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Andrew J. Gross, Michael Holzinger, Serge Cosnier

1 Buckypapers for bioelectrochemical
applications

1.1 Introduction to buckypapers for
bioelectrochemistry

Buckypapers are self-supporting nanostructured thin films of entangled carbon
nanotubes (CNTs), resembling an electronic paper, which are held together by π–π
stacking and interweaving interactions. In 1998, Richard Smalley’s group was the
first to report the formation of CNT sheets (coining the term “buckypaper”) as a
method for characterizing the production quality of CNTs [1]. CNT buckypapers and
their composites have excellent prospects for a wide range of applications from
aerospace materials [2] to sensors [3, 4] and fuel cells [5, 6], and are thus of interest
to a vast research and industrial community. Over the last 5–7 years, buckypaper
materials have emerged for the construction of implantable, wearable, and portable
bioelectronic devices owing to their properties including high conductivity and
porosity, flexibility, lightweight, biocompatibility, and the ability for electron trans-
fer with enzymes and microbes [7]. In addition to being used for enzymatic and
microbial biofuel cell construction [7–9], buckypapers are also being used for hybrid
supercapacitors [10], photoelectric biofuel cells [11], and other bioelectronic systems
including biosensors [4, 12], bioreactors [13], and biologic devices [14].

Buckypaper is an accepted term for CNT sheets, disordered or aligned, formed by
vacuum filtration of aqueous (e.g., in the presence of a nonionic surfactant such as
Triton X-100) and nonaqueous dispersions (e.g., in N, N-dimethylformamide, DMF) of
single-walled, double-walled, and multiwalled carbon nanotubes (SWCNTs, DWCNTs,
and MWCNTs) [1, 6, 15]. Sonication, centrifugation, and additional filtration steps are
also commonly used to improve the quality and purity of the CNT dispersion prior to
filtration through a porousmembrane [6, 15]. Finally, free-standing “lab-made” bucky-
paper sheets are obtained after washing, drying, and peeling from the underlying
membrane. “Commercial” buckypaper prepared by continuous manufacturing is a
popular type of buckypaper. The MWCNT buckypaper from Buckeye Composites
(a division of NanoTechLabs, USA) is the most widely reported commercialized bucky-
paper for bioelectrochemical applications [16–19]. In addition to vacuum filtration, lab-
made buckypaper can also be prepared by methods including domino-pushing [20],
CNT winding [21], and by using a lab-scale hand sheet former [22]. The most common
types of buckypapers used in bioelectrochemistry are illustrated in Fig. 1.1.

Andrew J. Gross, Michael Holzinger, Serge Cosnier, Department of Molecular Chemistry, Université
Grenoble Alpes, Grenoble, France
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Fabrication of buckypaper is conceptually straightforward, but factors such as
dispersion homogeneity, CNT type and chemical functionality, membrane porosity,
and the presence of additives in the dispersion all create differences with respect to
material reproducibility and functionality. Several studies have focused on tuning
the physical and mechanical properties of buckypaper such as porosity, Young’s
modulus, hardness, and electrical conductivity [15, 22–30]. For example, Shen et al.
investigated the length of CNTs and showed how this parameter strongly governed
the viscoelasticity and permeability of buckypaper [30]. Whitby et al. demonstrated
that the porosity of buckypaper could be tuned using different casting solvents [29].
Oh et al. revealed the crucial roles of CNT suspension concentration and filtration
velocity for self-assembled alignment of buckypaper to enhance the mechanical
properties [15]. In our recent electrochemical study, we compared the physical,
chemical, electrochemical, and bioelectrocatalytic properties of lab-made and com-
mercial buckypapers [16].

For bioelectrochemical applications, surfactant-free methods of producing
buckypaper are highly desirable owing to the undesirable impact of residual
surfactant on conductivity and biocompatibility risks such as cell lysis [6, 16, 29].
Buckypaper prepared from nonaqueous solvent DMF or alcohols without surfac-
tant has been reported with success, for example, owing to improved CNT-solvent
interactions and the possibility to dissolve a wide range of chemical modifiers [6,
22, 31–33]. However, the removal of nonaqueous solvents is crucial to minimize
enzyme denaturation, microbe deactivation, and material toxicity, in particular for
in vivo applications.

Porous 3D-nanostructured carbon structures based on CNTs [34], mesoporous
carbons [35, 36], and carbon black [37] have become privileged conducting supports
for bioelectrode design. Many of the best performing enzymatic bioelectrodes to date
have been fabricated using CNTs due to their high specific surface area and excep-
tional electronic and mechanical properties, for example, that allow effective direct
and mediated electron transfer with enzymes for bioelectrocatalysis [8, 34]. Porous
3D-nanostructured carbon electrodes are particularly attractive due to the high

40,000x VS

Lab madeCommercial

1 μm 40,000x 1 μm

Fig. 1.1: Illustration of fabrication procedures for commercial and lab-made buckypaper via mass
production and lab-scale vacuum filtration, respectively.
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surface/volume ratio, which increases the loading of catalyst per geometric area. The
size and curvature of pore and nanotube structures (e.g., nano-, micro-, and meso-
pores) and their surface chemistry play a crucial role on the bioelectrocatalytic
parameters of the electrode, such as mass transport, enzyme orientation and activity,
and electron transfer kinetics [16, 35, 38, 39].

An important aspect that is frequently overlooked in bioelectrode design is the
development of porous electrodes with practical physical properties for their target
application. For example, for wearable biofuel cell and biosensor applications,
“skin-like” electrodes that are soft, bendable, and even stretchable are required
[40, 41]. For implantation, compact and lightweight electrodes are required with
flexible geometries and superior stability and biocompatibility [7, 42]. Many bio-
electrodes, including 3D-nanostructured electrodes, are prepared via the simple
adsorption of nanocarbons (e.g., MgO-templated carbon [35], mesoporous nano-
particles [43], and Ketjen black [37]) onto robust but bulky and nonflexible glassy
carbon supports. The resulting thin films can also be fragile and prone to delami-
nation from the electrode. Bulk CNT “pellet” electrodes formed by compression in
the presence of enzyme emerged as a more practical solution to glassy carbon-
based electrodes for implantable biofuel cells; however, the pellet electrodes were
still quite cumbersome, fragile, and brittle [44, 45]. For wearable applications,
carbon electrodes based on printed CNT inks and pellets supported on a flexible
substrate have been developed [46, 47].

Buckypaper is an alternative form of 3D-nanostructured electrode, which is the
electrode itself (no support is required) and has attractive qualities for interfacing
biological and electrochemical systems for bioelectrochemical applications [7].
Compared to the existing CNT pellet bioelectrodes, for example, buckypapers offer
a higher density of CNTs per surface area and improved stability owing to their more
compact structure. A comparison of the quantity of enzymes used per electrode also
reveals that buckypapers are more economical than CNT pellet electrodes [6, 48].
Nevertheless, buckypapers do suffer from being brittle and fragile in several cases. In
addition, lab-made fabrication of buckypapers can also require the use of significant
amounts of organic solvent.

1.2 Biological fuel cell devices

One of the important applications of buckypaper is in the field of biofuel cells [7].
Buckypaper electrodes have been used in implanted bioelectronic devices since
2012. Notably, enzymatic biofuel cells based on commercial buckypaper have been
implanted in different animals and used for in vivo energy harvesting and device
powering via the organism [17, 49]. Biofuel cells are emerging power sources that
can generate clean electrical energy from chemical substrates present in various
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media such as biofluids and environmental waters using enzymes (enzymatic
biofuel cells) or microorganisms (microbial biofuel cells) as the catalysts [8].
Power is generated from bioelectrochemical reactions via the oxidation of fuels
such as hydrogen and sugars (at the anode) and the reduction of oxidants such as
oxygen (at the cathode). Biological fuel cells offer advantages compared to conven-
tional batteries and fuel cells including the use of renewable and nontoxic catalysts
and fuels. Enzymatic biofuel cells are considered as promising power sources for
low-power electronic devices for short periods (e.g., 3 months to 1 year), whereas
microbial biofuel cells are better suited for large-scale powering and industrial
applications over longer periods (e.g., years). A short discussion highlighting
some of the latest innovations in biofuel cell research, as well as some of the
hype, can be found in our recent opinion article [50].

1.2.1 Implantable enzymatic biofuel cells

Katz and coworkers were the first to report the use of buckypaper for the construc-
tion of enzymatic biofuel cells. In its pioneering research, the buckypaper-based
biofuel cells were implanted in snails [17], clams [51], rats [52], and lobsters [49] and
operated for durations ranging from a few hours to several weeks. The open-circuit
voltages (OCVs) and maximum power outputs of the biofuel cell devices ranged
from 0.14 to 0.54 V (up to 1.2 V for anode–cathode pairs connected in series) [49]
and ca. 0.5–160 μW, respectively. The implanted biofuel cells exploited commercial
MWCNT buckypaper (Buckeye Composites) modified with adsorbed pyrroloqui-
noline quinone-dependent glucose dehydrogenase (PQQ-GDH) at the anode for
glucose oxidation, and laccase from Trametes versicolor (TvLc) at the cathode for
oxygen reduction. The glucose/O2 biofuel implanted in the shell of the snail that
operates from the hemolymph is depicted in Fig. 1.2. Buckypaper proved to be an
effective choice due to its bioelectrocatalytic performance as well as its physical
properties such as submillimeter (typically 5–200 µm) thickness, flexibility, and
shapeability, which facilitated their insertion via small incisions into the organ-
isms (e.g., in lobsters) [49] or their conformal contact with internal muscle
tissues (e.g., in rats) [52].

In an early fascinating experiment, Katz and coworkers demonstrated that feed-
ing the snail, or allowing it to rest for up to 1 h, allowed the power output of the
biofuel cell to be restored via substrate diffusion and metabolism [17]. The stable
operation of the implanted biofuel cell over 2 weeks highlighted practical stability
and limited inhibition and fuel cell deactivation. Katz and coworkers later demon-
strated the connection of implanted biofuel cells in series and the possibility to
produce sufficient energy to turn an electric motor or an electronic watch [49, 51].
In another breakthrough, the connection of five buckypaper biofuel cells in series
generated an OCV of 2.8 V in human serum, highlighting the potential of buckypaper
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biofuel cells to meet the ca. 1.4 V requirement to power a range of low-power micro-
electronic devices without a voltage boost convertor [49].

1.2.2 Wearable enzymatic biofuel cells

Enzymatic buckypaper electrodes have great potential in the emerging field of
wearable biofuel cells owing to their attractive properties, depending on the fabrica-
tion methods used, such as their flexibility and skin-conformability under bending
[7, 53]. Compared to implantable biofuel cells that require surgical procedures,
wearable biofuel cells can be mounted on (i.e., noninvasive) or inserted in (i.e.,
minimally invasive) the body without the need for surgical intervention. Wearable
devices are therefore slightly easier to develop and more user friendly compared to
implantable devices. Skin-based wearable biofuel cells that exploit human sweat are
popular as sweat is easily accessible, can be produced in high quantities, and
contains attractive fuels such as lactate and glucose. For example, lactate is partic-
ularly attractive owing to its high concentrations of ca. 10–100mmol L−1 compared to
≤1 mmol L−1 for glucose [54, 55].

The first lactate-oxidizing buckypaper bioanode was developed by Atanassov and
coworkers. Commercial MWCNT buckypaper (Buckeye Composites) was modified with
methylene green as an electrocatalyst to regenerate dissolved NAD+ cofactor, chitosan
as a biocompatible stabilizing matrix, and adsorbed lactic dehydrogenase from
Lactobacillus leichmannii as the selective catalyst [56]. The bioanode was not tested
in a fuel cell setup but could potentially be exploited. However, the catalytic current of

e–

PQQ-GDH bioanode

TvLc biocathode

e–

Fig. 1.2: Cartoon of an implanted glucose/oxygen biofuel cell inserted via incision of two buckypaper
bioelectrodes in the snail’s shell.
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53.4 ± 5.1 μA cm−2 in buffer solution is low and the need to add the enzyme’s cofactor
are major limitations.

A practical lactate-oxidizing bioanode integrated into a hybrid photoelectric
biofuel cell was recently reported by Dong and coworkers. In this work, MWCNT
buckypaper (Buckeye Composites) was modified with Meldola blue, chitosan, and
lactate oxidase (LOx) from Pediococcus sp [11]. In addition to serving as a redox
mediator, the π–π stackedMeldola bluemolecules on the CNTs shifted the buckypaper
surface wettability from hydrophobic (<100°) to hydrophilic (<30°). The hydrophilicity
is attractive to promote enzyme adsorption, during modification, and contact with
electrolytic solution, during operation. The bioanode delivered high catalytic current
densities of ca. 2.1 mA cm−2 in buffer solution and was successfully integrated into a
wearable epidermic lactate/O2 biofuel cell capable of powering a bluetooth module
and transmitting data to a smartphone (Fig. 1.3).

Buckypaper bioelectrodes have also been developed for energy harvesting from tear
fluid to power “smart” electronic contact lenses for applications in human vision and
sensing [18]. It is envisioned that such biofuel cells could be used to power contact
lenses worn by type I diabetics for noninvasive glucose monitoring [57]. Minteer and
coworkers exploited commercial MWCNT buckypaper (Buckeye Composites) immo-
bilized on an elastomeric contact lens [18]. Buckypaper was used to benefit from its
high surface area, laser cuttability, durability, and mechanical properties such as
flexibility. For example, the authors reported that the buckypaper exhibited better
mechanical properties compared to other conductive papers such as Toray paper and
evaporated metal electrodes. The bioanode was constructed with NAD-dependent
lactate dehydrogenase from Escherichia coli modified with methylene green electro-
catalyst and a cross-linked polymeric hydrogel matrix to entrap the NAD+ cofactor

Fig. 1.3: Principle of a wearable hybrid biofuel cell with a polyterthiophene-coated indium tin oxide
photocathode and a lactate-oxidizing buckypaper bioanode.
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and enzyme on the electrode surface. The use of immobilized NAD+ is in principal
more practical than the classical approach that requires cofactor to be added to the
solution. A further advantage is that this strategy could be applied to a wide range of
NAD-dependent enzymes. In addition to lactate oxidation, electrocatalytic ascorbic
acid oxidation was also observed, although this had parasitic effects on the fuel cell.
Lisdat and coworkers also observed parasitic effects due to ascorbic acid oxidation at
buckypaper electrodes in human biofluids [19]. For the biofuel cell developed by
Minteer and coworkers, the lactate-oxidizing bioanode was combined with an
oxygen-reducing biocathode prepared via oriented adsorption of bilirubin oxidase
(MvBOx) on pyrenemethyl anthracene modified buckypaper. The biofuel cell deliv-
ered an OCV of 0.41 V and a small power output up to 8 μW cm−2 at 0.2 V in tear
solution with stability for several hours [18]. The low-power output and stability
revealed that there is plenty of room for improvement. Improved performance
could be achieved by removing the ascorbic acid interference, increasing the amount
and stability of the immobilized enzymes and cofactor, and by reducing biocatalyst
leaching.

The mechanical and chemical properties of buckypaper can also be improved for
wearable and implantable applications. The strength and Young’s modulus of bucky-
paper electrodes can be enhanced by incorporating functional polynorbornenes [58]
and molecular cross-linkers such as pyrene derivatives [22, 33]. The introduction of
polynorbornene copolymers, as illustrated in Fig. 1.4, revealed the possibility to
introduce multiple functionalities to the buckypaper, such as pyrene groups, for
cross-linking, and a reactive N-hydroxysuccinimide ester, for covalent tethering of
molecules for enzyme wiring or the enzymes themselves [58]. Alternatively, the
strength, properties, and hardness of buckypaper can be significantly enhanced by
aligning the CNTs in the buckypaper with a high packing density [15]. Lab-made
rather than commercial buckypapers may hold the key to improved buckypaper
biofuel cell performance, for example, due to (i) the ability to better tune the chemical
and physical properties of the bulk materials, (ii) their superior larger surface areas,
and (iii) their apparently improved enzyme wiring for bioelectrocatalysis [6, 16].

1.2.3 Portable enzymatic biofuel cells

Enzymatic glucose/O2 biofuel cells have been designed for powering of portable
electronics such as music players and toy cars [59]. A potentially exciting application
is the development of eco-friendly paper-based power sources. Atanassov and cow-
orkers initiated the development of MWCNT buckypaper-based paper biofuel cells
that delivered up to 1.8 V (3 biofuel cells in series) and power outputs up to 13.1 mW
under quasisteady flow [60, 61]. For example, a digital clock was powered using the
commercial soft drink, Gatorade, which was supplied via cellulose filter paper. In
addition to demonstrating the portable paper-based biofuel cell concept (using
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buckypaper fromBuckeye Composites), this work nicely demonstrated the possibility
to use commercially available liquids rather than biofluids or environmental matrices
to generate power. The need to add NAD+ cofactor for glucose oxidation at the NAD-
dependent glucose dehydrogenase anode is nevertheless a significant inconvenience
[60]. In later work by the authors, the same bioanode was combined with an air-
breathing MWCNT buckypaper/Toray paper composite modified with MvBOx as the
oxygen-reducing biocathode [61]. This paper biofuel cell also benefited from a super-
capacitive element that facilitated the production of mW power outputs, under pulse
operation, and 4,200 discharge/recharge cycles over a period of 3 days [61].

The elegant concept of using cellulose paper as a transport medium to induce
passive flow via wicking has also been explored for the construction of a paper-based
“enzyme cascade”-based biofuel cell. This novel type of biofuel devicewas developed
to improve bioanode performance by exploiting sequential catalytic reactions and
multiple fuels (Fig. 1.5). Multiple NAD(H)-dependent enzymes were used at the
MWCNT buckypaper (Buckeye Composites) anode for the multistep oxidation of
ethanol to acetate, and complete oxidation of methanol to CO2 [62].

Fig. 1.5: Schematic of a biofuel cell with a multiple NAD-dependent enzyme bioanode, for the cascade
oxidation of ethanol to acetic acid, coupled with an air-breathing BOx biocathode, for oxygen
reduction. The fuel ethanol is delivered to the cell via paper fluidics.
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The ability to use air-breathing cathodes is a major advantage for portable
biofuel cells compared to in vivo biofuel cells due to the possibility to enhance
oxygen delivery at the electrode interface. The testing and optimization of MWCNT
buckypaper-based air-breathing biocathodes with immobilized MvBOx has been
reported [63, 64]. In combination with air-breathing cathodes, the use of glucose-
oxidizing anodes that exploit the emerging enzyme, FAD-dependent GDH (FAD-
GDH), is considered to be one of the most practical biofuel cell setups currently
available. The use of FAD-GDH, which is oxygen insensitive (unlike glucose oxi-
dase, GOx) and can now be obtained commercially, has only very recently been
reported in combination with quinone-modified buckypapers and, promisingly,
gave high catalytic currents up to 1.97 mA cm−2 [65] and 5.4 mA cm−2 [6]. The
integration of an FAD-GDH-based buckypaper anode in biofuel cells was reported
but not yet in combination with an air-breathing cathode.

The integration of energy storage elements such as supercapacitors together with
biofuel cell stacks, assembled in series or parallel, is expected to become increasingly
important for the powering of portable miniaturized electronic devices [10]. Hou and
Liu reported a flexible lab-made buckypaper biofuel cell device connected in series
based on a FAD-GDH-modified anode and a laccase-modified cathode. In addition, a
supercapacitor was incorporated based on polyvinyl alcohol–H3PO4 and aMWCNTs–
polyaniline composite [10]. The self-charging device delivered a charging voltage of
0.8 V and a power density up to 326 μW cm−2 (a twofold increase in power compared
to the biofuel cell without the supercapacitor). The capacitance of the MWCNTs/
polyaniline electrode was observed to be 329 F g−1 at 10 mVs−1. For comparison, Tran
et al. reported a potentially better-performing supercapacitor based on the in situ
electropolymerization of polyaniline at buckypaper (397 Fg−1 at 10 mV s−1) [66].
Furthermore, Gross et al. observed clear performance differences with FAD-GDH-
based bioanodes with different mediators [6]. For example, it was demonstrated that
around a fivefold improvement in catalytic current density can be achieved by
changing from a naphthoquinone (NQ) to a phenanthroline quinone (PLQ) deriva-
tive. Nevertheless, the NQ buckypaper showed advantages such as a slightly lower
onset potential and the possibility to reach the catalytic current plateau at lower
potentials compared to the PLQ buckypaper. The buckypaper biofuel cell with a
powerful PLQ bioanode for glucose oxidation is illustrated in Fig. 1.6. Examples of
the bioelectrocatalytic cyclic voltammograms recorded during half-cell character-
ization are also shown in Fig. 1.6.

Enzymatic biofuel cells have also been explored as portable, low-temperature,
and sulfur-insensitive alternatives to solid oxide fuels cells that run on JP-8 jet
fuel, for example, for military applications. Minteer and coworkers exploited an
enzyme cascade of alkane monooxygenase and alcohol oxidase at an MWCNT
buckypaper (Buckeye Composites) anode for mediated bioelectrocatalytic oxida-
tion of hexane, octane, and jet fuel [67]. This study demonstrated the possibility
to exploit alkanes as fuels for biofuel cells for the first time, and, additionally,
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showed the possibility to produce power densities up to 3 mW cm−2 without
preprocessing of alkane-based fuels.

