., 2008) (Willner et al., 2009), entrapment or encapsulation within polymers (Cooney et al.,
2008; Cosnier, 2008), and the formation of paste materials, are exploited to immobilize the
enzyme on the electrode surface. Numerous enzyme electrode configurations have been
proposed based on these enzyme immobilization strategies involving the integration of novel
materials with interesting functionality. Research in materials science related to the
development of enzyme electrodes has intensified over the past two decades and there is a
large volume of literature on this topic. This section summarizes and classifies the various
approaches for constructing enzyme electrodes.

2.5.1 Conducting polymers based enzyme electrode configuration for BFCs

Conducting polymers refer to the conjugated organic polymers that can be made
electrically conductive by oxidation (p-doping) or reduction (n-doping) of the polymer
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backbone. The conductivity of conducting polymers ranges from 10 to 10" S/cm, which
bridges the conductivity gap between insulators and metals. Conducting polymers, which
combine the properties of polymers and metals, are called ‘synthetic metals’ (Nobel Prize in
Chemistry, 2000). They have a long history as the immobilization matrices for enzymes in
biosensor applications, where they perform signal transduction and act as a supporting matrix
for enzyme immobilization (Bartlett & Birkin, 1993; Gerard et al., 2002; Vidal et al., 2003;
Malhotra, et al., 2006).

Conducting polymers are good candidates as the supporting matrices for the enzyme
immobilization, due to their electron-conductive and easily processable properties. They can
be synthesized by polymerizing the corresponding monomers, either by chemical
polymerization or by electropolymerization. In chemical synthesis, a strong oxidant or
reductant is used to polymerize the monomer followed by doping. In electro-chemical
synthesis, potential or current is applied to induce the oxidation or reduction of the monomer
on the surface of a working electrode, dipped into a solution containing the monomer and the
desired dopant ions. Conducting polymer films can be directly fabricated on the working
electrode under mild working conditions and the ease of regulating the conducting film
characteristics, including film growth over the conductive materials, film morphology, and
thickness, is acknowledged. Electropolymerization also permits the entrapment of biological
moieties (enzymes, antibodies, and even whole living cells) and other reagents necessary for
the relevant biochemical reactions (co-enzymes and mediators) in the polymer structure close
to the electrode surface. Moreover, in some cases, the electrical conductivity of conducting
polymers allows DET between the electrode surface and the biocatalyst which have been
incorporated. The chemical structure of the monomer can be functionalized by introducing
functional groups (e.g., —-COOH or —-NHy); it makes it possible to immobilize enzymes in the
conducting polymer through covalent binding.

The conducting polymers which have been extensively studied as matrices for enzyme
immobilization include polyaniline (PANi), polypyrrole (PPy), polythiophene, and their
amphiphilic derivatives (Gerard et al., 2002; Vidal et al., 2003). In the construction of BFC
electrodes, both enzymes and mediators can be entrapped in the conducting polymers during
polymerization as dopants or just by physical entrapment. Moreover, ABTS* can be
entrapped as counter ions during the polymerization of PPy via enzyme catalysis; this
provides a possible approach for co-immobilizing the enzyme and the mediator inside the
conducting polymer matrix (Fei et al., 2007). Notably, in PANi films incorporating
horseradish peroxidase (Barlett et al., 1998), lactate dehydrogenase (Simon et al., 2002), or
CDH (Trashin et al., 2009) and in a PPy film with immobilized quinohemoprotein alcohol
dehydrogenase (Schumann et al., 2000), conducting polymers have exhibited electrochemical
wiring ability to communicate electron transfer between the enzyme active sites and the
electrode  surface. In this thesis, electrochemically polymerized poly(3,4-
ethylenedioxythiophene) (PEDOT) films, was studied as the enzyme immobilization matrix
material due to the interesting properties of PEDOT films, e.g., high electrical conductivity
and excellent inherent environmental stability of the oxidized states. The polythiophene
derivative PEDOT, developed by Bayer AG research laboratories in Germany in the late
1980s, has a backbone structure (Fig. 2.11). It is reported to exhibit superior conductivity (ca.
300 S/cm) and be one of the most stable conducting polymers available at present
(Groenendaal et al., 2000; Kros et al., 2001). It has also been found to promote the DET of
GOx in two different enzyme electrode configurations (Kros et al., 2001; Thompson et al.,
2010).
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Fig. 2.11. Chemical structure of common conducting polymers

For enzyme electrodes in BFC applications, it is desirable to have a highly porous host
matrix containing meso- or micro-pores, which give a large volumetric active surface area.
The mass transport of the fuel inside the matrix structure is also a crucial factor determining
cell performance. An optimal matrix structure for hosting enzyme molecules in an enzyme
electrode configuration should thus achieve a balance between the requirements of two
constraints: maximizing the active surface area and ensuring the efficient mass transport of
fuel.

2.5.2 “Wired’ enzyme redox hydrogel electrodes for BFC applications

The enzyme electrode configuration based on redox hydrogels containing Os**/Os”" redox-
centres is currently the best developed approach for constructing a mediated enzyme electrode.
The first design of a ‘wired’ enzyme in the redox hydrogel configuration was introduced by
Heller (Heller, 1990). Over the past two decades, this approach has been widely applied in
biosensor and BFC research (Heller, 2003; Mano et al., 2003; Barton et al., 2004; Gao et al.,
2010). The enzyme is incorporated into a cross-linked redox polymer hydrogel, producing a
catalytic film that is permeable to ions. Redox polymer hydrogels consist of redox-active
moieties, which contain coordinated Os>”** redox centres and are grafted onto a water-soluble
polymer backbone. The electrons can diffuse through collisions between reduced and
oxidized Os redox centres present in the hydrogel and then shuttle between the enzyme active
sites and the electrode surface. Typically, such a redox hydrogel can be formulated upon
complexing water-soluble poly (1-vinylimidazole) (PVI) or polyvinylpyrrolidone (PVP) with
Os complexes and then cross-linking with water-soluble poly (ethylene glycol) diglycidyl
ether (PEGDGE). When enzyme is integrated into a hydrogel, the electrostatic adducts of
some enzymes and the cationic redox polymer can prevent the phase separation to avoid
leaching, as opposed to the behavior of the small molecular mediators. When enzyme is
immobilized in a redox hydrogel, all enzyme molecules are electroactive, irrespective of their
orientation, which dramatically enhances the apparent enzyme activity. Another remarkable
characteristic of this enzyme electrode configuration is that the electron transfer properties
inside the hydrogel can be tailored by adjusting the synthetic routes. The redox potential of
the Os complexes, the key parameter for the mediation of enzymes, can be tuned by
engineering the ligands for the coordination of the Os”*"/Os®” redox centres, based on the
electron donor characteristics of the ligands. A library of Os-based redox mediator complexes
has been compiled to provide appropriate mediator for a desired enzyme in the 6" EU
framework project BIO-MEDNANO (STRP 017350) (BioMedNano).
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The transport of electrons through the redox polymer hydrogel can be measured in terms of
the apparent electron diffusion coefficient D,yp. The rate of electron collisions increases with
the mobility of the tethered redox centres: the greater their mobility, the faster the electrons
diffuse (Mano et al., 2006). In the construction of an O,-consuming biocathode, a redox
polymer containing eight-atom-long tethers between its redox centres and backbone (polymer
I in Fig. 2.12) can form a hydrogel with a larger Dy, due to the increasing of the tether length.
It is used to ‘wire’ laccase as the catalyst for the reduction of O,. The redox hydrogel formed
from polymer I has a 100-fold enhanced D,p,, compared to that for the hydrogel formed from
the untethered redox polymer. The redox potential of the Os complex in polymer I is 0.55 V
vs. Ag/AgCl, which brings the redox potential of the redox hydrogel close to that of the T1 Cu
site of the high redox potential laccases and minimizes the potential gradient loss caused by
the mediation of the biocatalysis (Mano et al., 2006). A miniature compartment-less
glucose/O, BFC combining a GOx anode ‘wired’ by Os-redox polymer II (the redox potential
is -0.19 V vs. Ag/AgCl) and a BOD cathode ‘wired’ by Os-redox polymer III (the redox
potential is 0.34 V vs. Ag/AgCl) was reported to be able to operate in a living plant, a grape (>
30 mM glucose; pH 5.4). When the carbon-fiber biocathode was located near the centre of the
grape, the power density was 0.47 pW/mm?; when the carbon-fiber biocathode was near the
skin of the grape, the power density was 2.4 pW/mm? (Mano et al., 2003a).

The ‘wired’ enzyme redox hydrogel configuration can be applied onto various electrical
conductive materials or composites, such as carbon cloth (Barton et al., 2001), carbon fibers
(Mano et al., 2006), porous microwires composed of assembled and oriented CNTs (Gao et
al., 2010), or three-dimensional carbonaceous electrodes with interconnected hierarchical
porosity (Flexer et al., 2010), to maximize the volumetric current output.

In Paper IV, six Os-polymers, whose redox potentials range over a broad potential
window between +15 and +489 mV vs. NHE, were used to ‘wire’ GcGDH onto
spectrographic graphite electrodes for possible applications in biosensors and BFCs.
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Fig. 2.12. Molecular structure of selected Os-redox polymers used in redox hydrogel enzyme
electrode configurations.

2.5.3 Apoenzyme reconstitution approach for constructing enzyme electrodes

For many enzymes, the nondiffusible organic cofactors, such as FAD, haem, or PQQ, can
be extracted by chemical methods or by biological manipulation from the active sites of the
protein, thus producing the corresponding apoenzyme (Fruk et al., 2009). An intelligent
approach to establish electrical contact between enzymes and electrodes is associated with
‘apoenzyme reconstitution’. An artificial analogue of the native cofactor is chemically grafted
onto the electrode surface to reconstitute the apoenzyme by utilizing the specific affinity
between the cofactor and the apoenzyme. Usually, a redox molecular relay or nano-sized
promoter (e.g., metallic nanoparticles or CNTs) is incorporated into the electrode
configuration to bridge the electron transfer between the cofactor and the electrode surface.
The ‘apoenzyme reconstitution’ approach to construct enzyme electrodes is illustrated in Fig.
2.13. It was first proposed by Willner and co-workers as a method for fabricating
electrochemical sensors: the FAD cofactor was stripped from GOx and modified with a redox
active ferrocene-containing group, and then the apoenzyme of GOx was reconstituted with
these modified cofactors, which allowed site-specific positioning of the electron mediating
unit in redox proteins and enhanced the electrical contact between the resulted enzyme and
the electrode surface in a controlled and reproducible manner (Riklin et al., 1995). In addition
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to the use of ferrocene-tethered molecular relays in enzyme electrode configurations (Katz et
al., 1999), Au nanoparticles (AuNPs) (1.4 nm) (Xiao et al., 2003) and CNTs (vertically
aligned with shortened length after acid treatment) (Katz & Willner, 2004; Patolsky et al.,
2004) were further explored as metallic relays for electron transfer from the FAD in the
reconstituted apoenzyme to the electrode surface. The ‘apoenzyme reconstitution’ paradigm
was further extended to electrically ‘wire’ the PQQ-dependent GDH (Zayats et al., 2005),
NAD(P)'-dependent enzymes (e.g., malate dehydrogenase and lactate dehydrogenase) (Zayats
et al., 2002), and haem-containing proteins (e.g., horseradish peroxidase) (Zimmermann et al.,
2000). Another notable characteristic of this approach is the high electron transfer turnover
rate of integrated enzyme electrodes. In the case of ferrocene-tethered molecular relays, the
‘reconstituted apoenzyme’ is superior to a protein randomly mediated by ferrocene relay units
(Riklin et al., 1995); when the AuNPs are used as metallic relays, the electron turnover rate of
the reconstituted bioelectrocatalyst is enhanced about seven-fold over the electron transfer
rate from the cofactor site to the native O, acceptor for GOx (~700 s) (Xiao et al., 2003).
There are several comprehensive reviews on this topic (Willner et al., 2006; Zayats et al.,
2008; Willner et al., 2009; Fruk et al., 2009). At present, the ‘apoenzyme reconstitution’
approach for constructing enzyme electrodes can be applied only for redox enzymes
containing the nondiffusible organic cofactors, and no studies have been reported for the
multicopper oxidase family.
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Fig. 2.13. Schematic diagram of the apoenzyme reconstitution strategy (Willner et al., 2006)
(Copyright permission with Elsevier).
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2.5.4 Nanostructured composite as platform for enzyme immobilization in BFCs

