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Introduction générale

Les biopiles sont un sujet de recherche brllant depuis des décennies dans le but
d’établir des sources d’énergie de remplacement pour atténuer les problémes
environnementaux causés par les combustibles fossiles classiques. Une sous-catégorie
des biopiles, les biopiles enzymatiques (EFC) ont beaucoup attiré I'attention ces
derniers temps, alors que les scientifiques tentaient de récupérer de I'énergie
directement du corps humain. L’intérét des enzymes comme catalyseurs réside dans le
fait qu’ils peuvent fonctionner dans des conditions physiologiques complexes et
utiliser diverses sources de carburant durables, notamment le sucre contenu dans les
fluides corporels, qui sont tres intéressantes pour alimenter de futurs dispositifs
électroniques implantables et portables dans le corps ou a la surface du corps. Dans
cette configuration, au moins deux enzymes rédox sont nécessaires; un a lI'anode pour
oxyder le combustible et un a la cathode pour réduire un oxydant.

Les nanotubes de carbone (CNTs) sont utilisés comme matériaux d'électrode en
raison de leur surface spécifique élevée et de leurs propriétés électroniques
exceptionnelles. Par ailleurs, le faible diametre des CNTs permet d’approcher de plus
pres le site actif des enzymes, ce qui pourrait théoriquement améliorer le céblage
électrique des protéines rédox. Buckypaper (BP) est un matériau ressemblant a du
papier formé par un réseau de CNTs enchevétrés et est maintenu par les forces de Van
der Waals. Les BPs peuvent étre facilement préparés en laboratoire par filtration de
suspensions de nanotubes de carbone pour former des films uniformes. Ils sont
minces, légers, hautement conducteurs et faciles a fonctionnaliser, ce qui en fait
d'excellents candidats comme matériau d'électrode pour les applications de piles a
combustible.

Le but de cette these est d'explorer les formulations, les caractérisations et les
applications pratiques des buckypapers dans les biopiles enzymatiques.

Le premier chapitre est une revue de littérature sur les connaissances générales et
les derniers rapports scientifiques permettant de bien comprendre la bioélectrochimie
et en particulier les EFCs. Il est structuré en quatre sections. La premiére section
présente le contexte général des piles a combustible et des biopiles. Une description
plus détaillée du principe de fonctionnement et des caractéristiques des EFCs est
donnée. La deuxieme section présente les méthodes d'immobilisation d'enzymes et les
mécanismes de transfert d'électrons des enzymes. Une introduction détaillée de



certaines enzymes communément utilisées dans les EFCs est également présentée. La
troisiéme section concerne la structure et les propriétés du papier maché en nanotube
de carbone en tant que matériau d'électrode. Ce chapitre se termine par la présentation
de différentes applications des EFCs et des résultats les plus récents dans ces
domaines de recherche.

Dans le chapitre 2, les buckypapers commerciaux obtenus auprés d'un fournisseur
et de buckypapers fabriqués en laboratoire ont été comparés afin d'établir leurs
propriétés pour une utilisation future en tant que bioélectrodes avancées. Les
propriétés physiques des films de nanotubes de carbone ressemblant & du papier ont
été caractérisées par différentes techniques. Les propriétés électrochimiques ont été
étudiées par voltamétrie en I'absence et en présence de sondes redox. La réduction
bio-électrocatalytique de I'oxygeéne a été évaluée avec des neutrophages modifiés au
fer-protoporphyrine aprés immobilisation de la bilirubine oxydase (BOX).

Le chapitre 3 explore I'utilisation de I'nydrogel d'alginate comme couche protectrice
afin d'améliorer la stabilité de la bioanode pour I'oxydation du glucose. La bioanode
oxydante du glucose a été préparée en immobilisant la glucose déshydrogénase (GDH)
dépendante de la flavine adénine dinucléotide (FAD) sur un papier gabarit de
laboratoire fonctionnalisé avec la 1,10-phénanthroline-5,6-dione en tant que médiateur.
De I'nydrogel préparé a partir de différents parametres de fabrication a été déposé sur
la surface de I'électrode en buckypaper. L'effet du revétement d'hydrogel sur le
stockage et la stabilité¢ opérationnelle de la biocanode a été évalué par voie
électrochimique.

Au chapitre 4, une biopile & combustible lactate/O,, extensible et flexible, a été
réalisée en utilisant un papier maché pour électrode. La BP flexible a été fabriquée en
tant que matrice d'immobilisation pour la lactate oxydase (LOXx) a I'anode et BOx a la
cathode. Pour répondre aux exigences des composants électroniques portables, les
électrodes BP fonctionnalisées ont été assemblées sur un collecteur de courant
sérigraphié extensible avec une configuration «ilot-pont», qui confére au EFC une
excellente stabilité de performance en étirement. La stabilitt mécanique et les
performances énergétiques de I'appareil ont été examinees.

Le cinquiéeme chapitre présente brievement une autre configuration d'électrodes
pour la reaction bioélectrocatalytique dans laquelle les deux médiateurs et les
enzymes sont en solution. Des glyconanoparticules nouvellement synthétisées
permettent la solubilisation d'un médiateur redox non soluble dans I'eau pour donner
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des nanoparticules a activité rédox. Dans ce chapitre, la préparation et la
caractérisation détaillée de nanoparticules ont été présentées et leur utilisation comme
navettes électroniques pour les oxydoréductases a été étudiée.

Enfin, la thése se termine par une conclusion de ce travail et une discussion sur les
perspectives futures.



General Introduction

Biofuel cells have been a hot research topic for decades aiming to establish
alternative energy options to alleviate the environmental problems caused by
conventional fossil fuels. A subcategory of biofuel cells, enzymatic biofuel cells
(EFCs) have drawn a lot of attention lately as scientists are trying to harvest energy
directly from the human body. The beauty of using enzymes as catalysts is that they
can operate at complex physiological conditions and utilize various sustainable fuel
sources, especially sugar in body fluids, which are very interesting for powering
future implantable and wearable electronic devices inside the body or on the surface
of the skin. In such configuration, at least two redox enzymes are required; one at the
anode to oxidize the fuel and one at the cathode to reduce an oxidant.

Carbon nanotubes (CNTSs) are used as electrode materials due to their high specific
surface area and exceptional electronic properties. Besides, the thin diameter of CNTs
makes it possible to approach more closely the active site of enzymes, which could
theoretically enhance the electrical wiring of redox proteins. Buckypaper (BP) is a
paper-like material formed by entangled CNTs network and is held together by Van
der Waals forces. BPs can be easily prepared in labs by filtration of carbon nanotubes
suspensions to form uniform films. They are thin, lightweight, highly conductive and
easy to functionalize, which makes them great candidates as electrode material for
fuel cell applications.

The aim of this thesis is to explore the formulations, characterizations and practical
applications of buckypapers in enzymatic biofuel cells.

The first chapter is a literature survey on general knowledge and latest scientific
reports to get a good grasp on bioelectrochemistry and especially on EFCs. It is
structured in four sections. The first section introduces the general context of fuel
cells and biofuel cells. A more detailed description of the working principle and
characteristics of EFCs are given. The second section presents enzyme
immobilization methods and electron transfer mechanisms of enzymes. A detailed
introduction of some commonly used enzymes in EFCs is also given. The third
section concerns the structure and properties of carbon nanotube buckypaper as
electrode material. This chapter ends with the presentation of different applications of
EFCs and state-of-the-art results in these research fields.

In chapter 2, commercial buckypapers obtained from a supplier and



laboratory-made buckypapers have been compared to establish their properties for
future use as advanced bioelectrodes. The physical properties of the paper-like carbon
nanotube films were characterized with different techniques. The electrochemical
properties were investigated by voltammetry in the absence and presence of redox
probes. Bioelectrocatalytic oxygen reduction was evaluated with iron-protoporphyrin
modified buckypapers after immobilization of bilirubin oxidase (BOx).

Chapter 3 explores the use of alginate hydrogel as a protective layer to improve
stability of bioanode for glucose oxidation. The glucose oxidizing bioanode was
prepared by immobilizing flavin adenine dinucleotide (FAD) dependent glucose
dehydrogenase (GDH) onto lab-made buckykpaper functionalized with
1,10-phenanthroline-5,6-dione as the mediator. Hydrogel prepared from different
fabrication parameters was deposited onto buckypaper electrode surface. The effect of
hydrogel coating on the storage and operational stability of the bioanode was
evaluated electrochemically.

In chapter 4, a stretchable and flexible lactate/O, biofuel cell was realized using
buckypaper as the electrode material. Flexible BP was fabricated as the
immobilization matrix for lactate oxidase (LOXx) at the anode and BOX at the cathode.
To fulfill the strain-enduring requirement of wearable electronics, the functionalized
BP electrodes were assembled onto a stretchable screen-printed current collector with
an “island-bridge” configuration, which endows the EFC with excellent performance
stability under stretching condition. The mechanical stability and power performance
of the device were examined.

The fifth chapter briefly introduces an alternative electrode configuration for
bioelectrocatalytic reaction where both mediators and enzymes are in solution. Newly
synthesized glyconanoparticles enable the solubilization of non-water soluble redox
mediator to give redox-active nanoparticles. In this chapter, the preparation and
detailed characterization of nanoparticles were presented and their use as electron
shuttles for oxidoreductases was investigated.

Finally, the thesis ends with a conclusion of this work and a discussion of future

perspectives.
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Chapter 1 Introduction
1.1 Background

1.1.1 Fuel cells

In modern society, the majority of world energy comes from fossil fuels, which
contains petroleum, natural gas and coal. Despite their relatively large availability on
earth, their stocks are limited. Their extraction requires large infrastructures and can
eventually lead to the contamination of the area. Furthermore, greenhouse gases are
released from the combustion of these non-renewable fuels. This leads to huge
environmental impacts and without a doubt contributes to the current climate change.
With the continuously growing energy demand and decreasing reserve of fossil fuels,
there has been much interest in developing environmentally friendly and renewable
energy sources without greenhouse gas emission. Compared with combustion of fossil
fuels, fuel cells represent a more efficient and more environmentally friendly power
generation system that transforms chemical energy stored in various sustainable fuels
(Ha, natural gas, sugar, etc...) into electricity without intermediate steps.

1.1.1.1 Principle of a fuel cell
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Figure 1.1 Schematic representation of an H,/O, fuel cell

Figure 1.1 depicts the general scheme of a H,/O, fuel cell, exploiting H, as fuel and
O, as oxidant, which is one of the most studied systems in fuel cells. In general, fuel

cells are electrochemical devices comprised of anodes, cathodes and electrolytes that
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can convert chemical energy into electrical current via redox reactions. In this case,
H, is oxidized by the electrocatalyst at the anode. The released electrons then flow in
the external circuit and the generated protons diffuse through the electrolyte toward
the cathode, where oxidants (O, H,0,) are reduced with the combination of electrons
and protons. The generated electricity can then be used to do work. The only product
in this process is water, making it exceptionally attractive for the development of

clean power sources.
1.1.1.2 Applications and limitations

Based on the types of electrolytes, fuel cells can be divided into five main
categories. Characteristics of the different fuel cells are summarized in Table 1.1.
These fuel cells have been used in different applications. For example, vehicles
powered by PEMFCs have been developed by several companies (Toyota, Honda and
Hyundai) and AFCs were used by NASA in the Apollo-series missions and space
shuttles. However, energy conversion in fuel cells usually relies on the use of noble
metal platinum (Pt) as the electrocatalyst or high temperature conditions. Thus, efforts
have been dedicated to developing platinum group metal (PGM)-free catalyst and
|.173

lowering operating temperature of high temperature fuel cel

Table 1.1 Comparison of different fuel cells.

Operation
Classification temperature  Electrolyte Catalyst  Applications Drawbacks
/°C
Transportation,
Polymer electrolyte ) )
Nafion portable Expensive catalyst,
membrane fuel cell 70-110 Pt . )
membrane electronics, highly pure fuel
(PEMFC) .
stationary
: : Space, o
Alkaline fuel cell Alkaline Non-noble ) CO, poisoning,
<100 . Stationary power,
(AFC) solution metal N electrolyte management
military,

Phosphoric acid fuel Phosphoric Stationary power,  Expensive catalyst,

150-200 ] Pt ) )

cell (PAFC) acid transportation long start up time

High temperature,
Molten carbonate fuel £50.650 Molten Non-noble Distributed power corrosion of the cell

cell (MCFC) carbonate metal generation components,

long start up time
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Cathode: High temperature,

Solid oxide fuel cell £00-800 Ceramic perovskite Distributed power corrosion of the cell
(SOFC) oxide Anode: generation components,
cermet long start up time

A subcategory of fuel cells, biofuel cells (BFCs), have attracted considerable
attention as they use biological entities as electrocatalysts instead of traditional
expensive and nonrenewable noble metal-based catalysts. Compared with
conventional fuel cells, BFCs are capable to operate at mild conditions, neutral pH,
and in complex media. Biological catalysts are renewable resources, which makes
BFC ideal candidate to replace commercial lithium battery for low power portable
applications. The concept of BFCs will be further elaborated in the following part.

1.1.2 Biofuel cells

Depending on the nature of biocatalysts, biofuel cells can be categorized into
microbial fuel cells,*® mitochondrial biofuel cells® and enzymatic biofuel cells.” The
different characteristics of the biocatalysts therefore determine the different
operational conditions and applications of these BFCs.

1.1.2.1 Microbial fuel cells

Microbial fuel cells (MFCs) utilize whole microorganisms as electrocatalysts.
These microorganisms (bacteria, yeast or archaea) contain enzyme cascades that can
oxidize carbohydrates completely to carbon dioxide, which endows microbial fuel
cells with high energy density. Since enzymes can be regenerated by the living
organism, the life time of MFCs can be up to order of years.® However, the mass
transfer and electron transfer processes of MFCs involve crossing the cell membrane,
resulting in low power density, which remains the major roadblock for
commercialization.® Besides, given the living nature of biocatalysts, it is necessary to
separate the cathodic and anodic compartments to avoid cross-reaction. In 2005,
Bergel et al. developed a microbial-based biocathode for oxygen reduction by
growing a marine biofilm on a stainless steel electrode.' Later, Rabaey et al. reported
a complete MFC with both microbial-based biocathode and bioanode, the MFC
produced a maximum power density of 30.3 pW cm2.M

As a result of the underlying challenges, microbial fuel cell is not economically

competitive as a power source.'” Given the large size and long lifetime of MFCs, a
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promising application is wastewater treatment combined with electricity
generation.”®!* leropoulos et al. demonstrated the first example of electricity
generation from urine using MFCs." The same group later conducted field trials on
campus and a music festival, where they demonstrated the feasibility of MFCs for

stable power generation and urine treatment simultaneously.*®
1.1.2.2 Enzymatic fuel cells

Enzymatic fuel cells and microbial fuel cells are the two most studied groups of
BFCs. The former group employs oxidoreductases as the catalysts, which are a group
of redox active enzymes that can catalyze the electron transfer process that occurs
during the substrate cleavage. Oxidoreductases are important in biotechnology as they
can be explored in practical applications such as biosensors and biofuel cells.
Compared with microorganisms, their small size and the absence of cell membranes
facilitate both mass and electron transfer. The specificity of enzymes towards their
substrates usually eliminates the need for membrane for compartmentalization, which
greatly simplifies the design and miniaturization of devices. The first EFC was
developed by Yahiro et al. in 1964, where glucose oxidase (GOx) was used for
glucose oxidation at the anode and platinum was used as catalyst for oxygen reduction
at the cathode.!” Tremendous improvements have been made ever since then with the
power density increases to the order of mwW cm2."*8

The biggest challenge of EFCs is their limited stability, ranging from days to

weeks, 18:1°

which can be ascribed to the fragile nature of purified enzymes. Another
challenge lies in the low power density. In contrast to MFCs, enzymes usually
perform one-step oxidation of the biofuel, leading to low energy efficiency. On the
other hand, the power performance is greatly influenced by the operating environment
conditions (pH, temperature and inhibitors). One of the contributing factors is the
limited substrate availability. In addition, many reported EFCs are tested in buffer
solutions, where oxygen reduction currents are small due to the slow diffusion and

low concentrations of dissolved O, (~0.25 mmol L™ at 25 °C) in aqueous solutions.?
1.1.2.3 Mitochondria fuel cell

Mitochondrial fuel cell has been exploited in recent years as an alternative solution
to overcome the limitations of MFCs and EFCs. Mitochondria, regarded as the

powerhouse of the cell, are organelles present in eukaryotic cells. As part of the living
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cells, mitochondria contain readily multiple enzymes that can deeply oxidize some

22 and amino acids®), providing similar

organic substrates (pyruvate,?! fatty acids,
energy efficiency as MFCs. Mitochondria are considered as a compromise between
microorganisms and enzymes. Fuel cells utilizing these species exhibit higher power
density than MFCs due to more facile mass transfer. Mitochondrial fuel cells also
possess longer lifetime than EFCs due to the presence of mitochondria membranes. In
2008, Arechederra and Minteer demonstrated the first mitochondria-based bioanode
that can completely oxidize pyruvate into carbon dioxide.” By coupling with a Pt
cathode, the biofuel cell achieved a power density of 203 uW c¢cm™ and a lifetime of
60 days.?! However, power densities obtained in the reported literatures are still lower
than the theoretical values.®?*?? The following works mostly done by Minteer’s group

have been more driven in using mitochondria for self-powered explosive sensing.?

1.1.3 Enzymatic fuel cell

1.1.3.1 Principle of enzymatic biofuel cells

Regardless of the type of biocatalysts, BFCs share similar operation principle as
conventional fuel cells (see chapter 1.1.1.1). One big distinction between FC and BFC
is the different electron exchange properties. The difference of the electrode reaction
mechanism between FC and BFC is illustrated in Figure 1.2. Compared with
conventional metal catalysts used in FCs, enzymes are macromolecules with their
redox centers buried in non-conductive protein shell. The low active sites density and
long electron tunneling distance therefore hinders the electrical coupling between
enzymes and electrode surfaces.?®

In general, the reaction at an enzyme-modified electrode can be separated into three
regions (Figure 1.2): 1) mass transfer between bulk electrolyte and catalyst active
sites; 2) enzyme-catalyzed reaction; 3) electron transfer between active sites and the
electrode. To increase the overall current output of the reaction, researchers are
focusing on lowering the energy barrier of the rate limiting step. Thorough
investigation of the reaction mechanism is needed to identify the rate limiting step,
followed by optimization of the parameters involved in the reaction. The
improvement in the current density of the bioelectrode can be implemented in
different research areas. For example, catalytic current can be increased by utilization
of nanomaterial-based electrodes (directly linked to the increase in surface area) for
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higher enzyme loading on the electrode. To improve the overall current and fuel cell
efficiency, engineering aspects also need to be considered such as optimization of the
electrode spacing, matching of the cathode and anode performance, etc.
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Figure 1.2 Schematic representations of the mechanism of a catalytic reaction at an electrode of (left) a

fuel cell and (right) a biofuel cell (blue sphere: active site)
1.1.3.2 Substrates and enzymes used in EFCs

Although the power density of EFCs are not comparable to conventional
PGM-based fuel cells, a big advantage of EFCs is that it opens up the possibility to
harvest chemical energy from various and abundant organic compounds using
biosourced and renewable electrocatalysts. The choice of fuel and oxidant determines
the corresponding enzymes used in the system. Although there is a wide range of fuels
that can be used for EFCs, factors such as energy density, cost, storage and safety of
fuels have limited the option for actual applications. The fuels used in EFCs are
mostly saccharides, H,, alcohol and some intermediates present in metabolism. A list
of representative fuels and enzymes is shown in Table 1.2.

Table 1.2 List of fuels found in EFCs, their product, the enzymes responsible for their oxidation and

the cofactors of the enzyme

Fuels Half-Reactions Enzymes Cofactors Reference
] Aldehyde dehydrogenase Nicotinamide adenine o .
Aldehyde Aldehyde—>Acid ) ] Marchitti et al.
(AIDH) dinucleotide
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(NAD")

Flavin adenine

. Cellobiose> . . . . 28
Cellobiose ) Cellobiose DH (CDH) dinucleotide Ludwig et al.
Cellobionolactone
(FAD)/Heme
Ethanol . Theorell and
Alcohol->Aldehyde Alcohol DH (ADH) NAD ) 2
Methanol McKinley-McKee
Formic acid HCOOH->CO, Formate DH NAD* Ferry et al.¥

po-fructose—> ) a
Fructose Fructose DH (FDH) FAD/Heme Adachi et al.
5-Keto-p-fructose

Glucose oxidase (GOXx) FAD
-Glucose—> +
Glucose ° FAD or NAD" or Ferri et al.*2
p-glconolactone Glucose DH (GDH) Pyrrologuinoline
quinone (PQQ)
Flavin .
) . Maeda-Yorita et
Lactate oxidase (LOX) mononucleotide 2
al.
Lactate Lactate->Pyruvate (FMN)
Lactate DH (LDH) NAD* Holbrook et al.**
Hydrogen H, >2H"+2¢ Hydrogenase (H,ase) [NiFe] or [FeFe] Adams et al.®

As a clean fuel with high energy density, hydrogen has also been widely studied in
EFCs.%*" Hydrogenases (H,ase) are metalloenzymes with active sites composed of

Ni-Fe or Fe-Fe that can catalyze the oxidation of H, at low overpotential.*®

Compared
with platinum, Hyase has high efficiency, can operate at mild conditions and is not
susceptible to carbon monoxide poisoning.* However, Hiase can be (strongly)
deactivated in the presence of oxygen.** Researchers have been working on the
isolation and characterization of O,-tolerant Hj,ase from Ralstonia eutropha to
overcome the limitations.***? Another strategy is to integrate the O,-sensitive Hase
into a protective layer composed of viologen-based redox polymer for shielding the
enzyme from O,.*3

The most commonly used fuels in EFCs are saccharides due to their low costs,
availability, renewability and safety. Many sugars including fructose, lactose and
polysaccharides can be used as fuels. Among these sugars, glucose is the most widely
used fuel due to its presence in human body fluids at moderate concentration,** which

makes it an ideal candidate as the power source for implantable electronic devices.
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Glucose oxidation can be catalyzed by several enzymes such as glucose oxidase or
glucose dehydrogenase. Since the first glucose/O, EFC developed in 1964, GOx has
been the most used enzyme for glucose oxidation due to its high stability and low
cost.*>*" However, GOXx is an oxygen-sensitive enzyme that uses oxygen as a natural
electron acceptor and can produce hydrogen peroxide in the electrocatalytic process.*®
The as-produced H,O, has been shown to be detrimental to cathodic enzyme
activity.*® Furthermore, the competitive reaction with O, implies that a fraction of the
electrons produced during the catalytic oxidation of glucose will deviate from flowing
to the cathode via interconnects, instead going to O, and resulting in a decrease of the
cell performance.

Glucose dehydrogenases (GDH), on the other hand, are oxygen insensitive
enzymes. Three specific GDH have been discovered so far and are classified based on
their redox active center and each of them has its own specificity. NAD-dependent
GDH (NAD-GDH) utilizes NAD" as the cofactor. Although the low apparent redox
potential of this cofactor (E nap+napH = -0.56 V vs. SCE at pH 7.0)*° can be seen as
an appealing trait for an anodic enzyme, the use of such enzyme has some limitations.
First, NAD is not bound to the protein. Hence it has to be added to the electrolyte
which increases the cost of the device and the possibility for crossover reaction at the
cathodic side. Additionally, despite its low redox potential, the regeneration of NAD*
requires high overpotential at unmodified electrodes.® There have been more and
more interests in using PQQ-dependent GDH (PQQ-GDH) and FAD-dependent GDH
(FAD-GDH) with bound cofactors. It should be noted that PQQ-GDH displays broad
substrate specificity and therefore is not suitable for sensing applications.*

As for the reduction reaction at the cathode, oxygen is the most commonly used
oxidant. Laccase (Lac)®* and bilirubin oxidase (BOx)** are the two most used
enzymes for bioelectrocatalytic four-electron reduction of oxygen. Both of them
belong to the group of multi-copper oxidases (MCOs), which contains at least four
copper atoms acting as redox active centers and can reduce oxygen with small
overpotential.>® There are other enzymes such as copper efflux oxidase (CueO),>*
polyphenol oxidase®™ (PPO) and cytochrome oxidase®® (CytOx) that can reduce
oxygen. Nevertheless, they are rarely used to construct biocathode due to high
overpotential >**>*" In certain cases, hydrogen peroxide has been explored as oxidant
at the cathode, which involves a two-electron reduction reaction catalyzed by
peroxidase.®®  Oxidants and enzymes used for  biocathode  are
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summarized in Table 1.3.

Table 1.3 List of oxidants used in EFCs, their product, the enzymes responsible for their reduction and
the cofactors of the enzyme

Oxidants Half-Reactions Enzymes Cofactors Reference
Lac Tarasevich et al.*®
BOXx Tsujimura et al.”
Cu
0, O,+ 4H*+4e” >2H,0 CueO Miura et al.**
PPO Reuillard et al.”
Cyt Ox Cu/Fe/Heme Katz et al.”®
. Horseradish ) -
H,0, H,0, + 2H"+2¢" >2H,0 ) Fe/Heme Elouarzaki et al.
peroxidase (HRP)

A more detailed introduction on each redox enzymes used during the course of this
thesis is given in section 1.2.4.

1.1.3.3 Characteristics of the biofuel cell

Open circuit voltage (OCV) and power density are two key parameters for
evaluation of the fuel cell performance. OCV describes the potential difference
between the cathode and the anode at zero current, which is the maximum voltage of
the fuel cell. OCV corresponds to the cell voltage at equilibrium (Eeq), which can be
calculated from the change in Gibbs free energy of reaction (AGeg) in the galvanic cell
by61

Eoq = —AGyy/nF (1.1)
where n is the number of electrons, and F is the Faradaic constant. In H,/O, fuel cell,
the overall chemical reaction is:

1
Hag) +302¢9) = H200) (1.2)

According to Equation 1.1, OCV is calculated to be 1.23 V in the standard
condition.’® In electrochemistry, OCV is measured by open circuit potentiometry. This
is similar to connecting the fuel cell to an infinite load resistance. The actual OCV is
usually lower than the theoretical Ee¢q due to the nature of the redox centers of the
enzymes or the redox potential of the mediators. When current starts to flow in the
cell, the measured cell potential (Emeasured) Will depart from its equilibrium value. The
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term that describes the potential loss is called overpotential (). There are three types

of overpotential:®?

the activation overpotential (74), the ohmic overpotential (ir) and
the mass transfer overpotential (7). The relation between Epmeasured and Eeq can be
expressed as:

Emeasurea = Eeq —Nact=Mir — Nmt (1.3)

A\ B?
OCV| _____________ldeal voltage Maximum power
S Activation overpotential E
% Ohmic overpotential @
© 3
= Q
o] o
> =
o Mass transfer ¢
o overpotential
ot circui Short oy
Cell current (A) [Shert circuit hort  cellvoltage (v) {OPen
current circuit circuit

Figure 1.3 (A) Voltage-Current profile and (B) power-voltage profile of a fuel cell

The contribution of each type of overpotential to the shape of voltage-current curve is
shown in Figure 1.3. #, describes the activation energy required to overcome the
energy barrier of the electrode-electrolyte interface. #ir is related to the overall
resistance of the fuel cell including electrodes, electrolyte and electrical connections.
nme Origins from the mass transfer limitation of the reaction at limiting currents. For a
fuel cell with a defined E¢q, Equation 1.3 suggests the strategy to maximize cell
voltage through minimization of all three types of potential. For example, ohmic
overpotential can be improved by using high conductivity material. Mass transfer
overpotential can be improved by incorporating porous electrode materials to
facilitate substrate diffusion.

The power (or power density) is another key parameter to evaluate fuel cell
performances. Power profile of EBFC is often described by power-voltage curve
(Figure 1.3), which is obtained from fuel cell polarization curve, based on the
equation:

P=ExI (1.4)
Polarization curve is often obtained by performing linear sweep voltammetry (LSV).
In order to limit the non-faradaic current contribution originated from the electrode
capacitance, slow scan rates (< 1 mV s™) are required for the LSV method. Another
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option is to use the backward scan of a cyclic voltammetry (CV) performed at a slow
scan rate. A decent experiment to measure power should show a small difference
between the forward and the backward of CV scan. This provides crucial information
on diffusion limitation that could arise during experiments. Finally, to exclude the
power from capacitive current contribution and verify no diffusion limitation is
encountered, power profile can also be obtained by connecting to a variable load or
applying a series of constant potential. The value of the potential/current will be
recorded after stabilization of the system (depending on the time scale needed during
fuel cell operation).

Power-voltage curve reveals the maximum power delivered by the fuel cell and the
optimum operation voltage for maximizing power density. However, such
representation often hides useful information such as diffusion limitation and does not
display short circuit currents. As a summary, an ideal fuel cell characterization profile
should include both its polarization and its power curve.

1.1.3.4 Electroanalytical techniques for fuel cell characterization

Different electroanalytical methods can be used to study the bioelectrochemical
reactions taking place at the bioelectrode in the fuel cell. Electrochemical
measurement cells can be arranged in two-electrode or three-electrode configuration.
Cathode and anode are usually characterized separately as working electrode in
three-electrode configuration to obtain the individual characteristics of the half-cells
constituting the whole device. When the fuel cell is assembled, it is usually studied in
two-electrode configuration with cathode as the working electrode and anode as the
combined reference/counter electrode to ensure a positive readout of the OCV. Hence,
the monitored reaction being the reduction reaction, negative currents will be recorded
in this configuration. The behavior of the fuel cell in two-electrode configuration can
then be explained by combining the characteristics of the two electrodes. Commonly
used techniques for characterization of EFCs are potential sweep, amperometry and
potentiometry techniques.

For potential sweep techniques, the potential of the working electrode is modified
linearly from potential E; to E, with a constant scan rate (mV s™). When the potential
reaches E,, the scan stops for linear sweep voltammetry while for cyclic voltammetry,
a reverse scan is performed typically back to the initial potential E;. The resulting
current between the counter electrode and the working electrode is recorded to
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produce the current-voltage curve called linear sweep voltammogram or cyclic
voltammogram. Figure 1.4 shows linear sweep voltammograms of a bioanode and a
biocathode, which are usually used to demonstrate the enzyme catalyzed oxidation
and reduction reaction. The polarization curves allow for the determination of the
onset redox potential for electrocatalysis, the anodic or cathodic overpotentials and
the identification of the limiting electrode in the system (electrode showing the lowest

current value).

I, (MA) Oxidation of fuel
A at the anode
LE:
Open circuit E(V)
voltage
Reduction of oxidant

at the cathode

Figure 1.4 Polarization curves and characteristics of a biocathode and a bioanode tested separately in a
three-electrode setup

Cyclic voltammetry can be used to examine the electron transfer kinetics of redox
processes. For example, for immobilized redox mediators, the electron transfer rate
constant can be evaluated by analysis of the peak potential separation and scan rate
dependence using the Laviron method.®®

The current curves recorded using potential sweep techniques contain faradaic
current and non-faradaic current as the potential is shifted continuously. Amperometry
is often used to eliminate the capacitive current contribution by applying a constant
potential and record the current as a function of time. The current-time curve, also
named as chronoamperograms, can be used to examine the operational stability of the
electrode.

High surface area nanomaterials are often used to construct bioelectrodes, which
possess high electrostatic double-layer capacitance. Therefore, the EFC displays
charge storing capability. The capacitance of the device can be characterized using
galvanostatic charge-discharge measurements. A constant current is applied to charge

and discharge the EFCs and the capacitance can be calculated based on the following
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equation:

C = IAt/AU (1.5)
where AU is the voltage drop during the interval At in Equation 1.5 when current | is
applied.

1.2 Enzymes immobilization and wiring
1.2.1 Immobilization methods

In the bioelectrochemistry research field, enzyme immobilization is an essential
step in studying electron transfer processes of biological entities. By immobilizing
enzymes on the designed electrode support, enzyme stability and electron transfer
efficiency can be improved. More specifically, to increase the overall power
performance of enzymatic fuel cells, the amount of enzyme immobilized on the
electrode support plays a crucial role. For bioelectronics applications, enzyme
immobilization is often required to build miniaturized devices. Different types of
immobilization techniques have been studied and are summarized in the following
section (Figure 1.5).%

Adsorption Covalent-bonding
L
[ ]
Cross-linking Affinity

Figure 1.5 Schematic representations of different enzymes immobilization methods

1.2.2.1 Adsorption

An easy and widely used method is simple adsorption of enzymes on electrode
surface. It can be done by directly drop-casting enzyme solution on electrode surface
or by incubating the electrode in enzyme solution.®® Enzymes are immobilized on the
electrode via the non-specific interactions involving hydrophobic, electrostatic or Van
der Waal’s forces between the biomolecule and the electrode. This method is simple
and most of the enzyme activity is preserved due to low change of the
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three-dimensional structure of the protein. However, it suffers from poor stability with
enzyme desorption from the surface due to the weak interaction forces.

1.2.2.2 Covalent bonding

Enzymes can also be immobilized through covalent coupling to the electrode
surface via chemical reaction to form stable covalent bond. This method can prevent
enzyme detachment from the surface but it also irreversibly decrease enzyme activity
due to chemical modification or conformational change of the biomolecule.®®

To form covalent bonds between the enzyme and the electrode surface, prior
modification of the electrode support is necessary to introduce functional groups such
as diazonium,®” carboxylic,®® thiol,® epoxy® and maleimide’™ groups. These
functional groups can be coupled to the primary amine groups of lysine residues or
thiol groups of cysteine residues. Recently, site-specific modifications of enzymes
have been developed in order to immobilize the redox proteins with favored
orientation.”