1.2.4 Microbial biofuel cells

Microbial biofuel cells that exploit electroactive microbes such as bacteria are an eco-
friendly technology for applications such as energy-generating wastewater treat-
ment, self-powered sensors, and large-scale electricity production from biomass
[68, 69]. Compared to enzymatic biofuel cells, microbial biofuels typically give
lower catalytic efficiencies but are better suited to large-scale energy generation
and therefore larger raw power output. Bioelectrodes based on bacteria are also
generally more durable under harsh and polluted conditions compared to enzymatic
electrodes. A typical microbial biofuel cell consists of an anode with acidophilic
bacteria on the electrode surface, for oxidation via metabolic processes, and a
cathode, typically Pt or activated carbon, for oxygen reduction. The anode and
cathode are classically placed in individual chambers and separated by an ion-
selective membrane.

In 2013, Santoro et al. reported for the first time the use of a microbe-based carbon
cloth anode together with an MWCNT buckypaper (Buckeye Composites)–carbon cloth
enzymatic air-breathing cathode in a compartmentless hybrid biofuel cell [9]. The
biofuel cell operated in bufferwith additional sodium acetate andwastewater solutions.
A key observation was that the biofuel cell exploiting the oxygen-reducing BOx modi-
fied cathode exhibited a ca. 200mV improvement in OCV compared to the biofuel cell
with a Pt cathode under equivalent conditions. A maximum power density of 2W m−2

(200 μW cm−2) was achieved in 125mL of buffer solution.
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Fig. 1.6: Cartoon of the buckypaper-based glucose/oxygen biofuel cell using FAD-GDH and an
artificial quinone mediator at the bioanode, and protoporphyrin IX-oriented BOx at the biocathode.
Right: cyclic voltammograms of bioelectrocatalysis at FAD-GDH bioanodes, with different mediators,
PLQ and NQ, and the BOx biocathode.
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A hybrid microbial biofuel cell was also developed and tested in both laboratory
and marine environments. The carbon felt microbial anode was prepared with silica-
encapsulated Shewanella oneidensis DSP-10 for lactate oxidation and an oxygen-
reducing MWCNT buckypaper (Buckeye Composites) cathode modified with either
laccase or BOx via 1-pyrenebutyric acid N-hydroxysuccinimide ester cross-linking
[70]. Unlike the previous report from Santoro et al., this hybrid biofuel cell used
individual anode and cathode compartments separated by a polycarbonate mem-
brane [9]. The biofuel cell, depicted in Fig. 1.7, was tested in seawater and delivered
0.7 V for 9 days and 0.95W m−3 (22.4 μW) using the best performing buckypaper
biocathode based on BOx. Toward real-world applications, the biofuel cell device was
also tested in a marine environment using a floating watercraft.

To improve power performance for portable wastewater applications, Santoro et al.
reported a “smart” supercapacitive microbial biofuel cell [71]. The fuel cell was
designed with an air-breathing MWCNT buckypaper (Buckeye Composites) cathode
modified with BOx, and an activated carbon/carbon black microbial anode with a
mixed cultures bacteria. In addition, a carbon brush supercapacitor electrode was
short-circuited to the microbial anode. The supercapacitive fuel cell delivered up to
19mW (84.4W m−2, 152W m−3) at pulse currents as high as 45mA, which is one of the
highest power values reported for amicrobial fuel cell. The authors highlighted that the
integrated capacitor exhibited shorter recharging times (seconds to minutes) compared
to the use of external supercapacitors (hours). Having shorter recharge times is attrac-
tive due to the possibility to increase the power output frequency. A further advantage
is that the supercapacitor size can be modulated to decouple energy and power
depending on the target application.

Fig. 1.7: Representation of a hybridmicrobial biofuel cell for harvesting energy from sea water with an
enzymatic cathode and a microbial bioanode in individual compartments.
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Buckypaper has also been explored as a high surface area conductive support for
the preparation of microbial anodes in biofuel cells [72, 73]. Kerzenmacher and cow-
orkers reported a comparison of bioanodes modified with Shewanella oneidensis MR-1
and prepared using different carbonmaterials, namely, activated carbon felt and cloths,
graphite felt and foil, Toray paper, and lab-made MWCNT buckypaper. The high surface
area activated carbon cloth with a Brunauer–Emmett–Teller (BET) specific area of ca.
800m2 g−1 outperformed the other carbon materials in terms of catalysis per geometric
area and also OCP due to factors such as improved mass transport, electron transfer
(e.g., mediated electron transfer via self-secreted flavins), and bacterial migration into
the porous structure (e.g., enhanced catalyst loading). Nevertheless, the buckypaper
exhibited the largest catalytic current in terms of the volumetric density. Volumetric
density is arguably a more accurate representation of current density due to the 3D
nature of the electrodes. Lower ohmic losses were also observed using buckypaper,
attributed to the enhanced conductivity of CNTs. The lab-made MWCNT buckypaper
reported in this work had a BET surface area of 70m2 g−1, which compares to values of
ca. 30 and 260m2 g−1 reported recently by us for commercial (Buckeye Composites) and
lab-made MWCNT buckypaper electrodes [16]. In a 2018 study, Kerzenmacher and cow-
orkers reported a systematic comparison of bioanodes with the prominent model organ-
ism, Geobacter sulfurreducens [73]. Similar catalytic current densities were observed at
different carbon- and metal-based anodes, which included lab-made MWCNT bucky-
paper. The highest limiting current density of up to 756 μA cm−2 was observed with
graphite foil, which compares to the 613 μA cm−2 observed when buckypaper was used.
In terms of the time until the limiting current is reached, buckypaper anodes took ca.
319 h, whereas graphite foil took ca. 1,134 h (including the one week initial growth
phase) using step-wise galvanostatic characterization.

1.3 Biosensors

Biosensors that employ glucose-oxidizing enzyme electrodes are devices that have
already shown success in the form of electrochemical glucose biosensors for diabetes
management [74]. Enzymes are attractive for biosensing owing to their exceptional
substrate selectivity, high specific activity per active site, and inherent biocompati-
bility. The development of implantable and wearable biosensors offers the ability to
continuously monitor physiological analytes with minimal patient intervention and
to provide real-time health information [75, 76]. Future wearable biosensors will be
noninvasive or minimally invasive devices and therefore (i) avoid the need for
surgery and (ii) reduce complications associated with biocompatibility. The realiza-
tion of wearable sensors is therefore more tangible than implantables. To date,
wearable sensors have been almost exclusively developed for monitoring physical
physiological parameters such as skin temperature, heart rate, and pressure [75]. For
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the development of wearable electrochemical sensors, electrode materials are
required that are soft, flexible, and stretchable (e.g., mechanical properties similar
to human skin), as well as being lightweight and having large surface areas.
Buckypapers and their composites can offer these types of properties.

Minteer and coworkers developed a self-powered amperometric lactate biosen-
sor based on lactate oxidase from Pediococcus sp cross-linked onto a MWCNT
buckypaper modified with a Fc-based polyethylenimine polymer hydrogel [4].
The authors reported that the flexibility of buckypaper and its ability to adhere to
nonplanar surfaces during repeated bending was attractive for the envisaged
lactate skin patch and contact lens sensors. The amperometric lactate biosensor
based on mediated electron transfer exhibited a detection limit of 1 μmol L−1, a
calibration range up to 40 mmol L−1, and storage stability up to 21 days. In addition,
the biosensor was stable in the presence of ascorbate, a common interference
present in biofluids.

Ahmadalinezhad et al. developed a buckypaper-based biosensor platform using a
gold-coated titanium substrate as a mechanical support [77]. Buckypaper was electro-
chemically functionalized with carboxylic acid groups then modified by adsorption of
GOx fromAspergillus niger, horseradish peroxidase (HRP), and chitosan to complete the
sensor. Amperometric glucose detection was indirectly monitored at 0.1 V versus
AgAgCl based on the reduction of H2O2 producedby the enzymatic oxidation of glucose.
The mediatorless glucose biosensor demonstrated high selectivity in the presence of
common interferents (ascorbic acid, uric acid, and acetamidophenol), a dynamic range
of 0.01–9mmol L−1, sensitivity of 20 μA mmol L−1 cm−2, and a long lifetime of over 80
days. The excellent stability was attributed to the physical and chemical properties of
the buckypaper combined with the use of chitosan for enzyme stabilization.

Chatterjee and Chen subsequently reported a buckypaper-based biosensor for
the determination of H2O2 in urine for monitoring of oxidative stress in vivo [12]. The
same buckypaper-titanium substrate was used as reported previously [77], followed
by electrochemical surface oxidation, and immobilization of HRP, chitosan, and the
mediator methylene blue. A low detection limit of 7.5 × 10−8 M, a dynamic range of
0.1–500 μmol, and a sensitivity of 54 μAmmol L−1 cm−2 were reported. Spike recovery
analysis revealed recoveries of 95–105% in human urine, demonstrating the validity
of the method as an in vivo biosensor.

Decoration of CNT buckypapers with nanoparticles can be used to improve con-
ductivity [78], mechanical [79] and catalytic performance [80, 81], and enzymewiring via
electronic bridging or electron mediation [82, 83]. Papa et al. developed a glucose
biosensor based on lab-made acid-treated SWCNT and MWCNT buckypapers prepared
in the presence of citrate-capped gold nanoparticles [84]. A schematic showing the
construction of the sensor mechanism is shown in Fig. 1.8. GOx enzyme, HRP, and
chitosan were subsequently cast onto the buckypaper to generate the bioelectrode. The
SWCNT BP with embedded gold nanoparticles exhibited the best performance with a
dynamic range of 0.02–7mmol L−1, sensitivity of 21.5 μA mmol L−1 cm−2, and no
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significant response from physiological interferents (ascorbic acid and uric acid). More
recently, the same authors expanded the development of the gold nanoparticle-modified
SWCNT and MWCNT buckypapers for the electrochemical detection of biologically
important molecules such as tryptophan, L-carnitine, tyrosine, and myoglobin with a
1,000-fold increase in the signal in buffer compared with classical glassy carbon elec-
trode sensors [85, 86]. For themyoglobin sensor, methylene blue was integrated into the
buckypaper to facilitate electron transfer between the electrode and the protein’s active
site. The reported patent covers methods for the construction of functionalized bucky-
paper biosensors as an alternative to the use of screen-printed and glassy carbon-based
electrodes [86]. It is noted that the specificity of the GOx-gold nanoparticle-based bio-
sensors in the presence of interferences was not demonstrated.

As an alternative to enzyme-based biosensing, the work of Desai et al. demon-
strates the successful application of a lab-made MWCNT buckypaper as an electrical
nanosensor on a printable circuit. The nonenzymatic bioelectrode sensor was con-
structed by immobilization of single stranded DNA and used to monitor DNA hybrid-
ization of pathogen DNAs based on device resistance changes resulting from the
wrapping and unwrapping of DNA [87, 88].

1.4 Biosynthesis

An exciting and largely unexplored application of buckypaper electrodes is in the
field of electroenzymatic synthesis. Enzymes offer attractions compared to chemical
catalysts such as high selectivity and reaction rates under eco-friendly conditions,
and are therefore recognized as powerful catalysts in industrial biotechnology, for
example, for the generation of pharmaceuticals and fine chemicals including enan-
tiomerically pure compounds [89]. Etienne and coworkers have made progress on an

Fig. 1.8: A scheme showing the fabrication of a buckypaper-based biosensor for the indirect
detection of glucose. The electrochemical signal is generated by the electrocatalytic reduction
of H2O2, produced by GOx after oxidation of glucose via HRP.
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electroenzymatic “reactor” concept, for example, for the regioselective conversion of
D-sorbitol into D-fructose at an appreciable rate [90]. An activated carbon/MWCNT
bioanode was modified with polymethylene green and NAD-dependent D-sorbitol
dehydrogenase (DSDH) for catalytic sorbitol and NADH oxidation. The substrate and
NAD+ cofactor were flowed continuously into the reactor during operation. More
recently, Etienne and coworkers developed a new catalytic bioelectrode design based
on buckypaper for electroenzymatic synthesis [13]. Lab-made MWCNT buckypaper
was elegantly modified with an Rh complex catalyst via diazonium surface chemistry
and used for efficient NADH regeneration during sorbitol synthesis via the enzyme
DSDH (Fig. 1.9). The work constitutes significant advances in terms of reusability,
good catalytic activity for NADH regeneration (turnover frequency of 1.3 s−1), and
efficient conversion over several days (conversion rate of 87% after 95 h).

1.5 Biologic

Buckypaper bioelectrodes also offer interesting possibilities in which their biocatalytic
reactions may be used for biocomputing, for example, for novel multisignal sensor
applications. The reviewof Katz and Privman serves as an excellent introduction to this
topic [91]. Strack et al. demonstrated for the first time that buckypaper bioelectrodes

Fig. 1.9: A schematic representation of the bioelectrocatalytic synthesis of sorbitol from fructose
using an Rh complex for the regeneration of NAD and the enzyme catalyst, sorbitol dehydrogenase
(DSDH).
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could be used for sustained built-in information processing [14]. A direct electron
transfer biocathode configuration was used in which a laccase-based MWCNT bucky-
paper (Buckeye Composites) responded directly to dissolved oxygen, as a continuous
input signal, and could generate an amperometric response, as the output signal.
Nitrogen and oxygen were pumped into a flow system to give stable and reproducible
current signals at an applied potential of 0.4 V over more than 100 cycles and a 20 day
period. The current output with nitrogen served as “on” or “1” and with oxygen served
as “off” or “0”. The device was used to generate a binary-based code sequence (ASCII
12-bit Code 39) that could be read by a conventional barcode scanner. This proof-of-
concept study ultimately demonstrated the prospect of using biocatalytic buckypapers
for responding to incoming signals, processing them, and relaying them ex vivo. The
use of signals from substrates present in biological fluids such as sugars and oxygen
would open up the prospects for in vivo data processing.

1.6 Conclusion

Buckypaper materials based on CNTs have witnessed great success for the construc-
tion of bioelectrodes based on enzymes andmicrobes owing to a unique combination
of properties such as their high conductivity, mechanical strength and flexibility,
lightweight, and their porous high surface area structures. Both lab-made and
commercial buckypapers have proved to be practical supporting frameworks for
enzymes and catalytic components including nanoparticles and nonmetal catalysts,
as well as functional building blocks including polymers and cross-linking mole-
cules. A wide range of functional catalytic biointerfaces have been reported over the
last 5–7 years for applications including bioenergy conversion and storage (enzy-
matic and microbial biofuel cells, hybrid biofuel-capacitor systems, and photoelec-
tric biofuel cells), chemical and biochemical detection (enzymatic and nonenzymatic
biosensors), and information-processing devices (biologic systems). The greatest
achievement of buckypaper to date has been its use in actual implanted biofuel
cells for energy harvesting from organisms such as snails and lobsters; no other
electrode can boast as much success in the field of biological fuel cells. There is still a
huge amount of work to be done to improve the performance of implantable and
wearable biofuel cells, and we note in particular the importance of evaluating the
stability, biocompatibility, and toxicity of buckypaper bioelectrodes in future stud-
ies. Until now, themajority of reported buckypaper bioelectrodes have been prepared
using commercial buckypaper from Buckeye Composites, and this type of readily
available buckypaper has proved to be an excellent electrode platform. We never-
theless envisage a bright future for lab-made buckypaper electrodes that can be
prepared using relatively straightforward procedures in the laboratory, and which
permit a higher level of control over the physical, chemical, and catalytic properties
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of the electrode. We also recognize that a wide variety of parameters affect the
performance of lab-made buckypaper and thus we take this opportunity to empha-
size the importance of providing accurate details with respect to the fabrication
methods and materials used for buckypaper preparation. With all of this in mind,
there should be little doubt that buckypaper will continue to play an important role
not only for the construction of future bioelectronic devices but also for other
applications in the fields of electrochemistry, energy, and materials science.
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Alan Le Goff, Fabien Giroud

2 Molecular electrocatalysts for carbon-based
biofuels, H2 and O2 activation: an alternative
to precious metals and enzymes in fuel cells

2.1 Introduction

In future, power production will be based on solar panels for both the production of
electricity and green production of renewable fuels. This systemwill be coupled to fuel
cells in order to produce electrical power from renewable fuels. This type of strategy is
aimed at being independent from fossil fuels or nuclear energy. Fuel cells are com-
posed of two electrodes: the anode achieves the oxidation of the fuel and the cathode
achieves the reduction of the oxidant, mostly oxygen, or hydrogen peroxide in some
cases. The majority of conventional fuel cells rely on precious metal or metal alloys in
order to perform long-term electrocatalytic oxidation of the fuel or reduction of the
oxidant. A promising alternative has been the use of enzymes within enzymatic fuel
cells (EFCs). In EFCs, purified redox enzymes, instead of metal catalysts, achieve the
electrocatalytic reactions. EFCs are particularly attractive since enzymes are catalysts
with high substrate specificity, high catalytic turnover frequency, and low overpoten-
tials at low temperature. Furthermore, these biomacromolecules are constituted of
organic amino acids and cofactors and/or base metal active sites. However, enzymes
are complicated catalysts to handle and purify, are unstable over long periods of time,
and can be considered as big catalysts when compared to metal atoms. This is the
reasonwhymolecular chemists and electrochemists have envisioned the use of molec-
ular catalysts that are inspired from enzymatic mechanisms and structures to perform
electrocatalytic reactions. However, in order to come close tomatching the efficiency of
molecular catalysts with enzymes in the electrocatalytic reactions performed at fuel
cells, synthetic molecular catalysts have to be designed and integrated at electrodes by
taking care of the structure of the catalyst, its electrocatalytic mechanisms, and its
performance. The first part of this chapter describes the main advances that have been
made in the design of bioinspired complexes for H2 oxidation and O2 reduction. The
synthesis and studies of bioinspired complexes have led to highly efficient molecular
catalysts based on nonnoble metals. Some of these catalysts have shown superior
performances as compared to enzymes, as well as stable catalysis in functional fuel
cells. The second part describes the design of molecular catalysts for the oxidation of
carbon-based biofuels such as alcohols, glucose, or glycerol. Organic and inorganic
molecular catalysts have both been envisioned as anodic catalysts in alcohol or
glucose fuel cells or for green organic synthesis.
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2.2 Bioinspired complexes for hydrogen/O2

fuel cells

2.2.1 Molecular catalysts for H2 oxidation

The oxidation of H2 by molecular catalysts relies mostly on bioinspiration from
metalloenzymes. Hydrogenases catalyze the reversible oxidation of H2 into protons
[1–5]. The main families of hydrogenases are [FeFe] hydrogenases based on a FeFe
dinuclear active site, which is known as the cluster H, NiFe hydrogenases based on a
Ni–Fe active site, and [Fe] hydrogenases based on a mononuclear Fe center which is
not active toward H2 oxidation. In active hydrogenases, a chain of iron–sulfur
clusters is responsible for the electron transfers between the active site and the
redox partner or the electrode surface if the enzyme is immobilized (Fig. 2.1).

It has been demonstrated that NiFe and FeFe hydrogenases exhibit exceptional
electrocatalytic activity toward both H2 evolution and oxidation with near-zero
overpotential. For these reasons, when immobilized on electrodes, these enzymes
have demonstrated to be competitive to Pt-based catalysts for the conversion of H2

into protons [4, 6]. However, most hydrogenases are sensitive to inactivation by O2.
This is a major bottleneck for their implementation in a H2/air fuel cell. Several

Fig. 2.1: NiFe and FeFe hydrogenases and their respective active sites.
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strategies have been developed to circumvent this major issue: (i) site-directed
mutagenesis [7], (ii) the entrapment in protective viologen polymers [8–11] or
redox protein nanowires [12], (iii) the use of oxygen-tolerant NiFe hydrogenases
[13–16], and (iv) the design of specific gas-diffusion electrodes for preventing direct
contact with O2 [17–19]. Furthermore, because of the complexity of enzyme struc-
ture and function, these catalysts are expensive to produce, and they are fragile and
active under narrow conditions (temperature between 25 °C and 60 °C, pH between
4 and 8). A strategy to overcome the instability of enzymes while using base metal
catalysts is the development of bioinspired iron- and/or nickel-based catalysts.
However, in order not to rely on complex catalysts such as enzymes, the synthesis
of base-metal catalysts, inspired from the nickel or iron active sites of hydroge-
nases, has been proposed as an alternative in order to provide stable and oxygen-
resistant catalysts [20, 21].

First, a rich and fascinating chemistry has been developed for the synthesis of
structural biomimetic complexes of the H cluster, which have several objectives such
as isolating terminal hydride species or providing proton or electron relays in the
second coordination sphere [20–22]. In particular, based on this research in 2012,
Camara and Rauchfuss [23] synthesized a biomimetic iron–iron cluster bearing an
azadithiolate proton relay and a decamethylferrocene group playing the role of the
iron–sulfur electron relay in the protein (Fig. 2.2).

Furthermore, this complex has been the first example of H cluster mimic to achieve
H2 oxidation. At this time, iron–iron biomimetic complexes were only able to perform
proton reduction. Then, Sun and colleagues [24] have shown that their iron–iron
biomimetic clusters bearing azadiphosphine ligands acting as proton relay exhibited
H2 oxidation catalytic activity (Fig. 2.3).

