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Abstract

The increasing demand for miniaturized and eventually implantable electrochemical
tools such as biosensors, biofuel cells and batteries has led to the development of new
technologies to overcome existing problems related to large dimensions, low current densities,
and insufficient power output of such devices. In the present work we describe new approaches
for the fabrication of miniaturized, macroporous and coaxial electrode architectures that could
find their practical application for the fabrication of the systems mentioned above.
Furthermore, we have demonstrated the functionality of macroporous electrodes with respect
to the design of miniaturized glucose/oxygen biofuel cells. Preliminary results regarding the
design of a new type of whole-cell based glucose biosensors are also presented.

The first part of this work is focusing on different strategies for the fabrication of colloidal
crystals (Chapter 1) that can be used for the synthesis of macroporous electrodes (Chapter2) by
following the so-called hard template approach. The synthesis of macroporous electrodes is
based on the potentiostatic electrodeposition of conductive materials (such as metals in the
present work) into a silica based colloidal template that has been synthesized by the Langmuir-
Blodgett procedure. This method has been used for the design and fabrication of miniaturized
coaxial and macroporous two electrode-electrochemical cells by following two different and
complementary procedures: 1. The first fabrication procedure is based on the electrodeposition
of alternating gold-nickel-gold metal layers, subsequent etching of the intermediate nickel layer
and a structural stabilization; 2. The second alternative and complementary strategy for the
fabrication of coaxial and macroporous double electrochemical cells relies on assembling the
final architecture from two independently prepared and electrochemically addressable
cylindrical macroporous electrodes. The main difference between these two approaches is the
range of inter-electrode distances (from tens of micrometers (first approach) to hundreds of
micrometers that can be achieved by second fabrication procedure). Also, we demonstrate the
electrochemical functionality of both electrode architectures by cyclo-voltammetric
investigation of the oxygen reduction reaction that takes place at the surface of both
electrodes.

The biggest advantage of the presented strategies is the possibility to fine tune the electrode
thickness (and therefore active surface areas), the spatial separation between inner and outer
electrode (the volume of electrolyte that can be stored between them) and the pore size (by
changing the diameter of silica colloidal particles).

In the following segment (Chapter 3), we demonstrate the possibility to use macroporous
electrodes for the fabrication of an enzymatic biocathode. The macroporous gold substrates
were chosen as promising candidates to improve the electrochemical performances (current
and power output) of an enzymatic glucose/oxygen biofuel cells due to their high active surface



area. Cyclic-voltammetry has been used for electrodeposition of Os-redox polymer and a
Bilirubin oxidase (BOD)/Os-redox polymer adduct in the macroporous structure. We have also
studied the bioelectrocatalytic oxygen reduction at the surface of BOD/Os-redox polymer
modified electrodes, as well as the stability of the so obtained bioelectrocatalytic film.

Finally, our contribution to the development of a new type of whole cell based biosensor is
described in Chapter 4. We have used electrochemistry as a tool to guide glucose sensitive
pancreatic insulinoma cells (INS832/13) and dissociated Langerhans islets towards
microelectrodes. This has been achieved by means of a pattern of optimized electrode
potentials that were generated in a micro-electrode array device. The main purpose of using
electrophoresis for the immobilization of pancreatic cells on the surface of microelectrodes is
the improvement of the quality of the measured glucose-dependent extracellular signal, which
leads to the increase in overall performances of the final biosensor (e.g. sensitivity).

Key words: Langmuir — Blodgett; colloidal crystals; template materials; electrodeposition;
electrochemical devices; macroporous electrodes; biofuel cells; biocathode; Bilirubin oxidase;
Os-redox polymer; beta cells.



Résumé

La demande croissante de systemes électrochimiques miniaturisés et potentiellement
implantables tels que les biocapteurs, les biopiles a combustible et les batteries a conduit a
I’émergence de nouvelles technologies pour surmonter les probléemes expérimentaux liés aux
grandes dimensions, aux faibles densités de courant, et a la puissance de sortie insuffisante de
ces dispositifs. Dans ce travail de these, nous présentons de nouvelles approches pour la
fabrication d’électrodes miniaturisées avec des architectures macroporeuses et coaxiales dont
les applications pourraient étre dans les domaines cités plus haut. De plus, nous avons
démontré I'utilisation de telles électrodes macroporeuses pour la conception de biopiles
fonctionnant a base de glucose et d’oxygéne. Les résultats préliminaires concernant la
conception d'un nouveau type de biocapteurs de glucose a base de cellules vivantes sont
également présentés.

La premiere partie de ce travail se concentre sur différentes stratégies pour la fabrication de
cristaux colloidaux (chapitre 1) qui peuvent étre utilisés pour la préparation d'électrodes
macroporeuses (chapitre 2) en suivant I'approche dite de matrice sacrificielle dure. La synthése
d'électrodes macroporeuses est basée sur I'électrodéposition potentiostatique de matériaux
conducteurs (tels que les métaux dans le contexte de ce travail) dans une matrice colloidale a
base de silice qui a été synthétisée par le procédé de Langmuir-Blodgett. Cette méthode a été
utilisée pour la conception et la fabrication de cellules électrochimiques a deux électrodes
macroporeuses coaxiales et miniaturisées en suivant deux procédures différentes et
complémentaires: 1. La premiere procédure de fabrication est basée sur I'électrodéposition de
couches de métaux alternées or-nickel-or, avant la dissolution de la couche de nickel
intermédiaire puis une stabilisation mécanique de la structure; 2. La seconde stratégie
alternative et complémentaire pour la fabrication de cellules électrochimiques coaxiales et
macroporeuses repose sur |'assemblage de l'architecture finale a partir de deux électrodes
cylindrigues macroporeuses préparées indépendamment et adressables par voie
électrochimique. La principale différence entre ces deux approches est la gamme de
I’espacement inter-électrode (de quelques dizaines de micromeétres (premiere approche) a des
centaines de micrometres qui peut étre obtenu par le second procédé de fabrication). En outre,
nous avons démontré le fonctionnement électrochimique des deux architectures d'électrodes
par |'évaluation en voltampérométrie cyclique a balayage de la réaction de réduction de
I'oxygene qui a lieu a la surface des deux électrodes.

Le plus grand avantage des stratégies présentées est la possibilité de controler finement
I'épaisseur de I'électrode (et donc des surfaces actives), la séparation spatiale entre |'électrode
interne et externe (c’est-a-dire le volume d'électrolyte qui peut étre stocké dans l'interstice) et
la taille des pores (en changeant le diamétre des particules colloidales de silice).

Dans la partie suivante (chapitre 3), nous démontrons la possibilité d'utiliser des électrodes
macroporeuses pour la fabrication d'une biocathode enzymatique. Les substrats d'or
macroporeux ont été choisis comme candidats prometteurs pour améliorer les performances
électrochimiques (courant et puissance de sortie) d'une biopile enzymatique a glucose/oxygeéne
en raison de leur surface active élevée.



La voltampérométrie cyclique a été utilisée pour I'électrodéposition d'un polymere rédox
d’osmium et d'un adduit avec une bilirubine oxydase (BOD)/polymeére-Os dans la structure
macroporeuse. Nous avons également étudié la réduction bioélectrocatalytique d'oxygene a la
surface des électrodes modifiées correspondantes, ainsi que la stabilité du film
bioélectrocatalytique ainsi obtenu.

Enfin, notre contribution au développement d'un nouveau type de biocapteur a base de cellules
entiéres est décrite dans le chapitre 4. Nous avons utilisé I'électrochimie comme outil pour
guider les cellules d’insulinome pancréatique sensibles au glucose (INS832/13) et les flots de
Langerhans dissociés vers des microélectrodes. Ceci a été réalisé au moyen d'une séquence de
sauts de potentiels optimisée qui a été générée au niveau d’un ensemble de microélectrodes.
Le but principal de ['utilisation du phénomene d'électrophorése pour l'immobilisation des
cellules pancréatiques sur la surface de microélectrodes est I'amélioration de la qualité du
signal extracellulaire de mesure dépendant du glucose, ce qui conduit a l'augmentation des
performances globales du biocapteur correspondant (par exemple en obtenant une meilleure
sensibilité).

Mots clés : Langmuir — Blodgett; cristaux colloidaux; matrice sacrificielle de matériaux;
électrodéposition; dispositifs électrochimiques; électrodes macroporeuses; biopiles;
biocathode; Bilirubin oxydase; polymeére-rédox d’osmium; cellules béta.
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Introduction

Introduction

The demand for miniaturized and eventually implantable electrochemical tools such as
biosensors, biofuel cells and batteries has led to the development of new technologies to
overcome existing problems related to large dimensions, low current densities, and insufficient
power output of such devices. The improvement of their electrochemical performance can be
partially addressed by the choice of appropriate electrode materials, architectures and surface
properties. The synergy that exists between these three structural characteristics can be
exploited in the field of the fabrication of miniaturized electrochemical platforms. Since the
limits for scaling down electrochemical devices is determined by the possibility to decrease the
geometric dimensions of their corresponding electrodes (or alternatively to remove some of
their bulky elements), the right choice of electrode material is of essential importance.
However decreasing the size of electrodes intrinsically leads to a loss of current or power,
which can be in many cases compensated, at least partially, by increasing artificially their active
surface area. This can be achieved either by using surfaces with a high roughness factor, or by
employing porous electrode materials. We have, in the present work, focused our efforts on
this latter aspect.

Since the concept of porous electrodes was introduced one century ago, many efforts have
been made in designing new synthetic procedures for their fabrication. Furthermore, the
variety of existing techniques, as well as the diversity of macroporous materials, allows tailoring
of electrode surfaces in order to obtain an optimal electrochemical response for a given
electrochemical system. In general, (macro)porous materials can be synthesized through the
filling of a temporary template with the desired material. Depending on the type of materials
that are used as a template, these approaches can be classified as: 1. hard (e.g. track etched
membranes) and 2. soft template (e.g. mesoporous structure obtained by electrodeposition of
metals through the water domains of a lyotropic liquid crystalline phase) routes. Another way
that follows the hard template route is based on the infiltration of nanoparticle templates by
electroconductive materials (e.g. metals or electron-conductive polymer).

In the present work, and as discussed in the first chapter, highly organized macroporous
electrodes are prepared by the infiltration of silica based nanoparticle templates (colloidal
crystals) with solid and electro-conductive materials. For this purpose, the silica colloidal
crystals were synthesized by the Langmuir-Blodgett (LB) technique, which has been selected as
the best option among other existing methods. The main advantage of the LB procedure is a
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perfect control of the number of silica nanoparticle layers, absence of cracks (one of the most
important prerequisites for the fabrication of high quality macroporous electrodes) in the
synthesized colloidal crystals and the possibility to fabricate ordered hierarchical structures by
depositing layers of beads with different diameters.

The next chapter will mainly focus on the fabrication of miniaturized coaxial double electrodes
based on macroporous gold as a structural material. Due to their high active surface areas,
(macro)porous materials are perfect candidates for the design of miniaturized electrochemical
devices. The increase in the electrode’s specific surface area allows a significant decrease of the
footprint of the final device. The fabrication of double-electrode structures can be carried out
by following two different procedures. The first one is based on electrodeposition of alternating
gold-nickel-gold metal layers through a pre-synthesized cylindrical colloidal crystal template
(Disilica beads) = 600 nm). This step is followed by consecutive etching of the “sacrificial” nickel
layer, structural stabilization and etching of the silica beads from remaining gold/silica
composite. The presented strategy introduces a new, straight-forward way to fabricate
miniaturized cylindrical double-electrode electrochemical cells (with an electro-active volume in
the range of 0.1 ul) with tunable active surface area (by changing the thickness of the porous
gold layers), inter-electrode distance (by controlling the thickness of nickel layer) and cell
volume. Another strategy that is described in the same chapter relies on the assembly of two
independently prepared cylindrical macroprorous electrodes. It also presents a new way to
elaborate macroporous electrodes by electrodeposition of gold through the silica-bead
template that has been generated on the surface of a metalized glass capillary. As will be
discussed, both architectures show good structural stability (the lack of intrinsic short-circuit is
confirmed by cyclic voltammetry) and an electrochemical functionality which is demonstrated
by the electroreduction of oxygen at each of two independent electrodes.

The possibility to utilize cylindrical macroporous electrodes for the fabrication of a biocathode
(and eventually a biofuel cell) is the focus of Chapter 3. The four-electron oxygen reduction is a
challenging reaction since the power output of most of fuel/oxygen biofuel cells is limited by
the activity of the biocathode. This is especially pronounced in environments where the oxygen
concentration is very small (e.g. the subcutaneous oxygen concentration is only 0.2 mM). An
improvement of the performance of biofuel cells can be expected by increasing the active
surface area of the biocathode or by enhancing the efficiency of the wiring of enzymes with the
electrode surface. The present strategy for the fabrication of a macroporous biocathode relies
on electrochemically assisted codeposition of Bilirubin oxidase (BOD, obtained from the fungal
source - Magnaporthe oryzae) as a biocatalyst for oxygen-reduction and an osmium based
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redox polymer which serves as a redox mediator. Coelectrodeposition of enzymes and Os-redox
polymers is based on the simultaneous chemical cross-linking (between enzyme molecules and
the reduced form of the Os-redox polymer) and precipitation of the BOD/Os-polymer adduct.
The bioelectrocatalytic film formed that way shows activity with respect to oxygen reduction,
and an enhanced structural stability in comparison with non-porous electrodes.
Coelectrodeposition of enzymes and Os-based polymers is a convenient way to immobilize
bioelectrocatalytic films. It can be easily implemented in the fabrication of a miniaturized
macroporous and coaxial glucose/oxygen biofuel cell since it allows selective modification of
each coaxial macroporous electrodes (with the corresponding bioelectrocatalytic film)
independently.

In the last chapter we discuss the development of a whole cell-based bioelectronic glucose
sensor that exploits the multi-parametric sensing ability of pancreatic islet cells for the
treatment of diabetes. Pancreatic beta cells are known as one kind of electrogenic cells (along
with neurons and cardiac muscle cells) whose electric activity relies on the concentration of
glucose and some other nutrients (certain amino acids and fatty acids). Therefore, they are
excellent candidates for a whole-cell based glucose biosensor since they were shaped during
the evolution for this purpose. The sensitivity to changes in glucose level distinguishes them
from other recognition elements that are exploited in glucose biosensors. The electrical signal
generated by the activity of beta cells can be recorded using micro-electrode arrays (MEA).
However, the quality of the signal and the overall sensor performance relies on a close cell-
electrode interaction. In order to improve this interaction and minimize the distance between
the electrode and the immobilized cells, a non-invasive electrophoretic method that exploits
the intrinsic electrical properties (negative charge of cell membrane) of these types of cells to
guide them toward targeted electrodes (by moving the cells in the applied electric field) is the
focus of this chapter. It will be shown that the cells are able to retain their viability after the
electrophoretic treatment.

In conclusion this thesis should demonstrate that by controlling the nature and the use of
appropriate electrochemical tools new application perspectives can be opened in the broad
field of bioelectrochemistry.



CHAPTER 1

COLLOIDAL CRYSTALS: ASSEMBLY AND
CHARACTERIZATION
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1.1. A Self-assembly of colloidal particles: Mechanism and driving forces

Mimicking of complex natural structures has become one of the commonly used tools in the
field of nano-structuration of materials. Some complex structures that can be found in Nature
are so complex in their architecture that we cannot simply copy them. Others, less demanding
structures, can be efficiently replicated by nowadays existing engineering methods. This is
facilitated by a variety of different synthetic materials. The main benefit of such an approach
allows us to adapt and to exploit the different physical properties that such kind of materials
offer [1].

Self-assembly is a process by which the discrete components (such as atoms and molecules)
spontaneously organize into a two or three-dimensional geometry due to various specific
interactions. A broader definition of self-assembly allows to include also spontaneous
organization of much bigger building units such as spherical colloidal particles with various
diameters [2,3] and morphology. If the particles are arranged in a highly ordered manner, the
so obtained structure can show optical properties (e.g. diffraction of light) just like real crystals
[4]. This regularity arises from the long range of order of the building units which are
preferentially forming a face-center-cubic (f.c.c.) crystal lattice with hexagonal arrangement
[5]. This kind of materials are often named synthetic opals due to their similarity to natural gem
opals (Figures 1.1a and b). They show the same optical properties which are originating from
the diffraction of visible light at a periodically repeated crystal unit. The crystalline structure of
gemstone opals consists of an ordered assembly of silica nanoparticles, which are regularly
packed during the years of geological maturing (sedimentation and compression) [6].

Figure 1.1. (a) SEM image of an artificial silica colloidal crystal (artificial opal) and (b) natural gemstone opal [6].
SEM image of an inverse opal structure obtained after infiltration of a silica-based colloidal crystal by a phenolic
resin and its subsequent etching (c) [7].

Another interesting feature of artificial opals is the tuneability of their photonic properties.
Photonic crystals are a group of materials that could be used for light manipulation due to their
photonic band-gap which allows the propagation of certain wave-lengths while others are
prohibited.
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This feature derives from the periodic modulation of the refractive index within the colloidal-
crystal, due to the periodic modulation in the composition of material which is building up the
structure (i.e. silica/air) [6].

Assuming a f.c.c. crystal unit cell, based on geometrical considerations it can be theoretically
calculated that the free space within colloidal-crystals occupies 24% of the total crystal volume.
This space can be easily filled-up with different materials that are remaining after removing of
the colloidal template. The so-obtained highly porous material, resembling a honeycomb
structure is called an “inverse opal” (Figure 1.1c) since it presents the replica of the starting
template [4,7,8]. As will be described in more detail in Chapter 3, those materials already found
applications in the field of electrochemistry.

From the thermodynamic point of view, self-assembly processes can be divided into two
groups:

1. Static (equilibrium self-assembly, ESA) where the system resides in its local minimum.
During its formation the system may adsorb energy from the environment (e.g. stirring,
heating etc.) but once it is formed it resides in its stable state [9].

ESA can be driven either by energetic or entropic aspects, or both of them at the same time.

1.1 An example for the energetically driven self-assembly is the formation of
sphalerite - (ZnS) and diamond-like crystals consisted of oppositely charged Au (@ = 5.1
nm) and Ag (@ = 4.8 nm) nanoparticles (NP). Since the metallic NPs are not charged by
their nature, appropriate surface modification is required. This could be accomplished
through the formation of self-assembled monolayers of carboxyl and amine based thiols
that are known to exhibit high affinity for gold and silver surfaces. In this case, the
formation of a “NP ion” based lattice arises from the electrostatic interaction in
between oppositely charged particles. Figure 1.2b presents the morphology of crystals
obtained by dissolution of a Au-Ag NP precipitate in H,0/DMSO (1:4 v/v), which is
followed by slow (= 12h) evaporation of water. The quality and the amount of the
crystals (Figure 1.2) obtained in this way was significantly increased when one of the
components of the system (e.g. positively charged Ag NP obtained through chemical
modification with HS(CH,)1:NMe;*Cl") was polydisperse (o (AgNP) = 45% where o is a
standard deviation of the nanoparticle diameter) and small Ag NP were present in the
suspension along with negatively charged Au NP (obtained by chemical modification of
Au NP (o = 20%) with HS(CH,);0COOH). The role of the small Ag NP is to screen the
effective charge (decrease effective screening length) of the bigger oppositely charged
Au NP and in this way moderate the attraction forces between them. As a consequence
of this effect, bigger NP do not randomly aggregate but rather form regular assemblies
(crystals) due to the moderation of the electrostatic attraction potential [10].



1 - Colloidal crystals: Assembly and characterization

Figure 1.2. SEM images of the crystal morphologies obtained by self-assembly of functionalized Au and Ag NP. (a)
Poorly defined crystalline morphology of a precipitate obtained by mixing oppositely charged and monodispersed
Au NP. (b) The morphology of a truncated tetrahedron was obtained by mixing monodisperse negatively charged
Au NP with polydisperse positively charged Ag NP. The so-obtained crystals posses a diamond-like crystal lattice,
present in natural diamond c) [10].

1.2. Besides electrostatic interactions (as part of energetically driven self-assembly),
self-assembly can be influenced by entropy. From thermodynamic considerations, the
spontaneity of some processes (at constant P and T) is determined by a change of the
Gibbs function (AG < 0 k] — spontaneous process, AG > 0 kJ not likely to occur
spontaneously) and can be expressed as AG = AH - T-AS, where: AH — change of the
systems enthalpy (kJ), T- temperature (K) and AS — change in entropy (kJ). If the entropy
of the system becomes dominant over the enthalpy term, then the self-assembly of
building units can be entirely driven by entropy. An interesting example that illustrates
this feature is the self-assembly of like-charged virus rods, where the electrostatic
interactions are all repulsive. In disorganized states, the translational and rotational
motions of virus nanorods are not free as one could expect since the virus particles are
constantly bumping against each other. When the rods are organized in layers of a
smectic phase, the degree of freedom increases due to the possibility to freely exchange
their position with each other within the layer as a compensation of translational and
rotational restrictions (Figure 1.3). This leads to an increase in entropy and therefore
the decrease of the global energy of the system [11-13].
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Figure 1.3 (a) and (b) Schematic representation of self-assembly of the filamentous (rode-like) viruses influenced
by entropy; c) Images of the ordered (smectic) phase of filamentous bacteriophage (fd) (contour length = 1.2 um )
mutant viruses [11,12].
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1.3. The most abundant mechanism of self-assembly is influenced by both, the enthalpy and
the entropy. The example that illustrates the influence of those gathered parameters is
the micellar self-assembly of surfactant molecules with different structures. Unlike the
gemini  cationic  double-tail  surfactant molecules  ([CH2m+1(CH3)2N-(CHy)k-
N(CHs),C,H2n+1]Bry), monomer molecules ([(CH2)3-NCnH3n+1)1Br) are forming micelles
thanks to the predominant influence of entropy. This can be explained by from the
exclusion of water that is surrounding surfactant molecules (due to unfavorable
interactions between hydrophobic tails of surfactant molecules and water molecules).
The calorimetric investigation of the formation of micelles shows that the involvement
of entropy and enthalpy is dependent on chemical structure of the surfactant. It has
been demonstrated that the change of the micellar enthalpy for [Ci,H,5(CH3),N-
(CH,)6]Br contributes much less to the formation of the micelles then in the case of
gemini molecules such as [C1,H5(CH3),N-(CH,)12-N(CHs),Cq2H25]1Br [11,14].

2. Dynamical self-assembly (DySA) is another way by which building units can organize
themselves. In contrast to equilibrium self-assembly, the system is kept far from
equilibrium through a constant input and dissipation of energy (Figure 1.4a) [11]. For
example, the energy of a magnetic field can be used to direct the assembly of
ferromagnetic doped polymer pallets towards an axis of rotation of an externally placed
magnet. At the same time the rotation of the external magnet causes the consequent
rotation of the magnetic polymer discs. This in turn causes a hydrodynamic flow of the
surrounding liquid (ethylene-glycol/water) which results in repulsion of the discs. The
obtained assembly is the result of the superposition of two differently directed forces;
the attractive magnetic and the opposing hydrodynamic force (Figure 1.4b and c) [15].
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Figure 1.4. (a) Schematic representations of the difference between equilibrium (static) and DySA. In the first case,
once the system is settled in its energy minimum, it is closed for the energy exchange with an environment. In
DySA, the flux of delivered energy is used by the system to “self-assemble” (one portion is dissipated as a heat) and
to reside in one of the several metastable states [11]. (b) Representation of the magnetohydrodynamic self-
assembly guided by two opposing forces (attractive magnetic force F,, and repulsive hydrodynamic force Fy) [11].
(c) An example of DySA of magnetic discs (the number of objects is indicated in corresponding insets). The example
of the system with 19 discs illustrates a transition between two metastable states influenced by the rotational
speed of an externally placed magnet [15].
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As mentioned above, self-assembly can be extended over a big range of sizes of building units
(atoms, molecules or colloidal particles). Besides the thermodynamic consideration, the self-
assembly of colloidal particles can be described in the light of different forces that are acting
upon a whole process and which can be ambivalent in their nature. The fine balance between
attractive and repulsive interactions determines the possibility of aggregation of colloidal
particles.

The first group of colloidal interactions is dominated by the balance between the attractive van
der Waals (abr. vdW; dipole-dipole and dipole-induced dipole) and opposing electrostatic
interactions. The second one is based on repulsion between electric-double layers of interacting
particles. Those interactions present the basis of the Derjaguin-Landau-Verwey-Overbeek
(DLVO) theory which explains the balance of forces that plays an important role in the self-
assembly process. Regarding the DLVO theory, the total potential energy (Uiota(x)) of the
assembly is given (Equation 1) as a contribution of repulsive (U.(x)), attractive (U,(x)) and
external force (Uex(X)). The latter one becomes an important constituent of the system
(comparable to attractive vdW and electrostatic repulsion) whenever the building units are in
the colloidal range.

Usotal (X) = Ua(x) + Ur(x) + Uexe.(x) Equation 1.1

Unlike the long-range vdW and electrostatic interactions, depletion, solvation, hydration and
steric interactions are short range. Therefore, their influence has to be considered as the
interparticle distance decreases.

A second group of forces are not arising from molecular interactions. They become an
important part of the energetic landscape in colloidal systems since they originate from various
colloidal phenomena. This group includes capillary forces, gravity, osmotic pressure,
electrophoretic force, magnetophoretic force and force by flow. Since they have a similar
length-scale as colloidal forces they have to be included into the description of self-assembly.
Those forces can be attractive or repulsive just like in the case of the colloidal one. One general
characteristic of colloidal forces is that they do not exhibit directionality but rather random
behavior. This is the reason why colloidal self-assembly is a random process especially if no
external influence is involved. Most of externally applied forces posses directionality, which can
be exploited in colloidal systems. Due to the possibility to adjust their intensity, external forces
can take control over the assembly process and in that way a unidirectional action can be
implemented into a system (Figure 1.5). Typical examples of external forces are capillary forces,
electric and magnetic fields, spatial confinement, mechanical forces, centrifugal forces etc.
Since the colloidal crystals present highly organized structures, the directionality is of essential
importance due to the ability to affect some of the structural parameters (e.g. number of
layers, precise position of colloidal particles).
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Some approaches, based on forces mentioned above, present popular ways to synthesize
colloidal-crystals[3]. They will be in the focus of the following subchapters.

Colloidal self-assembly
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Figure 1.5. Principal scheme of the force balance and external force induced colloidal self-assembly (Adapted from

(31).

1.2. An overview of the most utilized methods for the synthesis of colloidal-
crystals

1.2.1. Sedimentation and vertical deposition

The sedimentation technique presents one of the simplest and most straightforward methods
for the fabrication of colloidal crystals. Based on sedimentation, the self-assembly process relies
on the precipitation of colloidal particles in ordered arrays under the action of the gravitational
force that is known to have an impact on every object within its field. This presents an excellent
example of directionality that can be easily imposed on the system. The motion of colloidal
particles in the gravitational field depends on their diameter and can be described by the well-
known Stokes equation for spherical objects (Equation 1.2) [16,17]:

v =d*(p, — p1)g/18n, Equation 1.2.

where: v is the speed of sedimentation, d is the diameter of colloidal particles, p, and p; are
the corresponding densities of the colloidal particles and the liquid medium, respectively, g is
the gravitational acceleration and 7, is the viscosity of the liquid medium. Besides the diameter,
sedimentation of colloidal particles is dependent on their volume fraction in the suspension
[18].
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It can be concluded from the equation above that bigger particles will precipitate much faster
than smaller ones.

As expected, if the particle size is too small (d < 100 nm) the sedimentation process under
normal gravity is too slow to be useful [18].

Theoretical calculations have shown that nanoparticles are preferably self-assembling in fcc
crystalline arrangement due to the lower energy requirement compared to the hexagonal close
packing (hcp), although this difference is very small ( AF = (Fnep - Frec)/RT=0.005, where AF is a
difference in the Helmholtz’s free energy ) [19,20]. This result has been confirmed
experimentally as shown for silica-based colloidal-crystals (Figure 1.6a and b) with different
lattice parameters which are varied by the sphere diameter [21].

The influence of gravity is comparable with the kinetic (thermal) energy (x kT, k is the
Boltzmann constant) of the particles which impose the conclusion that the system is close to
thermodynamic equilibrium. Due to the long time required for the sedimentation, the
rearrangement of colloidal particles which are not positioned in a local energy minimum takes
place and in that way an ordered close packing of the spheres can be accomplished [22].

Due to the fact that normal gravity requires a long time (weeks or even few months) to
influence colloidal crystal growth, centrifugal forces can be exploited in a colloidal systems to
accelerate the self-assembly (Figure 1.6c) [23].

Despite their simplicity, sedimentation and centrifugation have certain drawbacks concerning
the quality of the obtained colloidal-crystals. It has been observed that the structures
synthesized in this way possess defects and polycrystalline domains of different sizes, while
their thickness is not easy to control.

Figure 1.6. SEM images of the cleaved edge (a) and large internal (111) domain (b) of an fcc structure obtained by
sedimentation of 415 nm silica nanoparticles onto a polymethylmethacrylate (PMMA) surface. The experimental
observation indicates that all arrangements are compatible with the fcc crystalline structure [21]; ¢) An example of
silica based colloidal crystal synthesized by means of centrifugal forces assisted sedimentation with an acceleration
of 8750 m/s®. Both structures present in this figure exhibit numerous vacancies (marked on the images with orange
circles) and distinctly separate monocrystaline domains (present on figure (c) with apparent grain boundaries) [23].

10



1 - Colloidal crystals: Assembly and characterization

Another way to synthesize colloidal crystals is based on the evaporation of a solvent from the
suspension of colloidal particles.

This process, known as the evaporation assembly, can be summarized in a few steps
(Figurel.7): 1. Nucleation — the process that refers to the formation of colloidal-crystal nuclei
due to the initial assembly of colloidal particles. This is governed by attractive lateral capillary
forces whose intensity rise (compared to the thermal energy of the colloidal particles) as
solvent thickness decreases within the wetting film; 2. Convective delivery of nanoparticles
from the bulk to the wetting film. The flow of particles is driven by solvent flux (J,,) induced by
its evaporation (Je). The flow of solvent imposes hydrodynamic pressure onto the wetting film
and in that way directs the nanoparticles towards the formed nuclei; 3. Capturing of incoming
particles within an array by action of attractive capillary forces [24,25].
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Figure 1.7. The schematic of colloidal self-assembly driven by evaporation of water from a suspension of colloidal
particles (F.- capillary force, Fy— hydrodynamic force, J. — evaporation flux, J,, — incoming water flux) (adopted and
modified from [25]).