With the rapid advancement of nanotechnology, nanomaterial has taken a vital role in
almost all areas of materials science research and applications. The integration of
nanomaterial into the enzyme electrode configuration has proved to be successful. They are
beneficial regarding several feasible functions, e.g., providing bio-compatible accommodation
for the enzymes with extended lifetime of enzymatic catalysis, promoting the DET between
enzyme active site and electrode surface, or enlarging the volumetric electroactive surface
area to feasibly enhance the biocatalytic current density. The nanomaterials used in the
enzyme electrode configurations range widely from nano-scaffolds of functionalized
polymeric materials to sol-gel derived nanomaterials, and from carbonaceous materials
featured with nanopores to carbon nanotube- or metallic nanoparticles-based composite
materials. In the remaining discussion of this chapter, instead of too ambitious to make a
complete summary of the present literature on the integration of nanomaterials into enzyme
electrode configurations, several case studies are exemplified to illustrate the beneficial
functions of nanomaterial on the enzymatic catalysis.
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Functionalized polymeric materials with nano-structural features, such as hydrophobically
modified chitosan and Nafion, have been explored as the accommodation scaffolds for the
immobilization of enzymes. Klotzbach et al. (Klotzbach et al., 2006) reported that both
hydrophobically modified nafion using quaternary ammonium bromides and hydrophobically
modified chitosan with alkyl chains form micellar aggregates after being resuspended into
alcohols; the micellar membranes formed from these polymers can effectively accommodate
and stabilize the oxidoreductases. It was observed that the hydrophobic environment of these
micellar polymers can increase the enzyme kinetics in the immobilized form than in the free
buffer, whilst most immobilization methods (chemically binding enzyme to electrode surface
or polymerization around enzyme) decrease enzymatic activity. The lifetime of the
immobilized enzymes in the micellar polymer membrane is also greater than in buffers at
room temperature (Klotzbach et al., 2006). Three-dimensional scaffolds were created from
hydrophobically modified chitosan using a freeze drying approach. They possess a bimodal
pore structure: a macropore structure on the order of tens of um in diameter for fluid
transport, and a lawn of amphiphilic mesopores of 10 to 12 nm lining the walls of the larger
pores in which enzymes can be entrapped and stabilized. When compared to air-dried thin
membrane electrodes made of the same starting material, the three-dimensional scaffold was
shown to increase the power density (Klotzbach et al., 2008; Cooney et al., 2008).

It has been proposed that silica-based materials can be used to encapsulate enzyme and
mediator simultaneously inside the mesopores of silica gel, which is deposited by a sol-gel
process on metallic or carbon-based conductive electrode materials (Nogala et al., 2006;
Zawisza et al., 2006). It is believed that the encapsulation process creates fluid microdomains
permeable to O; and electrolyte, but its porous structure is sufficiently narrow to prevent the
enzyme from leaching. Moreover, silica-gel can also protect the protein against denaturation
when enzyme molecules are immobilized. Furthermore, the doping of conductive materials
(e.g., CNTs) into silica gel, can promote the DET of encapsulated redox enzymes (e.g., BOD)
as well as enhance the conductivity of the composite, which improves for enzyme electrode
catalytic efficiency (Lim et al., 2007).

Carbonaceous materials featured with nanopores have been used successfully as
immobilization platforms in enzyme electrode configurations for BFC applications. These
materials, representatively referring to mesoporous carbon particles, functionalized graphite,
or carbon fibers, typically offer large electrochemically active surface area and beneficial
surface properties for the adsorption and retention of enzymes. Redox enzymes have been
immobilized onto/into the carbonaceous structure through physical adsorption and exhibited
DET properties in many cases. Ordered mesoporous carbon is synthesized from versatile
precursors mainly using template-orientating approaches (Lee et al., 2006) and serves as a
high-capacity host material with well-controlled pores for enzyme encapsulation (e.g., GOx)
(Lee et al., 2005). In a successful BCF design by Kano and co-workers for a DET type,
fructose/O, BFC, carbon black particles (Ketjen black particles with an average diameter of
40 nm) strongly adsorb fructose dehydrogenase in the bioanode, and the carbon aerogel
particles (with an average pore size of 22 nm) adsorb laccase in the biocathode (Kamitaka et
al., 2007). Without mediator, this BFC has an OCV value of 790 mV and a maximum power
density of 850 pW/cm® (a current density of 2.8 mA/cm® at 410 mV cell voltage with
stirring). It is one of the state-of-art designs for the DET type BFC (Kamitaka et al., 2007).

Due to their semiconductive behavior and high porosity, CNTs, the graphite allotropes of
carbon, are by far the most widely used nanomaterials for the fabrication of electrodes
(Karousis & Tagmatarchis, 2010; Dillon, 2010), and they are also suitable for application in
enzyme electrodes (Katz & Willner, 2004; Wang, 2005). Metallic nanoparticles (e.g., AuNPs)
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which can be synthesized via facile and versatile routes (Daniel & Astruc, 2004; Sardar et al.,
2009), are able to promote effective DET from enzyme active sites to the electrode surface,
making them attractive components for DET type enzyme electrode configurations (Tel-
Vered & Willner, 2010). In fact, CNT- or metallic nanoparticles-based composite materials
are the most thoroughly explored platform for enzyme immobilization in BFC applications, so
the corresponding literature is extensive (Sarma et al., 2009). The main benefit of integrating
CNTs or metallic nanoparticles into the enzyme electrode configuration is that they can
promote the DET of redox enzymes. The composite materials can, for example, be formed
from CNTs/conducting polymer (Cui et al., 2007), CNTs/polymeric materials (e.g., chitosan,
cellulose derivatives, or polyelectrolyte) (Wen et al., 2007; Zhou et al., 2008; Wu et al,,
2009), and AuNPs/conducting polymers (Tel-Vered & Willner, 2010). The surface activation
possibilities via grafting functional groups onto CNTs or AuNPs (e.g., chemical grafting onto
CNTs surface or modification by SAM of thiols on AuNPs surface), offer versatile strategies
for the integration of redox enzymes into the enzyme electrode configuration via covalent
binding, cross-linking, or adsorption through site-directed orientation of redox enzymes on
the electrode surface (Willner & Katz, 2000). In common, the large surface area of these
composite materials offered by their porous feature makes benefits for enlarging the enzyme
loading and enhancing the catalytic current density generated by the enzyme electrodes.
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3. Methods

This chapter describes the experimental techniques used for the electropolymerization of
conducting polymers for enzyme immobilization, the characterizations of the biocatalysis of
the enzyme electrodes, the evaluation of the performance of the BFCs incorporating a
biocathode and a bioanode, and the structural and morphological characterizations of the
materials in the enzyme electrode configuration. The main goal is to provide context for the
results by establishing the underlying principles and rules of application of these techniques.

3.1 Electrochemical methods

Electrochemistry is fundamental in many processes including corrosion, battery,
electroplating, electrosynthesis and those in biomedical applications. The basic reaction in
electrochemistry is described symbolically as follows:

Ox+ne” = Red’ (3.1)

where O, and R.; are the oxidized and reduced species, and # is the number of electrons
involved. The potential of the electrode surface is then related to the standard potential of the
redox reaction and the activities of the species involved in the conversion, as described by the
Nernst Equation described (Bard & Faulkner, 2001):

n
nF Qred , (3 .2)

where E” is the formal potential of the redox couple, R is the universal gas constant (8.313
J/mol-K), T is the absolute temperature (K), n is the number of electrons, F' is the Faraday
constant (96485 C/mol), and a,, and a,., are the chemical activities of the species involved.

There are different approaches and techniques for studying the electrode reactions. The
following sections describe the electrochemical methods used in this thesis, including
voltammetry, amperometry, methods involving forced convection, and fuel cell performance
evaluations.

3.1.1 Voltammetric measurements

Linear sweep voltammetry (LSV) employs a linear potential waveform: the potential is
changed as a linear function of time. The rate of change of the potential with respect to time is
referred to as the scan rate.

Cyclic voltammetry is one of the most versatile and commonly used electrochemical
techniques. Cyclic voltammetry is an extension of LSV in that the direction of the potential
scan is reversed at the end of the first scan (the first switching potential), and then the
potential range is scanned again in the reverse direction. The experiment can then be stopped
at the final potential, or the potential can be scanned past this potential to the second
switching potential, where the direction of the scan is again reversed. Typically, CV analysis
employs a three-electrode cell configuration, containing a working electrode (WE), a
reference electrode (RE), and a counter electrode (CE). The potential is measured between the
reference electrode and the working electrode; meanwhile, the current is measured between
the working electrode and the counter electrode. A typical representation of cyclic
voltammetry is depicted in Fig. 3.1. In the forward scan, the current increases as the potential
reaches the oxidation potential of the analyte, but then it falls off as the concentration of the
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analyte is depleted close to the electrode surface. A current peak is produced for any analyte
which can be oxidized within the chosen potential range. As the applied potential is reversed,
it reaches the potential that will reduce the product formed in the first oxidation reaction and
produces a current of reverse polarity from the forward scan. Cyclic voltammetry is used to
obtain information about the redox potential and electrochemical reaction rates of the
compounds of interest.

Current|

Cathodic potential

Time Potential E

Fig. 3.1. A. Excitation signal: potential vs. time in CV; B. Cyclic voltammogram: current vs.
potential

The important parameters obtained from a cyclic voltammogram are the anodic and
cathodic peak potentials (E,, and E,, respectively) and the anodic and cathodic peak currents
(Zpe and I, respectively). From the peak potentials, it is possible to estimate the degree of
electrochemical reversibility of the redox process by analyzing AE = E,, - E,.. The formal
potential of the redox couple involved in the reaction can also be determined:

o Epa+ Epc

2 (3.3)

E

In the case of a diffusion-controlled and reversible electron transfer process, the peak
height is dependent on the analyte concentration C as expressed by the Randles-Sevcik
Equation:

nFvD V72

RT (3.4)

~

where 4 is the area of the working electrode (cm?), C is the analyte concentration (mol/em?), v
is the scan rate (V/s), D is the diffusion coefficient of the analyte (cmz/s), and n, F, R, T have
their usual significance as described above for the Nernst Equation (3.2). The Randle-Sevcik
Equation implies that the peak current should be linearly dependent on the square root of the
scan rate.

