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Abstract

The enzymatic biofuel cells are a type of fuelgelvhich use biocatalysts (enzymes) instead of
conventional noble metal catalysts. The utilizatddrenzymes offers various advantages such as
mild operating conditions, variety of possible tu&nd high catalytic selectivity, which can
theoretically enable a membraneless design. How#weuse of enzymes is associated also with
significant disadvantages such as the difficultytha establishing of efficient electron transfer
between the enzyme and the electrode surface anegktly low long-term stability of enzymatic

electrodes.

The typical performance of enzymatic biofuel celbich is in the microwatt range, and the
short operational life still limit their practicapplications. The research in this field has been
mainly focused on the development of different pohaes for immobilization and electrical
coupling of enzymes, while less attention has lpeed to the overall system design. The current
study aims to show the systematic development giueose-oxygen enzymatic fuel cell. This
dissertation comprises different steps in the ezging of a biofuel cell, from the selection and
development of a suitable procedure for preparatidnelectrodes and the systematic
investigation of the electron transfer mechanisni&optimization of the electrode performance

and the coupling of the electrodes in a fuel cefifguration.



Zusammenfassung

Die enzymatische Biobrennstoffzelle ist eine ArbvBrennstoffzelle, die statt konventionellen
anorganischen Katalysatoren (Edelmetalle), Enzyn®iokétalysatoren) benutzt. Die
Anwendung von Enzyme bietet verschiedene Vorteile Vergleich zu anorganischen
Katalysatoren, wie zum Beispiel mildere Betriebsbgdngen, Vielfalt von mdglichen
Brennstoffen und hohere Katalysator-Selektivité¢, theoretisch einen membranfreien Aufbau
moglich macht. Allerdings ist die Anwendung von Batalysatoren auch mit verschiedenen
Nachteilen verbunden, wie zum Beispiel die Schglait eine effiziente Elektronlbertragung
zwischen Enzym und Elektrodenoberflache zu ermbghcund der geringen Langzeitstabilitat
einer enzymatischen Elektrode.

Die typische Leistung der Brennstoffzellen im Mwatdtbereich und ihre sehr kurze
Lebensdauer begrenzen die bisherigen praktischemeAdgungen. Die Erforschung auf dem
Gebiet der enzymatischen Biobrennstoffzellen istmaderweise mit der Entwicklung von
verschiedenen Prozeduren fur die Enzymimmobilisigruind der elektrischen Ankopplung
verbunden, der Systemaufbau wurde eher wenigerhtmadiese Doktorarbeit zeigt die
systematische Entwicklung einer Glukose-Sauer$tafierten enzymatischen
Biobrennstoffzelle. Diese Arbeit umfasst alle Stthri von der Auswahl einer geeigneten
Prozedur fur die Elektrodenpraparation und der esgatischen Untersuchung des
Elektronenlbertragungsmechanismus, lUber die Optimje der enzymatischen
Elektrodenleistung bis hin zur Kopplung von AnodeduKathode zu einer gesamten
Brennstoffzelle.
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1. Introduction

The present work entitled “The development of acgae-oxygen enzymatic biofuel cell”
combines contributions from two contemporary reslearfields — fuel cells and
bioelectrochemistry. Both research areas can lerded as branches of electrochemistry but in
comparison to the rather application-oriented ep@rgducing task of fuel cells,
bioelectrochemistry has a more fundamental spectassociated with the investigation of
electrical phenomena in biological systems (eléatetic, membrane and electron transfer
phenomena). However, this differentiation is intemegeable in the broader sense, since the
practical optimization of fuel cells requires aiddheoretical background and can also generate
basic knowledge. On the other side, the investigatind understanding of bioelectrochemical
phenomena can result in technological applicatiépg. amperometric biosensors, which
emerged from redox protein electrochemistry stydies

Fuel cells are electrochemical devices, which canefeemical energy into electrical energy.
The direct energy transformation allows them toroome the thermodynamic limitations of the
combustion-based power systems, increasing théiciezfcy up to typically 50-60%. The
concept of fuel cell dates back to the early 18BPHut just recently the increasing energy
demands and supply limitations of fossil fuels hawativated the commercial endorsement of
the fuel cell technology. On the other side, thetdrical development of bioelectrochemistry is
tightly associated with the advancement of eletteouistry. It can be dated back to thé"18
century with the experiments of Sulzer, Galvani &wdta [2] but it came to prominence in the
second part of the S0century and is exponentially expanding since then.

Major focus of the bioelectrochemical researchhis biological electron transport and the
electrochemistry of redox enzymes in particular [3jiving forces for these investigations have
been some practical applications such as the deweot of biosensors and bioreactors as well
as the need of fundamental understanding of enzym@sx chemistry. The possibility of
electrical contacting of enzymes has naturally gotad their employment as catalysts in fuel
cell systems and has initiated the concept andestuaf enzymatic biofuel cells. Historically, the
work of Yahiro et al. from 1964 has been usuallpsidered as the first report of an enzymatic

biofuel cell in the literature [4], although thaseanother paper by Davis et al. from 1962, where
1



the authors report electrical output in presencEswherichia coli and glucose oxidase [5]. The
utilization of enzymes in biological fuel cells prdes several substantial advantages such as
high activity at mild conditions, substrate seltyi and a high number of possible fuels.
However, the biological nature of the catalystals® associated with important drawbacks such
as difficulty in the electrical coupling and insgfént stability. These features postulate
specialized niche applications of enzymatic biofaells rather than direct competition with
conventional fuel cells as larger scale electrocbahpower sources.

Despite of the extensive research and numeroustsepbenzymatic electrodes, the biofuel
cells still suffer from low performance and stalyiland the continuously growing number of
publications has not yet resulted in substantigiromement. The subject of this thesis is to
present the development and optimization of a glaeaxygen biofuel cell in a systematic way.
The thesis includes overview of the existing enzyeniaiofuel cells with focus on the glucose
and oxygen based electrodes, screening and inagetigof suitable electrode modification
procedures and their testing in single electrodd #&rel cell configurations. Among the
numerous anode modification procedures, specifenbn will be drawn to two well-known
approaches, which have not been employed in a ggdorygen fuel cell configuration so far, in
an effort to understand the electron transfer maisha and influence of electrode architecture
on the performance. In addition to the indispersabigle electrode studies, focus will be put on
the influence of the fuel cell design and operatloparameters. The aim of this study is to
optimize the performance of a glucose-oxygen entigmael cell and to show the importance of
all steps in the process of development, from thefication of the catalytic mechanism to the

overall cell design, by addressing the particulaneples.



2. Theoretical background

2.1 Enzymatic electrodes

2.1.1 Redox enzymes and electron transfer to the electrode surface

Enzymes are proteins with mostly spherical or sflial shape that are able to catalyze
chemical reactions, typically accelerating the Bogiim constants by a factor of 300%° as
compared with non-catalyzed reactions. There @xallcavity within the protein molecule with
a characteristic constitution and stereoconfigaratihat forms the catalytically active center,
where a chemically and spatially congruent subsifddck-and-key principle”) is converted to a
product (Fig. 2-1). The protein structure is capatfl adapting conformationally to the substrate
to a certain extent [2].

The roughly 3000 enzymes currently known are grdup& six main classes according to
the type of reaction catalyzed. Relevant for bicetehemical applications is the class of the
oxidoreductases, which catalyze oxidation and réoluaeactions by transfer of hydrogen or
electrons. Essential non-protein component of amlasgductase, required for its catalytic
activity, is the redox co-factor (redox center),iethcan be tightly or loosely bound to the
enzyme. Co-factors can be inorganic such as simglals (e.g. Cu), metal clusters (e.g. Ni-Fe)
and organometallic compounds (e.g. heme) or orgaongh as flavin adenine dinucleotide

(FAD), nicotinamide adenine dinucleotide (NAD) grloquinoline quinone (PQQ).
Enzyme (E) Enzyme-Substrate complex (ES)

Substrate (S} Product (P)

+ D — 2y — + D

active center
redox center

Figure 2-1: Schematic presentation of the “lock-&ay’ principle for an oxidoreductase.



A key issue in the development of biofuel cellsthie selection of a suitable electrode
modification procedure, which would ideally presetie activity of the enzyme by providing a
suitable environment and enable highly efficiergcalon transfer from or to the electrode
surface. It should be noted that in this respeetréguirements for amperometric biosensors and
electrodes for biofuel cells overlap to some ex{éphtThe principal route of achieving electron
transfer determines the electrode configuration. If an erzyim capable of transferring
(rendering or receiving) electrons to the electrade process is termé&irect Electron Transfer
(DET). Less than 100 from over 1000 redox enzymeskaown to feature DET [7]. In general,
enzymes that tend to exhibit DET possess spataibpsed redox relay located near the protein
periphery. In most of the cases, however, the regioix is deeply buried into the protein
structure and isolated with a thick carbohydratlsin order to overcome the kinetic barrier for
electron transfer, a redox active species calleddiator can be introduced to the
bioelectrocatalytic system. It is used to shuttextons between the enzyme and the electrode
and the process is referred toMediated Electron TransfdiMET). The basic electron transfer
principles in the context of biosensors, applicaleo to enzymatic biofuel cells, have been
reviewed by Schuhmann et al. [8] and the main tyesediators used in biofuel cells research
are summarized in recent reviews [9, 10].

The bioelectrochemical reaction can be regardedcassecutive reactions, which are
schematically exemplified in the case of oxidatiprocess (Fig. 2-2). The first one is an
enzymatic reaction, which can be described by Mitkdvienten kinetics (Eq. 1 and 2). The
following reaction involves the regeneration of teeuced form of enzyme either by DET (Eq.
3) or MET (Eq. 4).

E, + S—=—= ES (1)
ESO® - E + F 2)
E. 0% E +ne 3)

Ered +M ox u _’ on+ M red (4)



In the case of DET the current measured at thdreti is directly generated by the reoxidation
of the reduced form of enzyme and in the case of Mte current is a product of the reoxidation
of the reduced form of mediator at the electrodg .

M, O M_+ne (5)

red
Thus, the bioelectrochemical current depends niyt @m the rate of enzymatic reaction but also
on the rates of enzymatic regeneration at the reldetin the case of DET and the rates of
enzymatic regeneration by mediator and mediatoxidation at the electrode in the case of
MET. The same theoretical treatment with an invced&ection of electron flow can be applied

in the case of reduction reactions.

electrode
Ered S
e
DET|
Eox P
electrode
Mred Ered S
e
MET | \4
Mox on P

Figure 2-2: Reaction schemes for direct (DET) ardliisted (MET) electron transfer.
2.1.2 Electrode modification and typical electrode architectures
There is a huge variety of immobilization stratsgfer both enzymes and mediators, which

include simple physical adsorption, covalent attaeht, cross-linking and entrapment in

polymeric gels [2]. However, this is a rather fofn@hfferentiation since quite often the



immobilization approach is a combination of theseethods. In general, monolayer
configurations tend to be displaced by multilayarother three-dimensional (3D) structures in
order to increase the current output. 3D-structwas also provide suitable immobilization
matrices for the enzymes and thus retain for lorigee their activity. Provided that efficient
electrical communication is achieved, essentiabl@m that could possibly arise is the limited
mass transport of the fuel. Compared to conventidunel cell electrodes, the enzymatic
electrodes exhibit higher complexity and the imntieaiion procedures are usually associated
with complicated chemistry. Mediators tend to beyveelpful for enabling or increasing the rate
of electron transfer but the introduction of adsh@&l components raises further problems
associated with the intrinsic properties of the it (stability, toxicity) as well as system
design issues such as mediator diffusion or legchin

DET enzymatic electrode configurations are usuedBlized with the help of carbon-based
and/or nanostructured materials such as spectrogrgpaphite electrodes [11, 12] or carbon
nanotubes (CNTs) [13-15]. The DET enzymatic eletgroonfigurations are still outhumbered
by MET-based configurations due to the fact thay yew enzymes exhibit DET as discussed in
the previous section. The MET enzymatic electrothes be roughly divided into two groups:
with free diffusive and immobilized mediators. Enmtic electrodes involving diffusional
mediators are expected to have less practical Ggijgins and such studies usually address a
novel enzyme immobilization matrix [16-18]. Morensmon in the area of biofuel cells is the
application of immobilized mediator. Numerous stgaés for immobilization of enzymes and
mediators on the electrode surface have been szpanmt literature [10]. Worth noting are
procedures, which use 3D matrices such as polyrgeids and CNTs or combinations of these
to incorporate enzyme and mediator.

As already discussed, the utilization of mediatas a significant role in the establishment of
efficient electrical communication between the eneyand the electrode surface but in many
cases the electrode stability can be influencedmegiator leaching. A promising strategy,
involving the covalent attachment of the mediatoatpolymer backbone has been used in order
to overcome this problem. The most notable exangiginally introduced by Adam Heller, is
the utilization of Os-based redox hydrogels as ateds and immobilization matrices [19-26].
So far, biofuel cells based on the concept of Getaedox hydrogels exhibit probably the best



characteristics in the context of implantable aggilons and other groups have also adopted this

procedure for immobilization of glucose oxidase §G{27, 28] or other enzymes [29, 30].

2.2 Enzymatic fuel cells

2.2.1 Working principle, advantages and disadvantages of biofuel cells

Biofuel cells are conceptually equivalent of othgyes of fuel cells. The difference arises from
the nature of the catalysts, which are employetkats of conventional noble metal catalysts,
namely enzymes (biocatalysts). The utilization ajchtalysts results in different operating
conditions and different fuels [3]. The working nuiple of biofuel cells is the same as in
conventional fuel cells, namely fuel is oxidizedtla¢ anode side and the electrons which are
released by the oxidation reaction are driven thinoan outer electrical circuit, thus generating
electric current. Finally, the electrons reach théhode, where they combine with an oxidant
(typically oxygen) and protons to a product (tyflicavater). The working principle and main
components of the conventional polymer electrolypembrane (PEM) fuel cell and an

enzymatic fuel cell are compared in Fig. 2-3.

Fuel Cell Biofuel Cell
£, 8 £, £, ® £,
"°b||e metal | i biocatalyst
catalyst — 1, 8 pgm ! -
ie> i e C6H1206
| el ¢ 0, I (fuel) o, l
; H* | (oxidant) "H (oxidant)
H, = : | =V H,0 CeH100s
(fuel) ! |
! i (product) (products)
L- - H,O
Anode Cathode Anode Cathode

Figure 2-3: Schematic presentation and workinggipie of PEM fuel cell and an enzymatic biofuellcel

The power of a biofuel cell is a product of itstagle and currenP(= U x I). The voltage of a

biofuel cell is determined by the potentials of éectrodes (Fig. 2-4). For this reason, it is
7



desired that the oxidation potential is kept asatigg as possible and the reduction potential is
kept as positive as possible. The introduction efliators often enables or increases the rate of
electron transfer and the currents, respectiveliydiecreases the voltage that can be produced by
the fuel cell. The reason is that the potentialeoizymatic electrodes involving MET is
influenced mainly by the potential of the respestinediator, which has to be more positive than
the enzyme potential in the case of oxidation oremegative in the case of reduction in order
that electron transfer takes place. In this respleet utilization of DET approach is more
favorable for biofuel cell applications [7] but efft there is a trade-off between the potential and

the rate of electron transfer.

reduction
(cathode)

Figure 2-4: Polarization curves of anode and cathiada fuel cell. Features which determine theqreréince are
marked: currentl}, voltage U), open-circuit voltaged.C.V).

The utilization of biocatalysts provides severalatages over the conventional noble metal
catalysts. Biocatalysts are inexpensive and thegneled usage is expected to lower the cost of
production, opposed to transition metal catalysts w their limited availability. They are highly
efficient systems exhibiting high turnover numbeedectivity and activity under mild conditions
(neutral pH and near-body temperature). The sules$ggecificity diminishes reactants crossover,
which theoretically enables a membraneless fuélwhich reduces the costs and simplifies the
design. In addition, biocatalysts allow the utitiga of more complex fuels (as their natural
substrates abundant in nature), opposed to théiveda poor chemistry of hydrogen and

methanol as typical fuels for conventional fuelsel

8



Though, the biocatalysts have some disadvantagepared to transition metal catalysts. In
general, redox proteins tend to exhibit their sigrecatalytic properties exclusively in their
natural environment or, in other words, nature it evolve enzymes for bioelectrocatalytical
applications. This is usually manifested by thdidifty in establishing electrical communication
between the protein and the electrode surface gnthé limited stability of the biocatalyst-
electrode assembly. Another drawback of enzymes iachemical engineering point of view is
the lower volumetric catalyst density. Enzymeslarge molecules, so the number of active sites

per volume is usually lower compared to conventiometal electrodes.

2.2.2 Types of biofuel cells

According to the traditional definition, enzymatfigel cells are a type of biofuel cells, which
utilize isolated enzymes [6]. If the biocatalysts Ebcated inside living cells, the biofuel celte a
referred to asnicrobial, although in a recent report [31] it was showrt ti@ only bacteria but
also human cells can be employed as catalystsuelacell device. The use of single enzymes
(or enzyme cascades) allows to have defined reaptidhways on the electrode surface and to
overcome the limited output performance of micrbbiafuel cells, which is considered to be
due to mass transfer resistances across the celbrages [6]. On the other side, enzymes still
cannot compete with microbes in terms of long-testambility and fuel utilization (complete
oxidation).

There are also examples in the literature, whereramymatic electrode has been combined
with a conventional catalyst electrode. Provideat #n abiotic electrode usually exhibits higher
stability, metal catalysts for the anodic reactid®-38] and more often for the cathodic reaction
[17, 30, 39-49] have been employed in order to detepthe electrical circuit and to test the
bioelectrodes under “fuel cell” conditions. The ggece of one biocomponent (either anode or
cathode) commonly allows the authors to refer ® studied systems as biofuel cells. Just
recently, a fuel cell incorporating silicon nandpaes for the electrooxidation of glucose and
microperoxidase-11 (MP-11) for the reduction of togkn peroxide has been stated as a “hybrid
cell” [50].



2.2.3 Fuels, oxidants and enzymes

The nature of employed catalysts in enzymatic ée#ls allows the utilization of numerous fuels
including variety of sugars and low aliphatic alotsh The most common and intuitive fuel for
enzymatic biofuel cells is glucose due to its hagpandance in nature and essential role in human
metabolism [10]. Glucose is an important metabwitermediate and a source of energy for a
variety of living organisms. From the enzymes thed capable of glucose oxidation, glucose
oxidase (EC 1.1.3.4, GOx) is the most widely emetbyn the area of biosensors and biofuel
cells. GOx is a dimer, composed of two identicddwsuts with a mean total molecular mass of
160 kDa, an average diameter of 8 nm and isoeteptint of about 4.2 [51]. The redox co-
factor responsible for the catalytic function of 8 FAD. GOx catalyzes the conversion of
glucose to gluconolactone, which spontaneously dlydes to gluconic acid. The natural
electron acceptor for GOx is oxygen, which in tloeirse of the natural reaction is reduced to
hydrogen peroxide [51]. Although GOx is a robustyene with high activity, there are two
major drawbacks, which complicate its use in bibfigdls. First is the difficulty in establishing
DET due the thick insulating carbohydrate shell][Mhich usually necessitates the use of a
mediator and consequently shifts the anodic paknt more positive values. The second
drawback is its high reactivity with oxygen, whicbhmplicates the utilization of GOx-based
electrodes in membraneless fuel cell configuratismege oxygen competes for the released
electrons with the electrode or the mediator ancgsea a decrease of the anodic current density.
In addition, the generation of hydrogen peroxidethe vicinity of the electrode should be
avoided since hydrogen peroxide is a highly reactixygen species with strong oxidizing
properties and can be harmful to biological compdsmeuch as enzymes.

Another enzyme that has been widely used in biofcell applications is glucose
dehydrogenase (EC 1.1.1.47, GDH) [47, 52-54]. & bame advantages over GOx because its
natural electron acceptor is not oxygen but is etguk to find limited application since it
requires a soluble NAD co-factor. A promising eneymecently introduced by Gorton and
collaborators for biofuel cell applications is odllose dehydrogenase (EC 1.1.99.18, CDH) [30,
55]. Its natural substrate is cellobiose but CDélated fromascomycete fungian also oxidize
other disaccharides such as lactose as well astyaf monosaccharides including glucose. The

enzyme is a monomer containing a flavin and a h@omeain. Other enzymes from the family of
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dehydrogenases that have been used in enzymafiebiells are PQQ-dependent GDH [56]
and fructose dehydrogenase [15, 57] for oxidatioglwcose and fructose respectively.

Other possible fuels for enzymatic fuel cells dighatic alcohols such as methanol, ethanol
and glycerol, the important metabolic intermediptguvate and hydrogen as a non-carbon
containing fuel, which is known as a prominent $tdte for conventional fuel cells. Different
dehydrogenases have been employed for the oxidafi@cohols. Worth noting here are the
enzyme cascades that allow complete oxidation efsibstrate. For instance, a sequence of
NAD-dependent dehydrogenases has been used foatimxidof methanol to CO[49]. The
commonly reported anodic systems use only one eazyhich catalyzes partial oxidation of
the fuel. The redox process is associated wittbteakage of one chemical bond, which limits
the number of electrons that can be gained fromatioglic reaction to two. The employment of
enzyme cascades allows better utilization of thengbal energy of the fuel and allows
summation of the electrons from every single reactind thus increases the total current density
delivered by the fuel cell [58]. Other, PQQ-deparidiehydrogenases have been used for partial
oxidation of ethanol [59] as well as for full oxtdan of glycerol together with oxalate oxidase
[60]. Hydrogen oxidation has been achieved by emptp membrane-bound hydrogenase,
which contains a Ni-Fe catalytic center and exhilhigh tolerance to oxygen and carbon
monoxide [61].