1.2.2.3 Encapsulation

Encapsulation involves the immobilization of enzymes in a three-dimensional
matrix. Conducting polymers have been widely used for enzyme encapsulation.” By
mixing enzymes and the monomers together, followed by chemical or electrochemical
oxidation, enzymes can be retained in the three-dimensional environment. Figure 1.6
shows examples of commonly used conducting polymers. Other encapsulation
matrices consist of non-conductive polymers (chitosan,”* alginate,” Nafion,”...) and
inorganic sol-gel composite.”® Encapsulation is able to retain large amount of
enzymes and preserve enzyme activity in the matrix, however, the thickness of the
film needs to be well-tuned to reduce diffusion barrier. In addition, enzyme leakage

and detachment of the matrix can also happen and therefore limit electrode stability.
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Figure 1.6 Structures of polymerizable monomers to form conductive polymer through chemical or
electrochemical oxidation

1.2.2.4 Cross-linking

Enzyme cross-linking is done through the assistance of a cross-linker to form
aggregates on the electrode surface. Commonly used cross-linkers such as
glutaraldehyde, poly(ethylene glycol) diglycidyl ether (PEGDGE) and activated ester
can cross-link enzymes by reacting with the amine groups of enzymes (Figure 1.7).
Recently, there are growing interests in using redox polymer hydrogel as enzyme
immobilization and wiring matrix.””"® PEGDGE is able to cross-link with the amine
groups of enzymes and imidazole groups of redox polymers. This method has the
similar drawback as covalent bonding, both of which can denature enzymes leading to
lower enzyme activity.

OWO Glutaraldehyde

O\/\Oan’\<| PEGDGE

Q JLEJJLO—Np Activated ester

Figure 1.7 Structures of coupling agents commonly used for protein cross-linking

1.2.2.5 Affinity

Another method to immobilize enzymes exploits affinity interactions between
specific functional groups on the electrode surface and affinity tags on proteins to
form supramolecular assemblies. Affinity interactions rely on affinity partners that can
bind selectively together. Commonly affinity partners include lectin-carbohydrate,”
avidin-biotin,®® cyclodextin-adamantane® and metal cation-chelator.> One of the
biggest advantages of this method is its selectivity, which allows controlled enzyme
immobilization. Besides, the non-covalent nature of affinity bonding can minimize
conformational change of enzymes. However, this method involves relative complex
procedures for the introduction of specific tags for affinity interactions.

1.2.2 Electron transfer mechanism

One of the key parameters to construct high-power enzymatic biofuel cells is to
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achieve efficient electron transfer or “electrical wiring” between enzymes and
electrodes. Electron transfer between the redox centers of the enzymes and the
electrodes can be realized via direct electron transfer (DET) and mediated electron
transfer (MET), as illustrated in Figure 1.8. According to Marcus’s theory, DET rate
decreases exponentially as the electron donor-acceptor distance increases.®® To realize
DET between enzyme and the electrode, the electron transfer path should be as short
as possible. Page et al. demonstrated that electron tunneling is unlikely to happen for
redox centers spacing beyond 14 A in the proteins.®* In many cases, the redox centers
of enzymes are deeply buried in the protein structure and therefore electron transfer

via DET is not always possible.®®

A B

Product Substrate

Product

Figure 1.8 Schematic representations of different electron transfer mechanisms: (A) mediated electron
transfer and (B) direct electron transfer

Figure 1.8A shows the mechanism for MET. Small redox molecules are used to
shuttle electrons between the enzyme active site and the electrode. For anodic reaction,
the enzyme first reacts with the substrate (the fuel) and is re-oxidized to its active
form by the mediator. Hence at the end of a single catalytic cycle, the redox mediator
is in its reduced state. Then, the mediator re-oxidizes to its oxidized state by
transferring electrons to the electrode. If the potential is chosen correctly, the mediator
is continuously cycling between its reduced and its oxidized forms, producing anodic
current for the substrate oxidation. Dioxygen, a natural electron acceptor for many
oxidases, has been used as mediator in the first generation biosensors.?®®’ To avoid
the oxygen competition with cathode reduction reaction, artificial molecules are
explored as mediators. Common mediators include ferrocene derivatives, ferricyanide,
transition metal complexes, organic dyes, quinone compounds and conducting salts.®
When choosing redox mediators for the enzymes, the following criteria should be
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fulfilled:®
1. The redox mediator must have a suitable redox potential close to the redox
potential of the enzyme active site. The redox potential should have an
optimized compromise between electromotive driving force and onset potential
of the reaction. In addition, if the redox potential is too positive (negative for
cathode), it may lead to unwanted catalysis with other species in the electrolyte.

2. The reaction of the mediator should be reversible.

3. The mediator should be stable in both reduced and oxidized forms.

4. The mediator should exhibit fast electron exchange rate with both the enzyme

and the electrode.

The most important group of redox mediators in EFC and biosensors are probably
osmium-based complexes, which are introduced by Heller et al. in his pioneer works
and are still fast developing.*® Based on the ligand used for complexation of
osmium, they can be anchored on the polymer backbone to form redox polymer.
Osmium-based redox polymers are the most widely used redox polymers and their
redox potential can be finely tuned through modification of the ligand around the
coordination sphere.”® The polymer backbones can be modified to introduce
additional functionalities such as cross-linking capability with enzymes. Besides
electron transfer, redox polymers also serve as immobilization matrix, where enzymes
are immobilized through entrapment, chemical cross-linking or electrostatic
interactions depending on the nature of the polymer. Other redox polymers bearing
ferrocene,*® cobaltocene,® viologen,®® phenothiazine®® and quinone®” have also been
reported and used for fabrication of bioelectrodes.

Mediators can operate in solution or immobilized on the electrode surface. To
eliminate the need for compartmentalization, both mediators and enzymes are usually
immobilized on the electrode surface. Although MET can provide high current by
increasing the number of enzymes electrically connected to the electrode, the
utilization of mediator inevitably reduces the cell voltage as the reaction takes place at
potentials where the redox mediator can undergo to its own oxidation or reduction for
the oxidation of the fuel or the reduction of the oxidant, respectively. The use of these
mediators also introduces concerns such as mediator stability and toxicity.

Another electron transfer mechanism is the direct electron transfer (DET, Figure
1.8B), for which the electrode works as the electron acceptor/donor without the need
of an additional redox mediator. This means the reactions start at the standard

27



apparent potential of the redox proteins, which can maximize the cell voltage. DET is
regarded as a more elegant way for electron transfer as it eliminates the issues with
mediator listed before. This mechanism was first discovered in 1977, when DET with
cytochrome ¢ on different electrodes were reported.”® Later, more enzymes were
discovered to be able to undergo DET (e.g. laccase,” fructose dehydrogenase,'®

101
).

cellobiose dehydrogenase In general, DET is more likely to be realized on

2

enzymes with redox active metallocenters (iron-sulfur cluster,’%* copper center,'%?

1% Jocated near their surface due to a shorter distance for electron tunneling.*

heme
To realize DET on electrode surface, the material and modification of the conductive
material also play a crucial role. Although DET method is reasonably simple, only a
maximum of monolayer enzymes can be connected. If the immobilized enzymes are
not well oriented with their active sites facing electrode surface, some of the enzymes
will not be involved in the bioelectrocatalytic reaction, therefore reducing the catalytic
current. Hence, the electrode surface has to be tailored in order to improve the specific
orientation of the enzyme. DET between bilirubin oxidase and the tailored electrode

surface is described in section 1.2.4.4.
1.2.3 Solubilized mediator and enzymes

In most biosensors and enzymatic biofuel cells, both mediators and enzymes are
immobilized on electrode surface to achieve high power densities. However, with this
configuration, it is difficult to restore the bioelectrode activity when either mediators
or enzymes gradually lose their activity.'® As previously described, enzymes
desorption and leaching can be an issue for the non-covalent immobilization methods
while covalent attachment of enzymes can reduce enzyme activity. High surface
coverage of mediators and enzymes are also necessary to increase power densities,
but it can be hard to achieve on limited electrode surface area, and also expensive for
commercial concern.

An alternative solution is to use solubilized mediators and enzymes, which opens
up a new strategy to prolong EFC lifetime through exchange of the fuel cell
compartment with fresh active materials. The main advantage of this approach is that
a solution-based biofuel cells can be envisioned where nanostructured electrodes,
mediators and enzymes solution will be introduced inside a chamber permeable to
substrates. Previously, Bourourou et al. developed a buckypaper electrode modified
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with a bis-pyrene derivative redox mediator, the electrode showed high catalytic
current density and stability up to two weeks with laccase in solution.’® Zhu and
Zhang reported a high power density closed biobattery with non-immobilized
enzymes and mediators.™”’

In this thesis, a polymeric nanoparticle based system is developed by using
redox-active glyconanoparticles as supramolecular vehicles for introduction of a wide
range of insoluble catalyst-mediators into fuel cells. The use of redox active
glyconanoparticles also avoids the issue of cross-reaction between cathodic and
anodic compartment due to their large size. The development and characterization of
the redox active glyconanoparticels and their use as electron shuttles for biocatalytic
reaction are detailed in Chapter 5.

1.2.4 Common enzymes used in EFCs

Enzymes are biological macromolecules that work as catalysts in metabolic
processes in living organisms. Most enzymes are proteins, only a few are RNA
molecules. The enzyme activity and specificity rely on their three-dimensional
structures, with an active site surrounded by a protein backbone. In
bioelectrochemistry, oxidoreductases are a group of enzymes that are particularly
interesting as they catalyze redox reactions. These enzymes usually require the use of
either inorganic ions or organic molecules as their cofactors. The different enzymes
used for the design of EFCs during this PhD program will be introduced in the
following section.

1.2.4.1 Glucose oxidase

Glucose oxidase (GOx, EC 1.1.3.4) has been one of the most studied
oxidoreductases due to its application for glucose oxidation since the development of
the first glucose biosensor'® and the first glucose based EFC.!” GOx is a flavoprotein
consisting of two identical subunits with a flavin adenine dinucleotide (FAD) cofactor
(Figure 1.9). GOx can be naturally produced by some fungi and insects, among which
the most commonly used one is GOx from Aspergillus Niger (An).'® Crystal structure
of AnGOx revealed a three dimensional size of 7x5.5x8 nm and a molecular weight of
160 kDa.'® This enzyme catalyzes the two-electron oxidation of B-D-glucose to
p-glucono-6-lactone (which then hydrolyzes to gluconic acid) with the FAD reduced
to FADH,. Molecular oxygen is a natural electron acceptor utilized by GOx to
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re-oxidize FADH, back to FAD with the generation of hydrogen peroxide. The
reaction is written as below:
B-D-glucose + FAD(GOx) = D-glucono-é-lactone + FADH,(GOx)
FADH,(GOx) + O, > FAD(GOX) + H,0, (1.6)

oH
o™ N\ OH
HO™
N /NYO
LI
o]

Figure 1.9 Structure of (left) a subunit of the dimeric AnGOx (PDB: 3QVP) and (right) the FAD
cofactor

For electron transfer between GOx and the electrode, many researchers have
claimed to establish DET on various electrode materials (e.g. carbon nanotube,™
graphene™?) based on the observed redox peaks of FAD/FADH, near -0.47 V vs. SCE
at pH 7.0. However, structural studies suggest that DET is difficult to achieve due to
the fact that GOx is highly glycosylated (16% to 25%)™ and there is a long electron
transfer distance between FAD and the periphery of GOx (13 to 18 A)."* The redox
peaks observed probably belong to free FAD disassociated from GOXx, which are no
longer enzymatically active.™> Nevertheless, there are some convincing reports on
realizing DET on GOx. Liu et al. achieved DET by modifying the electrode with
molecular wire.''® In 2009, Courjean et al. deglycosylated AnGOx and observed

4. Given the

glucose oxidation at a low potential of -0.49 V vs. Ag/AgCl at pH 7.
difficulty of achieving DET, most glucose based bioelectrodes utilize MET for
electrical connection with the electrode. In 1993, Ohara et al. demonstrated the use of
osmium-based redox polymer [Os(2,2'-bipyridine),(PV1)1,CI]*?* for electrical wiring
of GOx.”” Since then, osmium based redox polymers have been widely used as

mediators for GOXx to construct glucose biosensor and glucose biofuel cell.*'#1%
1.2.4.2 Flavin adenine dinucleotide-dependent glucose dehydrogenase

Although GOx has been the gold standard for glucose biosensing, its oxygen
sensitivity can cause measurement errors due to oxygen level fluctuations in sample
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solutions (saliva, plasma, blood, etc...). There has been growing interest in
developing glucose biosensors using FAD-dependent glucose dehydrogenase
(FAD-GDH, EC 1.1.99.10) for the two electron oxidation of glucose.’**?* This
enzyme contains the same cofactor as GOXx, but it does not use O, as electron acceptor,
which makes it an ideal candidate for all type of self-monitoring glucose biosensors or
glucose biofuel cell. FAD-GDH can be expressed in bacteria, fungi and some insects.
Among them, fungi-derived FAD-GDH has received the most attention due to its
substrate specificity toward glucose.** Fungal FAD-GDHs have been identified in
Aspergillus  subspecies  with  structures ranging from  monomeric to
homooligomeric.***'?* Despite broad interest in FAD-GDH, structural information
and their availability remain scarce.

A recent study by Yoshida et al. reveals that the overall structure and active site
structure of fungal FAD-GDH are similar to GOx, with the FAD cofactor deeply
buried below the protein surface (~1.4 nm).*?* Therefore, it is difficult to achieve DET
between FAD-GDH and the electrode. Muguruma et al. reported DET signal of
FAD-GDH on gold electrode by using de-bundled single walled carbon nanotube.*?® It
is worth noting that in this work the oxidation current in the presence of glucose starts
at a relatively high potential of 0.1 V vs. Ag/AgCl at pH 7.4.

Unlike the fungal enzyme, bacteria-derived FAD-GDH is possible to undergo DET
as it contains a cytochrome-complex electron-transfer subunit.** However,
bacterial-derived FAD-GDH has broad substrate specificity and requires protein
engineering to improve its substrate specificity towards glucose.®? Yamashita et al.
developed a DET-type amperometric glucose biosensor disposable strip, where a
FAD-GDH mutant produced by site-directed mutagenesis was immobilized on
screen-printed carbon electrode.*?’

For MET between FAD-GDH and the electrode, various mediators can be used
such as those used for GOx bioelectrodes,**® but may display different catalytic rate
constant. In the work of Tsuruoka et al., bimolecular oxidation rate of different
mediators (quinones and phenothiazines) in solution were studied and the results
showed that the rate constant for FAD-GDH are higher than that for GOx.'*® Redox
polymers are also used as mediators for FAD-GDH. For example, a high current
FAD-GDH based bioelectrode was constructed using osmium-based redox
polymers.” Milton et al. designed a new redox polymer hydrogel by immobilizing
naphthoquinone (NQ) onto linear polyethyleneimine.®” The NQ-based redox polymer
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was used as mediators for FAD-GDH and produced a catalytic current of 1.95 mA
cm™ with an onset potential of -0.25 V vs. SCE at pH 6.5. Interestingly, GOx did not
show catalytic current with the same redox polymer.

1.2.4.3 Lactate oxidase

Lactate oxidase (LOx, EC 1.1.3.2) has been used predominantly to construct
biosensors for the detection of lactate and recently has also been used in enzymatic
biofuel cell applications.****® LOx is a flavoprotein with a cofactor of flavin
mononucleotide (FMN). Similar to GOx, it catalyzes the oxidation of its natural
substrate -lactate to pyruvate using oxygen as electron acceptor.®® The enzyme
catalyzed reaction is written as below:

L-lactate + FMN(LOXx) - Pyruvate + FMNH,(LOXx)
FMNH(LOX) + O; > FMN(LOX) + H,0, (1.7)

Figure 1.10 Structure of (left) LOx from Aerococcus viridans (PDB 1D: 2DU2)**" and (right) the FMN
cofactor

This enzyme has been identified in bacterial sources and the most studied one is
derived from Aerococcus viridans.*® The crystal structure of LOXx reveals that the
enzyme is a tetramer made of four monomers with almost identical structure (Figure
1.10)."*" For electron transfer between LOx and the electrode, artificial electron
mediators are preferred to avoid the generation of hydrogen peroxide. Different

mediators have been reported to construct lactate biosensors and biofuel cells, such as
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ferrocene derivatives,** phenoxazine derivatives,** tetrathiafulvalene,*® osmium
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complexes, ™ etc.

32



1.2.4.4 Bilirubin oxidase

Bilirubin oxidase (BOx, EC 1.3.3.5) is able to oxidize its natural substrate bilirubin
using oxygen as electron acceptor.**” In the construction of biocathode, electrode acts
as substrate feeding BOx with electrons for the concomitant bioelectrocatatlytic
reduction of dioxygen to water. This enzyme has been identified in Myrothecium
verrucaria (MvBOXx),'*® Trachyderma tsunodae (TtBOXx),"** Magnaporthae orizae
(MoBOx)' and Bacillus pumilus (BpBOx),*** among which MvBOXx is the most
commercialized and studied one. Structural analysis revealed that BOx contains two
distinct active sites made of four copper ions, which are classified into type 1, type 2
and a pair of type 3 coppers based on optical and magnetic properties (Figure
1.11)."" It is widely accepted that electrons from substrates or electrodes are first
transferred to the mononuclear site (T1), and then are transferred to the trinuclear site
(T2/T3) where the four-electron four-proton oxygen reduction takes place.

T2 Cu"
T3 Cu" cu"

B

T cu"

Figure 1.11 Structure of (left) BOx from Myrothecium verrucaria (PDB ID: 2xIl) and (right) the T1
and T2/T3 active sites

BOx was first reported for oxygen reduction by Tsujimura et al. and has now been
widely used for biocathode in BFC due to its high activity at mild pH and its tolerance
towards chloride.®® The benefit of using BOx compared to Pt-based catalyst is their
ability to reduce oxygen with low overpotential. The redox potential of the T1 center
at neutral pH is around 0.67 V vs. NHE,*** which is close to the thermodynamic value
of the 0,/H,O couple (0.82 V vs. NHE at 25 °C, pH 7).1*® Electron transfer between
BOx and the electrode was first realized using ABTS
(2,2'-azino-bis(3-ethylbenzothiazoline-6-sulphonic acid)) as the soluble redox
mediator.®® Redox mediators used for BOx are still mainly osmium based redox
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polymers due to their success use with glucose oxidase.*****’ Conducting polymer
doped with redox mediators, protein, and inorganic/organic compounds can also be
used as mediator for BOXx for the oxygen reduction.*** >

BOx, as a MCO, is well known for its relative ease to establish direct electron
transfer connection. BOx is a relatively small enzyme with a molecular weight of
about 60 kDa and its T1 site is close to the protein surface. Hence, DET is possible.'*
DET for BOx was first reported in 2004 with adsorbed BOx on carbon electrodes.™!
In the early stage of research, current densities were small as enzymes were randomly
oriented, leading to dispersion of the intermolecular electron transfer rate constant.™
Later, nanomaterials with high surface area were exploited to increase the amount of
enzymes immobilized on electrode surface, including CNT, graphene and gold
nanostructures.">*>3** To further improve the electron transfer efficiency, it is
necessary to optimize the orientation of the enzyme to minimize the distance between
the T1 site and the electrode surface and to increase the amount of oriented species.
Strategies to control and optimize the orientation are developed by taking advantage
of the hydrophilic substrate binding site of MvBOX near its T1 center, which exhibits
positive charge at acidic and neutral pH.™ Negatively charged electrode surface has
shown to be beneficial for DET of BOXx due to electrostatic interaction.*® Substrates

195157158 gyringaldazine'™® and porphyrins also promoted the

of BOx such as bilirubin,
favorable orientation of the enzyme.'®® Several studies show that for efficient
orientation of MvBOX, the anchoring molecules on electrode surface should possess
both aromatic structures and negative charges.’®*!®* The DET of BOx on carbon

nanostructured electrodes is more detailed in Chapter 2.
1.3 Carbon nanotube buckypaper electrode

As previously described, the key challenge in enzymatic biofuel cells is to achieve
effective electron transfer between enzymes and the electrode, therefore the design of
the electrodes for immobilization of biocatalysts is of significant importance. The
amount of active enzyme immobilized on the electrode surface plays a crucial role in
determining the overall performance of EFCs. The basic requirements for electrode
material are high conductivity, chemical stability, ease of modification, availability,
etc. For immobilization of enzymes, properties including: 1-high surface area,
2-mechanical stability, 3-high porosity and 4-biocompatibility are also expected. The
development of carbon nanostructured electrodes has greatly inspired the enzymatic
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biofuel cells research field as they possess high conductivity, high surface area, wide
electrochemical window and can be (easily) functionalized.'®**%® Examples of carbon
nanomaterials include carbon nanotubes (CNTs), graphene and carbon nanoparticles,
among which CNTs are the most widely used materials to date for bioelectrode
fabrication.®*

1.3.1 Structures and properties of carbon nanotube

Carbon nanotubes are allotropes of carbon materials, which can be envisaged as
sheets of graphene rolled up into cylinders. CNTs were first discovered by
Radushkevich and Lukyanovich in 1952, who presented an image of hollow graphitic
fibers with diameters of 50 nm.*® In 1991, lijima discovered multi-walled CNTs
(MWCNTSs) in the electric arc burned rods.*®® The predictions of the excellent
electronic properties of single-walled CNTs (SWCNTs) by Mintmire, Dunlap and

White,®” finally brought awareness of CNTs into the scientific community.

A B

SWCNTs MWCNTs

Figure 1.12 Schematic representations of molecular structure of (A) SWCNTs and (B) MWCNTSs

According to the number of graphene layers, CNTs can be categorized into
single-walled and multi-walled CNTs (Figure 1.12). For SWCNTSs, the structure can
be described by the tube chirality, which is defined by the indices (n and m) of their
chiral vector, Cy, defined as:

C, = na, + ma, (1.8)

where n and m are integers, a; and a; are unit vectors of the hexagonal lattice.
SWCNTSs can be further divided into “arm-chair” type ((n, n), m = n), “zig-zag” type
((n, 0), m = 0), and chiral type ((n, m), n # m) based on their chirality. The definition
of the chiral vector and the three types of SWCNTSs are depicted in Figure 1.13. The
chirality of SWCNTs also determines the electronic property, which can be
semiconducting or metallic according to electronic band structure calculations.'®®
When (2n+m)/3 is an integer, the tube is considered as metallic, otherwise it is seen as
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semiconducting.’® This suggests that around two thirds of SWCNTs are
semiconductor-type and others are metallic type. MWCNTs composed of multiple
concentric graphene layers are generally considered as metallic if at least one CNT
sheet is metallic.

\:.
“.

W
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@

0 il (8,8) armchair 4

Figure 1.13 Schematic representations of rolling directions of graphene layer to form “arm-chair”,

“zig-zag” and chiral types of CNTs

The ideal structure of CNT consists of only sp? carbon atoms, while the synthesis
process will introduce different levels of structural defects and impurities and,
therefore, affects properties of the produced tubes.'®® CNTs can be fabricated in large
quantities by arc discharge,'”® laser ablation,*’* high-pressure carbon monoxide
(HiPco) method' and chemical vapor deposition (CVD).}"”® Among them, CVD is
the most widely used method due to its low cost, ease of scale-up and high yield.*™
This method utilizes metal catalysts (i.e. iron) and carbon-containing source (i.e.
methane) in the high temperature chambers, where the decomposition of hydrocarbon
takes place and nanotubes grow at the metal catalysts sites.*”®> CNTs produced using
CVD method can contain impurities including metal catalyst residues, nanographite
and amorphous carbon.'”

Given the excellent electrical conductivity, thermal conductivity and mechanical
strength of CNTs, they have been widely evaluated for various applications,
especially for electronic and energy devices. CNTs have been used in lithium ion
batteries as additives in anode composites to improve capacity and cycling efficiency
due to their high conductivity and their high surface-to-volume ratio.!”® By using
CNTs as the backbone in anodes, the structural degradation caused by volume change
in the charging and discharging process can be alleviated.'’”” CNTs are excellent
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electrode materials for electrochemical supercapacitor due to their high surface area,
resulting in high electrostatic double-layer capacitance.!” CNTs also find wide
applications in proton exchange membrane fuel cells mainly to reduce platinum
loading while maintaining the fuel cell efficiency.'”

The unique features of CNTs are also beneficial for applications in
bioelectrochemistry. The entangled CNTs can form three-dimensional network with
high porosity to immobilize enzymes. More importantly, the thin diameter of CNTs
makes it possible to approach the active site of enzymes, therefore promoting direct
electron transfer.’® However, the hydrophobic nature of CNTs makes them insoluble
and they tend to aggregate in most solvents, resulting in more difficulty in handling.
Organic solvents or surfactants are required to make stable dispersion of CNTs for
practical applications.™®

1.3.2 Modification and functionalization of carbon nanotubes

As previously described for enzyme immobilization, modifications of the electrode
surface are often required to introduce different functionalities to favor orientation and
immobilization of enzymes for applications, e.g. in bioelectrochemical devices.
Functionalization of CNTs has been intensively studied for the development of EFCs
in recent years.'®*% The functionalization methods of CNTs are divided into covalent
and non-covalent methods.

1.3.2.1 Covalent method

Covalent method is based on introduction of functional groups by creating stable
covalent bonds on the CNT surface, which simultaneously changes the hybridization
of carbon atoms from sp? to sp®. The generated functionalities can improve solubility
of CNTs and enable further coupling reactions. However, covalent method will
inevitably damage their m-conjugated system, which impacts the electronic and
mechanical properties of CNTs. In general, there are two approaches to covalently
modify CNTSs: esterification or amidation of oxidized CNTs and addition chemistry of
CNTs.'®

Oxidation treatment is a widely used method to generate oxygen-containing groups
such as carboxylic, carbonyl and hydroxyl groups along the sidewall or at the
pre-existing defect sites at the open ends of CNTs (Figure 1.14).*® Chemical
oxidation involves placing CNTs in oxidative mediums under reflux conditions with
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acidic (sulfuric acid and nitric acid) or basic (ammonium hydroxide/hydrogen
peroxide) agents.’® There are many studies on investigating the effect of oxidation
conditions on the structure of CNTs."®™®" In brief, the degradation of the CNT
structure increases with the duration and hardness of the oxidation treatment.*®” The
as-generated carboxylic groups can undergo further modification through
esterification or amidation (Figure 1.14).
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Figure 1.14 Scheme of esterification or amidation (peptide coupling if R is an enzyme) of oxidized
CNTs

Another covalent method for functionalization of this carbon material is the use of

addition chemistry to attach organic moieties to the sidewall of CNTs. This method

8

contains diverse reactions such as cycloaddition,*® addition of carbenes® and

nitrenes,lgo'lgl 190,192

radical additions, etc... Among them, the most investigated
reaction is the radical addition of phenyldiazonium (Figure 1.15). The popularity of
this reaction is related to its versatility and high functionalization degree.'®® The

grafted phenyl groups can then be used to react with other molecules.
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Figure 1.15 Modification of CNTs by radical addition of a diazonium salt preformed or formed in situ
1.3.2.2 Non-covalent method

Compared with covalent method, non-covalent method takes advantage of the sp?
carbon atoms on the sidewall of CNTs, which can facilitate strong interaction between
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CNTs and delocalized electron rich-systems (aromatic compounds, polymers) through
n-n stacking and hydrophobic interactions.’®* % This method is very attractive as it
preserves the sp? structure of CNTs, therefore maintaining high electronic properties.
Aromatic compounds such as pyrene, anthracene, porphyrins and their derivatives
have been used to functionalize CNT sidewalls in a simple and effective way (Figure
1.16). Chen et al. reported the first non-covalent functionalization of CNT sidewall
using 1-pyrenebutanoic acid-N-hydroxysuccinimidyl ester (PBSE).*" The activated
ester group of this bi-functional agent was utilized to react with amine groups of
proteins in order to immobilize them at the surface of the CNTs. This strategy is still
widely used for protein immobilization in various applications.**®*?® Non-covalent
functionalization allows facile immobilization of redox mediators with aromatic rings

201,202

on CNT surface via n-n stacking interaction, which can be used to construct

bioelectrode by immobilizing redox enzymes on the electrode.

Figure 1.16 "n- & stacking" interaction between aromatic compounds and the CNT sidewall: A) pyrene
derivative; B) anthracene derivative and C) porphyrin derivative

The second method to non-covalently functionalize CNTs regards the use of
polymers, which can introduce new properties to the CNT/polymer composite
depending on their structural features. This method has been used to form
polymer-wrapped CNTs to improve the dispersion of CNT in different solvents.!**
The composite material can be obtained by simply mixing the CNT and the polymer
together. Polymer film can also be electrogenerated onto the CNT surface through
electropolymerization. A well-studied example is polypyrrole as the resulting
composite can improve conductivity and can serve as immobilization matrix for

biosensor and biofuel cell applications.”*?%*2%

1.3.3 Carbon nanotube buckypaper

Although the use of CNT has greatly improved biofuel cell performance in terms of
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power density, the difficulty of manipulating CNT has impeded the industrialization
and commercialization of CNT-based bioelectronics devices. In most studies,
bioelectrodes have been constructed by depositing CNTs on supporting substrates
such as glassy carbon electrode to form thin films of several um. For practical
applications, efforts have been made to improve the manipulation of CNTs by shaping

206,207 pel |et346

them into different forms of self-supporting electrodes, such as yarns,
and papers.?®

CNT pellet electrodes are obtained by mechanical compression of CNTs-based
slurry. Often, the CNTs are readily compressed in the presence of enzymes and other
components such as electron mediators to ensure efficient
distribution/homogenization of the redox species in the whole electrode volume.*®
Most high power EFC reported to date are based on CNT pellet bioelectrodes.*®4"2%
Although the three-dimensional pellet can host high number of enzymes and
mediators, the deeper volume of the pellet (as opposed to the interfacial layer with the
electrolyte) is hard to access due to inherent hydrophobicity of the tubes. Furthermore,
slow mass transfer across the volume (substrate consumption during electrocatalysis)
can lead to low volumetric power density.

In this thesis, a paper-like material called buckypaper is chosen as the material to
construct bioelectrodes. Buckypaper (BP) is a thin sheet made from entangled CNTs
held together by 7-m interactions.?’>?"* For free-standing BP without the need of a
supporting material, the thickness should be at least over 80 um.?*° In 1998, Rinzler et
al. demonstrated the first so-called “buckypaper” made by vacuum filtration
method.?%® BP was first fabricated as a way to manipulate SWCNTSs, but has now been
used as promising materials in different applications such as supercapacitors,?? fuel

213 sensors and biosensors, 21421

cells, etc... BP is thin, lightweight, highly conductive
and easy to manipulate, which makes it a great candidate as the electrode material for
body interfaced bioelectronic devices. More importantly, BP is self-supporting,

therefore differentiates from other carbon nanostructured materials.
1.3.3.1 Fabrication of buckypaper

Given the attractive capabilities of BP, different methods have been developed for
the fabrication of BP. For example, CNT drawing, membrane filtration and casting
techniques are frequently found in literature reports.?**?*’ Buckypaper sheets are also
now commercially available from several manufacturers. Commercial buckypapers
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from Buckeye Composite have been widely reported for the construction of

218-220

bioelectrodes. Buckypapers can also be obtained from US Research

Nanomaterials Inc.,?? NanoLab Inc.??? 223,224

and Nanocomp Technologies Inc..
However, the fabrication method of commercial buckypaper remains undisclosed and
these materials can display very different physical properties depending on the
manufacturers.

In laboratories, buckypapers are mostly fabricated using membrane filtration
technique, which is straightforward and can be easily set up. CNTs are first dispersed
in  non-aqueous solvents such as N,N-dimethylformamide (DMF) and
N-methyl-2-pyrrolidinone (NMP), followed by sonication to form stable and
homogeneous suspension.?”® Subsequently, the suspension is filtered through a
microporous membrane under negative pressure. After removal of the residual solvent
by a drying process, a self-supporting buckypaper can be obtained by carefully
peeling the CNTs film from the membrane. Although this method is simple and
widely used in research, there are challenges in the quality and reproducibility of
buckypapers. There are many factors that can affect the formation of buckypaper
including the suspension homogeneity, sonication procedure, type and length of CNT,
functionality and purity of the CNTs and the following treatments after filtration.?'¢#%°

An advantage of using membrane filtration method is the possibility to include a
wide range of molecules to the suspension to prepare functionalized buckypaper. For
example, buckypaper made from pristine CNTs is fragile and typically requires

reinforcement, which can be realized through the addition of a polymer®"**®

or
pyrene-derivatives.'®® The pyrene moieties of the modifiers can form strong

interaction with the CNTs and therefore improve cross-linking of CNTs.
1.3.4 Buckypaper-based biofuel cell

In 2011, Hussein et al. demonstrated the first results of buckypaper as electrode
material for enzymatic fuel cells.'®*#%?? A buckypaper biocathode was fabricated by
immobilizing MvBOx and ABTS onto BP films, achieving a current density of 0.235
mA cm™ in air-saturated buffer solution.?’° The authors compared the oxygen
reduction performance of BP electrodes prepared from as-received CNTs and
acid-treated CNTSs. In contrast, the BP electrode made from acid-treated CNTs showed

a 1.5-fold higher electrocatalytic current, which were attributed to more hydrophilic
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electrode surface.”’® The same group later developed a laccase-modified biocathode
with a catalytic current of 0.422 mA cm, indicating the feasibility of using BP as
favorable electrode material for enzyme immobilization.*®

Narvéez Villarrubia et al. demonstrated the first buckypaper bioanode for | -malate
oxidation using a porcine NAD-dependent malate dehydrogenase (NAD-MDH).?*
The BP was fabricated via filtration method with SWCNTs and was then modified
with poly methylene green (PMG) by electropolymerization. With the enzyme and the
cofactor NAD" in solution, the bioanode shows a current density of 22 pA cm™ in the
presence of 160 mmol L™ | -malate.