In the case where the redox species are confined at the electrode surface, either by physical
adsorption or by covalent bonding, the transport to or from the bulk of the solution for the
electrochemical reaction to take place is omitted, so the diffusion dependence disappears. In
the simplest case of Langmuir adsorption, the shape of the voltammogram is completely
symmetric, with identical areas under the two waves, and the peak potentials satisfy E,, = E,.
= E” In this case, the peak current is proportional to v rather than to v’ .
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In bioelectrochemistry, voltammetry is commonly used to detect the redox transformation
of the redox sites on the electrode surface in the absence of enzyme substrate or to
demonstrate the catalytic current response in the presence of enzyme substrate. In this thesis,
CV was used in Papers II and I1I to detect the catalytic current response with O, as substrate
in the biocathode. In Paper IV, CV was used to determine the redox potential of the
immobilized (surface-confined) Os*”*" centres in different PVI/or PVP-based redox
polymers. In Paper V, CV was used to determine the redox potential of the haem moiety in
CtCDH in the absence of substrate and also the anodic catalytic current response of the
immobilized CtCDH on the oxidization of sugars (lactose or glucose); LSV was used to
obtain the polarization curves for bioanodes and biocathodes and plots of power density vs.
operating voltage for BFCs in different buffer solutions and physiological fluids.

3.1.2 Potentiometric measurements

Potentiometric measurements are made using a potentiometer to determine the difference in
potential between a working (an indicator) electrode and a counter (a reference) electrode.
Potentiometric measurement was used to determine half cell potentials of bioanode and
biocathode.

3.1.3 Chronoamperometric measurements

Chronoamperometry (CA) is a simple electrochemical technique that is widely used in
electropolymerization and electroanalysis. In CA, with a time-varying model potential, the
current on the working electrode is recorded vs. time. Compared with CV, which measures the
current response in a dynamic mode with scanning over a potential window, CA measures the
transient current response under a specific potential until it reaches an equilibrium state. The
current measured in this equibirium state is a net value which reflects all the oxidization and
reduction processes occurring on the working electrode; hence, it is dependent on both the
active surface area (number of active sites) and the diffusion rate of reactant to these sites or
of reaction product from these sites. The polarization curves for bioanodes and biocathodes (-
E curves) were obtained by plotting the steady-state current recorded at each
chronoamperometric step vs. the applied potential. In Papers I to III, single-step CA was
used to electropolymerize the conducting polymer onto the supporting material to immobilize
the enzyme, and multi-step CA was applied to evaluate the catalytic current density on the
reduction of O,, generated by laccase-based enzyme electrodes.

3.1.4 Hydrodynamic electrochemical measurements

To control the mass transfer to or from the working electrode surface, two main strategies
can be applied: moving the electrode surface with respect to the solution, or moving the
solution with respect to the electrode surface. Hydrodynamic methods are those which involve
the convective mass transport of reactants and products, such as hydrodynamic amperometry
and voltammetry.

A rotating disk electrode (RDE) is a hydrodynamic working electrode used in a three-
electrode system, which rotates with inducing a flux of analyte to the electrode. The electrode,
which includes a conductive disk embedded in an inert non-conductive polymer or resin, is
attached to an electric motor that permits fine control of the rotation rate. This type of
electrode is used in electrochemical studies investigating the reaction mechanisms related to
redox chemistry. Ideally, a laminar flow of the solution is created by the rotation; then
transported towards and across the electrode surface (Fig. 3.2). The flow rate can be
controlled by adjusting the angular velocity of the electrode and modelled mathematically.
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Thus, a reproducible mass transfer can be delivered by the convective flow, and a steady state
is quickly established. The steady-state current is controlled by the solution flow rather than
diffusion. In contrast, under still, unstirred experimental conditions, the steady-state current is
limited by the diffusion of substrate.

The RDE is one of the few convective electrode systems for which the hydrodynamic
equation and the convection-diffusion equation have been solved rigorously for the steady
state (Bard & Faulkner, 2001). The Levich Equation (Eq. 3.5) apphes to the mass transfer
limited conditions at the RDE and predicts that i;. is proportional to C,” and '

16 *
ie = 0.62nFADS” w" v Co. (3.5)

where i) is the Levich current, 4 the electrode area, Dy the diffusion coefficient, w the angular
rotation rate of the electrode, v the kinematic viscosity, and Cj the reactant concentration.
Under non-limiting current-condition, the Koutecky-Levich Equation can be used to describe
the current through the RDE (Eq. 3.6).

11 1 1 1
—_— = — + — = — + 2/3 1/2 /6 _+
j ix ilc K 0.62 nFADO w Co, 3.6

where ix denotes the current in the absence of any mass transfer effects. When ix is very large,
i/w'?C is a constant. The grauoh of i vs. @"” will be curved and tend towards the limit i = ix as

o?>w. A plot of i’ vs. @™ should be linear and can be extrapolated to 2= 0to yield ix’
1

Motor

o

Fig. 3.2. Schematic diagram of the flow near an RDE under ideal conditions.

Electrode

The equations above are valid for a two-dimensional, smooth electrode surface. In this
situation, a laminar flow of the electrolyte can be created and transported towards the
electrode surface by rotation, and theoretically the mass transfer to each active site is
identical. When the electrode surface has a three-dimensional porous structure, the presence
of micro cavities causes disturbances to the flow pattern, which then deviates from ideal
laminar flow. The reactant does not have even access into reactive sites in the electrode
structure, so a reactant concentration gradient is produced along the thickness of the electrode
structure. Accordingly, the Koutecky-Levich Equation has limited validity for three-
dimensional porous electrodes.
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Flow injection analysis (FIA) using a wall-jet cell is another technique involving
convective mass transport of reactants and products onto and across the electrode surface. An
inert electrolyte solution is transported towards the surface of the WE using a peristaltic pump
with a controllable flow rate, and the analyte of interest is injected into the flow stream and
carried towards the electrode. The term flow injection analysis was introduced in 1975 by
Ruzicka and Hansen (Ruzicka & Hansen, 1975; Ruzicka & Stewart, 1975), and, since then,
this approach has been widely used in applications ranging across agriculture, food industry,
and biochemical, clinical, and environmental analysis (Ruzicka & Hansen, 1988; Ruzicka &
Hansen, 2008).

In this work, an FIA system with amperometric detection was used (Papers IV and V) to
detect the catalytic current at the bioanodes from the oxidation of sugars (lactose or glucose).
The convenience of FIA of being easy to manipulate the analyte concentration is taken
advantage to obtain the calibration curves and pH profile for the bioanodes. A typical FIA
system with amperometric detection consists of a pump with connection tubing, an injection
valve, a flow-through electrochemical cell with electrodes controlled by a potentiostat, and a
recorder. Fig. 3.3 is a schematic diagram of such a system, with a wall-jet electrochemical cell
is included. Fig. 3.4 describes the construction of the cell, the laminar flow profile at the wall-
jet electrode, and the typical response peak from the oxidation or reduction of analyte. The
wall-jet cell consists of two counterparts, which can be screwed together. The upper
counterpart contains the WE. The lower counterpart has a Pt wire that acts as a CE and a
small chamber below the end of the inlet nozzle, which contains the RE (Ag/AgCIl/KCl (0.1
M KCl)). The chamber communicates with the sample stream through four small holes
situated around the inlet. The carrier solution passes through the injector at an optimal
combination of the flow rate and the distance between the inlet nozzle and the WE, forming a
laminar flow profile parallel to the surface of the WE (Fig. 3.4.b). A typical FIA system
response is an asymmetric peak, with the height dependent on the analyte concentration. The
shape of the peak is determined by the dispersion of the sample in the carrier solution during
transport from the injection valve detector (Ruzicka & Hansen, 1988).

According to Yamada and Matsuda (Yamada & Matsuda, 1973), the limiting current in a
wall-jet cell can be described by Eq. 3.7.

3/4
: (3.7)

-1/2  3/4
r

lim = 1.60 knFD?*Cov™®"?qa Vr

where k is the cell constant, Cy the concentration of the reacting species, v the kinetic

viscosity of the solution, a the radius of the inlet capillary, » the radius of the disk electrode,
and Vrthe volume flow rate of the electrolyte; n, F, D are defined as above.
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Fig. 3.3. Flow injection analysis set-up using a wall-jet amperometric electrochemical cell
(Coman, 2009)
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Fig. 3.4. a. Amperometric wall-jet cell: WE (working electrode), RE (reference electrode), CE
(counter electrode), and d (distance of injector to WE); b. Laminar flow profile at the wall-jet
electrode; c. Amperometric peak response: f (injection time), ¢z residence time), f, (peak
width at the baseline), W (peak width at a selected level), H (peak height), and 4 (peak area)
(Coman, 2009)

3.1.5 Electrochemical evaluation on BFC performance

In a three-electrode system, the catalytic performance of enzyme electrodes on the
oxidation of sugars or the reduction of O, can be evaluated based on the polarization curves
obtained with CA measurements (Section 3.1.2). Typical polarization curves for the bioanode
and the biocathode are displayed in Fig. 3.5.A. Here, Eca,hodeo or Ea,,odeo refers to the initial
active potential for the catalysis response of the biocathode or the bioanode, respectively. The
potential difference between E(,m;,(,deo and Eam,dgo determines the OCV of the BFC composed of
these two electrodes. In the ideal case, the OCV is determined by the difference between the
thermodynamic potentials of the fuel redox couple and the oxidant redox couple. In the case
of a BFC, the measured OCV is the difference between the onset potentials for catalysis at the
bioanode and biocathode. Once a current is drawn from the cell and work is performed, there
is a rapid initial fall in voltage before a steady state is reached. For example, when a current
‘a’ is drawn from the cell, the anode voltage drops to £;, and the cathode voltage drops to E>.
The voltage difference between E; and E; is called the operating voltage under a specific
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current draw. The magnitude of the current draw in BFCs is limited by the electrode with the
lower electrocatalytic rate. A typical plot of cell current vs. cell voltage is shown in Fig. 3.5.B.
The curve exhibits a characteristic shape, with three regions corresponding to the activation
loss at low current density governed by the activation overpotential that arises from the
kinetics of electron transfer reactions; the ohmic losses that arise from the resistance of the
BFC, which depend on the materials used and the interfaces between enzyme and electrodes;
and the concentration polarization at high current density, which depends on the mass
transport (Cracknell et al., 2008). The cell power output can be calculated as cell current x
cell voltage; the power output plot for BFC can be made by plotting either power density vs.
cell voltage or power density vs. current density. A typical plot of power density vs. cell
voltage for biofuel cell is shown in Fig. 3.5.C. Useful power is achieved at current and voltage
values that are a compromise between the boundary cases of OCV and a short circuit.

Paper V evaluated BFC performance using a two-electrode system of connecting bioanode
as the WE and biocathode as the combined RE and CE in a one-compartment electrochemical
cell. The OCV value for the BFC was potentiometrically measured using the voltmeter. The
cell current was recorded using the LSV approach at a very low scan rate (0.1 mV/s). The
power density plot was obtained by plotting the derived power density (cell current x cell
voltage) vs. the cell voltage.
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Fig. 3.5. A. Polarization curve for the bioanode or the biocathode (three-electrode system); B.
Plot of cell voltage vs. current for BFC (two-electrode system); C. Power output plot (cell
power vs. cell voltage) for BFC (two-electrode system).