The method that presents an extension of the evaporation technique is the evaporation
induced vertical deposition. The only difference here is the vertical [26,27] or slightly tilted [28]
position of the substrate within the colloidal suspension. As the solvent evaporates a regular
array of colloidal particles is formed within the wetting film. The main advantage of vertical
deposition comparing to simple evaporation technique is a better quality of the colloidal
deposit in terms of size of crystalline domains and a reduced number of defects (i.e. vacancies
and dislocations) present in the film due to the directional “crystallization” in the meniscus [26].
To control those parameters, temperature and polydispersity (it should be less than 8%) of the
system seems to be the most important variables [26,29]. The thickness of the deposit can be
varied by multiple coatings and the volume fraction of the spheres [29].

The first prerequisite for the successful vertical deposition of particles is that the speed of their
sedimentation is lower than the growth rate of the crystal. Therefore, the utilization of vertical
deposition for the synthesis of colloidal crystals mainly depends on the density and size of the
colloidal particles and the evaporation rate of the solvent. [26].

Convection induced by thermal gradients (CITG) [30] in an ethanol suspension of silica particles
and mechanical agitation [31] (slight stirring) can be used to avoid precipitation. The obtained
array of colloidal particles shows good quality (Figure 1.8 a and b).

11
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Another approach based on convective agitation of the suspension is isothermal heating
evaporation-induced self-assembly (IHEISA). The principle of HEISA is similar to the CITG
method with the only difference that the system is isothermally heated close to the boiling
point of the solvent (i.e. methanol, ethanol). Besides the uniformity of the film and an increased
rate of formation of the colloidal crystal (1cm/h), using this technique allows preparing
“sandwich” structures made of particles with very different diameters (Figure 1.8c) [26].
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Figure 1.8. (a) SEM image of a colloidal crystal obtained by vertical deposition of silica particles (@ = 855 nm) onto
the surface of a silicon wafer by means of vertical deposition enhanced by thermal gradient convection [30]; (b)
Global view of a silica (@ = 850 nm) opal structure within rectangular shaped polyurethane microchannels. During
the assembly of the structure, the colloidal suspension in ethanol was slightly stirred [31]; (c) An example of an
ABA (each letter denotes a different diameter of silica nanoparticles) sandwich structure obtained by alternating
deposition of 850 nm and 250 nm silica nanoparticles by IHEISA [26].

As mentioned before, colloidal films prepared by vertical deposition methods show less defects,
cracks and polycrystallinity in comparison with samples prepared by sedimentation as depicted
in Figure 1.9a and b. For instance, dislocations are the consequence of polydispersity and the
presence of colloidal particles with significantly different diameters (usually smaller) then the
original one. This causes the formation of grain boundaries in the structure. Another type of
defects are micro-cracks whose mechanism of formation is related to drying of the adsorbed
solvent layer on the surface of the colloidal particles. This results in the shrinkage of the self-
assembled structure (the inset in the Figure 1.9b).

12
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Figure 1.9. (a) Top-view SEM image of a silica colloidal crystal obtained by IHEISA. Different kinds of defect are
depicted as follows: the white triangles — small spheres occupying an interstitial sites; the circles - space occupied
by spheres with a smaller diameter then the original one; the rhomboid — place of a missing sphere in the lattice,
the rectangle — doublet of colloidal particles within the colloidal crystal (doublet particles are the result of sphere
adhesion during the silica regrowth step in the synthesis); the white lines — denotes the dislocations and their long-
range spreading [26]; (b) Optical micrograph with the SEM inset showing multiple cracks formed during the water
evaporation from the freshly synthesized colloidal crystal [32].

1.2.2. Electrophoretic and Dielectrophoretic synthesis of colloidal crystals

Another strategy to impose directionality in a colloidal system, and in that way to synthesize
colloidal crystals, is to use electric fields. There is the possibility to use both direct (DC) and
alternating current (AC). Depending on the mechanism through which particles are assembled
one can distinguish electrophoretic (based on DC) or dielectrophoretic (the electric field is
usually generated by AC) self-assembly [33] (described in more detail in Chapter 4).

While the utilization of a DC electric field acts on charged particles, AC can be used to induce
the polarization of dielectric colloids for further manipulation. Besides the motion of
nanoparticles, an electric field has a significant influence on the surrounding liquid in the
colloidal suspension. Two types of electric field induced motion of liquid medium have been
observed: 1. DC electroosmotic flow induced by the migration of a counter ion layer adsorbed
along the wall of the chamber between two electrodes. This can disturb the assembly process
due to the random orientation of the moving liquid [33]; 2. The electrohydrodynamic flow
(EHDF) phenomenon due to the flux of incoming colloidal particles towards the electrode
surface. This leads to perturbation of the lateral homogeneity of the concentration polarization
near the electrode surface. As a consequence, a lateral flow of liquid medium brings colloidal
particles closer together, which finally results in the formation of ordered 2D colloidal
assemblies [34,35].

Electrophoretic deposition presents a method for the fast synthesis of colloidal crystals. It is

based on the application of a DC electric field through a suspension of colloidal particles that is
confined in between two electrodes (see Chapter 4, Figure 4.9a) [33,36].

13
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Colloidal crystals assembled from different kinds of nanoparticles (e.g. silica[16] and
polystyrene [37] based nanoparticles) can be synthesized using this method. The main
drawback of DC field induced self assembly in aqueous solutions is the water electrolysis that
can take place upon applying the electrode potential [33,38]. The formation of oxygen and
hydrogen bubbles at the electrode surface can prevent formation of colloidal crystals. In order
to avoid undesired water electrolysis, while still retaining a sufficient intensity of applied
electric field, the distance in between two electrodes can be decreased (in millimeter range)
[37,39] and suitable solvents (e.g. ethanol [40], acetylacetone [41], water-dimethylsulfoxide
mixture [42] etc.) can be used.

It has been shown that the deposition rate of silica nanoparticles increases when the pH is
differing from their point of zero charge (PZC) and the electric field intensity is increasing.
Compared to sedimentation methods, electrophoretic synthesis of colloidal crystals is much
faster which is an important issue especially in the case of nanoparticles with small diameters
(e.g. <300 nm) [16], where the sedimentation assembly could take even a few weeks.
Electrophoretic deposition can be used together with other techniques in order to fabricate
high quality ordered colloidal assemblies. For example, colloidal crystals with different lattice
structures (face centered cubic (fcc) and body centered cubic (bcc)) can be easily synthesized by
means of electrophoretic deposition of polystyrene beads onto lithographically (e.g. the “lift-
off” method) patterned surfaces of indium-tin oxide (ITO) electrodes (Figure 1.10a and b). In
this case, the thickness of the colloidal crystal depends on time and the volume fraction of
colloidal particles in the suspension [43]. This is the general characteristics of systems for
electrophoretic synthesis of colloidal crystals.

Another way to fabricate patterned assemblies of negatively charged polystyrene particles is
based on the synergetic action between electrophoretically induced assembly and UV light.
During the patterned illumination of the surface of an ITO electrode, by means of a
photolithographic mask, an induced slight increase in current densities can selectively guide
incoming particles to the illuminated areas and in that way multi-domain 2D colloidal
assemblies can be reversibly synthesized. Further stabilization of the system through the
permanent attachment of the colloidal particles can be accomplished by increasing the applied
electrode potential for a short time interval (Figure 1.10c) [44].

14
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Figure 1.10. Cross-sectional SEM images of: (a) polystyrene (@ = 310 nm) based fcc colloidal crystal with the (111)
plane oriented towards the surface of the pattern, (b) bcc colloidal crystal with (100) crystal plane. The colloidal
crystal has been assembled by applying a DC electric field of 200 V cm™ to the ethanol-water suspension of
polystyrene beads [43]; (c) Top-view SEM image of the colloidal pattern synthesized by UV light supported
assembly of polystyrene particles (@ = 2 um) on the surface of an ITO electrode. A DC electric field of 6500 V m*
has been applied [44].

The problems related to the water electrolysis and electroosmotic flow which is anticipated for
a DC field can be largely eliminated if an AC field is used. Furthermore, the utilization of AC
allows much higher electric field strength and the possibility to manipulate and assemble
dielectric nanoparticles into ordered arrays [33]. Upon the application of an AC electric field to
the suspension of colloidal particles a dielectrophoretic effect (DEP) can be induced (more
detailed explanation of dielectrophoretic phenomenon can be found in Chapter 4) [33,45]. As
the polarization of the electrodes is constantly changing during time, the particle migration and
attraction is not directly induced by the Columbic action but rather through the induced
polarization of the colloidal particles. The dipoles induced that way are capable of interacting
with the gradient of an inhomogeneous electric field. This can result in the migration of the
particles down the gradient and vice versa [33,46].

An interesting example that demonstrated the DEP synthesis of 2D colloidal crystals is shown in
Figure 1.11. In the present case, DEP induced dipoles of polystyrene beads are interacting not
only with the AC electric field but also among each other. The latter interaction results in the
alignment of induced dipoles into chains (Figure 1.11a and c). In the second step, so formed
chains are attracted by DEP towards the glass surface between two planar ITO electrodes
(Figure 1.11b and d). The intensity of the chaining force (F.pqin) is given as: Fopqin =
—Crer?K?E?, where: C is coefficient that scales from 3 to > 1000. Coefficient C depends on
the distance between particles in the chain and the length of the chain; € is the dielectric
constant of the material of which colloidal particles are made; r is the diameter of the colloidal
particles, K is the Clausisu — Massoti function (Chapter 4) and E is the intensity of the applied
electric field [46,47].
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Figure 1.11. Schematic representation (a) and (b) and SEM images (c) and (d) of the two stages during the
formation of ordered 2D arrays of latex particles (@ = 1.4 um ). In the first stage (a), latex particles are assembled
into chains (c) (after the 2 s) due to the induced dipole-induced dipole attractive force. Once the chains are
formed, the 2D assembly (d) is formed between the two electrodes (during the 15 s) by DEP induced motion of
chains down the gradient of the applied electric field [46].

The AC driven self-assembly process seems to be dependent on the temperature of the system,
the field intensity [48] and the AC frequency [49]. Besides polystyrene, other types of
nanoparticles (e.g. silica and gold) have been manipulated and assembled in AC electric fields.

1.2.3. Langmuir — Blodgett technique for the synthesis of colloidal crystals

The Langmuir-Blodgett technique presents one of the best ways to control the assembling
process and to introduce directionality into colloidal systems by means of an externally applied
lateral mechanical force [3]. Originally, it has been developed to allow transfer of
monomolecular films (Langmuir films) of amphiphilic molecules from the water-air interface
onto the surface of solid substrates [50,51]. Figure 1.12.b and ¢ [52] depicts the basic principle
of the deposition of an amphiphilic molecular film onto a hydrophobic surface. Prior to the
deposition step, a monomolecular film has to be formed at the water-air interface where the
non-polar (hydrophobic) hydrocarbon tails are oriented towards the air, while the hydrophilic
head is immersed into the water subphase. Once the compact film is formed the transfer of the
monolayer can be accomplished by simple dipping and withdrawing of the sample.

The mechanism of the deposition depends on the hydrophilic-hydrophobic properties of the
substrate [53]. When a hydrophobic sample is dipped into the water subphase, the molecules in
the first deposited monolayer are preferentially oriented with their hydrophobic part towards
the hydrophobic surface. In a second step, when the substrate is lifted-up, another layer of
molecules are deposited. During the withdrawing step, molecules in the second layer orientate
themselves towards the previously deposited layer with their hydrophilic heads.
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The deposition cycles can be repeated until the desired number of layers is deposited [54].
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Figure 1.12. (a) An example of a compression isotherm recorded during the preparation of Langmuir film of
arachidic acid at the water/air interface (adapted and modified from [55]). The three domains, referred to as
pseudo “solid”, “liquid” and “gaseous” state respectively, are clearly visible. The transfer of a monolayer of
amphiphilic molecules and the final stacking within the structure are schematically presented in figures b) and c)
[52].

Prior to the deposition onto a substrate, a densely packed monolayer has to be formed at the
interface. This can be achieved by spreading the molecules onto the water surface and their
subsequent compression by means of moveable barriers until a compact film is formed. The
compression process can be followed by measuring the surface pressure as a function of area
per molecule or film area. Once the optimized degree of compression is achieved, the transfer
can start. The whole process of formation of the Langmuir film can be summarized in three
steps: 1. at low surface pressure molecules are far away from each other and thus no significant
interaction occurs between them. This large degree of freedom corresponds to a pseudo
gaseous state in two dimensions; 2. Further compression leads to an increase of surface
pressure which indicates the phase change from gaseous to liquid state; 3. Upon further
compression, the pressure raises steeply (Figure 1.12a). This point presents the liquid - solid
transition at which a dense and well-organized film exists. Further compression of the Langmuir
monolayer leads to the collapse of the film where the film breaks and the molecules are either
depositing on top of each other or transferred to the water subphase [56].

Besides amphiphilic molecules, much larger building units from the colloidal domain can serve
for the synthesis of an ordered 2D array of colloidal particles. Due to their facile fabrication,
silica beads are one of the most utilized colloidal particles that have been employed for the
synthesis of colloidal crystals by the Langmuir-Blodgett procedure. Proper surface modification
of silica beads allows them to float at the water surface and to be assembled similar to
molecular monolayers.
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The balance of hydrophilic/hydrophobic properties of modified nanoparticles controls their
behavior at the interface [57]. If the particles are too hydrophilic (silica beads without surface
functionalization) aggregation and sinking in the water subphase will occur. On the opposite the
aggregation will happen at the interface if the particles are too hydrophobic [58]. The proper
choice of modifying reagent is one of the crucial issues that has to be well addressed in order to
obtain a dense and well-organized colloidal film. The silanization of silica nanoparticles [57,59]
seems to be a very convenient method for addressing this problem. Alternatively,
functionalized silica beads can be suspended in a solution of surfactant and used right away in
the Langmuir-Blodgett experiment [60]. The appropriate surface modification is an unavoidable
step when it comes to compression of the Langmuir film of particles with larger diameters (@ >
400 nm) while for smaller silica beads (@ = 180 — 360 nm) chemical modification is not
absolutely necessary [61]. Here, just like in the case of amphiphilic molecules, silica beads have
to be suspended in a water immiscible and highly volatile solvent (i.e. chloroform or
chloroform/ethanol mixture). This allows efficient spreading of the beads at the interface
without sinking in the water subphase.

Upon the formation of the silica bead monolayer by closing the moveable barriers (Figure
1.13a), the compression is followed by measuring the surface pressure as a function of film area
(Figure 1.13b). In this case the absence of the pseudo-liquid phase in the compression isotherm
is notable compared to molecular Langmuir films. At the beginning, when the barriers are
completely open the surface pressure is at its zero value. The system resides in this state until
the interaction between spheres becomes significant due to the decrease of the interparticle
distance. The point at which the colloidal particles are in close contact leads to a steep increase
in surface pressure and a highly compressed state (“solid state”) is achieved. This indicates a
low compressibility of the system due to the presence of hard silica spheres [59].
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Figure 1.13 (a) Photograph of Langmuir-Blodgett trough (NIMA Technology 622, Coventry, England) during the
synthesis of silica (@ = 600nm) based colloidal crystal at the surface of glass slide. (b) The examples of experimental
compression isotherms recorded during the compression of Langmuir film made of 1000 nm (orange curve) and
600 nm (green curve) silica beads.
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Once the film is synthesized, the 2D silica bead monolayers can be transferred onto the surface
of any hydrophilic substrate and in that way a 3D colloidal crystal can be synthesized.

In this case, the deposition of colloidal particles takes place exclusively during the upstroke of
the substrate. Figures 1.14a and b present the cross-sectional and top SEM views of a silica
bead based colloidal crystal. By taking a close look on the top SEM view, one can clearly see
certain defects in the form of vacancies and grain boundaries as well as crystalline domains.

2015007117 16:12 x3,0k 30um 201500717  16:23 x4,0k 20 um

Figure 1.14 Cross-sectional (a) and top view (b) SEM images of 600nm silica beads. From the cross-sectional SEM
image once can see that 15 layers of silica colloidal particles have been deposited onto the surface of a microscopic
glass slide. The synthesis was accomplished by slowly withdrawing (at 1 mm min'l) and fast dipping (at 63 mm min
1) of the substrate.

Nevertheless, the crystal obtained is crack free, which is a crucial point with respect to the
following electrodeposition step (see Chapter 2).

The compression process can be easily followed by means of thin chromatographic paper or a
platinum plate (known as Wilhelmy plates) which is partially immersed in the water subphase
and directly connected to a sensitive balance. The determination of the surface pressure (M) is
based on measuring the intensity of force (F) which acts on the Wilhelmy plates during the
compression of the monolayer. The surface pressure is given as:

AF AF .,
m] => 1[I —E Ipr > tp

M= —-Ay => Il = —[
with Ay being the change in surface tension, t, and w,, are the thickness and the width of the
Wilhelmy plate, respectively [62]. The spikes that appear at the top of the compression
isotherm during the transfer of monolayers are related to the penetration of the substrate
through the Langmuir film (Figure 1.13 b).

The Langmuir-Blodgett technique allows precise control over the number of deposited colloidal
monolayers and a high quality of the synthesized colloidal crystal. This already presents,
together with the possibility to synthesize heterogeneous alternating structures (e.g. by using
beads with different size [63] or by alternating colloidal and molecular layers [64]), the most
important advantage of the Langmuir-Blodgett technique in comparison with other techniques
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that have been described before.

As has been mentioned earlier, colloidal crystals can be considered as artificial opals due to
their good structural organization and therefore intensive coloration when illuminated with
visible light. This feature depends on the angle of the incident light for the same size and type
of colloidal particles as depicted in the Figure 1.15. Observed brilliant colors are the
consequence of Bragg diffraction. This can be expressed as: mi,, = A, = 2n.dpy;Sinay,
where m is integer, 4, is the Bragg diffraction wavelength, d;; is the distance between two
consecutive lattice planes with Miller indices hkl (for fcc (111) plane it can be calculated as
dnr = 0.82-d, d is the diameter of the silica particles) , a; is the Bragg angle and n, is the

effective refractive index (n, = \/qbng + (1 — ¢)n3, where ¢ is the volume fraction of the
colloidal crystal occupied by hard spheres, which for a fcc system has a value of 0.74, ny; and n,
are the refractive indices of silica and air respectively [58].

Figure 1.15. Optical photographs of monolayers of silica beads (@ = 600 nm) at a glass substrate taken at different
angles relative to the source of the incidence white light.

This macroscopic observation can serve as a first proof of the quality of the Langmuir-Blodgett
films and translate the successful transfer of the colloidal particles onto the surface of a solid
substrate.
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2. Development of coaxial macroporous electrode architectures by infiltration
of colloidal crystals

Taking advantage of long-range ordering of nano- and sub-micrometric particles, colloidal
crystals have found their application as templates for the synthesis of highly ordered porous
electrodes. Void space in between particles occupy on average 26 % v/v of the total template
volume and can be filled with a wide spectrum of different electro-active materials, which
opens the possibility of various applications in different fields ranging from electroanalysis [1-5]
and electrocatalysis [6—11] to batteries [12—17] and biofuel cells [18].

The basic route for the synthesis of porous electrodes can be summarized in a few steps (Figure
2.1):

1. Infiltration of different materials into the void space of the colloidal crystal, 2. Solidification
of the material by means of different strategies based on induced polymerization, sol-gel
method, electrodeposition etc., 3. Removal of the colloidal template by dissolution or a
calcination process [19]. Using this, so called “hard template” approach, different macroporous
materials have been synthesized, including macroporous metals [6,20-24], electroconductive
and nonconductive organic polymers [25-28], semiconductors [29-33] and metal-oxides
[14,34,35].

Filling of the intersticies with a
solidifying matrix or with
nanoparticles Composite

.~ L

Structured porous replica

Colloidal crystal template

Figure 2.1 Schematic representation of the procedure for the synthesis of macroporous materials [36].

Following the described procedure, macroporous electrodes represent negative replica of the
colloidal crystal, comprising 74 % v/v (equivalent to atomic packing factor of fcc crystalline
system) of free space [35] homogeneously distributed inside the porous structure. Therefore,
those materials are known as “inverse opals”.

This results in high volume-to-surface ratio materials, which allows their utilization in the
different fields of electrochemistry.
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As previously discussed in Chapter 1, different types of nano- and sub-micrometric particles
(e.g. silica, polymethylmetacrylate (PMMA), polystyrene (PS), latex, PS-polyacrylic acid
copolymer) can be used to synthesize the template. In order to ensure the mechanical stability
of the template, colloidal silica crystals can be heated, prior to the infiltration, which results in
the formation of a “neck” between the neighboring spheres. This intermediate step enhances
the robustness of the template and it allows complete removal of silica spheres with
hydrofluoric acid (HF) afterwards. In the case of polymeric particles, calcination or common
solvents (tetrahydrofuran, toluene and dichloromethane) can be used to remove the template.
A requirement for facile and complete removal of particles from the composite material is the
incomplete filling of the template to avoid closing the whole structure and difficult penetration
of solvent or hydrofluoric acid [19,37,38].

Using different approaches e.g. templates made of nanoparticles, or obtained by spontaneous
or electro-assisted assembly of surfactant molecules [7,39], porous electrodes with different
pore diameters and uniformly or hierarchically structured organization can be prepared [38].

Regarding the pore diameter the International Union of Pure and Applied Chemistry (IUPAC)
classified porous materials into three groups: 1. Nanoporous (¢ < 2 nm), 2. Mesoporous (2 nm <
@ <50 nm) and 3. Macroporous materials (¢ > 50 nm) [33].

During the last decade, different infiltration techniques of materials into a pre-synthesized
template have been developed. This includes 1. Chemical vapor and atomic layer deposition
(CvD, ALD), 2. Sol-gel method, 3. Precipitation and electroless deposition, 4.
Electroctrodeposition.

2.1. Overview of common methods for the infiltration of colloidal crystals

2.1.1. Chemical vapor and atomic layer deposition

Chemical vapor deposition (CVD) is a technique that is widely used for the fabrication of
different coatings and films on the surface of a substrate. Briefly, the method is based on the
dissociation or chemical reaction of one or more gaseous precursors induced by means of heat,
light or plasma, to form a stable solid product that precipitates at the surface of the solid
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substrate.

The deposition step includes a homogeneous chemical reaction in the gas phase or a
heterogeneous reaction at the gas-substrate interface where the precursor is homogeneously
distributed in the high purity reactive (e.g. H,) or inert gas-carrier stream (nitrogen, argon etc.)
(Figure 2.2) [40].
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Figure 2.2 Schematic representation of CVD technique [40].

Beside substrates with a flat surface, CVD can be a useful tool for the infiltration of different
materials into the volume of colloidal crystals. The gaseous precursors can easily diffuse and
precipitate within the template, thus building-up the composite that can be easily transformed
into a porous material.

Depending on the infiltration step, the resulting structure (after the template is dissolved), is
either surface or volume templated. The surface templated structure is the result of the
predominant coating of the colloidal spheres without complete filling of the interstitial space
between particles, while the volume templated material is the result of a complete infiltration
of the material through the volume of the colloidal crystal [41]. The latter shows better
mechanical stability then the surface templated one.

Figure 2.3 represents macroporous graphitic and diamond based inverse opals fabricated by
thermal and plasma enhanced CVD respectively. The structures are obtained by deposition of
carbon material into a colloidal silica crystal template with a notable structural difference
between them. Macroporous graphitic material (Figure 2.3a) is an example of a surface
template structure, with a vacant space between neighboring spheres, while this volume is
completely filled with material in the case of macroporous diamond (Figure 2.3b). In both
cases, the macroporous structure consists of an interconnected pore network [42].
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Figure 2.3 Cross-sectional SEM image of (a) surface templated macroporous graphite (8,.res=250 nm synthesized by
thermal CVD of a propylene — nitrogen mixture at 800 °C and p= 1 atm. Volume template structure of macroporous
diamond (b) synthesized by plasma enhanced CVD of a hydrogen-methane mixture onto pre-infiltrated diamond
seeds (p=2-5nm) [42].

The main drawback of the CVD method for the fabrication of porous materials is the fact that
this technique is not a bottom-up approach, since the building material is equally and
simultaneously deposited throughout the whole template. As a consequence, the resulting
structure is closed by a thin overlayer of material (Figure 2.4a and b) [43,44], which doesn’t
allow the efficient penetration of a solvent that is needed to remove the template from the
composite. This limits the utilization of CVD as a method for the synthesis of macroporous
materials with a controllable thickness.
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Figure 2.4 SEM images of macroporous diamond (a) [43] and zinc-oxide (b) [44] produced by microwave plasma
CVD from a methane-hydrogen mixture (diamond) at 780-830 °C and metal-organic CVD of zinc-oxide from the
hydrolytic decomposition of dimethylzinc at 90 °C.

Nevertheless, in the light of material synthesis, CVD still presents a powerful tool for the
deposition of different materials, including macroporous metals (Au [20], Pt and Pt-Pd alloys
[21], W [45]), carbon-based materials (graphite, diamond, tiled-graphite) [42,46] and
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semiconductors (Si[15], Ge [31]) etc.

Another technique, which presents an improvement of CVD, is atomic layer deposition (ALD).
Compared to CVD, atomic layer deposition represents a layer-by-layer approach, where the
material is growing during the deposition cycles in a monolayer fashion allowing precise control
in the Angstrom range over the deposition process. The method is based on a sequential, self-
limiting reaction where the reactants are introduced in the reaction chamber separately. In
other words, the surface of the substrate is exposed only to the one reactant a time. Each
injection of the precursor is followed by a purging step (e.g. high purity N, or Ar etc.), which
ensures that only a chemisorbed monolayer, that can react with an second precursor, stays
onto the surface of the substrate [47]. One example is ALD of alumina into a colloidal crystal
template. The deposition is based on an alternating pulsed injection of 3-methylaluminium
(TMA) and water carried by a nitrogen stream, into the chamber that contains the substrate.
The reaction mechanism includes the chemisorption of TMA through the hydroxyl-methyl
substitution (cycle A) followed by the injection of water to complete the hydrolysis (cycle B)
(Figure 2.5) [48]. . .
Cycle A: AIOH + AI(CH3)s(g) - AIOAI(CH3); + CHypg

Cycle B: AIOAI(CH;), + H,04) = AIOAIOH + CHy)
Figure 2.5 Reaction mechanism for the ALD deposition of alumina into a silica colloidal crystal template [48].

Figure 2.6a presents an example of ALD infiltration of titanium-dioxide into a silica nanoparticle
template, obtained by alternating injection of TiCl; and H,0 at 100 °C into the nitrogen stream.
The SEM image shows that the structure is a surface template. Geometrical considerations
indicate that the void space in between spheres will get closed when the thickness of the
coating reaches 7.75% of the pore diameter, which would finally lead to a volume template
structure [49]. The ALD method allows not only deposition of a metal oxides but also of mixed
salts [50] (Figure 2.6b) in order to synthesize inverse opals or multi-component macroporous
TiO,/ZnS:MnS layers [51].
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by the ALD method.

In comparison to CVD, ALD has several advantages: a) precise thickness control in the Angstrom
range, b) good and uniform coverage of a 3D substrate, c) possibility of industrial production
[53].

2.1.2. Techniques for the fabrication of macroporous materials via infiltration of
liquid precursors

Besides the infiltration of gaseous precursors by CVD or ALD, as previously described, it is also
possible to infiltrate different liquid precursors in the volume of a colloidal crystal template.
There are plenty of examples based on the infiltration of liquid precursors which are
additionally broadening the spectrum of materials that can be used for making macroporous
materials.

The nature of the template used for the preparation of porous materials allows dividing those
techniques into the 1. Hard template route (e.g. colloidal crystal template) and 2. Soft template
route (e.g. lyotropic crystalline phase) [54] .

The hard template route includes infiltration of different liquid precursors that can be solidified
in a subsequent step in the template. Besides solutions, the free volume of a colloidal crystal
structure (26%) can also be infiltrated with a suspension of e.g. gold nanoparticles (¢: 15-25nm)
[22]. Once the gold nanoparticles are densely packed within the structure, calcinations of the
latex-gold composite, to remove the latex spheres and sinter the gold NP, results in a self-
supported macroporous structure (Figure 2.7 a and b.) [23]. It is also possible to fix gold
nanoparticles (¢ = 5 nm) chemically onto the surface of a thiol-modified silica template and to
use them as a nucleation sites during the following electroless deposition of gold or other
metals (Ni, Cu, Ag, Pt) (Figure 2.7c) [55].
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Macroporous gold structures formed in that way can serve as a support for the catalytic
electroless deposition of copper. This proves that the gold NP keep their integrity and still can
serve as crystallization centers for the deposition of other metals [22]. Beside macroporous
gold, nanocrystals of silver could be directly synthesized within an opal that has been pre-
impregnated with a diamminesilver(l) complex and subsequently reduced with formaldehyde to
form a nanocrystal-based macroporous network [56].

Figure 2.7 Optical micrograph (a) and top-view SEM image (b) [23] of composite material formed by infiltration of
gold nanoparticles into the latex based (=630 nm) colloidal crystal. (c) A macroporous nickel film obtained from a
thiol-modified silica (¢ = 353 nm) opal [55] .

Another example of hard template synthesis of macroporous materials is the sol-gel approach.
The method is based on the infiltration of solutions of metal alkoxides [4,57] which are
dissolved in appropriate alcohol or water suspensions of colloidal particles (sol) [58]. The
formation of a macroporous network is induced either by the polymerization of the sol and
formation of the gel or in the case of metal alkoxides by the hydrolysis once when the substrate
is exposed to humid atmosphere [59]. The latter synthesis can be repeated in several
impregnation-hydrolysis cycles until the colloidal template is fully filled with the material [4]. In
some cases, polycondensation of the silica sol is induced electrochemically due to the local
increase of a pH during the water reduction, which leads to gel formation [60].

Silica sol can also be polymerized on cationic surfactant modified latex spheres [61] (Figure
2.8a). The metal alkoxide route is used for the synthesis of macroporous V,0s [34], TiO, (Figure
2.8b) [62], composite materials such as Li;sAlgsTiis(PO4)s (LATP) [63] , doped macroporous
ZrO,:Eu** (Figure 2.8c¢) film [64] etc.
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Figure 2.8 SEM images of the inverse opal structure of silica (a) [61], titania (b) [62] and dopped Zr:Eu®* (c) [64]. All
structures were produced by the sol-gel procedure.