Buckypaper based enzymatic fuel cell was first reported by Haldmkova et al. in
2012."® The described glucose/O, EFC consisted of a PQQ-GDH bioanode and a
Trametes versicolor laccase (TvLac) biocathode. Both electrodes were fabricated
using commercial buckypaper (Buckeye Composites). The EFCs was implanted in a
living snail.?® An OCV of 0.53 V and a power density of 30 pW cm™ were obtained.
This is the first demonstration of BP-based fuel cell implanted in a living creature.

Later the same group reported implantable EFCs operating in clams,®! 232

rats,
lobsters®*® and oranges.”**

Reid et al. prepared a lactate biofuel cell integrated on contact lens using
commercial buckypaper, demonstrating the flexibility of this material.>> The biofuel
cell with a NAD-dependent lactate dehydrogenase (NAD-LDH) bioanode and a
MvBOXx biocathode was tested in synthetic tear solution (~ 3 mmol L™ lactate) and
delivered an OCV of 0.41 V and a power density of 8 pW cm™ The state-of-art
characteristics and performances of buckypaper based enzymatic fuel cells are
summarized in Table 1.4.

Nowadays the development of EFCs is progressing towards flexible, stretchable
and miniaturized electrodes for practical applications.'® The representative

applications of EFCs are described in the following section.

Table 1.4 Characteristics and performances of buckypaper-based enzymatic biofuel cell

Anodic Cathodic OCV  Power
Year Buckypapeper Substrate , Reference
enzyme enzyme [V /pW cm
Commercial PQQ-GDH TvlLac ) Halamkova
2012 Glucose, O, (snail)  0.53 30 218
BP (DET) (DET) etal.
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Commercial PQQ-GDH TvLac MacVittie
2013 Glucose, O, (lobster)  0.54 640 233
BP (DET) (DET) etal.
2014 Lab-made GOx MvBOx 5 mmol L™ glucose, 26 Bunte et
BP (MET) (DET) 0, (air-saturated) al.®®
2014 Commercial PQQ-GDH MvBOx 10 mmol L™ glucose, 107 Scherbahn
BP (DET) (DET) 0, (air-saturated) etal?
) ) ) . 0.18 Narvéez
Commercial NAD-GDH MvBOx  Mono/disaccharides ) L )
2014 (3in (MW mg™ Villarrubia
BP (MET) (DET) 0, ) 28
series) GDH) etal.
Commercial NAD-LDH MvBOx 3 mmol L™ lactate, ) -
2015 41 8 Reid et al.
BP (MET) (DET) 0, (tear)
Jog  COmmercial  PQQ-GDH  MvBOX Glucose, O, (urine) 0.4 13 Gobel et
220
BP (DET) (DET)  Glucose, O, (saliva)  0.67 19 al.
) N Narvéez
Commercial NAD-GDH MvBOx 100 mmol L™ glucose, ) )
2016 1070  Villarrubia
BP (MET) (DET) 0, 239
etal.
4 1.4
Lab-made FAD-GDH TvLac 30 mmol L™ glucose, _ Hou and
2017 (2in 326 210
BP (MET) (DET) O,-saturated ] Liu
series)
Commercial PQQ-GDH MvBOx 200 Bollella et
2019 Glucose, O, (slug) 0.31 s ot
BP (DET) (DET) uW cm’ al.

1.4 Applications of enzymatic fuel cells

1.4.1 Implantable glucose/O, biofuel cells

Since the development of enzymatic biofuel cells, one of the most promising

applications of EFCs is to replace lithium batteries as power sources for implantable

electronic devices. These lithium batteries pose safety concerns to human body and

requires complex surgery for replacement.?*4*** Glucose/O, EFCs instead are energy

conversion devices that can harvest energy directly from the human body due to the

constant occurrence of “fuels” in body fluids. However, the power performance of

EFCs is limited by the low concentration of glucose (~ 5.5 mmol L™ in blood*) and

oxygen (~ 90 pmol L™ in plasma,®** ~ 50 pmol L™ in cerebrospinal flui

d245

) in human
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physiological fluids.

The first successful in vivo demonstration of implantable enzymatic biofuel cell
was operated in a grape, which was developed by Mano and Heller.2*® In this work,
both bioanode and biocathode were electrically wired by osmium redox polymer.

247 and Yoshino?#®

Miyake also reported several implantable biofuel cells operated in
grapes and showed improved power density by using ketjen black and CNTs as
electrode materials, respectively.

A major breakthrough in this field is the successful implantation of EFCs in rats.?*°
Compared with previous work in living plants, implantation in animals are much
more difficult. On one hand, the electrical connection needs to be robust enough to
withstand the strain caused by the movement of the animals. On the other hand,
biocompatible packaging of the device is required to avoid inflammatory responses.
The collaborative work of Cosnier and Cinquin demonstrated the first implantable
EFC operated in a living mammal. The device composed of a GOx bioanode and a
polyphenol oxidase (PPO) biocathode was placed in the retroperitoneal space of the
rat.*® Followed by this pioneer work, various implanted devices have been reported
(Table 1.5). It is worth noting that to date most EFCs are developed based on CNT
nanostructured materials to improve power performance.

With the emerging of ultra-lower power consumption electronic devices and
nanomaterial-based EFCs, glucose/O, EFCs remain attractive as energy harvesters.
Another challenge in this field is the device lifetime, which should be longer than
current commercial batteries used for implantable medical devices (IMDs). For
example, the lithium iodide cells used for pacemaker usually lasts 7-8 years.*° The
state-of-art power and lifetime of the reported implantable glucose/O, EFCs are
summarized in Table 1.5. The current lifetime is still far below the requirement for
IMD application. For successful implantation of EFCs, intensive studies are also
required to understand and improve the biocompatibility of bioelectrodes. This
includes factors such as cytotoxicity, carcinogenicity, genotoxicity, irritation and
sensitization, etc.?>!

Table 1.5 Characteristics and performances of implantable glucose/O, enzymatic biofuel cells

) Electrode Anodic  Cathodic  Power .
Year Organism . .  Stability Reference
material enzyme enzyme /pW cm
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GOx BOx 1 week

2003 Grape  Carbon fiber 430 _ 1o Mano etal *
(MET) (MET) (in buffer)
. GOx PPO Cinquin
2010 Rat Graphite 15 11 days o9
(MET) (MET) etal.
. Ketjen GDH BOx Miyake
2011  Rabbitear 1310 / s
black (MET) (DET) etal.
Tox|GOx  BOx Rasmussen
2012  Cockroach Carbon rod 55 2.5 hours 252
(MET) (MET) etal.
GOx BOx Yoshino
2013 Grape CNT forest 1750 / o8
(MET) (DET) etal.
CNT GOx Lac 253
2013 Rat 193 9 days Zebda et al.
Pellet (DET) (DET)
. Castorena-
Commercial PQQ-GDH Lac
2013 Rat 0.17 / Gonzalez
BP (DET) (DET) o
etal.
Commercial PQQ-GDH Lac MacVittie
2013 Lobster 640 / -
BP (DET) (DET) etal.
) ) CDH BOx Several Andoralov et
2013 Rat Au microwire 2 254
(DET) (DET) hours al.
El
. CNT GOx Lac 16 L
2018 Rabbit 3 2 months Ichi-Ribault et
Pellet (MET) (DET) uW cm a5
Commercial PQQ-GDH BOx 200 Bollella et
2019 Slug 2 / ot
BP (DET) (DET)  uWem' al.

[a] Trehalase oxidase

1.4.2 Wearable lactate/O, biofuel cells

Wearable electronics has recently drawn significant attention especially wearable
biomedical devices for health and fitness monitoring.?*® Since most wearable devices
are skin-worn, the device should be small, flexible, robust and do not pose any burden
to the wearer. One of the key challenges in this field is to develop a power source that
is equally flexible and robust to meet the requirements of wearable devices.
Epidermal lactate/O, EFCs are attractive candidates as they can harvest energy
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directly from sweat. Human sweat contains several metabolites such as glucose,

257
l.

alcohol, lactate and cortisol.”" Among them, lactate is exploited as the biofuel due to

its high concentration in sweat, with an average level of 14 mmol L™ in sweat.?*’

The first successful demonstration of wearable sweat-based enzymatic biofuel cell
was developed by Jia et al. in 2013."*® In this work, screen printing technology was
used to fabricate electrode on the tattoo paper using CNT ink. The anode and cathode
were modified with lactate oxidase and platinum black, respectively. This work
demonstrates the first prototype device that can harvest energy from on-body
experiments. Later, the same group developed a textile-based biofuel cell by
screen-printing the biofuel cell onto detachable care label.*® Obviously, textile-based
biofuel cells enable large area of device integration and different combinations to
increase voltage and power. Besides sweat, lactate in tears has also been exploited as
fuels by integration of a biofuel cell onto contact lens.?®

Although lactate based biofuel cells show promise as power sources for wearable
electronics, multiple issues need to be addressed for further development. The biggest
challenge is the limited power density due to the low catalytic performance of the
bioanode. Intensive studies are necessary to develop a more efficient mediator for
lactate oxidase. Secondly, current devices are not able to deliver stable power output
due to factors such as fluctuations of lactate level and inhibitors present in sweat.
Similar to implantable EFCs, lifetime and biocompatibility are also major challenges
that limit the use of wearable lactate enzymatic fuel cell.

1.4.3 Biosupercapacitor

Enzymatic fuel cell is an attractive energy conversion device with an inherent issue
of low power density. In contrast, supercapacitor is an energy storage device that can
deliver high power pulses. A new hybrid device called “self-charging electrochemical
biocapacitor” has been proposed by Pankratov et al. to construct hybrid device that
contains an enzymatic fuel cell and an electrochemical capacitor.”®® The principle is to
release power by high-current pulse discharge while the capacitor self-charges
through enzymatic conversion of the substrate. The device developed by Pankratov et
al. in 2014 was based on dual-feature electrodes. One side of the graphite electrode
was modified with polyaniline for pseudocapacitance while the other side was
immobilized with enzyme for biocatalytic reaction. Upon pulse discharge, the device
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reached a power density of 1.2 mW cm™ at 0.38 V. In principle, most EFCs can also
work as self-charging electrochemical biocapacitor without modification. Agnes et al.
reported the first supercapacitor/biofuel cell hybrid device based on double layer
capacitance.”® This new concept shows promises to overcome the low power density
issues in traditional enzymatic biofuel cells.
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Chapter 2 Comparison of commercial and lab-made
MWCNT buckypaper: physicochemical properties and
bioelectrocatalytic O, reduction

Résumé

En raison de leur stabilité chimique, de leur conductivité électrique et thermique
élevée, de leurs propriétés mécaniques, I'utilisation de nanotubes de carbone (CNTSs),
en particulier, a suscité un intérét croissant au sein de la communauté des
nanosciences pour l'interfacage de systémes biologiques. Leur grande surface
spécifique (jusqu'a 850 m? g) et leur géométrie unique font des CNTs des candidats
idéaux pour la construction d'électrodes tridimensionnelles présentant une forte
porosité et susceptibles de fixer une large variété de fonctions chimiques ou
biologiques. Les électrodes a base de dépdts de CNTs constituent une plate-forme
polyvalente pour l'immobilisation et la connexion électrique d'enzymes via des
processus de transfert d'électrons directs ou indirects grace a des médiateurs redox.

Les carbones mésoporeux et les matériaux carbonés nanostructurés basés par
exemple sur le graphéne ou les nanotubes de carbone, se sont révélés trés prometteurs
comme ¢électrodes pour 1’¢électroanalyse et 1’électrocatalyse et plus particulierement la
bioélectrocatalyse enzymatique dont les applications concernent le développement des
biocapteurs électrochimiques et celui des biopiles. Il faut souligner que les électrodes a
base de dépdt de CNTs s’averent également faciles a modifier par diverses
fonctionnalités via des méthodes de greffage chimique ou photochimique ainsi que par
des approches non covalentes. La modification de surface non covalente basée des
interactions n-nentre des dérives polyaromatiques et les parois de nanotubes constitue
une approche simple et respectueuse de la structure des tubes et par la méme de leur
conductivité électrique liée a I’'intégrité de leur structure électronique délocalisée.
Parallelement a la modification de surface d’électrode par des dépots de CNTS, une
alternative innovante est de créer directement une électrode a partir de CNTS au lieu de
les déposer sur une électrode conventionnelle de platine ou de carbone vitreux. Cette
stratégie consiste a générer un tissu stable et conducteur composé de CNTS
couramment appelé buckypaper (BP).

Les buckypapers sont de minces feuilles macroscopiques composées de nanotubes de
carbone enchevétrés maintenus ensemble par des interactions n-m avec des épaisseurs

classiqguement comprises entre 5 et 200 um pouvant s’abaisser jusqu'a 200 nm.
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Buckypaper est maintenant une expression classique adoptée pour designer des
feuilles de nanotubes de carbone désordonnées, y compris des matériaux composites,
formées par filtration sous vide de dispersions aqueuses ou organiques de nanotubes de
carbone a simple paroi, a double paroi et a parois multiples, respectivement SWCNTS,
DWCNTs, MWCNTSs. Les buckypapers sont typiquement élaborés par filtration d'une
dispersion de CNTS préparée par sonication en présence d'un tensioactif pour les
milieux aqueux. Des tensioactifs tels que le Triton X-100, le dodécylbenzénesulfonate
de sodium (SDBS) et le dodécyl sulfate de sodium (SDS) ont été couramment employeés
afin d’améliorer la dispersibilit¢é des CNTS dans I’eau. La suspension de CNT est
ensuite filtrée a travers une membrane poreuse comme un filtre en téflon ou en
polycarbonate conduisant a une feuille de CNTs qui, aprés lavage et séchage, est
décollée du filtre sous-jacent. La fabrication du buckypaper est conceptuellement
simple, mais des facteurs tels que I'nomogénéité de la suspension, la longueur et la
pureté des CNTs, la charge des nanotubes et la nature des fonctionnalités greffées sur
les CNTs ainsi que la perméabilité du filtre peuvent générer des problémes de
reproductibilité des matériaux.

L'utilisation de buckypaper pour la construction de bioanodes et de biocathodes
catalytiques, est apparue ces derniéres années pour I’élaboration de biopiles
enzymatiques. En particulier, depuis 2012, des buckypapers commerciaux ont été
employés pour développer des biopiles implantées in vivo dans des insectes, des
mollusques ou des mammiféres afin de générer in vivo de 1’énergie électrique voire
pour alimenter des dispositifs électroniques

Les électrodes buckypaper pouvant étre fabriquées en laboratoire ou obtenues
commercialement, il est apparu que les propriétés électroniques et physicochimiques de
ces électrodes pouvaient fortement diverger car liées a des facteurs tels que la diversité
des sources de CNTs utilisés (longueur, diametre, quantité et pureté, par exemple),
I'nomogénéité de la suspension, la présence d'additifs non répertoriés par les fabricants
et les solvants utilisés. Il faut souligner également I’évolution des procédures de
fabrication des CNTs vers une chimie plus verte qui théoriqguement conduit aux mémes
CNTs mais dans la réalité change drastiquement leurs propriétés de dispersion,
d’agglomération ainsi que leurs fonctionnalités de surface et sont a 1’origine de
problemes de reproductibilité des buckypapers fabriqués en laboratoire.

Outre les propriétés physiques et électriques de ces électrodes en buckypaper, leur
utilisation comme bioélectrodes enzymatiques pour 1’¢laboration de biopiles, en
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particulier comme biocathode, met en exergue I’influence de leur structure sur
I’immobilisation de 1’enzyme et son orientation et donc sur la possibilité d’établir un
transfert direct ou indirect d’¢lectron entre les CNTs et I’enzyme.

Dans ce chapitre, les buckypapers a base de MWCNTs commerciaux ont été
comparés physiquement et électrochimiquement afin de déterminer leurs propriétés et
donc leurs potentialités en tant qu'électrodes voire comme électrodes enzymatiques
pour des applications en bioélectrocatalyse et plus particulierement dans le domaine
des biopiles. Cette étude comparative implique un buckypaper commercial vendu par
NanoTechLabs (Buckeye Composites), et un buckypaper issu du laboratoire. Les
propriétés physiques des films de nanotubes de carbone ont été caractérisées par des
techniques spectrométriques comme la microscopie électronique, la spectroscopie
photoélectronique a rayons X et la spectroscopie Raman ainsi que par des mesures de
conductivité, un paramétre fondamental pour des applications électrocatalytiques. Un
autre parametre important qui a été examiné, est la surface spécifique de ces
buckypapers. Cette dernicre a été estimée par des mesures d’adsorption de gaz (BET)
et a été comparée a celle déterminée par des mesures électrochimiques mettant en
exergue des différences liées a la macro ou microporosité des électrodes.

Les propriétés électrochimiques, quant a elles, ont été étudiées par
voltampérométrie en I'absence et la présence de sondes redox exhibant des différences
en termes d’encombrement stériques et de charges (hexaammine de ruthénium
Ru(NH3)¢>""#*, ferrocéne méthanol FcMeOH®*, hexacyanoferrate (111) de potassium
Fe(CN)e¥) afin d’étudier la perméation a travers les buckypapers et ’influence de
leurs potentielles fonctionnalités de surface. En particulier, I’utilisation de sondes
redox non chargées ou exhibant des charges négatives ou positives a confirmé la
présence d'especes chargées négativement a la surface du BP commercial.

Concernant leur utilisation en tant que bioélectrodes, la bilirubine oxydase (BOX) a
été immobilisée sur ces buckypapers afin de comparer leur performance vis-a-vis de
la réduction bioélectrocatalytique de I'oxygéne. Dans cette problématique, nous avons
également examiné le role d’une protoporphyrine de fer comme promoteur
d'orientation de la BOx et donc son impact sur 1’établissement d’un transfert direct
d’¢lectron (DET) entre la BOx et I’¢lectrode en buckypaper. Cette protoporphyrine
exhibe des interactions m-m entre sa structure plane aromatique et les parois de
nanotubes et est chargée negativement. Cela induit ainsi des interactions
électrostatiques avec une cavité chargée positivement de la BOx (ou le substrat naturel
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de I’enzyme se fixe) et qui correspond au point d’entrée des électrons dans la protéine
au niveau du centre cuivre T1. La présence du fer comme centre métallique permet
d’obtenir un signal électrochimique de la protoporphyrine et donc d’estimer son taux de
recouvrement sur le film de nanotubes.

Par rapport au buckypaper commercial, il apparait que les buckypapers fabriqués au
laboratoire présentent une fenétre de potentiel plus large combinée a des courants
capacitifs nettement plus faibles ainsi qu’un comportement électrochimique plus
proche de celui du carbone vitreux.

Concernant 1’activité électro-enzymatique, le buckypaper fabriqué au laboratoire
présente des courants catalytiques vis-a-vis de la réduction de 1’oxygene 10 fois plus
élevés que ceux enregistrés pour le buckypaper industriel.

Cet effet résulte d'une combinaison de facteurs comprenant notamment une surface
spécifique plus importante (les mesures par BET indiquent une augmentation par un
facteur 10), une quantité d’enzyme immobilisée supérieure, une structure plus poreuse
avec des nanotubes exhibant des diametres plus petits. La modification des nanotubes
des buckypapers commerciaux et fabriqués au laboratoire a été réalisée par
interactions n-mt entre les parois des CNTS et des porphyrines de fer en examinant
I’effet de la concentration de ces dernicres sur leur immobilisation dans le domaine de
0,6, 5 et 10 mmol L™ et donc sur Iactivité électroenzymatique des électrodes qui en
résultent. Cette modification conduit a une augmentation des densités de courant
catalytique tout en diminuant la surtension cathodique relative au potentiel d’initiation
de la réduction de l'oxygéne passant ainsi de 0,51 V a 0,53 V. Les courants
catalytiques maximaux dans une solution saturée en oxygeéne sont respectivement 0,5
mA cm? et 1,3 mA cm™ pour les buckypapers commerciaux et les buckypapers

« maison » modifiés par les porphyrines.
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Chapter 2 Comparison of commercial and lab-made
MWCNT buckypaper: physicochemical properties and
bioelectrocatalytic O, reduction

This chapter is based on the following manuscript-

Xiaohong Chen, Andrew J. Gross, Fabien Giroud, Michael Holzinger, Serge Cosnier
Electroanalysis. 2018, 30, 1511-1520
2.1 Abstract

The main goal of this thesis is to develop high-power enzymatic biofuel cells
(EFCs). Among various carbon nanostructured materials, buckypaper (BP) is one of
the most attractive materials to construct bioelectrodes due to its unique properties.
Therefore, it is necessary to examine different BPs to understand the bioelectrocatlytic
reaction on different electrode materials. In this chapter, a thorough comparison study
was conducted on commercial BP and lab-made BP. The former was obtained from
Buckeye Composite, while the latter was prepared in the lab using vacuum filtration
method. The two types of BPs were characterized using different techniques. The
behaviors of enzyme-modified bioelectrodes prepared from these two types of BPs
were examined by immobilizing bilirubin oxidase (BOx) for oxygen reduction.

2.2 Introduction

Nanostructured carbon materials such as carbon nanotubes (CNTs) and templated
mesoporous carbons have shown great promise as electrodes for enzymatic
bioelectrocatalysis for applications including biosensors and biofuel cells.*
CNT-based electrodes are attractive for bioelectrocatalysis owing to their properties
such as high conductivity, large specific surface area, exceptional mechanical strength,
and the ability to undergo efficient electron transfer with oxidoreductase enzymes.®’
CNT electrodes also benefit from being readily modified with surface functionalities
via covalent and non-covalent methods, for example, to enhance the electrical “wiring”
and stabilization of enzymes for bioelectrocatalysis.>*° Non-covalent surface
modification based on n-n stacking of pyrene derivatives and other polyaromatics on
nanotube sidewalls is a convenient strategy which retains the extended n-conjugation
of CNT networks and hence their electrical conductivity.**™**

Buckypaper is a very attractive type of CNT material which has emerged in recent
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years for the construction of bioanodes and biocathodes for use in enzymatic biofuel
cells.®** Commercial BP has been used in actual implanted devices since 2012, most
notably, for in vivo biofuel cells and electronic device powering.'***?°? BPp is a
randomly ordered self-supporting film of CNTs which is typically formed by vacuum
filtration of agueous and non-aqueous dispersions of CNTs.>?*?* The films are
microscale-thin (ca. 5 to 300 um) and held together by n-n stacking and interweaving
interactions.”*?* Unlike classical CNT electrodes, which are formed by depositing
CNT films on conductive glassy carbon and metal substrates, a BP film is the
electrode itself. BP electrodes are convenient to fabricate in the lab or can be obtained
from commercial sources.”®*® However, their electronic and physicochemical
properties are strongly dependent on factors such as the type of CNTs used (e.g.
length, diameter, quantity, defects and purity), dispersion homogeneity, the presence
of additives and the solvents used, which create challenges concerning reproducibility
and functionality.

For the construction of biocathodes, multi-copper oxidases (MCOs) such as
bilirubin oxidase and laccase are typically employed as the biocatalyst for the
four-electron reduction of O, to H,0.” These enzymes possess four Cu atoms with
the T1 Cu center, responsible for substrate oxidation and successive electron transfers,
located near the protein surface, and a tri-nuclear cluster of T2/T3 Cu centers which is
more deeply buried.”® Therefore, there is great interest in the development of
electrode-enzyme interfaces which permit the efficient orientation and electrical
connection of the T1 Cu center.

Hussein and coworkers developed the first buckypaper biocathodes (lab-made) by
adsorption  of inks containing either BOx or laccase, ABTS
(2,2'-azino-bis(3-ethylbenzothiazoline-6-sulphonic acid)) mediator, and Nafion.?*?"*
In these series of work published in the same year, the best performing biocathode
achieved a maximum current density up to 0.7 mA cm in oxygen-saturated buffer
via mediated electron transfer (MET) with BOx.?’ Ciniciato et al. developed
air-breathing electrodes by fusing commercial BP with Toray paper and a carbon
black gas diffusion layer.”® This approach is attractive for enhancing the mass
transport of oxygen from air to the electrode surface, thus helping to address the
limited oxygen supply in quiescent aqueous solutions. The best performing
biocathode, based on direct electron transfer (DET) with BOX, delivered a current
output of ca. 0.7 mA cm™ in buffer solution with capillary flow.?® Pankratov et al.
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later reported the simple adsorption of BOx on different lab-made BP samples without
the use of Nafion as a binder.?® DET-type bioelectrocatalysis for oxygen reduction
was demonstrated but currents only up to 100 pA cm™ were achieved, implying
limited catalytic activity of the nanotubes and a low enzyme loading.

Scherbahn et al. demonstrated that pyrroloquinoline quinone (PQQ) can be used as
an orientation promoter for DET with BOx on commercial buckypaper.* PQQ was
effectively adsorbed on the electrode via n-n stacking interactions and gave a 5-fold
increase in catalytic currents up to 0.97 mA cm in buffer solution compared to the
simple adsorption of BOx on unmodified electrodes. Minteer and coworkers
developed lab-made BPs modified with a pyrene-anthracene for oriented DET with
BOx.'® Although low catalytic currents of ca. 100 pA cm™ were observed, this work
demonstrated that BP can be an excellent material for the construction of wearable
contact-lens bioelectrodes. Our group has also demonstrated the use of an orientation
promoter, protoporphyrin, to enhance DET with BOx on buckypaper.'®> Well-defined
voltammetry and high limiting currents up to 1.33 mA cm™ were observed in
oxygen-saturated buffer with purging, highlighting the promising electrochemical and
catalytic performance of these lab-made buckypapers.

Buckypaper is now an important electrode material for the development of
enzymatic biocathodes, yet little attention has been given to establishing their
electrochemical and physicochemical properties and how these properties influence
DET-type bioelectrocatalysis. The reported studies have until now focused on the
development of reliable fabrication methods and enzyme wiring strategies to improve
catalytic outputs in vivo and in vitro.

In this chapter, a comparative study was conducted which establishes a baseline
for the electrochemical properties of two prominent types of buckypapers: a
commercial buckypaper from an established source, NanoTechLabs Inc. (Buckeye
Composites), and a recently reported lab-made buckypaper with promising electrode
properties.™ In addition, this study compares the physicochemical properties and the
bioelectrocatalytic oxygen reduction activity of unmodified and iron-protoporphyrin
modified buckypapers with immobilized BOX.

2.3 Results and discussion

2.3.1 Physical properties of commercial and lab-made buckypaper
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2.3.1.1 Scanning electron microscopy

Figure 2.1 shows top-down and cross-sectional scanning electron microscopy
(SEM) images of commercial BP and lab-made BP (defined as c-BP and I-BP in the
following context). The c-BP samples display a random, homogeneous and largely
macroporous structure (Figure 2.1A). The CNTSs of the c-BP have large diameters of
75-200 nm. On the other hand, I-BP has a random but homogeneous mesoporous
structure of bundled CNTs (Figure 2.1B). The CNTs of I-BP have diameters of 10-20
nm. Cross-sectional images revealed that c-BP has a looser structure with wider
interlayer separations (Figure 2.1C). A denser and more compact structure is
observed for I-BP (Figure 2.1D).

Figure 2.1 SEM images showing (A, B) top-down and (C, D) cross-sectional views of (left) c-BP and
(right) 1-BP

2.3.1.2 Film thickness, specific surface area and pore size

The average BP thicknesses were estimated to be 227 + 14 um (n = 3) and 269 + 11
pm (n = 5) for the commercial and lab-made BPs, respectively, which is in the range
of other BPs obtained from vacuum filtration.***>% The specific surface area and pore
size of the BPs were obtained from nitrogen sorption measurements (Figure 2.2),
which is a typical method for the characterization of microporous and mesoporous
solids.®! Brunauer-Emmett-Teller (BET) method is then applied to calculate the total
specific surface area. Barrett-Joyner-Halenda (BJH) analysis is subsequently
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employed to evaluate pore size and volume from nitrogen desorption isotherms.
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Figure 2.2 Nitrogen adsorption and desorption isotherms of (left) c-BP and (right) I-BP

The BET total specific surface area and BJH mesopore size of the BPs are
summarized in Table 2.1. The ¢-BP has a surface area of only 30.2 m? g™%. In contrast,
I-BP has an estimated surface area of 264 m? g*, which is comparable to previously
reported values of 331 m?g™ and 180 m%g™” for BP materials.®**® The I-BP has an
almost 9-fold larger surface area than c-BP. This is consistent with the I-BP having a
significantly more mesoporous structure, which is supported by the SEM imaging.
The average BJH pore diameter for both materials (noting that the analysis does not
account for macropores) was on the same order of magnitude for both BPs with
values of 17.0 nm and 14.6 nm for c-BP and I-BP, respectively. The total pore volume,
which also accounts for micropores (<2 nm) and mesopores (2-50 nm), but not
macropores (> 50 nm), was negligible for c- BP but significant for I-BP, hence further
confirming that c-BPs have a more macroporous structure and that |-BPs are
significantly mesoporous.

Table 2.1 Surface area and pore size data from N, sorption isotherms for commercial and lab-made BP

BJH mesopores

Sample  BET surface

area/m?g* Pore Pore
diameter volume /
/nm cm®g?
c-BP 30.2 17.0 43x10"
I-BP 264 14.6 2.0

2.3.1.3 X-ray photoelectron spectroscopy, SEM-Energy dispersive x-ray spectroscopy
and Raman spectroscopy

The elemental composition, purity and extent of surface defects at the surface of the
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BPs were characterized by XPS and Raman spectroscopy. XPS analysis revealed an
elemental composition of only carbon, nitrogen and oxygen at the BPs. The survey
spectra are shown in Figure 2.3. The quantitative analysis is summarized in Table 2.2,
The surface of c-BP contains mostly carbon (95.0%), considerable oxygen content
(4.4%) and some residual nitrogen (0.6%). The I-BP is also dominated by carbon
(98.8%) but possesses significantly less oxygen (1.2%) and no nitrogen. The survey
spectra (Figure 2.3) for both c-BP and I-BP are largely dominated by the Cls
envelope at 284.4 eV, which corresponds to the expected sp? structure of the CNTSs.
Other contributions at 285.3 eV and 289 eV account for hydroxyl and/or sp® carbons,
and carboxylic acid groups, respectively. Unlike the I-BP spectrum, the c-BP spectrum

displays a clear contribution at 286.3 eV, representing surface carbonyl groups.
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Figure 2.3 (Left) XPS survey spectra and (right) C1s high resolution spectra for (black) c-BP and (red)
I-BP substrates

Table 2.2 XPS elemental analysis for c-BP and I-BP surfaces

Atomic %
Sample
0] N
c-BP 95.0 4.4 0.6
I-BP 98.8 1.2 /
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Figure 2.4 SEM-EDS analysis: SEM images showing (A, B) secondary electron detector
(Everhart-Thornley; ETD) for topographic visualization and (C, D) backscattered electron detector
(BSD) for chemical contrast of the impurities distribution of (left) c-BP and (right) I-BP. Global EDS
spectra of the same area as above for (E) c-BP and (F) I-BP

XPS is a surface analysis technique, which normally probes a sampling depth of
around 10nm. Therefore, the obtained elemental analysis was limited to the exposed
surface of the BP layer to the XPS beam. Given the thick diameter of MWCNTS in
c-BP, SEM-energy dispersive x-ray spectroscopy (SEM-EDS) was performed to probe
the deeper layer below the surface (Figure 2.4). These analyses suggest that CNTs
used in the formation of the c-BPs do possess some Fe content (residual catalyst),
which are typical impurities of CNTs.>* In contrast, CNTs used for making I-BPs
contains either no Fe content or only trace levels.

75



Raman spectroscopy was also performed to characterize the surface structure, and
in particular, the extent of defect sites in the buckypapers (Figure 2.5). Two major
bands at approximately 1350 cm™ and 1580 cm™ are present in the Raman spectra,
corresponding to the D-band (disordered sp? carbon) and G-band (crystalline sp?
carbon), respectively. The ratio of the D and G band intensities was used to provide a
relative but not quantitative comparison of the two BP samples. The c-BP has a
comparably more ordered and higher structural purity/crystallinity structure (Ip/lg =
0.52) while I-BP has a more apparent defective surface (Ip/lg = 1.74).
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Figure 2.5 Raman spectrums of (black) c-BP and (red) I-BP of the region between 1000 and 2000 cm™
2.3.1.4. Contact angle, surface profilometry and electrical conductivity

Water contact angle (CA) measurements were performed on c-BP and I-BP. Similar
values of 134 + 8° and 127 + 18° were obtained for c-BP and I-BP, respectively,
which is consistent with both surfaces being hydrophobic (>90°). It was considered
that the c-BP, with its high surface oxygen content, might be more hydrophilic than
I-BP, but this was not the case. The surface roughness and heterogeneity, rather than
the chemical modification, therefore appears to have a more influential effect on the
wetting behavior of BP.

