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Preface

Scientific research and engineering in the area of switchable electrodes and
complex electrochemical systems, aiming at developing adaptable devices con-
trolled by external signals, have been rapidly progressing in the past two decades,
greatly contributing to biomedical and technological advances, thus producing
numerous applications. Additionally, this research is absorbing novel achieve-
ments and discoveries in materials science, nanotechnology, unconventional
computing, and many other science and technology areas. This book overviews
the multidisciplinary field of adaptable signal-controlled electrochemical sys-
tems and processes highlighting their key aspects and future perspectives. The
different topics addressed in this book will be of high interest to the interdiscipli-
nary community active in the areas of electroanalytical and bioelectroanalytical
chemistry, biosensors, biofuel cells, signal-processing systems, electrical engi-
neering, etc. It is hoped that the collection of different chapters compiled in this
book will be important and beneficial for researchers and students working in
various areas of science and engineering. Furthermore, the book is aimed at
attracting young scientists and introducing them to the field, while providing
newcomers with an enormous collection of literature references and carefully
prepared illustrations. I, indeed, hope that the book will spark the imagination of
scientists to further develop the topic.

The book summarizes research efforts of many groups from different universi-
ties and countries. A significant amount of the discussed material (but obviously
not all of it) has originated from the studies to which I have personally contributed.
I am very grateful to all scientists, researchers, and students who have participated
in this research and have made the achieved results possible. Also, I would like to
thank the whole editorial team of Wiley-VCH for its highly professional, effective
and pleasant in communication work on the book, making very fast book prepara-
tion and publication possible.

It should be noted that the field of signal-controlled electrochemical systems
relates in some extent to the fascinating areas of unconventional computing and
implantable bioelectronics, which consideration is outside the scope of this
book. These complementary areas of molecular/biomolecular computing and
electronic engineering were covered in three other recent books published by
Wiley-VCH: [1-3].
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Preface

I would like to conclude this preface by thanking my wife Nina for her support
in every respect in the past 46 years. Without her help it would not have been
possible to complete this work.
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Introduction

Modified electrodes functionalized with various organic monolayers and thin
films attached to conducting surfaces have found numerous applications in elec-
trocatalysis, sensors, and fuel cells [1-7]. Particularly, active research has been
directed to the applications of modified electrodes in different bioelectrochemical
systems [8, 9], including biosensors [10-13] and biofuel cells [14—17]. In the past
two decades, different modified electrodes functionalized with signal-responsive
molecules [18], polymers [19], or supra-molecular complexes [20] were developed
to facilitate the “switch-on-demand” electrochemical properties of the electrode
surfaces. Their applications in switchable biosensors [21], fuel cells [22], and elec-
trochemical systems processing information [23] have been suggested. Various
physical or/and chemical signals as well as their combinations were used to switch
electrochemical properties of the modified interfaces between active and inactive
states for specific electrochemical, electrocatalytic, and bioelectrocatalytic reac-
tions. Light signals (irradiation of electrodes with visible or ultraviolet light) [24—
31], magnetic field applied at electrode surfaces loaded with magnetic nanoparticles
or magnetic nanowires [32—43], and electrical potentials producing chemical
changes at the electrode surfaces [44—48] were used to reversibly alternate electro-
chemical properties of the modified electrodes. Chemical [29, 49-51] or biochem-
ical [52] signals resulting in reversible changes of the interfacial properties were
also used to switch the electrode activity ON/OFF for specific electrochemical
transformations. Particularly, important progress has been achieved in switchable
bioelectronics, where signal-controlled electrodes have been used for adaptable
features of novel bioelectronic devices [53]. This book gives an overview of the dif-
ferent signal-responsive electrochemical interfaces and complex multicomponent
electrochemical systems, particularly emphasizing the importance of scaling-up
the complexity of the signal-processing systems.

References

1 Albery, W.J. and Hillman, A.J. (1981). Annu. Rep. Prog. Chem. Sect. C: Phys.
Chem. 78: 377-437.

2 Murray, R.W. (1984). Chemically modified electrodes. In: Electroanalytical
Chemistry, vol. 13 (ed. A.J. Bard), 191-368. New York: Marcel Dekker.