The final macroporous structure is obtained by removal of the polymer spheres through a
calcination process, which results in a significant shrinkage of the structures by 15-30 % due to
the evaporation of the solvents that have been used [59]. This can be seen by simple
comparison of the center-to-center distance between the nanoparticles and the final pores
(Figure 2.9) [65]. If the precursor is a suspension of metal nanoparticles, then the shrinkage of
the porous structure during the calcinations is in the range of 5-10 % since the infiltrated
material is already in its final form [59].

Figure 2.9 Top-view SEM images of the polymethylmetacrylate (PMMA) colloidal crystal template and its CeO,
inverse opal. SEM of the macroporous structure depicts the significant shrinkage of the CeO, gel during the
calcification process [65].

The described alkoxide based sol-gel procedure can be used for the fabrication of macroporous
electrodes only if the metal alkoxide is moderately active. An alternative approach based on the
impregnation of opals with a metal salts (acetates, nitrates, oxalates, glyoxalates ect.) can be
more convenient in some cases. Taking advantage of the thermal instability of certain salts, it is
possible to fabricate the macroporous material simultaneously with calcination of the colloidal
template.
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In the case of bivalent metallic oxalates, the final porous material (pure metal, carbonate or
oxide can be made by thermal degradation of corresponding oxalates in the temperature range
from 235 to 418 °C) seems to be dependent on radii of the metal ions. One of the main
prerequisites for this, as well as for the sol-gel procedure, is that the glass transition
temperature of the polymeric colloidal crystal template is higher than the temperature at which
the metal salts are decomposing. This is necessary in order to maintain the 3D framework
shape. Based on this route macroporous Al,03;, Fe,0s3, Cr,03, Co304, CaCOs, ZnO, ZnAl;0,,
LaAlOs, ZnCr204, LaMnOs etc. have been prepared [35,66].

Colloidal crystals can serve as “nanoreactors” for the synthesis of various organic polymers. In
this case infiltration of monomers is followed by a polymerization step initiated by heat, UV
light or catalyst [67].

This approach is convenient for the synthesis of a macroporous polymeric network of
styrene/p-methylstyrene  copolymer [27], macroporous polyurethane, polystyrene,
methylmetacrylate (Figure 2.10a) [25] and epoxy resin (Figure 2.10b) [68]. In contrast to the
polymer synthesis within the opal structure, a more facile example is based on the infiltration
of an organic solution of phenol resin into the template structure. The composite produced that
way can be easily transformed into glassy carbon material by a temperature controlled
calcinations process (Figure 2.10c) [42].

Figure 2.10 SEM pictures denotes highly ordered structures of (a) PMA [25], (b) thermally cured phenol resin [42]
and (c) macroporous glassy carbon inverse opal synthesized by pyrolyzing the resin [42].

Mesoporous materials with an extremely high surface area could be synthesized through the
soft template route based on the self-assembly of surfactant molecules. The general principle
of this strategy is based on a chemically or electrochemically induced hydrolysis of either metal
alkoxides (sol-gel) or pH dependent precipitation of metal ions around the lyotropic crystalline
phase formed through the assembly of surfactant molecules.
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The kind of lyotropic crystalline phase that can be formed depends on the surfactant
concentration as depicted in Figure 2.11a [54,69]. The assembly of surfactants is known to
occur at the electrode surface under the influence of the applied electric field, even if the
surfactant concentration is low (e.g. 1%). Some of the materials that can be synthesized
following this route are metals [7,9] and metal oxides [39].

Infiltration of the liquid precursor could be used for the synthesis of hierarchical structures
using three-modal composite films. To increase the active surface area, calcinations and
sintering of a PS colloidal crystal (¢ = 465 nm) that has been infused with PMMA (¢ = 84 nm)
and silica (@ = 6 nm) results in a hierarchical mixed macro-mesoporous silica (Figure 2.11b) [70].

Cubic Iaui’ _’(L

Cubic Im3m
Micellar N Solution
Template phase

Figure 2.11 Schematic representation of various spatial arrangements of the surfactant phase (a) [54] and SEM

image of hierarchical trimodal meso-macroporous silica (blue ring denotes macropores, red ring- interconnected
mesopores, green arrow — interstructural mesopores) [70].

2.1.3. Electrodeposition for the synthesis of (macro)porous materials

In contrast to other techniques that can be used for the synthesis of porous structures, as
discussed before, infiltration of different materials into the colloidal crystals by means of
electrodeposition seems to be the most promising approach for the synthesis of inverse opals
with controllable thicknesses, wall thickness and interconnecting windows between the pores
[59].

The main advantage of electrodeposition over other techniques that have been used for the
synthesis of porous materials is the fact that electrodeposition presents a “bottom-up”
approach. The infiltration of the materials starts from the bottom of the colloidal crystal and
proceeds towards the top layer.
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In other words, this way of synthesis of inverse opals provides a good control over the thickness
of the electrodeposited material which is not possible by using other techniques (e.g. CVD, ALD,
sol-gel etc.).

Commonly, electrodeposition is carried out in a three-electrode system that comprises: 1.
Working electrode (W.E.), 2. Counter electrode (C.E.) and 3. Reference electrode (R.E.). The
three electrode system is connected to the direct current power supply (galvanostat-
potentiostat) (Figure 2.12) [71].

Reference electrode Woiling élsctiods

Counter
electrode

Figure 2.12 Principal scheme of a three-electrode system consisting of a working, counter (auxiliary) and reference
electrode (Adapted and modified from [71]).

The method is based on the electroreduction (e.g. metal ions) or electrooxydation (e.g.
monomers) of an electroactive species, present in the bulk solution, at the surface of the
working electrode under the conditions of constant electrode potential (potentiostatic
deposition) or constant current (galvanostatic deposition) [72]. By polarizing the working
electrode having the colloidal crystal at its surface at a sufficiently negative or positive (vs. RE)
electrode potential, electrodeposition of the material takes place and empty void space in-
between neighboring spheres gets filled up. Since the electrochemical synthesis of the material
starts from the electrode surface, the electrodeposition can be stopped when the desired level
of the colloidal template is infiltrated. That allows the controlled deposition of the material
throughout the template which can be stopped before the material reaches the top layer of
nanoparticles. This ensures that the resulting structure has an open pore mouth (Figure 2.13) in
the terminal layer.
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If the macroporous material is dedicated to electrochemical applications (e.g. macroporous
electrode), an open porosity is of great importance with respect to the diffusion of electrolyte
through the system of interconnected pores.

The main prerequisites that have to be fulfilled prior to the electrodeposition are that a
colloidal crystal template has to be generated on the surface of an electro-conductive material
(ITO, metallic plates, metal-coated glass etc.) and that the desired material can be
electrodeposited from an electroactive precursor. The latter presents one of the limitations of
this technique.

"‘0_

% 8 300mm

Figure 2.13 Top view SEM images of volume templated macroporous polypyrrole (PPy) (a) [73], gold (Au) [74] and

Prussian blue (c) [5]. The figure presents the high quality porous structure with a system of interconnected pores
and an open pore “mouth” regardless the material.

As in the case of the previously discussed nanocrystal deposition method for the synthesis of
metallic materials, once the nanoparticles are removed from the composite with an
appropriate solvent or HF, the shrinkage of the structure is negligible since the synthesized
material is already in its final form and thus doesn’t require any additional treatment (e.g.
calcinations). Produced in this way, porous materials present an example of a volume
templated structure based on the previously discussed mechanism of the infiltration.

The wide range of electro-active precursors provides a variety of porous materials that can be
synthesized following the electrodeposition procedure. For example, there are plenty of
examples for the electrodeposition of meso- or macroporous metals (gold [2,3,8,71,75-78],
platinum [6,7,9], silver [10,79], cobalt [80], nickel [81], nickel-iron [80] and tin-cobalt [13] alloys,
aluminum [12] etc.), semiconductors (germanium [30], cadmium-selenide [82], gallium-
arsenide [83], copper(l) oxide [84], cadmium sulphide, zinc selenide, lead selenide [83], etc.),
electroconductive polymers (polypyrrol (PPy) [73,85], polyaniline (PANI) [86], poly(bithiophene)
[28] etc.), metal oxides [14,84,87], complex salts [5] etc.
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Electrodeposition is also a convenient way to generate more complex hierarchical structures
consisting of pores with different diameters which can belong to the same (multimacroporous
structures) [74,76,88] or different (meso-macroporous) classes of porosity [9,89] .

2.2. Synthesis of macroporous gold and nickel electrodes

Based on different approaches (vertical deposition, sedimentation, centrifugation, Langmuir-
Blodgett method) colloidal crystal templates can be synthesized on various supporting
materials. Depending on the electrochemical behavior of the selected material for infiltration of
the opals, the final macroporous structures can find applications in many areas of
electrochemistry.

Among all possible porous materials, meso- and macroporous metal films have been very
frequently used as electrode material due to their good conductivity, mechanical stability, and
in the case of macroporous gold, facile surface modification through the formation of self-
assembled monolayers of various molecules.

The electrodeposition of metals into silica based colloidal crystal templates is schematically
depicted in the Figure 2.14. In this study, colloidal crystals synthesized by the Langmuir-
Blodgett technique served as a template for the electrodeposition (Figure 2.14a). In order to
select the working (geometric) area of the electrode, a thin layer of an adhesive (nail varnish)
was applied to the surface of the substrate. After the template is electrically connected by
soldering a piece of wire (Figure 2.14b), electrodeposition can be performed in order to obtain
a silica-metal composite structure (Figure 2.14c). Finally, after etching the composite structure
in 5% hydro-fluoric acid, a macroporus metal electrode is obtained.
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Figure 2.14 Schematic representation of the procedure for the fabrication of macroporous electrodes by the
electrodeposition of metallic materials into the opal structure based on a hard template route.

Depending on the geometry of the substrate that is used for the synthesis of the colloidal
crystals, the fabrication of macroprous electrodes with various architectures is possible. For
example, in this work precut gold coated glass slides and gold microwires have been used for
the fabrication of macroporous gold and nickel electrodes with planar and cylindrical geometry,
respectively.

The electrodeposition step was carried out in a three electrode system with a colloidal crystal
template on a gold surface as working electrode (WE), silver/silver-chloride (3 M NaCl) as
reference electrode (RE) and a platinum grid or hollow platinum cylinder as a counter electrode
(CE). The surface of the counter electrode was at least two times bigger than the surface of the
working electrode in order to ensure current flow through the system which is not limited by
the CE.

In order to ensure a homogeneous electric field during the electrodeposition, the geometry of
the counter electrode should be the same as the geometry of the working electrode. This is a
very important prerequisite that has to be fulfilled in order to obtain a homogeneous growth of
the metal deposit through the template and thus a homogeneous thickness of the resulting
macroporous electrode.

For the electrodeposition of gold, commercially available ECF60 solution has been used

(Metalor®) while the macroporous nickel was synthesized using a semi-bright nickel
electroplating solution (AlfaAesar®).
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Since electrodeposition is possible only if the working electrode is sufficiently polarized, cyclic
voltammetry (CV) was used in order to estimate the optimal value of the electrode potential.
Figure 2.15 presents cyclic-voltammograms where the dashed lines indicate the onset potential
for the reduction of gold and nickel. The determined optimal electrode potentials for the
electrodeposition of gold and nickel were -0.66 V and -0.85 V, respectively. Those values differ
significantly from the values of the standard electrode potentials for Au*/Au (EOAUJ’/Au =1.83V)
and Ni**/Ni (E0N12+/Ni = - 0.26 V) [90] couples, due to the complex composition (metal salt,
supporting electrolyte, complexing agents and surfactants) of the commercial electroplating
bath solutions. The role of the additives and surfactants is to improve the smoothness of the
deposit and the wettability of the substrate.

ECF 60
Semi-bright Ni

I (mA)
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Figure 2.15 Cyclic-voltammograms of a gold (orange) and nickel (green) commercial electroplating bath solution
ECF60 (Metalor®) and Semi-bright Nickel (AlfaAesar®) recorded using a three electrode system consisting of
counter (Pt), working (Au) (approximate area of working electrode was 1cm’) and Ag/AgCl (3 M NaCl) reference
electrodes. Onset potentials of -0.63 V for gold and -0.7 V, both vs. Ag/AgCl RE, for nickel are indicated with dashed
lines.

The chronoamperometric curve for the electrodeposition of a gold (ECF 60) on a gold plate as
WE is presented in Figure 2.16. By taking a close look it is possible to distinguish two different
regions of the current intensity. After the charging of double layer, which typically takes a few
milliseconds, a steep increase in reduction current can be noticed in Region I. This can be
ascribed to the nucleation which takes place at the electrode surface. This step is followed by
the continuous growth of a metal front (Region Il).

[72].
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Figure 2.16 Chronoamperometric curve for the electrodeposition of gold (ECF 60) onto a gold plate as a WE at
-0.66 V vs. Ag/AgCl RE. Regions |, Il and Ill, present the evolution of the current intensity during the initial stages of
electrodeposition. The area of the working electrode was approximately 1 cm®.

In contrast to electrodes with a constant surface, chronoamperometric curves for the
electrodeposition into colloidal crystal templated substrates show a very characteristic
oscillation in the current intensity (Figure 2.17). The reason for this lies in the mechanism of the
infiltration, based on the electrodeposition of the material into the void space between the
neighboring silica spheres. At the beginning of the electrodeposition, the current has a local
maximum on the absolute current scale, due to the maximal surface of the electrode available
for the electrodeposition. As the metal deposit is growing further during the electrodeposition
and infiltrates the first half-layer of silica beads, the absolute current intensity reaches the first
local minimum. This is due to the fact that the volume of the void space available for infiltration
decreases during the electrodeposition up to the half-height of the first bead layer, which
causes a decrease of the reduction current. For every next half-layer, current passes through a
series of local minima and maxima. This allows a extremely precise control of the growth of
metal deposit, since the electrodeposition can be stopped when the desired half-layer of silica
beads is infiltrated with material. The electrodeposition step is followed by acidic etching of
the silica-metal composite structure, in order to obtain the final macroproous structure.
Stopping the electrodeposition at the half-height of a given bead layer results in a macroporous
structure with an open “pore mouth”. During the electrodeposition, the amplitude of the
oscillations is damped due to the fact that the quality of the long-range organization of silica
beads decreases throughout the template, when compared to the very first layer. Finally, this
phenomenon leads to the total annihilation of the oscillations once a certain number of half-
layers are infiltrated with the material.

38



2 — Development of coaxial macroporous electrode architectures by infiltration of colloidal
crystals

J—
et et er wrere” -
e ... S ) msw.

000015 \’
-0.00020
§ 000025
-0.00030 ’
000035 1 )2 ... %]‘“""-
¥ v T T

0 500 1000 1500 2000
1(s)

Figure 2.17 Chronoamperometric curve for the electrodeposition of gold (ECF 60, E= -0.66 V vs. Ag/AgCl (3 M
NaCl)) into the first 9 half-layers of silica beads composing the colloidal crystal template (¢ = 1 um). Aproximate
geometric electrode area of a planar electrode was 1 cm’.

Figure 2.18 presents SEM images of macroporous samples with planar and cylindrical geometry
during their fabrication. Figure 2.18 a and d shows the cross section of the composite structure
after the infiltration of planar (a) and cylindrical (d) multilayered Langmuir-Blodgett films with
15 and 29 half layers respectively. An excess of non-infiltrated silica beads can be noticed on
the top of the structures. Figures 2.18 b and e illustrate macroporous planar and cylindrical
structures obtained after the silica is removed from the composite by etching with hydrofluoric
acid. It can be seen that the samples have a homogeneous thickness on a large scale. By taking
a closer look on the inset of the image b, one can notice small dark spots within the
macropores. Those spots present the interconnection windows between neighboring pores,
created at the points where the silica nanoparticles use to be in the direct contact. The top view
SEM (Figures 2.18 c and f) reveals the homogeneous surface distribution of the pores.
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Figure 2.18 SEM images of macroporous gold electrodes (¢ = 600 nm): a,d - Cross sectional SEM of planar and
cylindrical gold-silica composites, synthesized by electrodeposition of gold into a 15 h.l. (planar substrate) and 29
h.l. (cylindrical substrate) template; b ,e - SEM of macroporous structures obtained after the etching in 5% wt. HF;
c,d - Top view SEM of planar and cylindrical macroporous samples, demonstrating the homogeneity of the pore
distribution. It is also notable that the pores are open in the outermost pore layer.

The availability of various electroplating solutions opens the possibility for the
electrodeposition of different metals. The SEM images and chronoamperometric curve for the
electrodeposition of cylindrical macroporous nickel are depicted in Figure 2.19. As it can be
seen, the absolute current intensities recorded during the electrodeposition of nickel are in
average much higher compared to those for the electrodeposition of gold. This can be
attributed to the higher throwing power of this bath, related to a higher concentration of nickel
ions and the more negative electrode potential applied during the electrodeposition of nickel.
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Figure 2.19 a) Comparison of chronoamperometric curves for the electrodeposition of gold (E= -0.66 V vs. Ag/AgCl
(3 M NacCl)) and nickel (E= -0.85 V vs. Ag/AgCl (3 M NaCl)) through a cylindrical silica based colloidal crystal
template that has been synthesized on a gold microwire (I= 2 cm, @ = 250 um); b) Cross-sectional SEM images of a
silica/nickel composite and a cylindrical macroporous nickel electrode obtained by potentiostatic electrodeposition
of nickel (at E=-0.85 V vs. Ag/AgCl (3 M NaCl)) through a 600 nm silica nanoparticle template.

2.3. Electrochemical characterization of macroporous gold electrodes

From a materials point of view, metallic macroporous electrodes can find applications in
different fields of electrochemistry, as mentioned before. Taking the advantage of a high
electroactive surface, macroporous electrodes could be used for the fabrication of
electrochemical systems with improved performances such as biofuel cells, batteries and
biosensors [69]. Thus, accurately measuring the active surface area of such electrodes is an
important aspect. Depending on the electrode material, different approaches can be used for
this measurement.

For example, the adsorption (H .4s) and desorption (H 4es) of hydrogen atoms onto the surface
of platinum electrodes (Figure 2.20) [7] can be used for the electrochemical determination of
the real electrode surface. The charge related to the adsorption-desorption steps is directly
proportional to the electrode surface after subtracting the charge related to the double-layer
charging [91].
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Figure 2.20 Literature example of a cyclic voltammogram of a mesoporous platinum electrode recorded in 0.5 M
sulfuric acid. H. - formation of adsorbed hydrogen, H, - oxydation of adsorbed hydrogen, O, - formation of
adsorbed oxygen, O. — reduction of oxide layer [7].

In contrast to platinum, gold electrodes do not exhibit such a behavior regarding the hydrogen
adsorption — desorption mechanism. The determination of the real electrode surface area for
polycrystalline gold electrodes is based on the reductive stripping of an electrochemically
synthesized thin layer of gold-oxide. Figure 2.21 illustrates the cyclic voltammograms of a
smooth wire and a set of macroporous gold electrodes recorded in 0.5 M sulfuric acid solution.
During the anodic scan, in the range from 0 V to 1.6 V, the oxidation of the gold surface
accompanied by the formation of a thin layer of gold oxide startsat 1.1 V.

The amount of gold-oxide formed in that way corresponds to the active surface area of a gold
electrode. In the reverse (cathodic) scan, stripping of the previously formed gold-oxide layer
occurs and a cathodic current peak appears at 0.9 V. Since the gold-oxide layer covers the
entire surface of the gold electrode the charge related to the stripping step can be used for the
direct calculation of the real electrode surface, based on a conversion factor of 390 uC/cm2
which has been reported for these specific experimental conditions [91].
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Figure 2.21 Electrochemical characterization of cylindrical macroporous electrodes (@,ores = 600 NmM, dy,ire = 250 um)
in 0.5 M sulfuric acid, at a scan rate of 100 mV/s. All potentials are given versus Ag/AgCl (3 M NacCl).

Another parameter that is used to quantify the artificially increased electrode surface area is
the roughness factor R (Equation 2.1a). It presents the ratio between the real electrode surface
and the geometrical one [90]. The roughness factor is much higher for porous electrodes
compared to the non-porous analogues. Based on fundamental geometrical considerations, the
theoretical value for the roughness factor (R;) can be calculated according the Equation 2.1b
[92]. This theoretical value depends exclusively on the number of complete pore layers (n)
without taking into account the diameter of the pores. The values obtained are in good
correlation with the increase of active surface area calculated for the samples whose cyclic-
voltammograms are shown in Figure 2.21.

R = _Sactive (@) ; Rt=\/§7 X nxm (b) (Equation 2.1.)

Sgeometric
Table 2.1. summarizes the quantitative characterization of the cylindrical macroporous

electrodes. As can be seen, the values for R are always higher than R.. This can be attributed to
the additional internal surface roughness of the macroporous gold deposit.
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The same phenomenon is observed for the bare gold wire, due to its intrinsic surface
roughness, which is not included in the calculation of the theoretical roughness factor.
Nevertheless, both roughness factors show a linear correlation with the number of pore layers
(Figure 2.22).

Thickness of  Charge of the

macroporous stripping Sactive Sgeometric Roughness Theoretical
gold peak (cm?) (cm?) factor (R) roughness
(layers) (nC) factor (Ry)

0 103 0.26 0.14 1.92 1.00

15 163 0.42 0.06 7.60 5.44

3.5 330 0.85 0.05 18.00 12.70

5.5 676 1.73 0.07 25.87 19.95

Table 2.1. Quantitative parameters for characterizing the active surface of cylindrical macroporous electrodes with
the same pore (¢ = 600 nm) and wire (¢ = 250 um) diameter but different thickness.

30 - practical roughness factor (R)

» theoretical roughness factor (R¢)
25 4

20

Roughness factor

1 2 3 4 5 6
Thickness (number of layers)

o -

Figure 2.22 Linear dependence of the practically determined (R) and theoretically calculated (R;) roughness factors for
macroporous gold microwires with different thicknesses of the macroporous deposit.
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2.4. Bottom-up generation of miniaturized coaxial and macroporous double
electrodes with tunable porosity

The demand for miniaturized and potentially implantable electrochemical devices, such as
biofuel cells, biosensors and batteries, led to the development of various technologies and
strategies that can be used for their fabrication. The limits for the miniaturization of such
electrochemical devices are mainly depending on the ability to decrease the dimensions or to
eliminate some of their building elements, while maintaining good electrochemical properties
of the device (current densities and power output).

The variety of materials as well as strategies that are used for the fabrication of electrode
architectures opens the possibility for designing the electrochemical devices which are capable
to operate under physiological conditions. Moreover, the ability to use the fuel and oxidizer,
naturally present in the human body allowed the elimination of their most bulky elements (i.e.
case, case seal, membrane, membrane seal etc.). Therefore designing appropriate electrode
architectures is one of the key-challenges in the field of the fabrication of miniaturized and
implantable devices. Macroporous electrodes are excellent candidates for the fabrication of
miniaturized devices, due to their significantly increased active surface area, which allows the
decrease of the overall geometrical dimensions of the device without decreasing the current.
Moreover, by choosing a cylindrical geometry it should be possible to improve mass transport
towards the electrode surfaces due to radial diffusion [93], which presents one of the most
challenging problems in the elaboration of efficient electrochemical devices. This is of the
outmost importance, especially when having in mind the fact that the concentration of some
important electroactive species can be very low (e.g. subcutaneous concentration of oxygen is
about 0.2 mM) [94].

A schematic representation of the procedure for the fabrication of miniaturized coaxial two-
electrode electrochemical cells with tunable porosity is shown in Figure 2.23. The strategy is
based on the potentiostatic electrodeposition of alternating gold-nickel-gold metal layers
(Figure 2.24) through a cylindrical colloidal crystal template (Figure 2.23a). Switching between
gold and nickel electroplating solutions and by applying sufficient cathodic potential in the
consecutive steps, a three-layer silica/metal composite structure with controllable thickness
can be obtained (Figure 2.23b). In this case, the nickel block plays the role of a sacrificial
spacing element that separates two macroporous silica/gold composites.
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After dissolving the nickel layer with nitric acid, a small amount of stabilizing element (diluted
nail varnish) is incorporated at the extremities of the nickel-free structure (Figure 2.23c) to
prevent structural collapse and the formation of a short circuit in the system. Both
macroporous electrodes are electrically addressable in an independent way. The inner
macroporous gold electrode is in direct contact with the initial gold microwire, while the outer
one is addressed by a 50 um thick gold microwire using silver paint as a binding element. In the
final step, silica beads are removed by etching the sample in 5% hydrofluoric acid (Figure
2.23d).

The space in between the two cylindrical macroporous electrodes can serve as an electrolyte
container whose volume can be adjusted by varying the amount of electrodeposited nickel
which allows changing the inter-electrode distance, typically in the range of tens of microns, in

a very controlled way.

Figure 2.23 Schematic representation showing the different steps of the fabrication of a cylindrical miniaturized
two-electrode electrochemical cell.

As previously shown for the separate electrodeposition of gold and nickel through silica
nanoparticle templates with planar and cylindrical geometry (Figures 2.17 and 2.19a) we
observe again regular oscillations in the chronoamperometric curves during the
electrodeposition of the alternating metal layers (Figure 2.24). The decrease in the current
intensity during the electrodeposition of the second gold layer can be explained by the fact that
the structural regularity decreases within the nanoparticle template.
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Figure 2.24 Chronoamperometric curves for the electrodeposition of alternating gold (3 half layers), nickel (32 half-
layers) and gold (8 half-layer) layers through the cylindrical colloidal crystal template. The length of the electrode
that has been immersed in the electroplating solution during the electrodeposition of alternating Au-Ni-Au layers
was reduced for each metal layer (in present case: 3cm (Au; E=-0.66 V) — 2.5 cm (Ni; E= -0.85 V) — 2 cm (Au; E= -
0.75 V)). Electrodepositions have been performed with a three-electrode system consisting of the templated Au
microwire (working electrode), a hollow Pt cylinder (counter electrode) and a Ag/AgCl (3M NaCl) reference
electrode.

Figure 2.25 presents a SEM characterization of the miniaturized coaxial electrochemical cell
obtained after the electrochemical etching of the intermediate nickel layer under acidic
conditions. The structure shows the homogeneity of both macroporous gold electrodes and the
very well defined gap between them.

100 um 30um

Figure 2.25 SEM characterization of the coaxial two-electrode electrochemical cell before (a) and after (b,c)
electrochemical etching carried out at 1.5 V in 30% H,SO, over 60 minutes.

Once the nickel spacing block is removed, the structural stability of the coaxial double-electrode
architecture can be studied by cyclic voltammetry in 0.5 M sulfuric acid.
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Prior to the last step where the silica beads are removed from the coaxial gold-silica composite,
the silica containing structure was electrochemically characterized by connecting both (inner
and outer) electrodes independently. In a control experiment, both electrodes were externally
short-circuited and their common active surface area was determined. The different cyclic
voltammograms recorded for each macroporous electrode confirmed the absence of intrinsic
electrical short- circuit in the composite system that might be formed during the preparation
procedure (infiltration of nail-varnish and external addressing of the outer electrode) as shown
in Figure 2.26a. The active surface areas calculated from the stripping peak charges for the
inner, outer and both composite electrodes were 0.20 cm?, 0.44 cm? and 0.62 cm?, respectively.
A device consisting of two electrodes with different active surface areas has been chosen on
purpose, to make their cyclic-voltammograms easily distinguishable. Once the silica beads were
removed from the composite, the structure was examined again since the silica particles served
as a mechanical support to prevent structural collapse in the composite structure. Determined
values for the active surface area of inner and outer cylindrical macroporouse gold electrodes
were 0.21 cm?, 0.58 cm? respectively. The active surface area of both electrodes was 0.80 cm?,
only 1.25% bigger than the sum of the individual surfaces (Figure 2.26b).
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Figure 2.26 Electrochemical characterization of structural stability and electrical independence of the coaxial
electrodes before (a) and after the silica beads were removed from the composite. The coaxial sample is prepared
by electrochemical deposition of gold (3 half-layers), nickel (23 half-layers) and gold (10 half-layers) into a silica
based (@= 600 nm) crystal template. Cyclic-voltammograms were recorded in deaerated 0.5 M sulfuric acid, at 100
mvs™.
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It is worth mentioning that the experimentally determined active surface areas are not always
in good correlation with the expected ones, due to the unequal surface coverage of both (inner
and outer electrodes) with the nail varnish that has been used as a stabilizing element. This can
be concluded from the values of the measured active surface areas of independent electrodes.

One would expect that the active surface of the outer electrode (10 half-layers) is about 3.33
times higher than the surface of the inner one (3 half-layers). However the experimental value
of active surface area of outer electrode 0.58 cm? is 1.2 times smaller than the expected 0.70
cm? (calculated by multiplying the active surface area of inner electrode with factor 3.33).

It can be seen that the active surface area of the coaxial macroporous structure is 22.5% higher
comparing to the surface area of the silica containing composite. This difference in active
surface areas can be ascribed to the “hindering effect” of present beads which are limiting the
penetration of electrolyte and the direct exposure of macroporous surface.

To investigate the electrochemical functionality of the macropoorus coaxial architecture with
respect to simple redox couples, cyclic-voltammetry experiments were performed in oxygen
saturated sulfuric acid solution (Figure 2.27a). As it can be seen from the voltammograms, both
macroporous electrodes gave independent signals when connected independently. For such a
miniaturized electrochemical cell certain mass transport limitations could be expected. Keeping
in mind the architecture of the cell, this should concern mostly the inner electrode surrounded
by the outer one which might play the role of a protective shell. However, the outer electrode
should not experience this phenomenon due to its direct contact with the bulk solution. Oxygen
reduction has been chosen on purpose as a key test to validate the functionality of such an
electrode architecture, having in mind the low solubility/diffusivity of oxygen in the solution
and because of the importance of oxygen reduction in electrochemical devices such as bio(fuel)
cells and biosensors. A slight shift in the onset potential (inset at Figure 2.27a) can be noticed,
mostly due to the increase in active surface area and thus globally higher currents, which leads
to a kind of magnifying effect.

For such a system one could expect the same values for the current densities once the current
intensity is normalized by an active surface area of inner and outer electrode as well as for the
short-circuited system (Figure 2.27b). However, it can be seen from the inset on Figure 2.27b
that the plateau values for the inner electrode has a higher value then the outer electrode and
their externally formed short-circuit.
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The possible explanation of this behavior could be given under the assumption that the
penetration of the electrolyte (0.5M sulfuric acid) is a time dependent process. The observed
phenomenon indicates the increase in electro-available surface area for the inner electrode
during the oxygen-reduction experiment (50 mM sulfuric acid at 5 mV/s) than during its
quantification in 0.5M sulfuric acid at 100 mV/s. Due to the slow scan rate, the time scale for
the oxygen-reduction experiment could be long enough to allow better penetration of the
oxygen-saturated sulfuric acid which would result in a higher current values for the oxygen
reduction and thus in a bigger current densities.