Surface profilometry imaging using 3D optical microscopy over large areas of ca.
100 um? revealed further insight into the surface structure of the BPs. A larger
average roughness value of 4.8 um root mean square roughness (rms) was estimated
for c-BP compared to a value of 1.9 um rms for I-BP. The profilometry clearly shows
that the c-BP has greater surface roughness, which helps to explain its hydrophobicity
despite the higher surface oxygen content.®

The electrical conductivity of c-BP and I-BP was measured with a four-point probe
and revealed average values of 22 + 3 Scm™ and 13 + 1 S cm™, respectively. These
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results are similar to conductivity values of around 20-30 Scm™ reported for
randomly ordered BP.?%*® The lower electrical conductivity for I-BP, despite the
more compact and interconnected structure, can be attributed to the increase of

sp3-type carbon (e.g. higher defect) carbon structure inferred from the Raman spectra.
2.3.2 Electrochemical characterization of commercial and lab-made BPs

Figure 2.6 shows the background voltammetric response recorded at the two BP
electrodes in 0.1 mol L™ phosphate buffer (PB) at a scan rate of 20 mV s. The two
electrodes were scanned between -0.9 V and 1.0 V vs. SCE, which is a relevant
potential window to observe the electrochemical stability of carbon electrodes in
aqueous solution.®” The c-BP electrode unexpectedly exhibits a pair of redox peaks at
Epc = -0.2 V and Ey = 0.5 V. In contrast, the I-BP electrodes exhibited a steady
capacitive current response over the same potential range. The redox peaks at c-BP
are attributed to electroactive surface-bound oxygen functionalities such as
polyaromatic carbonyl, nitroso and phenol groups. The possibility that the redox
peaks are due to metal oxides is not entirely ruled out on the basis that Fe impurities
were observed by SEM-EDS (Figure 2.4). The c-BP electrode showed a 10-fold
larger background capacitive current. The larger capacitance observed at c-BP is
attributed to the looser packing density of CNT bundles (Figure 2.1C), increased

surface roughness and the higher concentration of oxygen functionalities.
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Figure 2.6 Representative cyclic voltammograms recorded at (black) c-BP and (red) 1-BP electrodes in
0.1 mol L™ PB (pH 7.0) solution at 20 mV s™

Next the electron transfer reactivity of c-BP and |-BP electrodes with four different
redox probes was evaluated by cyclic voltammetry experiments. The midpoint
potential (E;), peak-to-peak potential separation (AEp), electroactive surface area
(ECSA) and heterogeneous rate constant (k°) of the BP electrodes are summarized in
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Table 2.3. The ECSA were estimated from cyclic voltammetry performed on BP
electrodes (@ = 10 mm) at varying scan rates according to the Randles-Sevcik
equation (Equation 2.1):

I, = (2.69 x 10%) n3/24AD'/2Cv1/? (2.1)
where 1, (A) is the peak current, n is the number of electrons transferred in the redox
reaction, A (cm?) is the area of the electrode, C (mol cm™) is the concentration of the
redox species, D (cm?s™) is the diffusion coefficient and v (V s™) is the scan rate.

Cyclic voltammetry was first performed using a GCE (& = 3 mm) at varying scan
rates to determine the diffusion coefficient of the redox probes from linear plots of
peak current versus the square root of the scan rate. The diffusion coefficients were
estimated from CVs scans recorded on glassy carbon electrode with a known
geometric area (0.0707 cm?) and immersed in 1 mmol L™ redox probes in PB solution.
They were found as follow: 5.67 x 108cm? s for Ru(NH3)s*"?*, 4.42 x 10 cm? s
for Fc*, and 2.03 x 10 cm? s™* for Fe(CN)g® .

The heterogeneous electron transfer rate constant was calculated based on the
Nicholson method.*® The electron transfer kinetics at carbon electrodes depend on the
electronic and surface structure of the electrode and the nature of the redox probe
used,®”® hence several different redox probes were assessed. Initially, experiments
were performed with Ru(NHz)e>""?* and FcMeOH™, which are outer-sphere redox
probes that are relatively “insensitive” to electrode surface chemistry. Cyclic
voltammograms (CVs) recorded at BP electrodes revealed well-defined and
chemically reversible redox couples for the ruthenium and ferrocenemethanol probes
at c-BP and I-BP (Figure 2.7A and Figure 2.7B). Similar midpoint potential and peak
potential separation values to those obtained at GCE are observed (Table 2.3).

Table 2.3 Midpoint potential, peak separation, electroactive area and heterogeneous rate constant for
FcMeOHY", [Ru(NHs)s]*"2*, [Fe(CN)s]*™, and Fe?"®* obtained at GCE, I-BP and c-BP electrodes

Electrode Redox probe E./V AEp[a]/ mV  Active area/cm? Rate constant/cm s™
GCE -0.24 70.5 0.07 nd
c-BP Ru(NH,)s>"%* -0.27 70.5 5.39 +2.09 nd
I-BP -0.24 73.0 0.47 £0.26 nd
GCE 0.20 70.5 0.07 nd
c-BP FcMeOH™ 0.20 705 1.53+0.13 (1.25 +0.33) x 102
I-BP 0.19 80.6 0.50 +0.18 (1.83 +0.09) x 102
GCE " 0.20 157.8 0.07 (5.45 +3.18) x 10"
Fe(CN)s
c-BP 0.19 nd nd nd
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I-BP 0.20 128.8 0.56 + 0.36 (1.36 £0.72) x 10°

GCE 0.45 513.6 nd nd
c-BP Fe*'?* 0.42 125.9 nd nd
I-BP 0.50 412.9 nd nd

[a] Obtained at a scan rate of 20 mV s™. (nd) not defined.
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Figure 2.7 Representative cyclic voltammograms recorded at c-BP (black) and I-BP (red) electrodes in
1 mmol L™ redox probe solutions: (A) Ru(NH;)s*"?*, (B) FcMeOH™, and (C) Fe(CN)s>™ in 0.1 mol
L™ PB pH 7.0, and (D) Fe*"**in 0.5 mol L™ H,SO,. Scan rate: 20 mV s*

A less well-defined cathodic peak was observed for Ru(NHs)e>"* at c-BP, which
suffers from interference due to the reduction of surface oxygen and the presence of
the adsorbed complex. Both the ruthenium and ferrocenemethanol redox probes were
used to estimate the electroactive surface area (ECSA) of lab-made and commercial
buckypapers. ECSA values of ca. 0.5 + 0.3 cm? were observed for both probes at I-BP.
In contrast, c-BP showed much larger ECSA values of 1.5 + 0.1 and 5.4 + 2.1 cm?for
FcMeOH™ and Ru(NHs)s*"2*, respectively. The ECSA data therefore suggests that
c-BP has a larger surface area which could be contrary to the total specific surface
area values calculated by gas adsorption, and the SEM images. The smaller ECSA
values observed at I-BP suggest that the structure is less permeable to positive and
neutral redox species in aqueous solution. As a result, the total volume of the pores in
the I-BP structure is not effectively contacted by the redox probe solutions. In contrast,
the more loosely packed structure of c-BP (Figure 2.1) better facilitates the diffusion
of the electrolyte (and hence the redox probes) into the bulk structure. The CVs
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obtained at c-BP, but not I-BP, also show evidence for the weak adsorption of both the
ferrocene and ruthenium species as larger oxidative peaks than reduction peaks were
observed. The adsorbed electroactive species contribute to the peak current and
therefore, to some extent, result in an overestimation of the ECSA values at c-BP. The

3+/2+

ECSA value at c-BP was 3.5-fold larger using the larger Ru(NHs)s probe which

reflects that this complex adsorbs to a greater extent at c-BP compared to FcMeOH.

32+ and FcMeOH" at ¢c-BP can occur

The adsorption of positively charged Ru(NHs)s
via electrostatic interactions between surface bound oxygen residues, which would be
negatively charged at neutral pH, and the positively charged oxidized species. The
possibility that the reduced neutral form of FcMeOH adsorbs at the oxidized graphitic
surface is not ruled out.*

Electron transfer rates at the buckypapers were estimated based on the FcMeOH "
probe and revealed slower heterogeneous electron transfer at c-BP compared to I-BP,
which is attributed to differences in the physical and electronic structure of the CNTSs.
For example, Banks et al. have shown that catalytic electron transfer on CNTs relies
on edge-plane sites and tube ends.** It is possible that I-BP, which has shorter and
smaller diameter CNT bundles with a more defective structure, benefit from having
more exposed edge-plane like sites.

Fe(CN)¢®™ is a well-known surface-sensitive redox probe. At c-BP, the redox
peaks for this probe are poorly defined. In addition to the weak signal, we observe the
redox activity of the oxide groups at -0.2 V and 0.5 V. The ferricyanide redox couple
was unfortunately not sufficiently resolved at c-BP to obtain kinetic or surface area
data. A well-defined electrochemical response, similar to that observed at GCE, was
observed at I-BP. Faster electron transfer by more than 2-fold was observed at I-BP
compared to glass carbon electrode (GCE), highlighting the benefits of I-BP as an
advanced type of carbon electrode. Both GCE and I-BP exhibited slower electron

transfer kinetics towards Fe(CN)g®™ 3+/2+

compared to Ru(NHs)s™"“", which is typical for
carbon electrodes.®” The estimated ECSA value for I-BP of 0.56 cm? using
Fe(CN)e>™ is very similar to the ca. 0.5 cm? areas estimated using the ferrocene and
ruthenium probes at I-BP. The similar ECSA values for all three probes suggests that
I-BP is less sensitive to charged species and adsorption effects compared to c-BP.

To further assess the presence and activity of oxygen species on the CNT surface of
c-BP, a more specific surface-sensitive redox probe was also investigated. The Fe**?*
redox probe was chosen as it is known to be highly sensitive to surface oxide.* CVs
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recorded at the oxygen-rich c-BP showed a reversible couple of the probe with a small
peak separation of 126 mV, consistent with “fast” apparent electron transfer kinetics.
Additional redox peaks were also present, which appear to be due to the presence of
the surface oxide groups which promote a positive shift in potential. In contrast, a
much larger peak separation of 413 mV was observed at I-BP, highlighting slower
electron transfer behavior at I-BP compared to c-BP. The exact nature of the complex

redox behavior is not clear. Nevertheless, the data obtained using the Fe3*/?*

probe,
which reveals a strong interaction of the iron complex with c-BP but not I-BP,

provides supporting evidence for the presence of surface oxygen groups.

2.3.3 Bioelectrocatalytic activity of BOx-modified commercial and
lab-made BPs

The buckypapers were investigated for the construction of enzymatic bioelectrodes
for bioelectrocatalysis. In this study, the bioelectrocatalytic reduction of O, to water
was explored. Oxygen reduction reaction (ORR) is currently the most studied reaction
for cathodes in enzymatic biofuel cell research. ORR is investigated here, using
adsorbed BOx as the biocatalyst, and relies on direct electron transfer between the
electrode and the tri-nuclear Cu centre of the immobilized enzymes.

Figure 2.8A shows CVs recorded for bioelectrocatalytic O, reduction at BOx
modified |-BP and c-BP electrodes. Under O,-saturated conditions, both BPs
displayed onset potentials of 0.51 £ 0.01 V, which is in good agreement with DET
mechanism through the T1 Cu center (the theoretical value of the Et; ¢, = 0.43 V vs.
SCE).*? For c-BP, the catalytic current density (Jex) is negligible (-23 + 15 pA cm™).
For I-BP, the catalytic current density was 9-fold larger and reached -214 + 74 pA
cm? at 0.3 V. This current density is similar to our previous results obtained at
unmodified BP with adsorbed BOx (-225 + 91 pA cm?®) under equivalent
conditions.”® The improvement in DET-type bioelectrocatalysis for unmodified 1-BP
compared to unmodified c-BP was expected as I-BP has a significantly higher total
specific BET surface area and a more defective CNT structure (e.g. more reactive
vacancies). Although c-BP electrodes show larger electroactive surface area, the
experiments for determination of the ECSA values with different redox probes were
performed at a time scale of several minutes. For bioelectrocatalytic studies, enzymes

were left to adsorb overnight on the surface, allowing enzymes to diffuse into the BP
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matrix.

Enhancements in DET at BOx modified CNT electrodes are also strongly related to
the presence of negatively-charged surface groups which orientate the enzyme via
arginine residues near the T1 Cu center.** It was therefore postulated that the
oxygen-rich c-BP, with negatively-charged surface groups at pH 7.0, would promote a
stronger DET response compared to |-BP. This is however not the case. The surface
charge and the presence of oxygen groups are therefore relatively insignificant factors
for DET bioelectrocatalysis at buckypaper. Hence, the overall charge of the BOx at
pH 7.0 (pl = 4.1) is apparently not a crucial factor for its orientation. On the contrary,
a large specific surface area and the type and structure of CNTs in the buckypaper (e.g.
the 7-n network and CNT dimensions®>*“®4") are expected to play a greater role in
favoring BOx immobilization. For example, concerning the type of CNTs used,
Mugurama et al. elegantly reported the importance of the size of CNTs for achieving
DET-type bioelectrocatalysis.*
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Figure 2.8 Representative cyclic voltammograms for (A) unmodified, (B) Hogand (C) Hs modified
c-BPs (black) and 1-BPs (red) with adsorbed BOXx at the electrode surfaces in quiescent (dashes)
Ar-saturated or (lines) O,-saturated in pH 7.0 PB solution (1 mV s*, 1% scan displayed)

Next, the role of CNT size on the DET bioelectrocatalysis with immobilized BOx
was considered. Based on the average outer diameter of the CNTs of c-BP, estimated
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from SEM images, the nanotubes of c-BP were postulated to represent a flatter
surface upon interaction with the enzyme (assuming the tube as a disk near the
pocket). Figure 2.9 shows a 3D structural view of the enzyme and highlights the
hydrophilic substrate pocket, where the active site is located. Based on the distances
between each arginine residue, the pocket is estimated to be 1.5 nm in width. To
estimate the relative area of an individual tube (represented as a disk) which enters the
substrate pocket, the angle describing the arc length of the substrate pocket for the
tube was calculated. The larger the angle, the more the individual tube can penetrate
inside the pocket. As an example, a hypothetical 1.5 nm diameter tube, which would
perfectly fill the entrance of the substrate pocket, would have a 180° arc angle and
would represent 50% of the total area of the disk described. On this basis, the arc
angle for an average CNT tube of c-BP (ca. 137 nm diameter based on SEM imaging)
is only 1.3°. Consequently, the arc segment area of an average CNT in c-BP that could
penetrate the pocket would represent only 0.00003% of its total projected disk area. In
contrast, the average CNT of I-BP (ca. 15 nm diameter based on SEM imaging) can
better penetrate the substrate pocket with an arc angle of 11.5° representing 0.02% of
the total projected disk area of the CNT entering the substrate pocket.

Figure 2.9 Resolved bilirubin oxidase protein structure from Myrothecium verrucaria highlighting four
arginine residues located near the T1 copper centre of the enzyme. (PDB code: 2XLL)

With the aim to increase the favorable adsorption and orientation of BOx on the
electrode, the two different buckypapers were modified with hemin, an
iron-protoporphyrin with a substrate-like structure, via n-n stacking interactions.*>*

Hemin-modified BP electrodes (c-BP-H and I-BP-H) were prepared by drop-casting
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0.6, 5 or 10 mmol L™ hemin solutions prepared in DMF onto the different BP
electrodes. Data from cyclic voltammetry studies performed in PB are summarized in
Table 2.4. The presence of the Fe?*”** redox signal from hemin observed at Ey; =
-0.330 £ 0.045 V was utilized to evaluate the surface coverage of electroactive
porphyrin groups after n-m stacking immobilization on the CNT network of the BP.
The surface coverage of hemin molecules was calculated by integration of the anodic
peaks of CVs recorded at 20 mV s, according to Equation 2.2.

r= -2 (2.2)

nFA*
where Q is the integrated charge, F is the Faraday constant, A* is the geometric area
of the BP electrode, and n is the number of electrons transferred.

Increasing the hemin concentration of the modifier solution resulted in an increase
in the porphyrin surface coverage for the buckypaper electrodes for the three
concentrations investigated at both I-BP and c-BP. As a result, unambiguous
enhancements were observed in the bioelectrocatalytic currents recorded in the
presence of saturated O, for the hemin-modified BP electrodes. As shown in Figure
2.8B, the c-BP-Ho and 1-BP-Hg ¢ electrodes displayed onset potentials of ca. 0.53 V
compared to ca. 0.51 V at the unmodified electrodes (Figure 2.8A). The improved
onset potentials and more pronounced ORR slope at hemin modified BP is consistent
with more efficient direct electron transfer and an improved thermodynamic driving
force between the CNTs and the redox site of the enzyme. More specifically, it results
from an improved orientation of the T1 redox center oriented towards the CNT walls

due to the carboxylic groups of the porphyrin and its 7-r conjugated system.**4448

Table 2.4 Electrochemical characterization data for hemin modified c-BP and I-BP electrodes from 0.6,
5, 10 mmol L modifier solutions

Electrode Eyp/V AE,®/mv [ /10®mol cm™

c-BP-Hys  -0.26 755 17402 @)
I-BP-Hps  -0.35 17.3 007+0.03  (4)
c-BP-Hs  -0.31  161.1 10.8+2.0 @)
I-BP-Hs  -0.38 1410 31.8+18.6 6
¢-BP-H, -032 1712 202+2.1 @)
I-BP-H,, -0.38 2148 58.7+209  (5)

[a] obtained at a scan rate of 20 mV s™; [b] calculated using the geometric surface area of BP electrodes (@ = 10 mm).
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The number in brackets corresponds to the number of samples tested

For convenience in the comparison between the two sets of BPs, the performance
was compared based on the catalytic current densities measured at 0.3 V during the
forward scan in quiescent O,-saturated PB solution. For c-BP-H samples, Jc.: were
-506 + 11 pA cm? -296 + 145 pA cm™ and -142 + 71 pA cm?, for electrodes
modified with 0.6, 5 and 10 mmol L™ hemin modifier solutions, respectively. This
result shows that the use of modifier concentrations beyond 0.6 mmol L™, or surface
coverage = 1.7 + 0.2 x 10® mol cm?, does not improve the adsorption and
orientation of BOx at c-BP. In fact, c-BP-H electrodes prepared with 10- to 20-fold
higher surface coverage of hemin had a negative impact on DET bioelectrocatalysis. It
is considered that all immobilized enzymes were well oriented at low modifier
concentration and the further increase of modifier concentration only leads to slower
electron transfer kinetics.

At |-BP-H, the catalytic current densities drastically increased with increasing
modifier concentration from 0.6 mmol L™ to 5 mmol L™ then remained constant after
use of 10 mmol L™ modifier solution. The highest catalytic current density reached
was -1336 + 191 pA cm™ at 0.3 V in O,-saturated PB solution when the surface
coverage of porphyrin groups was 31.8 + 18.6 x 10" mol cm™ (Figure 2.8C). As was
observed for c-BP, the modification of I-BP with hemin groups clearly improved the
electrocatalytic efficiency of the oxygen reduction reaction. The results obtained for
c-BP-H and I-BP-H highlight limitations for the commercial buckypaper (Table 2.5).
Under the best conditions, the catalytic current at c-BP-H was more than two-fold
smaller than that observed at I-BP-H. Furthermore, the use of high surface coverages
of hemin beyond 1.7 + 0.2 x10® mol cm™ enhanced DET bioelectrocatalysis at
lab-made buckypaper whereas detrimental effects on catalysis were observed at
commercial buckypaper. The different physical structures of the BP samples (e.g.
porosity and CNT size) are largely responsible for these results. For example, the BJH
pore volume is significantly higher for I1-BP compared to c-BP (see Table 2.1), and
therefore, 1-BP benefits from significantly more mesopores which can accommodate
higher loadings of BOx. Sugimoto et al. have highlighted the importance of
mesoporous structures for enhancing DET in a recent paper using Ketjen black
electrodes.> The beneficial enzyme penetration effect due to the smaller CNTs of
lab-made buckypaper is also considered to be an important factor after modification
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of the surface with porphyrin molecules.

Table 2.5 Catalytic performance data for unmodified and hemin modified c-BP and I-BP electrodes

Electrode  Eonsel™ /MmV I/ pA cm?

c-BP 506 + 10 23+ 15 3)
I-BP 510 + 10 214+74  (3)
Cc-BP-Hys 526 + 2 50611 (2)
I-BP-Hos 528+ 6 -330+£88  (4)
c-BP-Hs 505 + 7 296 £145  (2)
I-BP-Hs 542 +8 -1336+£191  (3)
¢-BP-Hy 480 +4 4271 (2)
I-BP-Hyo 539+ 6 1313461 (5)

[a] for oxygen reduction reaction under oxygen-saturated conditions with no purging or convection; [b] obtained at 0.3 V

during the forward scan at 1 mV s, Number in brackets represents the number of samples for each configuration.

Another key difference in the electrocatalytic behavior between the lab-made and
commercial buckypaper electrodes is that, at the best performing I-BP-Hs electrode, a
large catalytic reduction peak was observed at 0.3 V which reached a pseudo
“steady-state” at 0.1 V (Ju = -0.420 mA cm™) (Figure 2.8). It is noted that similar
behavior was also observed at I-BP-Hj, electrode (Figure 2.10). This is in sharp
contrast to the “resistive slope” observed at unmodified BP (reflecting random
enzyme orientation, Figure 2.8A) and the well-defined steady state-type
voltammograms observed at c-BP-H electrodes. The catalytic peak behavior was only
observed during the forward scan and is attributed to a mass transport limitation of
dissolved O, through the compact 3D mesoporous architecture of the electrode. On
the reverse scan, no peak is observed as less oxygen is available in the bulk structure.
It is also evident that the slope of the catalytic reduction wave at I-BP-Hs (Figure
2.8C) and I-BP-Hj (Figure 2.10) is significantly steeper compared to the responses
observed at the hemin-modified c-BP electrodes, consistent with a faster rate of
oxygen reduction owing not only to the presence of high coverage of hemin but also
higher loadings of oriented BOx.
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Figure 2.10 Representative cyclic voltammograms for (black) c-BP-Hyq and (red) I-BP-Hy, with
adsorbed BOXx in quiescent (dashes) Ar-saturated and (lines) O,-saturated 0.1 mol L™ PB solution at pH
7.0 (1 mV s, 1st scan displayed)

Experiments performed in the absence of oxygen with the hemin-modified BP
electrodes with immobilized BOXx revealed the possibility to directly observe the T1
Cu redox couple of the enzyme, but only at the I-BP electrode (Figure 2.11). In fact,
the redox couple of the Cu site was only observed for electrodes prepared with high
surface coverage of >1.32 x 10" mol cm™. This direct redox response of the enzyme
was not observed at c-BP electrodes prepared with similarly high surface coverage
and hence the superior electrical connection of the enzyme is attributed specifically to
the unique mesoporous structure and the size of the CNTs present in the I-BP
electrode.
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Figure 2.11 Representative cyclic voltammograms for I-BP-Hs with adsorbed BOXx in quiescent

Ar-saturated 0.1 mol L™ PB at pH 7 (1 mV s*, 2" scan displayed) showing the T1 copper centre at Ep
=0.490 V vs. SCE

Similar to hemin, the surface concentration of enzyme can be extracted for the peak
height of the CV curves. In order to avoid overestimation of this value if residual O,

was present in the solution or in the bulk of the electrode, we only took into account
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the oxidation peak (non-catalytic) of the T1 Cu center. From this peak of the T1 site
(see Figure 2.11), the average surface coverage of enzyme on I-BP-Hs and |-BP-Hy
was estimated to be 2.73 x 10 mol cm™, which is a significantly higher enzyme
loading compared to that previously reported at CNT modified GC electrodes with
immobilized BOx (5.0 x 10"** mol cm®).*

2.4 Conclusion

In this study, the comparison of different grades of buckypaper (commercial and
lab-made) was performed in order to assess their physicochemical and catalytic
behavior. Very different physicochemical properties were reported, and these were
found to greatly influence the bioelectrocatalytic performance. Commercial BP
possesses a higher oxygen content but more ordered and looser structure with
significantly wider diameter nanotubes compared to our lab-made BP.
Electrochemical characterisation experiments revealed complexity for the commercial
BP owing to the presence of electroactive oxygen groups which also promoted
adsorption of positively-charged redox species and suffered from a short potential
window for a carbon electrode. The electrochemical potential window for [-BP was
1.6 V and the redox probe behavior was very classical to quasi-reversible systems
compared to other carbon electrodes. The electroactive surface area data contradicted
the BET surface area measurements. The lower than expected electroactive surface
area at I-BP suggests that the charged redox species did not effectively diffuse into the
denser mesoporous structure of I-BP during the time scale of the experiment.
Additionally, the electroactive surface area of c-BP is likely overestimated due to
adsorption effects via the negatively-charged surface oxygen at pH 7.0.

BP electrodes modified with BOx were studied and the best catalytic performance
at unmodified and hemin-modified electrodes was obtained at I-BP. At unmodified BP,
negligible DET was observed at commercial BP compared to the lab-made
counterpart. This suggests that the negatively charged oxygen groups did not promote
DET catalysis and that the structure of c-BP was less well suited to effective enzyme
adsorption and orientation. At hemin-modified CNT electrodes functionalized with
DET promoting porphyrin groups, enhanced currents were observed. The DET
enhancement at I-BP was superior and gave a current density of -1.32 mA cm? and a
very pronounced slope for the bioelectrocatalytic wave. Furthermore, the T1 Cu
centre was only observed using the I-BP, and only for high surface loadings of
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porphyrin. The data points that highly mesoporous surface but also a high coverage of
hemin are required for effective DET-type bioelectrocatalysis with BOx at I-BP. This
IS in contrast to c-BP which requires comparatively lower hemin coverage to obtain
optimal catalytic current outputs. This appears to be related to the 9-times smaller
BET surface area and likely similar reduction in the enzyme loading. All in all, this
report gives the baseline for electrochemical properties of two prominent types of BP
and demonstrates that several interdependent physico-chemical “features” play a large
role in the efficiency and complexity of bioelectrocatalytic systems.

2.5 Experimental section
2.5.1 Materials and reagents

Potassium phosphate dibasic, potassium phosphate monobasic,
N,N-dimethylformamide (DMF, 99.9%), hexaammineruthenium (IIl) chloride
(Ru(NHz3)s, 98%), hemin (iron-protoporphyrin, >97%), potassium
hexacyanoferrate(l1l) (Fe(CN)s, >99.0%), sulfuric acid (95-97%) were purchased
from Sigma-Aldrich. Ferrocenemethanol (FcMeOH, 97%) was purchased from Acros
Organics. Iron (II) sulfate heptahydrate (>99.0%) was purchased from Prolabo.
Bilirubin oxidase (BOx) from Myrothecium verrucaria (E.C. 1.3.3.5, estimated
activity: 8.36 U mg™)* was purchased from Amano Enzyme. Commercial MWCNT
proprietary blend buckypaper (c-BP) with reference number NTL-12218 was obtained
from NanoTechLabs, Inc. Multi-walled carbon nanotubes (MWCNTS) (@ = 9.5 nm,
purity >95%, 1.5 um length) were obtained from Nanocyl and used for lab-made
buckypaper (I-BP) fabrication. Distilled deionized water (15 MQ) was obtained from
an ELGA PURELAB purification system. Oxygen and argon were purchased from
Air Liquide (France). Potassium phosphate buffer (PB) was prepared from potassium
phosphate dibasic and potassium phosphate monobasic solutions and adjusted to pH
7.0.

2.5.2 Characterization methods

2.5.2.1 Morphology

High resolution images of BP morphology were obtained using a FEI/Quanta FEG
250 scanning electron microscope (SEM, Hillsboro, OR, USA) with an accelerating
voltage of 5 kV. Cross-sectional images of the interlayer structures were snapped after

89



gently breaking the BP samples.
2.5.2.2 Physical

BP thicknesses were measured using vernier calipers. BP electrical conductivity
was measured using a Keithley 2450 SourceMeter with an S-302-4 mounting stand
and SP4 four-point probe head. Average values were obtained from 2 conductivity
measurements taken on 3 independent samples per BP type.

Surface area and pore size were obtained from nitrogen sorption measurements
using a NOVA surface area analyzer (Quantachrome Instruments). BP samples were
first outgassed at 40 °C for 15 h. N, adsorption/desorption isotherms were obtained
at 77 K. Specific surface area and pore sizes were determined from the desorption
branch using the BET and BJH methods, respectively.

Water contact angles were obtained at room temperature after delivering a 5 pL
droplet of water onto the sample surface using a Dataphysics OCA 35 system.
Average values were obtained from at least 5 independent samples.

Surface roughness was investigated by profilometry using a Bruker Contour K 3D
Optical Microscope. Root mean square roughness (rms) was estimated from images
with a size of 126 x 94 pum.

2.5.2.3 Spectroscopy

X-ray photoelectron spectroscopy (XPS) data was obtained using an ESCALAB
250 from Thermo Scientific with a monochromated Al Ka band (1486.6 eV) as the
excitation source. The diameter of the surface spot analyzed was 400 pm. Survey
spectra were recorded from 0 to 1200 eV and referenced to the sp® carbon energy
contribution (C=C) Cl1s at 284.4 eV.

SEM-Energy dispersive x-ray spectrometry (EDS) analysis was performed using a
Zeiss Ultra 55 microscope at 15 KV.

Raman spectra were collected using a WITec alpha300 RA system equipped with a
He/Ne laser (A = 633 nm) and a Zeiss 50x objective. The data was normalized to the
highest peak intensity.

2.5.2.4 Electrochemistry

Electrochemical studies were performed on an Eco Chemie Autolab PGSTAT 100
potentiostat with Nova 2.0 software. The three-electrode system consisted of a BP or

glassy carbon (GCE) electrode as the working electrode, a saturated calomel electrode
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SCE (KClgy) as the reference electrode, and a platinum wire as the auxiliary electrode.
All solutions for voltammetric studies were purged with argon or oxygen gas for 15
min before measurements and a gas flow was maintained on top of the solution during
analysis. All experiments were conducted at room temperature. Cyclic
voltammograms (CVs) for electrochemical characterization of BP were recorded at a
scan rate of 20 mV s™. CVs for enzyme-catalyzed oxygen reduction were recorded
with a relatively slow scan rate of 1 mV s * to phase out most of the capacitive current
contribution. All experiments were performed in a 5 mL volume of 0.1 mol L™ PB
(pH 7.0) solution. Catalytic onset potentials were determined from the foot of the

electrocatalytic wave.
2.5.3 Procedures

2.5.3.1 Preparation of buckypaper electrodes and bioelectrodes

Lab-made BP was fabricated based on a vacuum filtration method developed in our
previous work."> A MWCNT dispersion of 1 mg mL™ was first prepared in DMF with
30 min sonication using a Bandelin sonorex RK100 ultrasonic bath. 58 mL of the
as-prepared suspension was then filtrated using a diaphragm pump (MZ 2C NT model,
Vaccubrand) on a Millipore PTFE filter (JHWP, 0.45 um pore size). The resulting
I-BP was rinsed with water, to facilitate the removal of residual DMF, left under
vacuum for 1 h, then left to dry in air overnight. The volume of the suspension was
calculated to match the mass density of the commercial buckypaper (60 gsm).

For chemical modification, BP was first cut into individual disk electrodes (& = 10
mm). 150 pL of hemin solution in DMF was drop coated onto the smooth side of the
BP electrode and left to dry in air. An electrical wire was subsequently attached to the
back of the electrode then sealed using carbon paste and silicone paste, respectively.

For preparation of bioelectrodes, BOx was immobilized by drop-casting 150 pL of
5 mg mL™BOx in PB solution onto the electrode surface and leaving the enzyme to
adsorb overnight at 4 °C. The electrodes and bioelectrodes were rinsed in PB buffer

prior to electrochemical testing.
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Chapter 3 Use of alginate hydrogel coating to improve
stability of carbon nanotube bioanode for glucose oxidation

Résumé

Dans le chapitre 1, I'étude comparative sur le buckypaper commercial et celui
concu au laboratoire montre que ce dernier est un matériau prometteur pour la
construction de bioélectrodes pour les biopiles a combustible enzymatiques. C'est
pourquoi nous avons choisi de poursuivre la conception de bioélectrodes avec le
buckypaper « fait-maison » comme matériau conducteur dans ce chapitre.
Précédement, un nouveau type de buckypaper incorporant directement des molécules
redox a été développé.! Plus précisément, pour l'anode, le buckypaper a été
fonctionnalisé avec de la 1, 10-phénanthronline-5, 6-quninone (PLQ) en utilisant la
méthode de fonctionnalisation “one-pot”. La PLQ a été utilisée comme médiateur de
la glucose déshydrogénase dépendante a FAD. Cette bioanode a produit le courant
catalytique le plus élevé parmi les bioanodes sur papier carboné jusqu’ici rapporté.
Cependant, dans ce travail, la bioanode présente une faible stabilité par rapport a la
biocathode a transfert direct d'électrons. Dans ce chapitre, I'objectif est d'améliorer la
stabilité de la bioanode par l'utilisation d'un revétement d'hydrogel comme couche
protectrice.

Depuis l'invention du premier stimulateur cardiague implantable, les dispositifs
médicaux implantables (IMDs) ont fait l'objet d'une attention considérable et sont
maintenant devenus une grande famille d'implants comprenant le stimulateur
cardiaque, les neurostimulateurs, I'implant cochléaire, etc.? Pour les IMDs actifs, qui
nécessitent une alimentation électrique pour fonctionner, il est trés important de
pouvoir compter sur une alimentation slre et fiable. Les biopiles a combustible
enzymatiques (EFCs) qui captent I'énergie directement des fluides corporels en
convertissant I'énergie chimique du glucose et de I’oxygéne ont été considérées
comme des candidates prometteuses pour remplacer les piles actuelles utilisées pour
alimenter les IMDs. Des EFCs ont déja été implantées dans différentes organismes
vivants (plantes et animaux).>* Néanmoins, les bioélectrodes enzymatiques dont la
durée de vie est relativement courte restent un défi majeur dans ce domaine pour
envisager leur utilisation dans le domaine médical.

Jusqu'a présent, la plupart des bioélectrodes ont été fabriquées par immobilisation
d'enzymes et de médiateurs sur la surface de I'électrode pour assembler une EFC sans

99



compartiment. La faible durée de vie de la bioanode basée sur le systeme de transfert
d'électrons a médiation peut étre attribuée non seulement a la désorption des enzymes,
a leur désactivation, mais aussi celles des médiateurs. Une stratégie réguliérement
rencontrée pour améliorer la stabilité des électrodes consiste a immobiliser les
médiateurs et les enzymes sur la surface des électrodes par fixation covalente.
Cependant, la modification covalente peut entrainer une baisse de l'activité
enzymatique et, par conséquent, une diminution de la performance.® La plupart des
hydrogels de polymeres déclarés piegent les enzymes par encapsulation et impliquent
souvent une réticulation de ces derniéres avec la matrice du polymére.”® Une autre
approche consiste a concevoir l'interface entre les électrodes modifiées par une
enzyme et le milieu environnant avec un hydrogel polymére comme solution pour
ameliorer la stabilite de bioélectrode.