Signal-switchable Electrochemical Systems: Materials, Methods, and Applications, First Edition. Evgeny Katz.
© 2018 Wiley-VCH Verlag GmbH & Co. KGaA. Published 2018 by Wiley-VCH Verlag GmbH & Co. KGaA.
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2

Magneto-switchable Electrodes and Electrochemical
Systems

2.1 Introduction

This chapter overviews various electrochemical systems with switchable features
that can be controlled by external magnetic fields applied to magnetic micro/
nanospecies. The use of magnetic micro/nanospecies (e.g., nanoparticles, nanow-
ires, nanosheets) [1-6] has been particularly important for the development of
novel magneto-switchable electrodes with unique and unusual properties [7-13].
Applying a magnetic field to magnetic species with redox, electrocatalytic, or
bioelectrocatalytic properties and moving them around allowed their different
arrangements on electrode surfaces, thus changing their electrochemical
responses, switching them ON and OFF resulting in many interesting features,
Figure 2.1. While the exact description of the exemplified systems can be found
in original research papers, this richly illustrated chapter aims at providing con-
ceptual explanations to summarize the up to date developments in this field. The
Appendix organized at the end of the chapter addresses those readers specifically
interested in synthetic procedures used for preparation and characterization of
nanosized magnetic materials.

2.2 Lateral Translocation of Magnetic Micro/
nanospecies on Electrodes and Electrode Arrays

One of the earliest examples of the magneto-switchable bioelectrochemical
systems was based on lateral translocation of deoxyribonucleic acid (DNA)-
functionalized magnetic microspheres (super-paramagnetic polystyrene beads,
ca. 1 pm, with included Fe3O4 nanoparticles) along an electrode array composed
of two conducting areas (“left” and “right” electrodes), both with the applied
potential of oxidizing DNA molecules [14], Figure 2.2. The magnetic micro-
spheres chemically modified with DNA oligomers (GGC CGA CTC ACT GCG
CGTCTTCTGTCCCGCCTT TTT CG (1); note that the used oligomer is rich
with guanine bases) demonstrated chronopotentiometric responses correspond-
ing to the irreversible oxidation of guanine nucleobases in the DNA molecules.
When the DNA-magnetic species were collected at the “left” electrode by
positioning an external magnet below that electrode, they demonstrated the

Signal-switchable Electrochemical Systems: Materials, Methods, and Applications, First Edition. Evgeny Katz.
© 2018 Wiley-VCH Verlag GmbH & Co. KGaA. Published 2018 by Wiley-VCH Verlag GmbH & Co. KGaA.
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Figure 2.1 Magneto-controlled switchable bioelectrocatalytic process — a general concept.
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Figure 2.2 Reversible switching of the DNA oxidation upon magneto-induced lateral
translocation of the DNA-functionalized Fe;0, magnetic particles. Chronopotentiometric
responses of the “left” and “right” electrodes are shown in the presence and absence of the
particles. Amount of magnetic particles, 100 ug; DNA-oligomer (1) structure is shown (note
that the used oligonucleotide is rich with oxidizable guanine bases); pre-treatment potential,
+1.7V for 10s; stripping current, +5 pA (between 0.6 and 1.2V vs Ag/AgCl reference electrode).
Source: Wang and Kawde 2002 [14]. A fragment of this figure is adapted with permission from
Elsevier.

electrochemical response on the “left” electrode leaving the “right” electrode
mute and not responsive to the applied oxidative potential. Repositioning the
external magnet to the “right” electrode resulted in the switch of the electrochem-
ical response to that electrode due to translocation of the DNA-functionalized
magnetic species following the magnet. The process of switching the positioning
of the DNA molecules and their electrochemical responses between the “left” and
“right” electrodes was repeatedly cycled and reversible, thus demonstrating effec-
tive translocation of the DNA-functionalized magnetic species following the
changes in the magnet position. The switchable magneto-controlled DNA-based
electrochemical system was suggested by the authors [14] as a platform “for stim-
ulating charge transfer through DNA, and for other genoelectronic applications.”
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While the concept illustrated by this system is indeed very interesting, the
drawback of the system is the electrochemically irreversible and chemically
destructive oxidation of guanine bases in the DNA oligomer.