The most widely employed oxidant in enzymatic babfaells is oxygen and there are only
few reports of other compounds. Oxygen is the glpaxidant in conventional fuel cells, where
it is used in form of pure gas or air. In the cakenzymatic fuel cells it is usually used dissadlve
in aqueous electrolyte, whereby its low water sitilybraises additional mass transport
problems. The four-electron reduction to water lgatd by the respective enzymes represents
the cathodic half-cell reaction [11, 12]. The tyglienzymes used for oxygen reduction are plant
and fungal laccases and bilirubin oxidase (EC 153.BOD). These are multi-copper oxidases
that can oxidize variety of substrates and posEessmetal ions classified into three types: T1,
T2, and T3. The T1 site is known to bind the orgasubstrate and the T2/T3 cluster catalyzes
the four-electron reduction of oxygen to water [1R]. Laccases usually exhibit activity at
slightly acidic conditions and are commonly emphkby pH 5, while BOD has activity in more
alkaline media, which allows its utilization at mel pH. Another enzyme system used for
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oxygen reduction is based on cytochrome oxidasecgtwthrome c, both containing heme as
the catalytic center [62].

Other oxidant that has been rarely employed isdyein peroxide. From the enzymes capable
of hydrogen peroxide reduction microperoxidase-43] and horseradish peroxidase [64] have
been employed in biofuel cells. MP-11 has been a¢sa for the reduction of cumene peroxide

in a biofuel cell based on two immiscible solveis].

2.2.4 Applications of biofuel cells

The variety of intended enzymatic biofuel cell apgiions suggested in the literature tends to be
roughly broken into two classes: implantable poami general power. In general, the utilization
of such systems as possible power generating deisgcgightly disputable since state-of-the-art
enzymatic fuel cells cannot compete with the cotiveal energy generators in terms of power
output and stability [66]. Nevertheless, in the teah of electrochemical power, worth noting is
the prototype bio battery introduced by Sony® i®20which is based on the enzymatic biofuel
cell configuration reported by Sakai et al. [52].

The unique properties of biocatalysts suggest thel@/ment of biofuel cells in uncommon,
niche applications and the most evident are folamable power, based on glucose and oxygen
[6, 67]. The recent advances in the developmernitnplantable electrically operated devices
raise the need of new power sources that wouldtHéir specific requirements. The
miniaturization of biomedical devices demands nmumaation of their power sources, since the
size of the electrical device is usually dominabgdthe size of the battery [68]. Theoretically
there are number of biomedical accessories thatdvake advantage of a small implantable
power source such as the biofuel cell, includirggdardiac pacemaker, neurostimulators, hearing
and vision devices, drug pumps, glucose sensaddbl-control valves, etc. [6, 67]. However,
according to Adam Heller, one of the pioneers mfikld, biofuel cells could not compete with
conventional Li-based batteries as power suppties fpacemaker (due to short operational life)
or neurostimulators (due to limited power outp®][ He proposes particular applications in
autonomous and disposable sensor-transmitter sydt@mmmonitoring bodily functions [66] or
the integration in medical feedback systems fogettalivery, e.g. for diabetes monitoring and
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control [69]. It should be noted that just recentlye possibility of such applications has been

demonstrated by the implantation of a biofuel oel living rat [70].

2.3 Current limitations of glucose-oxygen biofuel cells

The typical enzymatic fuel cell demonstrates poimethe microwatt range and low long-term
stability. Biofuel cell tests are often performedder quite different conditions (concentration,
temperature, pH, mass transport conditions),ettich complicates or hampers the comparison
between different configurations and the identifma of the electrodes and fuel cells with the
best performance. It is obvious that for straighwfard characterization some standardization is
needed and the logical way is adoption of methadsnfconventional fuel cells research.
Regarding the electrochemical experiments the itapoe of steady-state measurements should
be underlined. Once an unambiguous characterizatiotime biofuel cell performance under
steady-state conditions has been done, dynamiciengr@s for simulation of real applications
can be performed.

Essential for the future application of enzymatielfcells is their long-term stability. The
utilization of a batch container as the conventicglactrochemical cell or a beaker raises the
problems of substrate depletion and product accationl. Most of the reported configurations
are based on a simple batch type system with foousie chemistry and processes occurring at
the bioelectrode interface. Flow-through systemferopossible solution for the long-term
stability investigation of biofuel cells.

Quite often the stability of biofuel cells is notaduated at all, or in an inappropriate manner.
Numerous studies evaluate the long-term performéyceecording the respective polarization
curves in different intervals of time, meanwhilersig the fuel cell in the respective solution.
These conditions do not represent the actual wgrkianditions of such power-generating
devices. More realistic information about the Idegn stability can be obtained by constant
polarization at potentiostatic or galvanostaticdibans.

Amongst the variety of enzymatic fuel cells basedddferent fuels and oxidants, glucose-
oxygen fuel cells are the most renowned type argesti of most extensive research. Their
major intended application is associated with imfa&on and use as power sources for other

implantable devices. However, the problem withltdve power density is especially pronounced

13



in this case since glucose and oxygen are presergry low concentrations in the human body,
which still restrains any realistic practical applions. Therefore, in the development of
glucose-oxygen biofuel cells, apart from the finaing and increase of the voltage, a major
focus is the establishment of efficient electransfer and increase of the currents. On the other
side, the low stability is affected by the intrinsiature of enzymes as biocatalysts as well as
some issues associated with the electrode aralmee@ieaching of enzyme, leaching of mediator,
pH change, etc.). The desire for electron transfigciency and stability constitute the electrode
design as the essential step in the developmesitfiofent biofuel cells. Consequently, most of
the research until now has been focused on thi® iasd less attention has been drawn to the

overall system design.
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3. Aims of the study

In this work the systematic development of a gleeosygen enzymatic biofuel cell, including
selection of a suitable electrode modification puhae, electrode preparation, characterization
in single electrode studies and optimization, dmally, combination of the electrodes in fuel
cell devices and its testing under different opegatonditions, is studied.

As discussed in sections 2.1.2 and 2.2.1, the idkmlose oxidizing enzymatic electrode
should exhibit as negative as possible oxidatiogebpotential and high current densities. The
electrode potential is limited thermodynamically Hye potentials of the respective half-
reactions. The standard potential of the glucos&labon to gluconolactone is —0.37 V
(-0.61 V vs. SCE) and the standard potential of dkelation of reduced FAD is -0.22 V
(—0.46 V vs. SCE). These values have been calcutatder standard conditions, assuming pH 7
and an ionic strength of 0.25 M, according to tlagadn [71]. Since GOx in general does not
tend to exhibit DET with electrode surfaces, inesrtb establish an electrical communication, a
mediator is required. The redox potential of thedia®r has to be more positive than the
potential of FAD in order that electron transfekesa place. The development of enzymatic
electrodes based on GOx has been associated teah extend with the search of suitable
mediators, which have both favorable potential &ast kinetics with the enzyme and the
electrode surface according to Eq. (4) and (5peetvely.

Additional requirement with respect to practicatl@specially implantable applications is the
use of immobilized mediators. Some examples of sdymatic electrodes, which have found
an application in glucose biofuel cells are ferrae§r2, 73], tetrathiafulvalene (TTF) [74, 75], 8-
hydroxyquinoline-5-sulfonic acid (HQS) [76] and €@slox hydrogels [20]. So far, Os hydrogels
with redox centers attached to a polymer backbaeepower other configurations as discussed
in [10]. However, the procedure of synthesizingr€sox hydrogels is usually complicated and
involves several steps [22]. In addition, with redpto the application of enzymatic biofuel cells
as implantable power sources, some issues, assbcvwaith the toxicity of Os-containing
compounds may arise [6].

After a thorough screening of different procedufes preparation of glucose-oxidizing
anodes, two other alternatives for electrical vgriof GOx have been identified as potential
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candidates for application in a biofuel cell. Tirstfone is the notorious procedure, proposed by
Willner and Katz, which involves the reconstitutiohapo-GOx (enzyme lacking co-factor) over
a gold electrode chemically modified by a PQQ/FAddax relay [77, 78]. The sophisticated
approach based on the optimized structural oriematf mediator, co-factor and enzyme at the
electrode surface, which has been proposed by utt®, should result in effective electron
transport, sufficiently negative onset, fast kiogt@nd negligible dependence on oxygen [77].

The second procedure that will be investigated dased on the utilization of a specific
electrode architecture based on a polymer filmygdé&ransfer complex (CTC) and gelatin layer.
This approach should enable efficient electronsi@nbetween GOx and the electrode surface,
according to the authors [79]. This procedure tesalko in sufficiently negative anode potential,
high current densities, minor response to the oxyigenormal buffer solutions and remarkable
stability. The detailed description of the procexfuand their advantages and disadvantages will
be presented in the corresponding sections.

The current thesis aims to demonstrate the gradestlopment of an enzymatic glucose-
oxygen fuel cell with focus on some aspects ofgpgmization at both anode and fuel cell level.
Less attention will be paid to the oxygen-reduataghode, which will be addressed only in the
context of the fuel cell performance. First, theotelectrode modification procedures will be
investigated in detail in order to clarify their kkong mechanisms and the influence of the
electrode architecture. Afterwards the anode wéttdo characteristics will be combined with an
inorganic cathode in a hybrid biofuel cell. Thisllvallow for testing of the anode under “fuel
cell” conditions as well as for investigation oktinfluence of design and operating parameters
on the performance of the hybrid device. At the tredenzymatic anode will be combined with

an enzymatic cathode and some aspects, associdedhevlatter will be discussed.
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4. Reconstitution of GOx on modified gold

4.1 Approach for electrode modification

The electrode modification procedure proposed biinéf and Katz [77, 78] involves several
successive steps, which are schematically depitbgether with the assumed electron transfer
mechanism, in Figure 4-1. The first step is roughgof the smooth gold surface by contacting
with liquid mercury and subsequent dissolving & #malgam layer in concentrated nitric acid
(1). The second step involves the functionalizatbthe rough gold electrode with a cysteamine
monolayer, which introduces free amino groups atgtrface (2). In the next step a mediator
molecule, PQQ, is attached to the functionalizedase (3). Then a modified FAD molecule:
N°-(2-aminoethyl)-FAD is attached directly to PQQaigh its functional aminoethyl moiety
(4). Finally, apo-enzyme is reconstituted over Bf@Q-FAD redox relay (5). The functional
electrode utilizes PQQ as a two-electron mediatbich transfers the electrons from FAD to the
electrode surface.

N
i HN._/“FAD
|: amalgamation |:| U |:|3\/\NH2 PQQ |:|S\/\NH—PQQ il

1 2

3 4

glucose

2e
apo-GOX a _7_,;\
:|3\/\NH—PQQ—NH\/\FAD —5’ HS\/\NH—P@H ‘
2¢

gluconolactone

rough gold

Figure 4-1: Schematic presentation of the electiodeification procedure and the respective workinigciple.
Adopted from [77, 78].

The concept of the procedure, shown above is @dbdvllow-up of the initial efforts of the
authors for reconstitution of apo-enzyme over gofsgne-modified FAD in solution in order to

obtain a site-specific modified “electroenzyme” 7By assembling the PQQ-FAD redox relay
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and reconstituting the enzyme directly on the ebeld surface, proper alignment and optimized
positioning is achieved, which should result in effiective electron transfer between the
biocatalyst redox co-factor and the electrode. éagdehe authors reported current density of
about 300 pA cf at 80 mM glucose, which was in the range of theutated theoretical
current density, corresponding to the limiting twwar rate of the enzyme in a monolayer. In
addition, the electron transfer efficiency was desimted by less than 2 % decrease of the
amperometric signal in presence of air when thectelde was polarized at
0 V vs. SCE [77]. Similar reconstitution proceduras been also successfully applied for
construction of enzymatic electrodes comprisingP&Q-boronic acid-FAD assembly [80],
FAD-functionalized Au nanopatrticles [81] and FADafilionalized carbon nanotubes [82].
Despite of the apparent advantages, the group ofe$dor Willner reported only the
employment of the reconstituted electrode togethtr a microperoxidase-11-based cathodes in
biofuel cells based on hydrogen peroxide and cunmgeoperoxide as oxidants [63, 65]. The
high performance of the proposed enzymatic anodegydéhas motivated our initial efforts to
reproduce the procedure (and optimize it furth@ossible) and then to employ it for preparation

of an anode for use in a glucose-oxygen biofuel cel

4.2 Electrode modification and activity

The method for electrode modification reported byiver and Katz was adopted in the present
study with slight modifications, regarding the pedare for preparation of apo-GOx and the
carbodiimide coupling, which was used to assistdbealent attachment of PQQ ah-(2-
aminoethyl)-FAD to the electrode surface. All steppshe modification were followed by cyclic
voltammetry.

Essential part in the procedure for preparatioapa-GOx is acidified salt treatment to unfold
the spherical rigid protein by precipitation, se tRAD co-factor can be split off. The variations
mainly concern the type of salt solution and thg whrecovery of the dissolved protein. In this
work the method proposed by Swoboda [83] was predenver the method originally employed
by Willner and co-authors [77] due to the simplealization. The reconstitution ability of the
apo-enzyme was checked in control experimentslutisn at conditions identical to the surface

reconstitution experiments. In a spectrophotometssay the native enzyme exhibited activity
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stated on the label and was used as a referenGe%)0Activity of reconstituted enzyme in
solution was measured to be 86 % in the case of &Ad63 % in the case Nf-(2-aminoethyl)-
FAD.

The carbodiimide coupling is a common activationthrod for the reaction between amino
and carboxylic groups, widely used in peptide clstrypi However, the carbodiimide reactive
intermediate suffers from limited lifetime in aqusosolutions. This is the reason why the
coupling reaction was further assisted by N-hydsakfpsuccinimide in the present case, which
was expected to improve the overall efficiency [84].

In the first step the smooth gold electrode wagesibéd to amalgamation and consequent
dissolving of the amalgam layer in concentratedimitcid, according to the published
procedures [86, 87]. This treatment leads to rongigeof the gold surface as can be seen in Fig.
4-2. The highly developed gold structure obserwedséanning electron microscopy (SEM)
images is similar to the reported in the literati@® 87].

-
Srm
rouah

Figure 4-2: SEM image of rough gold.

In control experiments the real surface of the tebeles was determined by integration of the

gold oxide reduction peak, according to [88] andoaghness factor of 25 + 5 has been

19



determined. Voltammogram of the rough gold surf@m®rded immediately after amalgamation
is shown in Fig. 4-3a. The observed voltammetrigtiees have been assigned to OH layer
formation on different single crystal domains [8&hich will be discussed in detail in the next
section. In the next step, a self-assembled morolg§AM) of cysteamine was formed on the
roughened gold surface. Gold modification by tldohtaining compounds is a widely used
approach for preparation of SAMs, which can be utedensure selective access to the
underlying surface and to introduce functional gotor further electrode modification [90, 91].

The voltammogram of the resulting cysteamine-mediBurface is shown in Fig. 4-3a.
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Figure 4-3: Cyclic voltammograms at different stagé the electrode modification. Conditions: 0.1pklosphate
buffer, pH 7.2, room temperature; Atmosphere, scan rate: 20 m¥ s

The incomplete suppression of gold redox propeitidgcates successful SAM formation but

incompact monolayer. The voltammetric features, oagmanied by reductive desorption
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experiments (discussed in the next chapter) inglittzdt the observed electrochemical behavior
can be tentatively assigned to free Au(111) domgdfap

The electrode was further modified by PQQ, whiokspnce on the surface could be followed
by the appearance of a redox peak at —0.16 V v&, 3ich value is close to the literature
reported data (—0.13 V vs. SCE) [78] (Fig. 4-3bheTdeviation can be due to the slight
difference in pH and buffer composition since tlenfal redox potential of PQQ is pH
dependent and an increase in pH decreases thetiphtas shown in [86]. The value in the
present case corresponds to the value, which caaughly estimated from the pH dependence
in the latter publication. In addition, the fornmdtential of immobilized PQQ is expected to be
influenced also by the properties of the buffer ttuis influence on the acid-base equilibrium of
the polyelectrolyte mediator. The formation of P@§er is associated by additional suppression
of the redox processes on gold. A surface coveré§d pmol crif has been estimated based on
the charge associated with the PQQ anodic peakméisgua two-electron process and a
roughness factor of 25. This value is one ordemagnitude lower compared to the previously
reported values [78]. In general this method giae®ugh estimation of the surface coverage,
since it is difficult to determine precisely theakesurface area and the limits for PQQ peak
integration.

In the next step\°-(2-aminoethyl)-FAD has been attached to the serfahe presence of
FAD on the surface was evidenced by the appea@aeedox peak at —0.49 V vs. SCE, which
is in accordance to the value reported by Willri&d] [and Gooding [92] (Fig. 4-3c). A surface
coverage of 14 pmol cfiwas calculated. The attachment of FAD was followed decrease of
the PQQ peak charge with 3.8 x™L€, which corresponded approximately to the charge
associated with the FAD unit (3.2 x 1€). This phenomenon can be taken as an indicttimn
the modified PQQ molecules are accessible in thB péak during the voltammetry experiment
and that the observed PQQ redox peak is assocmtbd with non-functionalized PQQ
molecules. It is likely that not all PQQ moleculase functionalized with FAD due to steric
hindrance and other limitations. To our best knalgks the behavior and intermolecular electron
transfer in electrodes with redox components a#tdchovalently in series has not been
investigated in the literature so far.

In the last step of the modification apo-GOx wasorestituted over the FAD/PQQ

functionalized electrode. The surface reconstituticas followed by additional suppression of
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both FAD and PQQ peaks (Fig. 4-3d). Willner andwarkers observed only FAD peak
suppression and ascribed it to insulation or “dwitg off” of FAD [77]. They assumed that not
only FAD units within the protein but also exterfi@e FAD sites were shielded. In this respect,
having in mind the large size of the protein anel short length of the spacer between PQQ and
FAD, we assume that screening of PQQ moleculedsts @ossible. The significantly smaller
suppression of the FAD (and PQQ) peaks in the ptesese, compared to results in the original
work [77], could be taken as an indication of imént reconstitution. However, as discussed
above, the ability of the apo-enzyme for reconstitu in solution was proved by a
spectrophotometric assay. In addition, despitehefdmaller suppression, the surface coverage
for GOx was estimated based on the depleted cludrte FAD peak, assuming two FAD units
per one molecule of GOx, and a value of 2 pmoFamas obtained, which was close to the
literature reported value of 1.7 pmol ¢énii78]. It should be noted that we used an identical
approach for the estimation of the GOx coveragerder to compare our results with the results
published in the literature. The active enzyme idimer composed of two sub-units, each
containing one FAD molecule, which in our opinioigrsficantly complicates the successful
reconstitution of GOx on the electrode surface fally active form. However, in another study
Willner and co-authors have demonstrated that timyrae is reconstituted in a biologically
active configuration on the electrode surface [80]is conclusion was based on experiments
with electrodes lacking a PQQ unit that exhibitéetical response to glucose only in presence
of a diffusional mediator.

The enzymatic electrode in the present study etddliigh catalytic activity towards glucose
oxidation with current density (based on geomeltscaface area), reaching about 700 pA%cm
at 20 mM glucose (Fig. 4-4). The presence of ondation wave and the oxidation onset was in
accordance with previously reported results. Howeae can be seen in Fig. 4-4, the onset of
glucose oxidation in the present case is shiftedntwre negative potentials with glucose
concentration. At 20 mM or higher the onset coiesigvith the PQQ redox peak. This is in good
agreement with the behavior at 80 mM glucose, wailly shown in [77, 78], which has been
ascribed to a PQQ-mediated electron transfer mésmaft should be noted that Willner and co-
workers investigated the activity for glucose ofioia in a limited (compared to the present
case) potential range: up to 0.2 V [77] and up .BbOV vs. SCE [65] and in both cases the

oxidation curves had different shape.
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Figure 4-4: Cycling voltammograms, showing the axiek activity of the enzymatic electrode in preserof
different glucose concentrations. Conditions: 0.Jphsphate buffer, pH 7.2, 3€, N, atmosphere, scan rate: 20
mV s™.

In the present case the upper potential limit efibltammogram was extended to 0.5 V vs.
SCE in order to obtain a fully developed limitingreent region. However, a peak was observed
instead of limiting current. It can be speculatedl ta similar behavior was shown in some of the
original publications [77, 78] but the comparissrdifficult due to the difference in the potential
range. In the latter publications the upper po&ttitnit was limited to 0.2 V vs. SCE and a peak
was observed. Though, in another publication bysdrae authors, the upper potential limit was
extended to 0.35 V vs. SCE and a well-expresseitingncurrent was observed [65]. However,
it should be noted that in both series of publmadithe same electrode modification procedure
has been addressed with no apparent differencepegee buffer composition. 0.1 M phosphate
buffer has been used in the publications with uggmeential limit of 0.2 V vs. SCE. In the case
of a limiting current behavior, 0.01 M phosphatefféu with 0.05 M tetrabutylammonium
tetrafluoroborate (TBATFB) has been used but théh@as have not provided an explanation

why the quaternary ammonium supporting salt chatigeshape of the oxidative curve.
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The behavior in the present case (well-defined pémkn general not characteristic for
bioelectrochemical systems. Such peak has beemveldsenly in the case of hydrogen oxidation
by hydrogenases [93] due to deactivation at higirevdic potentials, associated with redox
changes of the NiFe catalytic center. However, tlisnot characteristic for GOx-based
electrodes. Even in the case of mass transpottalimns in the system, the current after the peak
is expected to level off and not to decrease smditiaally. Moreover, well defined oxidation
peaks were present even at very low sweep ratggesting that substrate depletion is not
responsible for the electrochemical behavior ofaheymatic electrode.

On the other side, it is known that gold surfagesadble to catalyze the oxidation of different
sugars including glucose [87, 94]. The onset pakfdr glucose oxidation and the number of
peaks are correlated with the formation of AuOHcsge and the sharp current decrease at more
positive potentials is attributed to oxide formati§®4]. In order to clarify the origin of
electrocatalytic activity in the enzymatic electepdhe behavior of smooth and rough gold, as

well as rough gold modified with different layerasibeen investigated.