Reuillard et al. ont électrodéposé une membrane de polypyrrole-polystyréne sur la
bioanode préparée a partir de pastiles MWCNT pour empécher la rupture de
I'électrode.’ Dans ce travail, on a observé une perte de 20% du médiateur, la
naphthoquinone (NQ). L'effet du revétement n'est pas clair car aucun résultat n'a été
montré pour les électrodes non revétues. Xiao et al. ont étudié I'effet de différents
revétements polymeéres déposés sur une bioanode a base d'hydrogel de polymere
redox contenant de la lactate oxydase.'® L'électrode revétue de poly(acrylique acide) a
montré une plage de réponse linéaire accrue pour la détection du lactate et une
stabilit¢ améliorée aprés 12 h de fonctionnement. Récemment, I'utilisation de
polymeres a base de biomatériaux pour améliorer la biocompatibilité de I'interface de
I'électrode a suscité un intérét croissant. L'amélioration de la stabilité des biocathodes
basée sur des enzymes de type transfert direct d'électrons a été rapportée par
revétement avec un hydrogel biocompatible.***2

Ici, l'alginate est exploré comme matériau pour former un revétement d'hydrogel
sur la surface de I'électrode. L'alginate est un copolymeére linéaire de polysaccharide
naturel que I'on trouve dans les algues brunes et qui consiste en g-p-mannuronate (bloc
M) et en - -guluronate (G-bloc) (Figure 3.1)."® En présence de cations divalents (i.e.
calcium ions), l'alginate est capable de former de I'hydrogel dans le modéle «boite a
ceufs» par réticulation ionique.’*** L'hydrogel d'alginate de calcium a déja montré
diverses applications biomédicales (cicatrisation des plaies,™ ingénierie tissulaire,'®
etc.) en raison de ses propriétés toxiques.

Dans ce chapitre, l'utilisation d'un hydrogel d'alginate polymere biocompatible
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comme couche protectrice a été étudiée pour des bioélectrodes modifiées par des
médiateurs ou/et des enzymes. La figure 3.2A représente I'électrode revétue
d'hydrogel dans une configuration couche par couche. Le film dhydrogel a été
caractériseé par voie électrochimique et I'effet du revétement d’hydrogel sur la stabilité
a long terme et opérationnelle des bioélectrodes a été étudié. Les différents paramétres
de fabrication de I'hydrogel ont été étudiés et optimises pour permettre les

bioélectrodes revétues d'hydrogel les plus performantes.
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Chapter 3 Use of alginate hydrogel coating to improve
stability of carbon nanotube bioanode for glucose oxidation

3.1 Abstract

In chapter 2, the comparison study on commercial and lab-made buckypaper shows
that the latter is a promising material for the construction of bioelectrode for
enzymatic biofuel cell. Therefore lab-made buckypaper is chosen as the material in
this chapter. In the previous work, the development of a new type of buckypaper with
embedded redox-molecules has been described.® Specifically, for the anode, the
buckypaper was functionalized with 1, 10-phenanthroline-5, 6-quninone (PLQ) using
the “one-pot” functionalization method. PLQ was used as the mediator for
FAD-dependent glucose dehydrogenase (FAD-GDH). This bioanode produced the
highest catalytic current among the reported paper-based bioanodes. However, in this
work, the bioanode showed poor stability compared to the direct electron transfer-type
biocathode. In this chapter, the aim is to improve the stability of the bioanode by the
use of hydrogel coating as a protective layer.

3.2 Introduction

Implantable medical devices (IMDs) have achieved tremendous attention since the
invention of the first implantable pacemaker, and have now evolved into a large
family of implants including pacemakers, neurostimulators, cochlear implants, etc.?
For active IMDs, which require power supply for device operation, a safe and reliable
power source is of great importance. Enzymatic biofuel cells (EFCs) that harvest
energy directly from body fluids by converting chemical energy in glucose have been
regarded as a promising candidate to replace current batteries used for IMDs.
Implantable EFCs operated in different plants and animals have been described.?*
Nevertheless, the short life time bioelectrodes remains a major challenge in this field.

Most bioelectrodes to date have been fabricated by immobilization of enzymes and
mediators onto electrode surface to assemble a compartment-less biofuel cell. The
poor lifetime of the bioanode based on mediated electron transfer system can be
attributed to not only the leakage and deactivation of enzymes, but the mediators as
well. A common strategy to improve electrode stability is to immobilize mediators
and enzymes onto electrode surface by covalent attachment. However, covalent

modification can lead to lower enzyme activity and hence decreases performance.®
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Most reported polymer hydrogels entrap enzymes through encapsulation and often
involve cross-linking with the polymer matrix.”® An alternative approach is to
engineer the interface between enzyme-modified electrodes and the surrounding
environment with polymeric hydrogel as a solution to improve bioelectrode stability.

Reuillard et al. electrodeposited a polypyrrole-polystyrene membrane on the
bioanode prepared from MWCNT pellet to prevent electrode breaking.® In this work,
20% loss of the mediator, naphthoquinone (NQ) was observed. The effect of coating
is unclear as no results were shown for uncoated electrode. Xiao et al. investigated the
effect of different polymer coating deposited onto a redox polymer hydrogelbioanode
containing lactate oxidase.'® The poly(acrylic acid) coated electrode showed increased
linear response range for lactate detection and improved stability after 12 h operation.
Recently, there are more interests in using biomaterial-based polymer to improve
biocompatibility of the electrode interface. Improvement of biocathode stability based
on direct electron transfer-type enzymes has been reported by coating with
biocompatible hydrogel.**?

Here, alginate is explored as the material to form hydrogel coating on electrode
surface. Alginate is a natural linear polysaccharide copolymers found in brown algae
consisted of g-p-mannuronate (M-block) and .- -guluronate (G-block) (Figure 3.1)."
In the presence of divalent cations (i.e. calcium ions), alginate is able to form
hydrogel in “egg-box” model through ionic cross-linking.**** Calcium alginate
hydrogel has already been used for various biomedical applications (wound healing,*
tissue engineering, ' etc.) due to its non-toxic properties.
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Figure 3.1 Alginate chain conformations.

In this chapter, the use of biocompatible polymer alginate hydrogel as a protective
layer was investigated for bioelectrode modified with mediators and enzymes. Figure
3.2A depicts the hydrogel coated electrode in a layer-by-layer configuration. The
hydrogel film was characterized electrochemically and the effect of hydrogel coating
on the long-term and operational stability of bioelectrodes was investigated. The
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different parameters of the hydrogel fabrication were investigated and optimized to
allow the best performing hydrogel-coated bioelectrodes.

3.3 Results and discussion
3.3.1 Effect of hydrogel coating

3.3.1.1 Electrochemical characterization of the hydrogel-coated electrode

The 1, 10-phenanthronline-5, 6-quinone embedded buckypaper was fabricated
based on previous published work from the laboratory,! followed by immobilization
of FAD-GDH to obtain a glucose oxidizing bioanode (referred to as uncoated
electrode in the following context). The alginate hydrogel is formed through ionic
cross-linking in the presence of calcium ions. In order to form homogeneous hydrogel
on the electrode surface, it is necessary to slow down the gelation process. Insoluble
calcium carbonate (CaCOs) and p-glucono-o-lactone (GDL) are used. The slow
hydrolysis process of GDL can decrease the local pH, which then releases the calcium
ions to cross-link with the alginate.'® The reaction scheme is described below:

D-glucono-8-lactone + H,O = D-gluconic acid + H”

CaCOs + 2H" > Ca** + H,0+ CO, (3.1)
In this work, a mixture of 40 uL consisted of alginate and CaCO3 were deposited onto
the buckypaper electrode surface (@ = 6 mm). When the surface is dry, 40 uL of
gluconolactone solution is drop-casted to allow slow formation of hydrogel.

The electrocatalytic performance of the uncoated and hydrogel-coated bioanode
were evaluated by performing cyclic voltammetry at slow scan rates (1 mV s7)
(Figure 3.2B). In the absence of glucose, a well-defined pair of peaks at E;;, =-0.11 V
(vs. Ag/AgCI, pH 7.0) corresponding to the PLQ reversible redox couple is observed
for the hydrogel-coated electrode, while two overlapping anodic peaks appear for the
uncoated electrode. The difference in the redox systems may indicate the different
microenvironments for the entrapped PLQ in the buckypaper in the presence or
absence of alginate. As expected, based on the overlapping peak signal of the
reduction peak, it can be claimed that the surface coverage for both configurations is
similar. In the presence of 50 mmol L™ glucose, electrocatalytic currents of both
electrodes start to flow at low potential around -0.18 V while the cathodic wave
intensity decrease. This confirms the role of PLQ in mediated bioelectrocatalytic
oxidation of glucose. In terms of catalytic current density (Jca), the uncoated
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bioanodes reach 1490 + 240 pA cm’ at 0.2 V while the hydrogel-coated electrodes
display lower values (750 + 60 nA cm™) due to more severe mass transfer limitation.
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Figure 3.2 (A) Schematic representation of the hydrogel-coated bioanode(yellow layer: enzyme
solution, blue layer: hydrogel coating); (B) representative cyclic voltammograms (CVs) of (black)
uncoated and (blue) hydrogel-coated bianodes in 0.2 mol L™ pH 7.0 HEPES in the (dash) absence and
the (solid) presence of 50 mmol L™ glucose (scan rate: 1 mV s); (C) chronoamperograms (CAs)
recorded at (black) uncoated and (blue) hydrogel-coated bianodes at E.,= 0.2 V vs. Ag/AgCl at
different glucose concentrations in Ar saturated HEPES buffer pH 7.0 at 150 rpm; (D) plots of average
current density obtained from (C) for different glucose concentrations recorded at (black) uncoated and
(blue) hydrogel-coated bianodes.

To further verify the presence of the hydrogel coating, chronoamperometry was
performed to probe the bioelectrocatalytic current at increasing glucose
concentrations. As shown in Figure 3.2C and Figure 3.2D, for the hydrogel-coated
electrode, much longer response time is required to reach steady-state current after
each glucose injection and a lower current density is observed. Estimated apparent
Michaelis constants K, were derived from these experiments, which are 35.2 and 50.8
mmol L™ for the uncoated and hydrogel-coated electrode, respectively. These results
clearly confirm the presence of the hydrogel coating and show the significant effect of
hydrogel diffusion barrier on the substrate diffusion efficiency from the bulk solution

105



to the electrode surface.
3.3.1.2 Storage stability of hydrogel coated electrode

To study the effect of an extra protective layer on the stability of the bioelectrode,
cyclic voltammetry were performed daily in the absence and presence of glucose
solution for electrodes with and without hydrogel coating. When electrodes are not
tested, they are stored in HEPES buffer (with 2.5 mmol L™ Ca®") in the absence of
substrate at 4 °C. CVs obtained on day 0 and day 5 for both electrodes are shown in
Figure 3.3. After 5 days of storage, the uncoated electrode only delivers 190 + 230
nA cm™ of catalytic current density, which accounts for only 15% of its initial value
measured on day 0. The well-defined redox peaks have evolved into several
overlapping undistinguishable peaks, which explain the loss of catalytic activity
(Figure 3.3A). While for the hydrogel-coated electrode, the electrode is still active
with 47% of the amount of PLQ and 45% of the catalytic current density remain on
day 5 compared to the coated one (Figure 3.3B). The storage solution of both
electrodes was also examined with Bradford reagent and enzymes were detected for
both storage solutions, which indicate enzyme leakage from electrode surface to the
solution. Nevertheless, the stability data, as summarized in Table 3.1 demonstrates
that the hydrogel coating layer allows for improved stability by better retention of

mediator on electrode surface and possibly slows down the enzyme leakage process.
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Figure 3.3 CVs recorded on (red) day 0 and (black) day 5 for (A) uncoated and (B) hydrogel-coated
bianodes in 0.2 mol L™ pH 7.0 HEPES in the (dash) absence and the (solid) presence of 50 mmol L™
glucose (scan rate: 1 mV s%).

Table 3.1 Electrochemical and catalytic parameters for uncoated and hydrogel-coated BPp g electrodes
and BPp_ o-GDH electrodes recorded on day 0 and day 5.
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Tpo/ 107 mol

Electrode Day , Relative stability — Je® / pA cm? Relative stability
cm
0 27+£03 100%
BPPLQ / /
5 17405 65% “)
0 44 +0.3 100%
BPp o-gel / / 4
5 3.3+x0.9 74%
0 54+13 100% 1490 + 240 100%
BPpLo-GDH (3)
5 1.0+£0.9 17% 190 £ 230 15%
0 5.0+0.8 100% 750 £ 60 100%
BPp o-GDH-gel (5)
5 23+13 47% 340+ 120 45%

[a] Jeat background subtracted at 0.2V; calculated using the geometric surface area of BP electrodes (@ = 6 mm). The

number in brackets corresponds to the number of samples tested

Effect of hydrogel coating was also evaluated on bare electrodes without enzyme
modification. As shown in Figure 3.4A, a higher PLQ surface coverage was observed
for the hydrogel-coated electrodes. Previous study showed that the PLQ-embedded
buckypaper surface is hydrophobic.' The increased surface coverage may be ascribed
to the hydrophilic nature of the hydrogel, which improves the accessibility of the PLQ
molecule entrapped in the electrode structure. The PLQ stability of bare electrodes
was evaluated for one week. For both uncoated and hydrogel coated electrodes, the
PLQ stability is much superior compared to their enzyme-modified counterparts
(Figure 3.4B). On day 5, 65% and 74% of the amount of the PLQ initially observed
on BPp g and BPp o-gel remained on the electrodes, in contrast to 17% and 47% for
BPpLo-GDH and BPp o-GDH-gel, respectively. This indicates the important impact of
enzymes on the stability of the mediator entrapped in the electrode structure.. On one
hand, the immobilization of protein increased hydrophilicity of the BP matrix and
therefore displayed higher PLQ surface coverage (Figure 3.4C), leading to more PLQ
being washed away by the buffer solution. On the other hand, although the exact
mechanism is unclear, this could result from the progressive disconnection of the PLQ
molecule within the buckypaper matrix in the process of electron shuttling between
enzymes and the electrode. It should be noted that for both bare and enzyme-modified

electrodes, the presence of hydrogel coating improves the stability of the mediator.
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Figure 3.4 (A) CVs recorded on day 0 and for (black) uncoated and (blue) hydrogel-coated BPp g in
0.2 mol L™ pH 7.0 HEPES (scan rate: 1 mV s™); (B) evolution of PLQ surface coverage for (black)
uncoated and (blue) hydrogel-coated BPp g as a function of storage time; (C) overlay of CV scans
recorded on day O in the absence of glucose in HEPES buffer for (black) uncoated BPp o, (blue)
hydrogel-coated BPp g-gel, (green) uncoated bioanode BPp o-FADGDH and (red) hydrogel-coated
bioanode BPp o-FADGDH-gel electrodes.

3.3.2 Optimization of hydrogel fabrication parameters

3.3.2.1 Comparison of hydrogels with different parameters

The different fabrication parameters can give rise to different hydrogel structure,
which can lead to different effects on bioanode stability. For example, pore size of the
hydrogel is an important parameter. The pore size of the hydrogel should be smaller
than the size of the enzyme to prevent leaching from the surface. This is related to the
concentration of the cross-linker, types of cross-linking method (in-situ gelation using
CaCOs or diffusion gelation using CaCls, respectively).!” Another factor to consider is
the mass transfer efficiency. This is directly related to the thickness of the hydrogel
layer, which can be modified by the volume of the drop-casting solution. It is evident
that thicker hydrogel can cause slower substrate diffusion, but may be beneficial for
retaining mediators and enzymes. The stability of the hydrogel itself is also important.
The degradation of the hydrogel coating can happen as Ca®* ions slowly diffuse out of
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the matrix and result in change of the hydrogel structure.

Here, the effect of the thickness of hydrogel was investigated by using different
drop-casting volumes of alginate mixture. Carbon nanotube is also exploited to
improve conductivity and mechanical strength of the hydrogel.

Important remark:

In the following part of experiments, a different type of multi-walled CNT (MWCNT)
with 90% carbon purity instead of MWCNT with 95% carbon purity obtained from
Nanocyl was used to fabricate buckypaper. The supplier changed the production
protocol for making the 95 % MWCNTs. The new formulation of the 95 % carbon
purity MWCNTs samples was not suitable for making BP anymore. Consequently, a
different type of MWCNTSs had to be used to maintain the same fabrication procedures
in this chapter.

For uncoated electrode, smaller PLQ surface coverage and lower catalytic current
were observed for electrode prepared using CNTs with 90% carbon purity compared
to CNT with 95% carbon purity. This may indicate the negative impact of impurities
on the enzyme activity. Previously, impurities including metallic and carbonaceous of
CNTs have been shown to have strong influence on the electrochemical properties.™®
On day 5, the uncoated electrode completely loses activity with negligible PLQ
surface coverage and catalytic current (Figure 3.5A).

0.3 -0.2 -0.1 0.0 0.4 0.2 0.3 0.2 0.1 0.0 0.1 0.2
E/Vvs. Ag/AgCl E/Vvs. Ag/AgCl

Figure 3.5 CVs recorded on (red) day 0 and (black) day 5 for (A) uncoated and (B) CNT incorporated
hydrogel-coated bianodes in 0.2 mol L™ pH 7.0 HEPES in the (dash) absence and the (solid) presence
of 50 mmol L glucose (scan rate: 1 mV s™).

Next, enzyme-modified BPp g electrodes coated with different hydrogels were
prepared by drop-casting 40 uL, 10 pL of alginate mixtures or 10 uL of CNT/alginate
mixture onto electrode surface. The stability of these electrodes was evaluated and the
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stability data obtained from CVs are summarized in Table 3.2. All three types of
hydrogel coating lead to smaller catalytic currents due to diffusion barrier. Among
them, the electrode coated with 10 uL of alginate mixtures presents the highest
catalytic current on day 1, which is expected as diffusion is faster for thinner hydrogel.
After 5 days of storage, for electrodes coated with 40 pL or 10 pL of alginate mixtures,
less than 30% of the initial catalytic currents remain. The low stability may indicate
that the hydrogel is not effective in preventing enzyme leakage from electrode
surface.

The best performing bioelectrode on day 5 is the one coated with 10 uL of
CNT/alginate mixture (Figure 3.5B). CNTs have been widely used to fabricate
CNT/polymer composite electrodes in various research fields due to their excellent
electronic and mechanical properties.**** As shown in Table 3.2, similar PLQ surface
coverage was achieved on day 5 for the three hydrogel-coated electrodes while higher
catalytic current was obtained for the electrode coated with CNT/alginate mixture (67 %
of residual activity). This could be explained by the improved conductivity and
mechanical strength of the hydrogel. More detailed physicochemical studies are
shown in the following section.

Table 3.2 Electrochemical and catalytic parameters for uncoated BPp o-GDH electrodes and
BPpLo-GDH coated with different hydrogel configurations recorded on day 0 and day 5 (MWCNTSs
with 90 % carbon purity are used here).

Tpo/ 107 mol

Electrode®™  Day , Relative stability Jeat™ / pA cm Relative stability
cm
0 30+x1.1 100% 1120 + 250 100%
BPp.o-GDH
5 02402 6% 60 + 90 6% @
0 3.0+£0.9 100% 660 + 180 100%
40uL gel 3
5 1.1+0.6 35% 180 + 90 27%
0 3.9+0.2 100% 940 + 70 100%
10uL gel )
5 1.1+0.2 28% 210 +50 23%
JouL gelwith O 31407 100% 650 + 210 100%
NT ©
c 5 12406 38% 430 170 67%

[a] Electrode fabricated using CNTs with 90% carbon purity; [b] Je:background subtracted at 0.2 V; calculated using the

geometric surface area of BP electrodes (d = 6 mm). The number in brackets corresponds to the number of samples tested
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3.3.2.2 Characterization of the bioelectrode with optimized hydrogel coating

Figure 3.6 shows the optical images for the CNT incorporated hydrogel-coated
electrode in wet and dry conditions. Optical microscopy is chosen as a simple method
to probe the presence of the hydrogel on the electrode surface. A hydrophilic porous

network of hydrogel is formed when fully hydrated.

b‘w g TLORGT o ”'o: ;._. b 'T"

Figure 3.6 Optical images of the CNT incorporated hydrogel-coated bioanode in (left) wet and (right)

dry conditions.
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Figure 3.7 (A) Schematic representation of the CNT incorporated hydrogel-coated bioanode (yellow
layer: enzyme solution, blue layer: CNT/hydrogel coating); (B) representative CVs of (black) uncoated
and (blue) CNT incorporated hydrogel-coated bianodes in 0.2 mol L™ pH 7.0 HEPES in the (dash)
absence and the (solid) presence of 50 mmol L™ glucose (scan rate: 1 mV s™); (C) chronoamperograms
recorded at (black) uncoated and (blue) CNT incorporated hydrogel-coated bianodes at Egzp= 0.2 V vs.
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Ag/AgCI at different glucose concentrations in Ar saturated HEPES buffer pH 7.0 at 150 rpm; (D)
plots of average current density obtained for different glucose concentrations recorded at (black)
uncoated and (blue) CNT incorporated hydrogel-coated bianodes.

The same cyclic voltammetry and chronoamperometry procedures were used to
characterize the catalytic performance of the uncoated and hydrogel-coated bioanode
(Figure 3.7). Longer response time in CAs shows the presence of diffusion barrier. In
terms of catalytic current density, the uncoated bioanodes reached 1120 + 250 pA cm™
at 0.2 V while the hydrogel-coated electrodes delivered 650 + 210 pA cm™ The
similar trend in electrochemical behavior confirms the versatility of this approach to
prepare hydrogel-coated bioelectrodes.

Continuous operation stability of bioelectrodes was investigated by performing
chronoamperometry measurement at 0.2 V for 16 h in glucose solution. The catalytic
current of uncoated electrode decreased to 30% of its initial value in 3 h and
continued to decrease to 10% in the following 13 h (Figure 3.8A) In contrast, the
hydrogel-coated electrode still delivered current density of 490 uA cm™ after 16 h
(~63% of its initial value). The evolution of PLQ surface coverage and catalytic
current before and after 16 h of operation were recorded using cyclic voltammetry
(Figure 3.8B and 3.8C). These results indicate that the presence of a CNT
incorporated hydrogel allows for a better storage and operational stability of
bioelectrode.
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Figure 3.8 (A) CAs recorded at (black) uncoated and (blue) CNT incorporated hydrogel-coated
bianodes at E,,,= 0.2 V vs. Ag/AgCI for 16 h with 50 mmol L™ glucose in Ar saturated HEPES buffer
pH 7.0 at 150 rpm; CVs recorded (red) before and (black) after 16 h continuously operation for (B)
uncoated and (C) CNT incorporated hydrogel-coated bianodes in 0.2 mol L™ pH 7.0 HEPES in the
(dash) absence and the (solid) presence of 50 mmol L™ glucose (scan rate: 1 mV s™).

3.4 Conclusion

In conclusion, this work demonstrates the fabrication of hydrogel-coated electrode
in a layer-by-layer configuration using alginate and assessed the effect on bioanode
stability. Buckypaper electrodes prepared from two different types of CNTs were
constructed and tested. The impurity level in CNTs has an influence on the ability to
form buckypaper and on the electrochemical performance, as higher catalytic currents
were observed for CNTs with higher carbon purity. The effect of the presence of the
hydrogel coating was assessed by adapting different fabrication parameters. First, the
presence of hydrogel layer decreased the catalytic current due to slower mass transfer
efficiency of the substrate within the hydrogel film as revealed by cyclic voltammetry
and choronoamperometry studies. Second, both storage and operational stability were
improved when compared to uncoated electrode. Finally, the best performing
electrode was identified as the one coated with hydrogel prepared from CNT/alginate
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mixture, retaining 67% of its catalytic current after 5 days of storage or 63% after 16
h of continuous operation at 0.2 V. In the future work, instead of commercial alginate
used in work, it can be envisioned to use chemically modified alginate with specific
molecule to provide suitable anchor point (i.e. pyrene) to improve stability of the
hydrogel film on electrode surface.

3.5 Experimental Section
3.5.1 Materials and reagents

N,N-dimethylformamide (DMF, 99.9%), 1,10-phenanthroline-5,6-dione (PLQ,
97%), p-(+)-glucose (=99.5%), sodium chloride (NaCl, 99.8%), calcium carbonate
(CaCO3, 99.0%), calcium chloride dihydrate (CaCl,-:2H,O, 99.9%),
p-glucono-6-lactone (GDL), HEPES, sodium hydroxide (NaOH, pellet) were
purchased from Sigma-Aldrich. Alginic acid sodium salt was obtained from Fluka.
Flavin adenine dinucleotide-dependent glucose dehydrogenase (FAD-GDH, 1150 U
mg™ solid) from Aspergillus sp. was purchased from Sekisui Diagnostics (UK). Two
different types of multi-walled carbon nanotubes MWCNTs (@ = 9.5 nm, 1.5 um
length, 295% purity and @ = 9.5 nm, 1.5 um length, 290% purity) were obtained
from Nanocyl. HEPES buffer used for electrochemical measurements contained 0.2
mol L™* HEPES and 0.1 mol L™ NaCl and was adjusted to pH 7.0 using NaOH pellets.
Ca/HEPES Buffer solution for electrode storage was supplemented with 2.5 mmol L™
CaCl,-2H,0. Deionized (dl) water (18 MQ) was obtained from a Millipore Ultrapure
system and used to prepare solutions.

3.5.2 Preparation of FAD-GDH modified buckypaper bioanodes

The buckypaper bioélectrodes were prepared according to the procedure reported in
our previous work.> In brief, 1 mg mL™ of MWCNT (95% or 90% carbon purity)
suspension was prepared in DMF and sonicated for 30 min. PLQ was dissolved in a
minimum volume of DMF and added to MWCNT suspension to give a 2 mmol L™
final concentration, followed by 30 min of sonication. 66 mL of the homogenous
suspension was then filtrated through a PTFE membrane using a diaphragm pump.
The following rinsing and drying procedures were the same as those described in
chapter 2 (section 2.5.3.1).

For enzyme modification, BP was first cut into individual disk electrodes (@ = 6
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mm). FAD-GDH was immobilized by drop-casting 54 pL of 3 mg mL™ FAD-GDH in
HEPES buffer onto the electrode surface and leaving the enzyme to adsorb overnight
at4 °C.

3.5.3 Preparation of alginate hydrogel-coated bioanodes

Alginate (Alg) mixture was prepared by adding sodium alginate and calcium
carbonate in dl water to give a final concentration of 20 mg mL™ and 80 mmol L™,
respectively. For CNT incorporated hydrogel, MWCNTSs were also added to give a
concentration of 2 mg mL™. The mixture was left to stir overnight to obtain a
homogeneous dispersion.

To prepare hydrogel-coated electrode in “layer-by-layer” configuration, various
volumes (10 and 40 pL) of Alg/CaCOz; mixture were drop-casted onto the
enzyme-modified electrode. The electrode was allowed to dry in air, and then the
same volume of 160 mmol L™ of GDL solution was added to the electrode surface.
The electrode was then left overnight at 4 °C to allow hydrogel formation. Electrical
connection was realized by attaching an electrical wire to the back side using carbon
paste and then sealed with silicone paste.

3.5.4 Optical microscopy

Optical images of the electrodes were taken in wet and dry conditions. The
electrode was hydrated with dl water and left in air until fully dried for the wet
condition and dry condition, respectively. Optical images were obtained using a
Keyence VK-X200 microscope at 10x magnification.

3.5.5 Electrochemical characterization

Electrochemical studies were performed at room temperature on an Eco Chemie
Autolab PGSTAT 100 potentiostat with Nova 2.0 software. The three-electrode system
consisted of a BP electrode as the working electrode, a Ag/AgCIl (KClsy) as the
reference electrode, and a platinum wire as the auxiliary electrode. All potentials in
this chapter are referred to Ag/AgCI unless otherwise stated. Cyclic voltammetry was
performed at a scan rate of 1 mV s™. For the evaluation of the bioanode stability,
cyclic voltammetry was performed periodically. Before electrochemical
measurements, the electrode is incubated in dl water for 1h to fully hydrate the
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electrode and remove loosely bound enzymes. After measurements, electrode was
stored in Ca/HEPES buffer at 4 °C.

PLQ surface coverage was calculated by integration of the cathodic peaks of CVs
recorded in the absence of glucose, according to Equation 2.2. The current density
values at 0.2 V were obtained by subtracting the background current obtained in the
absence of glucose and reported based on the geometric surface area of the electrode.
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Chapter 4 Stretchable and flexible buckypaper-based lactate
biofuel cell for wearable electronics

Résumé

Comme indiqué dans le premier chapitre (section 1.4.2), les biopiles enzymatiques
sont trés prometteuses en tant que source d'alimentation pour les dispositifs
électroniques portables non invasifs dans le domaine médical en raison du niveau
raisonnable de lactate présent dans la sueur. Pour répondre a I'exigence d'un dispositif
portable, la biopile doit étre flexible et étirable afin de résister a la tension causée par
les mouvements du corps. Les biopiles & carburants enzymatiques a base de papier de
carbone sont idéales pour les applications portables. Les propriétés exceptionnelles
des bioélectrodes a base de buckypaper pour I'oxydation du glucose et la réduction de
I'oxygene ont été démontrées dans les chapitres précédents. Dans ce chapitre, la
flexibilité du papier a été utilisée pour fabriquer une biopile a combustible au lactate
extensible et flexible.

Il existe un intérét croissant pour les dispositifs électroniques portables, en
particulier ceux destinés aux applications de contrdle de la condition physique et de la
santé, telles que la surveillance du mouvement,' la détection de signaux
physicochimiques®® et la cicatrisation des plaies.* Le développement rapide de
dispositifs portables nécessite le développement de sources d'énergie pouvant étre
facilement intégrées au corps humain. Malgré les énormes progres récents des
dispositifs portables, la plupart de ces dispositifs sont toujours alimentés par des
batteries rigides et volumineuses qui posent des problémes environnementaux. Les
biocarburants enzymatiques (EFC), qui reposent sur les oxydoréductases pour
convertir bioélectrocatalytiquement les biocarburants présents dans les fluides
corporels humains, ont été considérés comme des candidats prometteurs pour
I’alimentation des appareils électroniques portables de prochaine génération.5’6 Les
substrats ont été largement étudiés en raison de la facilité d'accés au lactate dans la
sueur humaine et de leur intégration facile dans I'électronique portable.”® La
puissance des EFC et leur flexibilité sont deux défis majeurs dans ce domaine, compte
tenu de la concentration limitée de lactate dans la sueur et de la contrainte externe
imposée par les mouvements du corps. Pour surmonter ces problémes, il est essentiel
de développer des matériaux d'électrode capables d'améliorer I'efficacité du transfert
d'électron enzymatique et d'offrir flexibilité et conformité lorsque le dispositif est
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placé a méme la peau.

Les nanotubes de carbone (CNTs) ont été largement utilisés pour fabriquer des
bioélectrodes en raison de leurs propriétés électroniques exceptionnelles, de leur
inertie électrochimique et de leur grande surface spécifique.® Pour fabriquer des
électrodes destinées a des applications pratiques sur des cellules biocarburant, les

812 papiers,’*'* et fibres.”® Les

CNTs sont souvent formés en encres,*’ pastilles,
électrodes CNT sérigraphiées ont été populaires pour les EFCs portables; cependant,
ce type d'électrode nécessite un melange avec un liant élastomere, qui bloque
inévitablement la surface active des CNTs et compromet le courant électrocatalytique
(d'ou les performances de puissance moindres).™'®® Les pastilles CNTSs, utilisées
dans la premiére génération d’électrodes pour EFCs implantables, ont plusieurs
millimetres d'épaisseur et sont donc volumineuses, ont un faible transfert de masse et
ont tendance a étre fragiles.**%

Dans la présente étude, on a choisi du papier-buckypaper (BP) comme matériau
d'électrode. Le BP est un matériau autosupporte et conducteur semblable & du papier,
comprenant un réseau de CNTs enchevétrés.! Plus tot, une biopile lactate/O, avec des
électrodes en BP a été explorée dans les larmes synthétiques.”? Trés récemment, une
bioanode a base buckypaper pour I’oxydation du lactate a été couplée a une
photocathode a également été rapportée.? Toutefois, la densité de puissance des deux
dispositifs était plutdt faible et aucune extensibilité n'a été démontrée. Dans les deux
systemes, des BPs fabriqués a base de nanotubes de carbone a parois multiples
(MWCNTSs) de source commerciale ont été utilisés comme matériau d'électrode.
Inversement, dans ce chapitre, les MWCNTs BP fabriqués en laboratoire ont été
fabriqués a I'aide d'une méthode de filtration sous vide destinée a étre utilisée comme
matériau d'électrode. Le résultat précédent décrit au chapitre 2 montre que le BP
fabriqué en laboratoire est supérieur au BP commercial en tant que matrice
d'immobilisation de la bilirubine oxydase (BOx), qui montre un courant catalytique
plus élevé pour la réaction de réduction d'oxygéene (ORR). Une nouvelle classe de BP
flexibles fabriqués en laboratoire a été développée dans notre groupe sur la base de la
réticulation des CNTs avec des polymeres linéaires de polynorbornene comprenant
des groupes pyrenes. Le BP polynorbornene-pyréne est une excellente matrice pour le
médiateur redox et I'immobilisation enzymatique.’*?*? Cependant, le manque
d'extensibilité intrinséque a entravé I'application des BP dans les EFC cutanées.