Another magneto-switchable system based on the lateral translocation of
redox-functionalized magnetic species included Fe;O4 microparticles (ca. 1 pm
average diameter) modified with quinone molecules [15]. The advantage of this
system, particularly when compared with the DNA oxidation described above, is
the reversible electrochemical process of the used quinone redox species. Two
different quinone molecules were used to study the magneto-switchable proper-
ties of the system. In the first example [15], biologically important pyrroloquino-
line quinone (PQQ) covalently bound to the magnetic particles through an
amino-silane shell was reversibly translocated between the “left” and “right”
electrodes by moving an external magnet similarly to the system described
above. The electrochemically reversible cyclic voltammogram responses were
obtained at the “left” and “right” electrodes depending on the magnet position.
Since the PQQ molecules are well known catalytic species for f-nicotinamide
adenine dinucleotide (NADH) oxidation [16], the primary electrochemical
response of PQQ was extended to the electrocatalytic NADH oxidation observed
on the “left” and “right” electrodes by moving the external magnet to the corre-
sponding positions below these electrodes [15]. The present example is particu-
larly important because it demonstrated the cascading electrocatalytic reaction
that was controlled by the positioning of the external magnet. In the second
example [15], amino-naphthoquinone (2) was covalently attached to the mag-
netic microparticles, Figure 2.3A. Electrochemical reduction of the immobilized
naphthoquinone in the presence of oxygen resulted in the electrocatalytic O,
reduction and formation of H,O,, which was coupled with the biocatalytic oxi-
dation of 3,3',5,5'-tetramethylbenzidine (3) to give the insoluble product (4),
Figure 2.3B. This process was biocatalyzed by horseradish peroxidase enzyme
(HRP, E.C. 1.11.1.7), which resulted in deposition of the insoluble product (4) on
the electrode surface. Importantly, the electro-biocatalytically produced precipi-
tate was deposited at the location of the magnetic particles controlled by the
magnet positioning, thus resulting in the magneto-controlled patterning of the
electrode surface, Figure 2.3C.

A similar process, but using luminol (5) as an oxidizable substrate for HRP,
resulted in biocatalytically induced luminescence controlled by the magnet
position [17]. In this study, the amino-naphthoquinone (2)-modified magnetic
microparticles (ca. 1 pum average diameter) were reversibly moved between con-
ducting and nonconducting domains by moving the external magnet, Figure 2.4A.
When the particles were concentrated on the conducting Au electrode, the
naphthoquinone molecules were electrochemically reduced, subsequently pro-
ducing H,O, in the electrocatalytic oxygen reduction process. The generated
H,0, activated HRP-biocatalyzed oxidation of luminol to the light-emitting
excited state of 3-aminophthalate (6), resulting in the luminescence process.
When the magnetic particles were relocated to the nonconducting glass domain,
the electrocatalytic process was stopped and the luminescence was not observed.
The electrocatalytic oxygen reduction in the presence of the quinone-
functionalized magnetic particles on the Au electrode surface was observed by
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Figure 2.3 (A) Modification of magnetic Fe30, microparticles (ca. 1 um diameter) with
naphthoquinone (2). (B) Magneto-controlled patterning of a Au electrode surface upon
formation of an insoluble product (4) of a biocatalytic reaction triggered by the
electrocatalytic formation of H,0, in the presence of naphthoquinone (2)-functionalized
magnetic particles. (C) Pattern produced on the Au electrode by the electrocatalytic process
using the naphthoquinone (2)-functionalized magnetic particles, 10mg, HRP, 1mgmL™", and
substrate (3), 3x 10~ M. Background electrolyte: 0.1 M tris-buffer, pH 7.5, was saturated with
air. The potential, —0.5V (vs SCE), was applied for 3 min on the electrode to produce the first
spot, then the potential was switched off, the magnetic particles were moved by the external
magnet, and the potential —0.5V was reapplied for 3 min to produce the second spot.
Source: Katz and Willner 2002 [15]. The figure is adapted with permission from Elsevier.
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Figure 2.4 (A) Magneto-controlled electrobiochemiluminescence. Note that the light
emission was observed only when the quinone-functionalized magnetic particles were
located on the electrode surface. (B) Cyclic voltammograms of: (a) the cystamine-modified Au
electrode under Ar (dashed line); (b) the naphthoquinone (2)-modified particles (10 mg)
magnetically attracted to the electrode surface under Ar (solid line); (c) the cystamine-
modified Au electrode under air in the absence of magnetic particles; and (d) the
naphthoquinone (2)-modified particles (10 mg) magnetically attracted to the electrode
surface under air. The vertical dash line shows the potential of —0.4V (vs SCE), which was
applied to induce the electrobioluminescence — compare electrocatalytic (curve d) and non-
catalytic (curve c) currents at this potential. All experiments were recorded in 0.1 M phosphate
buffer, pH 7.0, potential scan rate, 10mVs™". (C) Magneto-switchable electrocatalytic
generation of biochemiluminescence in a system consisting of the naphthoquinone (2)-
functionalized magnetic particles (10 mg), luminol (1 uM), and HRP (1 mgmL™"). Top curves:
chronoamperometric transients upon application of potential steps from 0.0 to —0.4V (vs SCE)
on the cystamine-modified Au electrode: (a) current transient measured when the
naphthoquinone (2)-functionalized particles are positioned on the Au electrode by the
external magnet; (b) current transient measured when the particles are translocated to the
nonconductive glass support by the external magnet. Note that the short current pulse
observed in the absence of the quinone-modified particles corresponds mostly to the
capacitance current. Bottom curves: light (measured by the light detector as power) emitted
from the system upon the application of the respective chronoamperometric transients: (c, d)
in the presence and absence of the particles on the Au electrode, respectively. Note that the
light emission intensity correlates with the produced current. All measurements were
performed in 0.1 M phosphate buffer, pH 7.0, system equilibrated with air. (D) Structures of
luminol, 3-aminophthalate (excited state) and naphthoquinone (2)-functionalized magnetic
particles. Source: Sheeney-Haj Ichia et al. 2002 [17]. A fragment of this figure is adapted with
permission from Royal Society of Chemistry.