For the biomimetic chemistry of NiFe active site, structures of Fe–Ni biomimetic
clusters have shown only the proton reduction activity. And no true NiFe complexes
have achieved H2 oxidation yet. However, the design of nickel-based bioinspired

Fig. 2.2: First examples of cluster H biomimetic complexes achieving catalytic H2 oxidation.
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functionalmodels has especially led to Ni–Ru complexes achieving H2 oxidation. Ru(II)
has been introduced in binuclear clusters in order tomimic the Femetal center and as a
well-known metal center for activation of H2 and formation of hydride complexes.
Following the work of Rauchfuss and colleagues, which demonstrated the structural
mimic of the H-cluster based on Ru2 [25] or Ir2 [26] complexes that were able to achieve
H2 activation, Ogo et al. [27] in 2007 synthesized Ni–Ru complexes showing H2 activa-
tion in water.

In the course of functional models of FeFe and NiFe complexes, Dubois and
colleagues have designed exceptional mononuclear nickel complexes achieving
highly efficient proton reduction and H2 oxidation. The structure of these complexes
is based on a mononuclear nickel bis-diphosphine complex [Ni(PR2N

R′
2)2]

2+. A 1,5-
diaza-3,7-diphosphacyclooctane (PR2N

R′
2) ligand mimics the 2-azapropanedithiolate

found in the H cluster. (PR2N
R′
2) ligands provide an electron-rich environment and

four pendant amines acting as proton relays [28, 29]. The nature of R and R′ groups
influences the catalytic bias toward proton reduction or H2 oxidation [29–31].
Furthermore, by modification of the R′ group with amino acids [32, 33] or peptides
[34], Shaw and colleagues have recently introduced a second proton channel in the
second coordination sphere of the nickel center. This has led to a nickel catalyst
bearing arginine residues and being the most active molecular catalyst for H2 oxida-
tion in water. The complex exhibits a time of flight (TOF) of 210 s−1 (1 atm H2, room
temperature) and 106 s−1 (100 atm H2, 72 °C) [35].

The immobilization of such nickel complexes on carbon nanotubes (CNTs) has
especially unraveled their reversible activity in water, leading to highly performing
proton-reducing or H2−oxidizing electrodes [36, 37]. Immobilization strategies have
relied on the rich surface chemistry at CNT sidewalls (Fig. 2.4). Reduction of aryldia-
zonium salts is an efficient means in order to introduce functional groups at the
surface of CNTs via reaction of aryl radicals with the pi-extended network of CNT
sidewalls [36]. Besides, this conjugated network strongly interacts with polycyclic
aromatics such as modified pyrene in order to adsorb pyrene-modified species such
as pyrene-modified nickel bis-diphosphine complexes [37]. In particular, the immo-
bilization of the arginine-based nickel complex has been performed on CNTs
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modified by aryldiazonium salts [38]. These electrodes exhibit reversible H2 oxidation
over a wide range of pH with a near-zero overpotential and TOF of 120 s−1 in sulfuric
acid.

2.2.2 Bioinspired complexes for O2 reduction

Most bioinspired molecular complexes for O2 reduction have been inspired from heme
and copper enzymes. Early works have been especially devoted to the study of
biomimetic iron porphyrins [39]. In particular, many studies have been devoted to
iron or cobalt porphyrins mimicking the oxygen-activating hemes in metalloproteins.
However, heme enzymes are only active at potentials of –0.1 V versus Normal
Hydrogen Electrode (NHE) at neutral pH, which is low as compared to the thermody-
namic potential of the 4H+/4e−O2/H2O couple (0.82 V vs. NHE). In this respect, copper-
containing enzymes have been targeted for the ability of some copper family to achieve
low overpotential 4H+/4e− oxygen reduction reaction (ORR). Models of cytochrome
oxidases that possess more positive potentials for O2 activation (+0.35 V) [40] have
been widely investigated by Karlin and coworkers [41–46] and Collman et al. [47–51]
(Fig. 2.5). These complexes have also been deeply studied after adsorption on electro-
des or covalent immobilization [46, 51–54]. While efficient 4e−/4H+ has been demon-
strated, low overpotential has to be overcome in such complexes to be implemented in
fuel cells. These studies have been particularly devoted to understand the role of the
copper center in the vicinity of the oxygen-activating Fe(II) center.

Mononuclear and dinuclear bioinspired copper complexes have tried to
mimic the ORR activity of enzymes such as galactose oxidases and polyphenol
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oxidases. These enzymes have shown ORR electroactivity when immobilized at
nanostructured electrodes with ORR potentials of +0.7 V [55] and +0.9 V [56]
versus Reversible Hydrogen Electrode (RHE), respectively. Mononuclear and
dinuclear complexes have also been integrated at electrodes by adsorption,
covalent binding, supramolecular pi-stacking interactions with CNTs or at func-
tionalized polymers (Fig. 2.6). The best performances have been obtained with
polyvinylimidazole-capped CNTs modified with nitrophenanthroline copper com-
plexes. These modified nanostructured polymers reach onset potentials of 1.05 V
in 0.1 M KOH [57]. Immobilized dinuclear Cu models that are active under acidic
to neutral conditions exhibit ORR potential of 0.7 V versus RHE at pH 5 [58, 59]
for copper complexes based on substituted phenanthrolines, 0.67 V at pH 7 for
copper-hexaazamacrocyclic complexes [60], 0.73 V versus RHE at pH 7 for copper
complexes based on 3,5-diamino-1,2,4-triazole ligand [61], 0.65 V at pH 5 for
copper complexes based on tris(pyridin-2-ylmethyl)amine ligand [62], and 0.60
V at pH 5 for copper-phenolate complexes [63].

However, for now, the best copper enzymes for ORR belong to the multicopper
oxidase (MCO) enzyme family [64, 65]. In fuel cells based on enzymes, the cathode
catalyst is an MCO such as laccase or bilirubin oxidase [5, 64–67]. The active site of
these enzymes is composed of a type 1 copper center located at the surface of the
protein, accommodating the substrate of the enzyme and a trinuclear copper
center (TNC) at which O2 is fully reduced to H2O (Fig. 2.7). MCOs have demon-
strated electrocatalytic performances close to platinum catalysts in terms of

Fig. 2.5: Structure of the CcO active site and examples of immobilized CcO models for 4H+/4e− ORR.
From Chatterjee et al. [46] and Collman et al. [49].
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overpotentials and TOF. High-potential MCOs such as laccase from Trametes versi-
color achieves ORR at a potential as high as 1.05 V versus RHE at acidic pH.
However, no efficient binuclear or trinuclear clusters mimicking the TNC have
been synthesized yet [68].

Fig. 2.6: Examples of immobilized copper complexes (up) and coordination polymers based on
copper complexes (down) for 4e−/4H+ ORR.

Fig. 2.7: Bilirubin oxidase from Myrothecium verrucaria and its active site.
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2.2.3 Integration in fuel cells

The first fuel cell based on molecular catalysts has been designed by Ogo and cow-
orkers in 2011 [69]. The fuel cell is based on a previously described Ni–Ru bioinspired
catalyst which is not only able to achieve H2 oxidation of the anode but also oxygen
reduction at the cathode. The complexes were integrated either at the solid state or in
solution in a conventional proton-exchange membrane fuel cell (PEMFC) using Nafion
as the polymer electrolyte. However, due to the fact that this complex is a poor ORR
catalyst, a low power output of 11 µW cm−2 accompaniedwith a low cell voltage of 0.3 V
was measured, far from the performances of a Pt-based PEMFC (several hundreds of
mW cm−2 and cell voltages of 1 V). A second molecular-catalyst-based fuel cell was
then described by Artero and coworkers in 2015 [70]. A previously described bioins-
pired nickel complex bearing pyrene group was integrated as a carbon-black ink at
the anode of a nonprecious metal PEMFC. The cathode was based on a cobalt-based
material obtained from the pyrolysis of Co(NO3), triazolopyridine, and carbon black.
The fuel cell delivers a low power output of 23 µW cm−2 accompanied with a cell
voltage of 0.74 V. In 2017, Artero and Le Goff have designed an original nonprecious
metal-based fuel cell by integration of an arginine-modified bioinspired nickel cata-
lyst at the anode and an MCO, bilirubin oxidase from Myrothecium verrucaria, at the
cathode [38]. The biocathode was designed by favoring the orientation of the enzyme
at the surface of CNTs. A gas diffusion electrode was specifically engineered for such
type of biocatalysts [71]. Owing to the low overpotential of the Ni catalyst and the
enzyme for hydrogen oxidation reaction and ORR, respectively, the fuel cell delivers
almost 2mW cm−2 accompanied with cell voltages of 1 V, a record for a fuel cell based
on such type of catalysts (Fig. 2.8). Furthermore, the nickel catalyst can operate in
a conventional Nafion-based PEMFC, using Pt/C at the cathode. The fuel cell
delivers 14 mW cm−2 with a cell voltage of 0.9 V [38].

2.3 Molecular catalysts for oxidation of alcohols
and aldehydes

2.3.1 Organic electrocatalysts

Nitroxyl or nitroxide radicals are secondary amine nitrogen oxides and present
unique properties as organic catalysts in different heavymetal free electrochemical
oxidation reactions. N-Oxyl radicals have been shown to be efficient electrocata-
lysts for oxidation of amines, primary and secondary alcohols, ketones, aldehydes,
thiols, and saccharides [72–76]. Electrooxidation of alcohols usually leads to the
formation of ketones or aldehydes but deeper oxidation of the preceding products
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leads to the formation of carboxylates, while reducing sugars are transformed to
glucoronates. Their general redox reactions, the structures of the most used N-oxyl
radicals in electrocatalysis, and their respective redox potential leading to the
conversion of the reactive form of substrate oxidation are shown in Fig. 2.9. As
dealing with sustainable electrocatalysis, this section will be dedicated on prob-
ably the most widely used cyclic N-oxyl radical: the 2,2,6,6-tetramethylpiperidine-
N-oxyl (TEMPO) for the oxidation of hydroxyl/carbonyl groups as the chemistry of
other aminoxyl radicals is similar. However, the reactivity of imidoxyl radicals
such as the phthalimide-N-oxyl (PINO; 8) is slightly different as the active form is
the radical itself and it is obtained from the oxidation of the hydroxyimide species.
For a comprehensive study of these electrocatalysts class, we direct the readers to a
new review by Rafiee and coworkers [77].

Electrochemical characterization of TEMPO was initiated by Tamura and col-
leagues [78]. In their study they compared the electrochemical reversibility of two
stable radicals: the cyclic radical TEMPO and the opened di-tert-butyl nitroxide
(DTBNO). Only TEMPO showed a reversible behavior displayed by cyclic voltam-
metry. On the other hand, the DTBNO showed poor reversibility as its oxidized
cationic formwas not stable. Later, Semmelhack et al. [73] demonstrated for the first
time the use of TEMPO as an electrocatalyst for alcohol oxidation and studied the
mechanism to achieve such a reaction. Most of the works proposing the electro-
oxidation of alcohols using this N-oxyl radical in aqueous solvent were performed

1.5

1.0

0.5

0.0

0 1 2
I/mA cm–2

P/m
W

 cm
–2

E/
V

3 4 5

COO–

CATHODE
ANODE

H2N

H2N NH2
+ NH2

+

NH2

NH2+H2N
+H2N

COO–

COO–

–OOC

–OOC

N
N

NN

R'
P

P P
P

Ni
R'

R'
R'

H2 O2

H2OH+

COO– COO–COO– COO– COO–

0

1

2

Fig. 2.8: Nonprecious metal fuel cell based on a nickel molecular catalyst and a copper enzyme. From
Gentil et al. [38].
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in alkaline conditions or in the presence of a stoichiometric amount of a base to
facilitate the regeneration of the catalyst [79–83]. It was also demonstrated that due
to lower pKa values and smaller steric hindrances, primary alcohols are preferen-
tially oxidized than secondary alcohols under basic conditions [84, 85]. The mech-
anism of TEMPO proceeds through an initial electrochemical oxidation step from
the stable nitroxyl radical to the catalytically active oxoammonium salt (TEMPO+).
The successive oxidation of the substrate leads in the formation of a hydroxylamine
(TEMPOH). From slightly acidic to highly alkaline solutions, the regeneration of the
nitroxyl radical to complete the catalytic cycle is obtained through two possible
pathways: (1) the direct 1 e−/1 H+ oxidation of TEMPOH to TEMPO at the electrode
surface or (2) the comproportionation between TEMPOH and TEMPO+ into TEMPO
(Fig. 2.10). This is illustrated by the Pourbaix diagrams deciphered by the Stahl
group [86].

Brown and coworkers reported a microfluidic electrolytic cell capable of alcohol
oxidation on a laboratory scale [87]. The “microchannel” (depth × width × length:
200 µm × 1.5 mm × 70 cm) was designed to offer a large surface area to allow high
conversion yield. In the best performing protocol, the cell was operated at 20 ± 5 mA
between the carbon-based anode and the stainless steel cathode at controlled pH, at
room temperature (to avoid loss of selectivity), and with a flow rate of 0.1 mL min−1.

Fig. 2.9: Redox cycle underlining the E and EC mechanisms for aminoxyl radicals (I) conversion to
oxoammonium ion (II) and hydroxylamine (III), respectively. Structures of TEMPO, derivatives of
N-oxyl radicals with their experimental redox potentials (aminoxyl/oxoammonium (1–7) and
hydroxylamine/imidoxyl (8)).
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They obtained ranges of yield efficiency and selectivity from 21% to 94% and 50% to
100%, respectively, based on a survey of 15 different alcohols. The efficiency was
directly linked to the steric hindrance of the alcohols. However, only 60% of the
catalyst could be recovered at the end of electrolysis. In order to enhance the radical
reusability, several approaches have been proposed. Tanaka and coworkers synthe-
sized highly water-soluble N-oxyl compounds for the oxidation of different alcohols
to aldehydes and ketones [88]. Used for green organic chemistry, the organic prod-
ucts were obtained by extraction from the aqueous phase with ethyl acetate while the
electrocatalyst remained in the aqueous phase after the extraction procedure. Other
strategies rely on the immobilization on a wide range of electrode substrates (or
surfaces) utilizing various chemical properties such as the formation of self-
assembled monolayers on gold or during the synthesis of gold nanoparticles [89,
90], the electropolymerization of a thiophene- or pyrrole-modified TEMPO [91, 92],
the electrodeposition of a sol–gel doped with TEMPO [93], the formation of chemical
bonding within hydrogels [94–96], or the noncovalent adsorption on CNTs through
pyrene moieties attached on the TEMPO structure [97] (Fig. 2.11).

Very recently, Sigman and colleagues integrated TEMPO in bioelectronic systems
in a hybrid organic/enzymatic electrocatalytic cascade with a single enzyme (the
oxalate oxidase from barley (OO) [98], oxalate decarboxylase from Bacillus subtilis
(OxDc) [99], or the NAD-dependent formate dehydrogenase from Candida boidinii
(FDH)) [100] for the complete oxidation of glycerol to CO2 (Fig. 2.12). The only down-
side to these nitroxyl radicals for substrate oxidation is the high electrode potentials

Fig. 2.10: Possible electrochemical/chemical mechanisms for the oxidation of benzyl alcohol and
regeneration of the TEMPO electrocatalyst in its radical form. Red arrows represent electrochemical
reactions, solid black arrows represent oxidation of the substrate, and dashed black arrows depict
the comproportionation reaction in neutral to alkaline conditions. From Gerken et al. [86] to Adapted
from Nutting et al. [77].
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(i.e., 0.45–0.70 V vs. Saturated Calomel Electrode (SCE)) required to generate the
active oxoammonium species that limit their use in energy conversion such as EFCs.
Nonetheless, this negative aspect was elegantly used for the continuous mesoxalate
oxidation by FDH as TEMPO was also shown to promote NAD+ electroregeneration
[100]. Despite its high chemical stability, TEMPO does not present the highest
catalytic rate among N-oxyl radicals necessarily.

Steric hindrance induced by the presence of four methyl groups near the nitroxyl
radical compared to the higher substrate accessibility for other radicals such as 9-
azabicyclo[3.3.1]nonane-N-oxyl could explain the lower activity towards alcohol
oxidation [101]. Li and coworkers extended the applicability of N-oxyl radicals in
the electrosynthesis of nitriles over the course of TEMPO-mediated electrooxidation
of alcohols in dry acetonitrile containing ammonium acetate (NH4OAc) as the nitro-
gen source [102]. First, they oxidized the benzyl alcohol to benzaldehyde.
Subsequently, the benzaldehyde reacted with NH4OAc to form the corresponding
imine, which underwent itself a second electrooxidation by TEMPO to form the final
nitrile product.

Fig. 2.11: Structures of some TEMPO derivatives for the preparation of TEMPO-modified electrodes.
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2.3.2 Inorganic electrocatalysts

Some transition-metal complexes have been shown to offer a different approach to
perform carbon-based fuel oxidation. Metallophthalocyanine-modified electrodes have
also been employed for the oxidation of a wide variety of organic species such as oxalic
acid [103–105], methanol [106], and glucose [107]. Additionally, researchers were able
to decrease the overpotential for the fuel oxidation by changing the metal center of the
macrocycle from cobalt [107] to rhodium [108] as seen from the peak potential shift from
450 to 5mV versus SCE, respectively, in 1mol L−1 NaOH solution. Yamazaki et al. also
examined a different heterocyclic macrocycle as to obtain Rh-based complexes. The
porphyrin ring structure is composed of four pyrrole subunits and is well known in
biochemistry as it chelates naturally with iron ion to form heme. This group studied the
electrochemical properties of the Rh–porphyrin complex for the low-potential oxida-
tion of sugars [109]. They reported extremely low overpotential for glucose oxidation on
carbon-supported electrodeswith onset potential as low as −0.795 V versus SCE, thanks
to a Rh (III) deuteroporphyrin dimethyl ester (Rh(DPDE)). Rich from these results,
Cosnier and coworkers presented an (Rh(DPDE)) anode immobilized onto multiwalled
CNTs (MWCNTs) by adsorption of the π-conjugated porphyrin core. This anode was
integrated with a cobalt (II) phthalocyanine cathode to form a fully molecular catalyst-
based glucose/O2 fuel cell for the oxidation of glucose and the reduction of oxygen at
the anode and cathode, respectively [110]. To increase electrocatalytic activity lifetime,
they also reported a bispyrene-appended Rh (III) deuteroporphyrin (Rh(DP)pyr2) and a
tetrapyrene-appended Co (III) tetracarboxyphenyl porphyrin to enhance the π–π inter-
actions of the porphyrinic systems to the CNT layers, hence maintaining high catalyst
loading over the course of the fuel cell operation (Fig. 2.13) [111].

The overall performances of the molecular-based fuel cell were increased from
0.2 mW cm−2 (without pyrene anchoring site) to 0.9 mW cm−2 with the newly synthe-
sized pyrene-based electrocatalysts. They evaluated for the first time the use of these
catalysts in a fuel cell at neutral pH, however, only residual activity of the catalysts
remained in this condition. Elouarzaki et al. [112] proposed the functionalization of
porphyrinic-based electrocatalysts with pyrene moieties to form flexible, conductive,
freestanding MWCNT electrodes. This strategy should allow the authors to fabricate
three-dimensional electrodes with high surface area and mesoporous structure for
improved catalyst loading and substrate diffusion, respectively. Nevertheless, the
current density obtained for the complete fuel cell exceeded by an order ofmagnitude
the current density of each individual half-cell. As this point was not explained, it is
complicated to draw any enhancement compared to the regular adsorption of pyrene-
modified electrocatalysts. Furthermore, in such type of molecular-catalyst-based fuel
cells, different types of membranes have been tested in order to study the effect of the
membrane on the fuel performances [110, 113, 114]. The same group also investigated
gold as the metallic center in the porphyrin core. The Au (III) porphyrins were
adsorbed onto MWCNTs and they displayed electrocatalytic properties for glucose
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oxidation in alkaline media at a slightly higher overpotential than the Rh counterpart
[115]. The only main drawback to such electrocatalysts is their activity in alkaline
medium, which hampers their use for the analyte sensing in physiological fluids.

2.4 Conclusion

This chapter demonstrates that major challenges have been tackled in recent years
in the development of molecular catalysts for fuel cell applications. Ranging from
bioinspired catalysts for H2 oxidation to organic catalysts for oxidation of alcohols,
these molecular catalysts have shown to achieve low overpotential or high current
electrocatalytic activity in the oxidation of fuels at the electrode of fuel cells. In
particular, their combination with highly conductive nanomaterials has boosted
molecular catalyst loadings and has made possible their facile integration in
devices. However, improvements and novel molecular catalysts are still to be
developed in order to merge the efficiency and stability of metal catalysts with
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the efficiency and selectivity of enzymes. In particular, some of these catalysts are
still far from achieving the electrocatalytic reaction at potential closed to the
corresponding thermodynamic redox couple or in conditions compatible with func-
tional fuel cell systems. However, such organic or base-metal catalysts can repre-
sent one of the main future alternatives toward nonprecious metal fuel cells, which
is required for the large-scale and renewable integration of fuel cells into industrial
applications.
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3 Electrospun biomaterials

3.1 Electrospinning and its applications
to soft matter

Electrospinning is a simple and versatile method that uses strong electrical fields to
draw polymer solutions or melts for the production of continuous fibers with diam-
eters ranging from several tens of nanometers to a few micrometers. Despite the fact
that the process and apparatus for producing polymer filaments by taking advantage
of the electrical field formed between electrodes (“electrostatic spinning”) were
patented in 1934 by Formhals [1], only modest academic attention had been paid to
this technique for many years. In the 1990s, electrospinning was revived by several
research groups and the fabrication of fibers for a wide range of polymers was studied
both from fundamental and application points of view. Since then, nano-/microfibers
produced by the electrospinning of soft matter have attracted ever increased atten-
tion for their diverse potential applications that include filtration membranes, func-
tional textiles for biomedical applications such as tissue engineering, wound
dressing, drug delivery, and so on. Indeed, the number of scientific publications
concerning electrospinning has been exponentially increasing from the 2,000s to
reach more than 2,500 publications per year in 2017 as shown in Fig. 3.1: The
important advantages of the electrospun materials include their large surface area
to volume ratio that arises from the thinness of the fibers (on the order of a few
nanometers), their nano-/microscaled interstitial spaces, high porosity, and inter-
connectivity. These attributes result in superior mechanical properties. The simple
electrospinning process enables large-scale productions of the final materials, mak-
ing this technique very attractive for use in many applications.