3.2 Microscopic characterization

The surface morphology and topography are two key parameters in the characterization of
the functional material surface. In Papers I, II and III, the morphology of the PEDOT films
growing on the substrate was imaged and an elemental analysis of film was performed via
energy dispersive X-ray analysis (EDXA). An SEM (LEO 1530 from LEO Electron
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Microscopy Ltd) was connected to an image and X-ray analysis system (Vantage from
ThermoNoran). In Paper I, the topography of the electrosynthesized PEDOT film was
characterized using a Nanofocus p Surf 3D, confocal white light microscope.
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4. Results and discussion

This section discusses the main results of the present work. The thesis has been sub-divided
as follows: biocathode construction (Section 4.1: MET type biocathodes and Section 4.2:
DET type biocathodes), bioanode construction (Section 4.3: MET type bioanodes and Section
4.4: DET type bioanodes), and an implantable BFC demonstration project (Section 4.5).

4.1 MET type biocathodes

4.1.1 Screening accommodation matrices for 7hL immobilization: tunable electro-
polymerization of PEDOT on porous carbon-based substrates

Effect of counter ions on the morphology of PEDOT films

When the monomer 3.,4-ethylenedioxythiophene (EDOT) is oxidized on the electrode
surface by electropolymerization, the resulting PEDOT chains acquire positive charges, and
the migration of counter ions from the electrolyte into the PEDOT film maintains the
electroneutrality of the polymer. Variations in counterion species affect the structural features
and morphology of the conducting polymers. Chloride (CI') and nitrate (NO;3") were tested as
representatives of small mobile anions and then compared with polystyrene sulfonate (PSS’),
a large immobile polyanion. In addition, CNTs were functionalized with carboxylic groups in
an acid reflux treatment, and the negatively charged CNTs were introduced into the PEDOT
film as dopant.

The SEM images in Fig. 4.1 show the influence of the dopant on the surface morphology of
the PEDOT films. The PEDOT-CI film possesses a looser and more open structure, compared
with the denser PEDOT-NOj; film and more compact PEDOT-PSS film. The fine structure of
PEDOT-CI exhibits flower-like morphology, consisting of numerous thin flakes (Fig. 4.1b).
The fine structure of PEDOT-NOs3 exhibits fibrillar morphology (Fig. 4.1d). In contrast, the
PEDOT-PSS film has a dense grain-like appearance (Fig. 4.1f). The SEM images of PEDOT-
CNT in Fig. 4.2 show the presence of CNTs as dopant in the PEDOT film. The PEDOT-CNT
film has an extremely rough, porous structure due to the incorporation of CNT.

Enzymes can be possibly immobilized into conducting polymer films by in situ entrapment
during electropolymerization or by cross-linking. The open, porous structure observed for
PEDOT-CI1 and PEDOT-NOj; should allow efficient fuel diffusion into the inner structure
when these films are used for the construction of enzyme electrodes for BFCs. The structural
features of PEDOT-CNT make it an attractive candidate since it meets the requirements for
maximizing enzyme loading because of its large surface area and also benefits cell
performance by improving the electronic conductivity of the film remarkably.

Morphology of PEDOT films on different carbon-based substrates

The morphology of an electrosynthesized PEDOT film on a solid substrate is also affected
by the chemical and surface properties of the substrate. As an investigated example, PEDOT-
Cl films were electropolymerized on a series of carbon-based substrates ranging from paper-
like structures (e.g., carbon ink paper, carbon papers, and carbon felt) to a more three
dimensional sponge-like structure (e.g., RVC foam). This was followed by an evaluation of
the use of these substrates with PEDOT coating for the construction of enzyme electrodes for
BFCs. More detailed results and discussion are presented in Paper 1.
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Fig. 4.1. SEM images of PEDOT-CI (a, b), PEDOT-NOs (¢, d), and PEDOT-PSS (e, f) films
galvanostatically electropolymerized on indium-tin-oxide (ITO) glass. Magnification: x 5k (a,
¢, ¢); x 25k (b, d, f)

Fig. 4.2. SEM images of PEDOT-SWCNT film galvanostatically electropolymerized on ITO-
glass. Magnification: x 10k (a); x 50k (b, ¢).

Electropolymerization in a pulse mode: for evenly distributed PEDOT deposition
through a 3D porous structure

When electropolymerization of PEDOT-CI was conducted potentiostatically at 0.95 V on a
slice of RVC100ppi with a thickness of 2 mm, the SEM images from the cross section of the
PEDOT-CI/RVC 100ppi sample revealed that PEDOT grew mainly on the outermost
skeleton. As shown in the EDXA elemental distribution mapping of the cross section, the
characteristic elements S and Cl of PEDOT-CI were located mainly on the outermost skeleton
surface of the RVC foam (Fig. 4.3a). Apparently, the diffusion of monomer into the inner
voids was so limiting that the monomer was polymerized on the outermost surface of the
foam structure before it can diffuse into the inner structure. However, for enzyme electrode
construction, a film evenly distributed over the entire porous structure would be preferable
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since the motivation for using RVC foam as a substrate material is to exploit its large surface
area/volume ratio.

To obtain a more even polymerization, electropolymerization was conducted in a pulse
mode. The open circuit potential was applied for a shorter time between every two
electropolymerization steps. The purpose of was to even out any monomer concentration
gradient formed by allowing the monomer solution to diffuse into the foam voids during the
rest period, subsequently followed by a period of potentiostatic electropolymerization. A
relatively low polymerization potential (0.915 V) was applied to obtain a low polymerization
rate; that made it possible to achieve a balance between the oxidation of the monomer on the
outermost surface and its migration into the inner voids. The EDXA elemental mapping of the
cross section of the sample obtained in a pulse mode showed a substantially enhanced
polymer growth in the inner foam voids, as confirmed by the even distribution of the
characteristic elements S and CI (Fig. 4.3b).

Fig. 4.3. SEM images of a cross section of PEDOT-CI/RVC 100ppi and EDXA elemental
distribution mappings for a cross section of RVC 100ppi coated with PEDOT-CIl film
generated by potentiostatic  electropolymerization (A) and by pulse mode
electropolymerization (B)

4.1.2 Biocathodes manufactured by in situ entrapment of 7ThL in PEDOT films
generated on RVC foams

Enzymes can be immobilized into conducting polymer films by in situ entrapment during
electropolymerization. To maximize enzyme loading on the electrode surface, it is desirable
to use a highly porous host matrix containing mesopores or macropores for the
electrodeposition of conducting polymer; this type of matrix provides a large ratio of active
surface area per unit-cross section. The mass transport of fuel inside the matrix structure is
also a crucial determinant of the cell performance. Accordingly, an optimal matrix structure
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for hosting enzyme molecules should thus balance the requirements of two constraints:
maximizing the active surface area and ensuring the efficient mass transport of fuel or
oxidant. The strategy presented in Paper II is based on fine-tuning the PEDOT film structure
generated on porous RVC foam to create a composite structure with pores on different size
scales: the mesoporous structure of CP films, and the macroporous structure of the carbon-
based substrate.

In situ entrapment of 74L in a PEDOT film during electropolymerization: biocatalysis
on the reduction of O, via a MET pathway

In situ entrapment of ThL in PEDOT films is used to immobilize enzyme in the
construction of biocathodes. For electropolymerization, a pH = 6 buffer solution was
employed as the electrolyte to keep 7AL negatively charged (the PI value of TAL is around pH
= 4.7), and 0.05 M KNO; was added as a supporting electrolyte to increase the ionic
conductivity, since the concentrations of ThL were comparatively low. However, to prevent
the total replacement of nitrate by ThL as counter ions in the PEDOT film, high
concentrations of KNO3; were avoided.

The immobilized ThL exhibited catalytic activity for the reduction of O,, as suggested by
the CVs shown in Fig. 4.4a. When ThL was present in the electropolymerization electrolyte,
in the potential range of 0-0.4 V, a larger cathodic current was obtained, compared with the
plain PEDOT film. Since ThL is entrapped as a dopant in the polymer film, the amount of
entrapped ThL is dependent on the amount of PEDOT polymer generated on the support. This
was verified by CVs of PEDOT films with entrapped 7hL, generated using varying amounts
of charge in the electropolymerization (Fig. 4.4b). Increasing the amount of charge increased
the cathodic current, suggesting that more 74L is entrapped in the PEDOT films when more
polymers are produced. These films also demonstrated larger catalytic capacities for the
reduction of O,.
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Fig. 4.4. a. CVs of (1) a glassy carbon (GC) electrode; (2) PEDOT film (1 mC) on a GC
electrode; and (3) PEDOT film (1 mC) with ThL entrapment on a GC electrode. B. CVs of
PEDOT film with ThL entrapment generated on a GC electrode: (1) 1 mC; (2) 2.5 mC; (3) 5
mC. Electrolyte: 0.05 M, pH = 4.5 succinate buffer containing 0.2 mM ABTS. Scan rate: 25
mV/s.

Biocathode RVC 100ppi/ PEDOT-NO;/ThL: fine-tuning the electrochemical
performance

The amount of polymer generated and the concentration of enzyme in the
electropolymerization electrolyte are the dominant parameters affecting the performance of a
biocathode using entrapped TAL as the biocatalyst.
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Biocathodes were manufactured by electrochemically depositing 100 mC-cm™ PEDOT film
on RVC 100ppi with varying ThL concentration in the electrolyte solution. The catalytic
performance of the resulting biocathodes for the reduction of O, was examined using CA
measurements. Fig. 4.5a shows the polarization curves for the different biocathodes. In the
absence of enzyme (curve 1), no distinct reduction current was observed, except that from the
reduction of ABTS”. In curves 2, 3, and 4, which correspond to varying concentrations of
ThL, apparent cathodic currents were detected, resulting from the reduction of O, catalyzed
by ThL. The reduction of O, occurred at a potential of 0.66 V and levelled off at 0.45 V. In
addition, the plateau value of the cathodic current density increased gradually with increasing
enzyme concentration in the electrolyte. With 19.5 pg/ml of ThL, the highest concentration
used in the experiments, the biocathode produced a steady current density, reaching above 1
mA-cm™ at 0.45 V. The current density is here reported vs. the volume of RVC foam
electrode.

The charge used for the electropolymerization was varied during the manufacture of the
biocathode, while the concentration of ThL (7.8 pg/ml) in the electrolyte was kept constant.
The amount of charge used in the electropolymerization is a parameter which directly reflects
the PEDOT film thickness. Fig. 4.5b displays polarization curves for films produced with
different amounts of charge. When the charge density was less than 110 mC/cm’, the
biocathodic current density increased gradually as more polymers were generated on the RVC
foam. However, the current density did not change notably when the charge density exceeded
110 mC/cm®. Hence, the thickness corresponding to a deposition charge density of 110
mC/cm’ can be considered a critical point; within this thickness, O, can successfully diffuse
into the film and interact with the active centre of the 74L immobilized in the PEDOT film.