This is understandable especially if keeping in mind that the active surface area used for the
calculation of current densities was determined under the different conditions (i.e. 20 times
faster scan rate, as mentioned above). As a consequence, the determined active surface area
for the inner was smaller than the one involved into the oxygen reduction process and thus the
unexpected values of current densities were obtained.
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Figure 2.27 a) Cyclic voltammograms of the oxygen reduction recorded in oxygen saturated 50 mM sulfuric acid at
room temperature at a scan rate of 5 mvs™" (the measurements have been done in the following order: inner
electrode - outer electrode - both of them). The coaxial electrodes were prepared by electrochemical deposition of
gold (3 half layers - inner electrode, 10 half layers - outer electrode) into the silica based colloidal crystal template.
The two electrodes are separated by a 14 um wide gap. The set of the cyclic voltammograms present in figure b)
were obtained by normalizing the values of the current intensity (present in the figure a)) with an electrode active
surface area determined in 0.5 M sulfuric acid at scan rate of 100 mV/s. After stabilization of the structure with a
nail varnish the electrochemically addressable length of the coaxial architecture was 3 mm.
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2.5. Alternative design of a coaxial macroporous two-electrode electrochemical
cell

As previously discussed (Subchapter 2.4.), the bottom-up generation based on the
electrodeposition of alternating metal layers presents an excellent strategy to generate coaxial
macroporous two-electrode electrochemical cells with tunable properties. However, this
approach is convenient only if the spatial separation between the inner and outer electrode is
very small, typically not more than tens of micrometers. It is obvious that for making coaxial
macroporous double electrodes with an inter-electrode distance of hundreds of microns would
require a few hundred layers of silica nanoparticles.

Knowing the limits of the Langmuir-Blodgett technique in terms of template thickness it is
therefore necessary to employ other strategies when bigger electrode separations are needed.
An alternative and complementary approach that can be used to extend the range of inter-
electrode distances is schematically illustrated in Figure 2.28. The strategy to fabricate such
coaxial electrode architectures is based on the assembly of independently prepared inner and
outer macroporous electrodes. In contrast to the preparation of the inner electrode where only
the potentiostatic electrodeposition of gold through the cylindrical nanoparticle template is
used, the procedure for the fabrication of the outer cylindrical macroporous electrode is based
on multiple steps. Electroless deposition allows generating a very thin silver coating (Figure
2.28b) on the outer wall of a class capillary (Figure 2.28a) though the chemical reduction of
[Ag(NH3),]" (i.e. Tollens’ reagent) ions by glucose. The formed “silver mirror” can be used in a
straight-forward way as a substrate for the synthesis of cylindrical multilayered Langmuir-
Blodgett films (Figure 2.28c) since the silver is hydrophilic and in contrast to gold it doesn’t
require any additional pretreatment. Prior to the subsequent electrodeposition of macroporous
gold, a thin nickel layer was electrodeposited through the silica template for a short period of
time in order to cover the existing silver coating (Figure 2.28d). This intermediate step allows a
more homogeneous electrodeposition of gold through the nanoparticle template, since no
notable oscillations of the current intensity were observed when the gold electrodeposition
was carried out directly on the silver surface (Figure 2.28e).

Once the outer electrode is generated, the whole device is assembled by electrically connecting
the outer electrode and incorporating the inner electrode into the cavity of the glass capillary
(Figure 2.28f). The so-formed structure is sealed with epoxy glue (Figure 2.28g) on both sides
of the glass capillary to ensure a good mechanical stability and the integrity of the device.
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In the following the silver/nickel layer is removed with diluted nitric acid and then the capillary
is dissolved with hydrofluoric acid. In this final step, the silica nanoparticles and glass capillary
are etched away simultaneously with 30% hydrofluoric acid over 5-6 hours (Figure 2.28h).
Despite these severe chemical conditions the epoxy seal remains intact, providing a good
stability of the device.
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Figure 2.28 Schematic representation of the procedure for fabricating the coaxial two-electrode electrochemical
cell based on an alternative and complementary approach: a) pre-cleaned glass capillary, b) electroless silver
coating, c) silica nanoparticle template synthesized by Langmuir-Blodgett technique, d) electrodeposition of a thin
nickel layer over the silver coating, e) potentiostatic electrodeposition of gold through the nanoparticle template,
f) assembly of the device, g) sealing of the structure with epoxy glue, h) final coaxial macroporous two-electrode
electrochemical cell after the silica nanoparticles and the glass capillary have been etched with 30% HF.

Chronoamperometric curves recorded during the electrodeposition of gold show well
pronounced oscillations (Figure 2.29a) which indicate the good quality of the colloidal crystal
template and thus the homogeneity of the silver coating underneath. This is confirmed by SEM
(Figure 2.29b) characterization where homogeneously distributed pores are observe, similarly
to what has been observed in the case of the macroporous gold microwires. Figures 2.29 ¢ and
d present the topology of the macroporous cylinder (c) peeled off the glass capillary, after the
dissolution of silver and nickel. (d) The assembled device with the maroporous outer and
centrally positioned inner electrode. The possibility to peel the macroporous gold layer off the
capillary opens also the possibility to fabricate transposable macroporous gold films.
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Figure 2.29 a) Chronoamperometric curve for the electrodeposition of gold (ECF60, E= -0.66 V) into a cylindrical
colloidal template of 25 half-layers of silica nanoparticles (600 nm) that have been synthesized on a metalized glass
capillary (Dinner cavity= 275 UM; dgiass wan= 450 um) by the Langmuir-Blodgett technique, b) Top view SEM image shows
the homogeneous surface distribution of the pores, c) SEM image of a macroporous cylinder peeled off the glass
capillary after the nickel and silver layers have been dissolved with 24% HNO;, d) Microscope image of the
assembled device after dissolution of the glass capillary, where the centrally positioned macroporous gold wire (g
= 250 um) was used as inner and the macroporouse cylinder as the outer electrode. The inter-electrode distance
was 450 pm.

Once again, cyclic voltammetry was used to confirm the structural stability and the functionality
of the device. Cyclic voltammograms recorded in 0.5 M sulfuric acid solution for both
independently addressable electrodes (Figure 2.30) clearly demonstrate the absence of
electrical short circuits in the system consisting of two distinct macroporous electrodes.
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Figure 2.30 Cyclic-voltammogram of independent coaxial and macroporous electrodes, recorded in 0.5 M H,SO, at
a scan rate of 100 mV s™. Calculated active surface areas for inner and outer electrodes as well as for the short-
circuited system were 3.5 cm” (31 half-layer), 20.8 cm’ (25 half-layers) and 24.6 cm” respectively

As in the first case of the miniaturized coaxial macroporous electrochemical cell, oxygen
reduction was used as a key test to demonstrate the electrochemical functionality of such a
system (Figure 2.31a). In general, the current intensities measured during the voltammetric
records were higher in comparison with the first type of coaxial cell obtained by the alternating
metal layer approach. This is due to the significant increase in active surface area. As a matter
of fact the geometric surface of the outer electrode (determined by the dimensions of the glass
capillary) is much higher than the one of the gold microwires. Figure 2.31b presents the cyclic-
voltammograms obtained by normalizing current intensities with the active surface area of
both, inner and outer electrodes. Regardless of the fabrication procedure, once again the
mismatching between the determined active surface area and the surface which was electro-
available for the oxygen reduction gave the similar result (Figure 2.31b) as had been observed
for the samples prepared by the alternating metal approach (pages 48. and 49.).
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Figure 2.31 a) Cyclic-voltammograms of the oxygen reduction recorded in oxygen saturated 50 mM sulfuric acid
solution at 5 mV s ™. The two coaxial electrodes are separated by a 450 um gap while the total diameter of the
device and its length were 1.2 mm and 5 mm respectively b) Cyclic voltammograms with the current intensities
normaliz;ed by the active surface areas of inner (3.5 cmz), outer (20.8 sz) electrode and the short-circuited system
(24.6 cm”).

2.6. Conclusion

Two different and complementary procedures for the fabrication of coaxial and macroporous
two-electrode electrochemical cells have been present in this chapter. Both ways rely on the
use of macroporous gold as a structural material that has been prepared via a so-called hard
template approach. The first fabrication strategy is based on potentiostatic electrodeposition of
alternating gold (E= -660 mV) - nickel (E= -850 mV) - gold (E= - 750 mV) layers through a silica
based (D silica particles) = 600 nm) colloidal template which has been prepared on the surface of a
gold micro-wire(@ = 250 um) by the Langmuir-Blodgett procedure. This step was followed by
selective etching of the nickel layer in nitric acid (30 % wt.) and the subsequent stabilization of
the structure (using diluted nail varnish) and electrical addressing of both electrodes (the inner
electrode is addressed by its direct contact with the supporting gold micro-wire while the outer
one is addressed by means of a 50 um gold micro-wire that is glued onto its surface by silver
paint). In the last step, silica beads were removed by 5% HF and the final coaxial architecture is
obtained.

55



2 — Development of coaxial macroporous electrode architectures by infiltration of colloidal
crystals

Using this strategy, it is possible to fabricate a miniaturized double electrode electrochemical
cell with a tunable porosity (by changing the diameter of silica beads), electrode active surface
area (by changing the thickness of electrodeposited gold) and an inter electrode distance (in
other worlds the volume of an electrolyte container) which lies in the range of tens of
micrometers.

The second way to fabricate such kind of architectures with an inter-electrode distances in the
range of hundreds of micrometers is based on the separate preparation of inner and outer
macroporous gold electrodes and their assembly in the final device. Following this approach,
the inner macroporous gold electrode is prepared separately by potentiostatic
electrodepodition of gold (at E = - 660 mV ) through-out a cylindrical silica colloidal template
(Disilica beads) = 600 NM, Bgold micro-wire)= 250 Um). The fabrication procedure of the outer electrode
can be summarized in few steps: 1. Cleaning of a TLC glass capillary with chloroform and
“Piranha” solution respectively; 2. Electroless deposition of a thin silver layer (by chemical
reduction of Tollens’ reagent with diluted glucose solution) onto the surface of the pre-cleaned
glass substrate; 2. Synthesis of the colloidal crystal template (Dsiica beads)= 600 nm), 3. Short
electrodeposition of a thin layer of nickel; 4. Subsequent electrodeposition of gold (ECF63, at E=
-750 mV) and 5. Chemical etching of the underlying silver and nickel layers by nitric acid. In the
last step, the inner electrode is introduced into the cavity of the glass capillary, the outer
electrode is electrically addressed by means of a gold micro-wire (@= 50 um) and the whole
structure is sealed at both sides by an epoxy glue. Silica beads and glass capillary were
simultaneously etched by concentrated HF.

Electrochemical characterization of these double electrode architectures prepared by using
both strategies has been done by cyclic-voltammetry in deaerated 0.5 M sulfuric acid solution.
The results presented in this chapter demonstrate excellent structural stability of the fabricated
architectures. This can be seen from the difference in the charges related to the reduction of
gold-oxide (this process takes place at approximately 0.9 V) at separately connected inner and
outer electrodes (the electrodes are prepared with different active surface areas on purpose to
make their cyclic-voltammograms easily distinguishable). Also, the electrochemical functionality
has been demonstrated for both architectures. This has been done by investigating the oxygen
reduction reaction at both (inner and outer) electrodes in oxygen saturated 50 mM sulfuric acid
at a scan rate of 5 mVs™. The results confirm that the oxygen reduction can take place at the
surface of both macroporous electrodes proving that the inner electrode is electrochemically
accessible although it is surrounded by the thicker outer one.
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The current densities (obtained by normalizing current intensity with respect to the real
electrode surface) for the oxygen reduction reaction were higher for the inner electrode than
for the outer one suggesting that the surface of the inner electrode is under-estimated, possibly
due to the slower penetration of the electrolyte during the determination of its electrode active
surface area. Nevertheless, the two presented procedures for the fabrication of the two-
electrode electrochemical cells present a novel approach to fabricate miniaturized
electrochemical platforms that could find their application in the fields of miniaturized
electrochemical devices such as biosensors, biofuel cells and batteries.
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3 — Macroporous electrodes for the fabrication of a biocathode

Rising human population imposes higher demands for energy. The long-term use of
fossil fuels leads to problems related to the emission of combustion products (CO,, NxO, and
SO, and airborne particles) which has a strong impact on the balance that exists in the
environment (e.g. greenhouse effect, acid rain and some health issues closely connected to the
pollutant concentration) [1]. Besides renewable energy sources (energy of wind, sun and water)
the existing need for some secondary energy sources, such as bio mass, need to be considered.
Thanks to the variety of different anaerobic microorganisms, capable of metabolizing biomass,
other fuels (e.g. methane) can be produced and directly implemented into energy-conversion
systems such as fuel cells known to possess high efficiency. For example, methane can be used
directly as a fuel in high temperature fuel cells or it can be easily converted into hydrogen
through the reformation process and then used as a secondary fuel. The latter strategy would
present a better option from the environmental point of view since the only operational
product is water and then these systems can partially contribute to the reduction of pollutant
emission [1,2].

Besides fuel cells that rely on pure inorganic catalysis, biofuel cells are another type of
energy-conversion devices which utilize catalysts of biological origin (e.g. enzymes, whole cells)
[3]. Although, both types of devices (fuel and biofuel cells) are dedicated to the conversion of
chemical energy into electric energy, biofuel cells are limited with respect to the power density
that can be generated. One of the strategies through which those limitations can be partially
addressed is based on the engineering and the implementation of new types of electrode
materials.

This chapter will mainly focus on the possible application of macroporous electrodes
(see Chapter 2) for increasing the electrochemical performance of enzymatic glucose/oxygen
biofuel cells.

3.1. (Bio)fuel cells: Basic principles and key performance characteristics

Fuel-cells present one of the oldest energy conversion devices capable of transforming
chemical energy into electricity [4,5]. They have been pioneered by Sir William Grove in 1839
[6]. In his original experiment, W. Grove demonstrated that electromotive force (EMF) can be
developed and current can flow through the system once oxygen and hydrogen were supplied
to two Pt electrodes (Pt strips) immersed in diluted sulfuric acid [7]. Since that period, fuel cells
have passed through numerous modifications in order to further improve their electrochemical
performances, miniaturize their dimensions and make them suitable for powering other devices
[6].
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By definition, fuel cells (FCs) are electrochemical devices in which the chemical energy of the
reactants (fuel and oxidant) is converted into electricity through the separate oxidation and
reduction reactions occurring at an anode (oxidation of a fuel) and a cathode surface (reduction
of an oxidant) (Figure 3.1a). The oxidation of a fuel releases electrons that are flowing through
the external electrical circuit towards the cathode were the reduction of an oxidant takes place.
The electrical circuit is completed by the flow of a compensating ionic charge (e.g. flux of
hydronium ions) from the anodic compartment towards the cathodic one where they are finally
consumed during the reduction of an oxidant (e.g. oxygen) [6,8].

a Hydrogen fuel

Load
H* ions through electrolyte e.g. electric
Y motor
Cathode O, + 4e- + 4H" —> 2H,0
A A
|

‘ Electrons flow around
Oxygen, usually from the air the external circuit

Figure 3.1. (a) Basic construction and principle of functioning of an acidic hydrogen-oxygen fuel cell [6]; (b)
Photograph of a direct methanol/oxygen fuel cell (DMFC) stack (5 individual fuel cells were connected in a row)
fabricated at Los Alamos National Laboratory (LANL), USA [9].

The flux of a compensating charge is made possible by a semi-permeable membrane (e.g.
proton-exchange membrane (PEM)) whose major role in the system is to prevent the diffusion
of reactants and their cross-over reactions at non-corresponding electrodes. This would
significantly decrease the performance (power output) of the system [6,8]. Beside the
prevention of cross-over reactions, semi-permeable membranes are designed to allow the
conduction of protons (e.g. Nafion® membrane) and hydroxyl ions in between cathodic and
anodic compartments [10,11]. This means that the ion-conductive polymeric membrane acts as
a polymer electrolyte enabling the completion of an electric circuit (the flow of electrons is
compensated by flow of ions in the solution) [10,11]. The examples where ion-conductive
membranes have found their applications are membrane/electrode assemblies (MEAs). In
MEAs, several ion-conductive membranes/electrode units are connected in a row, maximizing
the final power output of a fuel cell [9]. In some cases, the use of membranes can be avoided by
a constant flow of electrolyte between the two electrodes [12,13].
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The working principle of fuel cells depends on the operational conditions. For instance,
hydrogen/oxygen is one of the oldest type of fuel cell which is able to operate under both,
acidic [12] and basic [13] conditions (Equations 3.1a and b [1]).

The advantage of the latter is improved oxygen electro-reduction kinetics (in general that is the
half-cell reaction that dominates the power generated by the system) as well as the possibility
to use some other, less expensive, electro-catalysts (e.g. Ag/C instead of expensive Pt catalyst)
[13].

Acidic conditions Basic conditions Equation 3.1
Anode:  Hy—> 2H' )+ 2e Hag + 20H () — 2H,0 + 2&
cathode 1/202(3) + 2H+(aq) + 2 —— Hzo“) 1/202(g) + HzO“) +2e——> ZOH-(aq)

For the best performance of fuel cells, high-purity gasses (H, and O,) are required, because the
smallest amount of impurities (e.g. CO and CO,) can poison the Pt catalyst [14]. Besides H,,
other fuels can be used such as methanol and also some hydrocarbons [8].

In biofuel cells, the choice of biocatalyst determines their final classification as either 1.
Enzyme based biofuel cells (EBFC) [15] (Figure 3.2a) or 2. Microbial biofuel cells (MBFC) [16]
(Figure 3.2b).

Anode Mediator Enzyme Cathode

Bacterium Anode Cathode

Figure 3.2. (a) Schematic of a glucose/oxygen BFC. Glucose oxidation at the anode is enzymatically catalyzed by
glucose oxidase (GOx) while the oxygen is reduced to water in a reaction catalyzed by an oxygen reducing enzyme
in the cathodic compartment. Flow of electrons through the externally placed load is compensated by proton flux
in the solution [15]; (b) Schematic representation of a glucose/oxygen MBFC. Complete glucose oxidation to CO, is
accomplished by a full metabolic pathway within living bacteria while oxygen is electro-reduced at the cathode
surface [16].
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From an electrochemical point of view, the essential difference between MBFCs and EBFCs
(that comprise only one enzyme) is the efficiency of fuel oxidation. While MBFCs are able to
completely oxidize fuels thanks to a cocktail of different enzymes that are involved in their
natural metabolic pathways, single enzyme EBFCs are not able to accomplish this since the
number of immobilized enzymes is a limiting factor [17,18]. Recently, an ethanol/oxygen
biofuel cell based on the cascade of different enzymes (alcohol dehydrogenase (ADH), aldehyde
dehydrogenase (AIDH) and the enzymes of Krebs cycle) has been designed for the full ethanol
oxidation to CO, in the anodic compartment while oxygen was reduced at a platinum based
cathode [19]. Similar approaches of mimicking natural metabolic pathways, through the
immobilization of enzymatic cascades, have been used for the fabrication of “total”
glucose/oxygen EBFC [20]. While MBFCs dominate over EBFCs in terms of the efficiency of fuel
oxidation, the problems related to mass transport limitations through the cell membrane are
diminishing theoretical electrochemical performances of the device in comparison with EFCs
[17]. Although the power density of EBFC is higher than for the microbial one, the limited life-
time of EBFCs (7-10 days) presents one of the issues that have to be improved [21].

The power that can be produced by biofuel cells is much less than the power that can be
produced in fuel cells [17]. Another issue is the operating temperature of those devices. While
fuel cells are operating at temperatures higher than 50°C (due to the significant amount of
energy loss in the form of heat) (Table 3.1.) [8], the usual temperature at which enzymatic fuel
cells are operating is in the 20 — 40 °C range [3]. Furthermore, enzymes which are commonly
used in BFC possess a narrow optimal range of pH values (i.e. near neutral) at which they
exhibit their highest catalytic activity [17]. This value is far from the pH at which fuel cells are
functioning (strongly acidic or basic condition). An important advantage of BFC over FC is the
non-toxicity and biocompatibility of enzymes (especially the enzymes that are natural
constituents of the human metabolism) and lower costs of the ingredients for their fabrication
since FCs are usually based on platinum catalysts. With an appropriate design of the
electrochemical platform [22] EBFCs can be miniaturized. All points mentioned above present
some of the main advantages of biofuel cells over fuel cells which would allow the fabrication
of devices that are able to operate under physiological conditions and eventually power small
medical devices (e.g. pacemakers [23]) or to work as self-powered subcutaneous glucose sensor
[24].

Type Temperature °C Fuel Electrolyte Mobile ion
PEM : polymer electrolyte 70-110 H,, CH,OH Sulfonated polymers (Nafion™) (H,0),H*
membrane

AFC: alkali fuel cell 100-250 H, Aqueous KOH OH-
PAFC: phosphoric acid fuel cell 150-250 H, H,PO, H*

MCFC: molten carbonate fuel cell] 500-700 hydrocarbons, CO (Na,K),CO; CO,%~
SOFC: solid oxide fuel cell 700-1000 hydrocarbons, CO (Zr,Y)0, 5 (0

Table 3.1. Examples of different types of fuel cells with highlighted operating temperatures (adapted from [8]).
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With respect to thermodynamic aspects, biofuel cells present open systems in which the
reactants and the energy can be exchanged with the environment and therefore can be
described with classical approaches [5,6]. One of the key performance characteristics of a
biofuel cells is their efficiency which can be calculated from:

1. Energy input through the reactants that are delivered to the electrodes. This is reflected
in the change of enthalpy (AH) since it presents the total energy involved in a chemical
reaction.

2. Energy loss in the form of heat (T - AS; AS — change of entropy) that is released into the
environment.

3. Energy output as a change of Gibbs’ free energy (AG). It can be calculated from the
difference of the change of enthalpy and released heat :

AG= AH — T-AS
The value of AG is equivalent to the useful work in an electrochemical system (AG = Wel.).

Knowing the thermodynamic quantities mentioned above, one can easily calculate the
theoretical efficiency of a bio(fuel) cell as:

Efficiency = i—z =1- TA—AHS Equation 3.2.

This is schematically presented in Figure 3.3.

Electrical energy output (AG)

Oxidisod Fuel

Energy input (AH)

Heat loss (TAS)

Figure 3.3. Schematic representation of a membraneless EBFC emphasizing the thermodynamic parameters of the
system (modified and adapted from [25]).
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The energy output, that is produced by the electrochemical system can be calculated as
AG = Wel.= —zFAE, where: z - number of electrons exchanged in the reaction, F — Faraday
constant (F= 96485 Cmol™), (and therefore z-F — transported charge), AE — (theoretical) voltage
of the (bio)fuel cell.

The thermodynamic (theoretical) open circuit voltage (OCV) developed within the
electrochemical cell can be calculated as the difference of electrode potentials of the
fuel/oxidized fuel and oxidant/reduced oxidant couples. It can be easily calculated for a

RT
reversible electrochemical system using the Nernst equation: E = E® — ;an, where: E is

the electrode potential, E° - standard electrode potential, R — universal gas constant (R = 8.314
Jmol 'K, Q - reaction quotient.

Concerning the expression that connects AG and OCV, another way to calculate the maximal
efficiency of a (bio)fuel cell is:

—zFAE
AH

Efficiency = Equation 3.3.

Equation 3.3. presents the efficiency of the system when a certain amount of energy input is
lost in the form of heat. If the system would work with a hypothetic efficiency of 100% (no heat

losses and thus AG = AH), the operating cell voltage would be: AE = —AZ—;I. Regarding this

relation, one can calculate the actual cell efficiency as:
.. Y .
Efficiency = A—E -100% Equation 3.4.
with V. being the operating cell voltage.

From an electrochemical stand point, every biofuel cell is defined by the power output of the
device which is determined by the current that flows through the system and the difference of
electrode potentials (Figure 3.4.). As mentioned before, OCV is the maximal voltage of a biofuel
cell at zero current (Figure 3.4a). As can be seen from the present voltammograms (Figure 3.4a)
practically the OCV corresponds to the difference between the onset potentials of the cathodic
and the anodic reactions. If the redox enzyme operates close to the thermodynamic potential
of a substrate/product couple, then the OCV can be maximized due to the smaller activation
overpotential required to keep the system running. In the opposite case (Figure 3.4a), one part
of the cell voltage is lost due to the activation of an enzyme and therefore the OCV is becoming
lower than its thermodynamic value [5,26]. In fuel cells this difference is due to crossover
reactions that are taking place once the reactants diffuse across the semi-permeable
membrane [8].
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Electrocatalytic oxidation c
9 of fuel at the anode b Cell Cell

" ower .
Electrocatalytic / vo,I:age Theoretical OCV p A Maximum
current =3 power

1
+ [ (oxidantireduced product) vpe :
2 L | R I )
! Open circuit voltage Applied [ ] !
—— = === i— —>potential ¢ | !
! Cell voltage and > : :
v current that give ki J Short _yt - >
) maximum power Xid { D o A R =
i Cell current 1 0 Cell voltage A
Electrocatalytic reduction of Maximum  Short Open
oxidant at the cathode cell current circuit

Figure 3.4 (a) Polarization curves for a separate biocathode and bioanode; (b) Polarization curve of the biofuel cell;
(c) Power curve indicating the maximum of power density (optimal conditions) (changed and adapted from [26]).

Figure 3.4b presents the polarization curve for a biofuel cell where two extremes can be seen.
The first one corresponds to the OCV defined at zero current value. Another one corresponds to
the situation of a short circuit between the two electrodes and therefore to the maximal
current and minimal voltage. As it can be seen from Figure 3.4b the initial cell voltage (practical
OCV) at zero current is smaller than its theoretical value (thermodynamic value). The cell
polarization curve can be further divided into three distinct segments. In Segment I, the steep
decrease of the cell voltage corresponds to kinetic losses, which are related to the slow rate of
the electrode reaction due to e.g. slow electron-transfer kinetics. After this first decrease of the
cell voltage, the polarization curve continues decreasing more linearly with a smaller slope over
a wide range of current density values. This decrease, which can be seen in Segment II,
corresponds to the Ohmic voltage drop originating from the system’s intrinsic resistance and as
well as from the resistance to the flow of ions within the electrolyte. Finally, (concentration
polarization) losses related to mass transport limitations result in the final decrease of the
potential until it reaches zero (Segment Ill) [5,8]. At that point, the current reaches its maximal
value and the system behaves as if the electrodes were in a short circuit [26]. Each of the
mentioned potential losses can be described with corresponding overpotentials. This allows
calculating the cell voltage as:

Ecen = Ethermodynamic = Nact — Naiff — IYR Equation 3.5.

where: Ece;, E.q are measured and theoretical (thermodynamic) voltages respectively,
Nact» Maify are kinetic and mass transport based overpotentials respectively, I is the current
that flows through the cell and ), R is the sum of all resistances that are present in the system.
The power curve (cell power as a function of a cell voltage) of the device is presented in Figure
3.4c. The power of a (bio)fuel cell, as one of the most important electrochemical key
parameters, can be calculated as: P, = Eey - JIdt if the current intensity is time
dependent. In the case of a constant current the power calculation can be simplified:
Peott = Ecenp - I, where: P,y is the cell power, E,.;; and I are the cell voltage and the current
intensity respectively [3].
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Since the performances of the device is depending on its size (e.g. real electrode surface),
another parameter has to be taken into consideration in order to make different biofuel cells
comparable with each other. One of the best ways is to compare their power densities that can
be calculated as given by Equation 3.6 [3]:

Piens. = % Equation 3.6.

3.2. Electron transfer mechanisms: Direct and Mediated electron transfer

The efficiency of biofuel cells is closely related to the electron transfer (ET) between enzymes
and the electrode surface. Due to the fact that most redox enzymes have a redox unit deeply
buried within a protein shell, electron-transfer is one of the most important issues that has to
be addressed properly in order to extract the maximum performances of an actual device [17].

In general, there are two basic mechanisms through which ET can be accomplished: 1. Direct
Electron Transfer (Figure 3.5a) and 2. Mediated Electron Transfer (Figure 3.5b).

(2] = (b

electrode electrode
electron ‘ \
tunneling A A . .
distance Y, ( { mediator
of (red.) iHtusi
N diffusion mediator
(s . -._‘ . (ox.)
diffusion :“gt) ; ',‘ ¢
e it to;
- ’& huenzyme
=0 = T‘g..r-'
it r x
{}; et
[y ) r
substrate product 7
substrate product

Figure 3.5. Schematic representation of two basic mechanisms of ET: (a) Direct electron transfer (DET); (b)
Mediated electron transfer (MET) [17].

In direct electron transfer (DET), electrons are shuttled directly from the electrode surface to
the substrate through the redox site of the enzyme and vice versa [17,18].

The first example of direct electron transfer of metalloproteins has been reported by Hill et
al.[27] and Kuwana et al. [28] in 1977. In their independent researches, they have reported the
reversible DET of cytochrome C (CytC) that was adsorbed at the surface of an indium-thin oxide
(ITO) electrode and a gold disc electrode modified with 4,4’-bipyridyl.

68



3 — Macroporous electrodes for the fabrication of a biocathode

In the latter case, electrochemically inactive 4,4’-bipyridyl (in the operational potential
window), served as an electron-transfer promoter (species that are redox inactive within the
explored potential window and capable of promoting an interfacial electron-transfer between a
redox-active protein and an electrode surface [27,29]).

The first theoretical study of electron transfer between small molecules (metal aquo
complexes) in solution has been developed by Rudolph Marcus [30]. Latter, this theory has
been extended to electron transfer at a protein-electrode interface.

Regarding the Marcus theory, the electron transfer kinetic can be described as:

k 4m?Hp 4 [7—@;;?;1)2]
— 4 H
FT = ———=¢€ B Equation 3.7.
hmAkgT

where: kgr is the electron transfer rate constant, Hp, is the constant that describes the
strength of the electron coupling between the electron donor (D) and the electron acceptor (A),
AG? is the change of the standard free energy (for one electron transfer it can be calculated as:
AG® = F(ES — EJ) [31]) kg and h are the Boltzmann and the Plank constants respectively, T
is temperature and A is the reorganization energy [5,32]. The reorganization energy is defined
as the energy necessary to reorganize nuclear positions of the reactants and the solvent to
those that correspond to the product state without electron-transfer occurring during that
process [33].