3.2 Biopolymers and electrospinning

3.2.1 Introduction

Nano-/microfibers and their nonwoven materials produced by electrospinning of
natural biopolymers such as proteins, nucleic acids, and polysaccharides have
attracted ever-increasing attention for their diverse potential applications [2–4].
Some of the review articles have mentioned electrospun biomaterials for specific
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biomedical applications such as drug delivery [5–7], tissue engineering scaffolds
[6, 8, 9], and wound dressing [10–12]. Among the electrospun biopolymers, poly-
saccharides, because of their abundance in nature, excellent biocompatibility, and
biodegradability, have been widely studied to develop appropriate electrospinning
techniques and understand their physical and biological properties. In this section,
we introduce the electrospinning of polysaccharides and their derivatives via differ-
ent methodologies and their potential applications.

3.2.2 Coelectrospinning of polysaccharides with other polymers

Preparation of defect-free homogeneous nano-/microfibers of polysaccharides via
electrospinning is challenging in many cases due to their limited solubility in the
solvents generally used for electrospinning. Blending polysaccharides with other
biocompatible polymers often facilitates the processing by creating entanglements
and physical bonds between the polymer chains. This is one of the major approaches
to make the polysaccharides electrospinnable and to obtain nano-/microfibers and
their nonwovens for biomedical applications. For instance, cellulose derivatives such
as (hydroxypropyl)methyl cellulose, methyl cellulose, and carboxymethyl cellulose
were mixed with poly(ethylene oxide) (PEO) and coelectrospun, followed by the
extraction of PEO to form cellulose-based nanofibers [13]. Cellulose acetate was coe-
lectrospun with poly(vinyl alcohol) (PVA) [14], hydroxyapatite (HA) [15], and polyvi-
nylpyrolidone (PVP) [15] for potential use as biocompatible prosthetics. Chitin, which
is poorly electrospinnable due to its low solubility in most organic solvents, was
coelectrospunwith poly(glycolic acid) (PGA) [16] and silk fibroin [17] to form composite
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Fig. 3.1: Number of scientific papers and patents per year (2000–2017) with the keyword
“electrospinning” (sources: SciFinder Scholar).
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nanofibers for tissue engineering scaffolds, wound healing, and skin regeneration
purposes. Chitosan, a natural polycation that has strong repulsive forces between
the chains preventing sufficient chain entanglement necessary for fiber formation, is
difficult to electrospin directly. Hence, chitosan was often mixed and coelectrospun
with biocompatible synthetic polymers and natural polymers such as PEO [18], PVA
[19–21], poly(lactic acid) (PLA) [22], poly(caprolactone) (PCL) [23], silk fibroin [24], zein
[25], and collagen [26] to produce chitosan-based composite nanofibers for various
biomedical applications. For the same reason, alginate was coelectrospun with PEO
[27–29] and PVA [29] to reduce the repulsive forces among the polyanionic chains. The
presence of coelectrospum polymers, however, affects the properties of the resulting
nanofibers such as their mechanical properties and biocompatibility by decreasing the
polysaccharide content. The coaxial electrospinning technique [30, 31] provides an
alternative and effective way of fabricating polysaccharide-based nanofibers. In this
method, two different polymers are electrospun simultaneously through one spinneret
composed of two coaxial capillaries to produce core−shell structured nanofibers. The
first example of core−shell structured nanofibers consisting of polysaccharides was
reported by Ojha et al. in 2008 for the coaxial electrospinning of chitosan used as the
inner (core) layer and PEO as the outer (shell) layer [32]. The outer layer PEO segment
was removed by washing the nanofibers with water to yield pure chitosan nanofibers.
Later, core−shell nanofibers with reversed structure, that is, PEO (core)−chitosan
(shell) nanofibers, was reported by Pakravan et al. [33]. Hollow nanofibers made of
chitosanwere obtained by the extraction of the PEO (core) segment from the core−shell
nanofibers with water as shown in Fig. 3.2.

3.2.3 Electrospinning of polysaccharide derivatives

Modifying polysaccharides to increase their solubility in the solvents suitable for
electrospinning is another major approach to improve electrospinnability. Cellulose,
themost abundant natural polysaccharide, is poorly electrospinnable as it is because
of its low solubility in most organic solvents due to the strong inter- and intra-
molecular hydrogen bonds and highly crystalline nature. Hence, one has been
focused on electrospinning of cellulose derivatives that are highly soluble in the
solvents generally used for electrospinning such as acetone, dimethylacetamide
(DMAc), dimethylformamide (DMF), and so on. Cellulose acetate is the most studied
derivative due to its chemical resistance, stability, and good solubility in many
organic solvents. In 1998, Jaeger et al. reported electrospinning of cellulose acetate
for the first time using acetone as a solvent [34]. They obtained short fibers that were
thinner than 1 μmhaving “beads on the string”morphology. This possibly was due to
the low viscosity of the polymer solution or the low boiling point of acetone that
causes fast evaporation and gelation of the polymer solution during the electro-
spinning process. Liu and Hsieh overcame this problem by using the solvent mixture
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of acetone and DMAc for the electrospinning of cellulose acetate and successfully
obtained defect-free homogeneous fibers with consistent fiber diameters ranging
from 100 nm to 1 μm [35] A mixed solvent of acetone and water with basic pH
conditions also resulted in successful electrospinning of cellulose acetate to form
fine nanofibers [36]. The resulting cellulose acetate nanofibers were usually deacety-
lated by using alkaline solutions to regenerate cellulose nanofibers [36–40]. These
regenerated cellulose nanofibers can be functionalized with biologically active sub-
stances via chemical modifications. One potential application of these nano-/micro-
fibers and their nonwovens is membrane-based filtration. Electrospun nanofiber
nonwovens offer a distinctly large surface area to volume ratio (typically ranging
from 40 to 100m2/g, compared to 0.05 to 10m2/g for micron-sized spunbonded or
melt blown nonwovens) [41], which can be beneficial in filter applications especially
for affinity membrane-based filtration. For instance, Ma et al. functionalized regen-
erated cellulose nanofiber mats with Cibacron Blue F3GA, a general affinity dye
ligand for separation of many biomolecules, and used them as affinity membranes
to specifically capture bovine serum albumin or bilirubin via filtration [42]. The same
group also reported affinity membrane filtration for immunoglobulin G (IgG) using
regenerated cellulose nanofiber mats functionalized with protein A/G [43]. There

Fig. 3.2: SEM (top) and TEM (down) images of the PEO/chitosan core–shell nanofibers (left) and the
chitosan hollow nanofibers (right). Reproduced from Pakravan et al. [33] with permission from
American Chemical Society.
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have been only a few reports on the electrospinning of other polysaccharide deriva-
tives. Ethyl-cyanoethyl cellulose was electrospun from its THF solution to form
porous fibers [44]. Ethyl cellulose was dissolved in a solvent system of THF/DMAc
and the effects of solvent ratios on the electrospun fiber size distribution and
diameter were studied [45]. Hydroxypropyl cellulose could be electrospun using
anhydrous ethanol and 2-propanol as solvents [46]. The obtained fiber mats were
appropriate for use as templates for producing tin oxide nano-/macroporous fiber
networks onmicroelectromechanical system devices. Hexanoyl chitosan was electro-
spun from its chloroform solution to form flat ribbon-like nano-/microfibers [47].

3.2.4 Direct electrospinning of native polysaccharides

Dextran, a branched glucan consists of α-1,6 and 1,3 glycosidic linkages between
glucose units, shows good solubility in bothwater and some organic solvents. Hence,
direct electrospinning of dextran using these solvents was investigated by Jian et al.
[48]. It was found that uniform nanofibrous dextran membranes could be formed by
electrospinning using water, DMSO/water, and DMSO/DMF mixtures as solvents by
adjusting technical parameters such as concentration, voltage, and the distance
between the electrodes. The wide spectrum of solvents for electrospinning of dextran
allows direct incorporation of various bioactive agents such as DNA and proteins in
the dextran nanofiber mats. On the other hand, most abundant polysaccharides such
as cellulose, chitin, and chitosan are much less soluble in water and most organic
solvents. Generally, their available solvents are highly dielectric and not very vola-
tile, which is a disadvantage for the electrospinning process. Nevertheless, several
research groups reported direct electrospinning of cellulose using known solvents
such as N-methylmorpholine-N-oxide (NMMO) [49], DMAc with lithium chloride
(LiCl) [50, 51], and NMMO/water [51]. These approaches, however, require high
operation temperatures and removal of salt. Highly volatile organofluorine solvents
were used for electrospinning of these poorly soluble polysaccharides. Park et al.
reported successful electrospinning of chitin using hexafluoroisopropanol as a sol-
vent [52]. Homogenous bead-free electrospun fibers of chitosan were first reported in
2004 by Ohkawa et al. using a mixed solution of trifluoroacetic acid (TFA)/dichloro-
methane [19]. Since then, electrospinning of chitosan using TFA has been widely
studied [53–55]. It was proposed that TFA facilitates the electrospinning of chitosan
because the amino groups of the chitosan form salts, preventing strong repulsive
forces between the polycationic chains [56]. In addition, the high volatility of TFA can
accelerate solidification of the chitosan during the electrospinning process. Recently,
we have reported the simple fabrication of defect-free homogeneous cellulose nano-
fibers via electrospinning of both plant (soft and hardwood pulps)- and animal
(tunicate)-derived cellulose as shown in Fig. 3.3 [57]. The plant- and animal-derived
cellulose were dissolved in a mixture of TFA and dichloroethane (DCE) to give highly
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viscoelastic solutions. The unsubstituted cellulose nanofibers were obtained by the
electrospinning of the cellulose dissolved in TFA/DCE by forming trifluoroacetyl ester
groups, which were naturally hydrolyzed with moisture in the air during the electro-
spinning process. To the best of our knowledge, this was the first report on the direct
electrospinning of dissolved plant- and animal-derived cellulose in mixtures of TFA
and DCE. Notably, the nanofibers of tunicate-derived cellulose, which is an abun-
dantly available biomass from the sea, were successfully obtained by electrospinning
for the first time. These simply fabricated cellulose nanofibers will broaden the
versatility of nanocellulose for various applications in interdisciplinary fields such
as nanobiotechnology.

3.3 Block copolymers and electrospinning

3.3.1 Introduction

The interest in electrospinning of functional polymers has been growing for their
potential applications in diverse fields including bio-, optoelectronic-, and nanotech-
nologies. Fabrication of complex architectures such as core–shell, hollow, and porous
structures in the electrospun fibers could lead to much broader applications. In
addition, electrospinning of block copolymers (BCPs) and their self-assembly within
the confined fiber structure has received a lot of attention because the continuous fiber
structure can direct well-known BCP self-assembly (e.g., sphere, cylinder, gyroid, and
lamellar phases depending on the volume fraction, molecular weight, and the Flory–
Huggins interaction parameter (χ) of the constituent blocks) along or perpendicular to
the electrospun fiber axis. Such materials having long-range ordered periodic mor-
phology within the fiber structure will be expected to be used in a wide range of
applications such as optical waveguides, flexible electronic devices, biosensors, filters,
and so on. In this section, we introduce the electrospinning of BCPs for different
objectives and the phase-separation behavior of the BCP-based electrospun fibers.

3.3.2 Electrospinning of block copolymers

The studies on electrospinning of BCPs can be classified broadly into two groups in
terms of the objective: one is for controlling functionality of the fibers such as
hydrophilicity and biocompatibility mainly targeting biomedical applications, and
the other is for controlling long-range ordered BCP phase-separated structures inner
fibers. The first group includes electrospinning of the BCPs consisting of biocompat-
ible polymers represented mainly by PLA and PCL. PLA and PCL are common
biocompatible polymers that have been electrospun to fabricate fiber scaffolds by
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many research groups because of their biodegradability, good mechanical proper-
ties, and high solubility in common solvents for the electrospinning process.
However, their hydrophobicity sometimes limits their biomedical applications.
Therefore, the BCPs consisting of PLA or PCL and hydrophilic biocompatible poly-
mers such as PEO and poly(N-vinylpyrrolidone) (PVP) were electrospun for the
improvement of the hydrophilicity of the fibers. Examples include the electrospin-
ning of PLA-b-PEO [58–60], PLA-b-PEO-b-PLA [61], PCL-b-PEO [62–64], PCL-b-PVP
[65], and poly(lactide-co-glycolide)-b-PEO [66] that were designed for tissue engi-
neering scaffolds, bio-sensing devices, affinity membranes, and drug delivery. The
second group of studies focuses on phase separation of the electrospun BCP fibers.
Despite the fact that the phase-separation behavior of BCP solutions, melts, and films
has been extensively studied both theoretically and experimentally, there has been
much fewer studies on the phase separation of electrospun BCP fibers. This type of
BCP fiber consists of polystyrene-b-polybutadiene-b-polystyrene (PS-b-PBU-b-PS)
[67], poly(styrene-b-dimethylsiloxane) (PS-b-PDMS) [68], poly(styrene-b-4-vinylpyr-
idine) hydrogen-bonded pentadecylphenol (PS-b-P4VP(PDP)) [69, 70], poly(styrene-
b-isoprene) (PS-b-PI) [71, 72], poly(styrene-b-isoprene-b-styrene) (PS-b-PI-b-PS) [73],
poly(isoprene-b-dimethylaminoethyl methacrylate) (PI-b-PDMAEMA) [74], and poly
(styrene-b-methyl methacrylate) (PS-b-PMMA) [75]. The phase-separation behavior of
these BCP fibers are summarized in the following section.

3.3.3 Phase separation of electrospun block copolymer fibers

In recent years, numerous studies have been conducted for controlling self-assembly
of BCPs to produce long-range ordered periodic phases such as sphere, cylinder,
gyroid, and lamellar phases in the bulk and thin film states for applications in
nanotechnology. Guiding or directing the self-assembly of BCPs using either chemi-
cally or topographically patterned substrates, so-called directed self-assembly (DSA),
is the most established strategy to order phase-separated BCP domains periodically
in long ranges [76]. The phase separation of BCPs within the elctrospun fiber struc-
ture along or perpendicular to the fiber axis is one of the promising methods in the
DSA strategy. After the first discovery of weak and irregular phase separation on the
surface of electrospun fibers of PS-b-PBU-b-PS by Fong et al. in 1990 [67], phase-
separated cylindrical and spherical phases were observed in the electrospun fibers of
PS-b-PDMS [68] and PS-b-P4VP(PDP) [69], respectively. However, the phase-sepa-
rated BCP domains observed in these “as-spun” fibers are largely disordered because
of the strong elongational deformation and rapid solvent evaporation during the
electrospinning process. To improve the phase separation and self-organization of
the BCP domains in long-range order, thermal or solvent vaper annealing of the fibers
that provides mobility of the BCP chains to achieve the equilibrium morphology is
necessary. At the same time, the fiber structure must be preserved from deformation
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during the annealing process. Core−shell structured fibers that can be prepared via
coaxial electrospinning of two or more different polymers gave a solution for this
challenge. In 2006, Kalra et al. [72] and Ma et al. [73] independently reported the first
long-range ordered BCP nanostructures in thermally annealed electrospun core
−shell nanofibers consisting of PS-b-PI and PS-b-PI-b-PS as the cores, which were
enveloped by thermally stable SiO2 or poly(methyl methacrylate-co-methacrylic acid)
random copolymer (P(MMA-ran-MAA)) as the shells to protect the fibers from the loss
of fibermorphology via the thermal annealing above the glass-transition temperature
(Tg) of the BCP cores. The cross-sectional TEM images of the PS-b-PI-b-PS (core)−P
(MMA-ran-MAA) (shell) nanofibers both along and perpendicular to the axis are
shown in Fig. 3.4. The long-range ordering of the BCP nanostructures (lamellar

(A)

(C) (D) (E)

(F) (G)

(B)

Fig.3.4: TEM images of coaxially spun the PS-b-PI-b-PS (core)−P(MMA-ran-MAA) (shell) fibers (only BCP
cores are shownbecause of low contrastwith the surrounding shell) of different diameters after thermal
annealing in a vacuum oven at 140 °C for 10 days. (A)–(D) axial views; (E)–(G) longitudinal views. All
scale bars are 100 nm. Reproduced fromMaet al. [73]withpermission fromAmericanChemical Society.
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morphology parallel to the fiber axis) via thermal annealing was clearly observed.
Kamperman et al. reported long-range ordered phase separation of PI-b-PDMAEMA
in core–shell nanofibers consisting of PI-b-PDMAEMA/polymer-derived ceramic pre-
cursor nanocomposites as the cores and thermally stable polyacrylonitrile as the
shells via thermal annealing [74]. Zhou et al. reported a strategy of utilizing solvent
vapor annealing to achieve long-range ordered lamellar and cylindrical morpholo-
gies that are oriented perpendicular to the fiber axis in single-electrospun PS-b-
PMMA fibers [75]. Although the PS-b-PMMA fibers were swelled during the annealing
process in chloroform and toluene vapor, they kept the confined fiber structure and
self-organized into lamellar and cylindrical phases. The authors mentioned that the
swollen BCPs potentially flow toward the fiber edges due to the difference in height
between the center and edge regions of the fibers, inducing the BCPs to form ordered
nanostructures with a preferred domain orientation that is perpendicular to the fiber
axis.

In recent years, our research group has developed a new class of natural-
synthetic “hybrid” BCP systems, where one of the blocks consists of poly- or
oligosaccharides [77–83]. These hybrid BCPs have very high incompatibility
between saccharidic and synthetic polymer blocks from their hydrophilicity–
hydrophobicity imbalance that is further enhanced sterically by the “rod”-like
structure of the saccharidic blocks, leading to high χ-parameters of the BCP
systems. Using these “high χ” BCP systems, we could achieve sub-10 nm scale
phase separation where the BCP domain size is much smaller than the minimum
domain size (ca. 20 nm) achieved ever using conventional petroleum-based “low
χ” BCPs such as PS-b-PMMA and PS-b-PI. Such small features will lead to next-
generation devices in various nanotechnology industries. Our next challenge is
to produce long-range order of these BCP nanopatterns, which is essential for
real applications. In addition to the well-known DSA approach [84], we are
working on the electrospinning of hybrid BCPs and their long-range self-organ-
ization within the fiber structure [85]. Details will be discussed in our forth-
coming publications.
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Seiya Tsujimura

4 Porous carbon materials for enzymatic
fuel cells

4.1 Introduction: designing porous carbon
electrodes

Enzymatic fuel cells (EFCs) are fuel cells that contain a purified enzyme as the
electrocatalyst to convert the chemical energy of the oxidation reaction of reducing
substances (such as sugars, organic acids, and alcohols) directly into electricity
under ambient conditions, that is, 10–40 °C, atmospheric pressure, and a moderate
pH range of 5–8. At the anode, electrons that are captured from an anode fuel by a
specific enzyme are transferred to the electrode through the direct or mediated
electron-transfer reaction. The electrons transferred through external resistance are
passed to O2molecules with the aid of Cu-containing enzymes (multicopper oxidases)
to form water at the cathode. EFCs minimally comprise anodic and cathodic enzymes
and the carbon electrodes; in principle, they do not require a case to seal the cell
components or a separator between the anode and the cathode. This simple structure
facilitates straightforward applications of EFCs. Enzyme-catalyzed electrode reac-
tions are classified into two categories: (1) direct electron transfer (DET), which
involves DET between enzymes and electrodes; (2) mediated electron transfer
(MET), in which redox molecules, called mediators, shuttle the electron between
enzymes and electrodes.