The working pH profile and storage stability tests for the biocathode RVC 100ppi/
PEDOT-NOs;/ThL were determined by CA measurements. The catalytic performance of the
biocathode was extremely sensitive to variations in pH, and the optimal working pH was
around 4.2. The biocathode retained 80%, 50%, and 30% of its catalytic activity after storage
in a +4°C buffer solution for 1 day, 1 week, and 1 month, respectively.
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Fig. 4.5. a. Polarization curves for biocathodes manufactured on RVC 100ppi. ThL
concentration in the electropolymerization electrolyte: (1) 0 pg/ml; (2) 3.9 pg/ml; (3) 7.8
pg/ml; and (4) 19.5 pg/ml. Charge used during the electropolymerization: 100 mC/em’.
Electrolyte: pH = 4.5, 0.05 M succinate buffer containing 0.2 mM ABTS”. b. Polarization
curves for biocathodes manufactured on RVC 100ppi. Charge used during the
electropolymerization of PEDOT films: (1) 55 mC/cm’; (2) 83 mC/em’; (3) 110 mC/em’; (4)
167 mC/cm®; and (5) 550 mC/cm’. The ThL concentration in the electropolymerization
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electrozlyte was 7.8 ug/ml. Electrolyte: pH = 4.5, 0.05 M succinate buffer containing 0.2 mM
ABTS”.

4.1.3 Evaluation of the suitability of ThL catalyzed PANI inks for use in biocathodes

PANI-based ink was chosen as another matrix material for 74L immobilization, as in situ
entrapment of 7hAL in a PANI matrix can be achieved during the laccase activated
polymerization of aniline using a chemical batch reactor method. The ability of laccase to
catalyze the chemical synthesis of water-soluble conducting PANI has been reported
(Karamsshev et al., 2003; Streltsov et al., 2009). This enzymatic approach is an
environmentally friendly alternative for the synthesis of PANI, because it operates under
much milder conditions than traditional chemical polymerization, which uses high
concentrations of strong acids. The predominat advantages of 7hL-containing PANI ink are
its printability, ease of scalability, and mass processability on paper or cardboard-based
template materials. In this work, ThL-containing PANI inks were initially evaluated in terms
of their suitability for the construction of BFC biocathodes. The integration of these PANI
inks into the printed BFC assembly as a printed biocatalytic layer, which was independently
tested by our collaborators in the Finnish-Tekes project Tekes-PEPSic (1681/31/07), is
beyond the scope of this thesis.

Electrochemical evaluation and characterization of biocathodes made of PANI ink
containing ThL

Two PANI inks with different 7AL dosages in the synthesis bath were tested for use as
biocatalysts for O, reduction. The biocathodes were manufactured by applying PANI ink
containing 7AL (PANI ink 1 or 2) to a carbon paper template disk (GDL35 AA). The current
density generated by the biocathode was greater for PANI ink 2 than for PANI ink 1 due to
the larger dosage of ThL in PANI ink 2. Different amounts of PANI ink 2 were applied to the
carbon paper template, and the response of the resulting biocathodes was measured. As shown
in Fig. 4.6, the current density generated by the biocathodes increased as the amount of PANI
ink 2 applied to the GDL35 AA disk was increased.

Furthermore, ThL immobilized into PANI ink retains its catalytic activity for the reduction
of O, into water, as suggested by the CVs for such a biocathode under an Ar or O, atmosphere
(Fig. 4.7). The current density of the resulting T#L-containing biocathode can be controlled
by adjusting the 7AL concentration in the PANI ink and the amount of PANI ink used. It can
be concluded that ThL activated polymerization of PANI can be used to immobilize laccase in
the construction of biocathodes. However, partial dissolution of PANI ink from the electrode
surface into the aqueous phase of the electrolyte was observed during the measurements. So
its applications in large volume BFCs would be limited; it is more suitable for the printable
thin-layer BFC design proposed in the Finnish-Tekes project PEPSic (1681/31/07).
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Fig. 4.6. Polarization curves for biocathodes manufactured on carbon paper GDL35 AA (disk
diameter 5 mm) by applying different amounts of PANI ink 2 to the carbon paper template.
The amount of PANI ink 2 applied was (e) 0 ul; (m) 2.5 pl; (A) 7.5 pl; and (®) 10.0 pl.
Electrolyte: pH = 4.5, 0.05 M succinate buffer containing 0.2 mM ABTS?.
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Fig. 4.7. CVs for a biocathode manufactured on carbon paper GDL35 AA (disk diameter 5
mm) by applying 2.5 uL PANi ink 2. Electrolyte: pH = 4.5, 0.05 M succinate buffer
containing 0.2 mM ABTS”. The CVs were obtained under an Ar (solid line) or O, (dashed
line) atmosphere.

4.2 DET type biocathodes

4.2.1 DET of ThL adsorbed on CNT-modified electrodes

Integration of nano-sized constructive components into enzyme electrode construction is a
widely applied strategy for promoting DET between the enzyme and the current collector.
CNT is a remarkable one, which has been reported in numerous cases functioning as the
promoter for the pronounced DET between the enzyme and the electrode surface. The ability
of CNT-modified electrodes to promote electron transfer has been documented in connect
with the bridging effect of CNTs between the enzyme active centres and the electrode surface
(Ivnitski et al., 2007). The DET of laccase via CNTs has been investigated in a few studies
(Zheng et al., 2006; Zheng et al., 2008). In the present work, DET type biocatalysis of 7hL
was achieved on a GC electrode, promoted by multi-walled CNTs (MWCNs), and an
electrode design based on the adsorption of 7AL on MWCNTs was evaluated for use as an
oxygen-consuming biocathode.
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Chemical oxidation and fuctionalization can dramatically increase the stability of
MWCNTs suspension. Nitric acid reflux treatment is well-adapted approach for the
purification and chemical modification of CNTs (Tchoul et al., 2007; Datsyuk et al., 2008).
When MWCNTs were treated in 3 M HNOj; by refluxing, the defect sites, which are normally
located at the tube ends and occasionally on the sidewalls, were primarily attacked. The
carbon atoms were oxidized mainly into oxygen-containing functional groups, like
carboxylic, hydroxyl and carbonyl moieties, which improve the solubilization of the
nanotubes. In the reflux treatment, CNTs may also be cut when active sites on the sidewall are
attacked by the oxidizer; shortened tubes are terminated with carboxylic acid groups at the
ends. The presence of carboxylic groups on MWCNTs was confirmed by FT-IR, which
detected stretching bands of -C=0 at 1710 cm™ in the spectrum (data not shown).

ThL-MWCNT/GC and Nafion/ThL-MWCNT/GC enzyme electrodes were prepared as
follows: 1.2 mg MWCNT sample was dispersed into 450 ul Milli-Q water to form a
homogenous suspension using ultrasonication. Then, 450 ul MWCNT dispersion was mixed
with 50 pl 3.9 mg/ml ThL stock solution (the enzyme activity of 74L in stock solution is 421
U/ml on ABTS at pH 4.5), and this black suspension was stirred using a magnet for 3 h and
kept overnight at +4°C to achieve equilibrium for the adsorption of 7L onto MWCNTs.
Next, 10 ul of MWCNT/ThL was placed on top of a GC electrode and kept in ambient
atmosphere until it was dried. This electrode was called 7AL-MWCNT/GC. The active unit of
laccase on such an enzyme electrode is 0.42 U. After that, a 1:4 Nafion solution was prepared
by mixing 1 volume of 5 wt% Nafion ethanol solution and 4 volumes of Milli-Q water. A1:8
Nafion solution and a 1:16 Nafion solution were prepared in the same manner. Then, 10 pl of
the diluted Nafion solution was placed on top of the ThL-MWCNT/GC electrode and dried to
form a capping layer. The enzyme electrode capped with Nafion film was called Nafion/7hL-
MWCNT/GC

O, reduction catalyzed by ThL adsorbed on MWCNTs via DET.

For an MWCNT/GC electrode, the CV under O, almost coincided with the CV under Ar,
which implies that no reduction of O, occurred on the MWCNT-modified electrode surface in
the absence of laccase (Fig. 4.8.a). The wide redox peaks observed around 100 mV could be
attributed to the redox process of the oxygen-containing groups on MWCNTs.

For a ThL-MWCNT/GC electrode, no redox peaks corresponding to the redox transition of
Cu sites in 74L were found on the CV under anaerobic conditions (dashed line in Fig. 4.8.b).
Zheng et al.(Zheng et al., 2006) observed a pair of well-defined voltammetric peaks for the T1
Cu site of 7vL on a CNT-modified GC electrode, with a formal potential of +0.53 V vs. SCE;
this constitutes direct proof that CNTs promote the DET of laccase. In this thesis, failure to
observe the redox transition peaks for the Cu sites of TAL was probably due to interference
from the large capacitive current from the MWCNTs in the enzyme electrodes. As shown in
the voltammogram performed under an O, atmosphere (solid line in Fig. 4.8.b), an apparent
cathodic shift was initiated at 0.70 V vs. Ag/AgCl (s). Hence, MWCNTSs promote the DET of
ThL on an MWCNT modified GC electrode by orienting the 74L in a DET-preferable manner
on the MWCNT surface (Fig. 2.7.B).
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Fig. 4.8. CVs for enzyme electrode a. MWCNT/GC: 10 pl 2.5 mg/ml MWCNTSs on a GC
electrode; b. ThL-MWCNT/GC: 10 pl mixture of 2.5 mg/ml MWCNTs and 0.39 mg/ml 7hL
on a GC electrode. Measurements were performed under an Ar atmosphere (dashed lines) and
under an O, atmosphere (solid lines). The electrolyte for all the measurements was 0.05 M,
pH = 4.5 succinate buffer and the scan rate was 10 mV/s.

Electrochemical characterization of Nafion/7ThL-MWCNT/GC enzyme electrodes

Nafion film was introduced as a capping layer to strengthen the binding of MWCNTs and
to diminish the leakage of ThL from the electrode structure. Nafion films with varying
thickness resulting from different concentrations of Nafion solution were evaluated to
determine their effect on the catalytic performance of the enzyme electrode, as characterized
by the j-F curves in Fig. 4.9.a. When the capping layer from 1:4 Nafion solution or 1:8 Nafion
solution was formed on the enzyme electrodes, the catalytic current from the reduction of O,
decayed completely (curves 3 or 4 compared with curve 1 in Fig. 4.9.a). Probably, this was
the denaturing or inhibition caused by the alcohol concentration variations in casting solution.
The use of Nafion film from 1:16 Nafion solution made it possible to achieve a compromise,
causing only partial loss of apparent 7hL activity while preventing enzyme leakage. Under a
potential of 0.1 V wvs. Ag/AgCl (s), ThL-MWCNT/GC and Nafion/TAL-MWCNT/GC
produced current densities of 140 pA/cm? or 40 pA/cm?, respectively.

With 1:16 Nafion film as a capping layer, concentrations of 0.195 mg/ml, 0.39 mg/ml,
0.585 mg/ml, or 0.78 mg/ml ThL, were used to test the effect of TAL concentration on the
catalytic performance of the Nafion/TAL-MWCNT/GC enzyme electrode. Greater catalytic
reduction current was observed in the CA response with increasing 7AL concentration as
shown in Fig. 4.9.b. It reached a plateau when the ThL concentration was above 0.585 mg/ml.
This might be attributed to the adsorption mechanism of 7hL on MWCNTs or to the limited
proportion of MWCNTs which have the orientation appropriate for facilitating the DET.
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Fig. 4.9. a) j-E curves for the O, reduction catalyzed by 7hL via DET in Nafion/ThL-
MWCNT/GC electrodes with Nafion film of different thicknesses. (1) ThL-MWCNT/GC; (2)
Nafion(1:16)/ThL-MWCNT/GC; (3) Nafion(1:8)/ThAL-MWCNT/GC; (4) Nafion(1:4)/ThL-
MWCNT/GC. b) j-E curves from O, reduction catalyzed by T7hL via DET in
Nafion(1:16)/ThL-MWCNT/GC electrodes with different amounts of TAL. ThL: (1) 0.21 U;
(2) 042 U; (3) 0.63 U; (4) 0.84 U. Insert: Catalytic current density generated by
Nafion(1:16)/ThL-MWCNT/GC electrodes under a potential of 400 mV vs. ThL loading on
the electrode surface. The electrolyte for all measurements was 0.05 M, pH = 4.5 succinate
buffer, which was thoroughly purged with O, before the measurements.