4.3 Electrocatalytic activity and behavior of gold

The behavior of the freshly prepared rough goldamer has been studied at room temperature
and at 37°C (Fig. 4-5). The voltammogram at room temperatsireharacterized by two peaks,
which appear at approximately —0.19 and 0.17 V SGE, which shape is identical to the
reported in the literature [87]. At 37C the two very distinct peaks, observed at room
temperature, merge into one peak. Additionally erel@se of capacitance in the double-layer
region is observed. It was observed that this m®@eEcurs at room temperature as well but it
takes several hours, while at 32 it is accelerated and occurs within several nggusimilar
change is observed when the electrode is kept ineahgas atmosphere in absence of liquid.
The surface formed at 3T is stable under electrochemical conditions, mly i a limited
potential range. If the potential region is extehde the region of gold oxide formation the
features observed at room temperature are regeddifay. 4-5). This process is referred in the
text as electrochemical activation and the respeaturves are denoted as “activated” in the
figures. However, the regeneration is not compketee a decrease of the surface area is

observed. The decrease can be due to a similaoptesron as reported in [95] in the case of
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gold surface after stripping of underpotential-defsal silver. The authors referred to the process
as “self-annealing” and explained it by the tengeoica rough surface to reduce surface energy

by merging smaller defects into larger ones.
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Figure 4-5: Cyclic voltammograms of rough gold dfedent conditions. Conditions: 0.1 M phosphatdféy pH
7.2, N, atmosphere, scan rate: 50 m¥ s

The polycrystalline gold surface can be roughly stdered as a combination of three low
index single crystal planes. In this respect theeoled voltammetric features can be assigned to
OH formation on different single crystal domaindiué polycrystalline surface (Fig. 4-6, data for
single crystal surfaces based on reference [94])[8F] similar voltammetric features were
obtained after amalgamation but the authors cae@lé to Au(110)-like structure. According to
our analysis it is more likely that the fresh rougiirface, characterized at room temperature,

contains contributions of all three planes.
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Figure 4-6: Cyclic voltammograms of rough gold attdee types of single crystal gold. Conditions: 041
phosphate buffer, pH 7.2, room temperaturg atdnosphere, scan rate: 50 mV, Data for single crystal surfaces
based on [94].

The observed changes of surface properties of rqyajti at elevated temperature can be
assigned to some kind of surface restructuring. gigrek position in the voltammogram of rough
gold at 37°C (Fig. 4-5, 4-6) resembles Au(100)-like surface Wwithout additional microscopic
studies it is difficult to draw a final conclusion.

The activity of smooth and rough gold for glucosedation has been investigated at
37 °C. As can be seen in Fig. 4-7, smooth gold (flameealed to melting) appears relatively
featureless, with low current intensities and lowetivaty for glucose oxidation at
37 °C (oxidation onset at about 0.05 V vs. SCE and Vew peak current). The negligible
activity of annealed gold is in accordance to thgults in the literature [87]. If the electrode is
electrochemically activated, the activity is entehcand the oxidation onset is shifted to
approximately —0.35 V vs. SCE. However, the peaketu density reaches only about 7 pA cm
2. The shape of the voltammogram is identical tokteleavior of alumina polished gold at room

temperature [96].

26



L B L B LA B B L B R B B
r —— 0 mM glucose

F —— 5 mM glucose oA

L - - --5mM glucose (activated) P

5L 1 \

[}

j ! uAcm?
~N

-06 -05 -04 -03 -02 -01 00 01 02 03 04 05 06
E/Vvs. SCE

Figure 4-7: Cyclic voltammograms showing the atyivif smooth gold before and after electrocheméxaivation.
Conditions: 0.1 M phosphate buffer, pH 7.2,°87 N, atmosphere, scan rate: 5 mV s

Similar to smooth gold, rough gold also exhibitsykw activity in the limited potential range
(Fig. 4-8). Nevertheless, the associated currereashggher and the reaction starts at more
negative potential values. The catalytic effectmfghening has been shown in [87] and it has
been attributed to the exposure of active sitethergold surface. The activity in the latter case
was significantly higher compared to present case was increasing with an increase in
amalgamation treatment length. However, experiment@87] were performed only at room
temperature, whereby the process of surface régting observed in
Fig. 4-5 occurs with significantly lower rate asalissed above.

Analogous to the case of smooth gold, when the lrogid surface is electrochemically
activated, the activity for glucose oxidation at 3Z is significantly enhanced and the
voltammogram is characterized by much higher cardamsities and faster kinetics. Current
density of about 300 pA chris reached already at —0.15 V vs. SCE (Fig. 4B voltammetric
behavior in presence of glucose of the electrocbaltyi activated gold is identical to the
behavior of rough gold reported in the literatute@m temperature [96] and the behavior of
smooth polycrystalline gold, which has been ingsded in an extended potential range
(corresponding to electrochemical activation in finesent case) [94]. If the electrochemically

activated rough gold surface is kept in bufferocycled only in the limited potential range, its
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activity decreases rapidly and soon falls downhe tevel observed before electrochemical

activation in Fig. 4-8.
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Figure 4-8: Cyclic voltammograms showing the atgivaf rough gold before and after electrochemigdivation.
Conditions: 0.1 M phosphate buffer, pH 7.2,°87 N, atmosphere, scan rate: 5 mV s

The polycrystalline gold surface has been subjetédo different treatments (amalgamation
and electrochemical activation), which have différeffects. On the one side amalgamation has
a pronounced influence on the catalytic propertiesicreases the surface area and shifts the
oxidation onset to more negative values. The latferct is ascribed to the selective exposure of
active sites, which can be tentatively interpreteterms of different single crystal planes, since
the activity of gold is known to be dependent om ¢hystallographic orientation [94].

On the other side the activity of both smooth amefjh gold surfaces at 3 and in a limited
potential range is low and it is restored only aélkectrochemical activation. The reason for this
low activity is difficult to identify unambiguouslwithout additional investigations. In the case
of rough gold the surface restructuring at elevaedperature, leading to inactivation, can be
clearly observed by the characteristic change efuwbltammogram shape (Fig. 4-5) and the
resulting features can be tentatively assignedu(®0)-rich surface (Fig. 4-6). Electrochemical
treatment is one of the procedures that can be tasalter the properties of a metal surface and
to achieve certain crystallographic orientationisTprocess is referred to as electrochemical

faceting [97]. In the case of polycrystalline gaidhas been demonstrated that the formation of
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an oxide layer and its subsequent reduction (ctetrdy a square-wave potential perturbation)
significantly changes the ratio of different singlg/stal planes and increases the fraction of
Au(111) [98]. The electrochemical activation in gresent case involves the same processes and
differs only in the type of potential perturbatien potentiodynamic versus potentiostatic.
Consequently, it can be anticipated that it wilda similar effect on the gold surface.

However, it is difficult to assign the low activigolely to Au(100)-like surface, since it is
also expected to have a significant activity fanagise oxidation, according to [94], at least at
room temperature. Unfortunately, the simultaneodisi@nce of temperature and potential range
of single crystal and polycrystalline gold surfabes not been studied in the literature.

The reduced activity might be also associated wiéhadsorption of phosphate anions at the
gold surface, which process probably occurs in ljghravith the change in the gold surface
crystal structure. Anions from the buffer solutican adsorb on the electrode surface and
partially block the initial stage of oxidation oblg, as discussed in [99], thus impeding the
formation of Au(OH) layer, which is responsible fibre catalytic activity of gold [94]. It has
been shown that glucose oxidation is inhibited bip®a adsorption [100, 101]. Phosphate anions
were found to have the least influence from theegtigated anions in neutral media [100] but
major impact in acidic solutions [101], outperfomenly by chloride anions. The inhibiting
effect of chloride has been demonstrated also m d¢hse of rough gold, prepared by
amalgamation [87]. In addition, it should be notedt the geometrical conformity between the
anions and the different crystal lattices playlke on the rate of adsorption, as discussed in
[101]. According to these considerations, it carabsumed that the reduced catalytic activity of
gold in the limited potential range can be ascrilbedthe simultaneous effects of surface
restructuring, associated with different single stay planes, and/or phosphate adsorption.
Potential cycling in an extended region (formatéom dissolution of an oxide layer) is expected
to clean the surface and change the ratio of differcrystal lattices, which will lead to
restoration of the catalytic activity but only fadimited time.

After the activity of bare gold has been discusseayrder to investigate further whether the
catalytic activity of the enzymatic electrode héecwocatalytic or bioelectrocatalytic origin, the
behavior of the rough gold electrode has been dteek different stages of modification. First,
the activity of freshly prepared rough gold, moetifiby a SAM of cysteamine has been tested in

presence of glucose at 8C (denoted as “active RG/cysteamine” in Fig. 4-8t the same as
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“activated” in previous figures). In control expaents the rough gold surface has been first
exposed to elevated temperature in phosphate bidfea given time to enhance the surface
restructuring, shown in Fig. 4d&nd then modified by SAM. This surface has beeerredl to as

“inactive RG/cysteamine”. As can be seen in Fi@, 4he rough gold, which has been modified

by a SAM right after the amalgamation, exhibitshhagtivity towards glucose oxidation.
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Figure 4-9: Linear sweep voltammograms of differemtigh gold (RG) surfaces, modified by cysteamine i
presence of 5 mM glucose. Conditions: 0.1 M phosphaffer, pH 7.2, 37C, N, atmosphere, scan rate: 20 mV¥ s

The catalytic activity has been tentatively asalib@ exposed Au(111) domains [89], based on
the position of the peak and the characteristimfof the oxidation wave (a pre-peak and a main
peak at about 0.2 V vs. SCE), which is in accorddonahe behavior of Au(111), shown in [94].
Contrary to the fresh rough gold, the “inactivatediugh gold, modified by SAM has a
negligible activity, which is evidenced by a snya#lak at about —0.1 V vs. SCE, which position
coincides with the position of the pre-peak in ca$ahe “active” gold. The major peak is,
however, completely suppressed.

The hypothesis of exposed Au(111) domains on tléivie’ rough gold surface has been
further assisted by reductive desorption experimgB8]. The position of reduction peaks
depends on the presence of different single crydtahains on the surface due to different
binding strength with the chemisorbed thiol [10R].the case of single crystal surfaces, the
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Au(111) exhibits the lowest affinity for thiol chésorption and consequently the most positive
potential for its reductive desorption. It has bebown that in the case of polycrystalline gold,
due to presence of different single crystal domamsitiple peaks are obtained and only the
peak corresponding to Au(111) can be clearly olexbnat about —0.7 V vs. Ag/AgCI, while the

other peaks at more negative potentials mergeaifimader one [102].
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Figure 4-10: Cyclic voltammograms®($cans) for the reductive desorption of cystearfonmed on different rough
gold surfaces. Conditions: 0.5 M KOH, room tempematN> atmosphere, scan rate: 20 m¥/ s

As can be seen in Fig. 4-10, the rough gold surfacdified by cysteamine lacks a peak at the
position, which would correspond to cysteamine oisle desorption formed on Au(111). This
hypothesis is also in accordance to the behaviobufier (Fig. 4-3a), which indicates not
compact SAM and the observed peaks can be assign@d1)-like surface. On the other side,
the absence of the corresponding reductive pedikeirtase of “inactivated” rough gold and the
respective behavior in buffer (Fig. 4-5) can bdatwely assigned to lack of Au(111) domains.
In addition, the area of the desorptive peak in ldteer case is significantly smaller, which
indicates smaller affinity of this type of surfamsvards the self-assembly, as discussed in [89].
The results shown above clearly indicate that thM $reserves the catalytic activity of rough

gold at elevated temperatures even in the limitgrmtial range. This effect can be tentatively
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ascribed to the selective exposure of Au(111) domat the rough electrode surface and/or to
the prevention of anion adsorption.

The catalytic activity of the rough gold surfacepdified further with different layers,
according to the electrode modification procedwas been also investigated (Fig. 4-11). Similar
to the cysteamine modified surface, gold functieal by PQQ, FAD and GOx, exhibit
electrocatalytic activity toward glucose oxidati@ifig. 4-11) but the addition of further layers
decreases the activity, shifting the oxidation otgenore positive potentials and decreasing the

peak intensity.
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Figure 4-11: Cyclic voltammograms showing the attifor glucose oxidation of gold electrodes afeliént stages
of the madification. Conditions: 5 mM glucose il 0 phosphate buffer, pH 7.2, 8€, N, atmosphere, scan rate:
5mV s

For example, the rough gold modified only by a SAlMows an oxidation onset at about
—0.3 V vs. SCE and peak current density of appratéty 400puA cm? while the GOx-
reconstituted electrode has an oxidation onsebaiita-0.1 V vs. SCE and peak current density
of approximately 7QuA cm. These results are in contradiction to the origieaults, where the

authors stated that the PQQ-FAD monolayer alons doestimulate oxidation of glucose [78].
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4.4 Conclusions about the origin of catalytic activity

The enzymatic electrode prepared according to thaiffroation procedure, proposed by Willner
and co-workers has a significant activity for glsemxidation, even at concentrations as low as
5 mM. However, the results shown in the previoudise indicate that it is difficult to ascribe
this activity solely to the catalytic action of ghse oxidase due to the apparent activity of the
underlying gold substrate. Smooth gold has a nisdgigctivity for glucose oxidation at 3T in

the limited potential range of interest (Fig. 4-Under the same conditions rough gold also
exhibits low activity (Fig. 4-8). The high activitgf rough gold can be observed either at room
temperature as demonstrated in [87] or after eleb&mical activation by cycling in an extended
potential range. The loss of activity in the linditpotential range is ascribed to some kind of
surface restructuring, which is evident by the deaof the voltammogram shape, and possibly
by anion adsorption. The formation of a SAM on thagh gold surface preserves the activity
even at elevated temperatures and shifts the dxdatave to more positive potentials,
resembling the behavior of Au(111). Based on thresalts it can be concluded that the largest
part of the activity of the enzymatic electrode esnfrom the underlying gold surface.

This conclusion implies that in previous studiedjeve the same electrode modification
procedure was used [63, 65, 77, 78], the possibiit an electrocatalytic (opposed to
bioelectrocatalytic) mechanism should be consideféds can explain the unrealistically high
turnover rate numbers (in the range of native erytimnat have been estimated in the original
publications [77, 78]. In addition, the authors éaeported a minor decrease in current in air-
saturated solutions. The negligible response tgemyhas been taken as an indication of very
efficient electron transfer.

In order to investigate this unusually high tole@amo oxygen, the behavior of the rough gold
electrode modified by PQQ and FAD has been testguidsence of glucose and oxygen (Fig. 4-
12). The modified electrode is active for oxygedu&ion and the activity can be tracked down
to the bare and the cysteamine-modified rough gottace as it has been shown in [103]. As can
be seen in Fig. 4-12, the oxygen reduction actigitghe PQQ-FAD-modified electrode has an
onset potential around 0 V vs. SCE, which, havimgnind the similar experimental conditions,

can explain the little dependence on oxygen, caityrobserved by the authors [77].
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Figure 4-12: Cyclic voltammograms of the PQQ-FABambly, showing the catalytic activity for glucasedation
in presence and absence of oxygen. Conditions: 5 giMose in 0.1 M phosphate buffer, pH 7.2,
37°C, scan rate: 5 mV's(Response in buffer is also shown for clarity).

The results shown in Fig. 4-11 contradict the olketgsn by Willner and co-authors that the
PQQ-FAD assembly does not stimulate glucose oxiddir8]. A possible explanation of this
lack of activity, which they observed, can be tlse of smooth instead of rough gold surface.
This can be speculatively concluded by the expertaiedescription of the electrode
modification in another publication: “Prior to theodification and measurements they (gold wire
electrodes) were cleaned according to ... and, ifired roughened by treatment with mercury
followed by dissolution of the amalgam layer inrigitacid.” [77]. However, this ambiguous
description impedes the straightforward analysigefpreviously reported results.

The results shown above indicate that the bioaleb&rmical origin of the current in the
reconstituted enzymatic electrode in the presamdystannot be unequivocally confirmed and
compromise to a certain extent the original wolased on these conclusions, the procedure,
involving reconstitution of apo-GOx on a modifiedld surface has been abandoned and another

electrode modification route has been investigated.
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4.5 Experimental details
4.5.1 Chemicals and materials

Polycrystalline gold wires (0.5 mm diameter, 0.47%ovorking area) were used as platforms for
electrode modification and electrochemical measergm The polycrystalline gold was first
subjected to electrochemical polishing [104] anehtlio flame annealing until the gold surface
was slightly melted. This surface has been refetoeds smooth gold. Rough gold electrodes
were fabricated from a smooth gold surface by aarakgion [86, 87], which consisted of
typically 10 s long contact with liquid mercury llioved by dissolving of the formed amalgam
layer in concentrated nitric acid. In some expenis the gold electrodes were subjected to
electrochemical preconditioning, which consisted @fpotential cycles from -1 V to 1.3 V vs.

SCE in 0.1 M phosphate buffer and has been reféorad electrochemical activation.
4.5.2 Synthesis of N°(2-aminoethyl)-FAD

The modified FAD was synthesized according to tfrec@dure of Bickmann [105]. Briefly, in
the first step FAD was reacted with ethyleneimiazridine) in water at 36C in dark to give a
N'-functionalaized FAD analog. The reaction was namei by HPLC system, equipped with
DAD (Diode Array Detection) and ESI-MS (Electrospianization Mass Spectrometer). After
100 h reaction time the 60 % conversion rate, winels cited in the literature was reached and
the reaction mixture was washed several times will ethanol to remove the unreacted
aziridine. In the next step the conversion of¢hemically unstablé&*-derivative to the desired
N°-(2-aminoethyl)-FAD, known as Dimroth rearrangememas performed under mild aqueous
conditions (pH 6.5, 468C). After 7 h the reaction was terminated and taction mixture was
subjected to preparative chromatography. The dégweduct was identified in the largest
fraction, lyophilized and characterized by MS ditland **C Nuclear Magnetic Resonance.
Further details of the synthetic modification amalgsis can be found in the Master’s thesis of
Ivan Ivanov, submitted to the Department of Org&@yathesis, UCTM Sofia in 2006.
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4.5.3 Preparation of apo-GOx

Apo-GOx was prepared from native GOXx fréxapergillus nige198 U mg" activity as stated
on the label), according to the procedure describe®&woboda [83]. Briefly, GOx was added
slowly to an acidified saturated ammonium sulfasdutson (pH 1.4) at -5°C. The yellow
supernatant was removed after centrifugation at0Q5(pm for 20 min at —=5C and the
precipitate was redissolved and neutralized wittiisn acetate solution at°’C. The neutralized
solution was subjected to one more cycle of a@difisalt treatment, centrifugation and
neutralization and when colorless, the enzyme wasiptated with neutral 90 % saturated
ammonium  sulfate  solution and redissolved to cotreéon  approximately
10 mg ml* in 0.1 M phosphate buffer (pH 6.2), containing Bramounts of bovine serum
albumin and sodium azide.

In control experiments, apo-enzyme was reconstitutiéh FAD andN®-(2-aminoethyl)-FAD
in solution. The apo-GOx was dissolved to concéiomal mg mf* and reacted with the
respective co-factor for 4 h at 268 and 12 h at 4C. The activity of native and reconstituted
enzymes was measured spectrophotometrically byuaogé oxidase assay kit (K-GLOX,
Megazyme).

4.5.4 Electrode modification

The enzymatic electrode has been was modified dirgpto the published procedures [77, 78].
Briefly, the freshly prepared rough gold electradies soaked in 0.02 M cystamine solution for 2
h at room temperature, which resulted in a SAM-rhedisurface. In the next step the electrode
was incubated for 1.5 h in 0.003 M solution of PQ@ the presence of
0.01 M 1-ethyl-3-(3-dimethylaminopropyl) carbodiohei hydrochloride(EDC) and 0.005 M
N-hydroxysulfosuccinimide (NHS) in 0.01 M HEPES aqus buffer solution (pH 7.5) at room
temperature. The PQQ-modified electrode was fuffilnectionalized by reaction with 0.0004 M
N°-(2-aminoethyl)-FAD in 0.01 M HEPES buffer solutiorin the presence of
0.001 M EDC and 0.001 M NHS for 1.5 h at room terapge. Finally, the FAD-modified
electrode was reacted with 1 mghalpo-GOX solution in 0.1 M phosphate buffer solat{pH

6.2) for 4 h at room temperature and for 12 h & 4The buffer solution contained also 0.1 %
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w/v bovine serum albumin and 0.1 % w/v sodium azadestabilizers and preservatives. After
that the electrode was left for 1 h more in buffelution without apo-enzyme in order to remove

the physically entrapped protein.

4.5.5 Electrochemical experiments

Electrochemical experiments were carried out irhiged-electrode electrochemical cell with
saturated calomel electrode (SCE) as a refereneetr@lie by the use of potentiostat
PGSTAT302 (Autolab, Netherlands). The gold wiregevesed as working electrodes and Pt
wire as a counter electrode. Measurements wereorpegfl in 0.1 M phosphate buffer

(pH 7.2) under nitrogen or oxygen atmosphere.
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5.  Enzymatic electrode based on TTF-TCNQ

5.1 Historical background and advantages of TTF-TCNQ

Charge transfer complexes (CTCs) are molecular texap, characterized by partial transfer of
electron from a donor to an acceptor. CTCs cannbgeneral classified as a type of organic
conductor together with organic conductive polynmé@@6]. The history of conductive organic
molecules could be dated back to 1954, when tis¢ firolecular crystal (perylene-bromine
complex) with high conductivity was reported [LOFlowever, the field of organic conductors
was practically initiated by the discoveries of tie¢racyanoquinodimethane (TCNQ) and the
tetrathiafulvalene (TTF) molecules [108] and benahmmd by the first report of near-metal
conductivity of the TTF-TCNQ complex [109]. TTF-T@Nis a CTC (also known as organic
salt or organic metal) with a room temperature cotigity in the range of 400 + 100 S ém
[110] due to efficient overlapping of theorbitals of the respective molecules. The condecti
salt is composed of segregated parallel stacksTéf dnd TCNQ and the-orbitals interact
mainly along the stacking direction, which resutta quasi-one-dimensional conductor [108].