Due to the fact that the active sites of enzymes are frequently positioned inside an insulating
protein structure and that the average hydrodynamic diameter of redox enzymes is in the range
of 50 to hundreds of A [34], some of the most critical parameters that determines the
possibility and the efficiency of an electron transfer between the adsorbed enzyme and an
electrode surface are the electron-tunneling distance r and the tunneling parameter [
(frequently called decaying parameter which ranges between 0.8 and 1.6 At [35]). Concerning
the importance of these two parameters, electron transfer rate constants can be further
expressed in the light of Marcus theory as:

k (r) = ke P Equation 3.8.

where: k (r) electron-transfer rate constant, k, is an electron-transfer rate constant at the
closest proximity between enzyme and electrode surface, r and 1, are actual and closest
possible electron-transfer distances between electrode surface and the enzyme
respectively [34].
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This dependence has been confirmed by the studies of DET of redox active proteins
(cytochrome C [36—38] and azurin [39]) that have been attached to the electrode surface
through self-assembled monolayers (SAM) of thiol-carboxylic acids [40] or alkanethiols at the
surface of gold electrodes [39]. It has been shown that the electron-transfer rate decreases as
the number of carbon atoms in the chain and therefore electron-transfer distance increases.

In this case, the change of electron transfer is correlated to the number of carbon atoms as:
k, = kYe(—pn) Equation 3.9.

where n presents the number of methylene groups in the alkyl chain and k? is an extrapolated
value of the rate constant for n = 0 [38].

The attachment of the proteins through SAMs can be accomplished either by formation of an
electrostatic [37] or hydrophobic adduct [39] between the terminal SAM group and a protein. It
has been shown for cyt C attached to the gold surface (via SAM of thiol carboxylic acid with
different numbers of carbon atoms), that the value of the tunneling parameter  is 1.09+0.02
per methylene (-CH,-) group [37]. The value of the electron transfer constant decays
exponentially for n>8, while it reaches a plateau value for shorter lengths of protein binding
molecules. This suggests a change in the electro transfer limiting step at the inflection point
[31].

Besides the proteins that are unable to undergo DET, there are numerous enzymes that are
able to directly exchange electrons with an electrode surface more or less efficiently. This has
been demonstrated for different enzymes such as laccase (copper containing enzymes) [41,42],
horse-radish peroxidase [43,44], p-cresolmethylhydroxylase [45], alcohol dehydrogenase
(AIDH:PQQ-FAD dependent) [46], cellobiose dehydrogenase (CDH) [47,48] etc. Some of the
enzymes that are capable of direct electric communication with an electrode surface often
contain two closely positioned redox sites and therefore an efficient internal electron transfer
can be established among them. Well known examples are enzymes from flavohemo proteins
(e.g. CDH [47]) or the quinochemo protein family (pyrroloquinoline quinine — FAD dependent
AIDH [46]) or copper-containing enzymes (e.g. laccase [41]). In the case of CDH, the electrons
are transferred from the reduced form of a cofactor (e.g. flavine adenine dinucleotide (FADH,))
to the electrode surface via a redox active heme prosthetic group, which is located close to the
periphery of the protein shell as depicted in Figure 3.6. [48].
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Figure 3.6. Schematic of coupled internal and interfacial electron transfer between CDH and an electrode surface
(adapted and modified from [48]).

In the case of multicopper oxidases (e.g. laccase) the electrons are transferred from the T,
copper site to T,/T; catalytically active copper containing units [42].

Based on theoretical studies it has been shown that the electron transfer in multi-redox centers
positioned within an enzyme structure is occurring at appreciable rates (in the range from 10 —
10* s%) if the spatial separation between them is lower than 14-15 A as shown in the Figure
3.7a and b [26,49].

reactants products
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Calculated log1g rate (s-1)
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N
R ) 6 9 12 15 18 21 24 27

Distance (A)

Figure 3.7. (a) Schematic representation of an internal electron transport path between redox active site units and
an electrode surface via electron relay centers [26]. (b) The graph presents the dependence of the calculated AG
optimized electron transfer rate constants as a function of the distance between two redox sites buried inside the
enzyme structure. It can be seen that the reactions which result in the biocatalytic transformation of the substrate
under physiological conditions (denoted with solid bars) are occurring for a spatial separation below 14-15 A (the
electron-transfer is happening with appreciable rate) between redox active centers for the curve that corresponds
to AG = A. In contrast to that, unproductive reactions are observed at distances bigger than 15 A (empty squares)
with two examples of enzymes whose redox center distance is higher than the optimal value, which can be
explained by their possible physiologically inappropriate structures. The inset in the Figure (b) presents the
dependence of the electron transfer rate constant on the AG value for both, endergonic and exergonic tunneling
reactions at 6 A distance and same A. The experimental spots are taken from the diagonal lines for different values
of AG at 6 A [5,49].
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In contrast to enzymes with two redox centers, some enzymes who possess only one redox
center buried deep in the protein structure cannot achieve appreciable rates of direct electron
exchange with an electrode surface. This type of enzyme molecules can be efficiently “wired” to
the electrode surface by means of various nano-elements due to their small dimensions which
can efficiently shorten the electron-transfer distance (Equation 3.7) and increase interfacial
electron-transfer rates in that way. For example, it has been reported that the cyclic
voltammetry of adsorbed glucose oxidase (GOx) immobilized on the surface of glassy carbon
electrode does not show any electrochemical response with respect to oxidation/reduction of
the FAD cofactor. In comparison to that, a successful electron transfer (FAD (from adsorbed Gox)-
electrode surface) of 1.3 st at the surface of a Nafion/GOx-AuNP/GC electrode has been
demonstrated [50]. Similar behavior was found for horseradish peroxidase (HRP) immobilized
on the surface of an ITO electrode modified with chemically bonded AuNP (the average
diameter was 15 nm) [51].

The ability of some enzymes to accomplish their electrical communication during the catalytic
cycle via DET has been recognized in the field of biofuel cells. A few examples of biofuel cells
based on DET are listed in Table 3.2.

Electrode Power
Type Enzymes . OocCV (V) density Reference
material 2
(LKW.cm™)
X 0.62 3
glucose/oxygen CDH/BOXx SGE 0.58" P [55]
hydrogen/oxygen Hase/BOX CNF@PG 1.06 1500 [56]
glucose/oxygen GOx /Lac MWCNT 0.95 1.3 [57]
GOX -MP8/QH  CREin

glucose/ethanol AIDH Epoxy 0.27 n.r. [58]

Table 3.2. Examples of biofuel cells that rely on DET where: CDH — cellobiose dehydrogenase (Corynascus
thermophilus), BOx - Billirubin oxidase (Myrothecium verrucaria), Hase — Hydrogenase (Aquifex aeolicus), Box**(
Bacillus pumilus), Gox"" - glucose oxidase ( Aspergillus niger), Lac- Laccase (Trametes versicolor), QH AIDH -
hemeccontaining pyrroloquinoline quinone-dependent alcohol dehydrogenase (Gluconobacter sp. 33), MP8 —
microperoxidase (from horse heart); SGE — spectrographic graphite electrode, CNF — carbon nanofibre, PG —
pyrolitic graphite, MWCNT — multiwall carbon nanotubes, CRE — carbon rode electrode. (n.r. — not reported)

The electron-transfer efficiency can be enhanced through the utilization of small molecular
weight redox active molecules or redox-polymers, well-known as redox mediators. Although in
the case of MET, current densities and power outputs are greater than in the case of DET, there
are certain issues concerning stability, selectivity and cross-over reactions (in the case of
diffusional redox mediators) at the counter electrode, which imposes the use of semipermeable
membranes [17,18].
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The problem related to cross-over reactions can be avoided by redox mediators immobilized at
the electrode surface (so called non-diffusional redox mediators) such as osmium-redox
polymers [59] or electropolymerized films [60].

The mechanism of MET is given in Figures 3.5 and 3.8a. In general, upon a catalytic reaction
(which involves the homogeneous electron transfer between an enzyme and a corresponding
substrate), the redox mediator needs to be regenerated to its active form (re-oxidized or re-
reduced) in order to involve an enzyme into a new catalytic cycle [17]. A general rule for
selecting appropriate redox mediators is that their formal redox potential has to be slightly
higher (or lower in case of cathodic enzymes) than the redox potential of the coenzyme that is
supposed to be oxidized (reduced). The reduced (oxidized) mediators are getting oxidized
(reduced) at the electrode surface that is polarized at a sufficiently positive/negative electrode
potential and that way an electron flux from a redox enzyme towards the electrode surface
(and vice versa) is established [59].
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Figure 3.8 (a) Schematic representation of the electron-transfer mechanism for an osmium based redox-polymer
bioanode ( [61], [26]) and biocathode ( adapted and modified from[62]); (b) Graphical representation of the
voltage loss in a biofuel cell due to the potential difference between consecutive steps in electron mediation [17].

This additional step (oxidation/reduction of redox mediator) decreases the open-circuit voltage
of the system which is theoretically given as the formal potential difference between a fuel and
an oxidant as depicted in Figure 3.8b [17].

Redox mediators can be immobilized at the electrode surface or be present in electrochemical
systems as dissolved compounds that are transported via diffusion [3].
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The utilization of redox mediators is of great importance in enzymatic systems that cannot
efficiently undergo electron-transfer with electrode materials or for which the electron-transfer
is accomplished at high electrode potentials. The latter case can be exemplified with NAD*
dependent enzymes such as glucose-dehydrogenase. The problem related to the
electrochemical regeneration of NAD" (catalytically active form of coenzyme) is the high
overpotential (= 1V; anodic peak observed at 0.56V while E®= - 0.56V vs. saturated calomel
electrode (SCE)) required for its generation, that limits DET application in the case of NAD"
dependent enzymes [63]. This would reduce operational voltage of an actual biofuel cell due to
the high activation losses. Another problem of NADH systems is electrode fouling (which shifts
the formal electrode potential towards even more positive values) due to the adsorption of
NAD" at the electrode surface [64]. This can be avoided by choosing an appropriate electrode
material [65].

In NAD" dependent systems, an intermediate biocatalytic step is necessary in order to oxidize
NADH at much lower over-potential. An example is the total methanol/oxygen biofuel cell
whose activity relies on the cascade of methanol oxidation with three different enzymes
(alcohol dehydrogenase (ADH), aldehyde dehydrogenase (AIDH) and formate dehydrogenase
(FDH) respectively). Since NADH is formed in each of three consecutive oxidation steps, another
enzyme (e.g. diaphorase) can be used to catalyze its oxidation. The catalytic activity of this
latter enzyme can be further regenerated by benzyl viologen (BV2+/+) whose formal redox
potential is — 0.55 V. The biofuel cell was able to generate 0.68 mWcm™ at 0.49 V [66)].

Another important group of redox mediators that can be used for lowering the overpotential of
NADH oxidation (due to their electrocatalytic properties) are azine mediators (their basic
chemical structure is presented in Figure 3.9a). It has been shown that NADH can be efficiently
oxidized at carbon-paste (CP) electrodes that have been chemically modified with methylene-
green (phenothiazine type) at potentials of 142 mV vs. SCE [67]. Besides their efficiency
regarding NADH oxidation, chemical modification of azine mediators can be used in order to
tune their electrocatalytic properties and therefore make them suitable mediators for other
enzymes/molecules. Another advantage of azine mediators is the fact that they can be easily
electro-polymerized. For instance, a methylene green film has been electrosynthesized (Figure
3.9b) at the surface of glassy-carbon electrodes. The oxidation of NADH at methylene-
green@GC electrodes at +0.1 V (vs. SCE at pH = 7.0) has been accompanied with an increase in
anodic current intensity [68]. Similarly, electrodeposition and electrocatalytic activity of other
polyazine mediated NADH electro-oxidation reactions has been reported [69]. The utilization of
polyazine mediator films has been exemplified for alcohol/oxygen biofuel cells based on a Pt
cathode (20% Pt on Vulcan XC-2) and a poly(methylene-green) modified carbon felt anode with
immobilized enzymes (ADH and ADH/AIDH mixture), NAD® coenzyme and a
tetrabutylammonium bromide/Nafion membrane/binder. As can be expected, the biofuel cell
based on a mixture of two enzymes gave a higher power density: 1.16£0.05 mWcm™ (OCV =
0.61 V) for an ADH based electrode and 2.04 mW/cm? (OCV = 0.82V) for an ADH/AIDH mixture,
due to a more complete oxidation of the substrate [60].
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Figure 3.9 (a) Simplified chemical structure of the azine redox mediators. The structure may contain different
substituents at the aromatic rings [18]; (b) Hypothetic structure of electrochemically polymerized poly(methylene-
green) film [73].

Besides NAD" dependent enzymes, different redox mediators have been efficiently used in
other enzymatic systems (e.g. Ks[Fe(CN)¢] for BOD [70], PQQ@Au for GOx [71], CytC for CytC
oxidase [71], methylene blue for hydrogenase [72]) to promote the electron-transfer and to
increase the performances of the bioelectrodes .

Another group of very efficient redox mediators that have been used for many years are
osmium based redox polymers. They are used in the form of a hydrogel, consisting of an
enzyme, an Os based redox polymer and a cross linker [74-79]). The reticulated structure of the
hydrogel allows permeation of solvent (e.g. water) molecules, diffusion of ions and non-charged
species (e.g. oxygen, glucose etc.). The latter one can be substrates of corresponding enzymes
that are contained in the hydrogel.

Moreover, unlike most hydrogels, osmium based redox polymers in their swollen state are also
capable of conducting electrons. This makes them suitable for electrochemical purposes. The
electron conduction mechanism is based on electron-transfer between neighboring oxidized
and reduced osmium redox moieties through a self-collision phenomenon. The efficiency of
electron-transfer depends on the displacement amplitude from the equilibrium positions of the
redox active groups as denoted in Figure 3.10a [59,78].

The chemical structure of Os based redox polymers consists of an Os-redox complex that is
directly or indirectly tethered to the polymer backbone (e.g. poly(N-vinylimidazole) or
polyacrylmide/poly(N-vinilimidazole) copolymer) [75]. The flexibility of the osmium redox
centers determines the “diffusivity” of electrons. For example, it has been shown that
introduction of an eight atoms long tether in tris(bipyridine)Os based redox polymers (Figure
3.10b) increases the apparent diffusion coefficient (determined from the slope of the graph
1 1

i = f(v®)), given by the Randles-Sev¢ik equation [80]: i = 0.4463(nF)%AD;ppCvé/(RT)%,
where: n - number of exchanged electrons, F - Faraday constante, A - electrode surface area,
Dgpp - apparent diffusion coefficient, C — concentration of redox species, v - scan rate) of
tethered osmium centers, and thus resulted in Dg,,,, of (7.6 £ 0.3)-10'7 cm?s™.
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This value is 100 times higher than the one reported for a non-tethered analogue (Dg;,p, = (6.2 £
0.8)-10°cm?s™) [81]. The theoretical ,bounded diffusion” model (Equation 3.10) describes an
extended electron-transfer in a system where no physical diffusion of redox species exists. In
this model, Dg,, is directly proportional to the characteristic electron-hoping distance § in
between neighbouring redox sites, the self-exchange rate constant k,,, the distance across
which osmium redox centers can move within the molecule 4, and a concentration of osmium
redox sites (Crr) within the volume of a hydrogel [80,82].

Dapp = 1/6 kox(3A%2 + 62) Cgr Equation 3.10

2+/3+

\ / \\ /\
\—/ / —
- \ -
\

Figure 3.10 (a) Schematic representation of electron conduction in an Os-based redox polymer. Electron transfer in
between reduced and oxidized osmium centers is based on a self-collision phenomenon. Introducing a long tether
increases electron “diffusivity” along the polymer “wire” (modified from [59]); (b) Chemical structure of a tris(4,4’-
dimethyl-2,2’-bipyridil)osmium complex tethered to a partially quaternized polymer (poly(4-vinilpyridine))
backbone through an eight atoms long link [81].

It has also been shown that the Dy, value increases upon quaternisation (alkylation of the
pyridine ring in the polymer backbone which introduces extra positive charge due to the
formation of pyridinium salt) of the structure which results in a better swelling of the polymer
film. This intrinsic increase of the film volume decreases the concentration of osmium redox
moieties but at the same time it increases the segmental motion within the film and therefore
the effective collision frequencies. A similar effect was demonstrated by decreasing the pH of
the system due to the protonation of the pyridine rings. This effect was significant for moderate
degrees of quaternisation (for highly quaternized polymers pH has no significant effect on the
value of Dypy).
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As expected, in contrast to quaternisation and protonation, the excessive amount of cross-
linker (cross linker is added to increase mechanical stability of the films) restricts the electron
diffusivity by limiting the segmental mobility [82].

The main advantage of this type of redox polymers is the possibility to finely tune their redox-
potential (as a function of the enzyme) by changing the structure of the ligands as depicted in
Table 3.3a and b. This makes them suitable for biofuel cell applications since the redox polymer
can be appropriately designed in order to diminish (as much as possible) the potential losses in
biofuel cells. Although the half-cell potentials are dependent on pH, since protons are released
at the anode and consumed at the cathode (Equation 3.11), the redox potential of the polymer
“wires” are pH independent. As a consequence the difference between the redox potential of
an enzyme and a redox polymer is pH sensitive. Therefore the polymer that has been designed
to provide a certain potential difference at one pH will not be able to provide it at another one
[59].

Compound Structure Redox potential/V O; reduction rate/A cm~>**

4 Poly { N-vinylimidazole[Os(4,4'- . 0.32, pH 5; 2% 107 (0.5 V,
dimethyl-2,2"-bipyridine),CI] ">~ 0.17. pH 7.2 pH 5 citrate)
cO-acrylamide) o8 o

C °

0 g |
N, O
AR A
N N NHa

e cHy
M N-
\Dﬂ""
NN
HyC & i)
s Poly{ N-vinylimidazolc[Os(4,4'- 0.15, pH 7.4 6.5 x 1074 (0.37 V,
dimethoxy-2,2"-bipyridine),Cl]"** m pH 7.4 PBSY)
| v
"

6 Poly { N-vinylimidazole[Os(4,4'- . 0.06, pH 7.4 1.7 % 107 (0.22 V,
diamino-2.2'-bipyridine)>C1]*""} pH 7.4 PBS)

7 Poly { N=vinylimidazole[Os( N, N'- 0.02, pH 7.2 1.1 % 107 (0.22 V,

dialkylated-2,2’-biimidazole); """} pH 7.4 PBS): 3.2 x 10~
ee "\.,,)1%\ _’ﬁ‘ A Hy (0.22 V, pH 5 citrate)

“ Potential vs. SHE.” Glucose concentration 15 mM, 37 °C.° PBS = phosphate buffer solution, typically 20 mM phosphate buffer with 0.1 M NaCl.

Table 3.3 (a) List of anodic osmium-based redox mediators with their electrochemical characteristics [17,18].
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Bioanode (Gox/Os-polymer I) Biocathode(BOD or Laccase/Os-polymer Il) Equation 3.11

+ - + -
glucose - gluconolactone + 2H™ + 2e 1/20,+2H +2e" > H,0
Compound Structure Redox potential/V* 0, reduction rate/A cm=2 *
1 2,2'-Azinobis(3- 0 805 0.66, pH 4; 0.72. pH 7 5% 107*(0.43 V, pH 7 phosphate)*
ethylbenzothiazoline-6-sulfonate) >—»«-—n—<
(ABTS) ) {
2 Poly{N-vinylimidazole 0.79. pH 5 1 x 1072 (0.62 V., pH 5 citrate)’
[Os(terpyridine) d g
(4.4'-dimethyl-
2,2-bipyridine)]****}
i 7 %)ﬂ /
c%
3 Poly{N-vinylimidazole[Os(4,4'- . 0.58, pH 7.4 9 x 107*(0.55 V, pH 7 phosphate)*
dichloro-2,2'-bipyridine),CI]"*-
co-acrylamide} 19 1 ”

G G

p=%

“ Potential vs. SHE.” High-surface-area carbon supports in Oz-saturated buffer.” Catalysed by bilirubin oxidase in the presence of chloride.? Catalysed
by fungal laccase, chloride absent.” Moderate stirring by bubbled gas. Strong stirring by rotating disk electrode at 4 krpm.

Table 3.3 (a) List of cathodic redox mediators and their electrochemical characteristics [17,18].

There are many examples of biofuel cells (mostly glucose/oxygen) in which this kind of polymer
is used [75,81,83]. One of the best examples that exemplifies the advantages of osmium
containing hydrogels (cross linked mixture of anodic and cathodic polymer with GOx and BOD
(from Trachuderma tsunodae) respectively) is a miniaturized glucose/oxygen biofuel cell made
by coating 7 um thick carbon fibers. In the present case, due to the fact that the system was
based on hydrogel-film modified electrodes, the possibility to fabricate membraneless biofuel
cells has been demonstrated. Such a system, operating under physiological conditions (pH= 7.2,
at 37 °C in air saturated phosphate buffer saline (PBS, 20 mM PB + 0.14 M NacCl) solution) has
developed 4.3 uW/cm2 when operating at 0.52 V in a 15 mM glucose solution. Further, it has
been shown that a biofuel cell is capable to operate in vivo once implanted in a grape (pH = 5.4,
Calucose > 30 mM), with a final power output of 0.47 uW/cmZat 0.52 V [75].

Osmium redox polymers have been successively used for the fabrication of miniaturized self-
powered amperometric glucose sensors [24]. In the present case, the biofuel cell/biosensor
consisted of a glucose bioanode (GOx/Os complex tethered to a PVP backbone) and a Pt based
cathode as presented in the Figure 3.11.
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The currents that have been measured upon glucose oxidation at the anode and oxygen
reduction at the cathode showed a linear dependence with increasing glucose concentration in
the rage of 1 mM - 30 mM and it was independent of the applied resistance between 1 — 10
MQ. The sensor showed remarkable stability during a period of 30 days as well as a good
agreement when implanted subcutaneously and compared with a commercial amperometric
sensor (FreeStyle Navigator continuous sensor) during a 5 days period.

e-

R =1-10 MQ

g 2 Glucose CErA e 3
2H,0

2 Gluconolactone + 4H* + 4e-

Anode: Redox polymer Cathode:

“wired” GOx____ —~ Pt/C mixture

1 mm

Figure 3.11 Schematics of a self-powered amperometric glucose sensor with a picture of the actual device in the
inset [24].

3.3 The enzymes for biocathodes: Multicopper oxidases (MCOs)

Multicopper oxidases belong to the family of enzymes that are able to catalyze the oxidation of
a wide range of substrates (e.g. bilirubin, polyphenols, aminophenols, ascorbate etc. [42,84])
simultaneously with the four-electron reduction of oxygen (co-substrate).

The main structural characteristics of this protein family which is responsible for their catalytic
activity is the existence of four copper ions (classified according to their spectroscopic and
magnetic properties and which are named T4, T, and Ts) (Figure 3.12a). T, (known as the blue
copper site) is a mononuclear Cu® ion that is positioned close to the edge of the protein shell
(~< 10 A [85]) and therefore is responsible for DET communication between the protein and an
electrode surface. T; is normally coordinated by a set of amino-acids (for example,
1Cys2His1Met (M. verrucaria — BOD) or 1Cys2His1Phe/Leu (BODs obtained from T. tsunodae or
P. ostreatus respectively) [86]) and is responsible for external electron transfer. Since the
average distance between T; and T,/T; redox sites is approximately 13 A an efficient electron-
transfer is possible [49,87] as described above (page 11). The T; site shuttles the electrons to
the T,/Ts sites, which are further engaged in oxygen reduction.
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During the four-electron oxygen reduction,T, (coordinated with 2His1H,0/OH) and T;
(coordinated with 3His residues and an OH ionic bridge with other T, copper ions) are
operating simultaneously [88] as indicated in Figure 3.12b.
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Figure 3.12 (a) The structure of active sites of MCOs. The flow of substrates, products and electrons is indicated by
the arrow [89]; (b) The molecular mechanism of four electron reduction of oxygen within the active site of MCOs.
The reduction proceeds in two 2e donating steps (the first step is much faster than the second one). In the first
step, the oxygen is bound to the T,/T; site through the formation of intermediate peroxide. In the second step, an
unstable oxide is formed by cleavage of an intermediate peroxide species. The oxides are immediately stabilized by
protonation (possibly by —COOH groups of present amino-acids residues) and the hydroxyl bridges are formed in
the T,/T; site. In the terminal stage the water molecules are released from the complex [87].

Some of the most utilized enzymes from the MCO family, which found wide applications in
bioelectrochemical systems, are Laccase [62,81,90] and Bilirubin oxidase [56,74,75]. Laccase is a
non-specific enzyme, capable of catalyzing the oxidation of different substrates (e.g. diphenols
or aminophenols [84]) and bilirubin oxidase is engaged in the metabolism of Bilirubin (Equation
3.12). Based on this reaction, assays for the bilirubin level in the serum have been developed
[91].

2bilirubin + % 0, - 2biliverdin + H,0 Equation 3.12

The main differences between Laccase and Bilirubin oxidase are the optimal operational
conditions. While Laccase is able to operate under acidic conditions (citrate buffer, pH = 5 [92])
and shows high sensitivity to the presence of chloride ions (for example C. hirsutus laccase
retained only 1% of its original catalytic activity in PBS compared to chloride free citrate buffer
[93]), Bilirubin oxidase is known to tolerate much higher concentrations of chloride ions (0.14M
NaCl) while operating under the physiological conditions (pH = 7.2) [75]. The latter
characteristics makes BOD an enzyme of choice for the fabrication of miniaturized biofuel
cells/biosensors that are expected to operate under the physiological conditions.
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Ill

Since the T, site is responsible for electrical “wiring” of the entire enzyme molecule to the
electrode surface in case of DET or for the electron-exchange in case of MET, it is very
important to know its redox potential. This determines the redox potential of electrode and an
osmium redox polymer that has to be used (MET) or the electrode potential at which a cathode
has to be polarized (DET). The redox potentials of T; and T,/Ts site for some of the most utilized
BODs are listed in Table 3.4.

Mole.cular Electrode  E™ (mV)vs  En/rs(mV)
Enzyme source weight pH material sat. vs sat. Reference
(kDa) Ag/AgCl Ag/AgcCl
Myrothec:.um 66 7.0 GCE/CNP 501 201 [94,95]
verrucaria
Trachuderma
64 7.4 SPGE 735 435 [85,95]
tsunodae
Magnt.lporthe 63.7 n.d. n.d. 420 n.d. [95]
orizae

Table 3.4 The electrode potentials of BOD obtained from three different fungal sources. All redox potentials were
calculated versus sat. Ag/AgCl reference electrode; GCE/CNP — glassy carbon electrode/carbon nano-powder, SPGE
— spectroscopic pirolytic graphite electrode,n.d. — not defined.

3.4 Cylindrical macroporous electrodes for a BOD (fung. Magnaporthe orizae)
based biocathode

Regarding their high active surface areas and the variety of the materials that can be used for
their synthesis (see Chapter 2), macroporous electrodes present promising candidates that can
be used for applications in the field of bioelectrochemistry (biofuel cells and biosensors).

The four-electron reduction of oxygen to water under physiological conditions is still a
challenging reaction since the final power output of most biofuel cells is still limited by the
biocathode. Improvements of such systems can be obtained by optimizing the active surface
area of electrodes as well as by improving the “wiring” of enzymes that are catalyzing the four-
electron oxygen reduction [74]. This is especially important in conditions of low O,
concentration such as in subcutaneous interstitial tissues where oxygen concentration is
approximately only 0.2 mM [96].

MCOs/Os-redox polymers are systems of choice for the fabrication of oxygen-reducing
biocathodes that are able to operate under the physiological conditions [97]. This is especially
important for the elaboration of potentially implantable devices.
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As the long term goal of this project is to achieve implantable biofuel cells, based on tunable
coaxial macroporous electrodes, our preliminary efforts to elaborate an oxygen-reducing
biocathode will be discussed in this subchapter. Macroporous gold surfaces have already been
reported as a material for Os-polymer/(cathode: BOD and anode: GOx) based glucose/oxygen
biofuel cells [98] and a glucose biosensor based on DET [99].

As mentioned above, the final goal is the fabrication of a miniaturized biofuel cell (e.g.
glucose/oxygen) using the fully integrated coaxial macroporous electrode architecture (Chapter
2; Subchapter 2.4) as an electrochemical platform.

Therefore, the appropriate procedure for the selective immobilization of enzymes and of
corresponding Os-redox polymers (tailored for the chosen enzyme) on the surface of
independently addressable electrodes is required. The procedure that will allow selective
modification of each of the two independent coaxial electrodes needs to rely on
electrochemical methods (e.g. electrodeposition or electrophoretic deposition). The possibility
to electrically connect each of the two coaxial electrodes independently (one at a time) would
allow their selective modification with different enzyme/Os-redox polymer systems.

For example, electrophoretic deposition of enzymes (DET) (or enzyme/redox-mediator (MET))
has been used for their immobilization on electrode surfaces and for the fabrication of a
glucose/oxygen biofuel cell [100-102].

Another, simpler and more straightforward way to elaborate a biocathode/bioanode is based
on electrochemical deposition of an enzyme and an Os-redox polymer. Briefly, the method is
based on consecutive reduction of osmium sites within the polymer structure (in the present
case Osz+/+, Figure 3.14b) and substitution of the weakly bound chloride ligand by nitrogen-
containing amino acid residues (histidine, lysine and arginine) that are naturally present in the
protein structure (the ligand exchange upon reduction of a transition metal ion has already
been reported for a diperchloratotris(bipyridine)nickel (lll) complex). The ligand exchange step
is followed by precipitation of the cross-linked enzyme/Os-polymer adduct at the electrode
surface [103]. This strategy has been successfully demonstrated for coelectrodeposition of an
Os-redox polymer (chlorobis(4,4’-dimethyl-2,2’-bipyridine) osmium(lll) complex bounded to
PAA/PVI copolymer) with several enzymes (GOX, soybean peroxidase (SBP) and laccase) on a
GC electrode (at room temperature and PBS (pH = 7.2)). The result were electrocatalytic films
that were selectively catalyzing the bio(electroreduction/oxidation) of corresponding
substrates.

A similar mechanism is proposed for the coordinative cross-linking between neighboring Os-
polymer chains, once the osmium site is in its reduced form.
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In this case, the cross-linking between polymer chains is based on the substitution of a labile
bound chloro ligand with nonquaternized and chemically non-bound (no osmium-complex is
bounded) pyridine or imidazole residues that are present in a polymer backbone structure as
shown in Figure 3.14b. Figure 3.13a presents the electrochemical characterization of a cathodic
Os-redox polymer that has been used in this project for (co)electrodeposition.
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Figure 3.13 (a) CVs of the cathodic Os-polymer (PAA-PVI-[Os(4,4’-dichIoro-2,2’-bipyridine)ZCI']J'/2+ ( with a molar

ratio of vinylimidazol/acrylamide of 1:9,)) recorded at 50 mV/s at bare (red curve, S,.=0.12 cmz) and macroporous
(blue curve, S,.= 0.52 cm’) gold electrodes); (b) Electrochemical investigation of the origin of the peak that
appears at 0.25V. An increase of the peak is observed upon addition of a saturated aqueous solution of the
osmium-complex (chlorobis(4,4’-dichloro-2,2’-bypyridine)osmium (I1)). All electrode potentials are given versus
Ag/AgCl (3M NaCl) reference electrode.