4.2.2 DET of ThL confined in a dual-layer-architecture of PEDOT films

DET type biocatalysis of ThL was also accomplished in a conducting polymer-based
enzyme electrode configuration: confinement of 7hL in a well-designed dual-layer-
architecture of PEDOT films. A PEDOT film with NOs as the counter ions (PEDOT-NOs)
was deposited as an accommodation layer on a GC electrode via electropolymerization,
enzyme (7hL) was cast on top of this layer, and then PEDOT film with PSS’ as the counter
ions (PEDOT-PSS) was subsequently electrodeposited as a capping layer to entrap ThL
between the PEDOT layers. The resulting enzyme electrode promotes DET between 74L and
the current collector and catalyzes the reduction of O, into water. Fig. 4.10 is a schematic
diagram of this dual-layer-architecture enzyme electrode, which is called PEDOT-
NOs/ThL/PEDOT-PSS.

Capping layer of PEDOT-PSS
Th-Laccase

v i ' i it - Accommodation layer
I — —> Electrode material of PEDOT-NO,

Fig. 4.10. Schematic diagram of the dual-layer-architecture enzyme electrode PEDOT-
NOs/ThL/PEDOT-PSS.
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Oxygen reduction catalyzed by ThL via a DET pathway through conducting polymer
PEDOT chains

The unique capability of PEDOT-NO;/ThL/PEDOT-PSS fabricated on a GC electrode (d =
6 mm) to promote DET type catalysis of ThL was verified (Paper III). As shown in Fig.
4.11b, when a PEDOT-NOs/ThL/PEDOT-PSS enzyme electrode was examined using cyclic
voltammetry in the absence of any redox mediator, a distinct shift in the reduction wave
caused by the oxygen reduction was observed under aerobic ambient conditions compared to
that under anaerobic ambient conditions. In contrast, in the control sample without 7hL (Fig.
4.11a), no cathodic shift was observed below a potential of 0.2 V vs. Ag/AgCl (s), at which
point O, reduction on the PEDOT film structure is initiated as a bulk electrode reaction
without enzymatic catalysis. For the PEDOT-NO3/ThL/PEDOT-PSS enzyme electrode, the
catalytic reduction of O, is initiated at a potential of around 0.55 V vs. Ag/AgCl (s) (0.75 V
vs. NHE), which is in the vicinity of the redox potential of the T1 Cu of ThL (0.78 V vs.
NHE). Therefore, the participation of ThL biocatalysis enables O, reduction at a lower
overpotential. This is convincing evidence for the role of the T1 Cu site as the primary
electron acceptor in the electron transfer process. In Fig. 4.11c, the CA response of the
enzyme electrode at a potential of 0.35 V vs. Ag/AgCl (s) with varying O, concentrations in
the electrolyte supports the conclusion that the reduction current is produced by the
bioelectrocatalytic reduction of O».

The fabrication of such a dual-layer-architecture was optimized on a GC electrode and the
parameters investigated included the 7hL loading and the thickness of both the PEDOT-NO;
layer and the PEDOT-PSS layer (Paper III). For a specific dual-layer-architecture, the
catalytic current density has a linear dependence on the ThL loading inside the architecture.
For a certain quantity of enzyme, the thicknesses of the PEDOT-NOs layer and the PEDOT-
PSS layer determine the DET promoting capability on the biocatalysis of O, reduction. The
dual-layer-architecture enzyme electrode PEDOT-NOs/ThL/PEDOT-PSS exhibited fairly
good reproducibility and operational stability. Its pH profile has a bell shape, with an optimal
pH in the range of 3.0-3.5.
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Fig. 4.11. a. CVs of dual-layer-architecture electrode PEDOT-NOs (56 mC) /PEDOT-PSS (14
mC) under anaerobic ambient conditions (dashed line) and aerobic ambient conditions (solid
line). B. CVs of dual-layer-architecture enzyme electrode PEDOT-NO; (56 mC)
/ThL/PEDOT-PSS (14 mC) under anaerobic ambient conditions (dashed line) and aerobic
ambient conditions (solid line). Electrolyte: 50 mM, pH = 4.5 succinate buffer. Scan rate: 5
mV/s. c. CA response (at 0.35 V vs. Ag/AgCl (s)) of dual-layer-architecture enzyme electrode
PEDOT-NOs; (56 mC) /ThL (1.26 U) /PEDOT-PSS (14 mC), when the electrolyte (50 mM,
pH = 4.5 succinate buffer) was purged Ar or O,: t = 0, Ar saturated solution; t = 135 s, O,
purging; t =592 s, Ar purging; t =919 s, O, purging.
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ET pathway between ThL and the current collector via PEDOT chains in the dual-layer-
architecture enzyme electrode PEDOT-NO3/ThL/PEDOT-PSS

The DET of ThL was not observed when ThL was immobilized into the PEDOT-NO; film
through in situ entrapment, as discussed in Section 4.1.2. Moreover, failure to observe DET in
both the GC/PEDOT-NO;/ThL/PEDOT-NO; and GC/PEDOT-PSS/ThL/PEDOT-PSS
combinations underlines the critical role of the GC/PEDOT-NOs3/ThL/PEDOT-PSS
combination in accomplishing DET (Fig. 4.12a). In the case of GC/PEDOT-
PSS/ThL/PEDOT-PSS, the failure to accomplish DET may be due to the compact and dense
micro-structure of PEDOT-PSS, whose grain-like morphology makes it unsuitable for
capturing enzyme clusters after the drop-casting of ThL and for retaining them from diffusing
off during the synthesis of the capping layer. In constrast, the pore structure of PEDOT-NO;3,
which is on the order of several tens of nm, provides adequate accommodation to a single 7hL
molecule or enzyme cluster of agglomerated 74L molecules since the 7hAL molecule
theoretically has a crystalline dimension close to that of TvL (65x55x45 A) (Piontek et al.,
2002). Most striking, there is no DET observed with the combination GC/PEDOT-
NO3/ThL/PEDOT-NO3, which strongly suggests that the PEDOT-PSS capping layer plays a
decisive role in promoting the DET in enzyme electrode PEDOT-NO;/ThL/PEDOT-PSS.

A non-ionic surfactant, Tween-20, was added to the succinate buffer to evaluate its effect
on the bioelectrocatalytic performance of the dual-layer-architecture enzyme electrode. The
catalytic current density decayed dramatically when Tween-20 was present in the electrolyte
(Fig. 4.12.b). Increasing the concentration of Tween-20 degraded the electrode performance
even further. Based on this observation, it is believed that Tween-20 is adsorbed onto the
dual-layer-architecture and perturbs the enzyme electrode by altering its micro-structure. This
supports the proposed electron transfer mechanism in the dual-layer-architecture enzyme
electrode: the interaction between PSS and the hydrophobic substrate-binding pocket close to
the T1 Cu is probably responsible for resulting in the favorable location of the conducting
polymer chains close to the T1 Cu site. This interaction is also the main driving force for the
DET in this system, an explanation similar to that offered by Blandford et al. (Blanford et al.,
2008) for achieving DET of laccase via an enhanced adsorption method. When PEDOT-PSS
film was electrosynthesized to create the capping layer, PEDOT-PSS chains preferably grew
preferentially towards the vicinity of the substrate-binding pocket most likely due to the m-n
interaction between the aromatic benzene rings of PSS™ and the hydrophobic substrate-binding
pocket; thus, the polymer chain is brought close to the T1 Cu site of TAL. In this manner, the
PEDOT-PSS chain provides an electron transfer pathway from the electrode surface to the T1
Cu site. The electron is transferred through an internal electron transfer mechanism to the
T2/T3 cluster (a distance of 12-13 A), where oxygenis reduced to water. Fig. 4.13 presents a
schematic diagram of the dual-layer-architecture enzyme electrode, illustrating the proposed
electron transfer pathway.
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Fig. 4.12. a. j-E curves of dual-layer-architecture enzyme electrodes with different
combinations of dual layers: PEDOT-NO; (56 mC) /ThL (1.26 U) /PEDOT-PSS (14 mC) (-m-
); PEDOT-PSS (56 mC) /ThL (1.26 U) /PEDOT-PSS (14 mC) (-e-); PEDOT-NO; (56 mC)
/ThL (1.26 U) /PEDOT-NOs (14 mC) (-v-). Electrolyte: 50 mM pH = 4.5 succinate buffer; b.
J-E curves of dual-layer-architecture enzyme electrode PEDOT-NOs (28 mC) /ThL (1.26 U)
/PEDOT-PSS (3.5 mC) in buffer solutions with or without Tween 20: 50 mM, pH = 4.5
succinate buffer (-e-); 50 mM, pH = 4.5 succinate buffer containing 0.5 % Tween 20 (-0-); 50
mM, pH = 4.5 succinate buffer containing 2.5 % Tween 20 (- -)

Fig. 4.13. Schematic diagram of the electron transfer pathway in the dual-layer-architecture
enzyme electrode PEDOT-NOs/ThL/PEDOT-PSS.
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Initial RDE Kinetics measurements on the O, reduction catalyzed by PEDOT-
NO3/ThL/PEDOT-PSS biocathode

Initially, RDE measurements for the PEDOT-NOs/ThL/PEDOT-PSS enzyme electrode
were initially conducted as an attempt to understand the kinetics limitations on the
biocatalysis of 7AL for O, reduction in the dual-layer-architecture enzyme electrode.

Fig 4.14a shows the Koutecky-Levich plots for the RDE measurements of a PEDOT-
NO3/ThL/PEDOT-PSS enzyme electrode under varying O, concentrations in the buffer
electrolyte. The Koutecky-Levich plots exhibit good linearity, as the I’ vs. @™ plots in Fig.
4.14b. With increasing of O, gradient present in the pH = 4.5 succinate buffer, PEDOT-
NOs/ThL/PEDOT-PSS electrode produced larger catalytic reduction currents. However, for
each O, concentration ranging from that of an air saturated buffer (Co; around 5.6 mg/l) to
that of an O, saturated buffer (Co, around 26 mg/l), the I vs. " plot for the PEDOT-
NO;/ThL/PEDOT-PSS enzyme electrode deviated from a straight line and tended toward the
limit / = Ik as the rotational speed increased to 0"’ —ow. Here, I represents the current in the
absence of any mass transfer effect, that is, the current that would flow under the kinetics
limitations if the mass transfer is efficient enough to maintain the concentration at the
electrode surface equal to the bulk value, regardless of the electrode reaction. The curved 7 vs.
w'? plots imply that a kinetics limitation is involved in the electron transfer reaction and that
the enzymatic catalysis occurring in the PEDOT-NOs/ThL/PEDOT-PSS enzyme electrode has
slow kinetics.