The unique electrical properties of TTF-TCNQ hawunally prompted studies on its
utilization as an electrode material. Jaeger andl Bast studied the behavior of TTF-TCNQ
electrodes in different agueous solutions and fausthble potential range of about 0.7 V [111].
Since this groundwork, the TTF-TCNQ complex evolasda highly efficient electrode material
for more specific, namely bioelectrocatalytic apgtions. Pioneering works in this direction
were done by Kulys and co-workers with other orgasalts — complexes between N-
methylphenazinium (NMB or N-methylacridinium (NMA) and TCNQ [112, 113]. Later on,
Albery and co-workers investigated different CTGsedectrode materials for the oxidation of
GOx. They found that the best performance had thE-TCNQ salt [114] and exploited it
further as an electrode material for the regermmaif other flavoenzymes [115].

Since then, the enzymatic electrocatalysis on TOND electrodes has been a subject of
extensive research, almost exclusively for bioseagplications. TTF-TCNQ has been mostly

used in combination with GOx for the determinatioh glucose concentration but studies,
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involving other substrates and enzymes have besnraported. The efforts in the development
of amperometric biosensors based on TTF-TCNQ haen lsummarized in a recent review
[116].

In our opinion CTC-based enzymatic electrodes havgreat promise for biofuel cell
applications. Glucose biosensors based on TTF-TG@GX@Qibit high current densities, high
oxygen tolerance and remarkable stability underticonous operation [79, 117]. In addition,
CTC has several other advantages. Enzymatic etlxsrbased on TTF-TCNQ do not require
complicated modification procedures, in fact they e prepared as simply as carbon paste
electrodes by mixing of the respective componehi8]. The TTF-TCNQ salt is commercially
available and has high electronic conductivity, ahhis beneficial for lowering the ohmic
resistance within the electrode layer. The morpiwlof the CTC-crystals can be tuned by
variation of the experimental conditions [119]. Yhean be also prepared in form of
nanoparticles [120]. These strategies can be appdieune the catalytic properties of the CTC
and/or to increase the catalytically active surfacea. Both TTF and TCNQ have low toxicity,
which is attributed to their low solubility in watand physiological fluids [121]. In addition, the
catalytic properties of the CTC and the overpotgnfor glucose oxidation can be further
improved by lowering of the redox potentials of @g@mponents, e.g. of TTF [122]. However,
despite these promising features, TTF-TCNQ anodeour best knowledge, has not been
employed in an enzymatic fuel cell so far.

There are several reports describing the electcimalacting of GOx through TTF-TCNQ but
our attention has been drawn by the approach, pezpdy Khan [79]. This modification
procedure should ensure high current densitiesitively negative oxidation onset and fast
kinetics. Especially beneficial for biofuel cell@jations is the remarkable stability, which has
been reported in the literature. Khan et al. hdwavs that glucose biosensors based on TTF-
TCNQ can retain up to 40 % of their initial respemdter 100 days of continuous operation [79].
Therefore, we have decided to adopt the procedmiiayestigate it in detail and optimize it and

finally, to employ the resulting enzymatic anodeihiofuel cell.
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5.2 Electrode modification and activity

The electrode modification involves several step#ich are schematically depicted in
Fig. 5-1 [79]. In the first step a conducting pobmfilm is electrochemically grown on a
stainless steel electrode (1). In the second st&yexr of TCNQ is applied on the polymer
surface (2). After that, a TTF solution is castrotree TCNQ layer, thus allowing for a direct
growth of CTC crystals (3). In the next step, eneysolution is adsorbed at the TTF-TCNQ
crystal structure (4). Finally, the whole assemislycovered with a gelatin solution to form a

stabilizing gelatin film and after drying the filim cross-linked with glutaraldehyde (5).

electropolymerization TCNQ in THF

—_— , e ,
1 2
stainless steel polypyrrole layer TCNQ layer
1) gelatin
— — >
3 4 5
CTC layer GOx layer

Figure 5-1: Schematic presentation of the electroddification procedure, according to [79].

The underlying chemically inert polymer film shou&hsure mechanical stability of the
electrode assembly. According to the authors, tléynper film swells in presence of
tetrahydrofuran (THF) in which TCNQ is dissolved thg casting procedure and TCNQ crystals
penetrate the polymer, thus providing strong ré@tgshe TTF-TCNQ crystal structure [79]. The
polymer film, referred to as “shapable electrocartthe” film in the original publications, is
based on galvanostatically synthesized polypyrduped by a sulfated poB4hydroxyethers)
polyanion and has a conductivity in the order of205S cn [79]. In the present study, a
commercially available polyvinyl sulfate was usadsadopant anion since it is known that larger
surfactant polyanions provide films with betteraotteeal and mechanical properties [123]. The

film was grown on a stainless steel support undawagostatic conditions from aqueous
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solution, containing pyrrole and the polyanion. sThesulted in a highly developed surface with
the characteristic cauliflower structure as showfig. 5-2. It should be noted that the film was
not peeled off from the support as in the origiwatk but used for further modification attached

to the steel electrode.

Z0rm
POLYPYRROLE

Figure 5-2: SEM image of the polypyrrole layer.

A SEM image of the CTC grown in two consecutivepstalirectly over the polypyrrole
surface is shown in Fig. 5-3. As can be seen th€ €&stals have the characteristic elongated
shape and form dendritic structures. These stresthave been also referred to as “nanowires”
in the literature [119].

In order to characterize further the electrode itecture, after the electrode modification has
been completed, the enzymatic electrode assemislypden peeled off from the stainless steel
support and a cross-section cut has been madecortesponding SEM image is shown in Fig.
5-4. The side, which is oriented to the viewer,responds to the polypyrrole layer. This is
evident from the imprints left by the stainlesset®urface, which has been polished with emery

paper before the electropolymerization.
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Figure 5-4: SEM image of the cross-section of teymatic electrode.
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Three layers can be clearly distinguished andhiokness of every layer has been estimated
from the micrograph as follows:dn polypyrrole layer, 6@um catalyst layer, composed of CTC
crystals with adsorbed GOx, andut gelatin layer. The thickness of the polypyrradgdr,
determined from the SEM image corresponds to thekribess, estimated from the deposition
charge according to empirical dependence repont¢tiz4]. As can be seen in Fig. 5-3 and 5-4
the catalyst layer of the enzymatic electrode iaratterized by randomly distributed CTC
bundles and cavities, forming a highly irregularques structure, which serves as a matrix for
enzyme immobilization. According to previous regoithis matrix was described as a standing
highly-branched tree-like structueenerging from the polymer layer with a size of 408 [79,
117]. This presentation seems to be unrealistiingaknto account the present results for
electrodes with a similar CTC loading. SEM obseorat in the present case do not indicate
CTC crystals penetrating the polypyrrole layer aported in [117] or structures, vertically
standing on the electrode surface [79]. Another artgmt observation is that unlike the
previously reported presentation of gelatin, peaietg the CTC crystals and stabilizing the
respective structure [79], the gelatin layer in pnesent case penetrates little in the catalystrlay
and forms a well-defined membrane on top. This phemon will influence the transport
properties of glucose in the enzymatic electrodd &@as significance for the modeling.
According to the SEM observations in the presersecgéhe concentration of glucose can be
described by diffusion through a membrane (geldséiygér and further diffusion and reaction in a
catalyst layer.

The electrochemical behavior of the enzymatic ebelet has been studied between -0.2 and
0.2 V vs. SCE in 0.1 M phosphate buffer (pH 7.2)cs this potential region is regarded as
“stable”, where no CTC decomposition occurs [1BH.can be seen, despite the low sweep rate,
large capacitive currents, exceeding the reactiomrents, are observed. According to
experiments with electrodes lacking polypyrroles ironounced capacitive behavior is ascribed
to the underlying polymer surface and not to thghtsurface area of the CTC crystals or to the
underlying stainless steel support, as shown in. FHeg (note the axis scales). The
voltammograms in buffer indicate some oxidativecess occurring at the stainless steel surface

at more positive potentials but the associateceotsrare negligible.
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Figure 5-5: Cyclic voltammograms of the stainleslsupport and the enzymatic electrode with aittowt a
polypyrrole layer. Conditions: 0.1 M phosphate buffoH 7.2, room temperature, Htmosphere, 400 rpm, scan
rate: 5mv 8.

The oxidative activity of the enzymatic electrode demonstrated in Fig. 5-6. Similar
voltammetric behavior, exhibiting large capacitiamed significantly smaller faradaic currents,
has been reported by Pauliukaite et al. in the caseT TF-TCNQ-based carbon paste biosensor
for determination of glutamate [118]. The pronouhceapacitive behavior in the latter
publication can be ascribed to the graphite powddich has been used to prepare the paste,
while in the present case the major capacitiverdgmrtion comes from the polypyrrole layer. As
can be seen in Fig. 5-6, the enzymatic anode dghdutivity for glucose oxidation and the
currents increase with substrate concentration.ida current in presence of 5 mM glucose
reaches ca. 110A (corrected for the background current), whichresponds to nearly 4Q0A
cm? current density (calculated with respect to thengetrical surface area). The open circuit
potential of the enzymatic electrodes after eqralibon in the electrochemical cell under rotation
in presence of glucose has been typically aroun2l ¥&s. SCE, while as can be seen in Fig. 5-6
the oxidation onset observed in the positive sta@é ca. —0.1 V vs. SCE. In general, the onset
potential for the glucose oxidation reaction is mharelated to the type of mediator used in the

system. Further analysis of the oxidation onsetthadnechanism will be presented below.
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Figure 5-6: Cyclic voltammograms of the enzymatiectode in presence of different glucose concéotia.
Conditions: 0.1 M phosphate buffer, pH 7.2,°87 N, atmosphere, 400 rpm, scan rate: 5 itV s

5.3 Optimization of the modification procedure

As already shown in Fig. 5-4 the catalyst layer &dmghly irregular porous structure and it can
be anticipated that the enzyme distribution witthirs layer will have significant effect on the
activity of the enzymatic electrode. To optimizes therformance of the electrode, the ratio
between CTC and GOx has been varied in a systematyc In addition the influence of the

thickness of the gelatin layer has been also cliecke

5.3.1 Influence of CTC loading and morphology

The concentration dependencies of the currentZaiVOvs. SCE (corrected for the background
current) of two enzymatic electrodes with differ&ifC loadings are shown in Fig. 5-7a. The
CTC loading was found to have a minor influencéoater glucose concentrations and higher

impact at higher glucose concentrations, shiftmgdurrents at 30 mM glucose from ca. 130
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for 1 mg cn? CTC to ca. 31QiA for 2 mg cn¥ CTC. Also, the linear region in the concentration
dependence was extended with an increase of tdefpa

The influence of the CTC loading has been addalignnvestigated at 5 and 20 mM glucose
(Fig. 5-7b). 5 mM glucose has been chosen as teetpnal concentration of interest (normal
glucose concentration in the human body) and 20hmabbeen chosen as a concentration, close

to saturation.
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Figure 5-7: a) Concentration dependencies of twaymatic electrodes with different CTC loadings;
b) Dependence of the current on the CTC loadingwat different glucose concentrations. Conditionst ™
phosphate buffer, pH 7.2, 8€, N, atmosphere, 400 rpm. Data extracted from cyclltanometry experiments and
corrected for background current.

At 5 mM a CTC loading, higher than 2 mg @moes not influence the current output anymore,
while at 20 mM the current increases in the wholeestigated range. Based on these results, 2
mg cm? has been chosen as the optimum CTC loading foheutests in presence of 5 mM
glucose. Similar investigation of the influence@FC loading has been presented in the original
work, where the authors also reported an optimum lueva of about

2 mg cn? for the CTC loading [79]. It should be noted tlratthe latter case the electrode
modification procedure involved adsorption of tmzyme on the CTC crystals and subsequent
removal of the excess enzyme solution. This imphesombined effect of both loadings,
whereby the amount of adsorbed GOx increases wiln €TC loading (shown by
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spectrophotometric measurements) and limits thericighation between both effects. In the
latter work the authors reported also mechanicstalility of the crystal structure by loadings
higher than 2 mg crh) which was not observed in the present case.

In addition to the loading, the influence of therpimlogy of CTC on the performance of the
electrode has been studied. The morphology of fh€ €rystals determines the active surface
area and therefore has a direct effect on the mudensity. The procedure, which has been used
for growth of the CTC crystals, is basically a ppéation reaction, which is performed directly
on the electrode surface. It has been demonsttatdthe experimental conditions of the
precipitation reaction determine to a great extaatmorphology of the crystals, ranging from
simple nanowires to complicated helical dendrifiel9]. However, the effect of the surface area,
influenced by the morphology has not been studefdrb.

The growth of the CTC crystals, which is depictedrig. 5-1 proceeds in two steps. This type
of precipitation procedure has been used in tleealitire [79, 117] and has been adopted in the
present case. In the first step, a layer of dry ©Q0blformed at the electrode surface and in the
second step a solution of TTF in acetonitrile (AGNapplied in several castings over the TCNQ
layer. In this way, the dry TCNQ dissolves in th&FTsolution and immediately reacts, thus
forming the precipitate organic salt. This kindaoystal growth corresponds approximately to a
stepwise addition of solid TCNQ crystals to a THson and maintains low concentration of
TCNQ.

However, it is known that the higher concentratadnreactants leads to faster nucleation,
which results in smaller crystal size [125]. Theref the precipitation procedure has been
performed also in one step in order to check whathgould influence the morphology and the
activity, respectively. The CTC crystals have bgeown by simultaneous casting of TTF and
TCNQ solutions over the polypyrrole-modified electe, which ensures high concentration of
both reactants. A SEM image of the correspondingrfase is shown in
Fig. 5-8. Indeed, the one-step procedure resultaeedle-shaped crystals with smaller size
(compare Fig. 5-3 and 5-8) and consequently highgflace area. The increase in surface area is
manifested by an increase in currents, which has béserved by constant polarization at 0.1 V
vs. SCE (Fig. 5-9).
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Figure 5-8: SEM image of the CTC crystals formeddme-step precipitation, which is based on simelbas
casting of TTF and TCNQ (top view).
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Figure 5-9: Chronoamperometric response at 0.1 .\S@E of two enzymatic electrodes, employing CTgt@ls
prepared in two different ways. Conditions: 20 miiogse in 0.1 M phosphate buffer, pH 7.2, &, N,
atmosphere, 400 rpm.

As can be seen in Fig. 5-9, the precipitation ef@TC crystals in one step increases the steady-

state response with approximately 200 uA?ah20 mM glucose.
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5.3.2 Influence of GOx and gelatin loading

The influence of the GOx loading on the anode perémce in the present study has been tested
at constant CTC loading (Fig. 5-10). The effecsimmilar to the effect observed in the case of
CTC. Decreasing the GOx loading twice suppresses chrrents at higher glucose
concentrations, decreases the linear region affiid $hé saturation concentration to lower values
(ca. 10 mM).

350 T T T T T T T T T T T T T

300 -

250

200

11 A

150 -

100 -

50 | m 0.6 mgcm” GOx
® 0.3 mgcm?GOx

0 1 . 1 . 1 . 1 . 1 . 1 . 1
0 5 10 15 20 25 30

c / mM

glucose

Figure 5-10: Concentration dependencies of two erazi¢ electrodes with different GOx loadings. Caiadis: 0.1
M phosphate buffer, pH 7.2, 3€, N, atmosphere, 400 rpm.

In a similar manner, the gelatin loading has beamed by keeping the other two structural
parameters constant. Doubling of the gelatin logdiecreases the currents as can be seen in Fig.
5-11. The current decrease is more pronouncedyhehiglucose concentrations but the relative
current ratio is approximately 60 % in the wholen@entration range. This effect has been
ascribed to limited mass transport of glucose thinothe gelatin layer. Similar change in the
concentration dependence was reported also in #se ©of polysiloxane membranes for
controlling the ratio between glucose and oxygemmgebility in a glucose biosensor based on

hydrogen peroxide detection [126]. In the lattdemence the increase of membrane thickness
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also decreased the currents, which was ascribdonited supply of glucose. However, the
biosensors with thicker polysiloxane membraneshatdd greater linearity range at the expense
of the lower currents. This was ascribed to therebsed ratio between glucose and oxygen
permeability, which resulted in comparatively higlo&ygen concentration (sufficiently high to
allow for a stoichiometric reaction with reducedzygme in an extended glucose concentration
range) [126]. In the present case oxygen is natlued in the regeneration of reduced enzyme

and the increase of gelatin thickness causes aaezi0f both currents and linear region.
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Figure 5-11: Concentration dependencies of two mmati electrodes with two different gelatin loading
Conditions: 0.1 M phosphate buffer, pH 7.2,°@7 N, atmosphere, 400 rpm.

Another aspect from the modification procedure,ohthas been investigated, is the influence
of gelatin cross-linking. Cross-linking is a command simple technique, used for enzyme
immobilization but often with the expense of redi@nzyme activity due to alteration of the
natural protein conformation [127]. However, in thiesent case the cross-linking procedure is
beneficial for the quality of the gelatin film aridus for the whole electrode assembly. The
relative activity under constant polarization amdation of the electrode assembly with and
without cross-linking treatment is shown in Figl3- As can be seen from the graph, the cross-
linked electrode exhibits stable response durimgciburse of the experiment, while the activity
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of the untreated electrode decreases more signilycal he reason for the decreasing activity is
assumed to be correlated with the solubility oagel Gelatin films, which are not cross-linked,
are soluble in aqueous solvents [128] and it caanieipated that the dissolution is enhanced by
the elevated temperature and the rotation durirg ekperiment. In this way the structural
integrity of the enzymatic anode is deteriorated &TC and enzyme can leach from the
electrode surface.
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Figure 5-12: Chronoamperometric response at 0.5.\6CE of two enzymatic electrodes, showing thieiénfce of
cross-linking. Conditions: 5 mM glucose in 0.1 Moghhate buffer, pH 7.2, 3T, N, atmosphere, 400 rpm

In addition to the solubility effect, cross-linkindecreases the swelling of the film [128],
which is expected also to be beneficial for presgrthe stability of the electrode assembly. In
control experiments, cross-linked and non-crodselinthin layers of gelatin have been formed
on flat mica surfaces and the respective surfaaes heen analyzed by atomic force microscopy
(AFM). The resulting images (50 pm x 50 um) arevaihe Fig. 5-13.
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Figure 5-13: AFM images (tapping mode) in 0.1 M gblwate buffer of two types of gelatin films, formew flat
mica substrate.

Cross-linking results in rigid films with better steanical properties. The apparently flat surface
of the cross-linked gelatin layer (note the z saaleFig. 5-13) implies that its profile is
determined to a great extent by the underlying ii&ta substrate. It should be noted that the
thickness of the gelatin film on mica correspongpraximately to the thickness in the case of
the enzymatic electrode since the same loadingi{4®1” 2.5 % gelatin) has been used. On the
other side, the AFM image of the gelatin, which hasbeen treated with glutaraldehyde, can be
considered as rough (deviations in surface praofido 3 pm). This roughness can be attributed
to the higher degree of swelling, which is expedtethke place, according to the results shown
in [128]. In addition, the AFM images in the casktibe untreated gelatin film were not
completely reproducible. This can be tentativelgrig®d to changes in the surface of the layer
due to dissolution during the experiment. AFM imadpave been recorded in tapping mode in
order to minimize the possibility of mechanical daya. The mild imaging mode should prevent
scratching of the gelatin layer by the cantilevat local dissolution may be also induced by
fluctuations in the liquid caused by the AFM tipthugh it can compromise the experiment to
some extent, the low reproducibility of the AFM iges in the case of untreated gelatin can be

taken as an indication for instability of the laglere to dissolution of gelatin.

5.3.3 Interpretation of the influence of structural parameters

The influence of the investigated structural paramseon the bioelectrode response can be

interpreted in terms of the mechanism of enzymafiecose oxidation. Previous studies
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regarding electrodes with similar architecture asesdidirect regeneration of the reduced enzyme
at the CTC surface [79, 117, 129]. For instancearKtdiscussed the influence of CTC loading
only from the point of view of surface area for agigion and electrical contacting of GOx [79].
Contrary to previous reports, in the present saud§ET mechanism has been assumed and CTC
has been considered as the medidtbin Eq. 4 and 5). At the moment, for the analygishe
respective effects there is no need of detailedficiation of the mechanism. This topic will be
discussed further in the text. The sensitivity loé electrode response in the limiting current
region on all three investigated parameters suggeshixed reaction-mass transfer limitation.
The change of the gelatin loading effectively clemghe thickness of the membrane layer,
which increases the mass transfer resistance tarogé transport and decreases the glucose
concentration at the electrode surface.

The increase of enzyme loading will increase the d the reaction between glucose and
enzyme. It can be easily anticipated, even in tesfremple Michelis-Menten kinetics that the
increase of the enzyme loading will increase tlopeslof the concentration dependence in the
linear region Ky >> [§) and it will change the value of the current @sge in the limiting
region Ku << [§, which has been qualitatively observed (see bid0). The increase of the
CTC loading and surface area will effectively irase the concentration of the mediator in the
catalyst layer, which will lead to increase in tk&ectrode response. At lower substrate
concentrations the change of CTC loading has leffisence, which means that under these
conditions the total reaction rate is not dominabgdthe enzyme-mediator reaction. At higher
substrate concentrations (e.g. 20 mM) the incredskee CTC loading produces the continuous

increase of the electrode response.