Dans ce chapitre, une EFC offrant de bonnes performance, possédant des propriétés
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extensible, flexible et portable est présentée. Grace a une combinaison unique
d'électrodes de BP hautement conductrices et catalytiques et d'un support d’électrode
a structure extensible, il a été possible de récupérer I'énergie directement de la
transpiration d’un individu. Pour répondre a I'exigence des dispositifs portables de
supporter des mouvements rigoureux et des déformations pendant I'exercice physique,
une extensibilité "2 degrés" (c'est-a-dire une extensibilité structurelle et une
extensibilité intrinseque du matériau) a été réalisée en combinant une formule d'encre
extensible avec une architecture "island-bridge".** Les électrodes de I'appareil ont été
séparées en "flots" solidaires du substrat et en "ponts™ d'interconnexion en forme de
serpentin, souples et extensibles, qui peuvent se dérouler sous contrainte.!"?
Lorsqu'une contrainte externe est appliquée, la contrainte est répartie sur les "ponts"
flexibles autour des "flots" durs non extensibles, maintenant ainsi une résistance
électrique stable. C'est pourquoi nous avons opté pour une interconnexion
autoportante a boucles, adoptée dans le cadre de nos travaux précédents, afin

d'accroitre encore davantage sa souplesse et sa conductivité.?®
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Chapter 4 Stretchable and flexible buckypaper-based lactate
biofuel cell for wearable electronics

This chapter is based on the following manuscript-

Xiaohong Chen, Lu Yin, Jian Lv, Andrew J. Gross, Minh Le, Nathaniel Georg
Gutierrez, Yang Li, Itthipon Jeerapan, Fabien Giroud, Anastasiia Berezovska, Rachel
K. O’Reilly, Sheng Xu, Serge Cosnier, Joseph Wang

Adv. Funct. Mater. 2019, 1905785
4.1 Abstract

As discussed in the first chapter (section 1.4.2), enzymatic biofuel cell is a
promising candidate as power source for wearable electronic devices due to the
reasonable level of lactate present in sweat. To meet the requirement of wearable
device, the biofuel cell needs to be flexible and stretchable in order to withstand the
strain caused by body movement. Enzymatic biofuel cells based on buckypaper are
ideal for wearable applications. The exceptional properties of buckypaper based
bioelectrodes for glucose oxidation and oxygen reduction have been demonstrated in
previous chapters. In this chapter, the flexibility of buckypaper was exploited to
fabricate a stretchable and flexible lactate biofuel cell.

4.2 Introduction

There is a continuously growing interest for wearable electronic devices,
particularly, devices for fitness and health monitoring applications such as motion

23 and wound healing.* The rapid

monitoring,® physicochemical signal sensing,
development of wearable devices demands the development of efficient reliable and
conformal power sources that can be easily integrated onto the human body. Despite
the tremendous recent progress of wearable devices, most of these devices are still
powered by rigid and bulky batteries which pose environmental concerns. Enzymatic
biofuel cells (EFCs), which rely on oxidoreductases to bioelectrocatalytically convert
biofuels present in human body fluids, have been considered as promising candidates
for powering next generation wearable electronic devices.>® Specifically, epidermal
skin-worn EFCs that use lactate as the substrate have been widely studied given the
easy access to lactate in human sweat and their facile integration with wearable

electronics.”® The power output of EFCs and their flexibility are two major
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challenges in this field considering the limited concentration of lactate in sweat and
the external strain imposed from body movements. To overcome these issues, it is
essential to develop electrode materials that can enhance enzyme electron transfer
efficiency and provide flexibility and conformity when the device is mounted on the
skin.

Carbon nanotubes (CNTs) have been widely used to construct bioelectrodes given
their exceptional electronic properties, electrochemical inertness and high surface
area.’® To construct electrodes for practical biofuel cell applications, CNTs are often

8,12 131 and fibers." Screen-printed CNT electrodes

shaped into inks,™ pellets,®*? papers,
have been popular for wearable biofuel cells; however, this type of electrode requires
mixing with an elastomeric binder, which inevitably blocks the active surface of
CNTs and compromises electrocatalytic current (hence power performance).'!'¢'®
CNT pellets, used in the first generation of implantable biofuel cells, are several
millimeters thick and are therefore bulky, have slow mass transfer efficiency, and tend
to be fragile.'”*

In the present study, buckypaper (BP) was chosen as the electrode material. BP is a
self-supported and conductive paper-like material comprising a network of entangled
CNTs.?* Previously, a buckypaper-based lactate/O, EFC was explored in synthetic
tears.”> Very recently, a buckypaper-based lactate bioanode coupled with a
photocathode was also reported.”® However, the power density of both devices was
rather low and no stretchability was demonstrated. In both systems, multi-walled
carbon nanotubes (MWCNTs) BP from a commercial source were utilized as the
electrode material. In contrast, in this chapter, lab-made MWCNTs BP using a
vacuum filtration method was fabricated for use as the electrode material. The
previous result described in chapter 2 shows that lab-made MWCNTSs BP is superior
to commercial MWCNTSs BP as an immobilization matrix for bilirubin oxidase (BOXx),
which shows a higher catalytic current for the oxygen reduction reaction (ORR). A
new class of lab-made flexible BPs has been developed in our group based on the
cross-linking of CNTs with polynorbornene linear polymers comprising pyrene
groups. The polynorbornene-pyrene BP is an excellent matrix for redox mediator and
enzyme immobilization.****?® However, the lack of intrinsic stretchability has
impeded the application of BPs in epidermal EFCs.

In this chapter, a high power, stretchable, flexible and wearable EFC is presented.
Through a unique combination of highly conductive and catalytic BP electrodes with
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a structurally stretchable substrate, it is possible to harvest energy directly from
perspiration. To meet the requirement of wearable devices to endure rigorous
movements and deformation during human exercise, a “2-degree” stretchability (i.e.
structural stretchability and material intrinsic stretchability) was realized by
combining a stretchable ink formula with an “island-bridge” architecture.’* The
electrodes of the device were separated into “islands”, which are firmly bonded to the
substrate, along with serpentine-shaped interconnecting “bridges”, which are soft and
stretchable and can unwind under stress.”"*® When external strain is applied, the stress
is distributed to the flexible “bridges” around the hard non-stretchable “islands”,
therefore maintaining electrical resistance stability. Herein, a free-standing,
buckling-enabled interconnect design, adopted from our previous work, was chosen to
further enhance its flexibility and conductivity.?

4.3 Results and discussion
4.3.1 Design of the EFC

As illustrated in Figure 4.1, the stretchable and flexible wearable EFCs are
fabricated by integrating buckypaper-based electrodes and stretchable current
collectors. The stretchable substrate is fabricated via a high-throughput and low-cost
screen-printing method. The carbon-based electrode “islands” are interconnected by
high-conductivity silver composite “bridges” in a serpentine shape. A “skeleton” layer
composed of polystyrene (PS) and styrene ethylene butylene styrene (SEBS) is added
below the carbon islands to enhance their mechanical stability, and a water-soluble
sacrificial layer is added below the serpentine interconnects to allow their separation
from the substrate. A flexible polymer is printed on both sides of the silver
interconnects to avoid the direct contact of silver and the electrolyte. The printed
sacrificial layer is dissolved in water to enable buckling of the serpentine structures
during deformation. To complete the assembly of the skin patch illustrated in Figure
4.1A, pre-cut anodic and cathodic BP electrodes were thereafter attached to the
carbon islands. A thin sheet of phosphate buffer solution-polyvinyl alcohol (PB-PVA)
hydrogel was added as electrolyte and a sweat reservoir was applied onto the
electrodes. The fabrication process is illustrated in detail in Figure 4.2.

The printed patch can be attached to the human epidermis in a wide range of
locations where perspiration is usually observed (e.g. arm, neck, chest, back) while
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maintaining high conformity (Figure 4.1). The system has been designed to endure
mechanical strains caused by bodily movements. Endowed by the advantageous
“island-bridge” structure, the EFC patch is highly flexible and stretchable (Figure
4.1B) and can endure severe bending (Figure 4.1C). The serpentine structures
accommodate most of the stress. The patch is activated once perspiration takes place a
few minutes after exercise, when the lactate (originating from the sweat) is absorbed
into the hydrogel electrolyte and permeates to the bioelectrodes. The reaction
mechanism is illustrated in Figure 4.1D. The bioanodes consist of a
pyrene-polynorbornene functionalized BP with immobilized lactate oxidase (LOXx)
from microorganisms and 1,4-naphthoquinone (1,4-NQ) as the electron transfer
mediator for mediated bioelectrocatalytic oxidation of lactate into pyruvate. The
biocathodes consist of BPs with immobilized bilirubin oxidase (BOx) from
Myrothecium sp. to catalyze the reduction of oxygen. For the cathode, BP is modified
with protoporphyrin IX (PPIX) molecules which can orientate the enzyme
preferentially through “lock-key” interaction between the substrate pocket near the T1
center of BOx and PPIX to facilitate direct electron transfer with the CNTs.**%’ The
current and voltage generated from the anodic and cathodic reactions can thereafter be
exploited to power various electronics in a biofuel cell configuration.

H,0

Figure 4.1 (A) Photograph of the stretchable EFC device on a human arm, (zoom) schematic
illustration of the skin-mountable wearable EFC device; (B, C) Photographs of the EFC under
stretching and bending, respectively; (D) Schematics of the redox energy generation from sweat lactate
oxidation at the anode and O, reduction at the cathode by EFC.
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Figure 4.2 Schematic illustration of (A) the screen-printing process; (B) designed patterns for different
screen-printing layer; (C) Zoom of the interconnect “bridge” and electrode “island” structure (red
squares in (B)).
4.3.2 Performance of the EFC

The morphology of BP functionalized with the pyrene-polynorbornene
homopolymer was characterized using scanning electrode microscopy (SEM) and
revealed a homogenous mesoporous structure of entangled CNT bundles (Figure
4.3A). The electrochemical performance of the biocathodes and bioanodes were
evaluated individually using a three-electrode set-up with a platinum counter
electrode and an Ag/AgCI (3M KCI) reference electrode. Figure 4.3B shows overlaid
linear sweep voltammograms (LSVs) recorded for the bioanode in the presence of 0
and 15 mmol L lactate in 0.5 mol L™ phosphate buffered solution (PB, pH 7.4),
respectively. In the absence of lactate, the faradaic current corresponds to oxidation of
the 1.4-naphthohydroquinone. Upon addition of lactate, the mediated
bioelectrocatalytic current of lactate oxidation starts to flow and results in a current
density of 1.3 mA cm™ at 0.2 V. The current did not further improve when lactate
concentration was increased to 20 mmol L™ (data not shown), which indicates that the
catalytic current is limited by the amount of enzymes immobilized on electrode
surface. Figure 4.3C shows LSVs for the biocathode tested in buffer with
air-saturated O,. The oxygen reduction current starts to increase dramatically at a
potential close to 0.5 V, reaching a maximum current density of -1.5 mA cm?2 at 0 V.
The presence of lactate did not affect the performance of the BOXx bioelectrode as the
onset potential for ORR and the limiting current were unchanged. The high onset
potential and steep oxygen reduction reaction slope indicate a more efficient direct
electron transfer between the T1 center of BOx and the CNTs. The excellent
performance is in agreement with other reported protoporphyrin-modified

biocathodes.**?’
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The power performance of the EFC was investigated using a unit cell device
comprising a single biocathode and a single bioanode, as depicted in Figure 4.1D. As
low oxygen concentration can limit the power of the EFC, the area of the biocathode
was designed to be two times larger than the bioanode to ensure that the EFC
performance was not limited by the cathode. LSVs were recorded from the open
circuit voltage (OCV) to 0.01 V (near short circuit) in different lactate concentrations.
The power-voltage curves are shown in Figure 4.3D. Both the OCV and peak power
density increased with increasing lactate concentrations, reaching saturation at 10
mmol L lactate with a OCV value of 0.74 V. A maximum power density of 0.5 mW
cm? was recorded at 0.55 V in 10 mmol L* lactate. However, for subsequent
characterization experiments, 15 mmol L™ lactate was used to match the average
lactate concentration in sweat.”® Although the power density herein is lower than the
maximum value of ca 1.2 mW cm™ reported in the literature, where a battery type
silver oxide cathode was used.® This work presents the use of a fully enzymatic fuel
cell with an enzymatic biocathode for oxygen reduction. The power performance was
compared with other reported work in the literatures and is summarized in Table 4.1.
The power performance stability of the EFC was investigated periodically by
performing linear sweep voltammetry in 15 mmol L™ lactate over an extended period
of 48 hours (Figure 4.3E). As shown in Figure 4.3F, the power density at 0.55 V
decreases only by 16 % after 48 hours. Controlled experiments were conducted on
EFCs fabricated by immobilizing enzymes on screen-printed current collectors and
CNT ink® electrodes, respectively. The power performance of the controlled groups
compared to the BP-based EFC was shown in Figure 4.4. For these two alternative
systems, the power performance in 15 mmol L™ lactate are negligible compared to the
BP-based EFC, highlighting that the excellent performance of EFC originates from
the BPs used in this work.

Table 4.1 Performance of wearable lactate-based EFCs reported in the literatures

Power

Electrode

Year Anode Cathode OoCcVv/V density/ ) Reference

2 Material

MW cm

2014 LOx Pt 0.7 100 CNT ink Jiaetal.”
2015 NADLDH BOXx 0.41 8 Buckypaper Reid et al.”
2017 LOx Ag,0 0.5 1000 CNT pellet Bandodkar et al.®
2019 LOx BOx 0.55 20 Toray carbon  Escalone-Villalpando
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Figure 4.3 (A) SEM image of buckypaper functionalized with pyrene-polynorbornene. (B) LSV of the
BP bioanode in the presence of (black) 0 mmol L™ and (red) 15 mmol L™ lactate in 0.5 mol L™ PB
(pH 7.4) at 5 mV s™. (C) LSV of the BP biocathode in air-equilibrated buffer with (black) 0 mmol L™
and (red) 15 mmol L™ lactate at 5 mV s™. (D) The power density versus voltage plots for the
stretchable lactate EFC under different lactate concentrations (0, 5, 10 and 15 mmol L™) in 0.5 M PB
(pH 7.4). (E) Plots showing the stability of the stretchable EFC in the presence of 15 mmol L™ lactate
at different times up to 48 hours. (F) The calculated relative change of power density at 0.55 V over 48
hours, based on the data in (E).
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Figure 4.4 Plots of power density versus voltage of (green) stretchable buckypaper EFC and
(left)(blue) screen-printed EFC based on current collector modified with enzymes and (right)(blue)
screen-printed EFC based on CNT ink (formula from reported literature) modified with enzymes.
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4.3.3 Self-charging behavior of the EFC

The ability of the EFC to function also as a self-powered supercapacitor was
investigated. Figure 4.5A shows cyclic voltammograms (CVs) recorded for the EFC
in the presence of 0 mmol L™ and 15 mmol L™ lactate in PB solution. In the absence
of lactate, a quasi-symmetric rectangular shape of the CV curves indicates highly
capacitive behavior, which is expected for high surface area nanostructured carbon
electrodes.*®* Upon addition of 15 mmol L™ lactate, the capacitive current increased,
which can be explained by the additional electronic charge loading on the CNT matrix
via the enzymatic oxidation of lactate. The capacitance of the device was further
investigated by performing galvanostatic charge-discharge (GCD) at different
constant current densities between 0 V and 0.8 V. This technique is a more accurate
method to probe the device capability to function as real-world capacitors. GCD
curves and the calculated areal capacitance at different current densities are shown in
Figure 4.6. A high capacitance of 40 mF cm™ was observed at 0.1 mA cm, which is
comparable to other reported self-charging biosupercapacitors.®** It should be noted
that no extra modification of the bioelectrodes was needed, such as manganese oxide

to obtain this capacitive performance.
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Figure 4.5 (A) CV of EFC in the presence of (black) 0 mmol L™ and (red) 15 mmol L™ lactate in 0.5
mol L™ PB (pH 7.4) at 50 mV s™. (B) Overlay of potential profiles obtained from EFC discharge at 2, 5,
10, 15, 20 and 25 mA cm™ over 10 ms. (C) Plot of the calculated pulse power density as a function of
the discharge current density. (D) Potential profile of the EFC during a discharge at 5 mA cm™ at 33 Hz

frequency.
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Current pulse chronopotentiometry was performed to evaluate the EFC power
performance in pulse operation mode. Figure 4.5B shows the overlay of potential
profiles of the EFC discharged from 2 to 25 mA cm™ over a 10 ms pulse period. The
potential profile at all discharge current densities showed the same feature, with an
initial IR drop followed by a capacitive discharge and then the self-recharge back to
its original voltage after the pulse. The calculated pulse power delivered by the EFC is
shown in Figure 4.5C, reaching a maximum power of 6.5 mW cm™ at 20 mA cm™.
This value is around 13 times higher than the power delivered in convention mode
when the current is continuously driven from the fuel cell. The EFC also shows good
stability at high frequency discharge. As shown in Figure 4.5D, the EFC is discharged
at 5 mA cm™ at 33 Hz frequency (10 ms discharge and 20 ms rest) for 1 second and
the OCV only decreases slightly. Although high frequency discharge of EFC is an
interesting perspective, more experiments are needed to fully evaluate the device
stability for long period of use at high frequency. Discharge current and
discharge/resting period for each pulse should also be adjusted to allow high pulse
power output and substrate diffusion back to BP.
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Figure 4.6 (A) GCD curves of the EFC at different charge-discharge current density (0.1, 0.2, 0.5, 1.0
mA cm™). (B) The calculated corresponding areal capacitance.

4.3.4 Mechanical resilience of the EFC

To highlight the resiliency of the BP-based “island-bridge” EFC, careful
examination of its performance was carried out under severe mechanical distortions
(Figure 4.7). The elastic and highly conductive silver composite ink is chosen as the
“bridges” to minimize the power loss due to high interconnection resistance, and the
serpentine structure is implemented to avoid increased strain-induced resistance
during deformation by enabling buckling.®*?*** The mechanical stability of the
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buckypaper EFC was evaluated using a stepping-motor controlled biaxial stretching
stage. The printed EFC was stretched repeatedly to 120% of its original size in both x
and y directions (Figure 4.7B). The ohmic resistance of the circuit between the silver
contact on the end of the patch and the central printed carbon electrode was measured
during a 100-cycle stretching test, as shown in Figure 4.7C. The resistance of the
circuit varies less than 1 Q in each stretching cycle (Figure 4.7C inset), with no trend
of increasing resistance after all of the stretching cycles. The mechanical stability was
further validated by monitoring the discharge current of the EFC under a constant
load. One pair of electrodes was covered in PB-PVA gel electrolyte with 15 mmol L™
lactate and connected to a 33 kQ resistor, as shown in Figure 4.7A. The discharge
current exhibited no significant change during 20 cycles of stretching, which further
validates the mechanical stability of the patch as a practical wearable
energy-harvesting device. The durability of the generated power performance was
examined in connection to numerous stretching cycles. LSV scan was performed
every 20 cycles of 20% biaxial stretching. The power density remained highly stable
after 100 cycles of stretching (Figure 4.7E and 4.7F).
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Figure 4.7 Mechanical resilience studies: Image of the wearable EFC (A) before and (B) after 20%
stretching. (C) Resistance profile obtained during 20% stretching, (inset) zoom of resistance
fluctuations. (D) Current density output profile of the EFC under a 33 kQ load in PVA gel immersed in
15 mmol L™ lactate, (inset) zoom of current density fluctuations. (E) Plots of EFC power density
versus voltage under 20% stretching for 0, 20, 40, 60, 80 and 100 cycles in 15 mmol L™ lactate. (F)
The calculated relative change of power density at 0.55 V over 100 stretching cycles.

4.3.5 On-body power generation

The real-time power output of the wearable buckypaper EFC was tested by
monitoring the current of the circuit (with 510 Q load) when the volunteer was doing
constant stationary cycling exercise. The power change of the EFC during the whole
process is shown is Figure 4.8A. The power is very low before the volunteer started
to sweat due to the absence of the fuel. After 10 minutes of exercise, perspiration is
formed and visually observed on the subject, which is corroborated by a rapid
increase in the power density of the EFC indicating lactate molecules from the sweat
was transferred to the interface of the LOx bioanode. The highest power density
obtained is around 450 pW after 30 minutes of perspiration, which is an output that is
sufficient to power various wearable devices considering their low power
requirements.®* When the volunteer stopped cycling, a constant drop of power is
observed, probably caused by the insufficient supply of lactate and oxygen dissolved
in the sweat.™® It has to be mentioned that the fuel cell was still able to deliver energy
in absence of exercise as the power was near 100 pW after 15 minutes without new
supply of substrate. The capability of the flexible buckypaper EFC to serve as the
power source for wearable electronic devices was demonstrated by powering a LED
during stationary cycling exercise. The voltage of the EFC was boosted using a
flexible DC-DC converter, as shown in Figure 4.8C, Figure 4.10 and Video S1 and
S2 (see supporting information of DOI: 10.1002/adfm.201905785). Figure 4.8B
illustrates the circuit connection of the patch, the voltage booster, the LED and a
switch which was used to control the “on” and “off” function of the LED. When
connected with the sweat-based EFC, the LED lit up (Figure 4.8E) and its voltage
can reach over 1.4 V both in pulse mode and continuous discharging modes (Figure
4.9), illustrating the feasibility of the voltage boosted buckypaper EFCs to supply

energy for wearable electronics.
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Figure 4.8 (A) Power output profile under 510 Q load during an on-body experiment. (B) The circuit
schematics for using the flexible and stretchable epidermal EFC patch to power an LED via a flexible
DC-DC convertor. (C) Image of on-body experiment set up with a EFC mounted on the arm of the
volunteer. (D) and (E) Imagesof the LED switched on and off, respectively.
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Figure 4.9 (A) and (B) Voltage output profile under 0.2s pulsed discharge and continuous discharge

during exercise, respectively.

135



BFC <; B )
] e BQ25504
<1 Roc2 2 vor_sae

o
S
<
£
3
z
(=]
1=

Figure 4.10 (A) The circuit diagram and (B) the photo of the prepared flexible voltage boosting circuit.
4.4 Conclusion

In conclusion, a stretchable and wearable enzymatic EFC that harvests energy from
sweat has been created through the combination of a screen-printed current collector
substrate and flexible enzyme-modified polynorbornene-based BPs. During in vitro
experiments, the assembled EFC had a high OCV of 0.74 V and a maximum power
density of 520 pW cm™. The stretchability of the device was realized through the
coupling of “island-bridge” architecture and strain-enduring inks. The device was able
to remain its performance stability under multiple stretching cycles. After coupling
with a voltage booster, the BP-based EFC was able to power a commercial LED both
in pulse mode and in continuous mode. We have demonstrated the promising potential
of using BP as high-performance carbon electrode material for epidermal EFC with a
stretchable supporting substrate. Such stretchable skin-worn devices are expected to
contribute to the development of epidermal energy harvesting systems and wearable

136



electronics, in general. The reported BFC device still relies on exercises for sweat
generation, which limits its usages for athletic purposes. The lactate (fuel) sweat
concentration, and the hence the generated power, may depend on the specific
individual and its activity. Challenges, such as the availability of biofuels or oxygen,
can be addressed via different strategies such as the use of sweat-inducing chemicals
or replacing the cathode with an air-breathing electrode. Future studies will aim at
improving the biocompatibility, the catalytic performance of each individual
bioelectrode, and further electronics integration along with extensive on-body
operations.

4.5 Experimental section
4.5.1 Materials and reagents

1,4-naphthoquinone (1,4-NQ), protoporphyrin IX (PPIX, >95%), bovine serum
albumin (BSA), glutaraldehyde, chitosan, toluene, L(+)-lactic acid, potassium
phosphate dibasic (K;HPO,), potassium phosphate monobasic (KH,PO,), polyvinyl
alcohol (PVA, MW 146 000-186 000 and MW 89 000-98 000), potassium hydroxide
(KOH), ethanol, acetone, acetic acid, N,N-dimethylformamide (DMF, 99.9%) and Ag
flakes (10 pwm) were purchased from Sigma-Aldrich. Tetrahydrofuran (THF) was
purchased from EMD Millipore. Hydroxyl-functionalized multi-walled carbon
nanotubes (MWCNT-OHs, @ = 10-20 nm, 10-30 pm length, >95% purity) were
purchased from Cheap Tubes Inc. Commercial grade multi-walled carbon nanotubes
(MWCNTs, @ = 9.5 nm, 1.5 um length, >90% purity) for buckypaper fabrication were
purchased from Nanocyl. L-Lactate oxidase (LOx) from Microorganism was
purchased from Toyobo. Bilirubin oxidase (BOx) from Myrothecium sp. was a gift
from Amano Enzyme. Polyurethane (PU, Tecoflex SG-80A) was purchased from
Lubrizol LifeSciences. Polystyene (PS) was obtained from polystyrene foam
packaging material. Styrene Ethylene Butylene Styrene copolymer (SEBS) was
purchased from Kraton. Ecoflex® 00-30 (Smooth-On, Inc. PA.) was prepared by
mixing equal volumes of pre-polymers A and B, provided by the supplier. Perme-roll®
Lite (L34R10) was purchased from Nitto Denko. Carbon paste (C2030519P4) was
purchased from Gwent Group. 0.5 mol L™ pH 7.4 Potassium phosphate buffer
solution (PB) was prepared from potassium phosphate dibasic and potassium
phosphate monobasic. Ultra-pure deionized water (DI, 18.2 MQ) was used for all of
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the aqueous solutions.
4.5.2 Formulations

4.5.2.1 Formulation of the interlayer PU ink

A PU interlayer was used to enhance the adhesion between the EFC and the
substrate. A 12% PU ink was prepared by dissolving the Tecoflex PU beads in THF
and mixed using a vortex machine overnight at room temperature.

4.5.2.2 Formulation of the PS-SEBS backbone polymer ink

3.6 g of polystyrene from packing foam and 0.4 g of SEBS beads were dissolved in
10 mL toluene. The mixture was then mixed using a vortex machine overnight at
room temperature.

4.5.2.3 Formulation of the PVA sacrificial ink.

A water-soluble sacrificial layer ink was prepared by dissolving 1 g of PVA (MW
146 000-186 000) in 5 g of DI water in an 80 °C water bath.

4.5.2.4 Synthesis of the PB-PVA hydrogel

A 20 wt% PVA (MW 89 000-98 000) solution is prepared by dissolving the PVA in
water in an 80 °C water bath. A 10 wt% KOH aqueous solution is also prepared and
added to the PVA solution at 1:1 ratio by weight to form the hydrogel precursor. The
hydrogel precursor is left in desiccator under vacuum for 1 day until cross-linked, and
then taken out to then be washed in DI water to remove excess KOH. The washed
hydrogel is soaked in 0.5 mol L™ (pH 7.4) PB for later use.

4.5.2.5 Formulation of the SEBS insulation ink and Ag-SEBS conductive ink.

The SEBS insulation ink was prepared by dissolving the SEBS beads in toluene
(0.6 g mL™). The stretchable conductive ink was prepared by mixing the silver flakes
with the SEBS resin. A 0.4 g mL™ of SEBS was prepared by dissolving the SEBS
beads in toluene, then the silver flakes was mixed with the SEBS resin with the
weight ratio of 2:1 ratio in a dual asymmetric centrifugal mixer (Flacktek Speedmixer,
DAC 150.1 KV-K, FlackTek, SC, USA) under a speed of 1800 rpm for 5 min. To
enhance the mixing of the ink, Zirconia (YSZ) beads (3 mm, Inframat Advanced
Materials, CT, USA) were also added.
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4.5.3 Procedures

4.5.3.1 “Island-bridge” electrode fabrication

A thin layer of Ecoflex was printed on the adhesive side of a Perme-Roll® Lite film
and cured at 65 °C for 10 min to form the low elastic modulus substrate. Each layer
depicted in Figure 4.2 was screen printed on the non-adhesive side of the elastic
substrate using an MPM-SPM semi-automatic screen printer (Speedline Technologies,
Franklin, MA, USA). A 100 um-thick stainless-steel printing stencil was designed in
AutoCAD (Autodesk, USA) and laser-cut (Metal Etch Services, San Marcos, CA,
USA). The printing steps are as follow: first, to enhance the adhesion, a PU interlayer
was printed on top of the substrate and cured at 60 ‘C for 15 min. Thereafter, a rigid
“island-like” structure layer was printed using the PS-SEBS ink onto the modified
stretchable film and cured at 65 'C for 15 min. Then, the sacrificial layer was printed
using PVA and cured at 80 ‘C for 10 min. A stretchable insulating serpentine
“bridge-like” structure layer was then printed using the SEBS ink and cured at 65 C
for 15 min. A stretchable conductive serpentine “bridge-like” structure layer was
subsequently printed using the Ag-SEBS ink and cured at 65 ‘C for 15 min. Then
another insulating layer was printed on top of the silver pattern using the SEBS ink
and cured at 65 ‘C for 15 min. Then a rigid conductive “island-like” layer was printed
on top of the PS-SEBS using commercial carbon paste and left to dry at room
temperature and then cured at 60 ‘C for 15 min. Then, a backbone serpentine layer
was printed using the PS-SEBS ink and cured at 65 'C for 15 min. Finally, the
sacrificial layer was removed by dissolving in DI water. Conductive stainless steel
thin conductive threads (Adafruit, New York, USA) were attached to the contact
points of the device using Ag-SEBS inks. The contact points were then insulated
using PS-SEBS ink.

4.5.3.2 Fabrication of the polynorbornene-pyrene buckypaper

The polynorbornene homopolymer with pyrene groups ((Pyso), Mn, SEC = 10.2 kg
mol?, Psec = 1.22) was synthesized as previously reported via ring opening
metathesis polymerization.®*® 66 mg of MWCNTs was dispersed in 66 mL of DMF,
followed by sonication for 30 min. 6.6 mg of the polymer was added to the
suspension. The suspension was then sonicated for a further 30 min. The as-prepared
suspension was filtrated using a diaphragm pump (MZ 2C NT model, Vaccubrand) on
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a Millipore PTFE filter (JHWP, 0.45 um pore size). The resulting BP was rinsed with
water, left under vacuum for 1 h, then left to dry in air overnight.

4.5.3.3 Assembly of the buckypaper biofuel cell

For anode preparation, the BP was first cut into square electrode (3 x 3 mm). 5
uL of 5 mg mL™? MWCNT-OHs dispersed in 0.2 mol L™ 1,4-NQ in 9:1 vol/vol
ethanol/acetone solution was drop-casted onto the cut BP electrode surface. For the
cathode, the BP was cut into rectangular electrodes (3 x 6 mm). 10 uL of 40 mmol L™
PPIX in 9:1 vol/vol ethanol/acetone solution was drop-casted onto the cut BP
electrode surface. The modified BP was then left to dry in air. Carbon paste was
subsequently used to glue individual BPs onto screen-printed carbon “islands” and
left to dry in an oven at 50 'C for 30 min. Thereafter, the cathodic BP was
functionalized by drop-casting 10 pL of 40 mg mL™ BOx in PB. The anodic BP was
first rinsed with PB to remove loosely bound 1,4-NQ, and then followed by
drop-casting 5 pL of a mixture of 40 mg mL™ LOx and 10 mg mL™ BSA. 3 uL of 1%
glutaraldehyde solution was then drop-casted onto the surface followed by
drop-casting 3 uL of 1 wt % chitosan in 0.1 mol L™ acetic acid. The EFC device was
then left to dry overnight at 4 C.

4.5.3.4 Fabrication of the DC voltage booster circuit

A layer of poly(methyl methacrylate) (PMMA) (495K, A6) was coated onto a glass
slide at a speed of 1500 rpm for 20 s, then cured by baking for 150 °C on a hotplate
for 1 min. Afterwards, an Ecoflex (Smooth-On, 1:1) layer of 100-um thickness was
coated on top of the PMMA and cured at room temperature for two hours. On a
separate glass slide, a layer of polydimethylsiloxane (PDMS, Sylgard 184 silicone
elastomer, 20:1) was coated at 3000 rpm for 30 s, followed by curing in an oven at
150 °C for 30 min. A Cu sheet (20-um-thick, Oak-Mitsui Inc.) was coated with PI
(from poly(pyromellitic dianhydride-co-4,40-oxydianiline) amic acid solution, P12545
precursor; HD MicroSystems) at 4000 rpm for 60 s, soft baked on a hotplate at 110 °C
for 3 min, 150 °C for 1 min and finally cured in a nitrogen oven at 300 °C for 1 h.
This Cu sheet was transferred on top of the PDMS/glass substrate. The interconnect
layout, designed in AutoCAD, is patterned onto the Cu sheet via laser ablation. A laser
(wavelength 1064 nm, pulse energy 0.42 mJ, pulse width 1 ps, frequency 35 KHz and
mark speed 500 mm s ') ablated the Cu sheet into the designed pattern, and residual
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Cu material was removed. The Cu pattern was picked off from the substrate with
water soluble tape (3M Inc.) and transferred onto the prepared PMMA/Ecoflex/glass
substrate. The water soluble tape was removed by room-temperature tap water. The
Cu interconnections were cleaned by flux (WOR331928, Worthington Inc.) for
removal of surface oxides. Sn42Bi57.6Ag0.4 alloy paste (Chip Quick Inc.,
SMDLTLFP-ND, low melting point 138 °C) was used to solder the chip components
(including the BQ25504 Ultra Low-Power Boost Converter for Energy Harvesting,
Texas Instruments) onto the Cu interconnects, followed by baking on a hotplate at
~150 °C for 4 min, and then cooling to room temperature. Finally, the entire surface
of the circuit was encapsulated by Ecoflex with 1-mm thickness and cured at room
temperature for 4 hours. The combined Ecoflex/Cu interconnect/circuit device was
then removed from the glass/PMMA substrate using a razor blade.

4.5.4 Characterization methods

4.5.4.1 Morphology

The morphology of the BP was characterized using scanning electron microscope
(Phillips XL30 ESEM) with an accelerating voltage of 20 kV.