cyclic voltammetry, Figure 2.4B, curve d. The non-catalyzed oxygen reduction
with a smaller cathodic current was obtained when the magnetic particles were
relocated to the nonconducting glass domain, Figure 2.4B, curve c. The light
emission resulting from the bioelectrocatalytic process followed the current
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transients observed by chronoamperometry, Figure 2.4C. Figure 2.4D shows the
structures of the reacting species. Note that the potential applied on the Au elec-
trode (left conducting domain), -0.4V (vs saturated calomel electrode (SCE)),
was sufficient for the electrocatalytic process in the presence of the quinone-
modified magnetic particles, but not enough for non-catalytic oxygen reduction
in their absence, thus inhibiting the light emission in the absence of magnetic
particles on the electrode surface. The present example illustrated another com-
plex electro-biocatalytic process effectively switched ON and OFF by the exter-
nal magnetic field.

Lateral translocation of magnetic species coupled with electrocatalytic pro-
cesses and controlled by positioning of the external magnet was recently extended
to the use of novel magnetic nanospecies — iron-rich graphene sheets [18]. After
discovering graphene, a one-layer thick, two-dimensional material with an sp*-
bonded carbon network arranged in a honeycomb lattice [19], various derivative
materials have been synthesized, including metal-doped graphene hybrid materi-
als with different properties depending on the used metal dopants [20]. An iron-
doped thermally reduced graphene oxide (Fe-TRGO) was prepared and was used
to trigger and enhance electrochemical reactions on electrodes with the switcha-
ble positioning of Fe-TRGO controlled by the external magnetic field [18],
Figure 2.5. Using its magnetic properties, the composite Fe-TRGO nanomaterial
was reversibly translocated by moving an external magnet between two positions:
one located below a screen-printed electrode (SPE) and the other away from the
conducting surface, Figure 2.5A. When Fe-TRGO was positioned on the conduct-
ing surface of SPE, it electrocatalyzed the oxidation of ascorbic acid, AA (7), to
yield dehydroascorbic acid, DAA (8), thus demonstrating decreasing overpoten-
tial in the formation of the anodic current in the cyclic voltammogram, Figure 2.5B,
as compared with the noncatalyzed process in the absence of Fe-TRGO on the
electrode surface, Figure 2.5C. The anodic current corresponding to the AA oxi-
dation was also increased due to the increase of the conducting surface in the
presence of Fe-TRGO nanomaterial on the SPE surface. The changes of the peak
current, Figure 2.5D, and peak potential, Figure 2.5E, in the cyclic voltammo-
grams were reversible upon moving Fe-TRGO to and from the electrode surface
by applying an external magnetic field. This system is particularly interesting and
potentially useful for future applications since Fe-TRGO combines two properties
in one composite material: magneto-sensitivity to allow its translocation by an
external magnetic field and electrocatalytic properties to enhance electrochemi-
cal processes when Fe-TRGO locates on the electrode surface.