5.4 Electrode architecture involving a gelatin matrix

The results, shown in the previous chapter cledgijnonstrate the importance of the structural
parameters on the performance of the enzymatidretex In addition to the loadings of the
different components (CTC, GOx, gelatin) and thecpdures, used in the preparation of the
electrode (precipitation conditions, cross-linkintpe overall anode architecture is also expected
to have a major impact on the activity for glucomedation. In this respect, the same

constituents of the enzymatic electrode (GOx, CTH@ gelatin) have been tested in another
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architecture with the addition of high surface acmabon (carbon black). In this case all
components have been dispersed in a gelatin solatid applied as film on the stainless steel
surface. Conductive high-surface area carbon naddesuch as Vulcan are well established as
catalyst supports in fuel cell research and regeatlopted in the preparation of enzymatic
electrodes for biofuel cell applications as a maaffacilitate electron transfer and to increase
current densities [57, 130]. Gelatin, on the otkiele, has a hydrophilic nature and swells in
presence of water, whereby the degree of swelleygedds on the degree of cross-linking as
discussed in [128]. The biocompatible hydrogel pwy network provides a suitable
environment for the entrapped enzymes, in additmrgood film-forming properties, non-
toxicity and mechanical stability [131]. In the peait case the utilization of carbon and gelatin
results in 3D stable electrode architecture. Thenrddference with the procedure described in
the previous chapter is that the gelatin does ootnfa protective membrane on top but
constitutes a network within the entire volume bé telectrode and provides its structural
integrity. However, the difference of the electrosteucture is expected to change the mass
transport properties of glucose within the layer.

The electrode architecture, which involves a gelatiatrix, has two major advantages,
regarding the practical preparation. First, it isiam simpler and requires less time. The
components are mixed together and an aliquot ofdkelting ink is cast on the stainless steel
surface and cross-linked after drying. Thus, thepstof electropolymerization and crystal
growth, as well as all associated drying stepseitwben are omitted. The second advantage is
that commercial CTC or CTC, which has been preaipd previously, is used. As shown in
Section 5.3.1 the experimental conditions of CT@udh on the electrode surface influence to a
great extent its morphology and consequently thdasel area. It was observed that small
experimental variations during the CTC precipitatause differences in the activity and it is
difficult to obtain results with high reproducihyli Therefore, the use of CTC with defined and
more uniform crystal size distribution should résalmore reproducible behavior.

In order to optimize the modification procedures thfluence of several structural parameters
has been tested. All electrodes have been chamsttelby steady-state measurements
(chronoamperometry at different potentials) at @nl 20 mM glucose. This helps to eliminate
the capacitive currents, which are present in e of dynamic experiments such as cyclic

voltammetry and provides more realistic informatmout the performance of the electrode.
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Only curves at 20 mM of glucose (corrected forlaekground current) are presented since the
effects, which are observed by the systematic traniaof the ink components are more
pronounced at higher concentrations. The presentees are based on the mean values of three

measurements.
5.4.1 Influence of type of carbon black and loading

Different types of commercial carbon blacks haverbesed to facilitate electron transfer and to
increase surface area. For instance, Vulcan (Cdiast)oeen employed as a support matrix for
BOD by the preparation of oxygen-reducing biocathfti30]. Ketjen Black (Akzo Nobel) has
been used for immobilization of BOD, laccases andtbse dehydrogenase in a fructose-oxygen
biofuel cell [57]. It should be noted that the izétion of carbon black materials in the literature
has been usually associated with efforts to esfalldET, as discussed in Section 2.1.2. In the
present case GOx is not expected to exhibit DET thedelectron transfer pathway is already
defined through the CTC. Therefore the carbon gadi should be regarded as a mean to
facilitate electrical communication between the ratat and the electrode.

Three different types of carbon blacks have bestedeand the resulting polarization curves
are presented in Fig. 5-14. As can be seen VulodnKztjen Black have similar performance,
which significantly outreaches the performance dhtéx-based electrodes. For instance, the
current density, delivered by Vulcan and KetjencRlat 0.2 V vs. SCE is around 1000 pAtm
while the current density when Printex is used rify @bout 200 pA cifi Vulcan has been
identified as the most suitable material for eledér preparation since the Ketjen Black films had
poor quality, larger carbon particles agglomeratas the electrode film often detached from the
stainless steel surface. The higher structuralilgyabf the films, based on Vulcan has been

assigned to better dispersion of the Vulcan padiah the gelatin-based ink.
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Figure 5-14: Steady-state polarization curves isence of glucose of enzymatic electrodes emplogifigrent
types of carbon blacks. Conditions: 20 mM glucas@.i. M phosphate buffer, pH 7.2, 32, N, atmosphere, 400
rpm. Catalyst ink composition: 20 mg carbon bladkmg GOx, 10 mg TTF-TCNQ in 1 ml 2 % gelatin.

In the next step the influence of the Vulcan cohterthe ink composition has been checked.
The performances of the enzymatic electrodes wifardnt VVulcan loading are shown in Fig. 5-
15. As can be seen in Fig. 5-15a, the increasimgeot of Vulcan in the catalyst ink improves
the electrode activity. The addition of 5 mg Vuladoes not influence the performance of the
electrode at potentials lower than —0.05 V vs. SEEther increase of the Vulcan content to 20
mg and 30 mg leads to a noticeable shift of theetis even more negative potentials. The
precise identification of the oxidation onset agh@r Vulcan loadings is difficult due to the
limits of electrochemical stability of the CTC. Atore negative potentials a process of TTF-

TCNQ decomposition takes place [111] and the mea

iseint of the onset potential becomes

impossible without changing the surface properties.
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Figure 5-15: a) Steady-state polarization curvepriesence of glucose for enzymatic electrodes wditferent
Vulcan loadings; b) Dependence of the current derei 0.2 V vs. SCE on the Vulcan loading. Condisio
20 mM glucose in 0.1 M phosphate buffer, pH 7.2°G7N, atmosphere, 400 rpm. Catalyst ink compositionmtQ
GOx, 10 mg TTF-TCNQ in 1 ml 2 % gelatin.

The catalytic effect of Vulcan can be tentativedgrgbed to the increase of conductive surface
area, which improves the electrical communicatietween the mediator and the electrode. At
more positive potentials the increase in curregsteore pronounced and the resulting current
densities at 0.2 V vs. SCE are presented in Fithlh-As can be seen the increase in activity is
almost linear in the investigated range and it lsarexpected that further increase of the Vulcan
content will improve additionally the electrode foemance. However, films with Vulcan
content of 30 mg il ink and higher were extremely unstable and defdrnidey detached
from the stainless steel surface due to film shniglafter drying.

It should be noted that the stainless steel eldetran the present study have a geometrical
surface area of 0.28 ¢m In control experiments disc-shaped films with face area of
0.07 cn? with higher Vulcan loading were found to be stablewever, electrodes with smaller
surface area can result in a significant enhancewifethe activity when translated into current
density, which can compromise the realistic charazdtion of the electrodes. In order to ensure

comparison for further fuel cell experiments andlisg-up of the electrode films, Vulcan
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content of 20 mg i in the catalyst ink has been chosen as an optitoading, which gives

reproducible films with good quality and better adion to the stainless steel surface.

5.4.2 Influence of GOx and gelatin loading

The performances of enzymatic anodes with differ&@x loadings are compared in
Fig. 5-16. Unlike the expectations, coming from th&sumed reaction mechanism and the
results, presented in Section 5.3.2, the increb&Ox content causes a decrease of the electrode
performance in the case of enzymatic electrodesdbas a gelatin matrix. The polarization
curves at GOx concentration up to 5 mg'mmshow similar behavior with limiting current region
(Fig. 5-16a). The electrodes with higher GOx comegion (10 and

15 mg mt") exhibit qualitatively different behavior with dimiting currents and overall lower

performance.
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Figure 5-16: a) Steady-state polarization curvesr@sence of glucose for enzymatic electrodes difterent GOx
loadings; b) Dependence of the current density & ¥ vs. SCE on the GOx loading. Conditions:
20 mM glucose in 0.1 M phosphate buffer, pH 7.2°G7N, atmosphere, 400 rpm. Catalyst ink compositionm20
Vulcan, 10 mg TTF-TCNQ in 1 ml 2 % gelatin.
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The dependence of the current density at 0.2 \6@E versus the GOx loading is shown in
Fig. 5-16b. As can be seen the currents increaseanecrease of enzyme content in the catalyst
ink. This contradicts the behavior of enzymaticctlades, which is expected, according to the
Michaelis-Menten kinetics and has been shown incdme of polypyrrole-based electrodes in
Fig. 5-10. It should be noted that the loading<aC and GOx in both cases are in a similar
range.

The unusual dependence can be tentatively cordelgith the distribution of enzyme within
the catalyst layer. It can be assumed that higheyree loading will lead to inefficient enzyme
distribution and formation of large enzyme aggloaes, which can impede the electrical
contacting of all enzymes and also hamper the retatttcommunication of the mediators with
the conductive Vulcan particles and the intact Cfg3tals.

The addition of salts, organic solvents, polymerspeotein solutions can lead to the
precipitation of enzymes as physical aggregatedevgneserving their native conformation and
activity. Subsequent cross-linking of these physacmregates by reaction of reactive groups on
the enzyme surface (e.g., free amino groups ofndysiesidues) with reagent such as
glutaraldehyde stabilizes the aggregates. The fdrsteuctures are known as cross-linked
enzyme aggregates (CLEAs) and represent a metho@noyme immobilization, which is
especially advantageous for industrial applicatid®2]. Common strategy in the preparation of
CLEAs is the addition of an inert protein (e.g. lm@/serum albumin) called proteic feeder. This
additive serves to prevent the excessive cros@linkvhich can produce too rigid conformation
of the enzyme and consequently lead to poor agtant triggers the CLEA formation in case of
lower enzyme concentrations.

It can be anticipated that the combination of erzyf@Ox), inert protein (gelatin) and
glutaraldehyde during the procedure for electrodeparation in the present case can result in
similar enzyme agglomerates. However, the predcipitaof the enzymes is not induced by a
precipitation agent as in the case of classical &,Bbut by the simultaneous effect of gelatin
and glutaraldehyde. Such agglomeration in presehckferent proteic feeders and absence of
precipitant has been demonstrated in the case of (3G3] and it was found that low
concentration of gelatin does not lead to formatbaggregates.

A promising tool for investigation of the distrilboih of enzymes within the 3D-structure of

the catalyst layer and their interactions with getatin matrix is fluorescence microscopy, as
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discussed in [134]. In order to prove the hypothedi agglomeration, the influence of cross-
linking and the distribution of the enzyme in tHeotrode architecture have been investigated by
this technique. The tests have been performed flutrescent-labeled GOx since the intrinsic
fluorescence of GOx, measured by a fluorometer,pgnaged not to be sufficient for imaging.
First, in control experiments, films of GOXx in giahave been prepared on a glass substrate. It
should be noted that the concentration, thicknedsceoss-linking conditions, correspond to the

experimental conditions in the case of enzymatkctebdes. Fluorescence micrographs of GOx

dispersed in gelatin before and after cross-linlarggpresented in Fig. 5-17.

Fig'g(gre 5-17: Fluorescent micrographs of GOx disgerim a gelatin matrix before (left) and after fitigcross-
inking.
As can be seen from Fig. 5-17, when the enzymeésjgedsed in a gelatin matrix, cross-linking
enhances the formation of enzyme agglomerates. raezywhich have not been subjected to
cross-linking also form agglomerates but have numiorm distribution within the gelatin layer.
In the case of polypyrrole-based electrodes, theormdion of enzymes and the casting of
gelatin proceeds in different steps and the gel&ams well-defined layer on top of the
electrode. In this way the enzyme is adsorbed tyrem the CTC surface and is expected to
have little contact with the gelatin membrane ahd tross-linking agent. Therefore less
aggregate formation after cross-linking is expeard the resulting better distribution of GOx
can be tentatively accounted for the increase ifopeance with increase of enzyme loading. In

the case of enzymatic electrodes based on GOxemisp throughout the gelatin film,
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glutaraldehyde is expected to cause more pronouaggtbmeration and affect the distribution
within the layer to a higher extent.

Fig. 5-18 shows fluorescent images of two enzymatectrodes with different enzyme
loadings. The dispersion of enzyme in the gelatatrix and the subsequent cross-linking leads
to aggregate formation in both cases. As can be isethe graph, the Vulcan and CTC particles
absorb the fluorescence of deeper buried enzyraetstes unlike the images of GOx dispersed
only in a gelatin matrix, shown in Fig. 5-17. Theface with lower enzyme loading (2 mghl
GOx concentration in the catalyst ink) is charazest by more scattered and diffuse fluorescent
signal, which indicates more uniform enzyme disttiin within the catalyst layer. When the

GOx concentration is increased to 10 mg ®IOx, the agglomerates are more pronounced.

Figure 5-18: Fluorescent micrographs of enzymdectedes with 10 mg nil (left) and 2 mg mt (right) GOx
concentration in the catalyst ink. Other concerrat are as follows: 20 mg hVulcan, 10 mg mt CTC in
1ml of 2 % gelatin solution.

The fluorescent images, shown above are in accoedanth the hypothesis of not uniform
distribution, which causes the the unusual infléen€ the enzyme loading in the case of the
enzyme electrodes, based on a gelatin matrix. kisteace of more enzyme agglomerates at
higher GOx loading leads to hampering of the eleatrcommunication with the conductive
matrix as well as the substrate and mediator flutesenzymes within the aggregates.
Consequently, despite of the higher overall loadigenzyme, the electrode exhibits lower
performance as shown in Fig. 5-16.

The influence of gelatin concentration in the cataink is shown in Fig. 5-19.
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Figure 5-19: Steady-state polarization curves af émzymatic electrodes with different gelatin carication in the
catalyst ink. Conditions: 20 mM glucose in 0.1 Mopphate buffer, pH 7.2, 3, N, atmosphere, 400 rpm.
Catalyst ink composition: 20 mg Vulcan, 10 mg G@& 40 mg TTF-TCNQ in 1 ml gelatin.

As can be seen from the graph decrease of gelatitest to 1 % leads to a substantial
increase in performance. This is in accordanc@eceffect observed in the case of polypyrrole-
based enzymatic electrode and can be also explaynéuke limited diffusion of glucose through
the gelatin matrix as discussed in Section 5.32addition to the diffusion effect, the lower
gelatin concentration is expected to cause lesgnemagglomeration, as discussed in [133] and
therefore it will improve the distribution of enzgmwithin the catalyst layer. However, although
beneficial in terms of currents, the use of 1 %atielin the catalyst ink leads to unstable films,
which detach from the stainless steel surface bydtlying process (more than 50 % failure rate).
This phenomenon demonstrates the trade-off betvpegformance and ease of preparation,
which has been already discussed in Section S4lieicase of different Vulcan loadings.

Based on the experiments shown above, the followistglyst ink composition has been
identified as optimal: 20 mg Vulcan, 10 mg TTF-TCN@d 2 mg GOx dissolved in 1 or 2 %

gelatin aqueous solution.
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5.4.3 Performance of the optimized electrode

The performance of the optimized enzymatic ele&rbds been tested in presence of different
glucose concentrations and in presence of oxygée. polarization curves of the enzymatic
electrode in presence of different glucose conetiotis are shown in Fig. 5-20. As can be seen
from the graph, the polarization curves at lowaicgse concentrations are characterized by
limiting current regions, while at higher glucosancentrations the behavior is different (e.g. at
50 mM glucose the polarization curve is linear ateptials more positive than 0 V vs. SCE).
This change can be tentatively attributed to a ghan the rate-determining step of the overall
reaction. At lower glucose concentrations, the sabs concentration limits the rate of the
enzymatic reaction according to Egq. 1 and 2. Athlrgglucose concentrations, rate-limiting
becomes either the enzyme-mediator reaction (Eqr #)e mediator reoxidation at the electrode
surface (Eq. 5). The pronounced dependence ofuhert on the electrode potential suggests
that rate-limiting is rather the electrochemicahaton. However, despite that the potential
controls directly only the rate of mediator reoxida, the enhanced consumption of reduced

mediator can change the kinetics of the precediegnical reaction as well.
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Figure 5-20: Steady-state polarization curves efdptimized enzymatic electrode in presence oeréfit glucose
concentrations. Conditions: 0.1 M phosphate buffgd, 7.2, 37°C, N, atmosphere, 400 rpm. Catalyst ink
composition: 20 mg Vulcan, 2 mg GOx and 10 mg TTEND in 1 ml 2 % gelatin.
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It should be noted that the concentration dependsrare based on the values taken from
individual polarization curves and the experimdrase been performed with the same electrode
with increasing glucose concentrations. This apgiaalows for a complete characterization of
the electrode behavior in different potential raa@apposed to e.g. flow-injection analysis at a
single potential) but involves continuous potentigtling and prolonged polarization at different
potentials. This kind of electrochemical treatmesm be regarded as accelerated aging and could
potentially lead to change in the electrode progewds it will be discussed in below.

Important prerequisite for the implementation ofyanatic anodes in membraneless fuel cell
configurations is their oxygen tolerance. This et of special importance in the case of GOx
electrodes since oxygen is believed to be the abélectron acceptor for the enzyme [10]. The
activity of the optimized enzymatic electrode haertested in absence and presence of oxygen
at different glucose concentrations (Fig. 5-21).cas be seen from the graph, the presence of
oxygen decreases the performance of the anoddlatrb@stigated concentrations. The currents
at 0.2 V vs. SCE decrease from about 150 pA andu28th absence of oxygen, to about 80 pHA
and 300 pA in presence of oxygen, at 5 mM and 20 ahiglucose, respectively. Both changes

correspond to nearly 2 times activity decrease.
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Figure 5-21: Steady-state polarization curves fooptimized enzymatic electrode in presence okdiffit glucose
concentrations under nitrogen or oxygen atmosphélenditions: 0.1 M phosphate buffer, pH 7.2,
37°C, 400 rpm. Catalyst ink composition: 20 mg Vulcamg GOx and 10 mg TTF-TCNQ in 1 ml 1 % gelatin.
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5.5 Electron transfer mechanism and origin of activity

5.5.1 Mechanisms according to the literature and current approach

The electron transfer mechanism in enzymatic eddes, employing TTF-TCNQ remains still
controversial in the literature. GOx in generabdieved to lack DET due to the carbohydrate
shell that isolates its redox center (FAD), althotigere are some studies reporting DET in the
case of GOx as discussed recently [10]. Deglyctisylaof the enzyme partially exposes FAD,
which facilitates DET, as demonstrated by Mano aodvorkers [135]. TTF-TCNQ exhibits
high electrical conductivity and no visible redaogesses (e.g. due to salt decomposition) in the
catalytically relevant potential region, so it dam regarded as an inert electrode material like
carbon. On the other side both TTF [136] and TCNQ7] are known to act as mediators for
GOx.

Early studies on CTCs suggested mechanism basedoomgeneous MET [112, 113].
Further works, specifically addressing TTF-TCNQicled direct regeneration of the reduced
enzyme by means of a DET [114]. Later on, the sgmep assumed a heterogeneous redox
catalysis (opposed to the homogeneous case) withQr@s a mediator adsorbed on the CTC
surface [138]. This hypothesis was further suppbitg electrochemical and quartz crystal
microbalance (QCM) measurements and soluble TTEiepevere completely ruled out of the
possible ET pathway [139]. Additional experimerdhkervations indicated that TTF should be
also involved in the mechanism and two independeoides of MET were suggested:
homogeneous with TTFand heterogeneous with TCRIQL40]. Another study excluded the
possibility of homogeneous MET or heterogeneousoxedatalysis and propounded the
hypothesis of electroactive enzyme, modified byrporation of a hydrophobic mediator (TTF
and possibly TCNQ), released from the CTC [141]sBuggestion was based on the successful
modification of GOx with TTF by hydrophobic intetams [142]. Later on, Albery and co-
workers developed a theory for a homogeneous MEBM miediators being supplied from the
bulk or generateth situ and considered the theoretical possibility to yppis mechanism in the
case of organic salts [143].

After all, despite of the long debate, more recewdrks, reported third generation
(mediatorless) glucose biosensors based on TTF-TOMGereby the assumption of DET
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corresponded well to the obtained experimental da@& 117]. Contrary to the latter
publications, a newer study exploited the concéglternating MET mechanism with different
mediator species, depending on the applied pot¢hiig].

In order to provide a further insight into the mactsm, enzymatic electrodes based on TTF,
TCNQ and TTF-TCNQ have been prepared in identicahmer and tested towards their activity
for glucose oxidation. The identical preparationteoof the different types of electrodes allows
for a direct comparison of their electrochemicahdgor and performance. It should be noted

that all potential values in the text below areeredd to the scale of SCE.

5.5.2 TCNQ as mediator

TCNQ is a strong electron acceptor molecule, wisigh undergo two redox transformations: to
the monovalent (TCNQ and subsequently to the divalent (TCRQradical anions and the

respective redox reactions can be clearly distsiged in a suitable solvent, e.g. acetonitrile
[144]. However, the low solubility of TCNQ in aquensolutions obstructs the straightforward
analysis of its electrochemical behavior in phosploaffer.Fig. 5-22 shows voltammograms of
the TCNQ-based enzymatic electrode in differeneptal windows with an increasing upper

potential limit.
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Figure 5-22: Cyclic voltammograms of the TCNQ dlede in different potential ranges. Conditions: O/1
phosphate buffer, pH 7.2, 3C, N, atmosphere, 400 rpm, scan rate: 5 mV Gatalyst ink composition: 20 mg
Vulcan, 10 mg GOx and 10 mg TCNQ in 1 ml 2 % gelati
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If the upper potential is kept negative enough.(@.8 V), two well-defined redox peaks, denoted
as C and D, are observed. These peaks can be etssimrihe redox couple TCNQICNQ
[144]. Another redox process is observed at pabntiigher than 0 V. This process can be
assigned to the TCNTICNQ’ redox couple. When the upper limit is further exted, two
well-defined peaks (A and B) appear. Qualitativeilyilar behavior, with better defined redox
processes and an “inert zone” between peaks A amd®8been shown in the case of TCNQ on
pyrolytic graphite [144].

The behavior of the TCNQ enzymatic electrode in phesent case was also similar to the
behavior of a glucose biosensor based on carbak$ld37]. In the latter case the two redox
processes can be more clearly distinguished, a@espithe broader peaks and the larger peak
separation. In the present case the negative rehitif peak B (TCN® — TCNQ") with an
increase of positive potential limit of the voltamgnam impedes the differentiation between the
two reductive processes in the negative scan wienipper potential limit is set more positive.
In addition, a decrease in peak intensities is meskewith cycling, which is regarded to be due
to dissolution of TCNQ as reported in [144].