EFCs are expected to become ubiquitous power devices in the field of communi-
cations and for medical (healthcare) applications; EFCs can power wearable or in
vivo bioelectronics, such as biosensors (e.g., self-driven blood-glucose sensors and
continuous glucose-monitoring devices), sensors (e.g., body thermometers, heart
rate sensors, and accelerometers), and other implanted medical/healthcare devices
(e.g., pacemakers and stimulators). EFCs are also expected to power microscale
sensor/node systems for Internet of Things technologies. However, practical use of
EFCs is hindered by their lower durability and lower output power density than
conventional small power generators and batteries. Nevertheless, the highly favor-
able properties and the potential applications of EFCs have stimulated intense
interest in the basic study and development of EFCs. In recent years, numerous
review articles on EFCs, which serve as useful supplements to this review, have
been published [1–8].
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Two critical shortcomings – the short lifetime and low power density – prevent
the application of EFCs in the real world; they are related to the instability of enzymes
on the electrode surface, large barrier for electron transfer between the enzyme active
site and electrode surface [2, 9–11], and limited amount of electroactive enzymes that
can be loaded onto the electrode surface. Protein-engineered redox enzymes with a
high activity and durability have been developed to improve the EFC performance,
and numerous attempts have been made to immobilize enzymes using various three-
dimensional (3D) nanostructured materials, including mesoporous materials, nano-
particles, and nanofibers [7, 12]. The large specific surface area is expected to enable a
high enzyme loading. Moreover, enzyme stabilization in nanostructured materials
can extend the lifetime of enzymes [13–15]. Enzymes can be stabilized by encapsula-
tion in the pores of a support; this prevents enzyme removal from the support surface,
aggregation, or degradation of themolecular structure. Enzyme–support interactions
can be affected by pore characteristics, including the pore structure andmorphology,
and by surface chemical characteristics, such as hydrophobic/hydrophilic interac-
tions, electrostatic interactions, and hydrogen bonding. Among these factors, the
pore size can be an important parameter that affects enzyme immobilization. For EFC
applications, designing the multidimensionality of the pore structure (hierarchical
pore structure) is significant (Fig. 4.1). For theMET reaction, themesopores should be
optimized to immobilize the enzyme/mediator by considering the diffusion process
and microinterface for fast electron transfer and stable immobilization of the redox
mediator on the electrode. For the DET reaction, the mesopore size (structure and
morphology) affects the enzyme loading and effectiveness of the electron transfer
reaction by surrounding the enzyme by a conductive carbonwall. Themodification of

Pore size
Hydrophobicity/
hydrophilicity

Pore size
Pore structure
and morphology

Surface modification
Facilitating ET
Stabilization
Orientation

Macro

Fast mass transfer

Meso Micro

Fast electron transferHigh enzyme loading

Carbon

Fig. 4.1: Hierarchical structure of porous carbon for enzyme electrode.
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functional chemicals on the electrode surface could facilitate the electron transfer
rate by improving the orientation of the enzyme. In both cases, the macropores
should be hydrophilic for liquid fuels, and the hydrophobicity should be modulated
for gaseous fuels. This chapter reviews the basic concept for designing the electrode
structure and recent developments in porous carbon electrodes featuring a controlled
pore size for EFC applications.

4.2 Nanostructured carbon-based electrodes

4.2.1 Nanomaterials

Recently, numerous nanostructured carbon materials, including carbon nanotubes
(CNTs), graphene, and carbon black, have become available for biofuel cells, and this
has created remarkable progress in enzyme-electrode technologies (Fig. 4.2). These
nanostructured materials are typically deposited on a current collector, such as
carbon, Ti, Au, or stainless steel, and the material is selected by considering the
potential window, corrosion of the substrates, and adhesiveness of the carbon
materials on the substrate. Normally, a polymer binder such as polyvinylidene
difluoride (PVDF; poly-1,1-difluoroethene), polytetrafluoroethylene (PTFE; poly
(1,1,2,2-tetrafluoroethylene)), or styrene-butadiene rubber (SBR) is used to deposit
carbonmaterials on the current collector. CNTs allow the formation of a binderless 3D

Binder (PVDF in NMP)
Carbon

Carbon disk

Or ultrasonicator

Carbon disk

Apply the ink on substrate

Carbon nanotube

Graphene

Carbon blacks

Evaporate solvent

(hydrophilization)
Apply enzyme solution

Fig. 4.2: Nanostructured carbons and electrode fabrication procedure.
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structure by high-pressure pressing [8]. This chapter focuses on carbon blacks and
mesoporous carbons as carbon materials describes their uses in EFCs.

4.2.2 Carbon blacks

Carbon blacks, such as Vulcan XC-72 (Cabot, USA) and Ketjen black (KB, Lion
Specialty Chemicals Co. Ltd, Japan), have already been used in fuel cells,
batteries, and capacitors to support a catalyst or to increase the electron con-
ductivity. Especially KB provides high electron conductivity at smaller loading
amounts. KB features a high specific Brunauer–Emmett–Teller (BET) surface
area of 800–1,200 m2 g−1 and a primary particle diameter of 40 nm, which
provides a good platform for encaging enzymes by the carbon walls. The KB-
modified electrode is fabricated by cast coating or printing a KB ink onto a
substrate (current collector); the KB ink is typically prepared by mixing a KB
powder with a binder using a mortar and pestle, planetary centrifugal mixer, or
ultrasonicator. For example, a dispersion of KB mixed with 20 wt% PVDF in
N-methylpyrrolidone (NMP) was drop-casted onto a carbon substrate; the porous
KB-modified electrodes were obtained after evaporating the NMP [16].

KB-modified electrodes have been used for DET and MET reaction platforms to
increase the current density per unit geometric surface area. The first reported use of
a KB-modified electrode for DET-type bioelectrocatalysis was for fructose oxidation
by D-fructose dehydrogenase (FDH) from acetic acid bacteria (Fig. 4.3A) [16]. The
DET-type catalytic current density of FDH on a nonporous carbon electrode was as
low as a fewmicroamps per square centimeter [17]. When FDHwas adsorbed on a KB-
modified electrode prepared by dipping the electrode in an FDH solution, the modi-
fied electrode produced a fructose-oxidation current density of 10 mA cm−2 per unit
geometric surface area [16, 18].

KB-based electrodes were also used to develop a high-performance biocathode
based on DET, in which CueO from Escherichia coli was used as the O2-reduction
biocatalyst [19]. The current density reached 12 mA cm−2 at 1 atm O2, 25 °C, and
10,000 rpm on the CueO-modified KB electrode in the absence of redox mediators.
The CueO-modified KB-based cathode was superior to the CueO cathode based on its
nonporous highly oriented pyrolytic graphite in terms of the current density, elec-
trode kinetics, pH tolerance, and thermal stability.

Conversely, a KB electrode modified with a hydrogel composed of a redox
polymer and glucose oxidase (GOx) showed a current density of up to 5.1 mA cm−2.
The current magnitude was 60% higher than that on a glassy carbon (GC) electrode
[20]. KB features a large specific surface area, but the pore-size distribution of the KB-
modified electrode ranges from 1 to 100 nm, suggesting that the parts that were
smaller than the enzymes were inefficiently used for enzyme loading and electro-
chemical reactions (Fig. 4.3B). Moreover, the hydrogel that formed on the surface of
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the KB layer could readily prevent mass transfer of glucose, GOx, and the redox
polymer; sufficiently larger pores are required for hydrogel modification than for the
DET reaction.

KB can also be applied to air-diffusion-type biocathodes, which are enzymatic
cathodes that use O2 from air; the cathode consists of a hydrophobic gas-diffusion
layer and a hydrophilic catalytic layer including a proton conducting electrolyte
layer, and forms a “pseudo”-tri-phase interface composed of a liquid electrolyte
with the enzyme, solid electrode, and air phase. When the cathodes are fully dipped
in the electrolyte solution, the cathode performance is usually limited by the O2
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Fig. 4.3: (A) Fructose dehydrogenase modified on KB electrode and the pore-size distribution (from
Kamitaka et al. [16]) and (B) pore-size distribution of KB modified on carbon support.
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supply toward the cathode because of the low solubility and low diffusion coefficient
of O2 in the aqueous solution. In contrast, the liquid electrolyte serves as an ion-
transport medium from the anode to the cathode; there is a trade-off relationship
between the proton and O2 supplies to the enzyme; a thin liquid layer would be
helpful for O2 supplied from air.

The first air-diffusion-type biocathode was fabricated by coating a mixture of KB
and PTFE binder onto Toray carbon paper (CP, gas-permeable current collector), and
CueO from E. coli was used as the O2-reduction catalyst [21]. The hydrophobicity/
hydrophilicity was optimized by modulating the mixing ratio of carbon and PTFE to
prevent the electrode surface from flooding the electrolyte solution. The measured
steady-state catalytic current density was as high as 20mA cm−2 in passive mode
without a fan or pump. The modified electrode was prepared as follows. The KB and
PTFE powders in 2-propanal were mixed thoroughly using a tip-type homogenizer,
and the slurries were coated onto the surface of the CP and dried in a drying oven to
remove the solvent. Lastly, the KB-CP electrodes were immersed in the enzyme
solution to adsorb the enzyme on the KB materials, which generated the enzyme-
adsorbed KB-CP electrode. A surfactant, such as Triton X-100, could be added to the
enzyme solution to increase enzyme penetration through the hydrophobic carbon
layer [22].

Based on these technologies, a flexible and high-power biofuel cell on a Japanese
paper substrate using KB inks and a screen printer exhibited 0.12 mW cm−2 at 0.4 V
[23]. The gas-diffusion-type O2− reduction cathode was printed on a carbon ink
containing a hydrophobic PTFE binder. The anode was fabricated with a carbon
ink with an SBR binder, which was dispersed in water with carboxymethyl cellulose
to create a hydrophilic carbon layer. The electrode modified with GOx and a redox
mediator, tetrathiafulvalene, produced a glucose oxidation current of several milli-
amps per square centimeter.

4.3 Pore-size-controlled carbons

4.3.1 Mesoporous carbon

As noted in the previous section, nanostructured materials, including carbon blacks,
have a high specific surface area and are promising materials for enzyme supports;
however, controlling the hierarchical pore structures of the carbon electrode layer is
challenging because they form a porous structure by aggregation, leading to a low
usage efficiency of the porous structure. The strategies used to synthesize mesoporous
carbons for enzyme immobilization can be categorized into several types (Fig. 4.4). The
first strategy involves using the interstices of carbon particles, such as carbon gels
[CGs; carbon aerogel (CAG) and carbon cryogel (CCG)]. Mesoporous carbons can be
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prepared directly from carbon precursors through carbonization using hard templates
(MgO, zeolites, mesoporous silica, etc.) and soft templates (metal-organic frameworks,
block copolymer surfactants, etc.).

4.3.2 Mesoporous silica-templated carbon

The encapsulation of enzymes and other proteins in inorganic host materials, such as
ordered mesoporous silica structures (e.g., MCM-48, MCM-41, and SBA-15), has
attracted considerable attention for stabilizing the enzyme structure [14]. However,
silica-basedmaterials are electronic insulators from the viewpoint of electrochemical
applications. The pores in the template silica are replicated in the carbons through
either impregnation or chemical vapor infiltration of a carbon precursor, and this is
followed by the carbonization and removal of the templates, mostly using HF [26, 27].
Highly ordered mesoporous carbons based on the mesoporous silica-templated
carbon have been receiving substantial attention because of their extremely high

4

Carbon gel

MgO-templated carbon

10 nm

100 nm 100 nm

10 nm

Fig. 4.4: Pore-size-controlled carbons, carbon gel, and MgO-templated carbon. From Tsujimura et al.
[24] and Funabashi et al. [25].
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surface area, defined pore size, and electronic conductivity. The pore size of the
carbonmaterial, as defined by the thickness of the silica wall of themesoporous silica
material, has a narrow distribution of approximately 5 nm; however, it is difficult to
reliably obtain a pore size that is larger than the enzyme molecules.

A hydrophilic SBA-15-templated carbon prepared from glucose and poly(vinyl
alcohol) as a carbon precursor has a mesopore diameter of about 4 nm [28]. However,
the pore was not able to encapsulate GOx: the enzyme features a dimensional size of
5–10 nm. Direct electron exchange between an electrode and the enzyme’s cofactor
flavin adenine dinucleotide (FAD), which is buried in the protein shell of GOx, is
extremely slow. GOx on a hydrophilic, ordered porous carbon surface began to show
clear bioelectrocatalysis of glucose oxidation at approximately −0.5 V versus Ag|AgCl
and was attributed to the redox reaction of FAD/FADH2. A previous study suggested
that CNTs could promote DET to GOx by protruding into the enzyme and reducing the
electron transfer distance to the buried flrans, but direct electrocatalysis was not
achieved at a reasonable overpotential [29].

The effect of the carbon structure on the electrochemistry of immobilized GOx was
reported using two-dimensional (2D) CMK-3 and 3D CMK-1-like carbons, which were
prepared using mesoporous silica FDU-5 as a template. Redox signals related to FAD
were observed on both electrodes, and the electrochemical signal on the 3D electrode
was more stable than that on the 2D electrode. However, the glucose-oxidation cata-
lytic current based on DET from FAD to the electrode was not observed [30].

A glucose/O2 EFC using a mesoporous carbon fabricated from SBA-15 as the
template and sucrose as the carbon precursor showed 0.82 V of the open-circuit
voltage and 38.7 μW cm−2 at 0.54 V, which is low considering its specific surface
area [31, 32]. Meldola’s blue, a redox catalyst to oxidize reduced nicotinamide
adenine dinucleotide (NADH), was modified on the carbon surface, but oxidized
NADH-dependent glucose dehydrogenase (GDH), which was considerably larger
than the mesopores, might have capped the mesopores. The large surface was not
efficiently used for bioelectrocatalysis.

Ordered mesoporous silica-templated carbon can create highly ordered meso-
pores, but the pore diameter is considerably lower than the diameter of the enzyme
molecules. Thus, the material is not suitable for encapsulating enzymes within
mesopores to increase the enzyme stability or enzyme loading; however, the nano-
structured surface might enhance electron transfer by reducing the distance between
the enzyme active site and the surface edge, or by increasing the loading of the redox
mediator (redox catalysts).

4.3.3 Carbon gels

Previous studies have reported that the mean pore size of materials used for enzyme
encapsulation must be at least 4–5 times larger than the mean molecular diameter of
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enzymes to guarantee unrestricted access [33, 34]. CGs, which are a type of pore-size-
controllable porous carbons, can be a good carbon choice for enzyme loading
because CGs possess several critical and useful properties: controllable pore sizes,
high porosity, high surface area, and high electrical conductivity. CGs are synthe-
sized using a resorcinol–formaldehyde sol–gel process, which is followed by either
freeze–drying and carbonization (CCG) or CO2-supercritical drying (CAG) [35–37]. The
properties of CGs markedly depend on the synthesis and processing conditions [38];
notably, CGs harboring large pores (larger than the enzyme molecules) can be
synthesized. The mean diameter of the pore formed in a CG can be increased by
lowering the concentration of the CO3

2− catalyst (C) solution at a given ratio of
resorcinol to water (R/W) and by decreasing the R/W ratio at a given R/C ratio during
gel synthesis. The average pore diameter (10–80 nm) was controlled by changing the
molar R/C ratio [24]. However, CGs with a mean pore diameter >40 nm could not be
readily prepared with a high degree of reproducibility because the extremely low
catalyst concentration (Na2CO3) could be altered by certain contaminants. CCGs that
harbored larger pores (14–108 nm) were synthesized using a sol–gel process from
resorcinol and formaldehyde in carbonate buffer solutions by adjusting the total
concentrations and pH of the catalyst components; the concentration of Na2CO3 in
the sol–gel process was increased to stabilize the pH (buffer action), and the catalyst
(CO3

2−) concentration was controlled by adjusting the pH [39].
CGs have been investigated as electrode materials for constructing enzyme-

based bioelectrochemical devices, including EFCs and biosensors, to improve the
electron path and the enzyme immobilization process. FDH adsorbed on a CCG
electrode exhibited large catalytic currents for fructose oxidation in the absence of
redox mediators [24]. The catalytic current depends on the pore size, and the
catalytic current density was very low when the CCG pore was smaller than the
FDHmolecule. Conversely, under the employed experimental conditions, the wider
pores provided a higher catalytic current density. Thus, the enzymes caged within
the carbon mesopores might be suitably positioned to directly communicate with
the electrode (Fig. 4.5). The particle size of the carbon could also be a critical factor
for determining the performance of an electrode; the measured catalytic current
depends on the mass transfer of the substrate from the bulk solution to the surface
of the carbon particle and inside the carbon particle [40]. The enzyme electrode
harboring mesopores exhibited a high bioelectrocatalytic current when sufficient
substrate was supplied to the FDH present inside the CG.

The CCG electrode allows a DET reaction of soluble pyrroloquinoline quinone-
GDH from Acinetobacter calcoaceticus [41]. The response current depended on the
glucose concentration, and the highest glucose-oxidation catalytic current density
was 1 mA cm−2, which was markedly higher than that on other materials.

CGs were also successfully used for an O2− reducing biocathode, in which multi-
copper oxidases were used as electrocatalysts [42–46]. Diffusion-controlled O2 reduc-
tion into water was achieved without mediators using enzymes that were physically
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adsorbed onto CAG particles; the following enzymes were used: laccase from
Trametes sp., bilirubin oxidases (BODs) from Myrothecium verrucaria and Bacillus
pumilus, and recombinant CueO from E. coli. The current density was predominantly
controlled by the diffusion of dissolved O2 in the rotating disk electrode experiments
and reached 10mA cm–2 at 1 atm O2, 25 °C, and 8,000 rpm on the laccase-adsorbed
electrode. The laccase-adsorbed CAG-based biocathode showed a stable O2-reduction
current in an air-saturated buffer for at least 10 days under a continuous-flow system;
in contrast, the activity of laccase dissolved in a buffer solution decreased to half the
initial activity during incubation for 5 days. Thermophilic BOD from Bacillus pumilus
was also adsorbed onto a CCG electrode in the presence of a mediator, an Os polymer
[46]. BOD adsorbed on a KB electrode also showed a DET-type electrochemical O2-
reduction activity, but the electrochemical response on the CCG electrode was more
stable than that on the KB electrode, which could be attributed to the encapsulation
of BOD by the mesoporous carbon wall.

4.3.4 MgO-templated carbon

CG can be a promising option for producing a desired porous carbon featuring a
controlled pore size; however, there is a serious drawback – the production process is
time-consuming and requires a large amount of organic solvents. Meanwhile, CG is
not suitable for factory-scale mass production. A promising alternative porous car-
bon could be MgO-templated mesoporous carbon (MgOC, Figs. 4.4 and 4.6) [47]. One
of the notable advantages of using MgOC is the simplicity of its production procedure
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Fig. 4.5: Dependence of fructose oxidation catalytic current on the pore radius of CCG and schematic
illustration of the relationship between pore size and enzyme distribution. From Tsujimura et al. [24].
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over the procedures reported for mesoporous carbons, such as CCGs and CAGs. MgOC
is synthesized as follows: a mixture of a carbon precursor, such as poly(vinyl
alcohol), with the template MgO particles is heated in a furnace; then, the MgO
template is removed by washing the carbon with a diluted acid, such as HCl or
H2SO4, to obtain the porous carbon materials. MgO is a suitable template because it
is both thermally and structurally stable during carbonization and is easy to remove
from the resulting carbon by washing with a dilute acid. Another advantage of MgOC
over other mesoporous carbons is its tunable pore-size distribution (2–150 nm),
which can be modified by changing the crystalline structure of the MgO template.
MgOC is the only carbon that is produced at the industrial level. Furthermore, the
interconnected mesopores of MgOC provide a highly effective surface area per vol-
ume for enzyme immobilization.

MgOC featuring an average pore diameter of 38 nm and a BET-specific surface
area of 580m2 g−1 was first used as the electrode material for a glucose-oxidizing
anode [48]. The MgOC mixed with a binder was modified on a GC electrode using the
cast-drop technique. Anodic catalysts composed of a redox polymer, GOx, and a
crosslinker were applied to the MgOC-modified electrodes. The glucose-oxidation
current density on MgOC was 11.3 mA cm−2 at 0.5 V, which was 5.3 times higher than
that on GC.
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Fig. 4.6: (A) Typical productionprocedure ofMgO-templated carbon, (B) FE-SEM image ofMgO-templated
carbon using MgO with 40 nm crystalline, and (C) pore-size distribution of MgOCs made from different
MgO crystalline sizes.
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FDH also showed an improved current-production efficiency and stability when
MgOCwithmesopore size as large as the enzymewas used [25]. When theMgOC pores
were substantially larger than the FDH molecules (15–20 nm), a sufficient amount of
FDH could be adsorbed within the mesopores on and inside the MgOC structure. In
contrast, when the MgOC pore size was comparable to that of the FDHmolecules, the
catalytic current depended only on the amount of enzyme adsorbed in the mesopores
that formed at the surface of the carbon particles; however, FDH showed an
enhanced thermal stability when encaged in carbon mesopores of a comparable
size to that of the enzyme molecules.

4.4 Hierarchically structured carbon electrodes

4.4.1 Introduction

To increase the enzyme-usage efficiency, the electrode material must have a large
surface area for efficient bioelectrocatalytic reactions (structure-controlledmesopores)
and provide rapid mass transport of reactants (macropores). Moreover, given that the
enzymatic reaction near the electrode surface at high rate, the maximal catalytic
current density would be suppressed by substrate consumption. To successfully satisfy
the requirements of both a large specific surface area for enzyme loading and the rapid
mass transport of fuel, a hierarchically structured carbon electrodewould be desired: if
the pores were considerably larger than the enzymemolecules, enzyme loading would
be limited, but if the pores were small, enzyme penetration would be prevented.
Distinct pore sizes can be obtained by mixing materials with pores of different sizes;
three strategies could be considered to construct hierarchically structured carbon
electrodes: (1) first, constructing the macroporous structure and then forming meso-
pores on the surface of the macroporous material (see Section 4.4.2), (2) building the
macroporous structure upon mesoporous carbon materials (Section 4.4.3), and (3)
mixing templates to form a hierarchically structured material (Section 4.4.4).