In the examples discussed, magnetic nanospecies were modified with some
additional components to have electrocatalytic properties (e.g., quinone
molecules chemically attached to magnetic particles or Fe-dopant included in
Fe-TRGO hybrid material). However, Ni particles demonstrating magnetic and
electrocatalytic features can be used for magneto-switchable electrocatalysis
without any additional modification, thus eliminating the need for their func-
tionalization with catalytic entities [21]. The magneto-induced lateral transloca-
tion of Ni particles (Ni metal powder 325mesh) between “left” and “right”
electrodes allowed electrocatalytic oxidation of alcohols, sugars, and amino acids
on-demand at any of the used electrodes. This represented the first example of
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Figure 2.5 (A) Reversible activation and deactivation of electrocatalytic processes on a
screen-printed electrode (SPE) upon magneto-induced lateral translocation of iron-doped
thermally reduced graphene oxide (Fe-TRGO). Ascorbic acid (AA, 7) is electrocatalytically
oxidized to dehydroascorbic acid (DAA, 8) when Fe-TRGO is located on the SPE surface (left)
and non-catalytically oxidized when Fe-TRGO is removed from the electrode surface (right).
(B) Cyclic voltammogram corresponding to the AA electrocatalytic oxidation in the presence
of Fe-TRGO. (C) Cyclic voltammogram corresponding to the AA non-catalytic oxidation in the
absence of Fe-TRGO (note smaller current and more positive anodic peak comparing with the
cyclic voltammogram show in B). Potential scan rate, 100mVs™'. The potentials are shown vs
Ag/AgCl reference electrode. (D) Reversible variation of the peak current upon activation (ON)
and deactivation (OFF) of the electrocatalytic process. (C) Reversible variation of the peak
potential upon activation (ON) and deactivation (OFF) of the electrocatalytic process.

Source: Lim et al. 2014 [18]. A fragment of this figure is adapted with permission from Royal
Society of Chemistry.

the concept of magneto-switchable electrochemistry where the magnetic and
catalytic properties are combined in the same material.

2.3 Vertical Translocation of Magnetic Micro/
Nanospecies to and from Electrode Surfaces

Magnetic particles (Fe;Oy, saturated magnetization ca. 65emug ', ca. 1 um aver-
age diameter) functionalized with chemically attached redox species were revers-
ibly moved by an external magnetic field from the solution to the electrode
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interface and back to the solution by placing an external magnet (NdFeB/Zn-
coated magnet with a remanent magnetization of 10.8kG) below and above the
electrode, respectively, Figure 2.6A. While being suspended in the solution, the
redox-functionalized magnetic particles were unable to interact directly with
the electrode surface, thus demonstrating no electrochemical response. Upon
magneto-induced translocation to the electrode surface they were associated
with the conducting support and demonstrated their redox activity. Electron
transfer properties of redox-functionalized magnetic particles deposited on the
electrode surface were characterized by cyclic voltammetry. For example, Fe30,
magnetic particles were silanized with [3-(2-aminoethyl)aminopropyl]trimeth-
oxysilane to yield amino groups that were used for covalent immobilization of
PQQ (9), via carbodiimide coupling procedure [9]. Magneto-induced transloca-
tion of the PQQ-modified particles to the electrode surface allowed their direct
contacting with the electrode resulting in the reversible electrochemical process
with the potential £°=-0.16 V (vs SCE, pH 8.0), Figure 2.6B, curve a. Variation
of the potential scan rate upon cyclic voltammetry measurements resulted in
the linear increase of the peak current, I,, Figure 2.6C, inset, thus demonstrating
features typical for the surface-confined redox species [22]. The peak-to-peak
separation, AE,, in the cyclic voltammograms measured with different potential
scan rates, v, Figure 2.6C, followed the function expected from Laviron's theory
[23, 24] and resulted in the electron transfer rate constant, k., of ca. 2s7! [9].
When the PQQ-modified magnetic particles were lifted up to the solution,
Figure 2.6A, the cyclic voltammogram showed only small response from a minor
fraction of the particles stuck on the surface, Figure 2.6B, curve b, thus demon-
strating that the majority of the particles can be disconnected from the electrode
surface by repositioning the external magnet above the electrode surface.
Overall, the redox potential of the PQQ molecules bound to the magnetic parti-
cles and the electron transfer kinetics for the species resting on the electrode
surface were similar to those found for the monolayer-immobilized PQQ [25],
thus demonstrating no problems for the interfacial electron transfer and charge
propagation through the redox-pool around the particles.