Cyclic voltammograms of the TCNQ-based electrodalisence and presence of glucose are

presented in Fig. 5-23.
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Figure 5-23: a) Cyclic voltammograms showing thivag of the TCNQ electrode in an extended potaintange;

b) Cyclic voltammograms and steady-state polanpatiurves of the TCNQ electrode showing the agtiuit a
limited potential range. Conditions: 0.1 M phosghhuffer, pH 7.2, 37C, N, atmosphere, 400 rpm, scan rate: 5
mV s™. Catalyst ink composition: 20 mg Vulcan, 10 mg G&d 10 mg TCNQ in 1 ml 2 % gelatin.
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In the extended potential range the enzymatic mdet exhibits oxidation activity with an
onset at about 0 V (Fig. 5-23a) and the ET protesssumed to be mediated by TCNGhe
activity for glucose oxidation has been furtherastigated in a limited potential range, where the
TCNQ*/TCNQ process can be clearly observed (Fig. 5-23b). @s lee seen in the graph,
steady-state experiments (current values aftern) are in a good agreement with voltammetry.
According to the literature, TCNQpecies can theoretically act as potential mexdidty GOx-
catalyzed glucose oxidation, since its redox paérg more positive than the redox potential of
the enzyme [116]. However, this is assumed notetthle case since the difference between the
redox potential of the TCN§JTCNQ™ couple and the glucose oxidation onset is abodtr3d.

5.5.3 TTF as mediator

TTF, analogous to TCNQ, is known to undergo twooxettansformations, to the TTRnd the
TTF?* radical cations, which can both act as redox ntediafor the regeneration of reduced
GOx [136]. Fig. 5-24 shows voltammograms of the IoESed enzymatic electrode in different
potential ranges in phosphate buffer. As can ba §een the graph if the potential window is
kept until 0 V, the enzymatic electrode exhibitdyocapacitive behavior. When the positive
potential limit is increased to 0.2 and 0.4 V, exdjvely, a redox process, assigned to the
TTFYTTF" couple, occurs. The oxidation of T¥Fto TTF starts at about
0.05 V and no current peak in the positive scaobserved, regardless of the upper potential
limit. However, a well-defined peak, correspondingthe reduction of TTFback to TTE, is
present in the negative scan. Its position is dé@enon the positive potential limit, i.e. on the
amount of TTF been generated during the oxidation.

It is assumed that due to the specific electrodditacture, the TTF cations, which are
formed during the TTF oxidation at higher potetiabscape from the electrode surface.
Therefore no mass transport limitation, evidencgdabpeak in the positive scan, can be
observed. As can be seen, when the upper potéintialf the voltammogram is extended, the
positive currents clearly surpass the reductivereris, which can be attributed to TTF

dissolution. Such behavior is typical for some rhetactrodes, e.g. copper, where dissolution
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(oxidation) in the positive scan and copper reditjoos in the negative scan take place,
respectively [145].
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Figure 5-24: Cyclic voltammograms of the TTF enztimalectrode and a glassy carbon (GC) modifiedh WitF in
different potential ranges. Conditions: 0.1 M pHuste buffer, pH 7.2, 3T, N, atmosphere, 400 rpm, scan rate: 5
mV s™. Catalyst ink composition: 20 mg Vulcan, 10 mg Gawd 10 mg TTF in 1 ml 2 % gelatin.

In order to have an experimental reference foré®x potential of the TTFTTF" couple
in the aqueous phosphate buffer employed in thidystin control experiments TTF has been
dispersed in a Nafion solution and applied as @ ldyer on a glassy carbon (GC) surface. The
resulting voltammogram (see Fig. 5-24) shows theem@ble oxidation of TTF and the peak
position corresponds to the behavior of the TTRetasnzymatic electrode. The presence of a
well-defined anodic peak can be tentatively atteduto the low amount of TTF in the Nafion
film and the negative charge of the polymer, whigh prevent TTF cations to escape from the
surface. The reversible redox potential of TTF d & around 0.15 V, which is in accordance
with the values, reported in the literature [75].

The voltammograms of the TTF electrode in absemcepaesence of glucose are shown in
Fig. 5-25. The enzymatic electrode exhibits highivag towards glucose oxidation and the
oxidation onset is at about —0.25 V. This valuevel more negative than the value of the

reversible potential, expected for the PTFTF" couple.
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Figure 5-25: Cyclic voltammograms and steady-spatarization curves of the TTF enzymatic electratiewing
the activity for glucose oxidation. Conditions: Gilphosphate buffer, pH 7.2, 8€, N, atmosphere, 400 rpm, scan
rate: 5 mV . Catalyst ink composition: 20 mg Vulcan, 10 mg Gibxl 10 mg TTF in 1 ml 2 % gelatin.

As can be seen, steady-state curves follow thevimhabserved in voltammogram. Similar
oxidation onset and electrochemical behavior has Isdown in the case of TTF-modified CNTs
[75]. It should be noted that according to therditare TTE* species also can act as mediators

but they are less stable and easily decomposed.[136

5.5.4 TTF-TCNQ as mediator

After the information about the electrochemistryl dhe glucose oxidation activity of the single
components TTF and TCNQ has been obtained, thee@tbemical behavior the CTC has been
investigated and directly compared with the behagiathe TTF and TCNQ electrodes. Fig. 5-
26a shows the voltammograms of the CTC electrodbuiffier in different potential ranges,
which have been compared with the responses of @@ TCNQ electrodes at the same
potential scale in Fig. 5-26b.

As can be seen, the shape of the voltammogram & @Tthe potential range between
—0.2 and 0.2 V indicates that some redox procem®esccurring at potentials close to both limits
of the voltammetric experiment. It should be natieat this kind of response has been obtained

in a reproducible manner with fresh CTC electrodelsich have not been subjected to any
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pretreatment or conditioning. The respective voiteagram shows that a reduction process takes
place at potentials negative to —0.1 V, and a smatlation peak can be observed immediately

upon scan reversal. According to the literature,rdduction currents can be assigned to cathodic
salt decomposition, according to Eq. 6 as propbsedheger and Bard [111] and the subsequent

anodic peak has been previously ascribed to révikgsof the process at its initial stage [146].

TTE-TCNQ + 26 — TTF+TCN® (6)
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Figure 5-26: Cyclic voltammograms of TTF, TCNQ amdiF-TCNQ electrodes in different potential ranges.
Conditions: 0.1 M phosphate buffer, pH 7.2, %®7 N, atmosphere, 400 rpm, scan rate: 5 mV Gatalyst ink
composition: 20 mg Vulcan, 10 mg GOx and 10 mg raediin 1 ml 2 % gelatin.

The CTC decomposition is accelerated when thereldetis subjected to cycling at low sweep
rates in a more negative potential range. Howdtierassociated cathodic currents decrease with
the number of cycles until a reproducible respoissebtained, which indicates possibly
decomposition of all electrochemically susceptibl@F-TCNQ. The gradual cathodic

decomposition is demonstrated in Fig. 5-27.
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Figure 5-27: Consecutive linear sweep voltammograrhghe TTF-TCNQ electrode, demonstrating gradual
cathodic decomposition. Conditions: 0.1 M phospliatifer, pH 7.2, 3PC, N, atmosphere, 400 rpm, scan rate: 5
mV s, Catalyst ink composition: 20 mg Vulcan, 10 mg Gawd 10 mg TTF-TCNQ in 1 ml 2 % gelatin.

After sufficiently long cathodic treatment, the ubsg voltammogram from —0.7 to —0.05 V is
characterized by a clearly developed redox peak @-26a). Based on its position and shape, it
can be assigned to the TCRITCNQ couple (see Fig. 5-26b) as discussed above. Tdrerdt
can be assumed that it is more likely that the km@wabdic peak upon scan reversal in the
voltammogram between —0.2 and 0.2 V is rather JUEGNQ~ oxidation to TCNQ, than to
reversible salt decomposition. This implies that tedox behavior observed at potentials more
positve than O V can be attributed both to the %TFF and the
TCNQ/TCNQ couples. Unfortunately, it is difficult to discrimate between both processes
because of the similar onset potentials of TBAd TCNQ oxidation, as can be seen in
Fig. 5-26b.

The presence of TPFand TCNQ species in the electrode architecture could be also
explained by CTC dissolution. According to theritieire, TTF-TCNQ has a stable potential
window in aqueous media and shows no current peéhés could be attributed to salt
decomposition [111]. The observation of redox psses in the potential region between

—0.2 and 0.2 V (see Fig. 5-26a) challenges thengstson of a completely inert potential range
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under the present experimental conditions. Theaseleof electroactive species within the
“stable” potential window has been discussed in7]1dnd demonstrated also by scanning
tunneling microscopy experiments (STM) [148]. Thethars in the latter study observed
dissolution at potentials within the stable potaintegion and even at equilibrium potential. They
assumed the presence of neutral TTF and TCNQ spéissolved in the aqueous solution, either
reversibly at equilibrium, or irreversibly at noqgtelibrium potentials (Eg. 7-9) and
distinguished the nature of these species (LFHCNQaq) from the nature of the surface-
confined species (TPFTCNQ). This assumption corresponds to the observedvimhia the
present study and can explain the fact that theanwhetric features of the single components
TTF and TCNQ can be followed on the CTC electrosgthout any special potential

pretreatment.

TTF-TCNQ « TTE,+ TCNQ, (7)
TTF-TCNQ — TTE, +TCNQ, +€ 8)
TTF-TCNQ+6 — TTE +TCNQ 9)

As already discussed above, not only TTF-TCNQ bsb aTF and TCNQ can act as
mediators for GOx. The corresponding activities esepared in Fig. 5-28-or the sake of
clarity the respective polarization curves in alegeand presence of 20 mM glucose have been
presented in the same potential scale and cuegerfor all electrodes.

As can be seen the glucose oxidation activity of @eC electrode in the range between
—0.2 and 0.2 V (Fig. 5-28b) significantly resemblé® behavior of the TTF electrode
(Fig. 5-28a), in terms of oxidation onset and meaducurrents. The reduction currents at
potentials negative to —0.2 V can be explainedhgydrystal lattice reduction, which has been
discussed above, since the CTC electrode in FRBIbhas not been subjected to any special
pretreatment and has been investigated only inathge between —0.25 and 0.2 V.

Fig. 5-28c shows the polarization curves of the @1 &bsence and presence of glucose in the
potential range between —0.6 and 0.1 V after neggitential pretreatment. As can be seen,
after pretreatment no reduction currents are oleseand the glucose oxidation onset potential is
at about —-0.25 V, which corresponds to the behavid®® TC in Fig. 5-28b and the behavior of
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TTF in Fig. 5-28a. This implies that the electrgtetreatment induces CTC decomposition and
generates TTF species in the electrode architecwuneeh can act as mediators for the GOx-

catalyzed glucose oxidation.
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Figure 5-28: Steady-state polarization curves of-TTTITF-TCNQ- and TCNQ-based enzymatic electrodes i
different potential ranges in absence and presehgkicose. Conditions: 0.1 M phosphate buffer, 2 37°C, N,
atmosphere, 400 rpm. Catalyst ink composition: 2@ Vtulcan, 10 mg GOx and 10 mg mediator in 1 mi
2 % gelatin. Dashed line is additionally drawn doidance of the reader.

The glucose oxidation activity of the TCNQ electratiees not start earlier than 0 V (see Fig.
5-28d), which indicates that TCNQ cannot be accodatédy mediation at the more negative

potentials observed in Fig. 5-28b and 5-28c. Orother side, it is likely that at potentials more

74



positive than 0 V, both TTF and TCNQ act as medsatand the respective currents are
superimposed, which is evidenced by a kink in #spective polarization curve (Fig. 5-28b) but
the two processes cannot be distinguished. Thes#in§is correspond to the proposal of
alternating ET mechanism, involving different medraspecies [116] but restricted to more
positive potentials.

In order to have additional experimental evider tlissociated species are present on the
CTC surface, the electrodes have been analyzedohyief Transform Infrared Spectroscopy
(FTIR) after different treatments. The state of TE--TCNQ can be easily determined by the
shift in the nitrile stretching band of TCNQ accoglio the empirical dependence demonstrated
in [149, 150] due to the relation between the vibratl frequency and the degree of charge
transfer, manifested in compounds witkdelocalized systems. The shift in the initial itetr
frequency of TCNQ in the case of TTF-TCNQ and KTCNQresponds to a degree of charge
transfer of 0.59 and 1.00, respectively. Thus, akes possible to identify in a simple way the
nature of TCNQ species present at the electrodairfig. 5-29a shows referent FTIR spectra
of TCNQ, TTF-TCNQ and KTCNQ recorded between 2500 @md 2000 cl.
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Figure 5-29: FTIR spectra of a) different TCNQ dpec b) TTF-TCNQ enzymatic electrodes before after

electrochemical characterization in absence ansepe of glucose between — 0.2 V and 0.2 V vs. $&Ehed
lines are additionally drawn for guidance of thader.
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The values obtained for the charge transfer degme®.43 and 0.88 for the TTF-TCNQ and
KTCNQ, respectively. These values slightly deviaterfrihe literature reported values but the
apparent shifts demonstrate that the respectivkspean be used for characterization of the
nature of TCNQ species at the electrode surface. %i89b shows spectra of the freshly
prepared enzymatic electrode and after electrodamharacterization in presence of glucose.
The value of the frequency (2200 of the fresh electrode indicates the presenc&Tdi-
TCNQ in its original state. The peaks in the FTIRcspan of the electrode, which has been
subjected to electrochemical characterization seabe and in presence of glucose, indicate the
presence of intact TTF-TCNQ as well as TCNQ anions. pieek at 2177 cthis characteristic
for TCNQ™ species, while the peak at 2163 toan be attributed to both TCN@nd TCNG™
species [151]. The presence of divalent anionsbmamlso assumed due to the broad peak at
about 2110 c (characteristic for TCN®) but this is rather speculative interpretatiorceithe
peak is poorly defined. Despite of this ambiguitye tFTIR spectrum of the used electrode
confirms the presence of intact TTF-TCNQ crystadd aCNQ anions at the electrode surface.
This observation is in accordance to the voltamimetata and further assists the hypothesis of

TTF-TCNQ dissolution in the investigated potentialge.
5.5.5 Conclusions about the electron transfer mechanism

The results shown above imply that in the presestteide configuration electroactive species
are generatedn situ from the CTC surface even within the “stable” po&nrange. The
significant similarity in the glucose oxidation adty of CTC and TTF electrodes suggests MET
with TTF species as the main mediators. The poggilmf simultaneous activity of TTF and
TCNQ at more positive potentials is also consideledhould be noted that the assumption of
MET does not contradict the hypothesis of enzymelifienl through hydrophobic interactions
by TTF species and undergoing “direct” oxidationestctrode surfaces [141], whereby the
difference arises from the different terminologgdidy different groups.

The interpretation in the present study is in agance with most of the previous findings in
the literature but extends the current understandinthe CTC electron transfer mechanism by
discussion of the oxidation onset potential, whishan important parameter for practical

applications of CTC-based anodes in biofuel cdlisthis context, the results shown above
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indicate that both CTC and TTF can be used as nuedifor glucose oxidation and they show
similar performance. However, the CTC electrodesmser due to the smaller relative loading
of TTF. For instance, enzymatic electrodes based®mng loading of TTF and TTF-TCNQ
show similar kinetics but in 10 mg of TTF-TCNQ onlyrfg of TTF are present, having in mind
the 1:1 stoichiometric ratio of the components. Dletter performance of TTF-TCNQ can be
tentatively ascribed to the higher conductivitytbé enzymatic electrode (due to the intrinsic
conductivity of the CTC) and/or some effects inpesd to the difference in the dissociation rate
of TTF from the TTE and TTE'TCNQ". Another advantage is the simultaneous action of
TCNQ as a mediator at more positive potentials.

To summarize, based on the experiments shown abcaa ibe concluded that major part of
the activity of TTF-TCNQ based enzymatic electrodies glucose oxidation is due to TTF
species, which are released from the CTC surfac®l@6pecies can also act as mediators but
only in a more positive potential range. The TTE arCNQ species can be generatedsitu
either by simple dissolution or by potential inddcerystal decomposition during the
electrochemical tests. It should be pointed out tinase conclusions are limited to the particular
electrode architecture used in present study bey ttan be also extended for the theoretical

treatment of results shown in previous works.

5.6 Conclusions

CTCs such as TTF-TCNQ are well-established materiaisthe preparation of glucose
biosensors and enzymatic electrodes based on TNRIT@xhibit high current densities,
relatively low overpotential and high stability. &ddition, they can be prepared by unpretentious
procedures, which involve only commercially avaitalhaterials. However, despite of these
promising features, CTC-based anodes have nevadfan application in biofuel cell devices,
which has motivated our studies with this kind oftegss. Our results indicate that TTF-TCNQ
forms a highly irregular porous structure, whichvesras a matrix for immobilization of the
enzyme, which underlines the importance of the aptiton of the enzymatic electrode
architecture. In order to improve the electroddqrarance with respect to fuel cell applications,
the influence of various aspects of the prepargtimcedure has been studied in a systematic

way and the respective findings extend the exighibgrpretation present in the literature. It was
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found that the dispersion of the electrode comptsém a gelatin matrix together with a
conductive high surface area material such as Viuk@72R has the most beneficial influence
on the electrode performance. In addition, the ltesshown in the present study support the
hypothesis of mediated electron transfer by speodisasedn situ from the CTC surface. These
findings open and support further possibilitiesdptimization of the electrode performance such
as chemical tuning the potentials of the donoracwkptor compounds forming the CTC, as well

as more precise control of the CTC shape, sizedatdbution.

5.7 Experimental details

5.7.1 Chemicals and materials

All chemicals including glucose, TTF, TCNQ, TTF-TCNQdgpolyvinyl sulfate potassium salt
(PVS) as well as tetrahydrofuran (THF) and acetdai{hCN) were of analytical reagent grade
and purchased from Sigma-Aldridbltrapure water from Millipore was used in all exjpegnts.

Stainless steel was used as a mechanical andiedéctupport for the preparation of
enzymatic electrodes. Discs with a diameter of 11anohl mm thickness were used in the case
of single electrode experiments (three-electrodeuge The discs were mounted in a sample
holder for rotating disc electrode (RDE) with an dpgrof 8 mm (0.5 criworking area) for the
electropolymerization and an opening of 6 mm (@&8 working area) for the electrochemical
tests.

5.7.2 Modification procedure with polypyrrole layer

The enzymatic electrode preparation procedure wasasito the procedure reported by Khan
[79] and had several steps. The stainless steek diere polished with emery paper and
degreased with acetone before further modificatlanthe first step, a polypyrrole film was
electrochemically deposited on the stainless stedhce. The electropolymerization was done
galvanostatically at a current density of 4 mATomtil a charge of 1.2 C cfpassed. The
agueous monomer solution contained 0.02 M (per m@&naonolecular weight) PVS and 0.15 M
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pyrrole. The solution was agitated by the RDE. Nerafits to exclude oxygen from the system
during the electropolymerization were made.

In the next step, CTC crystals were grown directtytbe polymer surface. First, TCNQ
dissolved in THF was cast several times on the reléetuntil the desired loading was achieved.
After that, TTF dissolved in ACN was applied in saleuccessive steps over the TCNQ layer
until TTF loading of slight excess compared to T&NQ loading was obtained. The electrode
was then gently washed with ACN in order to remove uhesacted TTF and dried under
ambient conditions. After that GOx was adsorbed enGmC crystals by applying an aliquot of
20 mg mi* GOx solution in phosphate buffer (pH 7.2) and tiecteode was left to dry.
Subsequently, the CTC/GOx assembly was covered laiqumot of gelatin solution (2.5 % w/v
in water, incubated for 30 min at 30 before use) and dried again. Finally, the eleero
assembly was cross-linked by dipping into a glutielayde solution (5 % in water) for 60 s,
washed with plenty of water and dried at room tempegafThe enzymatic electrodes were kept
in plastic bags at —20C before use. Cross-sectional scanning electrorrostgopy (SEM)
analysis of the enzymatic electrode assembly waempeed by AQura GmbH, Germany using
XL30 FEG (FEI Company).