The electrobiocatalysis of O, reduction in the PEDOT-NO3/TAL/PEDOT enzyme electrode
involves the following sequence of kinetics-related steps: (i) electron transfer from the current
collector through the conducting polymer chain to the electron acceptor of ThL, the T1 Cu"
site; (ii) intra-molecular electron transfer from the T1 Cu" to the T2/T3 Cu" cluster; and (iii)
reduction of O, to H,O. It remains to be decided which of these steps is the rate-determining
step that limits the kinetics of the enzyme reaction.
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Fig. 4.14. a. RDE chronoamperometric measurements of the enzyme electrode PEDOT-NO;
(56 mC) /ThL (1.26 U) /PEDOT-PSS (14 mC). The current was recorded under the potential
0f 0.45 V vs. NHE in a 50 mM, pH = 4.5 succinate buffer. The O, bulk concentration was (1)
5.6 mg/l; (2) 12 mg/l; (3) 18 mg/l; (4) 26 mg/l. b. Koutecky-Levich plots for RDE
measurements of PEDOT-NO; (56 mC) /ThL (1.26 U) /PEDOT-PSS (14 mC) in (a).
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Fig. 4.15. Kinetics-related steps involved in the electrobiocatalysis of the O, reduction
occurring in the enzyme electrode PEDOT-NO;/ThL/PEDOT-PSS.

4.3 MET type bioanode: ‘wiring’ GcGDH using Os-polymers on graphite electrodes

A new extracellular redox enzyme, FAD-dependent GDH from Glomerella cingulata
(GcGDH) was electrochemically investigated in terms of its ability to catalyze the oxidation
of glucose on a spectrographic graphite electrode. Six Os-polymers, whose redox potentials
ranged across the broad potential window between +15 and +489 mV vs. NHE, were used to
‘wire’ the GecGDH onto spectrographic graphite electrodes for possible applications in
biosensors and BFCs. The GeGDH/Os-polymer modified electrodes were evaluated in a CA
mode using FIA. The current response was investigated across a step-wise increasing
potential window. Among the six PVI or PVP polymers with Os*”*" redox centres, polymer ¢
([Os (4,4'-dimethyl-2,2"-bipyridine), (PVI)CI]") and polymer d ([Os (2,2’-bipyridine),
(PVI)CI]") gave the best results for ‘wiring” G¢GDH to catalyze the oxidation of glucose. In
addition, the ratio of GcGDH to Os-polymer in the overall loading of the enzyme electrode
significantly affects its ability to catalyze glucose oxidation. The GcGDH:Os-polymer ratio
for the solution cast dosage was optimized to achieve a large catalytic current.

Cyclic voltammetry of Os-polymers

The electrochemical behavior of a series of Os-polymers was characterized using cyclic
voltammetry. Fig. 4.16 shows typical CVs for the different Os-polymers adsorbed on the
surface of a spectrographic graphite electrode in a pH = 7.4, 50 mM phosphate buffer. All Os-
polymers displayed a pair of well-defined, chemically reversible redox peaks for the 0>
redox centres in the polymer. Because different ligands coordinate the 0s*"** redox centres,
the formal redox potentials of the redox polymers vary substantially covering the entire
potential range from +15 to + 489 mV (vs. NHE). The redox potentials of the polymers
depend, as expected, on their intrinsic chemistry, as discussed in Paper IV.
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Fig. 4.16. CVs of GcGDH/Os-polymers on spectrographic graphite electrodes (2 ul of
GcGDH, 4 pl of Os redox polymers, and 1 pl of PEGDGE) measured at a scan rate of 10
mV/s in the absence of substrate. Measurements were performed in a pH = 7.4, 50 mM
phosphate buffer.

‘Wiring’ GecGDH using Os-polymers on graphite electrodes

For GeGDH, the redox potential of the FAD cofactor remains undetermined. The current
response of the GeGDH/Os-polymer modified electrode was recorded within a step-wise
increasing potential window ranging from 65 mV to 790 mV (vs. NHE) in a pH = 7.4, 50 mM
phosphate buffer containing 5 mM glucose (Fig. 4.17.a). The activation potential for the
catalytic oxidation current shifts more positively from polymer a to polymer f, in line with the
shifting direction of the redox potential of the Os*"*" redox centres in these polymers. As
discussed in Section 2.4.3, the reversible potential of a mediated biocatalytic electrode is a
mixed potential dominated by the mediator couple. Among the six Os-polymers, polymers a
and b were the least efficient mediators for GcGDH, yielding lower currents. This is likely
because the redox potentials of polymers a (15 mV vs. NHE) and b (140 mV vs. NHE) are too
low with respect to the potential of the FAD cofactor of GcGDH, so the electron transfer step
from the FAD cofactor to the Os redox centre is thermodynamically uphill. In contrast, when
polymer ¢ and polymer d were used to ‘wire’ GeGDH, much higher response currents were
obtained from the glucose oxidization, and the steady-state currents were achieved at around
370 mV vs. NHE. For polymer e and polymer f, steady-state catalytic currents were observed
at more positive potentials, demonstrating ‘wiring’ performance intermediate between that of
polymer a, b and that of polymer ¢, d. Referring to the ‘wiring’ performance of the six Os-
polymers, it is anticipated that the E* value of the FAD cofactor of GeGDH will be in the
vicinity of the redox potentials of 05> redox centres in polymer ¢ and d.

The ratio of GeGDH to Os-polymer (c or d) for the solution cast dosage was optimized to
achieve a higher catalytic current for glucose oxidation on the enzyme electrode. The
GcGDH/Os ¢ modified electrode produced the highest current density: 493 pA/cm?® for 30
mM glucose. Thus it is applicable as the bioanode for glucose-fueled BFCs. Its desirable
features also include insensitivity to O, and catalytic efficiency comparable to that of
commercial GOx from Aspergillus niger (Fig. 4.17.b).
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Fig. 4.17. a. Dependence of catalytic current of GecGDH/osmium redox polymer modified
graphite electrodes (5 pl of GeGDH, 2 pl of Os redox polymer, and 1 pul of PEGDGE) on the
applied potential. The experiments were performed in a pH = 7.4, 50 mM phosphate buffer,
with a flow rate of 0.5 ml/min and a glucose concentration of 5 mM. b. Calibration curves
(current density) of GOx/Os ¢ and GcGDH/Os ¢ modified graphite electrodes (1 pl of
GcGDH or GOx (equivalent activity unit), 2 pl of Os ¢, and 1 pl of PEGDGE) with glucose
as substrate. The experiments were performed in a pH = 7.4, 50 mM phosphate buffer with a
flow rate of 0.5 ml/min. The working potential was 465 mV vs. NHE.

4.4 DET type, CDH-based bioanode
DET biocatalysis of CtCDH for sugar oxidation on an AuNP-structured electrode

Using glutaraldehyde as a cross-linker, CtCDH was covalently immobilized on a thiol-
modified AuNP surface. The immobilization strategy is shown schematically in Fig. 4.18. An
AuNP dispersion was cast onto an Au-disk electrode, which resulted in a meso-porous Au
structure. The electrode was electrochemically treated to obtain a clean Au surface, followed
by the formation of a self-assembled monolayer (SAM) of thiols on it. Covalent binding
between the -NH; group on CfCDH and the -NH; group on the SAM is realized in the reactant
drop formed by mixing the CDH enzyme solution and glutaraldehyde on the electrode
surface. A more detailed description of the fabrication of the enzyme electrode
CtCDH/AuNP/Au is included in Paper V.
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Fig. 4.18. Schematic diagram of the preparation of the enzyme electrode C+CDH/AuNP/Au

The CVs for the bioanode CtCDH/AuNP/Au with or without lactose/glucose in the buffer
solution are displayed in Fig. 4.19.A. In the absence of substrate (curve a), a pair of well-
defined, nearly symmetric redox peaks was observed at Ei, = -122 mV vs. Ag/AgCI/KCl (s)
(75 mV vs. NHE). The CVs in Fig. 4.19.B show that both the peak separation (24 mV)
involved in the redox reaction does not vary when the scan rate increases from 2 mV/sto 100
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mV/s and that the cathodic/anodic peak current (/,./or 1,,) is linearly proportional to the scan
rate (see the insert in Fig. 4.19.C). Those observations indicate that this redox reaction is a
fully reversible and surface-confined process. This pair of redox peaks is attributed to the
redox oxidation/reduction of the haem (1 e process) of C+CDH. In the presence of substrate,
an apparent anodic shift was observed in both curve b (5 mM lactose) and curve ¢ (100 mM
glucose) due to the oxidation of the sugars catalyzed by CtCDH via DET. The catalytic
current onsets at a potential around -150 mV and reaches a plateau at -50 mV for the
oxidation of both lactose and glucose. Based on the integrated redox peak area for the redox
response of the haem and the plateau value of the catalytic current produced from lactose
oxidation, an active enzyme surface coverage of 0.65 pmol/cm’ (against electrochemical
active surface area) was calculated for CfCDH, and a turnover number of 0.5 s was
estimated for the C+CDH immobilized on the AuNP surface on lactose oxidation via DET.
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Fig. 4.19. A. CVs for the CtCDH/AuNP/Au bioanode in (a) a pH = 7.4, 50 mM phosphate
buffer (solid line); (b) in a pH = 7.4, 50 mM phosphate buffer containing 100 mM glucose
(dotted line); and (c) in a pH = 7.4, 50 mM phosphate buffer containing 5 mM lactose (dashed
line). The electrolyte was purged with Ar for 15 mins before each measurement. Scan rate: 2
mV/s. B. CVs for the Cf-CDH/AuNP/Au bioanode in a pH = 7.4, 50 mM phosphate buffer in
the potential range from -300 mV to 100 mV. Scan rate: (a) 2 mV/s; (b) 5 mV/s; (c) 10 mV/s;
(d) 25 mV/s; (e) 50 mV/s; (f) 100 mV/s. C. Linear plot of the cathodic/anodic peak current
(Lpc/or 1,4) vs. scan rate
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Enhanced performance of the CtCDH/AuNP/Au bioanode achieved by optimizing the
fabrication parameters

The cross-linker concentration in the reactant drop for CfCDH immobilization was varied
to investigate the influence of the strength of cross-linking on the activity of the immobilized
CtCDH. For a reactant drop with a total volume of 3 ul, 1 pl 2% glutaraldehyde was optimal
dosage for 2 pul CtCDH solution. With these dosages, the cast number of the concentrated
AuNP was increased from 3 to 20 to enlarge the active surface area available for CtCDH
immobilization. The electroactive surface area of the AuNP structure on the Au-disk electrode
was estimated from the CVs obtained during electrochemical cleaning (CV scans from -100
mV to 1700 mV) by normalizing the charge under the stripping peak of the gold surface oxide
against a specific charge density of 386 uC/cm’® (Woods, 1980). As the electroactive surface
area involved in the bioanode fabrication increased, the catalytic current increased, reaching a
plateau when the surface area of the AuNPs was above 12 cm® on the 0.02 cm® Au-disk
electrode (Fig. 4.20). It can be inferred that more CtCDH was immobilized from the reactant
drop onto the AuNP surface and exhibited a higher apparent catalytic activity on the oxidation
of sugars. However, even more cast can be applied to achieve a larger active surface area,
CtCDH perhaps cannot access into the inner structure of the AuNPs in the immobilization due
to the diffusion barrier created by the meso-porous structure of the AuNPs packed during
solvent evaporation (Murata et al., 2010).
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Fig. 4.20. The catalytic current generated by the CfCDH/AuNP/Au bianode vs. the
electroactive surface area of AuNPs on a 0.02 cm” Au-disk electrode

Calibration curves and pH profile of the CFCDH/AuNP/Au bioanode

The calibration curves for the CtCDH/AuNP/Au bioanode on lactose and glucose are
displayed in Fig. 4.21.A and B, respectively. The kinetics parameters of the enzymatic
reactions, Ky, (the Michaelis-Menten constant) and /¢ (the maximum current response), were
calculated using non-linear least squares regression, fitting the calibration curves to the
Michaelis-Menten Equation. The values of Ky, and Inax were, for lactose, 0.155+0.024 (mM)
and 43.3+£1.52 (pA/cm?), respectively, and, for glucose, 27.5+6.42 (mM) and 31.242.3
(uA/cmz), respectively. The value of I.x/Km, Which can be interpreted as the catalytic
efficiency, is 250 times lower for glucose oxidation than for lactose oxidation.