The experiments were extended to other redox molecules covalently bound to
Fe30, particles for demonstrating the reversible activation and inhibition of
their electrochemical reactions upon switching the external magnetic field by
repositioning of the magnet below and above the electrode surface, respectively,
[13, 26] Figure 2.7. Two examples of redox molecules with different redox poten-
tials and different numbers of electrons involved in the oxidation/reduction
processes have been selected. Amino-naphthoquinone (2) (E°=-0.39V vs SCE
at pH =7.0 demonstrating 2e”/2H" redox process typical for quinones in aque-
ous solutions [27]), Figure 2.7A, and a ferrocene derivative (10) (E°=0.32V vs
SCE, demonstrating pH-independent le” redox process typical for ferrocene
derivatives [28]), Figure 2.7B, have been covalently attached to the magnetic
particles and moved up and down in the electrochemical cell by repositioning
an external magnet. The electrochemical responses of the redox-functionalized
magnetic particles (measured as differential pulse voltammograms, DPVs),
Figure 2.7C,D, were very small when the particles were suspended in the solu-
tion being away from the electrode surface. The observed small peaks in the
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Figure 2.6 (A) Reversible activation/inhibition of the electrochemical reaction of PQQ (9)
covalently bound to Fe;04 microparticles (ca. 1 um diameter) upon their vertical translocation
up and down with help of an external magnet. Note that the PQQ-modified magnetic
particles are disconnected from the electrode surface in the up-position of the magnet, while
their translocation down results in their deposition on the electrode surface. (B) Cyclic
voltammograms corresponding to the electrode surface with the magnetically attracted
PQQ-modified particles (a) and to the electrode surface after their magneto-induced removal
(b); the small wave observed in the latter cyclic voltammogram (b) is due to the incomplete
removal of the particles. The data were obtained in Tris buffer (0.1 M, pH8.0) in the presence of
CaCl, (10 mM) under argon. Potential scan rate, 100mVs™'. The potentials are shown vs SCE.
(C) Dependence of the peak-to-peak separation, AE,, on the potential scan rate, v, observed in
the cyclic voltammograms of PQQ-functionalized magnetic particles attracted to the Au
electrode. Inset: dependence of the peak current, I, on the potential scan rate. Source: Katz

et al. 2002 [9]. A fragment of this figure is adapted with permission from John Wiley and Sons.

DPVs, Figure 2.7C,D, curves b, originated from the incomplete removal of the
particles from the electrode surface. On the other hand, the attraction of the
particles to the electrode surface resulted in their direct electrical contact with
the electrode, thus facilitating the electron transfer processes and resulting in
much higher peaks in the DPVs, Figure 2.7C,D, curves a. The reversible translo-
cation of the particles between the surface-confined and solution-suspended
positions resulted in reversible changes of the peak currents, I, Figure 2.7C,D,
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Figure 2.7 Reversible activation/inhibition of electrochemical reactions of the redox species covalently bound to Fe;0, microparticles (ca. T um
diameter) upon their vertical translocation with help of an external magnet: translocation to and from the electrode surface is shown for
naphthoquinone (2)-modified particles (A) and ferrocene (10)-modified particles (B) in the left and right schemes, respectively. (C) Differential
pulse voltammograms (DPVs) recorded for the naphthoquinone (2)-modified particles magnetically attracted to the electrode surface (curve a)
and removed from it (curve b). (D) DPVs recorded for the ferrocene (10)-modified particles magnetically attracted to the electrode surface (curve
a) and removed from it (curve b). Potential scan rate, 20mV's™'. The potentials are shown vs SCE. Insets show reversible variation of the peak
current upon stepwise attraction of the particles to (a) and removal from (b) the electrode surface. Source: Katz et al. 2002 [9]. A fragment of this
figure is adapted with permission from John Wiley and Sons.
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insets. The obtained results successfully demonstrated that the reversible
switching of the electrochemical reactions can be realized with very different
redox species bound to Fe3O, particles.