5.7.3 Modification procedure with a gelatin matrix

Stainless steel discs were used as a support @nthenatic electrodes. Vulcan XC72R (Cabot)
was supplied by QuinTech (Germany). Ketjen Black EQGJ3®as a kind gift by Akzo Nobel
Chemicals and Printex XE 2B was gift by Evonik Indiest The ink used for modification of
the enzymatic electrodes had typically the followamgmposition: 20 mg Vulcan XC72R, 10 mg
of the respective mediator (TTF, TCNQ or TTF-TCNQY d® mg GOx (1920 U) in 1 ml of 2
% wi/v gelatin aqueous solution (heated tdG%efore use). In the case of tests for optimiratio
of the modification procedure the type of carboackl material as well as the quantities of
Vulcan, TTF-TCNQ, GOx and gelatin were varied. The iaeds were ground in an agate
mortar before use. Suspension of the ink componientee gelatin solution was assisted by
mechanical stirring and ultrasonication for aboutmih. For preparation of the enzymatic
electrodes 50 pl of the respective ink was appliethe stainless steel electrode (0.28%cand

left to dry under ambient conditions. After that tbkectrode assembly was cross-linked by
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dipping into a glutaraldehyde solution (5 % in wafler 60 s, washed carefully with water and
dried again. The enzymatic electrodes were keplastic bags at —XC before use.
In case of fluorescence experiments GOx was modufjefluorescent protein label (DyLight

350 NHS ester from Thermo Scientific) accordinghe supplier protocol.

5.7.4 Electrochemical experiments

Electrochemical experiments were carried out in aveational double-jacketed Pyrex
electrochemical cell (Radiometer Analytical). The RDEAS used as a working electrode,
platinum wire as a counter electrode, and saturatddmel electrode (SCE) as a reference
electrode. The experimental solutions were satdratiéh nitrogen or oxygen. Electrochemical
single electrode and fuel cell experiments werdopered by a computer controlled potentiostat
PGSTAT302 (Eco Chemie/Autolab). Steady-state poltozacurves were obtained by

extracting of the currents after 1 min at differpatential values.
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6. Hybrid enzymatic fuel cell

6.1 Concept of the hybrid fuel cell

Important aspect in the development of enzymatafuel cells, apart from the design and
optimization of the individual electrodes, is thesdyjn of the whole fuel cell system. Little
emphasis has been put on this issue in the pasiastl of the studies have been focused on
single electrodes studies. For this reason, aftter duccessful development of the anode
modification procedure, the enzymatic anode has lbeenbined with a Pt cathode in a hybrid
biofuel cell device. The structure of the cathodenprises the membrane electrode assembly
(MEA) design, which has been adopted from the cotweal fuel cell technology. It should be
noted that the term “hybrid” when referred to alfwell, is mainly associated with the
combination of two power sources with different operal principles (e.g. fuel cell and
battery). However, this term can be also used tmtdethe different nature of catalysts (e.g.
biological catalyst at the anode and an inorgaatalgst at the cathode as in the present case) as
discussed in [10]. The combination with a noble ineditalyst electrode allows for testing of the
enzymatic electrode performance under fuel celbddams. Similar strategy has been used both
for anodes [32, 37, 152] and for cathodes [30,608, Such systems have been usually referred
to as biofuel cells, despite of the presence afralio component. The hybrid fuel cell device in
this study can be used as a platform for investgabf different enzymatic anodes and give
additional information about their behavior in a Wehéuel cell system when combined with a
cathode with “known” catalytic properties.

The enzymatic fuel cell device, presented in thisly comprises a parallel plate design (see
the experimental details in Section 6.7.3 below)e Biloanode operates in liquid phase and the
flow-through design of the anodic chamber allows perfusion of the fuel solution. The
continuous flow diminishes substrate depletion aratpct accumulation and allows for mass
transport investigations of the bioanode under ¢ed#llconditions. In case of a batch operation or
when analysis of the oxidation products is requitée, flow can be stopped and the anodic
chamber can be isolated by closing the inlet aritbualves.

The cathode operates in gas phase, which allows awang the limitations associated with

the low oxygen solubility in aqueous solutions [5Phe use of pure oxygen instead of air and
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the high flow rate (500 ml mit) should eliminate oxygen concentration effectsglthe flow
field channels. The oxygen gas was not humidifie@ to the fact that the one side of the
membrane is in contact with aqueous solution arallghbe sufficiently hydrated. The high
platinum loading (5 mg ci) should ensure high cathode performance as it wasirs by
Reshetenko et al. [153], who studied the influerfagathode optimization on the performance of
a direct methanol fuel cell (DMFC).

In the following sections the influence of the fuagll architecture and some operational

parameters on the hybrid fuel cell performance bellinvestigated.

6.2 Performance of the hybrid fuel cell

Polarization and power curves of the hybrid enzymhiel cell at two different glucose flow
rates are shown in Fig. 6-1. The polarization cuaves ml min' flow rate exhibits a small

activation region and an OCV of 0.94 V.
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Figure 6-1: Polarization (black squares) and paweves (red circles) of the hybrid fuel cell atgise flow rates of
5 ml min* (full symbols) and 10 ml mih(empty symbols). Conditions: Anode: 5 mM glucas®il M phosphate
buffer, pH 7.2, 37C, N, atmosphere; Cathode: 500 ml fidry oxygen flow rate.

Different OCV values for glucose-oxygen biofuel cdisre been presented in the literature. For
example, 0.55 V was reported for a similar flow-thgbuhybrid fuel cell with enzymatic anode
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mediated by dissolved benzoquinone and a Pt catfd@jer 0.8 V for a non-enzymatic direct
glucose fuel cell based on Pt catalysts, which eyga also a MEA design [154]. High OCV
values (around 1 V) have been demonstrated in dse of glucose-oxygen enzymatic biofuel
cells based on Os redox hydrogels [21, 23].

The theoretical cell voltage for glucose oxidatiorgluconolactone in presence of gas-phase
oxygen under standard conditions, calculated agegrib [71] and assuming ionic strength of
0.25 M is 1.18 V, which corresponds to the valuewdated in [21]. If conditions deviate from
standard conditions as in the present case (5 mMoge concentration and not defined
concentration of gluconolactone, which is consurnmea@ following hydrolysis reaction) even
higher theoretical cell voltage can be expectedmeg to the Nernst equation. Although
reasonable from a thermodynamic point of view, thé® of 0.94 V is unexpectedly high,
compared to the typical performance of similar bebfcells.

The OCV in a fuel cell is influenced by the opencgit potentials of the anode and the
cathode. As it was already mentioned, the openitipaiential of the anode in the present case
is around —0.2 vs. SCE. On the other side, costtperiments with Pt black-modified electrodes
revealed current onset of the oxygen reductiolatie0.3 V vs. SCE in phosphate buffer, which
was in accordance with the literature values fornBhoparticles on multi-walled carbon
nanotubes (MWCNTS) (ca. 0.26 V vs. SCE) [155]. Adaog to these half-cell experiments one
can expect much lower OCV. The high values obtainethe present study can be possibly
explained by the specific architecture of the faell, namely the enzymatic electrode is in
contact with buffer, while the Pt cathode is in cohtaith Nafion. This implies pH difference
between the electrodes. In control experiments theldék cathodes in 0.1 M sulfuric acid
revealed reduction onset at approximately 0.7 VSGE, which was similar to the value for Pt
nanoparticles on MWCNTSs in 0.1 M perchloric acid §L5~urthermore, the oxygen reduction
kinetics is significantly enhanced at the Pt/Nafioterface since Nafion is a superacid (due to
the highly acidic protons attached to the sulforgtes in the polymer structure) and exhibits
negligible anion adsorption effects, in additionhigh oxygen solubility [157], which implies
even more positive onset potential for the Pt acd¢hiban the one observed in the case of sulfuric
acid. In light of this discussion, the measured O&les can be expected in the present setup.
Regarding the value of 0.55 V, reported for a simitgbrid setup [46], the difference can be

possibly attributed to the different fuel cell atelsture, the higher glucose concentration and the
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different mediator. Higher glucose concentratiomxpected to increase the glucose crossover
and consequently to decrease OCV, which will beusised below. The possibility of crossover
is taken into account since Pt has catalytic agtifor glucose oxidation as demonstrated in
[158].

In addition to the activation region, observed ig.F6-1, the mass transport and resistance
limitation regions in the polarization curve canalgo distinguished. The current values obtained
in the present setup suggest that the fuel cdihiged by the enzymatic anode since the Pt
cathode can easily reach the mA range under sicoladitions, e.g. in a DMFC [159]. The fuel
cell exhibits maximum power density of about #8/ cm? at 5 ml min* glucose flow rate.
Increasing the flow rate to 10 ml mirdecreases the OCV to 0.82 V and changes the sliape o
the polarization curve. The region of ohmic polatian is significantly extended and the mass
transport limitation can be clearly identified arent densities around 3Q@& cm (see Fig. 6-

1). The decrease in OCV at higher flow rate can tyéated to crossover of glucose, which can
be oxidized at the cathode, creating a mixed piaterincrease in flow rate is expected to
enhance the mass transport of glucose at the amatdelso to increase the rate of crossover.
Such phenomenon has been also demonstrated ineatrstudy, where the influence of
operational parameters such as fuel concentratidrflaw rate on the performance of a DMFC
has been investigated [159]. The higher flow raté¢hm present case resulted in an improved
overall performance of the fuel cell, raising thaximum power output to nearly 1Q®V cm? at

0.4 V.

The performance of the fuel cell presented in thigly is somewhat superior compared to
other hybrid biofuel cells employing Pt cathodekhaugh a straightforward comparison is
difficult due to the difference in experimental diions as outlined in [10]. For instance, a
hybrid fuel cell with similar MEA architecture, whiatelivered around 48W cm? at 100 mM
glucose, was reported by Tamaki et al. [44]. Thedanwas based on GOx and a ferrocene-
modified polymer, which redox potential resultedawer OCV and moderate output despite the
high fuel concentration.

Another compartmentalized hybrid fuel cell, whicilizéd GOx and dissolved benzoquinone
as mediator generated similar output (4% cm?) also at 100 mM glucose [17]. In another
study, highly efficient bioelectrodes based on @slox hydrogels, single-walled carbon

nanotubes (SWCNTs) and CDH were tested in a modelbmaraless configuration together
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with a Pt black cathode and the resulting maximumesalensity was 154W cmi? in presence
of 100 mM glucose.

The performance of the hybrid biofuel cell presdnte this study is also comparable to the
performance of biofuel cells incorporating enzymatthodes. For instance, a very recent study
reported high current density glucose oxidationdmsobased on GOx and a ferrocene-modified
polymer, which generated limiting current densitésbout 2 mA cnf at 0.3 V vs. SCE and ca.
60 mM glucose [73]. The bioanodes were coupled Withmediated laccase cathodes and the
resulting biofuel cell generated 56V cmi” with a stationary cathode and 14%/ cmi® under
rotation. In respect to operation at low glucosecentrations (5 mM), a notable example is the
configuration based on Os redox hydrogels, which geee 280uW cm? and was reported as
the highest power biofuel cell at the lowest con@iun [160]. However, this high performance
in the latter case was achieved by the use of GOwr &oother sourcePenicillium pinophilum
and operation at pH 5. For comparison, when GOx fA@pergillus nigemwas used, the biofuel
cell generated only 90W cm? under the same conditions. In addition, it shdudnoted that
the respective electrodes were 2 cm long carbomsfivéh a diameter of im, which size and

geometry significantly enhance mass transport damd.

6.3 Influence of the fuel cell architecture

After continuous operation a liquid was detectedhat dxygen gas outlet as well as in the
graphite flow-field after disassembly of the devittewvas assumed that the transport of solution
through the membrane will influence the performaotéhe cathode and different strategies to
diminish this effect have been exploited.

The accumulation of liquid water, known as floodisgregarded to be the major cause of
oxygen mass transport limitations in PEM fuel c§ll61]. Apart from the water generated by
oxygen reduction at the cathode, there is a giveouat of water transported from the anode to
the cathode by an electroosmotic drag and bothefluare proportional to the current density
[162]. If the generation rate exceeds the remaoaia, water accumulates and causes blocking of
the oxygen transport within the catalyst layer asda result reduces the cathode performance
[161]. The low currents in our system and more ingdt the aqueous media in the anodic

chamber suggest that dominant part of the aqueolusian is being transported through the
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membrane by simple diffusion. It is assumed thahepresent case the performance of the fuel
cell will be influenced not only by the water tranged through the membrane but also by the
cations from the buffering salts and the dissolgkttose, which are being transported together
with the aqueous solution. For instance, the deered®CV with an increase of anodic flow
rate, shown in Section 6.2 has been ascribed taneeldl crossover of glucose. Having in mind
the low current densities that have to be mainthihg the cathode, it is unlikely that the
accumulation of liquid water and the consequentliltg of gas-phase oxygen transport will
influence the fuel cell performance to a great mixt€he species dissolved in the anodic solution

are expected to have a greater impact on the catiod fuel cell performance.

6.3.1 Influence of gas-diffusion layer

A common strategy to diminish the flooding rate ysltophobization of the gas-diffusion layer
(GDL) by impregnation with hydrophobic agents suctpalytetrafluoroethylene (PTFE) [161]
as demonstrated in a recent study by local cudisttibution and neutron radiography imaging
of the cathode in a DMFC [163]. Fig. 6-2 shows pakation curves of the hybrid enzymatic fuel

cell with untreated Toray paper, Toray paper impetgd with 50 % PTFE and without any
GDL.
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Figure 6-2: Polarization curves of the hybrid faell with different types of GDL and without a GDConditions:

Anode: 5 mM glucose in 0.1 M phosphate buffer, 10mim™ flow rate, pH 7.2, 37C, N, atmosphere; Cathode:
500 ml min* dry oxygen flow rate.
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Decreasing the wettability of the GDL improves sigrahtly the cell performance. The
region of ohmic polarization is notably extended ansmall region of mass transport limitation
can be observed at ca. 368 cm. The maximum power density increases about fouegjm
compared to the case with untreated GDL and reabb@aW cni” at 0.4 V. The influence of
different Toray paper wetproof levels (10-30 %) twe butput of a PEM fuel cell has been
studied in [164]. It was observed that the bestgperance showed GDLs with a PTFE loading
of 20 %, suggesting that a careful balance betwgdrophilic and hydrophobic properties of the
GDL is needed for the precise control of the floodiage. Similar dependence with an optimum
PTFE loading below 50 % might be true in the presgmstem but this was not investigated in
detail.

The performance of the fuel cell without any GDL Isoamproved compared to the case with
untreated Toray paper. The absence of a GDL antiytiephobization of the GDL result in a
similar performance (see Fig. 6-2) and the respegiblarization curves differ slightly only at
the mass transport limited region. In general, dhsence of a GDL is expected to reduce the
performance in the case of conventional fuel célle to inefficient gas distribution and bad
electrical contact. This would not be the case m phesent system due to the high catalyst
loading and the low current densities, which aredaraintained by the cathode. In addition to
the simplified fuel cell architecture, it is assuirtbat the absence of GDL will lead to enhanced

water removal by the reactant flow as it was showd@] by pressure drop measurements.

6.3.2 Influence of separator and cathode hydrophobization

Another possible strategy to diminish the floodiateris hydrophobization of the catalyst layer.
Improvement of the fuel cell performance can baeaad only after careful balance between the
hydrophobic properties and the electronic condigtief the cathode as shown by Liu et al.
[166], who studied the effect of PTFE loading on ¢théhode performance in a DMFC. Another,
more straightforward, method is to introduce a pteldbarrier between the fuel solution and the
cathode in order to control the solution supplytite cathode as demonstrated by Sakai et al.
[52]. The influence of 10 wt. % PTFE in the catalister and the presence of a cellophane
membrane as a separator on the performance of/breHuel cell is shown in Fig. 6-3.
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Both, hydrophobization of the catalyst and theization of a separator result in an improved
performance of the hybrid enzymatic fuel cell, shg the current densities at 0.2 V to ca. 200
nA cm? and ca. 24QA cm?, respectively. As can be seen in Fig. 6-3 the sépahas more
favorable effect on the performance, in additiom &light increase of the OCV to 0.99 V, which
can be assigned to lower crossover of glucose. irhaltaneous utilization of separator and
hydrophobized cathode did not show any additiveypesgic effect.
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Figure 6-3: Polarization curves of the hybrid foell, showing the influence of a separator and bgtobization of
the catalyst layer. Conditions: Anode: 5 mM gluczs®.1 M phosphate buffer, 5 ml mirlow rate, pH 7.2, 37C,
N, atmosphere; Cathode: 500 ml fhidry oxygen flow rate.

6.4 Influence of glucose concentration and oxygen

As shown in Section 6.2 the flow rate of the anodicitszn has significant influence on the
performance of the hybrid fuel cell. This effectshaeen ascribed to improved mass transport
conditions at the anode. Another operational paramevhich directly influences the glucose
oxidation kinetics at the anode, is the concemnatf glucose in the bulk. Power curves of the
hybrid enzymatic fuel cell with a separator and witha GDL in presence of different glucose
concentrations are shown in Fig. 6-4. The maximunvgradensity is shifted from ca. 58V
cm? at 5 mM glucose to ca. 90V cmi? at 40 mM glucose. The increase is not linear, wiitsh
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well to the observations in single electrode expentsa. The OCV values decrease by increasing
the glucose concentration from ca. 0.99 V at 5 mhtgsée to ca. 0.94 V at 40 mM glucose,
which can be ascribed to glucose crossover to tlieoda. Similar decrease of OCV by

increasing fuel concentration was demonstratedhmnCt al. in the case of a DMFC [159].

00 ————+———+——— 11— 11—

90 | -
80 -_ .//.\. \ _-
70|
60 -—
50 -—

40 L

2
P,/ uW cm

30 -
—eo— 5 mM glucose
—o— 10 mM glucose
—— 20 mM glucose
—— 40 mM glucose

20 -

10

PR NV E R NS RS R S RS
0 50 100 150 200 250 300 350 400 450

j/ uAcm?

Figure 6-4: Power curves of the hybrid fuel celthwseparator in presence of different glucose cunatons.
Conditions: Anode: 0.1 M phosphate buffer, 5 ml Tiiiow rate, pH 7.2, 37°C, N, atmosphere; Cathode:
500 ml mir* dry oxygen flow rate.

As outlined in Section 5.4.3 the oxygen tolerance ikey issue in the case of enzymatic
electrodes based on GOx. In order to monitor thecefdf oxygen on the anode in a fuel cell
configuration, the fuel cell has been fed with aggen- and oxygen-saturated glucose solutions.
The respective polarization and power curves are/shio Fig. 6-5.

As can be seen from the graph the presence of oxygdéme fuel solution decreases the
overall fuel cell performance in the whole investaghrange so the shape of the polarization
curve remains qualitatively the same. The OCV dropsl20 mV and the maximum power
density decreases from ca. 1aW cm?® to ca. 65uW cm? in presence of oxygen. This
observation is in accordance with single electredperiments, in which a similar rate of

performance reduction has been observed.
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Figure 6-5: Polarization (black squares) and powaawes (red circles) of the hybrid fuel cell in peace of
nitrogen- (empty symbols) and oxygen-saturated ¢frhbols) glucose solution. Conditions: Anode: Bl glucose
in 0.1 M phosphate buffer, 20 ml riiiflow rate, pH 7.2, 37C; Cathode: 500 ml mihdry oxygen flow rate.

The decrease in current densities is associated thvthreduced number of electrons, which
instead of being transported through the mediatothe electrode surface are consumed by
oxygen. The OCV drop on the other side could bectitesequence of the generation of a mixed
potential at the anode in presence of oxygen sifide is known to exhibit oxygen reduction
activity [167].

6.5 Stability of the hybrid fuel cell

The stability of the hybrid fuel cell has been istigated by constant polarization at 0.5 V at two
different glucose flow rates. For comparison, thebnoamperometric response of the enzymatic
anode, polarized at 0.05 V vs. SCE under forcedection conditions has been also shown. As
can be seen in Fig. 6-6, the anode and the fulehtkwer flow rate exhibit similar, rather stable
behavior. Increase in flow rate results in higherents due to enhanced glucose transport to the

enzymatic electrode but with the expense of redgtauility.
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Figure 6-6: Chronoamperometry of the hybrid fuell ead the enzymatic electrode at different hydrwaiyic
conditions for 30 min. Conditions: Anode: 5 mM ghse in 0.1 M phosphate buffer, pH 7.2,°87 N, atmosphere;
Cathode: 500 ml mihdry oxygen flow rate.

When the time scale at the higher flow rate was edérto 24 h, the current decayed to
1 wA cm? as shown in Fig. 6-7. Such a pronounced loss wfiggcduring long-term operation
can be due to several reasons, including anodecatimbde deactivation or a combination of
these as well as some problems with the design ofuilecell. According to the literature, a
similar type of enzymatic anode shows very stableabi®r during several days of operation
[79], which corresponds to the observations ingtesent work. This makes anode deactivation,
although possible, not likely. On the other handnilsir rate of fuel cell deactivation was
reported by Fischback et al. [46], who observednpumced current decay under constant
operation. They were able to regain most of theaingterformance by replacement of the MEA,
which lead them to the conclusion that the loss effggmance was due to poisoning of the
membrane by cations from the anodic buffer solu{i®®]. Similar type of experiment with
replacement of MEA was performed in this study dreresults were in accordance to the latter
work. As can be seen in Fig. 6-7, the fuel cell netaactivity almost to the initial level after
exchange of the MEA, which is in accordance withaksumption that the enzymatic anode was

not deactivated.
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Figure 6-7: Chronoamperometry of the hybrid fudl & 24 h (exchange of the MEA denoted by a ddskmee.
Conditions: Anode: 0.1 M phosphate buffer, 10 mhnflow rate, pH 7.2, 37C, N, atmosphere; Cathode:
500 ml min' dry oxygen flow rate.

As discussed above, Fischback et al. assigned wleckll deactivation to impeded proton
conductivity through the membrane caused by thepetitive affinity of sodium or potassium
cations to the anionic sulfonic sites of Nafion [4Blis phenomenon is expected to occur in the
present case as well but according to our opinionaiinot explain such a high degree of
performance loss. Okada et al. have shown thatbthie conductivity of Nafion decreases from
ca. 0.2 to approximately 0.05 S ¢mwhen all protons are exchanged with alkali meggions
[168]. This change is not so dramatic and the mam#resistance itself (range) is expected
to increase only about four times, which will letada negligible voltage drop, having in mind
the low current densities& cm®) maintained by the fuel cell.

On the other hand, the exchange of protons with Intettions in the Nafion membrane, in
addition to increase of the resistance, will lead &ignificant change of pH at the cathode side,
which will slow down the cathode kinetics. As discus$e Section 6.2, the pH difference
between both electrodes is considered to be acdderitar the demonstrated high OCV values.
It can be envisaged that during long-term operatia overpotential at the cathode side will
increase with pH increase. The stability test shownFig. 6-7 has been performed as a

chronoamperometric experiment at 0.5 V (voltage, Wisierresponds to nearly maximum power
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in the initial polarization curve). However, with thgradual neutralization of the cathode
interface, the OCV of the system decreases andvéthee of 0.5 V (maintained by the

potentiostat) does not correspond to the initialdiitons anymore but is rather close to the
newly formed OCV and consequently generates verydoment densities. In addition, the 24 h
test has been performed at higher glucose flow wdtesh, as shown in Fig. 6-6, may correspond

to higher rate of Nafion neutralization and glucosgssover, respectively.