4.4.2 Mesoporous carbon formed on macrostructured carbon

Macroporous structures can be obtained using a carbon-fiber-based carbon texture,
such as carbon cloth, carbon felt, CP, or carbon foam, all of which are templated
carbons prepared using silica or polymer particles as the template. The mesopores
can be formed on themacroporous structure by (1) depositingmesoporous carbon, (2)
growing CNTs through chemical vapor deposition (CVD), and (3) forming pores on
the substrate through activation treatment performed using CO2 or H2O with metal
catalysts.
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CNT modification on CP or carbon fiber by CVD led to a 100-fold increase in the
surface area and a 10-fold increase in the current density (22 mA cm−2 of glucose
current at 37.5 °C); CNT modification is a promising technique to fabricate a tailored
hierarchical structure [49, 50]. Another study reported efficient O2 reduction cata-
lyzed by BOD using a redox hydrogel on a hierarchically structured carbon material
obtained by growing carbon fibers on highly porous reticulated vitreous carbon [51].
Moreover, chitosan scaffolds doped with CNTs were developed for 3D hierarchically
structured electrodes [52]. The porous and interconnected structures were formed by
thermally induced phase separation followed by freeze–drying of an aqueous solu-
tion of chitosan acetic acid. Multiwalled CNTs provided electrical conductivity
throughout the chitosan structure. A 3D macrocellular carbonaceous foam electrode
is composed of Si-templated macropores, and the mesopores are introduced using a
porous carbon precursor; 1,734 μg cm−2 of the GOx-hydrogel generated 18 mA cm−2 at
37 °C and 2,000 rpm [53].

4.4.3 Carbon particles deposited using electrophoretic deposition

Carbon particles can be deposited onto the current collector by electrophoretic
deposition, in which carbon materials, such as CNT, CB, or MgOC, are dispersed in
a solvent with a binder and are forced to migrate toward an electrode by applying an
electric field (DC 10–200 V). The thickness of the carbon layer and the morphology
(macropore size) can be controlled by tuning the applied voltage, carbon concen-
tration, distance between the two electrodes, and electrophoresis time. Under mod-
erate conditions, for example, at a low applied voltage (10 V), a smooth carbon layer
is formed without any pores larger than 10 μm. However, above 50 V, the carbon
particle was deposited on the substrate, forming a macropore. The electrode made
from 40 nm MgOC was further coated with a biocatalytic hydrogel composed of a
conductive redox polymer, deglycosylated FAD-dependent GDH (d-FAD-GDH), and
a crosslinker [54]. The glucose-oxidation current density was 100mA cm–2 at 25 °C
and pH 7 with a hydrogel loading of 1.0 mg cm–2. For the same hydrogel composition
and loading, the current density on the MgOC-modified GC electrode was more than
30 times higher than that on a flat carbon electrode. For the drop-casted MgOC
electrode, which lackedmacropores larger than 10 μm, themaximal current was <40
mA cm−2, even at an electrode rotation rate of 9,000 rpm. The maximal current was
ascribed to the limitations of the biocatalyst and glucose transport in the carbon-
layer structure on the GC support. Furthermore, the stability of the hydrogel elec-
trode was enhanced using mesoporous carbon materials: >95% of the initial cata-
lytic current remained after storage in phosphate buffer for 220 days at 4 °C, and
80% of the activity was observed after 7 days of continuous operation at 25 °C. The
electrochemical response of FAD-GDH in the hydrogel on the GC electrode was
diminished at 37 °C after 2 days of continuous operation in 0.1 M phosphate buffer
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at pH 7, but the response stability was improved by immobilizing the hydrogel on the
porous carbon structure by encapsulating the hydrogel within the mesopores [55]. A
glucose anode based on a GOx-hydrogel consisting of an Os-complex-tethered
polymer produced a glucose oxidation current as high as 60mA cm−2 at a loading
of 1,000 μg cm−2 at 37 °C [56].

A macro-meso-hierarchical structure also enabled efficient BOD-catalyzed elec-
trochemical O2 reduction [57]. BOD was adsorbed on an MgOC electrode with a redox
mediator – 2,2ʹ-azinobis(3-ethylbenzothiazolin-6-sulfonate) (ABTS). The ABTS mole-
cules adsorbed on the surface of MgOC exhibited an extremely stable redox behavior
without disproportionation. The ABTS adsorbed on the electrode surface accelerated
the DET and MET rates by improving the orientation of BOD on the carbon surface
and by mediating the electron transfer from the electrode to the electroactive site of
BOD. The maximal catalytic current was doubled in the presence of ABTS across a
wide pH range.

4.4.4 Hierarchically structured porous carbon made
from the dual-templated method

There are very few reports on meso-macroporous carbons that are worth mentioning.
A 3D interconnected meso-macrobimodal porous silica sol–gel approach was devel-
oped using a solution of polystyrene sulfonate spheres as the macrotemplate and
tetraethyl orthosilicate as the silica particle precursor for mesopores, followed by
multimodal porous carbon fabricated by inverse replication of bimodal silica [58].
The carbon contains 6 nm mesopores and 200 nm macropores. MgO-templated car-
bon with a bimodal mesopore size distribution (with maxima at 2 and 10 nm) was
prepared using two MgO precursors –Mg citrate and Mg gluconate – with poly(vinyl
alcohol) as the carbon precursor [59]. The mesopores in these materials are too small
with respect to the size of the enzyme molecules, and there are no strategic ways to
control the mesopore size. There are no reports concerning bimodal carbon materials
with mesopores larger than 20 nm and macropores. Based on an MgO-templated
porous carbon framework, the 3D hierarchical electrode structure was fabricated
from small to large, that is, 40–150 nm MgO templates [60] This strategy allows for
easy control of the volume of meso-macropores, but it is difficult to control the
morphology (arrangement) of the macro-mesopores. To overcome the drawback,
the ratio of the mixing ratio of the two templates was varied to determine the best
morphology. For a bilirubin-oxidase-catalyzed oxygen-reduction cathode, the opti-
mal pore composition was a mixture of 33% macropores and 67% mesopores. The
macropores improved the mass transfer inside the carbon material and the meso-
pores improved the electron transfer efficiency of the enzyme by surrounding the
enzyme with carbon.
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4.5 Conclusions

EFC construction is simplified by surface-confined bioelectrocatalytic electrodes
because diffusional redox mediators and an ion-conducting separator are not
needed. The removal of these inhibitory requirements enables the design of mem-
brane-free EFCs, creating the possibility of further miniaturization for implantable/
wearable/epidermal applications. The low stability and low current production effi-
ciency of enzyme electrodes are insurmountable barriers to their application in EFCs.
In combination with developing the engineering process for the enzyme, the use of a
porous carbon material with a controlled pore structure and morphology allows
simultaneous improvement in the stability and current density. In this chapter, the
porous carbons to realize the efficient current production of an enzyme-based bio-
electrocatalyst were reviewed, leading to a new strategy for designing porous carbon
materials with a controlled macropore/mesopore morphology. Macropores increase
the mass transfer of the biocatalyst as well as fuel, gas, and electrolyte. Mesopores
can increase the current production efficiency by encaging the enzyme and reducing
the electron transfer distance. To further improve the heterogeneous electron transfer
rate, the process reported here must be combined with designing the nanostructures
(nanointerface), and the chemical properties must be tuned by introducing specific
molecules and heteroatom doping. The strategic approach reported here can be
applied to other redox enzyme systems, including DET- and MET-type anodes and
cathodes. Tailor-made porous carbon will unlock a new era in the fabrication and
application of enzyme electrodes.
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Huangxian Ju

5 DNA assembly for electrochemical
biosensing

Deoxyribonucleic acid (DNA) is ubiquitous in biology because of its biological roles
as carriers of genetic information, encoding amino acid sequences in protein syn-
thesis. Its salient feature is the canonical Watson–Crick base-pairing interactions,
which endow DNA to direct assembly with high selectivity and specificity, and the
assembled DNA structures have been used as a kind of new biomaterials by scientists
in chemistry and biology. Under well-designed sequences, the structural transforma-
tion of DNA assembly can serve as an electrochemical signal transducing method for
constructing biosensors. Based on the programmable features, DNA assembly is also
broadly used for signal amplification in electrochemical biosensing. Considering the
advantages of rapidity, high signal-to-noise ratio, easy operation, low cost, and the
specific interactions of DNA structures with a wide range of targets, electrochemical
biosensors based on DNA assembly have attracted considerable attention for the
detection of metal ions, small molecules, nucleic acids, and proteins. In this chapter,
we introduce the general concept of DNA assembly applied in electrochemical bio-
sensing techniques and summarize the recent applications of DNA assembly in
electrochemical biosensors.

5.1 Introduction

Deoxyribonucleic acid (DNA) – a molecule that carries the genetic information of a
living organism – is diverse in structure and function. Except from its biological
significance, DNA structure is also used as a kind of biomaterial based on its bio-
logically friendly, programmable, and relatively low-cost features. DNA can specifi-
cally recognize metal ions, small molecules, proteins, and even single cells. By
integrating multiple organic or inorganic nanomaterials, DNA assembly shows
more functions and applications. Furthermore, the development of proximity bind-
ing effect offers an easy and convenient way to integrate protein detection into DNA
detection. Therefore, the application of DNA assembly has been tremendously
broadened.

The programmability of Watson–Crick base pairing, combined with a decrease in
the cost of synthesis, has made DNA a versatile engineering material for the assembly
of molecular structures and dynamic molecular devices [1]. In the last 20 years, the
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DNA assembly technique has gone from an initial wave of making static structures of
diffierent shapes and sizes, to the second wave of creating increasingly sophisticated
and dynamic structures capable of carrying drugs, interacting with cell surface pro-
teins and performing certain functions inside cells [2, 3]. Moreover, those sophisticated
DNA superstructures can greatly facilitate the exponential signal amplification after
DNA assembly in vitro biosensors, which can dissolve the bottleneck problem of life
and biomedical science in detection of biomolecules with low abundance and acquis-
ition of ultraweak biological signals [4]. Since DNA assembly guides the signal ampli-
fication, such as thermocycling amplification techniques and isothermal amplification
techniques, it has witnessed the huge developments in biosensing fields. Due to the
disadvantages of thermocycling amplification, such as easy contamination, high cost,
time-consuming and requirement of a thermal cycler, many isothermal amplification
strategies have been proposed and widely used in biosensors, such as rolling circle
amplification (RCA), enzymatic cleavage amplification (ECA), strand displacement
amplification (SDA), catalytic hairpin assembly (CHA), and hybridization chain reac-
tion (HCR) [5]. Therefore, DNA assembly amplification techniques meet the practical
demands in detection of trace amounts of various analytes and acquisition of ultra-
weak biological signals, which promotes the development of life science, biomedicine,
and food and environmental science in analytical chemistry [4, 6].

Electrochemical biosensor is a powerful analytical tool due to their portability,
miniaturization, and self-contained, which can produce digital electrochemical signal
by transducing the biological-sensing element-target recognition event [5]. Typically,
electrochemical biosensor consists of an analyte, receptor, signal, transducer, and data
analysis system [7], and each of these elements has a different responsibility within the
biosensor. Upon the recognition of analyte by the receptor, DNA assembly can be
triggered to accomplish signal amplification to generate electrochemical signal for
target detection, which offers electrochemical biosensors some advantages of high
sensitivity and selectivity, high signal-to-noise ratio, simple equipment, low cost, and
rapid response time compared to optical biosensors [5]. These remarkable character-
istics and better performances make electrochemical biosensors attract considerable
attention in bioelectrochemistry and be rapidly developed in recent years. In this
chapter, we introduce the basic principles of DNA assembly for signal amplification
and summarize their applications in electrochemical biosensors.

5.2 DNA structure transformation for electrochemical
biosensing

DNA structures are mainly double helixes following the principle of Watson−Crick
base-pairing rule, while in some special case G-quadruplexes, i-motif, or triplex are
formed under certain sequences and conditions. One form of DNA structure can be
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transformed to another bonding form in response to some special stimuli or under
different conditions. Through rational design, these transformations are able to
change signal response in the electrochemical system. By attaching nanomaterial
or small-molecule tag modification in the DNA sequence, the change of DNA struc-
ture can be easily transferred to electrochemical response by introducing or depart-
ing the electrochemical tag or changing the distance between electrochemical tag
and the electrode surface. In this way, DNA assembly-triggered DNA structure trans-
formation can be used as a practical way to construct electrochemical biosensors.

5.2.1 Stem-loop structure

Stem-loop structure [8] is a structure formed by a DNA strand, insidewhich two parts of
DNA hybridize with each other as the rigid “stem” part and the bases between the stem
part are circular as the flexible ”loop” part. Quenching is keeping the single strand at a
high temperature (mainly at 95 °C) for severalminutes and slowly cooling it to the room
temperature. By quenching, the stem-loop structure can be easily prepared and inter-
strand entanglement can be avoided. The application of stem-loop structure in bio-
sensing is mainly designed to lock or unlock electrode-bound ones in response to
stimuli to “turn on” or “turn off” the signal, which is a concept analogous to fluores-
cent ”molecular beacons.” A classic model of stem-loop structure in electrochemical
biosensing is shown in Fig. 5.1. The existence of target tends to open the structure,
making the electrochemical tag combined with it, and achieving electrochemical
response by catalyzing the substrate [9]. With the signal amplification strategy, the
stem-loop-based structure has been broadly used to construct various biosensors.

By integrating stem-loop structure with the ratiometric strategy, the sensitivity
and the detection range of the electrochemical biosensor can be well improved.
Based on a large amount of redox reporters [10], nonoverlapping redox potentials
are available for ratiometric measurements. The transformation of stem-loop struc-
ture results in the release or approach of the redox reporters, which produces the
“signal-off” or “signal-on” elements for ratiometric signal readout (Fig. 5.2). By
integrating the proximity binding effect, the electrochemical ratiometric effect can
be used for one step detection of proteins [11].

5.2.2 Tetrahedral DNA structure

Tetrahedral DNA structure is a rigid and well-confined 3D DNA nanostructure.
Recently, tetrahedral DNA structures are extensively used in the electrochemical
biosensing. With the help of this structure, defects on electrode surface, partial
overcrowded modification, and unexpected ginterstrand entanglements can be per-
fectly avoided to achieve high reproducibility. The first tetrahedral DNA structure-
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Fig. 5.1: Scheme of stem-loop structure for construction of biosensor. Reprinted with permission from
Fan [8].

Fig. 5.2: A schematic illustration of ratiometric electrochemical proximity assay. Reprinted with
permission from Ju and coworkers [11].
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based biosensor was developed by Fan [12], in which three vertices were modified
with thiol groups and one vertex wasmodified with the detecting probe (Fig. 5.3). The
three thiol groups anchored the tetrahedral structure on the electrode surface via
gold–thiol bond. The probe on the vertex sticking to the solution increased the
accessibility of target molecules to probes and consequently increased the reaction
efficiency. Because of these advantages, tetrahedral DNA structure-based biosensor
has served as a platform to detect various targets, including microRNA (miRNA) [13]
and exosome [14]. The structure change inside the tetrahedral DNA structure can also
provide a practical way to transduce signal. Certain stimuli result in the switching or
collapse of tetrahedral DNA structure, and change the distance between electro-
chemical tag and the electrode surface to impact the electrochemical response [15].

5.2.3 Triplex DNA

TriplexDNAassemblies are formedby a pair of double-helix DNAand an auxiliary single
strand, termed triplex forming oligonucleotide through Hoogsteen interactions [16]. The
pH value and the presence of additional binders or ions are able to affect the stability of
triplex DNA and may transform the structure of triplex. Therefore, the triplex DNA can
serve as a signal transducer for constructing biosensors (Fig. 5.4). The model of triplex
DNA applied in the biosensors mainly includes: (1) changing the rigidity of the redox-
labeled DNA strands by switching between the soft single-strand DNA and rigid double
helix/triplex to change the electrical contact between the redox label and electrode
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Fig. 5.3: A schematic illustration of tetrahedral DNA structure-based electrochemical sensor.
Reprinted with permission from Fan and coworkers [12].
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surface, and (2) assembling a catalytic G-quadruplex/hemin complex by disassembling
the triplex DNA.

5.2.4 G-quadruplex

G-quadruplexes are formed by guanine-rich DNA sequences by stacking two or
more G-tetrads. The electrochemical discriminations between G-quadruplex and
duplex make it possible to directly compare a G-quadruplex and its corresponding
duplex through electrochemical methods [17]. Furthermore, by combining with
hemin, G-quadruplex/hemin complex works as an efficient peroxidase to tremen-
dously increase the catalysis ability of hemin alone. Under certain conditions, the
G-quadruplexes are assembled into nanowires simultaneously as bienzymes and
direct electron mediators to induce significant enhancement of the electrochemical
signal. With the introduction of nicotinamide adenine dinucleotide (NADH) in
electrolyte, hemin/G-quadruplex can oxidize NADH to NAD+, accompanied with
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Gold electrode Gold electrode
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Target Target
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Fig. 5.4: A schematic illustration of triplex DNA applied in electrochemical biosensors. (A) An
electrochemical sensor for the detection of a conserved duplex sequence in HIV strains through the
assembly of a triplex structure on the electrode surface. (B) Analysis of a target DNA strand through
the reconfiguration of a redox-labeled probe into a triplex DNA structure assembled on the electrode.
(C) An electrochemical aptasensor containing a redox-functionalized triplex hairpin structure as the
sensing module. (D) An electrochemical DNA sensor containing a triplex hairpin-sensing module.
Reprinted with permission from Willner and coworkers [16].
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generating lots of H2O2 for accelerating direct electron transfer of hemin to the
electrode and significantly improving electrochemical response relating to the
concentration of target Pb2+ (Fig. 5.5) [18].

5.3 Principles of DNA assembly amplification
in electrochemical biosensing

Achieving high sensitivity is one of the major goals in developing novel electro-
chemical biosensing methods for the detection of biomarkers because a small variety
of important biomarkers are sufficient to regulate the biological functions of cells and
trigger disease process. Therefore, the ultrasensitive techniques based on DNA
assembly signal amplification play essential roles not only in the elucidation of
molecular mechanisms of life processes and many diseases, but also in promoting
the early diagnosis of diseases and facilitating health care. Recently, tremendous
advances have been achieved in exploration of signal amplification strategies for the
development of ultrasensitive electrochemical biosensors. Here, some DNA assembly
signal amplification strategies for constructing electrochemical biosensing are
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Fig. 5.5: A schematic illustration of the multiple amplification processes for Pb2+ detection. (A)
The preparation procedure of primer–AuNPs–S3 complexes; (B) the process of hemin/G-
quadruplex nanowire generation and Pb2+ detection; and (C) amplifying mechanism of
pseudo-bienzyme cascade reaction of hemin/G-quadruplex. Reprinted with permission from
Yuan [18].
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introduced, such as RCA, ECA, SDA, CHA, and HCR. Among them, RCA and ECA are
enzyme-based DNA assembly amplification, while CHA and HCR are enzyme-free
DNA assembly amplification, and SDA can be either enzyme-based SDA (e.g., poly-
merase-mediated SDA) or enzyme-free SDA [e.g., toehold-mediated SDA (TMSDA)].

5.3.1 Rolling circle amplification

RCA is an efficient and versatile isothermal enzymatic signal amplification process to
produce long nucleic acid superstructures, which contains tens to hundreds of
tandem repeats that are complementary to the circular template [19, 20]. The effi-
ciency, simplicity, and versatility of this DNA amplification technique have made it
an attractive tool for biomedical research and nanobiotechnology. In RCA, four
components are often involved in construction of DNA assembly: (1) DNA polymer-
ase; (2) a short DNA or RNA primer; (3) a circular DNA template; and (4) deoxynu-
cleotide triphosphates (dNTPs). During the RCA process, a short DNA or RNA primer
is amplified to form a long single-stranded DNA (ssDNA) or RNA concatemer using a
circular DNA template and specific DNA or RNA polymerases (Fig. 5.6). Thus, the
signal probe can hybridize or bind with the long nucleic acid concatemer to produce
the strong signal with high sensitivity for target analysis.

Electrochemical impedance spectroscopy (EIS) is often used to characterize the
fabrication and application of electrochemical biosensor through measuring the
change of charge-transfer resistance (Ret) for redox molecule [Fe(CN)6]

3−/4−. After
the electrode was modified with DNA, the kinetics barrier between [Fe(CN)6]

3−/4− and
negatively charged phosphate backbone of the DNA hampers charge transfer and the
impedance signal accordingly increases significantly. Based on this mechanism and
phenomenon, Guo group developed a novel versatile electrochemical platform for
ultrasensitive adenosine detection [21]. In the presence of adenosine, a largely
elongated RCA sequence was produced to hybridize with capture probes on elec-
trode, causing difficult electron transfer to increase impedance signal significantly
(Fig. 5.7). Except the electroactive species as the signal tag, AuNPs have attracted
substantial research efforts on the basis of electrocatalytic activity. Gao and cow-
orkers [22] have proposed that the target protein recognized its aptamer to trigger RCA
to generate massive long DNA sequences containing many adenines, where a con-
siderable amount of AuNPs are adsorbed on the RCA product through poly A–Au
interactions. The excellent performance of the proposed electrochemical aptasensor
is tested by recording the AuNP electrocatalytic reduction toward H2O2 to show a
wide linear range and a low detection limit for thrombin.