In addition to the magneto-induced reversible activation—inactivation of the
redox reactions for the species chemically attached to the particles, magnetic
particles were proven to be valuable for triggering electrocatalytic and bioelec-
trocatalytic cascades mediated by the redox species [13], Figure 2.8. In order to
exemplify the electrocatalytic reactions switchable by the external magnetic
field, the magnetic particles have been covalently functionalized with PQQ
[13], which is a well-known electrocatalyst for NADH oxidation [16] and then
the PQQ-modified magnetic particles were moved up and down with the
external magnetic field to switch OFF and ON the electrocatalytic NADH oxi-
dation, respectively, Figure 2.8A. (Note similar experiments with the PQQ-
modified magnetic particles laterally translocated with an external magnet
between “left” and “right” electrodes [15].) The cyclic voltammograms
observed for different positioning of the particles demonstrated the mute elec-
trochemical response and effective electrocatalytic wave when the particles
were solution-suspended and surface-confined, respectively, Figure 2.8C. The
reversible activation of the NADH electrocatalytic oxidation was achieved
upon stepwise application of the external magnetic field below and above the
electrode, Figure 2.8C, inset. Another example included the bioelectrocatalytic
oxidation of glucose in the presence of glucose oxidase (GOx; E.C. 1.1.3.4)
mediated by a ferrocene derivative (10) bound to the magnetic particles [13,
26], Figure 2.8B. Since GOx cannot communicate directly with an electrode
surface [29], a mediating process in the presence of the ferrocene derivative is
needed to activate the bioelectrocatalytic reaction [30]. In the present exam-
ple, the bioelectrocatalytic reaction was followed by cyclic voltammetry and it
was activated only when the ferrocene-modified magnetic particles were asso-
ciated with the electrode surface, being attracted by the magnet located below
the electrode, Figure 2.8D, curve a. When the particles were suspended in the
solution, the ferrocene mediator was not able to transport electrons from GOx
to the electrode surface, thus demonstrating the inhibited process, Figure 2.8D,
curve b. The reversible activation/inhibition of the bioelectrocatalytic process
was observed upon stepwise translocation of the particles between the surface-
confined and solution-suspended position by applying the external magnetic
field below and above the electrode, respectively, Figure 2.8D, inset. While the
present example demonstrated the oxidative bioelectrocatalytic pathway con-
trolled by the external magnetic field, another system was designed to exem-
plify the reductive bioelectrocatalysis switchable by a magnetic field [9, 13, 26].
In that system a viologen derivative (N-methyl-N’-(dodecanoic acid)-4,4'-
bipyridinium, E°=-0.56V vs SCE [31]) was bound covalently to the Fe;O,
magnetic particles and was used to mediate reduction of NO3™ biocatalyzed by
nitrate reductase (E.C. 1.6.6.2), thus performing the reductive bioelectrocata-
lytic pathway. Similarly to the previous system, the process was switched by
repositioning the external magnet to bring the particles to the electrode surface and
resuspend them in the solution, thus switching ON and OFF of the process, respec-
tively [9, 26].
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Figure 2.8 Reversible activation/inhibition of electrocatalytic reactions mediated by the redox species covalently bound to Fe;0, microparticles
(ca. T um diameter) upon their vertical translocation with help of an external magnet: translocation to and from the electrode surface is shown
for PQQ-modified particles in the presence of NADH (A) and ferrocene-modified particles in the presence of GOx and glucose (B) in the left and
right schemes, respectively. (C) Cyclic voltammograms recorded for the PQQ-modified particles in the presence of NADH (50 mM) magnetically
attracted to the electrode surface (curve a) and removed from it (curve b). Potential scan rate, 10mV's™". (D) Cyclic voltammograms recorded for
the ferrocene-modified particles in the presence of GOx (1mgmL™") and glucose (10 mM) magnetically attracted to the electrode surface (curve
a) and removed from it (curve b). Potential scan rate, 5mVs™'. The potentials are shown vs SCE. Insets show reversible variation of the
electrocatalytic current upon stepwise attraction of the particles to (a) and removal from (b) the electrode surface. Source: Katz et al. 2002 [9].

A fragment of this figure is adapted with permission from John Wiley and Sons.