As it can be seen from the CVs for the bare (@ = 250 um) and macroporous gold electrodes
(thickness = 3 half-layers, @(pores) = 600 nm), the osmium redox polymer presents a reversible
electrochemical system at 0.4 V vs. Ag/AgCl (3 M NaCl) with a peak-to-peak separation of
approximately 60 mV, as theoretically expected for reversible systems [104]. In the
voltammograms presented in Figure 3.13a, an additional peak in the range 0.25 V-0.3 V can be
seen for both electrodes. This is ascribed to non-bound osmium complex that is present in the
polymer due to insufficient post-synthetic purification of the product. The origin of this
additional peak has been proven by addition of small aliquots of an aqueous solution of
saturated osmium-complex. As it can be observed from the Figure 3.13b, this results in an
increase of the peak intensity at 0.25 V.

In the first set of experiments, the possibility to deposit only Os-redox polymer at the surface of
bare gold microwires and into the macroporous gold structure has been investigated. Prior to
the electrodeposition step, the electrodes were immersed in the polymer solution (y = 1.5
mg/ml in MilliQ water) and left for 20 min to allow better penetration of the solution inside the
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pores. In the next step, the redox polymer has been electrodeposited by cycling the electrode
potential in the potential window of 0.6 V-0.15 V (Figure 3.14a and b). It has been noticed that
the peak-to-peak separation decreases during the electrodeposition. This can indicate the
improvement of the electron-transfer rate constant [74] possibly due to a decrease in electron-
hopping distance in between neighboring osmium sites upon consecutive cycles.

0.1 0.2 0.3 0.4 0.5 0.6 b

a15

+ Bare gold electrode
Macroporous electrode

10

| (uA)

0.1 0.2 0.3 0.4 0.5 0.6

Figure 3.14 (a) Electrochemical deposition of Os-redox polymer at bare (set of the red curves; S, = 0.12 cm’) and
macroporous (set of the blue curves; S, = 0.46 sz) electrodes by cycling the redox potential between 0.6 V-0.15
V at 50 mV/s in Os-polymer/MilliQ water solution (y= 1.5 mg/ml) for 240 scans; (b) The mechanism of coordinative
cross-linking between an imidazole ring and a reduced osmium center. As indicated by the arrow, the imidazole is
substituting the chloride ligand once the osmium center is electro-reduced. All electrode potentials are given
versus Ag/AgCl (3M NaCl) reference electrode.

The additional peak (Figures 3.13a and b) that has been observed in the CV of the polymer
solution did not appear during the electrochemical characterization (Figure 3.15a) of the
electrodeposited Os-polymer film, possibly due to its cross-linking to the imidazole ring that is
present in the polymer structure. As it can be seen, two symmetric peaks appear around 0.35 V
upon the oxidation/reduction of osmium sites as expected for surface adsorbed redox species.
During the electrodeposition at the surface of bare gold electrodes, a continuous increase of
the charge that corresponds to the amount of electrodeposited Os-polymer can be expected
with an increasing number of electrodepositing cycles. In contrast to that, one might expect
that a saturation level (with respect to the charge) should be reached once the pores are
completely filled and the polymer growth continues only at the outmost pore layer. Taking into
account geometric considerations (see the theoretical calculation bellow), it is also expected
that the charge densities corresponding to the osmium content are in average higher for bare
gold electrodes than for the macroporous ones in the case of thicker films and approximately
the same for a very thin ones.
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According to the proposed calculation (see the inset below) the difference in charge densities
between Os-polymer modified non-porous and porous electrodes seems to increase upon
increasing the number of cycles. Figure 3.15b presents the evolution of charge densities for
bare and macroporous gold electrodes. Besides the fact that the charge densities are higher for
bare than for macroporous electrodes (see the proposed theoretical calculation at pages 83 and
84) it can be seen that their rather random distribution increases with polymer thickness. In
contrast to bare gold electrodes, macroporous samples showed an almost linear dependence
for low electrodeposition scans (82 to 160) and reached saturation for higher amounts of
electrodeposited polymer (Figure 3.15b).

This suggests that the macroporous structure plays an important role in the structural control
of electrodeposited polymer. Possible reasons for the random distribution of experimental data
for non-porous gold electrodes could be the instability of the film (e.g. peeling), when it is
directly brought in contact with the rinsing solvent (after the electrodeposition step the Os-
polymer modified electrodes were kept in MilliQ water during 10 min in order to dissolve
physisorbed polymer which would contribute to the total Os-charge) and the supporting
electrolyte (100 mM PB, pH=7.2). In that sense, polymer that has been deposited within the
pores would be protected since it is not directly exposed to the liquid medium (MiliQ water of
PB solution) and is therefore able to give the signal that corresponds to the amount of
electrodeposited Os-redox polymer without a random distribution of charge density. This can
be further explained by swelling of the polymer film at the surface of non-porous electrodes
due to the penetration of water molecules within its structure as a consequence of non-
adjusted ionic strength of pure MilliQ water (similar to what has been observed for living cells
when suspended in non-isotonic environment).
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Figure 3.15 (a) CVs of bare (red curve) and macroporous (blue curve) gold electrodes (recorded vs. Ag/AgCl (3M
NaCl)) modified with Os-polymer during 120 cycles in phosphate buffer (PB, pH = 7.2) at 37.5 'C and a scan rate of
50 mV/s; (b) Charge densities as a function of number of scans for bare (red circles) and macroporous (blue
rhomboids) electrodes. All electrode potentials are given versus Ag/AgCl (3M NaCl) reference electrode.
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Inset: Theoretical calculation of charge/surface ratio regarding the Os-
polymer oxidation/reduction for bare and macroporous electrodes
(Geometric consideration)

1. Calculation of n/S values for cylindrical bare gold electrode

For a cylindrical bare gold electrode of radius R it can be
assumed that the length (L) is much bigger than the

thickness of the Os-polymer film.

A Assuming that the polymer film covers the entire wire
(cylinder) the volume of the film (hollow cylinder) can
be calculated as:

V =mn(R+ 2L — nR?L Eq.l

Cross section of gold microwire  — |7 — w(2RL + lZ)L Eq2

Os-redox polymer film

so it can be written:

V = 2nRLI(1 + ) Eq.3

The geometrical surface of a bare gold wire can be calculated as:

S = 2nRL Eq. 4
l . : .
AsR>» | = = << 1 and it can be written (regarding the Eq.3) that:

V = 2nRLI Eq.5

Knowing that the molar quantity is given as n = CV (where n- number of moles and C — molar
concentration of osmium moieties within electrodeposited film), the osmium content within the
electrodeposited film can be calculated as:

n=CV =n=_CSl Eq. 6
From the formulations mentioned above, it can be further concluded that:

n_
2=l Eq.7
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2. Calculation of n/S ratio for polymer layer of thickness | within a pore of radius r

The volume of the surface layer of a single pore can
A be calculated as for any sphere as:
V=4/3n(3-(r-1>3) Eq. 8

=V =4/3n(r3 —r3+3r2l — 3rl?> + 13)

=V =4/3n(3r%l — 3rl* + I3)
Now, let us consider three different situations:
2.1 The pore is modified with a very thin layer of polymer

Knowing that [ « r (in other words [/r << 1) the amount of osmium within the film can be
calculated as: n = CV = n = CV = n = C4r?nl
Therefore it can be written that:

n __ C4riml
S

n
ey ﬁE—Cl Eqg. 9
From the equation above one could expect that the charge per active surface area obtained
during the oxidation/reduction of an Os-polymer film for macroporous electrodes should be
approximately the same as for the bare one (Eq. 7).

2.2 The pore is modified with an Os-polymer layer of intermediate thickness
In this case we assume that [ is not <« r and therefore it can be written that:

lZ

3r2

n=CV >n=Cinrl(1—-+ Eqg. 10
In this situation the member in the bracket (Eq. 10) is not anymore negligible but it is still < 1
and so:

n l 2

t=cl(1-2+) <l Eq.11
This means that for an intermediate thickness of the Os-polymer film, the charge densities (that
correspond to the surface concentration of osmium) will be smaller for a macroporous gold
electrode compared to a bare one.
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2.3 The pore volume is completely filled with Os-redox polymer (Il = r)

Assuming now that [ = r, the ratio gcan be easily calculated by substituting ¢ with r in the Eq.

10.
3=Cl(1—1+1)=>3=c—l Eq. 12
s 3 s 3
This calculation shows that the % ratio for a pore that is completely filled with polymer is 1/3 of
the value that can be expected for a bare gold surface.

e Although the calculation above has been done for a single pore, the same conclusion
can be made for a large number of pores that are present in a macroporous wire since
the n/S ratio will scale with the number of pores.

e In other words, the curvature of the pores will result in the immobilization of relatively
less and less active osmium sites when the polymer layer thickness in the pore is
increasing (with respect to the total active surface area).

As already mentioned, different enzymes can be coelectrodeposited with the Os-redox polymer
by considering the same mechanism as explained for electrodeposition of the polymer. To
elaborate the biocathode, BOD (isolated from Magnaporthe orizae) has been
coelectrodeposited with the cathodic redox polymer (Figure 3.14b). This BOD type was selected
since it presents very efficient biocatalysis (compared to BOD/M. verrucaria and BOD/T.
tsunodae that are frequently used) for the four-electron oxygen reduction as previously
reported [74], and because of its ability to efficiently operate under physiological conditions (in
contrast to Laccase (Subchapter 3.3)). Figure 3.16 depicts the CVs recorded upon the
coelectrodeposition of BOD and the Os-redox polymer that has been carried out under oxygen-
free conditions. It was expected that during the coelectrodeposition a pair of symmetric peaks
(that correspond to the oxidation and reduction of deposited Os-redox sites) would be
observed. Instead of that, distortion of the peaks is noticed probably due to residual oxygen
electrocatalysis that takes place under the chosen experimental conditions (potential window:
0.6 V-0.15 V vs. Ag/AgCl (3 M NaCl)). These oxygen traces in the solution can originate either
from the atmosphere or from oxygen impurities that are present in argon (all solutions were
bubbled with argon prior to the deposition step and argon was passed over the solution during
the coelectrodeposition). Due to the fact that this phenomenon is not observed during the
electrodeposition of the polymer alone and knowing that the system now contains the enzyme
this conclusion seems reasonable. Also, this effect is more significant for macroporous
electrodes than for the bare ones due to the increased active surface area.
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Figure 3.16 CVs recorded at bare (S, = 0.23 cm’) and macroporous electrodes (S, = 0.61 cm?) during the
coelectrodeposition of Os-redox polymer and BOD (Magnaporthe orizae) (68% wt. Os-polymer, 32% BOD) at 50
mV/s, pH=7.2 (100 mM PB), 37,5 ‘C for 200 consecutive cycles. Electrode potentials are given versus Ag/AgCl (3 M
NaCl) reference electrode.

The electrocatalytic performances of the biocathode (with different amounts of
electrodeposited BOD/Os-polymer) prepared in such a way were tested in oxygen saturated PB
as depicted in Figures 3.17 a and b. As can be seen, the absolute electrocatalytic currents
(Figure 3.17a) were, as expected, in all the cases higher for macroporous electrodes than for
the bare ones. However, when looking at the trend of just the series of macroporous electrodes
the absolute current of the electrode which has been modified with 500 cycles is smaller than
the one obtained for 200 cycles. This can be explained by the fact that the first one had a
smaller geometric surface area. In order to compare correctly the performance of all electrodes
it is therefore necessary to calculate the catalytic current densities by taking into account the
real active surface area (Figure 3.17b). In general, the catalytic current densities recorded for
samples containing hydrogels with the same thickness (= same number of cycles) were higher
for bare electrodes than for the macroporous ones as shown in Figures 3.17b and 3.18. This can
again be explained based on the same geometrical considerations that have been put forward
for the case of electrodeposition of only Os-redox polymer (see the geometric consideration
present in the inset above).
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Figure 3.17 Cyclic voltammograms of the bare and macroporous electrodes (vs. Ag/AgCl (3 M NaCl); current (a) and
current densities (b) as a function of applied electrode potential) modified with different amounts of BOD/Os-
redox polymer electrodeposit. The cyclic voltammograms have been recorded at 5 mV/s, in oxygen saturated 100
mM PB solution (pH = 7.2) at 37.5 'C. All electrode potentials are given versus Ag/AgCl (3M NaCl) reference
electrode.

The dependence of catalytic current densities as a function of the number of electrodeposition
cycles is depicted in the Figure 3.18. It can be seen that the values of current densities are
increasing for macroporous electrodes, similar to what has been observed for electrodeposited
Os-redox polymer (Figure 3.15b). In contrast to macroporous electrodes, once again, non-
porous analogues show a rather erratic distribution of current densities upon increasing the
number of coelectrodeposition cycles. As earlier mentioned, it is believed that the macroporous
structure plays an important role in preserving the structural stability of the BOD/Os-polymer
film in comparison to bare gold electrodes. Further, it has been noticed that the catalytic
current densities reach a “saturation” level once the pores are filled with the deposit, as
previously observed for the electrodeposition of a redox polymer alone (Figure 3.15b).
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Figure 3.18 Dependence of bioelectrocatalytic oxygen reduction current densities recorded for bare (orange
triangles) and macroporous (green circles) electrodes. The samples were prepared by cycling the electrode
potential 100, 200 and 500 times respectively for three different samples in a BOD/Os-redox polymer/MilliQ water
mixture at 50 mV/s. During the cycling, an argon stream has been flowing over the electrochemical cell.

A short term stability test has been carried-out over 90 min under oxygen saturation. Figure
3.19 depicts the decrease of catalytic currents for both electrodes (bare and macroporous
samples) with a slightly faster rate (higher slope) for bare gold (ccd (catalytic current decrease) = 59.6%)
than for the macroporous one (ccd = 33.1 %). This can be ascribed to the protective role of the
macroporous structure regarding desorption and peeling off of the film due to the swelling in
MilliQ water. This could play an important role in preserving the activity of BOD/Os-polymer
film during its operation as a biocathode.
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Figure 3.19 Chronoamperometric curve for oxygen reduction recorded with a bare (green line, S,..= 0.23 cm’) and
a macroporous (orange curve, S,..= 0.61 sz) electrode in 100 mM PB solution at 37.5 'C at a scan rate of 5 mVs ™.
Electrodes were polarized at +0.3 V vs Ag/AgCl (3 M NaCl) for 93 min. Electrodes were prepared by BOD/Os-
polymer deposition with 200 cycles.
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3.5 Conclusions and perspectives

The results presented in this chapter confirm the feasibility of electrodeposition of Os-redox
polymer and coelectrodeposition of BOD/Os-polymer using bare and macroprous gold
electrodes. It has been shown that the “saturation” of macroprous gold electrodes with Os-
polymer is reached at approximately 500 electrodeposition cycles. Above that point it can be
assumed that the Os-redox polymer is deposited at the outmost layer of pores (similarly to the
deposition of a polymer film at non-porous electrodes) although additional experiments are
needed (e.g. environmental SEM) in order to confirm this assumption. In contrast to
macroporous electrodes, the electrochemical characterization of the polymer film on bare gold
electrodes showed a rather random behavior with respect to what could be expected for
samples with increasing amounts of electrodeposited polymer. Macroporous electrodes allow
immobilizing more polymer which is illustrated by higher absolute charge values when
integrating the current-voltage curves. However in contrast to this, the charge densities
obtained from the electrochemical characterization of Os-polymer modified electrodes were on
average higher for bare gold electrodes in comparison with macroporous ones, which can be
understood by taking into account geometric considerations. The possibility to coelectrodeposit
BOD/Os-polymer has been demonstrated for both, bare and macroporous substrates. The
dependence of catalytic current densities for O, reduction as a function of the electrodeposited
BOD/Os-polymer shows an increase up to 500 cycles where “saturation” has been reached,
similarly to what was also observed for electrodeposited redox polymer.

Our results suggest that coelectrodeposition of enzymes and corresponding Os-redox polymers
present a promising strategy for immobilization of bioelectrocatalytic films on electrode
surfaces. This method also offers the possibility for selective modification of the coaxial
electrodes that we developed (see Chapter 2), with different enzyme/Os-redox polymers in an
independent way. It should lead in the near future to the elaboration of the first coaxial and
miniaturized glucose/0, biofuel cell.
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Regarding the reports of World Health Organization (WHO), non-communicable
(chronic) diseases (NCDs) are the leading global causes of death, resulting in more deaths than
all other causes combined [1]. Statistically, NCD were having the most intense strike at the
world’s low and middle-income population. In 2012, 68% of global reported deaths were
directly caused by NDC, a broad spectrum of diseases which includes cardiovascular diseases,
diabetes, cancer and chronic respiratory diseases. Certainly, a large percentage of them are
preventable through the reduction of the four main risk factors: tobacco use, physical inactivity,
excessive use of alcohol and unhealthy diets. Figure 4.1 shows the proportions of deaths
caused by NDC in 2012 in the population under the age of 70, by cause([1,2].

Cardiovascular

diseases
37% Diabetes
mellitus
4%
Respiratory
diseases
8%
Malignant Other NCDs
neoplasm 23%
27%

Figure 4.1 Proportion of global deaths under the age 70 years, by cause of death, comparable estimates, 2012
(adapted from [2]).

Besides cardiovascular, chronic respiratory or digestive diseases and cancer that are together
responsible for the highest percentage (96%) of NCD caused deaths, 4% are dedicated to
diabetes and its related complications with an obvious worldwide growing population of the
diabetes patients (Figure 4.2) [1-3].

Diabetes (/at. Diabetes mellitus) is a metabolic disorder of multiple etiologies. It is characterized
by chronic hyperglycemia, with the disordered metabolism of carbohydrate, lipids and proteins.
One of the main consequences related to diabetes is impaired ability of the body to produce
and/or to respond to the pancreatic hormone insulin and therefore inability to react upon
increased blood glucose level in order to maintain its homeostasis. This results in a long-term
damage of various organs which has as a consequence renal and kidney failure, peripheral limb
neuropathy, cardiac diseases and blindness [1,4].
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Figure 4.2 The world map showing the prevalence of diabetes in the world with the predicted increase in diabetic
population [3].

WHO has classified several types of diabetes:

e Diabetes type 1 — insulin dependent type caused by autoimmune destruction of beta
cells and consequently lack of insulin. It comprises 5-10% of the total diabetic
population. Patients with this type are prone to ketoacidosis [4—6].

e Diabetes type 2 — the most frequent type of diabetes (85-90% of all cases of diabetes)
closely related to obesity. The main characteristics of this type is deficient insulin
secretion and developed insulin resistance in target tissues [4,6].

e Gestational diabetes — specific type developed during pregnancy which may or may not
disappear after that period [6,7].

e Other specific types — include a wide group of disorders with different etiologies such
as: genetic defects of pancreatic cell function, genetic defects in insulin action, various
diseases of exocrine pancreas that can damage its endocrine function, infections,
genetic syndromes and drug- or chemically-induced diabetes [6].
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4.1. Electrical activity of pancreatic B-cells

The pancreas is a double functional organ that has both: a) an exocrine function responsible for
the synthesis of digestive enzymes and b) an endocrine function through the synthesis of
various hormones (Table 4.1) [8,9]. The later plays a key role in maintaining the appropriate
level of nutrients, mainly through a negative feedback mechanism. The endocrine function arise
from the activity of electrically excitable Langerhans islets (1-3 million dispersed through the
pancreas) [4] which present an assembly of different electrogenic cells.

Type of the cell Secreted hormone Hormonal function
increase of blood glucose level during
a-cells glucagon ;
the hypoglycemia
. . decrease of blood glucose level during
B-cells insulin i
the hyperglycemia
6-cells somatostatin inhibition of a- and B-cell activity
ancreatic modulation of gastric acid secretion,
PP-cells P . gastrointestinal motility, gallbladder
polypeptide

contraction etc.

Table 4.1 Overview of the hormones synthesized by the cells of Langerhans islets with their main function [9,10].

The Langerhans islets (Figure 4.3) consist of insulin releasing B-cells which are the most
abundant cell type (65-90%), a-cells (15-20%) responsible for the synthesis of glucagon,
somatostatin secreting &-cells (3-10%) and pancreatic peptide producing cells (1%) [8].

Figure 4.3 Schematic representation of pancreas and the cellular structure of Langerhans islets [8].

Shaped through the evolution, pancreatic B-cells and therefore the Langerhans islets, present
one of the best glucose sensors, which is adjusting insulin secretion and release to the
prevalence of glucose into the blood.
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Beside glucose, B-cells are also capable of sensing other nutrients such as certain amino- and
fatty acids [4]. Insulin is essentially important for glucose level homeostasis and it regulates
glucose uptake by other cells (adipose and muscle cells) as well as glycogen breakdown through
the process known as glycogenolysis [11]. Their sensing mechanism relies on their electrical
activity [12,13] which is well known for some other electrogenic cell types (e.g. neurons and
cardiac muscle cells) [14,15]. The generation of their electrical activity includes a close-loop
mechanism and involves different voltage and ligand gated ion-channels (adenosine
triphosphate (ATP)-dependent K'-channels (Karp-channels), voltage gated Ca®*-channels, Ca-
dependent Ca’* channels etc.) whose activity is narrowly linked to the metabolism of nutrients
[16,17].

As soon as glucose enters the cell via glucose transporters (e.g. GLUT2 transporter) it undergoes
further enzymatically catalyzed breakdown, well known as glycolysis. The whole glycolysis can
be summarized by the Equation 4.1. Final products of glycolysis (ATP, NADH and pyruvate) are
further involved in other metabolic pathways such as the tricarboxylic acid (TCA) cycle which
takes place in mitochondria [11,18].

Glucose + 2P;+ 2ADP + 2NAD" > 2Pyruvate + 2ATP + 2NADH + 2H" + 2H,0
Equation 4.1 The net reaction of glycolysis and formation of ATP and NADH (P;— orthophosphate unit) [18].

At the physiological sub-threshold blood glucose level (< 7 mM) or in total absence of glucose,
ATP- dependent K* ion-channels are normally active and the efflux of potassium ions generates
an excess of negative charge (i.e. the lack of positive charge). This has, as a consequence the
negative “resting” membrane voltage (approximately -60 to -70 mV) of unstimulated B-cells
[8,19].

The entry of nutrients (mainly glucose) inside the cells triggers the glucose breakdown as
mentioned above. ATP synthesized during the glycolysis increases the ATP/ADP molar ratio
which is of essential importance for the regulation of the Karp-channels [4,11]. Increase in
ATP/ADP ratio in turn results in closure of Karp-channels, followed by membrane depolarization
(reverse case compared to the resting stage of the mechanism) from its resting value (-70 mV)
above the threshold of -55 mV [4,17]. The increase in transmembrane voltage (with a peak
value at = -20 mV), leads to the activation of voltage gated Ca®" ion channels, and in some
animals voltage gated Na®- ion channels, which initiate series of action potentials (fast change
of trans-membrane voltage that occurs in the millisecond range) [17]. The influx of calcium ions
inside the cell activates release of insulin in the blood stream through exocytosis (energy
consuming process) of insulin containing granules where the insulin is stored in the form of a
zinccomplex (Figure 4.4) [20].
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Figure 4.4 Schematic representation of stimulated secretion of insulin in pancreatic B-cells. Abbreviations: Glut2 —
glucose transporter; Kap - ATP dependent K'-ion channels, SG — insulin containing secretory granules, W —
membrane potential, TN - increase or decrease of indicated parameter; +,- presents an stimulation or inhibition,
respectively [20].

The mechanism of electrical response of beta cells is reflected in the large number of action
potentials (i.e. bursting) that are superimposed onto its plateau value (active phase) with the
repolarization phases in between two consecutive bursts (silent phase) as shown in Figure 4.5
Such a behavior of B-cells can be explained in a few steps. Once the voltage gated Ca’*-
channels are activated, the action potentials are triggered and the transmembrane potential
increases until it reaches a peak at = -20 mV. At that point, when the calcium inward currents
are largest, the calcium-dependent inactivation of Ca**- channels takes place, and the
depolarization is now counterbalanced by the activity of delayed rectifying K*-ion channels (K-
DR) whose activation starts at = -30 mV and their activity increases linearly with depolarization.
At the same time, another type of calcium - dependent K'-channels (K-Ca channels) are
activated and involved in the repolarization phase together with K-DR channels. The delayed
outward currents (K" current) activated during the depolarization steps become inactive at
membrane voltages of = -40 mV due to the complete closing of K-DR and K-Ca channels. The
hyperpolarization phase which follows each spike arises from the fact that those channels are
closing slowly during the repolarization which additionally adds some outward K* current. In
other words, every action potential (spike) is governed by the balance between inward calcium
current and the delayed potassium outward current (K-DR and K-Ca). Similarly, the beginning
and the end of each burst is dependent on the balance between inward calcium current and K-
ATP dependent potassium outward current. One of the main characteristics of the bursts is that
the duration as well as the inter-burst interval increases upon the increase of glucose
concentration. It is worth mentioning that some hormones are capable of regulating the
electrical activity of B-cells by playing a role either as potentiators of insulin release (glucagon,
acetylcholine, vasopressin) or inhibitors (adrenalin, somatostatine, incretins) [4,17].
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Figure 4.5 Glucose induced electrical activity of pancreatic B-cells recorded by patch-clamp technique. At non-
stimulatory glucose concentration G-3 (3 mM) no electrical activity is initiated and the membrane voltage is on its
resting value. Increase of the glucose concentration triggers the depolarization with a characteristic plateau
potential onto which the action potential spikes are superimposed. At the glucose concentrations above 20 mM,
the electrical activity becomes continuous (adapted from [17]).

Consequently, the insulin secretion follows the electrical activity of B-cells and it occurs in a
pulsed way (Figure 4.6).

10 mmoli glucose
a 11
Membrane .107
potential |
(mV) | &
60 | WV VIV
L -
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0.5fgls
Insulin
secretionn
per beta cell
O L

Figure 4.6 Glucose- induced electrical activity of pancreatic B-cells (a) when glucose concentration is increased
from 5mM to 10 mM (as indicated by staircase above (a). The electrical activity of the cells is followed by a pulsed
release of insulin into the blood stream (b).

Besides the traditional patch-clamp techniques [17], which have been used for decades in
electrophysiology to perform intracellular investigations, microelectrode arrays (MEA) found
their applications as an alternative way which allows extracellular recording of electrical
activities of electrogenic cells or tissue slices.
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Compared to other techniques (i.e. patch-clamp technique), extracellular measurements have
shown a few very important advantages: 1. the recording is not limited to one cell at a time. It
is well suited for multi cell recordings in their native and intact form as well as tissue slices, 2. It
allows long-term recordings, 3. Non-invasive and technically facile method [4,15,21].

The microelectrodes are capable to detect the changes in extracellular field potential which is
caused by all the ionic flows across the cell membrane at a given moment. The record of the
extracellular potential comprises all electrogenic cells which are positioned at the electrode
surface and it decays with electrode-cell distance. As the number of cells, and thus the number
of current point sources (ion channels) at the electrode surface is bigger, the recorded
extracellular membrane potential increases as given by Equation 4.1. [14,22]:

1

2mo

v, = Zﬁﬂ;—’; Equation 4.1

where: V. is the extracellular membrane potential, r is the electrode-cell distance, I, is the nt
individual point source (ion channel) current and o is the conductivity of the medium.

Figure 4.7 presents the comparison between intra- and extracellular recordings of electrical
activity of Langerhans islets upon stimulation by 15 mM glucose. Two interesting features of
extracellular recordings can be observed (Figure 4.7a and b): 1. The amplitude of recorded
extracellular membrane potential is a few times higher for intracellular measurements. The
same behavior was observed comparing with other electrogenic cells (i.e. neurons); 2.
Extracellular recording of action potential showed negative deflection, in contrast to
intracellular measurements [23].

Negative defflection

le MI_

Figure 4.7 Examples of extracellular (a) and intracellular (b) recordings of the membrane potential of pancreatic -
cells. The electrical activity (bursting) was induced by increasing the glucose concentration from 3mM to 15 mM.

Positive defflection
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4.2. Directed motion of charged objects in electric fields

During the years, different approaches have been developed regarding cell manipulation. Some
of them are based on acoustic forces [24], common surface modifications using “adhesives”
(such as proteins, poly-D-lysine, collagen etc.) [15,25], ultrasound [26], “optical-tweezers”
[27,28] and electrical forces [28,29].

One of the most efficient methods that allow facile, precise and cheap manipulation of cells
uses electrostatic forces. In general, methods based on electrical forces utilize the electrostatic
interactions between charged objects (i.e. nanoparticles, cells) and a generated electric field.
Those forces can be divided into two groups, which determine the final classification of
available techniques as: 1. Dielectrophoretic or 2. Electrophoretic.

Dielectrophorethic (DEP) methods are based on the polarization of objects induced by non-
uniform electric fields (Figure 4.8a and b). As a consequence, the non-uniform electric field
forms a spatial gradient (VE) in which the particles with an induced charge are moving. The DEP
force (Fpep) that governs the motion of the object is mainly dependent on its dipole moment (p)
and the intensity of the formed spatial gradient which can be quantitatively expressed as: Fpgp=

V E - p (Equation 4.1) [30].
b
QI“I!,
\ 57

Figure 4.8 (a) Schematic representation of the interaction between a non-uniform (positive DEP) electric field and
a polarized particle. The polarized object moves towards the higher electric field region. (b) Representation of DEP
pattering of an ITO array by means of cells motion in a non-uniform AC electric field [29].

° @

&:& Polarized charges

@ Non-uniform electric field

To create non-uniform electric fields, alternating current (AC) is used rather than direct current
(DC) in order to eliminate electrophoretic motion and to minimize electrochemical processes
that occur at the electrode which could have an influence on maintaining the physiological
conditions.
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The average DEP force in a linearly polarized sinusoidal field that acts upon a particle of given
radius (r) which is imposed by an AC field (E) of angular frequency w, is given by Equation 4.2:

Fpgp> = 2MEMr-Re [fc,v,]VlE(r)I2 and fey = ﬂ Equation 4.2
ept+2ep

where, €, is the electric permittivity of the medlum and Re [fcm] is the real part of the Clausius
— Mossoti (CM) factor. In the CM equation, € and &, are complex permlttlwty of the particle
and the medium, respectively, where each of them can be calculated as € = &-j o/w (j = 12 -
imaginary unit, o and € are conductivity and permittivity, respectively). Depending on Re [fcwm],
DEP can result either in motion of the particles up the field gradient (positive DEP) or in the
opposite direction (negative DEP). If the particle (cell) is less polarizable then the medium then
the Re[fcm] will be positive and positive DEP will occur while for the inverse situation the
particles will move down the electric field gradient [29,30].