6.6 Conclusions

After the successful optimization of the electrodedification procedure for anode preparation,
the anode has been coupled with Pt based cathaaéybrid enzymatic fuel cell. The fuel cell
device reaches high power density (up to 120 p\W)can low glucose concentration (5 mM),
depending on the anodic flow rate. The dependentieeofuel cell performance on the glucose
flow rate and concentration indicates that the &l is limited by the anode in the investigated
time scale. The high OCV values demonstrated by tfiich fuel cell have been tentatively
assigned to the different pH at both electrodess phenomenon has been also accounted for the
lower long-term stability of the fuel cell. Howevehget stability of the fuel cell at lower flow
rates in the time scale, which corresponds to thie&y duration of polarization curve recording,
is satisfactory, consequently the hybrid device lmamsed as a platform for testing of enzymatic
anodes under fuel cell conditions but at lower ghecdlow rates and shorter time scales.
Additional studies with a reference electrode canubed to determine more precisely the
potentials of the anode and the cathode duringdekloperation and to clarify the origin of the

high OCV value and the loss of activity during lcegm polarization.

6.7 Experimental details

6.7.1 Chemicals and materials

The chemicals that have been used for the enzyralatrodes preparation have been already
outlined in Section 5.7.1. Stainless steel disah w&idiameter of 24 mm and 2 mm thickness

were used as a mechanical and electrical suppottiégoreparation of enzymatic electrodes. The
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surface of the discs was masked by adhesive tageadn a way that a square opening with
dimensions of 10 x 10 mm (1 &working area) was left exposed.
Nafion 117 was used for the preparation of the MEAe Tathode catalyst ink was based on

Platinum Black (Alfa Aesar) and aqueous Nafion sotu{Pt : Nafion =9 : 1).

6.7.2 Preparation of the enzymatic anode

The procedure used for the preparation of the eatignelectrode involves the utilization of an
underlying polypyrrole layer and direct growth ¢fet TTF-TCNQ crystals on the electrode
surface. Detailed experimental description has balesady provided in Section 5.7.2. All
electrodes have been prepared with the followimaglings, which have been chosen based on the
tests for optimization shown in Sections 5.3.1 &&12: 2 mg cif CTC, 0.6 mg ci GOx and

40 pl cni? 2.5 % gelatin solution.

6.7.3 Preparation of MEA and fuel cell construction

The MEAs were prepared in-house by spray-paintindgp® catalyst ink on one of the sides of a
Nafion membrane until a loading of approximately § om? was achieved. The projected
catalyst area had a square shape with dimensions I® mm (1 crif working area,
corresponding to the anode working area). After thatMEAs were sintered at 186 for 30
min and left to cool down.

A three-dimensional drawing (exploded view) of thebty fuel cell device and its
components is shown in Fig. 6-8. The cell body wasgparent and made out of Makrolon
(Bayer). The stainless steel disc covered with Enodtalyst was fixed to the cell body by the
anode current collector and sealed by an O-ring. NTEA was placed on the opposite side of the
cell body with the bare side of the membrane fatireganodic compartment. A graphite plate
with a flow-field was used for gas distribution amdold-coated copper plate served as a cathode
current collector. The cathode components were ataihtpgether and sealed by a PTFE gasket
and an end plate, which ensured leak tightnesgaad electrical contact in the whole assembly.
In some cases cellophane P00 (Innovia Films) has bsed as a separator between the MEA

and the anodic compartment (not shown in Fig. 6-8).
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Figure 6-8: An exploded drawing of the fuel cellvide with components denoted as follows: 1 - anodeent
collector, 2 - stainless steel disc with enzymatitalyst (enzymatic electrode), 3 - O-ring, 4 1 bedy, 5 - MEA, 6
- graphite flow-field, 7 - cathode current collegtd - PTFE gasket, 9 - end plate.

The fuel cell was mounted vertically in a holdesirch a way that the fuel solution was flowing
upwards through the cell (see arrows indicating ftbrection), whereby the perfusion flow was
sustained by a peristaltic pump. The cell was caedeto a fuel reservoir, equipped with a
temperature control and gas supplies to allow foeration with nitrogen- or oxygen-saturated
media. The fuel solution was 0.1 M phosphate buffieh different glucose concentrations. The

cathode was fed with dry oxygen at a flow rateaf%00 ml mif.

6.7.4 Electrochemical experiments

Fuel cell experiments were performed by a compooatrolled potentiostat PGSTAT302 (Eco

Chemie/Autolab). The two-electrode set up has l@meved by connecting the reference and
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counter electrodes together. After mounting of thed €ell in the testing facility the cell was left
to equilibrate with constant flow of reactants uatdtable OCV value was obtained. This usually
took 30 min. Data for polarization curves have bedmnacted from transient measurements after

2 min at constant voltage. This time was sufficienbbtain a sufficiently stable current signal.
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7. Initial studies with an enzymatic cathode

7.1 Concept of the cathode modification procedure

The successful elaboration of the anode modifiogtimcedure, involving dispersion of enzyme,
mediator and Vulcan nanoparticles in a gelatin maias motivated our efforts to adopt such an
approach for the development of an enzymatic cathdd already outlined in Section 2.2.3
laccase and BOD are the typical biocatalysts useddsign of oxygen-reducing biocathodes but
BOD has an optimum pH at more positive values anthésefore more appropriate for a
membraneless configuration, operating around pH @DHs known to exhibit DET in the

presence of high surface area carbon nanomatstiaelsas CNTs [15, 54], Ketjen Black [169] or
Vulcan [130]. In addition to DET electrodes, BOD #&tedes with a mediator have been also
demonstrated in the literature [25, 32, 170] anel dhilization of MET approach resulted in

higher currents. Our initial studies on the prepamabf an enzymatic cathode based on BOD
and its combination with a bioanode in an enzyméie cell, which will be shown in the

following sections.
7.2 DET and MET performance of the biocathode

The cathode modification procedure that has beeplamd is identical to the procedure used
for preparation of glucose-oxidizing anode. Enzyand Vulcan particles have been dispersed in
gelatin solution and an aliquot of the resultingabsst ink has been applied on the electrode
surface, left to dry and cross-linked with glutaeddgde. In these first tests the starting values of
the ink components have been directly adopted tlwemoptimum anode results, namely 20 mg
of Vulcan XC 72R and 2 mg of BOD in 1 ml of 2 % dalasolution. However, instead of
stainless steel electrodes, carbon Toray papebéas used as a mechanical and electrically-
conducting support. The use of Toray paper has besivated by the desire to the employ the
biocathode directly in the existing fuel cell test up, which will allow operation with gas-phase
oxygen in a three-phase interface.

The voltammograms of the enzymatic cathode in alessand presence of oxygen are shown

in Fig. 7-1. As can be seen from that graph theanathogram in presence of the substrate is
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negatively shifted, which indicates activity for @an reduction but the associated currents are
comparatively low. For comparison, Habrioux et alavéa demonstrated around 250
HA cmi? at 0.2 V vs. SCE under similar experimental (inglgdhydrodynamic) conditions,
using BOD and Vulcan dispersed in a Nafion matrixOJ13he activity in the present case,
which has been evaluated after subtraction of tlse baltammogram, corresponds to about 80
HA cm? The relatively low performance can be attributied several reasons, including
distribution of oxygen within the electrode architee, inefficient electrical communication
between BOD and Vulcan or inactivation of the enzymeing the electrode modification
procedure (e.g. during the drying or cross-linkatgps). The possibility of BOD agglomeration

as in the case of GOx should be also taken into atcou
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Figure 7-1: Cyclic voltammograms of the enzymatithode based on DET, showing oxygen reduction iactiv
Conditions: 0.1 M phosphate buffer, pH 7.2,°@7 400 rpm, scan rate 5 m\t.s

In order to determine whether the enzyme is prestite electrode surface in its active form,
ABTS has been added as a diffusional mediator inettpgerimental solution. The respective
voltammograms in absence and presence of oxygeshanen in Fig. 7-2. The voltammetric
features of ABTS can be observed at more positiienpials in absence of substrate but the
exact position of the redox peak cannot be detexthis can be seen from the graph the
biocathode exhibits high activity for oxygen redactand clearly defined limiting currents. The

current density at 0.2 V vs. SCE after correctiothef capacitive currents is about 950 pA%xm
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at 400 rpm. These results indicate that the enzyectigity is preserved during the modification
procedure and the reason of the reduced activitthenDET configuration is the inefficient

electron transport between the enzyme and the ctinducarbon nanopatrticles. This implies
that the electrode architecture can be optimizeddriation of structural parameters in a similar
manner as in the case of the bioanode in ordecheewee better performance in the DET and

MET configurations.
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Figure 7-2: Cyclic voltammograms of the enzymatithode based on DET, showing oxygen reduction iaciiv
the presence of dissolved ABTS. Conditions: 0.1 Nbgphate buffer, pH 7.2, 3TC, 400 rpm, scan rate
5mV s’

7.3 Enzymatic fuel cell

In the next step the enzymatic cathode has beebioedchwith the enzymatic anode described in
Section 5.4 in an enzymatic fuel cell, entirelyd®n biological catalysts. As already outlined,
the existing hybrid fuel cell set up has been uasda technical platform for the fuel cell
measurements but in the present case no membrankeeka employed. Both DET and MET
cathode configurations have been investigatechdrcase of MET fuel cell cathodes, ABTS has
been co-immobilized with BOD and Vulcan in the gelatiatrix. It should be noted that during
the fuel cell operation change of color of the ao@blution due to leaching of ABTS was not

observed but it cannot be completely excluded witlalditional detailed investigations.
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Despite of the absence of a membrane, the curresigrdeloes not represent the classical
membraneless configuration, which is expected td fpplication as an implantable power
source. In the case of subcutaneous implantatioooge and oxygen will be dissolved in the
interstitial fluid and in this way both fuel andidant will be delivered simultaneously to the
electrodes in a single feed. However, oxygen Hagvaolubility and low diffusion coefficient in
aqueous solutions, which can limit the performarfagl® cathode [52]. In addition, the presence
of oxygen will deteriorate the performance of theode as shown in Section 5.4.3. The
utilization of the fuel cell set up, which has beesed in the case of a hybrid fuel cell
configuration allows for a membraneless operatiosibyultaneous separation of the anodic and
cathodic feeds. Such strategy, involving separdgedls of reactants, has been successfully
demonstrated in the case of a concentric biofue[EX&l] and an open-air type biofuel cell [52].
In the context of this discussion, it should be timered that the concept of semi-implantable
applications has been also proposed in the litexdfir 2].

The enzymatic cathode operates in a complex thnesepinterface, formed by the current
collecting solid phase, a liquid phase for prot@ms$port and proper enzyme hydration and a gas
phase for efficient oxygen transport. Common apghom the development of gas-diffusion
enzymatic cathodes is the stacking of two layeth different properties [172, 173]. One of the
layers has hydrophilic properties and containsetieyme and the other layer is hydrophobic and
ensures effective oxygen diffusion. A similar stgyt, involving the combination of untreated
Toray paper modified with catalyst ink and Torap@atreated with PTFE, has been used in the
present case. A schematic presentation of the etgpduel cell configuration can be found in
the experimental section.

The use of a second, hydrophobized GDL has beeti@uhklly motivated by the absence of a
membrane to limit the flux of liquid to the cathoidethe present configuration. In case when no
hydrophobic layer was used, water penetrated fréelyugh the Toray support and flooded
completely the flow-field channels, which causedcking of the oxygen supply. On the other
side, the positive results in the case of the flyfirel cell shown in section 6.3.2 motivated the
investigation of architecture with a cellophane sefm between the anodic solution and the
cathode. However, this approach resulted in ndgégperformance of the enzymatic fuel cell,
which was ascribed to insufficient hydration of tla¢atyst layer and the enzyme, respectively.
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Polarization and power curves of the enzymatic fiedl employing DET and MET-based
cathode in presence of 5 mM glucose are shown gn F3. The utilization of MET-based
cathode results in an improved fuel cell perforneanthe addition of ABTS in the cathodic
catalyst ink increases the OCV from 0.54 V to 0.64nd the current density at 0.15 V from
nearly 40 pA cif to more than 120 pA cfa The maximum power density increases from
6 LW cm to 24 pW crif, respectively. These results are in good agreemigmthe behavior of
the biocathodes in single electrode experimentgiaRing the different OCV values in both
cases, in general it can be anticipated that ttredaction of mediator will introduce additional
thermodynamic overpotential and will reduce the OCMhef fuel cell. However, the cathode
behavior is influenced to a great extent by th@eesve kinetics, which can explain the better
performance of MET-based cathode in terms of p@kand voltage. This phenomenon has
been demonstrated also in the case of BOD and Vdispersed in a Nafion matrix, where the
addition of ABTS resulted in improved kinetics andrmpositive onset potential for the oxygen
reduction [130].
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Figure 7-3: Polarization (black squares) and paweves (red circles) of the enzymatic fuel cellhwéathode based
on MET (empty symbols) and DET (full symbols). Cidiwhs: Anode: 5 mM glucose in 0.1 M phosphate euyfb
ml min™ flow rate, pH 7.2, 37C, N, atmosphere; Cathode: 500 ml fidry oxygen flow rate.

The overall performance of the enzymatic fuel meflignificantly lower than the performance of
the hybrid fuel cell. At identical glucose concetibm and flow rate the hybrid fuel cell

generates nearly 200 mV higher OCV and four timekdrignaximum power density, compared
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to the enzymatic fuel cell employing MET-based odtn Unlike the hybrid fuel cell, in which
the hydrodynamic conditions at the anode have pmoed influence on the fuel cell
performance, variation of the glucose concentratiod flow rate in the case of the enzymatic
fuel cell has little influence on the overall outptihis indicates that the enzymatic fuel cell is
limited by the cathode despite of the efforts tbamce the supply of oxygen through gas-phase
operation. Consequently, the lower output of théregtenzymatic fuel cell can be attributed to
the lower cathode performance. However, this isamontrinsic feature of the catalyst but rather
an effect due to the different operating conditioagsed by the specific fuel cell design in both
cases. The improved behavior of the Pt cathodebeambserved only in the present hybrid fuel
cell architecture since the cathode is directlyped from conventional fuel cells and allows for
operation at highly acidic conditions at the Nafioterface. As already discussed in Section 6.2,
if the Pt catalyst operates under similar (neutcahditions as the biocathode it exhibits lower
activity in terms of overpotential. This observatis also in accordance with the performance of
Os-mediated BOD [25].

The initial tests with the enzymatic cathode, wheshploys BOD as an oxygen-reducing
catalyst, indicate that the cathode can be suadgssbmbined with an anode based on GOx and
TTF-TCNQ in a fuel cell device. However, the lower aitpemonstrated by the cell implies
that further optimization of the cathode modificatiprocedure, as well as on the overall fuel cell
architecture, is needed. The cathode design hae toptimized in respect to implantable and

semi-implantable applications and employed in #gspective fuel cell configurations.

7.4 Experimental details

7.4.1 Preparation of the enzymatic anodes

The chemicals that have been used for the enzyraltatrodes preparation have been already
outlined in Section 5.7.1. Stainless steel disah w&idiameter of 24 mm and 2 mm thickness
were used as a mechanical and electrical suppotthéopreparation of enzymatic anodes. A
square profile with dimensions of 10 x 10 mm (I omorking area) was cut on the surface of
the discs. The procedure used for the preparatiothe® enzymatic electrode involves the

dispersion of GOx, TTF-TCNQ and Vulcan XC 72R in a gelatatrix. Detailed experimental
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description has been already provided in Secti@gn35150 ul of the anodic catalyst ink was
applied on the stainless steel electrode. All ebelets have been prepared with a catalyst ink with
the following composition, which has been chosesedaon the tests for optimization shown in
Sections 5.4.1 and 5.4.2: 10 mg'n@TC, 2 mg mf GOx and 20 mg rifi Vulcan in 2 % gelatin

solution.
7.4.2 Preparation of the enzymatic cathodes

The procedure used in the case of the enzymatidemnwias adopted for the preparation of
enzymatic cathodes. Toray paper was used as a meahamnd electrical support. The surface of
the Toray paper was masked in such a way that aesqpaning with dimensions of 10 x 10 mm
(1 cm*working area, corresponding to the anode surfaea)avas left exposed. The catalyst ink
had the following composition: 20 mg TWulcan and 2 mg il BOD dispersed in 2 % gelatin
solution. In case of MET fuel cell tests the casipk contained additionally 10 mg MABTS.
The Toray paper was polished shortly with emery pamel 150 pl of the anodic catalyst ink
was applied on the exposed surface and left toAftgr that the electrode was cross-linked by
dipping for 60 s in 5 % glutaraldehyde solution, ke and left to dry again. In case of single
electrode measurements, discs with a diametermfméwere cut from the 10 x 10 mm square

profiles and mounted in the sample holder.

7.4.3 Enzymatic fuel cell construction

The experimental set-up for the hybrid fuel ceiscribed in Section 6.7.3 (Fig. 6-8) was used
for testing of the enzymatic fuel cell. However tle present case no membrane was employed.
The anode was mounted in a similar way as in theithybel cell. The Toray paper, modified
with cathodic catalyst was placed on the opposide sif the cell body with the covered side
facing the anodic compartment. Another piece of ¥qaper, hydrophobized with 50 % PTFE
was placed over the supporting Toray paper. Schematisentation of the enzymatic fuel cell

set-up is shown in Fig. 7-4.
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Figure 7-4: Schematic presentation of the enzyniaétcell set-up.

Finally, the cathode compartment was sealed bygtiaphite flow-field, the cathode current
collector and the PTFE gasket as in the case dfiybed fuel cell. The enzymatic fuel cell was
mounted vertically in the existing testing set-mg avas fed with deoxygenated 0.1 M phosphate
buffer containing 5 mM glucose at the anode andakygen at the cathode. The anodic flow

rate was 5 ml miti and the cathodic flow rate was ca. 500 mlfin
7.4.4 Electrochemical experiments

Electrochemical experiments have been performedabgomputer controlled potentiostat
PGSTAT302 (Eco Chemie/Autolab). In case of MET singlectrode measurements the
electrolyte contained 1 mg thIABTS. After mounting of the enzymatic fuel cell ine testing
facility the cell was left to equilibrate with constdlow of reactants until a stable OCV value
was obtained, which usually took about 30 min. Datgpblarization curves have been extracted

from transient measurements after 2 min at constltage.
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8. Concluding remarks

The development of enzymatic fuel cells is assediatith various problems such as enzyme
immobilization, communication between the enzyme thwecelectrode surface, design of optimal
enzymatic electrode architecture, coupling of thecteodes in a fuel cell and design of the
overall system. The first two points have been esttehy studied in the past, mainly regarding
the application in amperometric biosensors, whiculted in numerous preparation methods for
enzymatic electrodes. However, little emphasis ha it on the optimization of electrode
modification procedures with respect to energy pobtidn and the construction of the respective
fuel cell devices. More attention has been focusedhe bioelectrochemistry of the electrodes
and often the studies have been performed in gpmoariate manner, in respect to the fuel cell
investigation.

In this work the development of a glucose-oxygenyeraic biofuel cell has been presented
from the point of view of chemical engineering am@qpical applications with focus on the
anode process. The main attention has been puteoperformance of the respective electrodes
and the resulting fuel cell output. From the numsrapproaches for construction of enzymatic
anodes for glucose oxidation, two procedures haen h@entified as potential candidates for
fuel cell studies. The first procedure employs ¢themical modification of gold electrode with
mediator and a modified co-factor and the subseg@eonstitution of the apo-enzyme over the
resulting assembly. The procedure has been suallgsséproduced and the respective
electrodes exhibited reasonable activity. However pitesent results indicated that major part of
the activity does not have biological but inorgaoigin due to the pronounced electrocatalytic
activity of gold. This compromises to some extdm tesults published in the literature and
emphasizes the importance of the underlying sulestiaed in the preparation of enzymatic
electrodes.

The second procedure employs the electrical cantpaif glucose oxidase to electrodes
through a charge-transfer complex based on TTF-TCMQhis case the enzyme has been
simply adsorbed on the surface of the TTF-TCNQ atgsind the whole electrode assembly has
been protected by a gelatin layer. In the firspstef the study the modification procedure has

been adopted from the literature and reproducedesstully. However, some new insights on
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the structure of the electrode and the influencéhefstructural parameters have been brought
and the importance of the optimization of the etmie¢ architecture has been identified. Another
important aspect that has been studied is the refectransfer mechanism in the
bioelectrochemical system, which has been a subjemntroversy for long time. The results in
the present study indicate that the electron teanphthway involves a mediator, which is
generatedn situ from the surface of the charge-transfer complek that several mediators can
be involved. This mechanism summarizes severalthgses, which have been proposed so far
and is supported by further experimental evidences.

In addition to these findings, a new immobilizatijprocedure based on different architecture
and high surface area carbon materials with enhapeewrmance has been elaborated. The
influence of structural parameters has been alsestigated and the procedure has been
optimized.

The high performance of the enzymatic anodes empoglucose oxidase and charge-
transfer complex has motivated the constructiora dtiel cell device with a Pt cathode. The
architecture of the resulting hybrid fuel cell Hasen adopted from the conventional fuel cell
design. The device exhibits high OCV and high curdemsities at low glucose concentrations
but insufficient long-term stability. The high OCVicthe limited stability have been ascribed to
effects associated with the pH difference at theteldes. The hybrid fuel cell device can be
used as a platform for the investigation of enzymanhodes but only under certain conditions,
namely low anodic flow rates and polarization expents at a shorter time scale.

The successful elaboration of the anode modifioatioocedure and the hybrid fuel cell test
set-up have motivated the adoption of the immadiicn approach for the cathode and the
construction of a biofuel cell entirely based omyanatic catalysts. The initial tests indicated that
both DET and MET pathways are possible but highdiopaance can be achieved with the help
of a mediator. The first results imply that thehaiecture of the cathode and the fuel cell have to
be optimized in a similar way to the anode and Wi&id fuel cell. Also, the architecture of the
existing fuel cell test set-up may be improved additional components such as a reference
electrode can be introduced.
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