4.5.4.2 Electrochemical measurements

The electrochemical performances of the half cells and EFC were conducted using
a pAutolab Type Il commanded by Nova software (Version 2.1). In vitro table-top
electrochemical characterization was performed in 0.5 mol L™ pH 7.4 PB. The
enzyme-catalyzed lactate oxidation and oxygen reduction reactions at the bioanode
and biocathodes were characterized by linear sweep voltammetry in a three-electrode
system with a scan rate of 5 mV s™. The three-electrode system consisted of a BP
electrode as the working electrode, a Platinum (Pt) wire as the counter electrode and
an Ag/AgCl (3M KCI) as the reference electrode. The assembled EFC device was
characterized in a two-electrode system with the bioanode as the counter and
reference electrode and the biocathode as the working electrode. Linear sweep
polarization curves of the EFC in different lactate concentrations were obtained by
scanning from OCV to 0.01 V at 5 mV s™. The calculation of the power density of a
single EFC was based on the geometrical area of the cathode (0.18 cm?).

CV and galvanostatic charge/discharge (GCD) techniques were used to characterize
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the capacitive behavior of the EFC. CVs were performed from 0 V to 0.8 V with a
scan rate of 50 mV s™, while the GCD tests were carried out at current densities of 0.1,
0.2, 0.5 and 1 mA cm™. The capability of the EFC to serve as the pulse generator was
characterized by chronopotentiometry. The minimum voltage at the end of each 10 ms
pulse discharge was used to calculate the power density.

4.5.4.3 Mechanical resilience studies

The mechanical resiliency studies were conducted on a motorized linear stage
connected to a controller (A-LST0250A-EQ1 Stepper Motor and Controller, Zaber
Technologies, Vancouver, Canada). Four linear motors with the same speed were used
to conduct 20% biaxial stretching. The stability of the EFC during the mechanical
deformations was studied by measuring the resistance of the screen-printed current
collector and the current output of the EFC with a 33 kQ loading during 20% biaxial

stretching.
4.5.4.4 On-body power generation

The flexible buckypaper-based EFC was mounted on the arm of one volunteer with
the assistance of a piece of adhesive film (Perme-Rroll). The stainless conductive
steel yarn was used to connect the EFC and a 510 Q resistor to reach the maximal
power density, with stretchable Ag ink as the joint bonding resin. The current of the
circuit was record every 5 s by a potentiostat during which the volunteer was doing
stationary cycling. The capability of the EFC to power one LED was demonstrated by
using the flexible DC-DC converter to boost the voltage and a switch to control the
“on” and “off” status. The voltage of the LED was tested in both pulse and continuous
working mode. All on-body experiments were approved by the Human Research
Protections Program at University of California, San Diego, and followed the

guidelines of institutional Review Boards (IRB).
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Chapter 5 Redox-active glyconanoparticles as electron
shuttles for mediated electron transfer with bilirubin oxidase
oxidase in solution

Résumé

La consommation croissante des combustibles fossiles et leur épuisement
programmé ont conduit au développement de méthodes de production d'électricité
propres. Ces derniéres ont favorisé I'émergence de nouvelles sources d'énergie
durables et renouvelables sans émissions de gaz a effet de serre ni pollution de
I'environnement. Parmi tous les systémes de production dénergie, les piles a
combustible représentent une nouvelle stratégie de production d'énergie propre. Une
sous-catégorie de piles a combustible, les biopiles qui convertissent 1’énergie
chimique en énergie électrique par des réactions électro-enzymatiques, a suscité une
attention considérable au cours des vingt dernieres années. Cependant, il convient de
noter que les biopiles ne sont pas destinées a surmonter I'épuisement des combustibles
fossiles et a entrer en compétition avec les sources d'énergie renouvelables comme les
énergies hydroélectrique, solaire et éolienne. Le champ d'application des biopiles
enzymatiques est limité, du moins pour le moment, a la production d'électricité pour
alimenter des systemes microélectroniques tels que des actionneurs et des capteurs.

L attractivité des biopiles a combustibles réside dans les propriétés de la catalyse
enzymatique comme D’activité a température ambiante et leur bio-spécificité. En
particulier, la haute spécificité des biopiles envers le «carburant» (sucres, alcools ou
hydrogene) a I'anode et la réduction des oxydants (O2, H,O,) a la cathode dans des
conditions douces (20-40°C) permet leur utilisation dans des milieux complexes
comme les organismes vivants ou les végétaux sans aucune séparation entre les
bioanodes et les biocathodes.

Outre leur trés grande spécificité vis-a-vis de leurs substrats, I'utilisation d'enzymes
offre plusieurs avantages par rapport aux catalyseurs classiques a base de métaux
nobles. En particulier, les enzymes sont biocompatibles et sans danger pour
I’environnement, bien qu’elles soient intrinséquement complexes et fragiles. Toutefois,
les enzymes présentent des inconvénients majeurs: leur stabilité opérationnelle, leur
fragilité aux températures élevées, en général au-dessus de 60 °C a 1’exception
d’enzymes issues d’organismes thermophiles qui présentent des enzymes
thermoresistantes actives a 75-80 °C, la perte d’activité catalytique aux basses
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températures et enfin la stabilitt mécanique de 1’enzyme a l'interface
enzyme-¢lectrode. Il s’avére actuellement urgent d'élaborer des stratégies innovantes
pour préserver, optimiser et améliorer la stabilité et l'activité des électrodes
enzymatiques pour la bioélectrocatalyse dans conditions variées.

Une grande majorité des biopiles enzymatiques génere de I'énergie électrique a
partir de la dégradation enzymatique du glucose et de l'oxygéne, deux substrats
présents dans les fluides physiologiques. Ainsi, parallelement a I’alimentation
d’appareils électroniques portables (téléphone portable, baladeur numérique, GPS,
capteurs, etc.), une application fascinante concerne I’implantation de biopiles dans le
corps humain en tant que source autonome d’énergie théoriquement illimitée
comparativement aux piles scellées style piles bouton. De telles biopiles pourraient
ainsi constituer une alternative prometteuse pour alimenter des dispositifs médicaux
implantés. Eu égard a leur performance, il faut toutefois ne pas étendre leur
application a I’alimentation des pacemakers qui actuellement utilisent des piles leur
conférant une durée de vie allant jusqu’a 8 ans chez le patient. Par contre, la
génération in situ d’énergie par les biopiles leur ouvre la possibilité d’accumuler une
énergie assez importante pour périodiquement transmettre par radiofréquence des
informations par exemple directement sur un téléphone portable.

Cependant, le développement de biopiles implantées est confronté a trois verrous
technologiques majeurs qui entravent actuellement leur application réelle in vivo, a
savoir la stérilisation de la biopile, leur courte durée de vie et, dans une moindre
mesure, leur faible rendement énergétiqgue due a la faible concentration dans
I’organisme du glucose et de ’oxygéne. La stérilisation du systeme est obligatoire
pour éviter les problémes inflammatoires qui induisent la formation d’une gangue
autour de la biopile rendant la diffusion des substrats trés difficile. Cependant, la
stérilisation de la biopile complete induit forcément une désactivation chimique (avec,
par exemple, I'hypochlorite de sodium, le formaldéhyde ou I'ozone) ou physique
(irradiation gamma ou par rayons X ou exposition a des températures extrémes
supérieures a 140 ° C) des enzymes qui sont préalablement fixées sur les électrodes.

I1 faut souligner qu’en raison du petit nombre de biopiles enzymatiques implantées
chez les animaux, I'impact de la stérilisation a rarement été examinée, bien qu'elle soit
un facteur décisif pour l'avenir de ces technologies. En fait, la plupart des biopiles
implantées ou partiellement insérées décrites a ce jour dans la litérature, n'ont pas été
stérilisés et ont été placés chez dans des insectes, gastéropodes ou mammiferes sans
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conditions stériles.

Par ailleurs, la faible stabilité des biopiles enzymatiques est également liée a la
perte d’activité ou/et de connexion électrique des enzymes immobilisées. En effet, les
bioanodes et biocathodes sont basées sur I'immobilisation de différentes enzymes
rédox sur la surface des électrodes pour leur connexion électrique. Cette fixation peut
étre obtenue par piégeage physique, par greffage chimique ou par des interactions
affines. La premiere procédure conduit a une dénaturation liée au concept de piegeage
lui-méme qui génére un environnement géneralement peu biocompatible. De plus,
I'activité de I'enzyme piégée peut étre affectée par la perméabilité et I'nydrophilie de la
matrice inorganique ou organique héte, ainsi que par des contraintes stériques qui
bloguent sa flexibilit¢ conformationnelle. Concernant le processus de greffage
chimique et les liaisons affines, il en résulte une meilleure accessibilité du substrat a
I'enzyme immobilisée mais la quantité de biocatalyseur est limitée a une
quasi-monocouche a l'interface électrode modifiée -solution.

Concernant plus spécifiqguement le processus de connexion électrique, il existe
quelques exemples de transfert d'électrons direct entre les enzymes immobilisées et la
surface de I'électrode. Cependant, le site prosthétique de nombreuses enzymes
oxydoréductases est en général profondément enfoui dans une matrice protéique
isolante empéchant ce type de transfert direct d'électrons. Dans ce contexte, de
nombreuses configurations de biopiles utilisent des petites molécules électroactives
pour établir une communication électrique entre les enzymes et la surface des
électrodes. Ces médiateurs redox doivent également étre immobilisés sur le matériau
enzyme-électrode. Toutefois, le greffage covalent de ces médiateurs rédox réduit
considérablement leur degré de mobilité et pénalise leur potentialité vis-a-vis de
I’interaction avec le site actif de I’enzyme, diminuant ainsi l'efficacité du transfert
d'électrons. Quant a I’immobilisation non-covalente, elle entraine une diminution
inéluctable de I’activité électrocatalytique via la perte en solution de ces molécules
rédox. De plus, un autre facteur déterminant pour la durée de vie d'une biopile, est la
stabilité chimique des médiateurs rédox immobilisés qui doivent subir un nombre tres
important de cycles d’oxydation et de réduction successifs. Enfin, il faut souligner que
I'immobilisation d'enzymes peut également fixer les enzymes susceptibles
d’engendrer un transfert direct d’électron dans des orientations totalement inefficaces.

Dans ce contexte, en rupture avec les concepts développés jusqu'ici dans le
domaine des biopiles enzymatiques qui consistent a immobiliser tous les composants
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bioélectrocatalytiques (enzymes, mediateur rédox) sur les électrodes. Nous nous
proposons de concevoir une approche totalement innovante basée, pour la premiére
fois, sur une configuration de biopile comprenant des enzymes et des médiateurs
redox en solution au sein de compartiments poreux voire avec comme objectif des
compartiments poreux et conducteurs jouant le role d'électrodes.

Les enzymes en solution peuvent tourner librement et ainsi présenter une
configuration idéale pour D’interaction avec le médiateur rédox conduisant a un
transfert indirect d’électron bien plus efficace qu’en configuration immobilisée. II est
également possible d'utiliser des concentrations élevées d’enzyme. De plus, la
possibilité de renouveler périodiquement la solution d’enzymes et de médiateurs
rédox permet de prolonger la durée de vie de la biopile. Enfin, cette stratégie originale
permettrait de stériliser les compartiments d'électrodes puis a injecter une solution
aqueuse stérile d'enzymes et de médiateurs redox supprimant ainsi les inconvénients de
désactivation de I’enzyme immobilisée lors du processus de stérilisation de I’ensemble.

Le verrou technologique majeur de ce concept est relatif aux tailles similaires des
molécules rédox et du substrat de I’enzyme de 1’anode, a savoir le glucose. Or, le
compartiment poreux contenant la solution d’enzymes et de médiateur rédox doit
présenter une perméabilité permettant une bonne diffusion du glucose tout en retenant
le médiateur rédox.

Pour remédier a cet inconvénient, nous avons donc envisagé de développer une
version supramoléculaire de ces médiateurs redox en concevant des nanoparticules
redox.

Les nanoparticules / micro-particules, en particulier métalliques, sont largement
utilisées dans divers domaines. Parmi les différentes particules décrites dans la
littérature, les particules d'argent sont une des plus importantes catégories en raison de
leurs caractéristiques physiques, chimiques et biologiques favorables. Ainsi, de
nombreuses études ont été menées pour évaluer leurs propriétés et les utiliser dans
diverses applications, telles que les diagnostics, les thérapies antibactériennes et
anticancéreuses et l'optoelectronique. Les nano/microparticules sont devenues des
composants importants dans les dispositifs de biodétection. Par exemple, les particules
de métaux nobles comme l'argent et I'or sont largement employées pour la résonance
des plasmons de surface qui améliore considérablement les signaux SPR ou Raman.
Ces matériaux, ainsi que d’autres matériaux tels que les nanoparticules de platine ou les
nanoparticules d’oxydes meétalliques, sont également utiliser pour augmenter les
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propriétés catalytiques ou conductrices dans les biocapteurs électrochimiques. Ces
particules peuvent étre fonctionnalisées en surface par des traitements incluant la
carboxylation, I'amidation, I'amination, I'nydroxylation et méme la magnétisation pour
faciliter la fixation d’une molécule d’intérét spécifique. Toutefois, ces procédures
s’aveérent complexes et couteuses.

Eu égard a ces inconvénients, nous nous sommes intéressés a I'élaboration et la
caractérisation de glyconanoparticules (vésicules, agrégats de micelles) obtenues a
partir de l'auto-assemblage de copolymeéres composés d’une queue hydrophobe
(polystyréne) et d’une téte en oligosaccharides comme partie hydrophile. Ces
glyconanoparticules qui sont stables en suspension en milieu aqueux, présentent une
couche externe composée de pB-cyclodextrine. Ce groupement permet une
post-fonctionnalisation de la nanoparticule par des molécules hydrophobes via des
interactions héte-invité avec I’intérieur de la cavité hydrophobe de la cyclodextrine.
Outre la possibilité jusqu’a présent impossible de connecter des enzymes en solution
par des médiateurs rédox insolubles en milieu aqueux, ces nanoparticules offrent
¢galement 1’avantage de constituer une plateforme polyvalente permettant de fixer un
large éventail de médiateurs rédox sans avoir & effectuer de modification chimique

particuliere de ces médiateurs.
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Chapter 5 Redox-active glyconanoparticles as electron
shuttles for mediated electron transfer with bilirubin oxidase
in solution

This chapter is based on the following manuscript-

Andrew J. Gross, Xiaohong Chen, Fabien Giroud, Christophe Travelet, Redouane
Borsali, Serge Cosnier

J. Am. Chem. Soc. 2017, 139, 16076-16079
5.1 Abstract

In previous chapters, all bioelectrodes have been fabricated by immobilizing redox
mediators and enzymes on electrode surface, which has been the classic way to
construct high-power biofuel cell. However, the life time of these devices are still not
up to the standard for commercial applications. The instability is generally attributed
to the fragile nature of enzymes. Once the immobilized enzymes lose their activity, it
is difficult to recover the activity of the enzyme-modified electrodes. In this chapter,
a different configuration of bioelectrode is envisioned by using solution phase
mediators and enzymes. This can open up a possible new strategy to fabricate
solubilized enzymatic biofuel cell to overcome the short lifetime issue.

5.2 Introduction

Electron transfer (ET) reactions are vital in biological systems including metabolic
pathways and photosynthesis.® In nature, many ET processes involve redox proteins
that rely on intramolecular electron transfer and long range electron transport between
enzymes. The high efficiency and specificity of nature’s biocatalysts has driven the
development of biomimetic enzyme-electrode interfaces for applications such as
energy conversion and biosensing.? Biofuel cells are emerging devices capable of
converting chemical energy into electrical energy which ideally exploit fast and
efficient ET between electrodes and enzymes.® In most cases, such electron transfer
reactions are hampered due to the insulating globular structure of the protein matrix
surrounding the enzyme’s active site. Improvements in the electrical wiring of
enzymes and the stability of enzyme-electrode interfaces are required to address
limitations of biofuel cells including limited operational stability and low power

output.
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Direct electron transfer (DET) over short distances (< 1.5 nm) between the redox
center(s) of enzymes and electrodes has been achieved for a limited number of
enzymes including multi-copper oxidases (MCOs). MCOs are of great interest for the
reduction of O, at the cathode in biofuel cells.*® Mediated electron transfer (MET) is
an alternative to DET which enables ET with a wide range of enzymes. For MET,
redox polymers or redox molecules are employed to shuttle electrons to and from the
enzyme’s active site, for reduction and oxidation reactions respectively.®’ This can
reduce the kinetic hindrance of interfacial ET but commonly at the expense of a high
overpotential. Use of a mediator is attractive but complex synthesis, chemical stability
and leaching of the mediator in vivo and ex vivo are major concerns. An approach to
address these limitations has been to use carbon or metallic nanoparticles (NPs).

Early works have described the use of gold NPs functionalized with enzyme
cofactor for high catalytic turnover of glucose via modified apo-glucose oxidase
(GOx)® and apo-glucose dehydrogenase (GDH).® More recently, gold NPs have been
elegantly bonded to GOx and MCO enzymes to facilitate enzyme wiring with the
electrode.'®™ Whilst these examples highlight improved enzyme wiring via electronic
bridging, multi-step synthesis and protein engineering are necessary. Alternatively,
carbon and metallic NPs directly immobilized on electrode surfaces create high area
meso- and nano-structured interfaces for DET via oriented immobilization and
enzyme trapping.'*** Surface immobilization of catalytic components is the classic
approach for biofuel cell construction. Immobilization is considered effective for
electrode stabilization. Nevertheless, desorption, limiting surface coverage and
enzyme activity loss (for example, due to conformational changes) are constraining
factors.!**°

Here, we further extend the use of MET between electrodes and enzymes to a
strategy which uses mediator-containing sugar-coated nanoparticles in solution. To the
best of our knowledge, no polymeric nanoparticle system has been explored either for
ET with enzymes or for bioelectrocatalytic applications. In addition, we move away
from the mainstream use of immobilized biocatalytic components and instead explore
their use in solution. This unconventional approach in particular opens up the
possibility for (i) higher amounts of enzyme and mediator, (ii) improved enzymatic
activity, and (iii) the possibility to refuel electrode compartments for prolonged fuel
cell performance. The cyclodextrin-based NPs are envisaged here for solution-based
biofuel cells and flow-through biosensors but could also be harnessed for applications
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including light harvesting.*®

5.3 Results and discussion
5.3.1 Characterization of NPs

The encapsulated nanoparticles were prepared by self-assembly of an amphiphilic
B-cyclodextrin modified polystyrene polymer (PSCD) (Figure 5.1A). The PSCD
polymer was synthesized according to a convenient protocol via click chemistry of
functionalized cyclodextrin and polystyrene blocks in high yield.!” Self-assembly of
PSCD was explored in the absence and presence of bis-pyrene-ABTS
(2,2°-Azino-bis(3-ethylbenzothiazoline-6-sulfonic acid)) via nanoprecipitation in a
large excess of water (see Experimental section 5.5.2).

A
P2ABTS (55‘5:’/" C(C sj@ J&?

mediator

R % T —— -
PscD | );:;'\-’\’\P
polymer f‘;::,\(
L e
T
€ Dy nra =169 nm
$ 6 ‘
£ 51
©
LDQ- 41
o
< 3
C
S 2
o
€ 17
]
£ 01 , . . ,
o 0 250 500 750 1000

Dh,NTA/ nm

Figure 5.1 (A) Schematic representation of the self-assembly of bis-pyrene-ABTS encapsulated
glyconanoparticles. (B) TEM imaging and (C) hydrodynamic diameter distribution by NTA of
PSCD-P2ABTSNP.

The possibility to spontaneously self-assemble nanoparticles from B-cyclodextrin
modified polystyrene solutions was first confirmed by transmission electron
microscopy (TEM) and nanoparticle tracking analysis (NTA). TEM imaging of the
bis-pyrene-ABTS nanoparticles (PSCD-P2ABTSyp) revealed aggregated clusters
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composed of individual nanoparticles with an average diameter of 51 + 18 nm
(Figure 5.1B). NTA analysis revealed direct evidence for NPs undergoing Brownian
motion with Dpnta = 169 and 74 nm for the PSCD-P2ABTSye nanoparticles and
unmodified nanoparticles (PSCDyp), respectively (Figure 5.1C and Figure 5.2). The
difference between self-assembly performed in the absence and presence of
bis-pyrene-ABTS is consistent with the incorporation of guest molecules. The clusters
can form in solution with bis-pyrene-ABTS molecules functioning as molecular
bridges where each pyrene functionality forms a 1:1 inclusion complex with a
B-cyclodextrin cavity present in the outer layer of individual nanoparticles.'®
Non-specific aggregation must also be considered and likely contributes to the
self-assembly of the clusters.
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Figure 5.2 Number-weighted hydrodynamic diameter distribution by nanoparticle tracking analysis of
PSCDyp. It is noted that the PSCD-P2ABTSye, assemblies are ca. twice the size of the PSCDyp
assemblies suggesting that ca. 2° = 8 individual nanoparticles come together in solution to form the
PSCD-P2ABTSyp clusters.

Dynamic light scattering (DLS) experiments were performed to examine the
PSCD-P2ABTSne nanoparticles in more detail (Figure 5.3A). Hydrodynamic
diameters (Dy pLs) were calculated using the Stokes-Einstein equation (Equation 5.1)
where Kg = Boltzmann constant, T = temperature, # = pure solvent viscosity, and D =
diffusion coefficient:

KT
Dh,DLS = 37':’]D (51)

The relaxation time distribution plot, corresponding to a mass-weighted distribution,
reveals the presence of two particle sizes with Dpps = 195 and 1800 nm. The
percentage of small nanoparticles was calculated using Equation 5.2, assuming that
the nanoparticles behave like hard spheres in water and have the same density. Ngmai
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refers to the number of small nanoparticles, zsmay is the relaxation time corresponding
to the small nanoparticles (fast relaxation mode), and Ssmay is the surface area under
the peak related to the small nanoparticles: *°

Nsmau _ ( TBig )3 (ssm“”> (5.2)

Npig TSmall SBig

The smaller population is complimentary to that obtained by NTA. The larger
population confirms the presence of large agglomerations in the suspension but their
presence is very small in number terms. Hence, the estimated number of the smaller
objects with Dy p s = 195 nm is 97.5%.
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Figure 5.3 (A) DLS autocorrelation function (g — 1) measured at 90° and relaxation time distribution
of PSCD-P2ABTS\p. (B) UV-visible spectra for (red-) PSCD-P2ABTSyp, (black--) PSCDyr and
(pink---) H,0-P2ABTS. (C) CVs at glassy carbon of as-prepared (red-) PSCD-P2ABTSyp and (black--)
PSCDype at 100 mV s™. (D) Corresponding plots of peak current vs. the square root of the scan rate for
PSCD-P2ABTSyp.

The feasibility to encapsulate bis-pyrene-ABTS during nanoparticle self-assembly
was established by UV-visible spectroscopy (Figure 5.3B). Three suspensions were
investigated: as-prepared PSCDynp and PSCD-P2ABTS\p, and saturated
bis-pyrene-ABTS (H,O-P2ABTS) in 0.1 mol L™ phosphate buffer (PB). The
absorption spectrum for PSCDyp shows background absorbance due to the polymer
and no well-defined peaks. In contrast, PSCD-P2ABTSnp and H,O-P2ABTS exhibit a
single well-defined absorption peak at Amax = 344 and 340 nm, respectively,
confirming the presence of the ABTS functionality in its reduced state. The absorption
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is markedly enhanced for PSCD-P2ABTSne compared to the saturated H,O-P2ABTS
solution, consistent with a dramatic improvement in solubility for bis-pyrene-ABTS
via the polymeric architecture.

The concentration of the bis-pyrene-ABTS in aqueous PSCD-P2ABTSyp solution
was estimated according to classical calibration plots recorded for dissolved ABTS*
and ABTS" (Figure 5.4). A series of ABTS? solutions in the concentration range of 2
to 9 pmol L™ were prepared in 0.1 mol L™ phosphate buffer (pH 5.6). The absorbance
spectra of the ABTS? solutions were measured at wavelengths in the range of 220 to
700 nm. After each measurement, 15 pL of 50 pg mL™ bilirubin oxidase (BOXx)
solution was added to the solution and left for 5 min to react, followed by a second
measurement of absorbance in the same range (Figure 5.4B). The peak absorbance at
340 and 414 nm, representing ABTS® and ABTS", respectively, were subsequently
measured and plotted vs. ABTS? concentration (Figure 5.4C). Linear fitting results
give molar extinction coefficients of 35840 and 33070 L mol™ cm™ for ABTS? and
ABTS", respectively. Based on the linear calibration curves obtained for both ABTS*
and ABTS" solutions, the concentration of bis-pyrene-ABTS was estimated to be 6.5
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Figure 5.4 (A) UV-visible absorption spectra of (i) PSCD-P2ABTSyr and (ii) PSCD-P2ABT Syp with
11 nmol L™ BOx. (B) UV-visible absorption spectra of (i) 2, (ii) 4, (iii) 5, (iv) 6, (v) 7 and (vi) 9 pmol
L™ of (solid line) ABTS? and (dashed line) ABTS™ with 11 nmol L™ BOx. (C) Linear calibration
curves determined from the spectra in (B) according to Beer-Lambert Law. The calibration plot
performed with ABTS™ at A = 414 nm was used to eliminate the possible interference of pyrene and
served as a second method to estimate the concentration.

The electrochemical activity of as-prepared PSCD-P2ABTSye and PSCDyp
nanoparticles in aqueous solutions was investigated at a glassy carbon electrode (GCE)
without additional supporting electrolyte. Figure 5.3C shows cyclic voltammograms
(CVs) recorded at 100 mV s™ of the redox encapsulated and control nanoparticles.
The CV clearly shows an electrochemically reversible redox couple at E;;,= 0.46 V
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corresponding to the one electron oxidation of ABTS® to ABTS™ for
PSCD-P2ABTSNp. No redox signal is observed for PSCDyp in the absence of
bis-pyrene-ABTS. The redox functionalities are therefore clearly present and
accessible. The plots in Figure 5.3D and Figure 5.5 show that the peak currents for
the oxidation and reduction processes are proportional to the square root of the scan
rate, as expected for diffusion-controlled behavior. Poor fitting was observed for the
peak current vs. scan rate over a wide scan rate range, discounting the presence of
adsorbed electroactive species. Furthermore, after recording several CV cycles in
PSCD-P2ABTSyp solution, no evidence for adsorbed electroactive NPs was observed
at a GCE in PB (Figure 5.6). Although this data does not reveal evidence for NP
adsorption, the possibility of dynamic adsorption/desorption during potential cycling
cannot be entirely ruled out. Repeated potential cycling of PSCD-P2ABTSyp showed
good stability with little change in the electrochemical redox activity after 10 cycles
(Figure 5.7). The electrochemical stability provides further evidence for the stable
entrapment of bis-pyrene-ABTS as well as the oxidized radical form in the
nanoparticles.
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Figure 5.5 Plots of peak current recorded at glass carbon electrode vs. (A) square root of the scan rate
and (B) scan rate for as-prepared PSCD-P2ABTSy, solution for scan rates between 1 mV s™ and 2 V
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Figure 5.6 CV recorded at a GCE in 0.1 mol L™ PB pH 7 at 100 mV s™ to test for the presence of
adsorbed species after performing a scan rate study in as-prepared aqueous PSCD-P2ABT Sy, solution

(ca. 15 potential cycles from 0 V to 0.8 V) then rinsing the electrode with 0.1 mol L™ PB pH 7.
61

4

00 02 04 06 08
E/V vs SCE
Figure 5.7 Ten consecutive CVs recorded of as-prepared aqueous PSCD-P2ABT Sy solution at GCE

(pH = 5.6) at 100 mV s™.
5.3.2 Oxygen reduction performance

Next the catalytic activity of the PSCD-P2ABTSyp nanoparticles for the 4-electron
4-proton reduction of O, to water with BOx from Myrothecium verrucaria (MvBOX,
68 kDa) was investigated. This enzyme offers high enzymatic activity, stability at
neutral pH, and a relatively good stability towards chloride ions.?’ Figure 5.8 shows
CVs which demonstrate bioelectrocatalytic O, reduction at GCE with 3.5 pmol L™*
BOXx in quiescent oxygen saturated solution ([O,] ~ 1.1 mmol L™). A summary of the
catalytic parameters are displayed in Table 5.1. For all cases, the limiting catalytic
currents were obtained from CV scans at 0.1 V vs. SCE. The biocathodes prepared
with the dissolved mediators, bis-pyrene-ABTS and ABTS?, exhibited maximum
current densities for O, reduction of -0.67 = 0.15 pA cm™ (Figure 5.8A) and -1.20 +
0.03 pA cm? (Figure 5.8E), respectively. The smaller current observed with
bis-pyrene-ABTS is consistent with its very poor solubility. For the biocathode
without NPs or dissolved mediator, a limiting current of 1.39 + 0.46 pA cm was
obtained (Figure 5.8D). For this case, effective DET is clearly observed between
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GCE and BOx in solution. Quasi-steady-state (sigmoidal) voltammograms are
obtained for the PSCD-P2ABTSne biocathode which exhibits a comparably
remarkable current density of -3.97 + 0.86 pA cm™? (Figure 5.8C). For control
experiments utilizing PSCDyp nanoparticles, very low current densities were observed
due to the insulating polymeric structure blocking ET between the enzyme and the
electrode (Figure 5.8B). PSCD-P2ABTS\p

concentrations (with Dypprs between 190 and 390 nm) demonstrated a linear

solutions prepared at different

dependence of catalytic current on mediator concentration and also revealed a
catalytic improvement with the NPs compared to dissolved ABTS? (Figure 5.9 and
5.10)
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Figure 5.8 CVs recorded at GCE at 5 mV s™ (pH = 5.6) with (black--) argon saturation and (red-) O,
saturation with BOx for (A) saturated bis-pyrene-ABTS in PB, (B) as-prepared PSCDyp (pH =5.9), (C)
as-prepared PSCD-P2ABTSyp, (D) BOx only, and (E) ABTS in PB. [BOx] = 3.5 pumol L™ and
[mediator] = 6.5 pmol L™ (< 6.5 pmol L™ for saturated bis-pyrene-ABTS).

Table 5.1 Catalytic parameters from cyclic voltammetry at glassy carbon cathodes with 3.5 pmol L™
BOx and mediator in solution under oxygen saturated conditions

Onset
Electrode Ei, mediator  Electron ] Maximum J.. (A
) potential e
interface (V vs SCE) transfer cm™)
(V vs. SCE)

GCE-P2ABTS-BOX** - MET 0.547 + 0.002 -0.67 £0.15
GCE-PSCDyp-BOX* - DET 0.478 + 0.008 -0.30 £ 0.02
GCE-P2ABTSyp-BOX"* 0.46 MET 0.532 +0.020 -3.97 £ 0.86
GCE-BOX* - DET 0.543 + 0.003 -1.39+£0.46
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GCE-ABTS-BOX™* 0.46 MET 0.543 £ 0.005 -1.20 £ 0.03

med] < 6.5 umol L, *[med] = 6.5 pmol L, © as-prepared solution, ® 0.1 mol L™ phosphate buffer (pH = 5.6), Scurrent
measured at 0.1 V vs. SCE from CVs.
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Figure 5.9 DLS analysis of as-prepared PSCD-P2ABTSyr and diluted PSCD-P2ABTSyp solutions
used to investigate catalytic as a function of mediator concentration. Dilutions with estimated
bis-pyrene-ABTS concentrations were prepared in purified water: 3.25 pmol L™ (2 times), 2.17 pmol
L™ (3 times), 1.3 pmol L™ (5 times) and 0.65 pmol L™ (10 times). At least 3 DLS measurements were
performed per solution type.
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Figure 5.10 Plots of catalytic current versus mediator concentration for as-prepared and diluted
PSCD-P2ABTSyp solutions (black) and ABTS? in phosphate buffer (pH = 5.6) (red) vs. mediator
concentration. [BOx] = 0.5 pmol L™, Current measured from amperograms recorded at 0.2 V vs. SCE
after 600 seconds with O, saturation and stirring at 100 rpm.

The enhancement in catalytic current observed for PSCD-P2ABTSyp is consistent
with an efficient intra-electron transfer chain between neighboring ABTS redox units
of clustered particles and the mono- and tri-nuclear Cu sites of enzymes in solution, as
represented in Figure 5.11A. The redox conduction observed for bis-pyrene-ABTS
nanoparticles at GCE is explained by the phenomena of electron hopping widely
reported for redox polymers,®* where electron transfer proceeds by sequential
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self-exchange steps between adjacent redox groups within, between and at the
periphery of individual NPs. Mediated electron transfer was also observed for visibly
aggregated PSCD-P2ABTSyp in solution, confirming the ability of the redox particles
to accept and transfer electrons over substantial distances (Figure 5.12). The source
of catalytic enhancement for the NPs is in part attributed to free rotation of the
particles on the timescale of the experiment which allows many redox sites at the NPs
surface to access enzymatic active sites close to the electrode, enabling many catalytic
events. Similar rotation enhancement effects are known with redox dendrimers.?
Effective redox hopping across and around the redox NPs also allows many “active”

mediators, therefore facilitating many enzymes to be connected.
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Figure 5.11 (A) Schematic representation of the intra-electron transfer chain between redox
nanoparticles and BOx. (B, C) Plots of limiting current as a function of substrate concentration with
lines of best fit to Equation 5.3 for (B) ABTS? and (C) P2ABT Sy solutions. [BOx] = 10 nmol L™ and
[med] = 6.5 pmol L™. Current measured from amperograms at 0.2 V vs. SCE.
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Figure 5.12 CVs recorded at GCE at 5 mV s™ (pH = 5.6) with (black--) argon saturation and (red-) O,
saturation with BOx for visibly aggregated PSCD-P2ABTSyp after leaving the sample at room

temperature in air for > 6 months.