In contrast to DEP, Electrophoresis arises from the interaction between the particle’s inherent
charge with a DC or AC generated field (Figure 4.9). The fact that the charged object can be
easily moved towards the oppositely charged electrode, EP has found its application for the
deposition of different materials such as colloidal crystals [31,32], nanosized zeolites [33],
phosphor coating [34], biomaterials [35] etc.

Once the charged particles are dispersed in polar medium, the electrostatically directed
adsorption of oppositely charged ions (counterions) takes place in order to counterbalance
existing surface charge as shown in Figure 4.9a.

The region in the proximity of the particle’s surface which, beside negatively charged
counterions, contains also positive ions (surface-determining ions) is known as Stern layer. In
the Stern layer, the concentration of counter ions and the electric potential decreases with the
distance from the charged surface while the concentration of surface determining ions
increases as a consequence of the electrostatic repulsion with the same sign charged surface.
Outside this layer, the decrease in electric potential follows an exponential relation and at one
point drops to zero. This point is marked as the border of the diffuse layer, which together with
the Stern layer forms the total double layer (Figures 4.9b and c). When the electric field is
applied, the motion of the particles towards the corresponding electrodes is associated with
the motion of tightly bonded ions and solvent molecules. The plane which separates this tightly
bonded layer from the bulk is called the slip (shear) plane. The electrical potential at the slip
plane is known as zeta potential (€) and it plays the most important role (beside viscosity) in the
mobility of charged objects in an electric field [36,37].
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Figure 4.9 (a) Schematic representation of the electrophoretic motion of positively charged particles in a DC
electric field (adapted from [35]); (b) Structure of the electrical double layer around the positively charged particles
with the demonstrated motion in the electric field; (c) Illustration of the electrical double layer and the variation of
the electrical potential profile with the distance from the charged surface [36].

The parameters which have the greatest influence on the magnitude of zeta potential are: 1.
ionic strength of the medium, 2. surface charge (Q) and radius (r) of particles, 3. dielectric
constant of solvent (€) and temperature (T) as given by Equation 4.3.

_ Q _ (Enizf 12 .
§= T and k = ( - ) Equation 4.3

where, g is dielectric constant of vacuum, Boltzmann’s constant k, concentration n; and charge
of the ion z;[36].

Another important parameter that has to be considered in order to quantitatively express the
motion of charged objects in electric fields is their electrophoretic mobility. As shown by
Equation 4.4 electrophoretic mobility depends on zeta potential, the dielectric constant of the
medium and its viscosity [36]:

_ 2gpg0 € .
U= pro— Equation 4.4

Electrophoresis presents a useful method not only for deposition of different inorganic/organic
materials but also for surface patterning with different cell types as well as for cell sorting. Cell
motion upon an applied electric field arises from the fact that the cell membrane is anchored to
and covered by glycocalyx (polyelectrolyte with a complex structure) [38]. Typically, glycocalyx
is a dynamic network consisting of proteoglycans (conjugate of core protein on which a few
glycosaminoglycan chains are linked), glycoproteins and glycosaminoglycans (Figure 4.10).
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Since it is a dynamic system, glycocalyx is in close interaction with its environment (i.e. blood).
This has a great influence on its composition and thickness which on average scales from 7 nm
(erythrocytes) to 30 nm (endothelial cells) in depth [38,39]. Due to the deprotonation of
glycosaminoglycan residues at physiological pH, most of the cells exhibit negative charge and
thus can be manipulated in electric fields [38,40].

Soluble
Proteoglycan

P4
L, { Hyaluronic acid

Core Proten

GAG-chan
N

g

‘\'\5-\) 4\’\ AT Il

A A
Glycoprotein Proteoglycan
Endothelial Cell

Figure 4.10 Schematic representation of cellular (endothelial cells) glycocalyx where the proteoglycans with long
unbranched glycosaminoglycan (GAG-chane) side-chaines and glycoproteins are bound to the cell membrane.
Besides the bound components, the present glycocalyx contains some soluble components such as hyaluronic acid,
solubile proteoglycans and various proteins (extracellular superoxide dismutase (ec-SOD) and antithrombin Il (AT
1)) [39].

4.3. Guiding pancreatic 8-cells to target electrodes

(Following results have been obtained through a collaboration with the group of Prof. Jochen Lang (CNRS
— Institut de Chimie et Biologie des Membranes et des Nano-objets, Allée Geoffroy Saint-Hilaire, Pessac,
France)

As mentioned previously, MEAs present a very good alternative for recording extracellular
electrical activity of pancreatic beta cells. They also present a candidate that can be used as a
platform for the development of whole-cell based glucose biosensors [4,41] whose sensing
properties rely on the glucose dependent electrical activity of beta-cells.
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The cells respond to glucose concentration fast which is manifested in a change of frequency of
recorded signals [17,23]. Beside the robustness, the extracellular signals are not only
dependent on glucose concentration, but also on other factors such as circulating hormones,
lipids and certain amino-acids [41].

Compared to commercial biosensors, such multi-sensing properties of pancreatic beta cells
already present the main advantage of whole-cell based biosensors. Besides that, this type of
sensors can be used in the near future for rapid quality assessment of beta-cells prior to
pancreatic islet transplantation.

The quality of the recorded extracellular signal and thus the sensor performances are mainly
dependent on the number of cells at the electrode surface and the cell-electrode interaction.
Keeping that in mind, as well as the fact that human islets are rare and valuable, the first step in
developing an analytical platform based on the activity of beta-cells would be to decrease the
number required for such a purpose. Therefore, a method allowing the manipulation of beta
cells in a reproducible manner is necessary.

Taking advantage of the cell mobility in an applied electric field, electrophoresis presents a
useful, fast and facile method which can be implemented in MEAs in order to direct the cells
towards the surface of the microelectrodes.

Prior to the electrophoretic manipulation of model systems (polystyrene beads (PS)) and
pancreatic beta cells, the optimal configuration for applying an electric field has to be
determined. This can be done by modeling (using COMSOL Multiphysics software), based on
solving the set of equations for a proposed electrode configuration in which the electric field is
produced by applying an electric potential difference between microelectrodes. As can be seen
from Figure 4.11, the present strategy is based on the use of oppositely polarized neighbouring
electrodes. Regarding the map, the electric field steeply decays in the area between the
electrodes with the same polarity (blue areas). Based on those results, it can be expected that
the charged objects are moving faster closer to the electrode due to the attraction forces
caused by the increasing electric field strength.
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Figure 4.11 The map of the electric field generated in a MEA system obtained by computational modeling. The
application of different potentials (1.0 V, 1.5V, 2.0 V and 2.5 V) between the neighboring electrodes leads to an
increase of electric field between oppositely charged microelectrodes.

In order to demonstrate the effectiveness of the generated electric field with respect to the
electrophoretic manipulation of charged objects, negatively charged PS beads (g= 10 um)
suspended in low conductivity buffer (280 mOsm/| and a conductivity of 0.01 mScm™) have
been loaded in a Pt-MEA chamber (d(microelectrodes) = 30 pm). The measurement of zeta potential
(Zetasizer Nano ZS apparatus) presented in Figure 4.12a, showed that polystyrene beads are a
good model system since they exhibit strong negative charge due to the sulfonate groups
present on their surface [42]. By applying a potential of 2.5 V for 10 min the motion of PS beads
was successfully directed towards the positively charged electrodes where the beads settled
down.
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Figure 4.12 (a) Measurement of zeta potential indicates strong negative surface charge (§&= -76.6 + 1.5 mV) of
sulfonated PS beads. The measurement has been performed in a custom-designed low-conductivity buffer (5 mM
HEPES (4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid), 270 mM manitol and 5 mM glucose); (b) Comparative
microscope images of a commercial platinum based MEA (MEA60-4Well-Pt (Qwane Biosciences SA, Lausanne,
Switzerland), d (electroge)= 40 UmM)) at different times. By applying a potential difference of 2.5 V in between
neighbouring micro-electrodes. The motion of suspended PS beads is directed towards the positively charged
electrodes (indicated by white rings). After 10 min the PS beads are gathered on the positive electrodes and
completely repelled from the negatively charged ones. The electrochemical system was consisting of alternating
positively (working electrodes) and negatively (reference electrodes short-circuited with counter electrode)
polarized micro-electrodes.

Similar to negatively charged PS beads, B-cells (clonal or original) as well as their clusters (i.e.
Langerhans islets) are expected to show the same behavior due to the negatively charged
glycocalyx present on the surface of their membrane. Due to the smaller value for the zeta
potential of clonal INS832/13 B-cells (Figure 4.13a) compared to PS beads (§= -76.6 mV), it is
reasonable to expect a smaller electrophoretic mobility once the electric field is applied. Figure
4.13b presents the time laps images showing the gradual migration of the cells towards
positively polarized electrodes (labeled by white circles). The cells start to gather around the
microelectrodes already 60 s after the exposure to the electric field generated by 1.5 V. It is
obvious that cell clusters are formed on top of the electrode surface after 10 min.
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Figure 4.13 (a) Measurement of zeta potential of clonal INS832/13 B-cells show that the cells exhibit negative
surface charge, expressed by the negative zeta potential of -27 + 1.4 mV; (b) Time laps images showing the
progressive electrophoretic migration of insulinoma (INS832/13) B-cells upon applying the electric field in between
neighouring Pt micro-electrodes (@ = 40 um). As expected, INS cells were migrating towards positively charged
electrodes (indicated by white rings). The experiment has been performed in a custom-designed low-conductivity
buffer by using a three electrode system that was consisting of alternating positively (working electrodes) and
negatively (reference electrodes short-circuited with counter electrode) polarized micro-electrodes.

In order to determine the smallest electrode potential which is sufficient enough to induce
migration of the cells towards positively charged electrodes, clonal INS832/13 cells were loaded
in a MEA chamber, and different potentials (O V, 1.0V, 1.5V, 2.0 V and 2.5 V) were applied for
10 min. Figure 4.14a depicts a gradual increase in number of cells that were attracted by the
positively charged micro-electrodes as the imposed potential is increasing while at the same
time being repelled from the negatively polarized ones. This trend can be better illustrated by
plotting the number of cells at the electrode surface as a function of applied potential (Figure
4.14b).

As it can be seen from the number of cells counted on positively and negatively charged
electrodes, the application of 1.0 V resulted in a two times higher number of cells at the
positive electrodes compared to negative ones. A further increase of applied potential led to

the increase of this ratio until 2.0 V where the negatively polarized electrodes became nearly
bare.
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Figure 4.14 (a) Microscopic images of a MEA (d(electrode)= 40 Um) with a loaded suspension of INS832/13 cells upon
the gradual increase of applied electrode potential (0.0 V, 1.0V, 1.5V, 2.0 V and 2.5 V) where positively charged
electrodes are indicated by white rings. Prior to application of the electric field INS832/13 cells have been
suspended in low-conductivity buffer; (b) Graphical representation of number of INS832/13 cells at positively and
negatively polarized electrodes for a given electrode potential.

Beside the fact that strong electric fields are necessary to induce efficient electrophoretic
migration of the cells, it is nevertheless important to optimize the strength in order to prevent
damage of the cells which would influence their viability and electrical activity. Figures 4.15a
and b present inverted microscope images of INS832/13 (positioned around the
microelectrodes) cultured for 3 days in culturing medium (CMRL1066 culturing medium -
Invitrogen), after potentials of 1.5 V and 2.0 V were applied for 10 min. It can be seen that cells
exposed to 1.5 V kept their intact (stretched) morphology which was observed for the control
probe (at 0 V). This indicates that the cell membrane and thus the cell viability are not damaged
by the applied electric field. However, it is notable that 2.0 V was detrimental for the cells,
causing membrane blebbing, decreasing the adherence of the cells and their proliferation rate.
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Figure 4.15 An inverse microscope image of INS832/13 cells obtained after 3 days of culturing in 11 mM glucose
solution as described in Ref. [43]. The cells were exposed to 1.5 V (a) and 2.0 V (b) for 10 minutes.

The electrophoretic migration presents a possibility not only for surface patterning with single
B-cells but also it can be applied to bigger systems such as cell-assemblies that comprise other
pancreatic cell types. The Langerhans islets are known to be less robust systems, more sensitive
to the stress compared to B-cells, and therefore the applied electric field may have a big
influence on their behavior and integrity. The semi-natural assembly of endocrinal pancreatic
cells (i.e. dissociated islets) presents a good alternative to whole islets and it can be used for
studying their electrophoretic behavior in a MEA system. Dissociated murine islets dispersed in
low conductivity buffer were loaded in a MEA chamber and different potentials were applied to
generate an electric field. Figure 4.16 illustrates the MEA after applying0V, 1.0V, 1.5V and 2.0
V for 10 min. Similar to INS cells, in the absence of electric field between neighboring
electrodes, the surface coverage of all electrodes was comparable as graphically shown in
Figure 4.16b. Upon application of 1.0 V, cell coverage of positively polarized electrodes
increased by a factor 2.66 and continued to increase at a rate of 2 dissociated islets per
electrode per V when the potential was further increased. In the case of the negatively charged
electrodes the rate of decrease was -0.2 dissociated islets per electrode per V.

As additional proof of principle, dissociated murine islets were loaded into a MEA chamber and
potential of 2 V was applied. Once the dissociated islets were aligned with an electrode surface
(approximately 1 min.) the polarity of the electrodes was reversed. As it can be expected, most
of “pseudo” islets migrated in the opposite direction which proves that the presence cells on
the electrode surface was due to the applied electric field (Figure 4.16c).
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Figure 4.16 (a) Microscope images of MEAS (d (cjectrode) = 30 um) covered by dissociated murine islet cells, recorded
after the electrodes were polarized at different potentials for 10 min: 0V, 1.0V, 1.5 V and 2.0 V. Positively charged
electrodes are indicated by white circles. The electrophoretic migration of mouse islet cells was performed in a low
conductivity buffer.; (b) Graphical representation of the number of dissociated islets that are covering the
microelectrodes upon the application of increasing potential; (c) Reversibility of electrophoretic migration of
dissociated murine islets once the polarity of the electrodes is reversed.

Besides the microscopic imaging of cells that have been electrophoretically deposited (Figure
4.15) onto the surface of targeted micro-electrodes, another technique is required in order to
test cell viability in a more quantitative way. This can be done by recording electrical activity of
beta cells after the application of electric field. Affected by an increase in glucose
concentration, beta cells are exhibiting their normal electrical activity which is characterized by
a low-frequency signal, termed as a slow potentials [21]. Slow potentials are an integral part of
the electrical signal of beta cells and can be isolated by using appropriate band-pass filter (0.2-2
Hz). Figure 4.17a depicts a record of electrical activity (slow potentials) of murine islet B-cells
that have been electrophoretically deposited on an electrode surface by applying 1 V for 3 min.
In the following step, cells (control group and electrophoretically treated) were cultured on the
MEA for 3 days and their slow-wave potentials were recorded. This cell culture period was
sufficient to ensure good cell adhesion and gap-junction formation between neighboring -
cells. The latter one arises from a linkage formation between the cells, just like in the case of
intact islets [21]. It can be observed that the slow potentials have small amplitude or are totally
absent (0.018+0.005 Hz) when the cells are stimulated by 3 mM glucose (Figure 4.17a) solution
and quickly raised (0.360+0.015 Hz) when 15 mM glucose (Figure 4.17b) was used as a stimulus.
Those values did not significantly differ from the control experiment (f 3mm) = 0.016+£0.005 Hz
and f (1smm) = 0.369+0.015 Hz) and therefore it can be concluded that the cells retained their
viability and thus their discriminatory response to the change of glucose concentration.
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In addition, the influence of the stress hormone adrenaline (5 uM) and the antidiabetic
sulphonyl urea glibenclamide (100 nM) was examined. As it can be seen from Figure 4.17c and
d, the addition of adrenaline suppressed the slow potentials, while the glibenclamide showed
the opposite effect, as it has already been reported by other authors [21]. This is an additional
proof that the B-cells did not lose their ability to react to the presence of drugs and hormones.
This imposes the conclusion that electrophoresis under moderate conditions does not affect
their viability and sensing properties. This is confirmed by the comparison of the slow wave
frequency of the treated cells with the control population (Figure 4.17e).
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Figure 4.17 Electrical activity of control and electrophoretically treated murine islet B-cells after 3 days of culturing
on a MEA. (a) Slow-wave potential records in 3 mM (G3) glucose and subsequent stimulation with glibenclamide
(d); (b) electrical activity in 15 mM (G15) glucose solution with an abolished electrical activity caused by adding
adrenaline (c); (e) Graphical representation of the dependence of slow potential frequency for control (white bars,
n=29 electrodes) and electrophoresed cells (black bars, n= 24 electrodes) on changes in the cell environment
(different glucose concentration and addition of glibenclamide (Glib) and adrenaline (Adr)). Simultaneous analog
data were acquired at 10 kHz per electrode using a MEA1060-InvBC-Standard amplifier (Multichannel Systems;
gain: 1100; analog filter: 0.1-3000 Hz). Recordings of extracellular membrane potentials have been performed at
37 °C in a physiological buffer containing: 135 mM NaCl, 4.8 mM KCl, 1.2 mM MgCl,, 1.2 or 1.8 mM CaCl,, 10 mM
HEPES and glucose as indicated (pH of 7.4 has been adjusted with NaOH).

The possibility of electrophoretic manipulation of whole Langerhans islets has been
investigated. However, under the same applied voltages that have been used to manipulate the
B-cells, no significant motion of islets was observed. This is probably due to the fact that the
islets are assemblies of 1000-3000 cells [4] and consequently this increase in size changes
drastically the electrophoretic mobility.
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Experimental section

Colloidal crystals: Assembly and characterization
1. Synthesis and covalent modification of silica particles

Silica nanoparticles have been synthesized using the well-known Stober method based on a
hydrolysis of tetraethylorthosilicate (TEOS; Sigma-Aldrich) in basic solution and
polycondensation of the formed silicate acid.

The synthesized silica nanoparticles have been covalently functionalized using a coupling
reaction with 3-aminopropyltriethoxysilane (APTES; 99.5% wt., Sigma-Aldrich).

1.1 Synthesis of silica nanoparticles

The synthesis of silica beads has been performed in a two-step procedure at room temperature
by controlled addition of TEOS-absolute ethanol (Sigma-Aldrich) mixture (i.e. synthesis
mixture), using a single-syringe pump system, into a three-necked flask that contained an
absolute ethanol-water-ammonia (25% wt.) solution (i.e. hydrolyzing solution). The set-up was
equipped with a magnetic stirrer and a refrigerator.

First step — synthesis of 300 nm silica “seeds”

Silica seeds were prepared by adding TEOS directly in the hydrolyzing solution. The
experimental conditions are listed in Table 1:

Data Value

V ( TEOS) 10 ml

Hydrolyzing solution:

V (ammonia) 30 ml
V (abs. ethanol) 200 ml
V (water) 50 ml

TEOS was added at once in the

Speed of addition of the solution . .
hydrolyzing solution

Time of synthesis 2 h 30 min.
Speed of mixing 300 rpm
Final diameter of synthesized silica 300 nm (the diameter of colloidal
nanoparticles particles has been measured by SEM)

Table 2. Experimental condition for the synthesis of 300 nm silica “seeds” (first step).
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Second step — synthesis of 600 nm silica particles from 300 nm silica “seeds”

The pre-synthesized 300 nm silica beads were used as seeds for the synthesis of 600 nm silica
particles (second step). Experimental conditions are shown in Table 2. The excess of ammonia
present in the suspension of 300 nm seeds was sufficient enough to hydrolyze the TEOS that
has been added in the second step of synthesis.

Data Value
V (suspension of 300 nm silica beads) 181 ml
Synthesis solution:
V (TEOS) 45 ml
V(abs. ethanol) 45 ml
: . 181 ml of the suspension of 300 nm silica
Hydrolyzing solution:
seeds
Speed of addition of the solution 8 ml/h
Time of synthesis after the synthesis
. 12h
solution was added
Speed of mixing 300 rpm
Final diameter of synthesized silica 600 nm (the diameter of colloidal particles
particles has been measured by SEM)

Table 3. Experimental condition for the synthesis of 600 nm silica particles from 300 nm silica “seeds”.
1.2 Covalent functionalization of silica nanoparticles

The surface of silica particles has been covalently modified with APTES.

The amount of added APTES was 10 times larger than the calculated value in order to ensure a
good surface coverage of the silica beads.

APTES was added to the original post synthetic mixture that contains the silica nanoparticles.
The mixture was stirred over night and heated the next day at 80 °C for 1h to ensure a good
covalent binding of APTES.

Calculation of the sufficient amount of APTES is based on the geometrical consideration that 2
APTES molecules cover 1 nm? of the surface of silica particles and that the density of silica
beads is 2.2 g/cm?’.
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Calculation of the amount of APTES that has to be added for the covalent functionalization of
the entire silica particle surface:

p (silica) = 2.2 g/ecm?®

d (one sphere) = 600 nm

V (one sphere) = 4/3r’nt

m (one sphere) =V- p

Number of spheres per gram of silica = 1g:/m (one sphere)

Area of one sphere = 4r’ it

Surface area per gram of silica spheres = Area of one sphere-Number of spheres per gram of
silica

Number of APTES molecules = Surface area per gram of silica spheres [nm] -2 molecules per nm
n(APTES) = N/Na

V(APTES) =10-[n-M(APTES) / p(APTES)]

1.3 Purification of covalently modified silica nanoparticles

Functionalized silica nanobeads were purified by rinsing with MilliQ water 10 times. Each
rinsing cycle is followed by centrifugation in order to separate the supernatant from the bulk.
Additionally, beads were purified using dialysis (Cellu Sep, membrane T1, Nominal MWCO:
3500) against MilliQ water in three separate segments. During the first two dialysis cycles MilliQ
water was changed after 2 h, while for the last one the dialysis was carried-out over night.

Fabrication of colloidal-crystal template

Colloidal crystal templates have been prepared using the Langmuir-Blodgett technique based
on the assembly of covalently functionalized silica nanoparticles at an air/water interface.

1.4 Cleaning of silica nanoparticles

Silica nanoparticles (d= 600 nm), used for the synthesis of the Langmuir film, were previously
sonicated for 10 minutes in order to avoid aggregation. In the following step, silica beads were
washed 5 times with absolute ethanol and centrifuged each time to separate the supernatant
from the nanoparticle deposit.
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Between two consecutive washing steps, silica nanoparticles were sonicated for a few minutes
in order to enhance the washing procedure and disperse them in the bulk.

1.5 Resuspension of silica nanoparticles

After completion of the washing procedure, silica nanoparticles were redispersed in an ethanol-
chloroform mixture (20% v/v - 80% v/v respectively). The solvents were added separately. The
redespersion of silica beads after adding each solvent was followed by 5 min of sonication.
Freshly prepared suspensions of silica nanoparticles were immediately used for the preparation
of the Langmuir-Blodgett film.

1.6 Preparation of Langmuir- Blodgett (LB) films

The compression of a monolayer of nanoparticles has been carried out on LB trough (NIMA,
type: 622).

The Teflon-coated surface of the apparatus as well as the surface of the moveable barriers was
cleaned with dichloromethane.

The apparatus was filled with MilliQ water and dust contaminations were sucked-out by a
water pump. The suspension of silica nanoparticles was added onto the pre-cleaned water
surface drop by drop with an interval of a few seconds between two consecutive additions.

The substrates to be modified were attached to the dipping mechanism of the LB trough.

Parameter Value
Targeted surface tension 8 mN/m
Speed up 1 mm/min
Speed down 63 mm/min
Barrier speed 29 cm?/min
Programmed number of layers 30

Table 4. Parameters for the compression of a 600 nm silica based Langmuir film.
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Development of coaxial macroporous electrode architectures by infiltration of
colloidal crystals

The device consisted of two cylindrical macroporous electrodes - the inner (macroporous gold
microwire) and outer (mechanically stabilized macroporous film) electrodes. Both electrodes
were prepared independently and the final device (which comprises both electrodes) was
assembled in the last step of the fabrication.

2. Preparation of inner electrode and outer electrodes (procedure based on the glass capillary
approach)

2.1 Preparation of the samples

A gold microwire (d= 250 um, AlfaAesar, purity 99.9%) was cut into 5 cm long pieces that were
straighten by slight rolling between two microscope glass slides.

TLC glass capillaries (HIRCHMANN® LABORGERATE) were cut into 7 cm long pieces.

2.1.1 Cleaning and hydrophilisation of the samples

In order to clean and hydrophilize the samples, gold microwires were immersed into “Piranha”
solution (prepared by mixing concentrated sulfuric acid (98% wt., Sigma Aldrich) with
concentrated Hydrogen peroxide (30% wt., Sigma Aldrich) in volumetric ratio 75% v/v-25% v/v.
) two times for 10 minutes and subsequently rinsed with MilliQ water.

Additionally, cleaned gold microwires were hydrophilized using UV/O; cleaner (UVOCS®, PA -
USA) for 20 min just before deposition of the silica particles (see subsection 4.3.).

Prior to the “Piranha” treatments, glass capillaries were degreased by 15 min sonication in
chloroform.

After the cleaning step, samples have been rinsed with MiliQ water a few times and dried with
compressed air.
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2.2 Electroless metallization of glass capillaries

The degreased and pre-cleaned glass capillaries have to be metalized by a thin silver coating.
The metallization is based on the well known reduction of diamminesilver(l) ions by glucose in
the presence of anionic surfactant (sodium-dodecylesulphonate (SDS)).

The composition and the procedure for the preparation of diamminesilver(l) reagent (i.e.
Tollens’ reagent) is given in Table 1.

Compound Concentration Volume/Mass
Silver-nitrate

0.1M 70 ml
(AlfaAesar®) m

Sodium-hydroxide Added in drops into silver-

. . 1M nitrate until the precipitation
(Sigma-Aldrich) of Ag,0 occurred
Ammonia 25 % wt. Added in drops u.ntll the Ag,0
(Acros) was completely dissolved
SDS Added as solid for a final

. . . * 520 mg
(Sigma-Aldrich) concentration of 20 mM
Glucose 20 % wt. 20 ml

(Sigma-Aldrich)

“The first three compounds were mixed as described, and SDS was added to the pre-measured 70 ml of the
obtained mixture. After adding SDS the mixture was stirred until the SDS was completely dissolved.

Table 1. Composition of the solution used for electroless silver metallization of glass capillaries. The
components used for the preparation of Tollens’ reagent are denoted in blue color.

The glass capillaries were immersed in Tollens’ solution which was pre-heated up to 70 'C. In
the following step, the glucose solution was added at once and both components were shortly
mixed by magnet stirrer.

After 3 min the metallization was complete and the metalized glass capillaries were firmly
rinsed with MilliQ water.

Metalized glass capillaries were used straight away for the deposition of silica particles by the
Langmuir-Blodgett technique.
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2.3 Preparation of the inner electrode

The inner macroporous electrode has been prepared by potentiostatic electrodeposition of
gold using a commercially available gold electroplating solution (ECF63, Metalor).

The electrodeposition was performed in a conventional three-electrode system, consisting of
working (colloidal-crystal modified gold microwire that was connected to the potentiostat by
means of copper tape), reference (Ag/AgCl (3M NaCl)) and cylindrical counter (Pt) electrodes.
The gold electrodeposition was performed at an electrode potential of -0.66 V vs Ag/AgCl (3M
NaCl).

The length of the colloidal-crystal template immersed into the electroplating solution was
dependent on the quality of the template along the wire.

The precise positioning of the sample inside the electrochemical cell has been accomplished by
a micro-positioning system built on purpose.

2.3.1 Electrical addressing of the inner electrode

The inner electrode was electrically addressed by means of copper tape (3M™, Austin - Texas)
that was used to connect the silica-template covered gold microwire to the potentiostat during
the electrodeposition of gold (as described above in subsection 2.3.).

2.4 Preparation of the outer electrode

The colloidal crystal assembled on the surface of the metalized glass capillary, served as a
template for the electrodeposition of gold.

Prior to the electrodeposition of gold, the thin silver layer was stabilized by a short (3 min)
potentiostatic electrodeposition of a nickel layer. The nickel layer was electrodeposited using a
commercially available nickel electroplating solution (semi-bright nickel solution, AlfaAesar®) at
-0.9 V vs. Ag/AgCl (3 M NaCl).

After the electrodeposition of the nickel layer, the gold/silica composite structure was
obtained by electrodeposition of gold (ECF63, Metalor) at -0.75 V vs Ag/AgCl (3 M NacCl)
through the silica based template until the desired number of layers was infiltrated.
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2.4.1 Electrical addressing of the outer electrode

The outer electrode was electrically addressed by means of a gold microwire (50 um). The gold
microwire was attached on the surface of outer electrode with a droplet of conductive silver
paint (Agar silver paint, Agar). In the following step the structure was heated by an air-gun in
order to harden the paint quickly by evaporating the solvent.

2.5 Etching of silver and nickel layers

Silver and nickel layers were removed by etching in 24% wt. nitric-acid (Sigma Aldrich) over
night. This step facilitates the subsequent etching of the glass capillary since once the
underlying silver/nickel layer (that may act as a protective shell) is removed, the glass capillary
is easily accessible to hydrofluoric acid.

2.6 Sealing of the assembled structure

After the inner and the outer electrode were assembled into a device, the whole structure was
sealed at its extremities by using a two-component epoxy glue (Quick Set Epoxy Adhesive, RS).

2.7 Etching of silica nanoparticles and glass capillary

Once the full structure is assembled and the two-component epoxy glue is completely cured,
the assembled device is etched with concentrated (48% wt.) HF (Sigma Aldrich) for 5-6 hours.
During the etching, the silica beads were removed in the first few seconds while the etching of
the glass capillary required a longer time (5-6 h).

The final macroporous coaxial double electrode device was kept in MilliQ water.