84 Huangxian Ju

 EBSCOhost - printed on 2/14/2023 1:07 PM via . All use subject to https://www.ebsco.com/terms-of-use



Li
ga

tio
n 

te
m

pl
at

e

p

p
(A

)

(B
)

(C
)

(D
)

(E
)

(F
)

(G
)

Ci
rc

ul
ar

 te
m

pl
at

e

dN
TP

s
DN

A 
po

l
NT

Ps
RN

A 
po

l
dN

TP
s

dN
TP

s

Pr
im

er
 2

Co
m

pl
em

en
ta

ry
to

 re
st

ric
tio

n 
si

te
Ci

rc
le

 h
yb

rid
iz

at
io

n

Re
st

ric
tio

n 
en

zy
m

e
Ni

ck
in

g 
en

zy
m

e
Pr

im
er

 3

Li
ga

tio
n 

te
m

pl
at

e
T4

 D
NA

 li
ga

se

Pr
im

er
 4

dN
TP

s

dN
TP

s
dN

TP
s

dN
TP

s

An
ne

al
in

g
Li

ga
tio

n
Pu

rif
ica

tio
n

Fi
g.

5.
6
:A

sc
he

m
at
ic
ill
us
tr
at
io
n
of

th
e
ba

si
c
pr
in
ci
pl
es

of
RC

A.
(A
)M

ak
in
g
a
D
N
A
ci
rc
le
by

te
m
pl
at
e-
m
ed

ia
te
d
en

zy
m
at
ic
lig

at
io
n.

(B
)L
in
ea

rR
CA

re
ac
tio

n
to

ge
ne

ra
te

lo
ng

ss
D
N
A
w
ith

a
pr
em

ad
e
ci
rc
le
an

d
ta
rg
et
nu

cl
ei
c
ac
id
s.
(C
)L
in
ea

rR
CA

re
ac
tio

n
to

ge
ne

ra
te

lo
ng

RN
A
w
ith

a
pr
em

ad
e
D
N
A
ci
rc
ul
ar

te
m
pl
at
e.
(D
)M

ul
tip

ri
m
ed

RC
A
to

ge
ne

ra
te

m
ul
tip

le
co
pi
es

of
th
e
RC

A
pr
od

uc
tf
ro
m

a
si
ng

le
ci
rc
le
.(
E)

Ex
po

ne
nt
ia
lD

N
A
am

pl
ifi
ca
tio

n
by

hy
pe

rb
ra
nc
he

d
RC

A.
(F
)E

xp
on

en
tia

lD
N
A
am

pl
ifi
ca
tio

n
ge

ne
ra
tin

g
m
ul
tip

le
ci
rc
le
s
fr
om

th
e
RC

A
pr
od

uc
ts
.(
G
)E

xp
on

en
tia

lD
N
A
am

pl
ifi
ca
tio

n
by

pr
im

er
ge

ne
ra
tio

n
us
in
g
ni
ck
in
g
en

zy
m
es
.R

ep
ri
nt
ed

w
ith

pe
rm

is
si
on

fr
om

Zh
ao

[1
9]
.

5 DNA assembly for electrochemical biosensing 85

 EBSCOhost - printed on 2/14/2023 1:07 PM via . All use subject to https://www.ebsco.com/terms-of-use



5.3.2 Enzymatic cleavage amplification

The ECA has recently emerged as a powerful tool for its easy design, simple oper-
ation, and rapid reaction in ultrasensitive biosensing assays. Enzymes can be classi-
fied into two groups based on their property: natural protein enzyme and synthetic
DNAzyme. The former is often realized with the help of nicking endonuclease [23–26]
and exonuclease [27–31]. The nicking endonuclease can recognize a particular short
sequence in double-stranded DNA (dsDNA) and cleave only one strand at the specific
site to release ssDNA for further signal amplification [23–26, 32]. Ju and coworkers
resorted to nicking endonuclease Nt.BbvCI for highly sensitive homogeneous electro-
chemical immunoassay by combining target-induced proximity hybridization with
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Phi29 polymerase

Sticky ends
Ligation

Ligation

dNTPs
(e)

Denaturing

Capture probe
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Fig. 5.7: A schematic illustration of electrochemical sensing system based on RCA. (A) Design of RCA
process based on structure-switching aptamer and sticky end-based ligation: (a) Right part probe:
target–aptamer binding; (b) left part probe: DNA denaturing to form a hairpin structure; (c) ligation of
right part probe and left part probe with the same sticky ends, with assistance of E. coli DNA ligase;
(d) the primer hybridized with the circular template by annealing; (e) RCA reaction in the presence of
Phi29 DNA polymerase and dNTPs. (B) Fabrication of the electrochemical biosensor: (a) Capture
probe modified to the bare electrode; (b) blocking the electrode with MCH; (c) capture probe–RCA
product hybridization for EIS quantitative determination. Reprinted with permission from Guo [21].
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mesoporous silica nanoprobe (MSN) (Fig. 5.8). In the presence of target protein, the
formed proximate complex hybridized with the ssDNA on MSN to form a rigid dsDNA
structure and thus opened the biogate, which led to the release of electroactive
methylene blue (MB) entrapped in the MSN. More importantly, the dsDNA structure
contained a specific recognition site for Nt.BbvCI and was cleaved in one strand to in
situ recycling of the proximate complex for the release of more MBs, thus amplifying
the electrochemical signal to achieve a detection range of four orders of magnitude
with a detection limit at pg mL−1 level for prostate-specific antigen.

However, unlike nicking endonuclease, exonuclease does not require any specific
recognition site and, thus, has receivedmore andmore attention for easy designwithout
the limit of specific recognition sequence in DNA assembly amplification. For example,
exonuclease III (Exo III) is a sequence-independent enzyme, which can only catalyze the
stepwise removal of mononucleotides in dsDNA with blunt or recessed 3ʹ-end in the
direction from 3ʹ- to 5ʹ-terminus and is not active on ssDNA or dsDNA with blunt or
recessed 3ʹ-terminus [27–31]. Coupling with electrocatalysis of porphyrinic metal-
organic framework (PCN-222) as a signal nanoprobe and Exo III signal amplification,
Ju and coworkers [29] designed an electrochemical DNA sensor for DNA detection
through the structure switch of triple-helix DNA (Fig. 5.9). Target DNA hybridized with
the assistant DNA to trigger the Exo III cleavage process, followed by the target recycling
and the release of the hairpin DNA. Afterward, the PCN-222@SA nanoprobe bound with
hairpin DNA through biotin−streptavidin biorecognition to amplify the electrocatalytic
current significantly toward oxygen reduction. Integrating with DNA recycling amplifi-
cation of Exo III, the electrochemical biosensor showed a high sensitivity with a
detection limit of 0.29 fM and was successfully used to detect DNA in a complex
serum matrix.

MS nanoparticle

Proximate complex

Ab1 Ab2

DNA1 DNA2

PSA

“bio-gate”MB DNA

MSN Stimuli release
of MB

Cleavage site

DPV

Nt.BbvCl
Potential (V)

Cu
rr

en
t (

μA
)

Fig. 5.8: A schematic illustration of homogeneous electrochemical immunoassay using proximity
hybridization-responsive mesoporous silica nanoprobe. Reprinted with permission from Ju [23].
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DNAzymes have several practical advantages over protein enzymes: good chemical
and thermal stability, easy production and modification, storage with low cost, and
compatibility with DNA amplification techniques, which have been developed into a
versatile and outstanding platform for signal amplifiers in biosensing [33–38]. For
example, first, Ju group proposed a thermophilic DNAzyme that was capable of
oxidizing substrates at high temperatures (up to 95 °C) and long reaction times (up
to 18 h at 75 °C), offering a wonderful way to solve the limits of natural protein
enzyme in sensitivity to thermal denaturation [35]. Considering these advantages of
DNAzymes, Ju and coworkers [38] designed a simple electrochemical immunosens-
ing for highly sensitive and selective detection of protein biomarker (Fig. 5.10). This
method used a newly designed assembly of Mg2+-dependent MNAzyme via target-
driven triple-binder proximity hybridization to catalyze the cleavage of MB-labeled
hairpin, which led to the departure of MB from the electrode surface and thus an
amplified decrease of electrochemical signal for immunoassay of the target protein.
The MNAzyme assembly was achieved by the simultaneous recognition of target
protein with three DNA-labeled antibodies in the presence of Mg2+, which greatly
improved the detection sensitivity and selectivity. As a proof of concept, this strategy
could detect carcinoembryonic antigen ranging from 0.002 to 500 ng mL−1 with a
detection limit of 1.5 pg mL−1, which showed a promising application in protein
analysis. The excellent electrochemical immunosensor possessed good extensibility
for large protein biomarkers by using corresponding antibodies.

5.3.3 Strand displacement amplification

SDA has been demonstrated as a powerful tool in the construction of isothermal
autonomous signal amplification for ultrasensitive and selective detection of
various analytes [39–46]. This strategy can be classified into enzyme-mediated
SDA (e.g., polymerase-mediated SDA) [45] and enzyme-free SDA (e.g., TMSDA)

Biotin labeled hairpin

Target
recycling

Assistant DNA Exo III Target

GCE GCE GCE
CGO CGOCGO

O2

H2O

Fig. 5.9: A schematic illustration of electrochemical strategy coupling with target recycling amplifi-
cation for DNA sensing. Reprinted with permission from Ju and coworkers [29].
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[46]. Different from enzyme-driven DNA strand displacement, TDSDA is initiated
at complementary single-stranded domains termed “DNA toehold” in a dsDNA
consisting of typically five to eight nucleotides and progresses through a branch
migration process [41]. In a typical TDSDA, first, a long ssDNA hybridizes with
the “toehold” region of a prehybridized DNA duplex, and the strand displace-
ment is immediately initiated at toehold domains and progresses through a
branch migration process, displacing one or more prehybridized strands and
generating new ssDNA and dsDNA with more complementary base pairs in the
process (Fig. 5.11) [39]. Thus, large numbers of repeated DNA units can be
produced through the TDSDA process to generate and amplify detection signals.
By varying the strength (length and sequence composition) of toehold domain,
the rate of strand displacement reactions can be quantitatively controlled over a
factor of 106, varying from 1 to 6 × 106 M–1 s–1, which allows engineering control
over the kinetics of dynamic DNA nanotechnology [39].

The monitoring of miRNA expression levels is of great importance in cancer
diagnosis. Xiang and coworkers [46] developed two cascaded TDSDA reactions for
ultrasensitive electrochemical detection of miRNA-21 from human breast cancer cells
(Fig. 5.12). The “Y” junction probes containing the locked G-quadruplexes are self-
assembled on the electrode surface. The presence of the target miRNA-21 initiates the
first TDSDA and results in the disassembly of the junction probes and the release of
the active G-quadruplex sequences. Subsequently, the DNA fuel strand triggers the
second TDSDA and leads to cyclic reuse of the target miRNA-21. The cascaded SDA
thus generates many active G-quadruplexes to associate with hemin to produce

Fig. 5.10: A schematic illustration of triple-binder assembly of Mg2+-dependent MNAzyme along with
autocatalytic cleavage of MB-hairpin on electrochemical biosensor. Reprinted with permission from
Ju and coworkers [38].
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significantly amplified electrochemical signal for miRNA-21 detection. For many
TDSDA reactions, careful and rational sequence design is necessary in functional
DNA domains that act as a unit in hybridization, branch migration, or dissociation,
especially the toehold domain, which can greatly improve the efficiency of DNA
assembly signal amplification.

In molecular biology, strand displacement frequently makes use of the
strand displacement activity of the polymerase to displace a strand from
dsDNA [34, 39]. Ding group established a simple electrochemical biosensor for
highly sensitive and specific miRNA detection using polymerase-mediated SDA
(Fig. 5.13) [45]. A target miRNA acted as the primer and hybridized with hairpin
DNA to initiate the extension of the primer by the DNA polymerase. The exten-
sion formed recognition sequences of the nicking endonuclease, and thus ena-
bling it to generate a nick within a strand of dsDNA. The primer then extended
from the nick site and simultaneously displaced the newly nicking DNA triggers.
The DNA triggers bound to the capture probes immobilized on the gold electrode
to hybridize with the detection probes for producing an electrochemical signal.
Thus, multiple copies of DNA triggers were produced through the repeating
cycles of extension, cleavage, and SDA, resulting in the great amplification of
detection signal.
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Fig. 5.12: A schematic representation of the junction probe-mediated nonenzyme TSDR target
recycling amplification for label-free electrochemical detection of miRNA-21. Reprinted with
permission from Xiang and coworkers [46].
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5.3.4 Catalytic hairpin assembly

CHA is a free-energy-driven isothermal autonomous process using hairpin DNA
structures as catalytic energetic traps, which is activated by an initiator ssDNA to
yield more stable duplex DNA assemblies for cyclic signal amplification [40, 47, 48].
First, an initiator ssDNA I as a catalytic role is introduced into the system containing
two specific functional hairpins to hybridize with hairpin A to trigger the assembly
reaction (Fig. 5.14). Then a disassembly reaction occurs when hairpin B initiates a
branchmigration to formmore stable duplex (A + B), resulting in the displacement of
I from A in each cycle of CHA to amplify the signal. Owing to its desirable programm-
ability and hundreds-fold signal amplification ability, CHA has been successfully
applied in engineering amplification systems for biosensors [49–53].

Ju group developed a simple electrochemical biosensor for highly sensitive and
specific detection of target miRNA using mismatched CHA (Fig. 5.15) [50]. The target
miRNA could trigger the CHA process, which led to the cyclic reuse of the target
miRNA and the CHA products. Then the CHA products bound to capture probe to
generate an amplified electrochemical signal. Compared with the traditional CHA,
mismatched CHA decreased the nonspecific CHA products, which reduced the back-
ground signal significantly. Under the optimal experimental conditions and using
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Fig. 5.13: A schematic representation of the electrochemical biosensor for target miRNA detection
based on enzymatic and molecular beacon-mediated strand displacement amplification. Reprinted
with permission from Ding and coworkers [45].
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Fig. 5.15: A schematic representation of miRNA electrochemical detection based on mismatched
catalytic hairpin assembly amplification. Reprinted with permission from Ju and coworkers [50].

Fig. 5.14: A schematic representation of pathways of catalytic hairpin assembly. Reprinted with
permission from Pierce and coworkers [47].
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differential pulse voltammetry, the established electrochemical biosensor could
detect target miRNA down to 0.6 pM (S/N = 3) with a linear range from 1 pM to 25 nM.

5.3.5 Hybridization chain reaction

HCR is a powerful enzyme-free isothermal amplification strategy, which is regarded
as an attractive technique for biosensing and biomedicine with the advantages of
high simplicity and versatility [4, 40, 48, 54, 55]. In HCR, two sets of metastable DNA
hairpin species (H1 and H2) are designed to be partially complementary, which
provides building blocks for DNA assembly [54, 55] (Fig. 5.16). In the presence of H1
and H2, the initiator ssDNA triggers a chain of alternating hairpin molecule hybrid-
ization reaction, where H1 and H2 hairpins sequentially open to assemble into a long
chain-like nicked dsDNA assemblies [4, 54, 55]. Since the HCR polymerization is
mainly driven by the free energy of base pair formation, the key to this system is
the storage of potential energy in short loops protected by long stems [38, 54].

Inspired by single molecule sensitivity and enzyme-free amplification capability,
HCR has been widely applied for the detection of various small molecules [56],
nucleic acids [57, 58], proteins [59–61], and cells [62]. Ju group proposed a one-
target-multitriggering HCR strategy for ultrasensitive electrochemical detection of
DNA by combining SDA with the DNA self-assembly on the sensor surface (Fig. 5.17)
[57]. The target DNA hybridized with the capture probe to trigger the SDA reaction
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Fig. 5.16: The fundamental working principle of HCR. (A) Hairpins H1 and H2 are stable in the absence
of initiator I. (B) I nucleates at the sticky end of H1 and undergoes an unbiased strand displacement
interaction to open the hairpin. (C) The newly exposed sticky end of H1 nucleates at the sticky end of
H2 and opens the hairpin to expose a sticky end on H2 that is identical in sequence to I. Hence, each
copy of I can propagate a chain reaction of hybridization events between alternating H1 and H2
hairpins to form a nicked double helix, amplifying the signal of initiator binding. Reprinted with
permission from Dirks and Pierce [54].
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and was subsequently displaced under the extension of the primer in the presence of
dNTPs and polymerase. Afterward, the exposed stem of opened hairpin acted as an
initiator to trigger the HCR assembly for producing numerous long-range nicked
dsDNA. Using [Ru(NH3)6]

3+ as an electrochemically active indicator to interact with
the product, the one-target-multitriggered HCR strategy demonstrated a perfect
multiple signal amplification for highly sensitive DNA detection in a linear range
from 0.1 fM to 10 pM.

5.4 Conclusions

The DNA assembly-based electrochemical biosensing is a well-developed, widely
used, and highly promising sensing method. DNA assembly is programmable and
predictable, and its applications in biosensing are low cost, highly sensitive, and
biologically friendly. The DNA assembly for electrochemical biosensing is mainly
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Fig. 5.17: A schematic illustration of the label-free electrochemical DNA sensing with a one-target-
multitriggered hybridization chain reaction strategy. Reprinted with permission from Ju and
coworkers [57].
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used in two ways. One is transforming the DNA structure to directly produce electro-
chemical signal response, while the DNA structures include classic double helix,
triplex, and G-quadruplex. The other is using DNA as a biomaterial for signal
amplification, including enzyme-based signal amplification and non-enzyme-based
signal amplification. These two ways are not always separate, but usually combined
to achieve high sensitivity.

The future direction for DNA assembly in electrochemical biosensing can be
developed in several directions: (1) creating new DNA circuit for signal amplification,
(2) using DNA as an assembly material for creating more DNA structures for signal
transducer, (3) taking full advantage of DNA-programmable property, constructing
more programmed, more computer-controllable detecting systems, and (4) integrat-
ing various DNA aptamers as a versatile platforms to detect a variety of targets.
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Laurent Bouffier, Neso Sojic, Alexander Kuhn

6 Biochemical sensing based on bipolar
electrochemistry

6.1 Introduction

6.1.1 Generalities

When an electrochemical reaction is performed at the interface between a solid
electrode and a liquid electrolyte, a conventional electrochemical cell comprises
typically a set of three electrodes. The electrode of main interest is the working
electrode (WE), where a desired polarization with respect to the electrolyte is induced
in order to promote a given electron transfer reaction (i.e., an oxidation or a reduc-
tion). The reference electrode (RE) has a known potential value and acts indeed as a
reference to control accurately the potential of WE. Practically, the difference in
potential is applied by the voltage source between the auxiliary electrode (AE) and
the WE in order to compensate the charge added or removed at the WE and therefore
to ensure the current flow. In this situation, when an oxidation does occur at the WE,
a reduction takes place at the AE and conversely.

By comparing with this classic three-electrode system, bipolar electrochemis-
try (BPE) is a rather unconventional approach because the oxidation and reduc-
tion processes are in fact promoted on the same electrode. That is why the latter
is called a bipolar electrode (BE). Also, the BE is not connected through a
physical contact (i.e., cable) to the power supply and BPE can somehow be
considered as a wireless electrochemical address. Such a situation can be practi-
cally observed in the case of corrosion science when a piece of non-noble metal is
spontaneously oxidized at a given localization, whereas a reduction is driven
further apart in order to compensate charges. Figure 6.1 describes the mechanism
of corrosion of iron in the context of BPE. A piece of iron immersed in an aqueous
solution behaves as a BE. On the left part, the localized anodic dissolution of iron
releases ferrous cations, which precipitate in the presence of oxygen to form iron
(III) oxide (i.e., Fe2O3). This oxidation is coupled with the reduction of oxygen on
the right part, which behaves as a cathodic pole.

In fact, the concept of BPE has been explored experimentally for decades but
remained confined to rather specific applications such as electrolysis, corrosion or
batteries [1–3]. More recently, BPE has attracted a renewed interest in broader areas,
especially related to analytical chemistry and materials science. The academic
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research in BPE has been performed primarily by several historical contributors such
as the group of J.-C. Bradley at Drexel University (Philadelphia, USA) [4], J. Duval at
Wageningen University (the Netherlands) [5], A. Manz at Imperial College (London,
UK) [6], and R. M. Crooks at the University of Texas (Austin, USA) [7]. Following these
ground-breaking contributions, there is since the last decade a real scientific emu-
lation around BPE and this technique is now investigated by many other research
teams [8–11]. Recently, several general reviews and book chapters dealing with BPE
were published [12–18], as well as thematic reviews especially related to analytical
BPE or surface gradients [19–23], and also a special issue of ChemElectroChem
published in spring 2016 [24, 25]. Nowadays, BPE is truly a “hot topic” that is
investigated worldwide by leading academic teams. This chapter does not intend to
provide an exhaustive overview of the field but the aim is to highlight the main
biorelevant applications of BPE in a tutorial fashion.

6.1.2 Principle of BPE

In conventional electrochemistry, the potential applied to WE is directly controlled
by the potentiostat. On the contrary, in BPE, it is the potential of the solution which
is controlled and the driving force is the electric field strength applied across the
electrolyte solution. Let us consider the most common BPE setup which is the so-
called open configuration. Two feeder electrodes are connected to the power supply
and immersed in an ionically conducting solution while a piece of an electronic
conductor is positioned inside the electrolyte as illustrated in Fig. 6.2A. When the
electric field is applied across the ionic phase, a linear evolution of the potential
(dE/dx) is established, which means that there is indeed a variation of the potential

Iron

Fe2+

Rust

O2

O2H2O

Fe2O3 ·xH2O

e–

Water

Anodic
site

Cathodic
site

Fig. 6.1: Illustration of the formation of rust during the corrosion of iron in the frame of bipolar
electrochemistry. The production of ferrous cations by oxidation of iron is coupled with the reduction
of oxygen at two different locations of the same piece of conducting material. Adapted from https://
chem.libretexts.org.
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value inside the solution. On the other hand, as the electronic conductor is by
definition at an equipotential value, an interfacial polarization potential is estab-
lished alongside the object, leading to cathodic and anodic overpotentials experi-
enced on both sides. The cathodic pole is in fact facing the feeder anode, whereas
the anodic one is in front of the feeder cathode with a maximum amplitude at both
extremities of the object. When the driving force becomes sufficient, faradaic
reactions are coupled across the object with a reduction reaction occurring on
one side and an oxidation on the other side, justifying thus the denomination of
BE. In other words, BPE can be considered as an original way for a controlled break
of symmetry by an electrochemical means as the BE is indeed split gradually into
two sections that undergo a different electrochemical process.