The mediated BOx-catalyzed bioelectrocatalytic reduction of O, is considered to
follow a ping-pong bi-bi mechanism with a two substrate reaction®. Next, kinetic
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parameters for PSCD-P2ABTSne and ABTS were determined from the catalytic
current as a function of the substrate (O,) concentration. This approach permits
extraction of the Michaelis constant (Ky) and ke, according to Equation 5.3, as
described by Bartlett and coworkers for mediated homogeneous bioelectrocatalysis
via ping-pong enzyme Kkinetics.?® The kinetic parameters were determined by
non-linear fitting using Equation 5.3 (where the current is half order in mediator and
enzyme) where L = limiting current, n = number of electrons transferred in the redox
event, F = Faraday constant, A = geometric electrode area, Dy, = mediator diffusion
coefficient, [med] = mediator concentration, ke = catalytic rate constant, [e] =
enzyme concentration, [s] = substrate concentration, and Ky = Michaelis constant;**

(5.3)

2D [med]kcatle] [s])l/ 2
Km + [s]

him = nFA(
Figure 5.11B and 5.11C shows the calibration plots and non-linear best fit for the
BOx-oxygen reaction with the ABTS? and P2ABTSye mediator solutions containing
10 nmol L™ BOx, respectively. From chronoamperograms recorded at 0.2 V vs. SCE
in triplicate, the estimated K.y and Ky values are 142 + 15 s and 77 + 15 pmol L™ for
the PSCD-P2ABTSye mediator and 200 + 25 s* and 107 + 25 pmol L™ for the
ABTS? mediator. The different kinetic values suggest that the BOx has a higher
affinity for oxygen in the presence of the NPs compared to the dissolved ABTS?
mediator, although with a slower turnover rate. The values obtained are of the same
order reported for MCO enzymes for O, reduction in solution including 118 + 10 s™
for Trametes versicolor laccase (Tvlaccase)/ABTS?,?® and 57 s and 230 s for
MvBOXx /ABTS?.%*® The Ky values fall in the general range of 10 to 500 pmol L™*
found in the literature. Crucially, these results confirm that the NPs serve as effective
electron relays.
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Figure 5.13 Chronoamperograms recorded for 1800 s at E,p = 0.2 V vs. SCE at GCE in
oxygen-saturated solution of (A) PSCD-P2ABTSye as-prepared pH = 5.6 with BOx, (B) ABTS” in
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phosphate buffer (pH = 5.6) with BOx, and (C) BOx only in phosphate buffer (pH = 5.6) on (i) day 0,
(i) day 1, (iii) day 2. [BOx] = 3.5 umol L™.

A preliminary assessment of short term biocathode stability was performed.
Electrocatalytic currents were monitored by chronoamperometry in oxygen-saturated
solution at 0.2 V vs. SCE for periods of 1800 s on two days (Figure 5.13 and Table
5.2). The catalytic currents were stable during 1800 s for PSCD-P2ABTSye, ABTS”,
and BOx solutions with 3.5 pmol L' BOx. After storage at room temperature
overnight, the operational stability during a further 1800s, after 15 min oxygen
purging, remained relatively stable (current fluctuation below 10%). However, the
current densities were drastically lower in all three cases. The percentage of current
remaining after 3600 s (2 x 1800 s) operation and 24 h storage is 60%, 33% and 10%
for the PSCD-P2ABTSne, ABTS?, and BOx only biocathodes, respectively. After a
further 24 h and a total operation time of 5400 s, 18% of the initial current remained
for the PSCD-P2ABTSnp biocathode. The current density was therefore still higher
for the nanoparticle biocathode after 2 days than for the ABTS? and BOX after only 1
day. The homogeneous ABTS/BOXx solution with MET is therefore extremely unstable.
The BOx solution with DET is slightly better but still very poor. Remarkably, a major
improvement in biocathode stability was observed using the redox NPs. The improved
stability is, at least in part, attributed to the NP architecture stabilizing reactive ABTS”
radicals. The apparent improvement in enzyme stability is tentatively attributed to the
NPs which help prevent enzymes from interacting with each other without
significantly impeding enzyme diffusion. And probably offer a slightly better
environment that impedes enzyme denaturation in buffer.

Table 5.2 Stability data obtained during 1800 s on two days from single-potential amperometry at E,p,

=0.2 V vs. SCE at glassy carbon cathodes with 3.5 pmol L™ BOx and mediator in solution under
oxygen purging conditions

- Day 0 Day 1
GCE interface Jeat ! Residual Jgy / Jeat ! Residual J.y /
pA cm?° % pA cm?? %
P2ABTSy/BOX*” 5.4 100% -3.6 67%
ABTS?/BOX** -3.6 100% -0.9 25%
BOX® -1.9 100% 0.7 37%

[med] = 6.5 umol L™, ® as-prepared solution (pH = 5.6), © 0.1 mol L™ PB (pH = 5.6), ® current measured at 1800 s.
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5.4 Conclusion

In conclusion, this work demonstrates the ability of polymeric glyconanoparticles
containing redox-active bis-pyrene-ABTS molecules to function as electron shuttles
in solution for the electrical wiring of BOx. Thanks to an intimate MET exchange
between nanoparticles containing a high density of electron acceptors, enhanced
catalytic currents have been observed compared to homogeneous mediators. In
addition to enhanced catalytic performance and low overpotentials, the biocathode
with redox nanoparticles showed dramatically improved stability after 60 min
operation and 24 h storage, suggesting that the polymer architecture stabilizes both
the enzyme and mediator. Furthermore, the large size of the nanoparticles should
permit their containment in permselective membranes. In future work, the
nanoparticle system will be exploited to solubilize new hydrophobic mediators at high
concentrations for bioelectrocatalysis towards a refuelable all-in-solution biofuel cell
for powering electronics devices. Biofuel cell designs are envisaged in which
enzymes and nanoparticles are periodically introduced to prolong biofuel cell lifetime.

5.5 Experimental Section
5.5.1 Materials and reagents

Mono-sodium phosphate monohydrate (NaH,PO4, > 98%), di-sodium hydrogen
phosphate heptahydrate (NazHPOy,, > 98%),
2,2'-azino-bis(3-ethylbenzothiazoline-6-sulphonic acid) (ABTS) diammonium salt ( >
98%), propargylamine, sodium hydroxide (NaOH), potassium tert-butoxide,
pyrenemethylammonium hydrochloride,
benzotriazol-1-yloxytris(dimethylamino)phosphoniumhexafluorophosphate,

tetrahydrofuran (THF) and sodium azide (NaN3) were purchased from Sigma Aldrich
and used as received. The w-hydroxy-polystyrene (M, = 3800 g mol™) was purchased
from Polymer Source. f-Cyclodextrin and Cu/CuO nanopowder were purchased from
Alfa Aesar, tosyl chloride (TsCl) was obtained from Fluka, pyridine was purchased at
SDS, N-methyl-2-pyrrolidone (NMP, > 99%) was purchased from Acros Organics,
and methanol (MeOH) and dichloromethane (CH,CI,) were purchased from Biosolve.
Bilirubin oxidase (BOx, EC 1.3.3.5, with determined activity of 8.362 U mg™ solid /
9.098 U mL™) from Myrothecium sp. was purchased from Amano (Japan), stored at
-20 °C, and used as received. Purified water was obtained by water purification to a
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resistivity of 18.2 MQ cm using a Millipore Ultrapure system. High purity oxygen
and argon were obtained from Messer.

5.5.2 Synthesis protocols

5.5.2.1 Synthesis of polystyrene-b-B-cyclodextrin (PSCD)

The amphiphilic B-cyclodextrin-modified polystyrene polymer (PSCD) (M, = 4900
g mol™) was obtained by click chemistry of functionalized polystyrene and
B-cyclodextrin blocks using a Cu nanopowder catalyst according to our previous work
with a yield of 8 g (90%) according to the reported procedure (see Scheme 5.1).%

1. TsCl, pyridine, CH,Cl,
2. NaNj, DMF, 40°C
Yield = 75%

Cu nanopowder catalyst
DMEF, 65°C

1. TsCl, NaOH,q, 0°C R ¢
2. HC,g,0°C g
3. Propargylamine y

Vi

Scheme 5.1 Synthetic pathway for preparation of polystyrene-b-p-cyclodextrin (PSCD).

5.5.2.2 Synthesis of bis-pyrene-2,2'-azino-bis(3-ethylbenzothiazoline-6-sulfonic acid)
(bis-pyrene-ABTS; P2ABTS)

The bis-pyrene-ABTS compound was synthesized by reaction of
1-pyrenemethylamine, 2,2'-azino-bis(3-ethylbenzothiazoline-6-sulphonic  acid)
(ABTS) potassium salt and
benzotriazol-1-yloxytris(dimethylamino)phosphoniumhexafluorophosphate, with a
yield of 65% according to the reported procedure.”’

5.5.2.3 Self-assembly of PSCDyp and PSCD-P2ABTSyp via nanoprecipitation

Polymer solutions were prepared by dissolving either 10.3 mg of PSCD, or 10.3 mg
of PSCD together with 5 mg of bis-pyrene-ABTS (i.e. 1:3 moles polymer to
bis-pyrene-ABTS), in 4 mL of NMP. The mixtures were subsequently mechanically
agitated at 500 rpm overnight then sonicated at room temperature for 10-15 min. For
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nanoprecipitation, 1 g of the polymer solution was slowly added dropwise to 40 g of
purified water under stirring at 500 rpm. The resulting suspension was subsequently
stirred at room temperature at 500 rpm for 1.5 h. The suspension was then dialyzed
against purified water (cut-off = 3500 Da; one night; 3 x 2 L purified water
replacements). The nanoparticle suspensions were stored at room temperature.

5.5.3 Characterization protocols

5.5.3.1 Nanoparticle tracking analysis (NTA)

NTA was performed to obtain number-weighted hydrodynamic distributions using a
Nanosight LM10HS optical microscope equipped with a blue-purple laser (Aex = 405
nm), a camera and a chamber mounted on a modified microscope stage (Nanosight,
Amesbury, UK). The original agueous suspensions of nanoparticles were diluted with
purified water and introduced into the chamber by a syringe. Video clips of the
nanoparticles subjected to their natural Brownian motion were captured over 60 s at
25.0 °C and analyzed using the analytical software version 2.1, giving access to
number-weighted size distributions.

5.5.3.2 Transmission electron microscopy (TEM)

5 uL of nanoparticle suspension was dropped onto a glow discharged carbon-coated
copper grid. 5 uL of 2 w/v % aqueous uranyl acetate stain solution was added and the
sample dried in a desiccator overnight. Imaging was performed at 200 kV using a
Philips CM200 microscope with a TEM-CAM 216 (TVIPS) camera.

5.5.3.3 Dynamic light scattering (DLS)

Dynamic light scattering measurements were performed using an
ALV/CGS-8FS/N069 goniometer with an ALV/LSE-5004 multiple t digital corrector
with a 125 ns initial sampling time and a 35 mW red HeNe linearly polarized laser
operating at A = 632.8 nm. Nanoparticle suspensions were loaded into 10 mm
diameter quartz cells thermostatted at 25 + 0.1 °C. Data were collected using the
digital ALV correlator control software at an observation angle relative to the
transmitted beam of 90° (scattering vector modulus 1.87 x 10 nm™) for a counting
time of typically 180 s. Relaxation time distributions were determined using Contin
analysis of the autocorrelation functions.
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5.5.3.4 UV-visible spectroscopy

UV-visible absorption spectra were recorded in quartz cuvettes using a Perkin
Elmer UV-Lambda 650 spectrophotometer at room temperature with a 1 cm optical
path length. The enzymatic activity of bilirubin oxidase was determined from the
absorbance of the oxidized ABTS radical (ABTSe-) formed by reaction in the
presence of oxygen and BOx in 0.1 mol L™ phosphate buffer (pH = 5.6) (Equation
5.4 and Figure 5.14). The evolution of the absorbance of ABTSe- was measured at a
fixed wavelength of 414 nm for 5 min. The background absorbance was obtained
from a phosphate buffer solution containing only ABTS? and no enzyme. Specifically,
1.088 mg of BOx was dissolved in 1 mL of 0.1 mol L™ phosphate buffer (pH = 5.6).
The solution was then diluted by a factor of 10 to 0.1088 mg mL™. The enzymatic
reaction experiment was initiated immediately after addition and mixing of 4.6 pL
enzyme solution to 50 pmol L™* ABTS® solution at a final volume of 1 mL. The
enzymatic activity was calculated using Equation 5.5 where dA/dt = absorbance
change per time unit, L = optical path length, & = millimolar extinction coefficient of
ABTSe- (¢ = 33.07 L mmol™ cm™), Vg = final volume of the reaction mixture in the
cuvette, df = dilution factor of enzyme solution, and Veyyme = volume of enzyme
solution added to the cuvette.

4 ABTS” + O+ 4H" > 4 ABTS™ + 2H,0 (5.4)
.. 1 . dA L
Enzyme activity (U mg™~ solid) = 7 X2 X Vol X 5o (5.5)
0.61 : 0.35 -
(i)
0.5 0.3 1
0.25 1
5 0.41 5 0s
2 0.3 =
2 £ 0.15 y=0.0025x+ 0.0141
<T 0.2 r2=0.998
0.1
0.1 . 0.05 -
(ii)
D.04 rEmmwrwwnoapoccnanaicoy 0 —— ————
0 50 100 150 200 250 300 0 25 50 75 100 125 150
Time /s Time/s

Figure 5.14 (A) Spectrophotometric enzyme assay recorded at A = 414 nm for 300 s in 50 pmol L™
ABTS? in phosphate buffer (pH = 5.6) with (i) 7.3 nmol L™ BOx and (ii) without BOx. (B) Fitting of
the linear region of the curve (i) shown in (A) for a minimum of 2 min.
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5.5.3.5 Electrochemistry

Electrochemical measurements were performed at room temperature using an Eco
Chemie Autolab PGSTAT 100 potentiostat running Nova 2.1 software. A conventional
three-electrode cell setup was used for all electrochemical experiments comprising a
glassy carbon working electrode (GCE, 3 mm diameter), a saturated calomel
reference electrode (SCE) and a Pt wire counter electrode. Diffusion coefficients were
estimated according to the Randles-Sevcik equation (Equation 5.6) at room
temperature (25 °C) where I, = peak current, n = number of electrons transferred in
the redox event, A = geometric electrode area, D = diffusion coefficient, C =
concentration of electroactive species, and v = scan rate: %8

I, = (2.69 x 10%) n3/2AD*/2Cv*/? (5.6)

The enzyme-substrate kinetic parameters, Ke;: and Ky, were determined from a plot
of the catalytic current at varying oxygen concentrations (1 to 300 pmol L™). For
these experiments, the steady state current response was determined from
single-potential amperometry performed at 0.2 V vs. SCE in 0.1 mol L™ potassium
phosphate buffer (pH = 5.6) containing 10 nmol L™ BOx. Experiments were
performed at room temperature with stirring at 150 rpm to avoid diffusion limitation.
The oxygen concentration was monitored using an Ocean Optics NeoFox-GT oxygen
sensor probe and NeoFox viewer software.
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Chapter 6 Conclusions and perspectives
6.1 Conclusions

L'objectif de cette thése est d'explorer les formulations, les caractérisations et les
applications pratiques des buckypapers dans les biopiles enzymatiques (EFCs).

Aprés un chapitre de revue de la littérature sur ces biopiles enzymatiques, le
deuxieme chapitre de la thése commence par une étude comparative entre différents
buckypapers (un commercial et un fabriqué au laboratoire) sur leurs propriétés
physico-chimiques et leur comportement électrocatalytique. Le BP commercial (c-BP)
possede une teneur plus élevée en oxygéne mais une structure plus ordonnée et plus
souple avec des nanotubes de diametre nettement plus large par rapport au BP
fabriqué au laboratoire (I-BP). Les mesures BET ont révélé une surface spécifique 9
fois plus petite pour le BP commercial, tandis que des résultats contradictoires ont éteé
obtenus pour les mesures de surface électroactive, ce qui suggere que les espéces
redox chargées ne diffusent pas efficacement dans la structure mésoporeuse plus
dense du I-BP pendant la courte période de I'expérience en voltampérométrie
cyclique.

Les électrodes de BP modifiées avec BOx ont été étudiées et la meilleure
performance catalytique pour des électrodes non modifiées et modifiées par I'hémine
a été obtenue pour 1-BP. Pour les électrodes non modifiées, un DET négligeable a été
observé pour c-BP comparé a celui obtenu pour I-BP. Cela suggére que la structure de
c-BP était moins bien adaptée a une adsorption et une orientation efficaces des
enzymes. Lorsque les électrodes étaient modifiées par I'hémine, des courants
électrocatalytiques plus importants ont été observeés en raison de la fonctionnalisation
des groupes de porphyrine promoteurs du DET. L'amélioration du DET a 1-BP était
supérieure et donnait une densité de courant de -1,32 mA cm™ et une pente trés
prononcée pour la vague bioélectrocatalytique de réduction de O,. Les données
indiquent qu'une surface hautement mésoporeuse mais également un taux de
recouvrement élevé en hémine sont nécessaires pour une bioélectrocatalyse de type
DET efficace avec la BOx a 1-BP.

Au chapitre 3, une bioanode pour I’oxydation du glucose revétue d’un hydrogel
d’alginate a été fabriquée couche par couche. Pour réticuler l'alginate afin de former
un hydrogel, du CaCOs; insoluble et du gluconolactone ont été utilisés. La lente
hydrolyse du gluconolactone permet la libération progressive de I'agent de réticulation,

177



I'ion calcium, qui conduit ensuite a un film homogeéne. Des électrodes autosupportées
(buckypaper) préparées a partir de deux types de CNTs différents ont été construites et
testées. Un courant catalytique plus élevé a été observé pour les CNTs avec une pureté
de carbone plus élevée. La présence d'une couche dhydrogel diminue le courant
catalytique en raison d'un transfert de masse du substrat plus lent a travers cette
couche, comme le révélent les études de voltampérométrie cyclique et de
choronoampérométrie. Il est important de noter que la stabilité en stockage a été
ameliorée par rapport a une électrode non revétue. Le revétement d'hydrogel a été
optimisé en modifiant le volume d'hydrogel et en ajoutant des CNTs a la matrice
d'hydrogel. L'électrode la plus performante a été identifiée comme étant I'électrode
revétue d'hydrogel préparée a partir du mélange CNTs / alginate, retenant 67% de son
courant électrocatalytique aprés 5 jours de stockage.

Au chapitre 4, une EFC lactate/O; extensible et portable qui récupére I'énergie de la
sueur a été créé grace a la combinaison d'un substrat collecteur de courant sérigraphié
et de PA souples a base de polynorbornéne modifié par des enzymes. Au cours
d'expériences in vitro, I'EFC assemblée présentait une valeur d’OCV élevée (de
’ordre de 0,74 V) et une densité de puissance maximale de 520 pW cm™
L'extensibilité du dispositif a été réalisée grace au couplage d'une architecture en “flot”
et d'encres résistantes aux contraintes mécaniques. Le dispositif a pu conserver ses
performances apres plusieurs cycles d'étirement. La biopile peut également
fonctionner comme un supercondensateur autonome, pouvant délivrer une puissance
maximale de 6,5 mW cm™a une densité de courant impulsionnelle de 20 mA cm™.
Apres couplage avec un élévateur de tension, le prototype de cette EFC basé sur des
électrodes en BP était en mesure d’alimenter une LED commerciale en mode pulsé et
en mode continu en convertissant 1’énergie chimique du lactate présent dans la sueur
(lui-méme généré au cours d’un exercice physique).

Le chapitre 5 a mis en évidence l'auto-assemblage et la caractérisation de
nanoparticules enrobées de cyclodextrine contenant des molécules ABTS-bis-pyréne
possédant une activité redox, ainsi que leur capacité a fonctionner en tant que navettes
électroniques en solution pour assurer le transfert électronique médié entre le matériau
d’¢électrode et la BOX pour la réduction de O,. Les glyconanoparticules encapsulées
ont éte préparées par auto-assemblage de polymere de polystyrene modifié par la
B-cyclodextrine (PSCD) en présence de bis-pyréne-ABTS via la nanopreécipitation.
Des nanoparticules encapsulées dans du bis-pyrene-ABTS ont été étudiées par voie
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électrochimique et spectroscopique. Une densité de courant de -3,97 + 0,86 pA cm™
pour la réduction de O, est observée avec le systeme de nanoparticules redox, tandis
que les bioélectrodes équivalentes avec I'ABTS seul dissout en tant que médiateurs
n’affichaient que -1,20 + 0,03 pA cm™. Outre des performances catalytiques
amélioreées et de faibles surtensions, la biocathode avec nanoparticules redox a montré
une stabilité considérablement améliorée apres 60 min de fonctionnement et 24 h de
stockage, ce qui suggere que I’architecture polymeére stabilise a la fois I’enzyme et le

médiateur.
6.2 Perspectives

Dans ce travail, le potentiel considérable des papiers autosupportés en carbone a été
démontré en tant que matériau d'électrode pour les biopiles enzymatiques. La grande
surface spécifique et les propriétés électroniques exceptionnelles du buckypaper
permettent un cablage électrique amélioré des enzymes sur la surface de I'électrode,
permettant ainsi d’obtenir des biopiles offrant des performances intéressantes. Sur la
base des conclusions présentées ci-dessus, certaines stratégies sont discutées ici pour
faire face aux defis posés par les EFCs a base de buckypaper.

En ce qui concerne le chapitre 2, le buckypaper fabriqué en laboratoire a montré
des performances nettement supérieures en termes de réaction de réduction de
I'oxygéne par rapport au buckypaper issu du commerce. Les travaux futurs sur
I’intensification de la production de BP dans le processus de fabrication continu tout
en maintenant les propriétés exceptionnelles des BP sont intéressants. Pour améliorer
le courant bioélectrocatlytique au niveau de la bioélectrode, il est nécessaire de
comprendre les facteurs limitants de la réaction enzymatique au sein de la matrice
poreuse. De plus, I'activité enzymatique sur la surface de I'électrode et la distribution
de I'enzyme dans le buckypaper en réseau poreux doivent également étre étudiées.

Le chapitre 3 a montré que le revétement d'hydrogel peut améliorer la stabilité de la
bioanode par rapport a une électrode non revétue. Néanmoins, la stabilité devrait
encore étre améliorée sur la base des résultats obtenus dans ce travail. Une stratégie
consiste a immobiliser les médiateurs, les enzymes et I'nydrogel par une liaison
covalente (ou non-covalente mais offrant un site d’ancrage par interaction n-w). La
taille des pores de I'nydrogel doit étre contr6lée pour étre plus petite que les enzymes
afin d'empécher le relargage des enzymes.

Le résultat décrit au chapitre 4 a démontré le potentiel prometteur de l'utilisation de
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BP comme matériau d'électrode a haute performance pour les EFCs cutanées avec un
substrat de support extensible. De tels dispositifs portés & méme la peau et étirables
devraient contribuer au développement de systémes de récupération d'énergie cutanée
et de produits électroniques portables. Ce dispositif des EFCs repose toujours sur des
exercices pour la production de sueur, ce qui limite encore ses utilisations a des fins
sportives uniquement. Différentes stratégies, telles que I'utilisation de produits
chimiques induisant la transpiration® ou le remplacement de la cathode par une
électrode respirante, permettent de relever des défis, tels que la disponibilité de
biocarburants ou d'oxygéne. Les futures études devraient viser a améliorer la
biocompatibilité, les performances catalytiques de chaque bioélectrode et une
intégration électronique plus poussée ainsi que des essais étendus sur d’autres zones
du corps.

Le chapitre 5 a présenté une autre configuration de biocathode avec des
glyconanoparticules et des enzymes redox-actives en solution. Le projet a été
développé plus avant par mon collégue, qui a préparé les glyconanoparticules
contenant de la phénanthrénéquinone piégée en tant que médiateur de la glucose
déshydrogénase dépendante du FAD. Une nouvelle EFC solubilisée a été construite en
combinant les demi-cellules anodiques et cathodiques.? L'EFC peut étre perfectionnée
pour permettre un échange aisé des solutions avec des médiateurs et/ou d’enzymes
actives, ce qui devrait conduire a prolonger la durée de vie du dispositif complet.
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Chapter 6 Conclusions and perspectives
6.1 Conclusions

The objective of this thesis is to explore the formulations, characterizations and
practical applications of buckypapers in enzymatic biofuel cells.

After a chapter of literature review on enzymatic biofuel cells, the second chapter
of the thesis starts with a comparison study between commercial and lab-made
buckypapers on their physico-chemical properties and catalytic behavior. Commercial
BP possesses higher oxygen content but more ordered and looser structure with
significantly wider diameter nanotubes compared to lab-made BP (I-BP). BET
measurements revealed a 9-times smaller surface area for commercial BP while
contradictory results were obtained for electroactive surface area measurements,
which suggest that the charged redox species did not effectively diffuse into the
denser mesoporous structure of I-BP during the time scale of the experiment.

BP electrodes modified with BOx were studied and the best catalytic performance
at unmodified and hemin-modified electrodes was obtained at I-BP. At unmodified BP,
negligible DET was observed at commercial BP compared to the lab-made
counterpart. This suggests the structure of c-BP was less well suited to effective
enzyme adsorption and orientation. At hemin-modified CNT electrodes, enhanced
currents were observed due to the functionalization of DET promoting porphyrin
groups. The DET enhancement at |-BP was superior and gave a current density of
-1.32 mA cm™ and a very pronounced slope for the bioelectrocatalytic wave. The data
indicates that highly mesoporous surface but also a high coverage of hemin are
required for effective DET-type bioelectrocatalysis with BOx at |-BP.

In chapter 3, alginate hydrogel-coated glucose oxidizing bioanode was fabricated in
a layer-by-layer configuration. To cross-link alginate to form hydrogel, insoluble
CaCOg3 and gluconolactone were used. The slow hydrolysis of gluconolactone enables
the gradual release of cross-linker, calcium ion, which then leads to homogeneous
film. Buckypaper electrodes prepared from two different types of CNTs were
constructed and tested. Higher catalytic current was observed for CNTs with higher
carbon purity. The presence of hydrogel layer decreases the catalytic current due to
slower mass transfer efficiency as revealed by cyclic voltammetry and
choronoamperometry studies. Importantly, both storage and operational stability
improved compared to uncoated electrode. Hydrogel coating was optimized by
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changing hydrogel volume and adding CNT into the hydrogel matrix. The best
performing electrode was identified as the one coated with hydrogel prepared from
CNT/alginate mixture, retaining 67% of its catalytic current after 5 days of storage.

In chapter 4, a stretchable and wearable enzymatic lactate/O, EFC that harvests
energy from sweat has been created through the combination of a screen-printed
current collector substrate and flexible enzyme-modified polynorbornene-based BPs.
During in vitro experiments, the assembled EFC had a high OCV of 0.74 V and a
maximum power density of 520 pW cm™. The stretchability of the device was
realized through the coupling of “island-bridge” architecture and strain-enduring inks.
The device was able to maintain its performance stability under multiple stretching
cycles. The biofuel cell can also function as a self-power supercapacitor, which can
deliver a maximum power of 6.5 mW cm™ at a pulse current density of 20 mA cm™.
After coupling with a voltage booster, the BP-based EFC was able to power a
commercial LED both in pulse mode and in continuous mode by converting the
chemical energy in sweat lactate generated during exercise.

Chapter 5 demonstrated the self-assembly, characterization of cyclodextrine-coated
nanoparticles containing redox-active bis-pyrene-ABTS molecules and their ability to
function as electron shuttles in solution for the electrical wiring of BOx. The
encapsulated glyconanoparticles were prepared by self-assembly of B-cyclodextrin
modified polystyrene (PSCD) polymer in the presence of bis-pyrene-ABTS via
nanoprecipitation. Bis-pyrene-ABTS encapsulated nanoparticles were investigated
electrochemically and spectroscopically. Enhanced current density of —3.97 + 0.86 pA
cm % for mediated O, reduction are observed with the redox nanoparticle system, in
constrast to —1.20 + 0.03 pA cm 2 for the equivalent bioelectrode cells with dissolved
ABTS? as mediators. In addition to enhanced catalytic performance and low
overpotentials, the biocathode with redox nanoparticles showed dramatically
improved stability after 60 min operation and 24 h storage, suggesting that the

polymer architecture stabilizes both the enzyme and mediator.
6.2 Perspectives

In this work, the great potential of buckypaper as electrode material for enzymatic
biofuel cells has been demonstrated. The large specific surface area and exceptional
electronic properties of buckypaper allow the enhanced electrical wiring of enzymes
on electrode surface, leading to high performance biofuel cell. Based on the
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conclusions presented above, some strategies are discussed here to tackle the
challenges of buckypaper based enzymatic biofuel cells.

In regard to chapter 2, lab-made buckypaper has shown superior performance in
terms of oxygen reduction reaction compared to commercial buckypaper. Future work
on the scale-up of producing buckypaper in continuous manufacturing process while
maintaining the exceptional properties of BPs is of interest. To improve the
bioelectrocatlytic current at bioelectrode, understanding of the limiting factors of the
enzymatic reaction within the porous matrix is necessary. In addition, enzyme activity
on electrode surface and enzyme distribution in the porous network buckypaper
should also be investigated.

Chapter 3 showed that the hydrogel coating can improve the bioanode stability
compared to uncoated electrode. Nevertheless, stability should be further improved on
the basis of the results obtained in this work. One strategy is to immobilize mediators,
enzymes and hydrogel through covalent attachment. The pore size of the hydrogel
should be controlled to be smaller than enzymes to prevent enzyme leaching.

The result described in chapter 4 demonstrated the promising potential of using BP
as high-performance electrode material for epidermal EFC with a stretchable
supporting substrate. Such stretchable skin-worn devices are expected to contribute to
the development of epidermal energy harvesting systems and wearable electronics.
The reported BFC device still relies on exercises for sweat generation, which limits its
usages for athletic purposes. Challenges, such as the availability of biofuels or oxygen,
can be addressed via different strategies such as the use of sweat-inducing chemicals’
or replacing the cathode with an air-breathing electrode. Future studies should aim at
improving the biocompatibility, the catalytic performance of each individual
bioelectrode, and further electronics integration along with extensive on-body
operations.

Chapter 5 demonstrated an alternative configuration of biocathode with
redox-active glyconanoparticles and enzymes in solution. The project was further
developed by my colleague, who has prepared glyconanoparticles with entrapped
phenanthrenequinone as mediators for FAD-dependent glucose dehydrogenase. A
novel solubilized EFC has been constructed by the combination of anodic and
cathodic half-cells.? The EFC should be further developed to enable the easy
exchange of solutions with fresh mediators and enzymes, leading to extended lifetime
of the device.
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Bioelectrocatalytic oxidation and reduction of different substrates using carbon nanostructured

electrodes

The aim of this thesis is to explore the formulations, characterizations and practical applications of
buckypapers (BPs) as electrode material for enzymatic biofuel cells (EFCs). The thesis starts with a
general introduction about EFCs in chapter 1. Chapter 2 concerns the comparison of commercial and
laboratory-made BP. Commercial BP is macroporous and possesses higher oxygen content but more
ordered and looser structure with significantly wider diameter nanotubes. Lab-made BP is mesoporous
and possesses 9-times higher specific surface area. The latter also shows superior performance for
oxygen reduction when immobilized with bilirubin oxidase (BOXx). The third chapter investigates the
effect of alginate hydrogel coating on bioanode stability for glucose oxidation. The hydrogel coating
was prepared by drop-casting alginate/CaCO3; mixture, followed by addition of gluconolactone to form
uniform hydrogel film by ionic cross-linking. Both operational and storage stability have been
improved compared to the uncoated electrode. The fourth chapter describes a wearable lactate/O, EFC
by the integration of flexible buckypaper bioelectrodes and a screen-printed stretchable substrate. The
assembled EFC was able to maintain its performance stability under stretching conditions and could
power a LED in both pulse and continuous discharge mode. The last chapter presented the
self-assembly, characterization of redox-active nanoparticles entrapped with mediators. The cathode
could deliver a current density of 4 pA cm > with BOx and redox-active nanoparticles in solution.
Keywords: Enzymatic biofuel cell, bioelectrocatalysis, buckypaper, redox mediators, electrochemistry

Oxydation et réduction bioélectrocatalytique de différents substrats a I'aide d'électrodes en
carbone nanostructurées

Le but de cette these est d'explorer les formulations, les caractérisations et les applications pratiques
des buckypapers (BPs) en tant que matériau d'électrode pour les biopiles enzymatiques (EFCs). La
thése commence par une introduction générale sur les EFCs au chapitre 1. Le chapitre 2 concerne la
comparaison des BPs commerciales et de BPs fabriquée en laboratoire. La BP commerciale est
macroporeuse et posséde une teneur plus élevée en oxygene mais une structure plus ordonnée et plus
souple avec des nanotubes de diametre nettement plus large. La BP fabriquée en laboratoire est
mésoporeuse et possede une surface spécifique 9 fois supérieure. Ce dernier présente également des
performances supérieures pour la réduction de I’oxygéne lorsqu’il est immobilisé avec la bilirubine
oxydase (BOx). Le troisiéme chapitre étudie I'effet du revétement d'hydrogel d'alginate sur la stabilité
de la bioanode pour l'oxydation du glucose. Le revétement d'hydrogel a été préparé par un mélange
d'alginate/CaCOs; coulé par coulée, puis par addition de gluconolactone pour former un film d'hydrogel
uniforme par réticulation ionique. La stabilité opérationnelle et la stabilit¢ au stockage ont été
améliorées par rapport a I'électrode non revétue. Le quatriéme chapitre décrit un lactate/O, EFC pour
I’usure par I’intégration de bioélectrodes a godets souples et d’un substrat étirable sérigraphié. L'EFC
assemblé était capable de maintenir sa stabilité de performance dans des conditions d'étirement et
pouvait alimenter une LED en mode de décharge pulsée et continue. Le dernier chapitre a présenté
l'autoassemblage, la caractérisation de nanoparticules rédox-actives piégées avec des médiateurs. La
cathode pourrait délivrer une densité de courant de 4 uA cm? avec BOx et des nanoparticules
rédox-actives en solution.

Mots clés: Biopile enzymatique, bioélectrocatalyse, buckypaper, médiateurs rédox, électrochimie
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