The current response of the bioanode CrCDH/AuNP/Au at a potential of 0 mV vs.
Ag/AgCl/KClgy, was recorded for 5 mM lactose in buffer carriers with different pH. The pH
profile is presented in Fig. 4.21.C. The CfCDH on CtCDH/AuNP/Au bioanode was most
efficient in terms of high catalytic current response in the neutral pH range (pH 7.0 to 8.5),
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which makes CtCDH an attractive biocatalyst for the fabrication of implantable glucose/O,
BFCs.
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Fig. 4.21. A and B: Calibration curves for the Ct-CDH/AuNP/Au bioanode in a pH = 7.4, 50
mM phosphate buffer determined by means of FIA for lactose and glucose, respectively; C.
pH profile for the CtCDH/AuNP/Au bioanode

4.5 An implantable BFC demonstration unit: AuNP-based, DET type, sugar/O, BFC
operating in physiological fluids

The bioanode CfCDH/AuNP/Au was coupled with a Myrothecium verrucaria bilirubin
oxidase (MvBOD)-based, AuNP-structured Au disk electrode as the biocathode to construct a
sugar/O, BFC. In the MvBOD/AuNP/Au biocathode configuration, MvBOD was immobilized
on AuNPs by physical adsorption; the resulting device was able to catalyze the reduction of
O, into water via DET. The fabrication details are given in Paper V. The catalytic current
generated by the biocathodes in the air-saturated and quiescent buffer solution showed a clear
limitation by O, diffusion with a maximal current density of 110 uA/cmz. The DET type
biocatalysis is facilitated for CfCDH and MvBOD in the bioanode and the biocathode,
respectively, which makes possible a membrane-less design for a one-compartment BFC (Fig.
4.22). This BFC generates power output when operating in physiological fluids by utilizing
the glucose and dissolved O, as the fuel and the oxidant at the anode and the cathode,
respectively.

Fig. 4.22. Schematic diagram of the configuration of a one-compartment sugar/O, BFC
(Coman et al., 2008) (Copyright permission with RSC publishing).

When this BFC operates in a lactose- (5 mM) or glucose- (100 mM) containing phosphate
buffer (pH = 7.4), the potential difference between the onsets of biocatalysis at the biocathode
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(500 mV vs. SCE) and at the bioanode (-180 mV vs. SCE) determines the OCV of the BFC,
which is 0.68 V for the BFC operating in either a lactose- or a glucose-containing buffer. The
anodic catalytic currents are around 1-2 times less than the cathodic ones, which makes the
anode the limiting side for overall BFC performance. The maximal power density of 14.9 or
10.3 pW/cm?® was achieved at an operating voltage of 0.52 V with 5 mM lactose or 100 mM
glucose as the fuel (Paper V).

A one-compartment CtCDH/AuNP/Au/MvBOD/AuNP/Au BFC was also evaluated in
terms of their operation in complex biological fluids, i.e., human blood and plasma. The
glucose concentration in blood from a healthy individual is known to vary from 3.9 mM to 5.6
mM (around 13 % higher in plasma), with variation dependant on the time at which the
sample was taken (Lind et al., 1972). The oxygen concentration in air-saturated fluids is around
0.25 mM at room temperature (Truesdale & Downing, 1954). As a reference media for these
biological fluids, the BFC performance was evaluated in a pH = 7.4 phosphate buffer
containing 5 mM glucose and 150 mM NaCl, which is a simplified mimic of the physiological
fluids. Fig. 4.23.A shows the LSV curves for both the bioanode CfCDH/AuNP/Au and the
biocathode MvBOD/AuNP/Au in human blood and plasma. The bioanode CtCDH/AuNP/Au
displayed almost the same behavior in the blood and plasma as in the reference media in the
potential window -0.2 V to 0.16 V (vs. SCE). The biocathode MvBOD/AuNP/Au had slightly
poorer performance in the blood and plasma than in the reference media: in each case, the
potential onset for O, reduction shifted more positively, and lower catalytic activity of
MvBOD on the reduction of O,was observed. Fig. 4.23.B shows power density plots for the
BFC operating in different media. The performance parameters are summarized in Table 4.1.
In blood and plasma, the BFC gives power density profiles quite similar to those for the
reference physiological buffer. The power generated by the BFC in physiological fluids is
well correlated with the value for the physiological buffer, which is to be expected
considering that the glucose concentrations are similar.

Another important aspect of the BFC is its operational stability since an implantable BFC is
required to have a long lifetime operating under the physiological conditions. The operational
stability of the C:tCDH/AuNP/Au/MvBOD/AuNP/Au BFC in physiological media was
assessed. When the BFC operated in the physiological buffer, a 20% drop in power density
was observed during continuous operation for 10 h; in plasma and blood, the BFC had
estimated half-lifetimes of about 8 h and 2 h, respectively. It is difficult to predict the exact
cause of the deactivation of the BFC in plasma and blood due to the presence of so many
different compounds. Physiological fluids contain many different organic and inorganic
compounds that can affect the catalytic activity of enzymes. A more detailed discussion of
this issue is included in Paper V.
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Fig. 4.23. A. LSVs of CDH-modified electrodes (curves 1) and BOD-modified electrodes
(curves 2) in (a) a pH = 7.4, 50 mM phosphate buffer containing 5 mM glucose and 150 mM
NacCl (dash-dot-dot line); (b) human blood (solid line); (c) plasma (dash-dotted line). Scan
rate: 2 mV/s; B. Dependence of power density on operating voltage for the BFC under air-
saturated and quiescent conditions. (a) a pH = 7.4, 50 mM phosphate buffer containing 5 mM
glucose and 150 mM NacCl (dash-dot-dot line); (b) human blood (solid line); (c¢) plasma (dash-
dotted line). Scan rate: 0.1 mV/s

Table 4.1. Performance parameters for the CtCDH/AuNP/AulMvBOD/AuNP/Au BFC

operating in different media.

maximum power-

media type OCV of BFC output at operating operational stability
voltage
pH="7.4,50 mM 20% drop in power
phosphate buffer 0.664V 33 uWiemlat052y | density during
containing 5 mM glucose continuous
and 150 mM NaCl operation for 10 h
blood 0.660 V 2.8 pW/em® at 0.45 V Half-lifetime: 2 h
plasma 0.63V 3 uW/em?® at 0.47 V Half-lifetime: 8 h
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5. Conclusions

The counter ions for the conducting polymer PEDOT, significantly affect the structural
features and morphology of the polymer film resulting from the electropolymerization process.
The morphological variations of PEDOT films caused by the counterion species offer unique
possibilities for tailoring the fine structure of the host matrix for the purpose of maximizing
enzyme loading in the enzyme electrode design. Electropolymerization in a pulse mode is
beneficial for obtaining evenly distributed PEDOT deposition through a 3D macro-porous
structure in the supporting material.

In situ entrapment of enzyme as a dopant during the electropolymerization of PEDOT was
successfully used to immobilize ThL as the catalyst in the construction of an O,-consuming
cathode. RVC foam is a good template material for PEDOT deposition. Biocathodes
manufactured by in situ entrapment of 7AL in PEDOT film polymerized on RVC foam,
producedza high current density, reaching 1 mA/cm?® at 0.45 V in the presence of the mediator
of ABTS™.

MWCNT functions as the DET promoter for the biocatalysis of 7hL. A DET type catalytic
current density of 40 pA/cm’ is generated by the ThL-MWCNTSs/ Nafion/GC biocathode.
DET type biocatalysis is also accomplished for 74L by immobilizing 7hL into a fine-tuned
dual-layer-architecture of PEDOT films. This enzyme electrode PEDOT-NO;/ThL/PEDOT-
PSS is able to promote DET between 7hL and the GC electrode. The reduction of oxygen in
water was catalyzed with the T1 Cu' site as the primary electron acceptor. The enzyme
electrode PEDOT-NOs/ThL/PEDOT-PSS works in an optimal pH range of 3.0-3.5. It is
proposed that the m-m interaction between the PSS™ and the hydrophobic substrate-binding
pocket in the vicinity of the T1 Cu site causes the PEDOT-PSS chain to grow close to the T1
Cu site, thus facilitating the DET of ThL within this particular architecture. The initial RDE
kinetics measurements imply that a kinetics limitation is involved in the electron transfer
steps. The enzyme reaction occurring in the PEDOT-NO;/TAL/PEDOT-PSS enzyme electrode
has a slow kinetics.

For the new, FAD-dependent GeGDH, among the six PVI or PVP polymers with 0s*0s**
redox centres, whose redox potentials range between +15 and +489 mV vs. NHE, polymer ¢
([Os (4,4'-dimethyl-2,2"-bipyridine), (PVI)CI]" and polymer d ([Os (2,2 -bipyridine),
(PVDCI™") gave the best results for wiring G¢GDH to catalyze the oxidation of glucose.
The highest current density of 493 pA-cm’ for 30 mM glucose was produced with a
GcGDH/Os ¢ modified electrode with an optimized GeGDH:Os ¢ ratio. With the desirable
features of insensitivity to O, and catalytic efficiency comparable to that of commercial GOx
from Aspergillus niger, it can be used as an anodic biocatalyst for glucose-fueled BFC
applications.

CDHs are interesting alternative enzymes for catalyzing sugar oxidation, with the great
feature of being insensitive to O,. The DET type biocatalysis of CtCDH for lactose (and
glucose) oxidation was accomplished on an AuNP-structured electrode. The haem site in
CtCDH functions as enzyme itself ‘built-in’ mediator to communicate the electron transfer
from the FAD site to the AuNP surface. The redox potential of the haem site in Cf*CDH was
determined to be E;, = -122 mV vs. Ag/AgCI/KCI(s) (75 mV vs. NHE). The
CtCDH/AuNP/Au bioanode generates the maximum current response for lactose: I, =
433£1.52 (pA/em’); for glucose: I = 312423 (uA/em’). The CtCDH on
CtCDH/AuNP/Au bioanode was most efficient in terms of high catalytic current response in
the neutral pH range (pH 7.0 to 8.5), which makes CtCDH a suitable biocatalyst for the
fabrication of implantable glucose/O, BFCs. A CtCDH enzyme electrode as the bioanode was
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coupled with a BOD enzyme electrode as the biocathode to fabricate a one-compartment
implantable BFC. The following characteristics of the mediator-, separator-, and membrane-
less BFC were obtained: in a pH = 7.4 phosphate buffer containing 5 mM lactose, an OCV of
0.68 V and a maximum power density of 15 uW/cm® at an operating cell voltage of 0.52 V; in
human blood, an OCV of 0.65 V and a maximum power density of 3 pW/cm® at an operating
cell voltage of 0.45 V.
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