2.8 Preparation of coaxial and macroporous two-electrode electrochemical cell

The fabrication of coaxial macroporous gold electrodes with cylindrical geometry can be
summarized in three different steps (see Chapter 2):

(a) Electrodeposition of alternating metal layers

(b) Etching of the spacer metal layer with nitric acid

(c) Stabilisation of the structure and prevention of short circuits
(d) Electrochemical characterisation of the structure
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2.8.1 Electrodeposition of alternating metal layers

Electrodeposition of alternating gold-nickel-gold (Au-Ni-Au) metal layers throughout the
colloidal-crystal template consisting of 600 nm silica nanoparticles have been performed
successively using commercially available non-cyanide electroplating solutions ECF63 (Metalor,
gold solution, y(Au)= 10 g/I) and semibright nickel solution (AlfaAesar®).

Electrodeposition was performed at a constant electrode potential using chronoamperometry.
The experimental conditions for electrodeposition of alternating metal layers are given below.

Electrodeposition of the gold
E =-0.66V (1 Au layer) or -0.75 V (2" Au layer) vs. Ag/AgCl (3 M NaCl)
Electrodeposition of the nickel

E=-0.85V vs Ag/AgCl (3 M NaCl)

For the electrodeposition of metal layers a three electrode system consisting of a working
electrode (colloidal crystal template on gold microwire), reference electrode (sat. Ag/AgCl) and
counter electrode (Pt cylinder) has been used.

The length of the colloidal-crystal template immersed into the electroplating solution was
dependent on the quality of the template along the wire.

For the precise positioning of the sample inside the electrochemical cell a micropositioner built
on purpose has been used.

2.8.2 Etching of the nickel layer
The sandwiched nickel layer was etched with 30% nitric acid for 20 hours at ambient
temperature over a period of three days.

In the next step, samples were washed with MilliQ water to remove dissolved nickel and nitric
acid. The set-up was equipped with a stirrer to improve the etching process.
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2.8.3 Stabilisation of the coaxial structure

Stabilization of the coaxial structure and prevention of short circuit between the two porous
coaxial gold layers has been achieved by the insertion of small drops of nail varnish diluted with
absolute acetone (Sigma-Aldrich) (1:1) at the extremities of the wire (at the end and just below
the point where the silver paint droplet was deposited). The total length of the sample (the part
that remained uncoated by varnish) was 2-3 mm.

In addition, the structure is dried with a hot air stream to prevent lateral diffusion of the diluted
nail varnish and clogging of the channel between two electrodes.

The procedure was repeated twice to ensure a stable space separation between the two
independent macroporous gold electrodes.

2.8.4 Dissolution of silica nanobeads

Silica nanoparticles have been removed from the composite metal-silica structure by etching
the samples with 5% hydrofluoric acid for 10 min.

In the next step, samples were dipped in MilliQ water to remove HF solution that could remain
into the structure.

Samples were then dried at room temperature and used for electrochemical characterization.

2.9 Electrochemical characterization

Final confirmation of the existence and geometric stability of the coaxial macroporous system
with two independently addressable electrodes was obtained by cyclic voltammetry (CV).

A CV record was performed using a three electrode system of working electrode (coaxial

sample), reference electrode (sat. Ag/AgCl; BASi, Inc.) and counter electrode (hollow Pt
cylinder).
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Experimental conditions are given in the table below:

Parameter Value
Scan rate 100 mV/s
Potential window OVtol6V
Supporting electrolyte 0.1 M sulphuric acid (Sigma-Aldrich)
Solution was purged with pure argon for 10

Deaeration of the electrolyte
min.

In order to connect the two macroporous coaxial electrodes to the system separately, an
external electrical connection was established by attaching a thin gold wire (d=50 um,
AlfaAesar®) with a conductive silver paint to the surface of the outer porous gold electrode
while the inner porous electrode had already a direct contact to the bare gold wire used for the
fabrication of colloidal-crystal template.

The electrode potential was cycled several times during the experiment until the current
reached a constant value.

3. Macroporous electrodes for the fabrication of a biocathode

3.1 Cleaning of the bare and macroporous gold electrodes prior to the electrochemical
characterization

Bare and macroporous gold microwires have been cleaned in “Piranha” solution (75% v/v of
96% sulfuric acid and 25% v/v of 30% wt. hydrogen-peroxide), prior to the electrochemical
characterization. In the following step, the samples were washed in MilliQ water for 10 min and
immediately used for the determination of their active surface area.

All chemicals used were purchased from Sigma-Aldrich,Germany.

3.2 Electrochemical determination of the electroactive surface area
The electroactive surface area of bare and macroporous gold electrodes has been determined
as described in Chapter 2 (section 2.3). Once the electrodes were immersed in deaerated

(argon has been purged for 10 min) 0.1 M sulfuric acid (Sigma-Aldrich, Germany) the electrode
potential has been cycled between 0 V-1.5 V until the cathodic peak stopped changing.
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All electrochemical experiments were carried out with a bipotentiostat (CH Instruments, model
CHI 842B, Austin, TX, USA). All electrochemical measurements have been done in a
conventional three electrode system consisted of working electrode, counter electrode (Pt
wire) and a reference electrode (Ag/AgCl (3 M NaCl; BASi, Inc)).

3.3 Preparation of BOD and polymer solutions and (co)electrodeposition

BOD (Magnaporthe orizae) and Os-redox polymer (PAA-PVI-Os[4,4’-Dichloro-2,2’-
Pipyridine)2CI]2+/+ used in the experiments were obtained from Dr. N. Mano (CRPP, University
of Bordeaux).

3.3.1 Preparation of Os-polymer solution and electrodepostion of the polymer

Osmium polymer solutions (y= 1.5 mg/ml) have been prepared by diluting the stock solution (y=
10 mg/ml) with MilliQ water. The electrodeposition of Os-redox polymer has been carried out
by cycling the electrode potential between 0.6 V-0.15 V (at 50 mV/s) for a desired number of
scans. Prior to the electrodeposition step, the macroporous electrodes were kept in the
polymer solution for 20 min in order to ensure complete penetration of the solution into the
porous system. After the electrodeposition was finished, the electrodes (bare and
macroporous) were kept in MilliQ water for 10 min in order to remove physisorbed polymer
that could interfere with the electrodeposited one.

When not used, polymer stock solutions were kept in the fridge at 4°C.

3.3.2 Preparation of the BOD/Os-polymer mixture and their coelectrodeposition

The solutions of osmium redox polymer (0.5 mg/ml) and BOD (0.5 mg/ml) have been prepared
by diluting their stock solutions (10 mg/ml and 64.15 mg/ml respectively) with deaerated (Ar
was purged for 30 min.) MilliQ water.

The solution that has been used for coelectrodeposition was prepared by mixing 480 ul of the
BOD solution with 1020 pl of the polymer solution. The final weight ratio of the polymer and
the enzyme was 2.125.

Enzyme stock solutions were kept in the fridge at - 81°C to preserve the enzyme activity.

Prior to coelectrodeposition, macroporous electrodes were left in the solution for 20 min in
order to ensure better penetration of the mixture into the pores.

Coelectrodeposition has been performed with a three-electrode system in the potential
window from 0.6 V to 0.15 V at 50 mV/s.
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During the coelectrodeposition, a slight stream of Argon was flown over the setup in order to
prevent oxygen absorption from the atmosphere. Once the coelectrodeposition was finished
the electrodes were dipped in deaerated MilliQ water for 10 min.

Finally a “curing” step of the coelectrodeposited film has been performed at 4 °C for at least 4 h.

3.3.3 Testing of the Os-polymer and BOD/Os-polymer modified electrodes

The testing of the modified electrodes has been done in both, deaerated and oxygen saturated
100 mM phosphate buffer solution (PB, pH=7.2).

Os-polymer modified electrodes were tested in deaerated PB solution by cycling the electrode
potential at 50 mV/s from 0.6 V to 0.15 V.

BOD/Os-polymer modified electrodes were tested in oxygen saturated PB solution (oxygen was
intensively purged for 30 min.) in the potential window from 0.6 V to 0.15 V at a scan rate of 5
mV/s at 37.5 "C.

3.4 Stability test of BOD/Os-polymer modified electrodes

Short term stability tests have been carried out by chronoamperometry. Electrodes were
polarized at +0.3 V for 90 min in oxygen saturated PB in a thermostated electrochemical cell (at
37.5 'C). During the experiment an oxygen stream was flown over the PB surface to maintain
the oxygen saturation level.

Guiding pancreatic B-cells to target electrodes in a whole-cell biosensor for
diabetes

4.1. Preparation of low-conductivity buffer

The conductivity of the incubating solution was reduced by decreasing the concentration of
ions in the solution and substituting them with nonionic solutes to maintain an osmotic
pressure suitable for biological cells (270-300 mOsmL™). Mannitol was selected to balance the
osmolarity because it does not affect glucose-induced insulin secretion. Therefore, a custom
buffer composed of 5 mM HEPES (4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid), 270 mM
mannitol, and 5 mM glucose was formulated. The osmolarity of the solution was measured
using an automatic MicroOsmometer Type 15 (Loser Messtechnik, Berlin, Germany).
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The pH of the solution was determined using a 0.1% bromothymolsulfone phthalein (BTB)
solution in 20% ethanol.The conductivity of the solution as well as the zeta potential of the
polystyrene spheres and INS832/13 cells was measured using a disposable, capillary folded
chamber and a Zetasizer Nano ZS apparatus (Malvern Instruments Ltd, Worcestershire, UK).

4.2 Micro-electrode arrays (MEAs)

Studies were performed with two types of MEAs (Qwane Biosciences SA, Lausanne,
Switzerland): MEA60-4Well-Pt for polystyrene spheres or clonal INS832/13 B-cells, and MEAG0-
100-30-Pt for mouse or human islet cells. MEA60-4Well-Pt consists of 4 cylindrical Plexiglas
chambers (6 mm diameter, 8 mm height), each housing 15 recording electrodes (30 pm in
diameter and spaced 100 um apart) and one internal reference electrode. MEA60-100-30-Pt
consists of one cylindrical glass chamber (24 mm diameter, 6 mm height) housing 59 recording
electrodes (40 um in diameter and spaced 200 um apart) arranged in an 8x8 matrix without
corner electrodes and one internal reference electrode. The substrate material was glass and
the insulation material was SU-8 epoxy (5 um thick). The MEA surface was rendered hydrophilic
by plasma treatment with air at 9.83 W L™ for 2 min; it was prepared for cell culture by coating
with Matrigel (2%, v/v, BD Biosciences, San Diego, CA, USA).

4.3 Spatial manipulation by electrophoresis

An electric field was produced by applying an electric potential difference between neighboring
electrodes. The electric potential was generated using an EmStat 3 potentiostat (PalmSens BV,
Utrecht, Netherlands) with the working electrode being at a positive potential and the counter
electrode short circuited with the reference electrode being at a negative potential. The
electrophoresis of negatively charged round particles was investigated using uniform dyed
polystyrene microspheres (1JPIJS/2% DVB)) of 10 um diameter (Bangs Laboratories Inc., Fishers,
IN, USA). Time-lapse images and videos were acquired using a Leica DFC295 digital camera
mounted on a Leica MSV266 stereoscopic microscope and the Leica Application Suite (LAS)
v4.3.0 (Leica, Heerbrugg, Switzerland). The efficacy of the treatment was determined by
counting the number of cells on each electrode before and immediately after application of the
potential. After 3-day culture, cell viability was quantified with the LIVE/DEAD Cell Imaging Kit
(Life Technologies, Eugene, OR, USA), which produces green fluorescence for living cells (ex/em
488 nm/515 nm) and red fluorescence for dead cells (ex/em 570 nm/602 nm).
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The kit was used according to the manufacturer's protocol recommending incubation of cells in
equal volumes of cell culture medium and 2 x stock solutions for 15 min at 20 °C. The
fluorescence was visualized by using FITC and TRITC filters.
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Conclusion and perspectives

In the present work, we describe a new straightforward way to elaborate a miniaturized
coaxial double electrode electrochemical cell using two different strategies. The fabrication
procedure exploits the hard template synthesis of macroporous materials which were used as
building elements for designing the final cell architecture. Macroporous electrodes are selected
as the best choice due to their high active surface area and the variety of materials that can be
used for their fabrication. The route for their synthesis is based on the potentiostatic deposition
of electro-conductive materials through a silica based colloidal crystal template. The Langmuir-
Blodgett (LB) technique has been selected as the best choice for assembling a silica based
template allowing a perfect control of the spatial arrangement of submicron particle layers and
the absence of cracks in the structures. This is one of the most important prerequisites that
determine the quality of the final macroporous material.

The first strategy for the fabrication of a miniaturized electrochemical cell is based on the
potentiostatic electrodeposition of gold-nickel-gold metal layers through the silica particle
based template. Once the nickel layer is dissolved, the obtained structure is stabilized by
incorporation of spots of diluted nail varnish. In the next step the electrodes are independently
addressed and the structural stability is investigated by cyclic voltammetry in acidic medium
(0.5 M sulfuric acid). The electrochemical stability test of the structure is based on determining
the active surface area of the gold electrodes calculated from the gold-oxide stripping peak. The
difference in charge (that is related to the gold-oxide stripping peak) for each independently
addressed coaxial macroporous electrode with different active surface area indicates the
absence of electrical short-circuits. In control experiments, the two electrodes were externally
short-circuited and their common stripping-peak charge has been obtained. This result
additionally confirmed the structural stability. The electrochemical functionality of the
fabricated miniaturized electrochemical cell was demonstrated by cyclo-voltammetric
investigation of oxygen reduction (in oxygen saturated sulfuric acid solution (C=50 mM)) at each
macroporous gold electrode. Although one could expect certain limitations with respect to
oxygen diffusion and electrolyte penetration towards the inner electrode (due to the fact that
the inner electrode is surrounded by the outer one), the obtained results clearly demonstrate
the possibility to reduce oxygen at the surface of the inner electrode.
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The second alternative and complementary strategy for the fabrication of coaxial and
macroporous double electrochemical cells relies on assembling the final architecture from two
independently prepared and electrochemically addressed cylindrical macroporous electrodes.
The fabrication procedure for the outer cylindrical macroporous electrode is based on
electrodeposition of gold through the silica colloidal template (also prepared by LB technique)
that has been synthesized at the surface of a silver coated glass capillary. Once the inner
macroprous electrode is introduced into the cavity of the macroprous gold-glass capillary
electrode, the structure is sealed by epoxy glue and glass/silica beads are chemically etched by
48% HF. Like in the case of the architecture prepared by the first strategy, the electrochemical
characterization and functionality of these structures were confirmed.

The essential difference between these two approaches is the possibility to vary the inter-
electrode distance and that way the volume of the electrolyte that can be stored within the
electrochemical cell. While the first strategy offers the possibility to fabricate architectures with
an inter-electrode separation of tens of micrometers (due to technical limitations of the LB
technique), the second alternative approach allows values that are in the range of hundreds of
microns. This may have significant advantages for some applications even though this
architecture is geometrically much bigger and the fabrication procedure is less elegant in
comparison with the first one.

Further work in this area should be focused on the improvement of mechanical stability of the
electrochemical cells which is one of the main prerequisites prior to their utilization for the
fabrication of eventually implantable devices such as biofuel cells and biosensors. Further, the
present strategies open the possibility for the fabrication of more complex structures such as
three-electrode systems that could be used in both aqueous and non-aqueous media. This
could be done by introducing a macroporous silver layer during the electrodeposition of a
silver/nickel-gold-nickel-gold sequence (Figure 1). After dissolution of the nickel layer and an
appropriate stabilization of so obtained architecture, macroporous silver could be used as a
pseudo-reference electrode. Since the electrochemically active volume of the obtained
miniaturized electrochemical cells is in the range of 0.1 pl (with the possibility to further
decrease this value) this would allow electrochemical/electroanalytical investigations in a very
small volume of redox active species if the sample availability is the limiting factor.
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Iy Ay
\Agpseudo—reference electrode
\ Au working electrode
Au counter electrode

Figure 1. Schematic of the main steps for the fabrication of a miniaturized triple-electrode electrochemical cell.

The synthesis can be carried out by potentiostatic electrodeposition of alternating silver-nickel-gold-nickel-gold
layers (b) into a cylindrical silica based colloidal crystal template (a). After the chemical etching of the nickel layers
(c) a structural stabilization of the final architecture through incorporation of spots of non-conductive elements
(e.g. diluted nail varnish) is obtained (d) before dissolution of the silica nanoparticles with hydrofluoric acid. Each
cylindrical gold electrode is independently addressed by means of a thin gold wire (connections C; and C, in figure
d) while the connection of the silver layer is established directly via the gold microwire (C;) that served as a
support (during the synthesis of the initial colloidal crystal).

One of the final long term goals of this work is to use the miniaturized two-electrode
electrochemical cell (mentioned above) for the fabrication of miniaturized glucose/oxygen
biofuel cells. Macroporous electrodes were selected as one of the best candidates that could be
used to increase the electrochemical performances (power output) of a fuel/oxygen biofuel cell
due to their high surface area.
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The advantage of increased active surface area can be exploited in systems where the oxygen
concentration is very low (e.g. subcutaneous oxygen concentration is 0.2 mM) and therefore
limits the efficiency of actual biofuel cells. Further, the power output of such a biofuel cell can
be increased by enhancing the interfacial electron transfer between the enzyme and the
electrode surface. This can be done by using the appropriate redox mediator such as an
osmium redox-polymer that has been used in this work. We have demonstrated the possibility
to use the obtained macroporous electrodes for electrochemically assisted deposition of Os-
redox polymer and coelectrodeposition of bioelectrocatalytically active BOD/Os-redox polymer
adducts. The obtained results show the possibility to electrodeposit a redox polymer and an
enzyme/redox-polymer adduct within the porous structure using cyclic voltammetry. The
electrochemical characterization of so obtained electro-deposits shows that the saturation of
the macroprous structure with the deposit is reached at approximately 500 electrodepositing
cycles for the deposition of Os-polymer. After this value, further film growth is preferentially
occurring at the outmost pore layers. Similar to those results, the saturation of the
bioelectrocatalytic current for BOD catalyzed oxygen reduction reached its saturation level at
approximately the same number of coelectrodeposition cycles as previously observed for
electrodeposition of only Os-polymer.

Also, the more reproducible behavior of modified macroporous gold electrodes (compared to
the erratic one for bare gold electrodes) suggests the protective role of the macroporous
structure. Future work in this part of the project should be focused on the fabrication of a
glucose oxidizing bioanode (e.g. glucose oxidase based bioanode) which includes the
optimization of the conditions for electro-assisted deposition of the corresponding Os-redox
polymer and a GOx/Os-polymer cross-linked structure. This would be the first step prior to the
fabrication of a full miniaturized glucose/oxygen biofuel cell. This can be achieved by
independent deposition of GOx/Os-polymer | and BOD/Os-polymer Il adducts on each of the
miniaturized macroporous gold electrodes thanks to the possibility to establish their
independent connection to the potentiostat. During this process it is likely that the enzyme and
the redox polymer also spontaneously get physisorbed at the non-corresponding electrode (e.g.
adsorption of GOx and Os-polymer at the surface of the outer during the electrochemical
deposition of GOx/Os-polymer at the surface of the inner one). This problem could be partially
solved by keeping the electrode architecture after the electrodeposition of each
enzyme/polymer adduct in a flow of phosphate buffer. This should result is the desorption of
physisorbed species.
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Finally we have demonstrated the development of a whole cell based glucose biosensor that
relies its sensing properties on the electrophysiological response of pancreatic beta cells. Beta
cells have been selected as best candidates for such a purpose due to their quick response
(series of action potentials that can be measured externally) to any change of glucose
concentration (and some other metabolites) in their environment. We have demonstrated a
quick non-invasive way to guide living beta cells electrophoretically towards targeted micro-
electrodes (using commercial micro-electrode arrays (MEA)) and increase in that way the
performance of the future sensor (as the quality of the measured extracellular electric signals
depends on close cell-electrode interaction). The results show that the viability of beta cells and
dissociated islets (smaller clusters of beta cell obtained by partial dissociation of original
pancreatic islets) was preserved after the application of electric field for guiding the cells in the
MEA device. This has been confirmed by microscopy (the morphology of the viable cells was
preserved in the proximity of the micro-electrodes) and by measuring the extracellular electric
activity of mouse islet beta cells upon increase of glucose concentration. Future work in this
field should be directed towards improving the contact between beta cells and the surface of
micro-electrodes. One of the possible ways to accomplish this is based on the formation of
artificial microscopic metal “bowls” at the surface of microelectrodes. This could be done by
formation of silica or polystyrene colloidal crystals (using beads with diameters bigger than the
size of cells) at the surface of the electrode and subsequent electrodeposition of an
electroconductive material (e.g. gold or platinum).
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Dans le cadre de cette thése, notre principal sujet d’étude a été la mise en place de
nouvelles voies de fabrication d’électrodes miniatures structurées qui pourraient trouver des
applications dans des domaines liés a I’électrochimie tels que des batteries, des biocapteurs et
éventuellement des piles a biocombustible implantables.

Dans la premiere partie de ce manuscrit (chapitre 1), nous nous sommes attachés a expliciter
les principes de base de la physique des systémes colloidaux auto-assemblés ainsi qu’a décrire
les différentes méthodes permettant la formation de cristaux colloidaux. Nous nous sommes
plus particulierement intéressés a la technique de Langmuir-Blodgett que nous avons utilisée
au cours de ce travail pour élaborer des matériaux sacrificiels a base de particules de silice.
Celle-ci a en effet été sélectionnée comme une méthode de choix permettant un bon controle
de I'arrangement spatial des billes formant ces matériaux qui ne présentent aucune fissure et
dont I'épaisseur est bien définie. Ces propriétés sont déterminantes pour I'obtention de
matériaux macroporeux, répliques inverses de I'assemblage initial, obtenues par une méthode
décrite dans le chapitre suivant.

Dans le Chapitre 2, nous décrivons deux stratégies d’élaboration d’une cellule électrochimique
constituée de deux électrodes coaxiales miniaturisées. Celles-ci mettent en jeu des matériaux
macroporeux semblables a ceux décrits précédemment et qui sont assemblés pour obtenir
I'architecture finale souhaitée. Notre choix s’est porté sur des électrodes macroporeuses en
raison de leur surface active élevée, mais également pour la grande variété de matériaux dont
elles peuvent étre constituées, tout matériau pouvant étre formé par électrodéposition
potentiostatique au sein d’un cristal colloidal de silice étant un candidat possible.

La premiére stratégie utilisée pour la mise au point d’une telle cellule électrochimique exploite

I’électrodéposition a potentiel constant de couches alternées d’or, de nickel et d’or dans la
matrice a base de silice colloidale.
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Apres dissolution de la couche intermédiaire de nickel, la structure est stabilisée
mécaniquement par le biais de I'incorporation de gouttes de vernis dilué. Les deux électrodes
en or sont ensuite connectées électriguement et la stabilité de la structure est évaluée par
voltampérométrie cyclique en milieu acide (acide sulfurique 0,5 M) qui permet de mesurer la
surface électroactive de chaque électrode a partir de I'aire du pic de réduction caractéristique
des oxydes d’or. En effet, une différence dans la valeur de la charge — proportionnelle a I’aire de
ce pic — mesurée pour chaque électrode connectée individuellement est la preuve d’une
absence de court-circuit entre les deux compartiments macroporeux. Lorsque ceux-ci sont mis
délibérément en court-circuit, la charge globale mesurée correspond bien a la somme des
charges des électrodes considérées séparément, preuve supplémentaire de la stabilité de la
structure.

Par ailleurs, nous avons vérifié le fonctionnement de la cellule électrochimique ainsi élaborée
grace a des mesures de réduction de I'oxygéne dans des solutions acides (H,SO4; 0,05M)
préalablement saturées en O,. En dépit des limitations que I'on peut attendre en termes de
diffusion et de pénétration de I|'électrolyte vers elle, les résultats ont clairement mis en
évidence qu’il était possible de réduire I'oxygene a la surface de I'électrode centrale bien que
celle-ci soit entourée par une électrode externe d’une plus grande épaisseur. Les densités de
courant mesurées aprés avoir normalisé l'intensité du courant par l'aire géométrique de
I’électrode interne étaient supérieures a celles mesurées pour I'électrode externe, ce qui
suggere une sous-estimation de l'aire de I'électrode interne imputable a cette vitesse de
pénétration de I’électrolyte qui serait plus lente.

La seconde stratégie adoptée a consisté a préparer séparément deux électrodes cylindriques
macroporeuses puis a les assembler dans un deuxiéme temps pour former le dispositif final. Ici,
I’électrode externe est élaborée par électrodéposition d’or dans un assemblage colloidal
déposé par la technique de Langmuir-Blodgett sur un capillaire de verre recouvert d’une fine
couche d’argent. Une électrode macroporeuse simple est ensuite introduite dans le canal du
capillaire avant que la structure ne soit scellée a ses extrémités avec une colle époxy. Apres
dissolution simultanée du capillaire en verre et des billes de silice par de I'acide fluorhydrique
concentré, la caractérisation et la preuve de fonctionnalité du dispositif sont apportées par des
mesures électrochimiques semblables a celles décrites précédemment.
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Entre ces deux approches, la différence essentielle réside dans la possibilité d’ajuster la
distance inter-électrodes et donc de faire varier le volume de I"électrolyte stocké dans la cellule
électrochimique. Si la premiere permet de réduire cette distance a quelques dizaines de
micrometres, la seconde permet d’accéder facilement a des distances de plusieurs centaines de
microns qu’il serait difficile d’atteindre par la technique de Langmuir-Blodgett. Bien qu’un peu
moins élégant dans son concept et en dépit du volume global plus imposant du dispositif
obtenu par cette seconde approche, celle-ci peut toutefois étre utile dans certaines
applications.

L'un des objectifs a long terme de ce travail est I'utilisation de la cellule électrochimique a deux
électrodes miniaturisée (mentionnée ci-dessus) pour la fabrication de biopiles glucose/oxygéne
miniaturisées. Les résultats obtenus en ce sens font I'objet du Chapitre 3.

Du fait de leur aire surfacique élevée, les électrodes macroporeuses comptent parmi les
meilleurs candidats pouvant étre utilisés dans le but d’augmenter les performances
électrochimiques (puissance de sortie) d’une biopile a combustible/oxygéne. Les avantages de
cette aire surfacique active accrue peuvent étre exploités dans des systemes ou la
concentration d’oxygene est trés faible (la concentration d’oxygéne sous-cutanée est par
exemple de 0,2 mM), et limite par conséquent I'efficacité des biopiles a combustible actuelles.
Par ailleurs, la puissance de sortie d’une telle biopile a combustible peut étre augmentée en
améliorant le transfert d’électron interfacial entre I'enzyme et la surface de I’électrode. Ceci
peut étre réalisé en utilisant un médiateur rédox approprié, comme le polymére rédox qui a été
utilisé dans ce travail. Les électrodes macroporeuses obtenues ici ont pu étre utilisées pour la
déposition électrochimique d’un polymére rédox d’osmium, mais également pour la co-
électrodéposition d’un adduit formé du polymére rédox d’osmium et d’une bilirubine oxydase
(BOD), qui s’est montré actif pour la bioélectrocatalyse.

Les résultats obtenus montrent qu’il est possible d’utiliser la voltammétrie cyclique pour
déposer dans la structure poreuse un polymere rédox, ou un adduit enzyme/ polymere rédox.
La caractérisation électrochimique des électro-dépots ainsi obtenus montre que la saturation
de la structure macroporeuse par le dépot est atteinte aprés environ 500 cycles d’électro-dépot
pour le polymére rédox a base d’osmium. Au-dela de cette valeur, la croissance ultérieure du
film a lieu de facon préférentielle au niveau des couches de pores extérieures, ce qui par
conséquent ne tire pas profit de l'importance de [l'aire surfacique active du systéme
macroporeux. De maniere similaire, le courant bioélectrocatalytique de réduction de I'oxygene
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catalysée par la BOD atteint sa saturation aux alentours du 500°™ cycle de co-électrodépét,
comme cela avait été observée auparavant pour I'électrodépo6t du polymere d’osmium seul.

De plus, les densités de charges correspondant a I'oxydation/réduction du polymére d’osmium
déposé électrochimiquement, ainsi que les courants enregistrés pour la réduction bio-électro-
catalytique du dioxygene par les films formés par I'adduit BOD/polymére d’osmium, se sont
révélés plus faibles dans le cas des électrodes d’or macroporeux que ce qui avait été observé
dans le cas d’une électrode d’or plane. Ceci a été expliqué dans le modéle théorique proposé

par des considérations géométriques (voir Chapitre 3).

D’un autre c6té, le role protecteur de la structure macroporeuse est suggéré par le
comportement plus reproductible des électrodes macroporeuses modifiées (en comparaison du
caractére aléatoire observé pour les électrodes d’or planes) en ce qui concerne les densités de
courant enregistrées pour la réaction de réduction bio-électrocatalytique du dioxygene.

Enfin, nous avons décrit au Chapitre 4 le développement d’un biocapteur a glucose a
cellules entiéres, dont les propriétés de détection reposent sur le comportement électro-
physiologique des cellules béta pancréatiques. Les cellules béta ont été sélectionnées pour cet
objectif a cause de leur réponse rapide a tout changement de la concentration de glucose (et de
certains autres métabolites comme certains acides aminés, hormones ou lipides) dans leur
environnement. Cette réponse s’exprime comme des séries de potentiels d’action qui peuvent
étre mesurés a |'extérieur de la cellule grace a des ensembles de micro-électrodes (micro-
electrode array, MEA). Nous avons développé un moyen rapide et non-invasif de guider
électrophorétiquement des cellules béta vivantes vers des micro-électrodes ciblées, en utilisant
le motif de potentiel d’électrode généré par des ensembles de micro-électrodes commerciaux.
Nous voulions augmenter de cette maniére les performances du futur capteur (la qualité des
signaux électriques extracellulaires mesurés dépend d’interactions rapprochées entre les
cellules et I'électrode). Les résultats montrent que la viabilité des cellules béta et des « ilots »
dissociés (plus petits amas de cellules béta obtenus par dissociation enzymatique partielle des
flots pancréatiques originaux) était préservé apres application du champ électrique optimisé,
généré au sein du dispositif MEA pour guider les cellules vers les micro-électrodes ciblées. Ceci
a été confirmé par microscopie (la morphologie des cellules vivantes était préservée a
proximité des micro-électrodes), et en mesurant I'activité électrique extracellulaire de cellules
béta de souris en réponse a une augmentation de la concentration de glucose.
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De plus, le potentiel de membrane extracellulaire a montré une altération lors de I'addition de
composés (glibenclamide et adrénaline) qui peuvent provoquer I'ouverture ou la fermeture de
canaux ioniques spécifiques et par conséquent changer l'intensité du potentiel de membrane

généré.
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