The main parameters governing BPE have been extensively discussed in the
literature and the reader can be referred essentially to the series of above-cited review
articles. In a first approximation, the polarization potential of the BE (ΔV) is directly
proportional to the electric field strength (E/D, where E is the applied potential and D
the distance between both driving electrodes) and also to the length (L) of the BE
according to the following equation:

ΔV =E ×
L
D

(6:1)

It is noteworthy that ΔV is very often referred to as the fraction of E that drops over the
BE. Also, a direct consequence of eq. (6.1) is that the shorter the BE, the larger is the
required electric field. This is indeed an intrinsic physical limitation of BPE. Another
key factor that should be considered in BPE is the convenience to use a rather
resistive supporting electrolyte in order to favor BPE processes. This is related to
the competition between the faradaic current flowing across the BE and the ionic
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Fig. 6.2: Principle of bipolar electrochemistry. A conducting object is immersed inside an electrolyte
solution and submitted to an external electric field (A). Corresponding electrical equivalent circuit
(B). Adapted from Bouffier et al. [21].
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current (or bypass current) that flows through the solution as illustrated by the
equivalent circuit provided in Fig. 6.2B. It is then obvious that the efficiency of BPE
would benefit from the association of a highly electronically conducting BE and a
poorly ionically conducting solution (i.e., electrolyte with low ionic strength). In the
past, the design of solid-state chemical reactors or electrolyzers involving fluidized
bed electrodes was described together with the appropriate determination of the
corresponding bypass current. However, a complete discussion goes beyond the
scope of this chapter [26, 27].

6.1.3 Open versus closed configurations

Historically, most of the reports about BPE employed experimentally the “open-
configuration” described earlier, meaning that a single compartment filled with the
electrolyte is used where both driving electrodes and also the BE are immersed. It is
however noteworthy that more recently another possible experimental setup was
described in the framework of BPE and referred to as a “closed configuration” [28–31].
In that case, both poles of the BE are located in separate compartments, which
behave like half-cells and the BE is in fact the only possible current path between
them (Fig. 6.3A). Experimentally, each of the driving electrodes is immersed inside
one of the two compartments bridged together by the BE. As a consequence, the
corresponding equivalent circuit can be simplified as there is no more competition
between the faradaic current (i.e., bipolar current) and the ionic one, avoiding thus
any bypass pathway (Fig. 6.3B). This configuration equally offers the key advantage
of coupling electrochemical reactions across a BE involving chemicals dissolved in
two separated compartments. Consequently, this configuration allows to use

Equivalent circuit

Bipolar
         electrode

Rs1 Rs3Rbpe

Distance, x/m

Po
te

nt
ia

l, 
E/

V

Electrolyte
solution

Electrolyte
solution

e–

Insulator

L

–+

E

(A) (B)

Fig. 6.3: Illustration of a closed-cell configuration (A) and corresponding equivalent circuit (B).
Adapted from Bouffier et al. [21].
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oxidants and reductants that are eventually unstable when mixed together to use two
different (immiscible) solvents or to adjust independently the pH value in anodic versus
cathodic compartments. In that context, the group of R. A. W. Dryfe (University of
Manchester, UK) described the voltammetric response of a bipolar cell during electro-
less deposition [28]. B. Zhang et al. at the University of Washington (Seattle, USA)
demonstrated that the coupling of electrochemical reactions in this “closed configura-
tion” can readily explain the behavior of micro- and nanoscale electrodes that have
been used for decades for analytical sensing.

6.1.4 Analytical strategies

Over the last years, BPE has found many new applications, especially for the fabrica-
tion of asymmetric or Janus particles [32, 33], for the wireless modification of surfaces
[10, 34–37], for the development of microswimmers [22], or for the screening of
catalytic materials [38, 39]. But among all the possible fields of application, the use
of BEs is mostly investigated for analytical purposes. This may first appear surprising
because the direct recording of the current which is very often measured in electro-
analytical sensing is not straightforward with a BE. On the other hand, BPE offers
several key advantages by comparison to classic electrochemistry. First of all, there is
no need for any physical connexion between BEs and the power supply, making BPE a
true wireless approach. As a direct consequence, several individual BEs can be electro-
chemically addressed simultaneously with a single potentiostat avoiding the necessity
to use expensive multichannel apparatus. Therefore, BPE enables the simple powering
of multiple BEs such as patterned conducting arrays deposited onto insulating surfa-
ces [40], or even ensembles of conducting particles simply dispersed inside the electro-
lyte [41]. The second advantage of BPE arises also from its intrinsic principle as it is
based on the coupling of an electrochemical reduction occurring at one pole of the BE
(cathode) and an oxidation taking place at the opposite anodic side. Due to charge
neutrality, the number of electrons necessary for the reduction process is strictly equal
to the amount of electrons involved in the oxidation, leading to the bipolar current
flowing across the BE. This is why a typical strategy is the use of one pole of the BE for
electrochemical sensing, whereas the other one is employed as a reporting pole,
facilitating thus a simple visual detection. If, for example, the reporting reaction is
an electrochemical oxidation, then the electrons required at the cathodic pole where a
given molecule dissolved in solution can be readily reduced travel across the BE from
the anodic side. The strength of the reporting reaction does correlate with the amount
of electroactive target present in solution. On the other hand, when the same electric
field is applied without the target analyte, the electrochemical reactions cannot be
coupled anymore. In that case, the bipolar current remains nil and the reporting
reaction does not take place. In the early and late 2000s, the two principal reporting
strategies were proposed by Manz et al. and Crooks et al., respectively [6, 7, 42]. Both
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strategies are based on a reporting oxidation process that offers a very straightforward
readout in order to monitor a given reduction reaction. The first one which is by far the
most popular is electrogenerated chemiluminescence or more simply electrochemilu-
minescence (ECL). This is a special mode of luminescence which is achieved when the
excited state of a luminophore is populated according to a multistep mechanism that
starts with an initial electron transfer step occurring at the electrode surface [43, 44].
ECL is known for several decades and is nowadays widely used in electroanalytical
chemistry [45–48]. Here, the readout is the light emission at a given wavelength
depending on the choice of the luminophore which proceeds at the anodic pole of
the BE. By comparison, the other reporting reaction is based on anodic dissolution of a
metal layer acting as BE [42]. Typically, the anode part of the BE is oxidized and
generates the corresponding metal ions that diffuse toward the bulk of the solution.
This leads to a time-dependent shortening of the length of the BE which can be simply
measured with a ruler in order to provide a very convenient readout of the comple-
mentary reduction reaction occurring on the other side.

6.2 Open configuration

6.2.1 Detection by ECL

ECL generation at the anodic pole of a BE is a very simple and useful way to detect
and quantify a reduction reaction taking place at the opposite side (cathode) of a
bipolar cathode. This strategy was initially presented as a novel detector applied for
electrokinetic chromatographic separation on a microfabricated glass device [6]. The
setup involved a U-shaped floating platinum electrode where ECL is generated by the
electric field available in the separation channel during electrophoretic separation.
This was applied to the separation and detection of ECL-active luminophores and
also for the detection of several amino acids, namely alanine, aspartic acid and
valine.

The following year, a more general report on electrochemical sensing in micro-
fluidic systems using ECL as a photonic reporter was published [7]. The authors
rationalized the indirect detection strategy where the electrochemical sensing reaction
does not participate in the ECL emission but involves the same amount of electrons.
They also investigated the key parameters enabling the ECL reporting such as the
influence of the driving voltage on ECL intensity and the role of the size of the anodic
and cathodic poles, respectively. This versatile analytical platform was employed to
design a wireless electrochemical DNA microarray sensor [49]. The gold BE is locally
modified with a DNA probe (i.e., single strand). The hybridization occurs with a DNA
target conjugated with a Pt nanoparticle. Thus, the coupling between anodic ECL
(using Ru(bpy)3

2+ and tri-n-propylamine (TPrA)) and oxygen reduction is directly

106 Laurent Bouffier, Neso Sojic, Alexander Kuhn

 EBSCOhost - printed on 2/14/2023 1:07 PM via . All use subject to https://www.ebsco.com/terms-of-use



conditioned by DNA recognition (Fig. 6.4A). One of the key features of BPE is to control
the sensor solely with the two feeder electrodes regardless of the number of individual
sensing electrodes. This allows designing (large)-scale bipolar microarrays that gather
an ensemble of parallel BEs (Fig. 6.4B). The fabrication of a high density array with up
to 2,000 sensing elements per cm2 that can be addressed simultaneously was achieved
[40]. It is also noteworthy that electrochemical logic gates and integrated circuits with
an ECL output can be operated by means of BPE [50].

The use of a U-shaped bipolar microelectrode embedded inside a fluidic channel is a
very practical experimental setup that is very often chosen. In such a configuration,
the anodic pole of a split BE is modified for instance with an antisense DNA used as
recognition element and labeled with a Ru-based ECL-active particle. In presence of
the target DNA, the hybridization state controls the distance between the electrode
surface and the particle, modulating therefore the ECL intensity [51]. This approach
was successfully applied for the detection of intracellular nucleic acid targets in
tumor cells demonstrating thus the practical application to point-of-care diagnostic.
A comparable biosensing platform was proposed for the detection of a specific
protein expressed at the surface of cell lines. In this case, the authors use a
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Fig. 6.4: Typical sensing strategy where a single-stranded DNA probe is immobilized for the specific
recognition of a complementary DNA target labeled with a nanoparticle. Oxygen reduction at the
cathodic pole (sensing) is coupled with ECL at the anodic pole (reporting) enabling a simple visual
readout. Adapted from Chow et al. [49].
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recognition aptamer labeled with an ECL quencher that is immobilized on the BE
surface through hybridization. The presence of MCF cancer cells displaces the
quencher away from the surface and restore the ECL signal [52].

Again, one of the key features of BPE remains the simultaneous addressing of
several BEs regardless of their number. This advantage was first used with the design
of thin metal layer BE arrays prepared by microchip technology combined with
microfluidics [53]. Another possibility is to employ an ensemble of conducting
particles dispersed inside the electrolyte as discrete BEs. Such a bulk approach allows
a wireless addressing in the whole electrolytic volume (i.e., 3D) instead of a 2D
interface [41]. The proof of principle was established by using carbon microbeads
or carbon nanotubes dispersed inside a capillary. Each particle acts as a single
emitter and the collective generation of ECL was achieved either with Ru(bpy)3

2+ or
luminol as luminophore and 2-(dibutylamino)ethanol or H2O2 as coreactant, respec-
tively [54]. The key experimental parameters were investigated with these model ECL
systems, particularly the applied voltage, number of particles, and concentration of
both luminophore and coreactant. Ultimately, this approach was applied to multiple
enzymatic detection by bulk ECL [55]. Two enzymes were selected because the
reaction with their respective substrate produces a chemical species that can act as
ECL coreactant for the emission of Ru(bpy)3

2+ or luminol. In the first case, glucose
consumption by glucose dehydrogenase (GDH) is coupled with the formation of β-
nicotinamide adenine dinucleotide, promoting thus Ru(bpy)3

2+ ECL. On the other
hand, the enzymatic production of betaine by choline oxidase (ChOx) activity in the
presence of oxygen generates H2O2, enabling thus luminol ECL (Fig. 6.5A, B). A
typical result is given in Fig. 6.5C, where the image collected under white light
prior to applying the electric field is compared to the ECL recorded in the dark in
the case of ChOx enzyme. Also, both ECL reactions could be analyzed simultaneously
with a spatially separated quantitative determination of glucose and choline over a
wide concentration range.

Inmost of the reported BPE-based assays, the BE is fixed and/or cannot bemoved
inside the experimental setup. However, the motion of a freestanding conducting
particle can also be driven by the electric field [22, 56]. A spherical carbon bead is
positioned inside a capillary of about the same diameter. The mechanism involves
the production of gas bubbles at the bottom of the BE where they accumulate and
push the bead upward. Typically, H2 evolution was selected to take place at the
cathodic pole, whereas either water or a sacrificial species is oxidized at the anode.
On the other hand, ECL could equally be promoted at the anode as demonstratedwith
Ru(bpy)3

2+/TPrA model system for the design of a light-emitting vertical swimmer
[57]. However, such an approach could be used for dynamic sensing because the ECL
reaction could be driven by an enzymatic reaction allowing to quantify a given
substrate with a concentration-dependent light emission. This was exemplified in a
capillary format filled with glucose, GDH and also the luminophore. It was also
possible to eventually observe a vertical glucose concentration gradient because
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the moving BE could explore the entire capillary and probe the substrate concen-
tration with spatial resolution [58].

6.2.2 Other reporting strategies

Even if ECL is by far the most employed reporting reaction, it is noteworthy that other
approaches were also investigated from an academic point of view. For example, the
electrodissolution of the cathodic side of a BE made out of silver was proposed as a
visual readout [42]. Typically, the cathodic side of the BE was modified with a DNA
probe that is hybridized with a complementary strand labeled with biotin. A bottom-
up assay enables the recognition with avidin and subsequent immobilization of
horseradish peroxidase. In such a configuration the electroenzymatic reduction of
H2O2 is therefore coupled across the BE with Ag dissolution. A simple measurement
of the length of the BE prior and after applying the driving voltage allows the trans-
duction of DNA hybridization, thanks to the shortening of the BE. Another reporting
strategy based on local fluorescencemodulation was equally proposed [59]. Here, the
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H2O2 H2O
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Fig. 6.5: Cascade reaction combining the enzymatic reaction where the substrate is converted by
choline oxidase with concomitant production of H2O2 (A). The latter acts as a coreactant for luminol
ECL. Scheme of the experimental setup (B). The capillary is filled with a suspension of carbon beads
(Ø ~ 25 µm) as well as luminol and the enzymatic system. Themicrobeads are polarized by the electric
field generated between the feeder electrodes, enabling anodic and cathodic reactions at the
opposite poles. Images collected under white light before applying the electric field and ECL
recorded in the dark (C). Adapted from de Poulpiquet et al. [55].
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idea is to take advantage of pH gradients promoted at the extremity of a BE combined
with a pH-sensitive fluorophore such as fluorescein exhibiting a quantum yield that
is enhanced at basic pH (Fig. 6.6A). Several redox active biomolecules were detected
by applying this method. First, the reduction of naphthoquinone that involves H+

consumption is revealed by a site-selective fluorescence increase at the cathodic pole
of the BE. On the other hand, the oxidation of dopamine at the anode could be
coupled with H2 evolution at the cathode where the fluorescence intensity rises
locally (Fig. 6.6B).
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Fig. 6.6:Mechanism enabling the detection of dopamine by localized pH-triggered fluorescence
enhancement (A). The electrochemical oxidation of dopamine is coupled across the bipolar
electrode with water reduction, whereas fluorescein is used as a pH-sensitive reporter.
Fluorescence microscopy revealing the detection of 1 mM dopamine in the presence of 10 µM
fluorescein at the vicinity of the cathodic pole of the bipolar electrode. Adapted from Bouffier
et al. [59].
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A completely different additional readout mechanism has been proposed
recently based on the electromechanical bending of a conducting polymer triggered
by BPE [60, 61]. A freestanding strip of a polypyrrole membrane in its oxidized form is
addressed by the electric field. On its anodic extremity, an analyte molecule such as
glucose is oxidized, and this reaction is coupled with the reduction of the conducting
polymer at the opposite side. The latter one is accompanied by the uptake of cations
inside the polymer matrix, resulting in a partial swelling with the final consequence
that the strip bends. The degree of bipolar bending could be quantitatively correlated
with the concentration of analytes.

6.2.3 Interplay with electrophoretic properties

BPE is also a great analytical tool for the concentration and separation of analytes. This
phenomenon is studied in detail and is referred to as BPE focusing. It takes place when
employing narrow capillaries exhibiting intrinsic electrophoretic properties. BPE
focusing is based on the direct influence of the BE on the spatial distribution of the
electric field [62]. The driving force of this focusing is due to the competition between
the electrophoretic flow and electroosmotic flow, which are indeed antagonist forces.
BPE focusing was demonstrated with a model fluorescent dye whose concentration
appears to be enhanced locally at the edge of the BE embedded inside a microchannel.
The concentration gradient as well as the position of the concentration zone are time
dependent as revealed by fluorescencemicroscopy. If several organic dyes exhibiting a
different electrophoretic mobility are mixed in solution, each one is focused at a
different location inside the microchannel, leading thus to spatiotemporal concentra-
tion with high enrichment factor (up to 500,000 fold) [63]. The theoretical framework
was clearly established with the identification of key parameters that control the
concentration enrichment. Also the design and engineering of a BE array instead of a
single microband BE enables the stepwise relocation of the concentration gradient
from one position to another [64]. This was later applied to ion depletion based on
enhancedwater electrolysis due to electric field focusing that occur at both edges of the
BE. From a technological point of view, it can be considered as a membrane-less
filtration procedure for the separation of chargedmolecules from a solution containing
also neutral species that remain unaffected [65]. The initial experiments on BPE
focusing were performed with anionic species before being extended to the concen-
tration enrichment and separation of cations [66]. The simultaneous addressing of both
anions and cations was finally achieved by controlling the interplay between enrich-
ment and depletion zones inside a dual-channel configuration [67]. Even if most
reports used model molecules and dyes, the principle is fully transposable to small
biorelevant molecules as well as charged biological macromolecules.

More recently, the capture of circulating tumor cells by dielectrophoresis
was achieved by applying a high-frequency alternating current (AC) field across
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an electrochemical cell comprising an array of BEs. Several designs were pro-
posed and modeled (Fig. 6.7A) with the ability to capture cell lines depending
on their dielectric properties. In particular, breast cancer cells (MDA-MB-231) can
be discriminated from white blood cells (Jurkat T cells) when applying a 40 kHz
AC electric field (Fig. 6.7B, C) [68]. Such devices enable the capture of rare cells
with the possibility of single-cell analysis.

6.3 Closed configuration

The closed-cell configuration is very different from the open configuration. As
already mentioned, the reason is simply because the piece of conducting material
used as BE offers the only pathway between the two separated compartments where
the feeder anode and cathode are placed, respectively. Historically, most of the
reports in bipolar electroanalytical chemistry used a single electrochemical cell
configuration in which the BE is simply immersed in the electrolyte solution or
located inside an open microchannel (i.e., open configuration). However, it was
reported in early 2012 that carbon fiber microelectrodes backfilled with an electrolyte
just behave as closed BEs even if it was not previously described as such [30]. The
voltammetric response was studied in detail within the framework of BPE.
The coupling between an oxidation reaction triggered in the analytical solution
and the reduction of soluble oxygen occurring in the fiber inner compartment was
proposed to be responsible for the conductivity. This is indeed amajor understanding
that allows to achieve quantitative measurement when considering the intrinsic
behavior of both poles of the BE. The theory was rationalized and confronted with
the corresponding experimental results revealing that the voltammetric response is
likely distorted and often slower than that recorded in a conventional two-electrode
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Fig. 6.7: Simulation of the electric field strength at the center of a quadrupole electrode (A). The
maximum field is located at the electrode edges, whereas a local minimum is found at the center
region. Cancer cells are captured at the bipolar electrode tips (B) whereas white blood cells retained
in fluid flow (C). Adapted from Li et al. [68].
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setup. Indeed, the shape of the response strongly depends on the ratio between the
limiting current at each pole [31]. This has a major consequence when using ECL
reporting in a closed configuration which is very often employed because the surface
areas of the sensing versus reporting poles strongly influence the collected ECL
intensity [69].

The closed configuration was implemented to the previously investigated micro-
channel approach simply by positioning the screen-printed microband electrode
across two independent fluidic channels [70]. The analytical possibilities offered by
such an approach are significantly extended because the sensing and reporting chan-
nels are separated in space (Fig. 6.8A). This is indeed a key advantage when dealing
with instability issues between redox active species that may not be thermodynami-
cally stable when mixed together. For example, when the sensing microchannel is
filled with a solution containing a given target molecule (Fe(CN)6

3–), the ECL intensity
recorded in the reporting channel containing a typical (Ru(bpy)3

2+/TPrA) mix corre-
lates linearly with the analyte concentration (Fig. 6.8B). Sensing application of a
biorelevant target was established for the detection of HbA1c, which is an important
blood glucose level marker. For that, a gold electrode positioned inside the sensing
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channels (A). A calibration curve of the electrochemiluminescence intensity recorded in the reporting
channel as a function of the analyte concentration inside the sensing channel (B). A scheme
illustrating the detection of a marker for blood glucose level (HbA1c) based on an extinction of light
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et al. [70].
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channel is modified by a specific capture probe for HbA1c recognition. Therefore, the
detection of HbA1c is monitored as a decrease in ECL emission intensity on the report-
ing pole because of the increase in impedance and thus lowering of electron transfer
capability (Fig. 6.8C, D). A recent study in the same configuration also suggested that
besides the electrochemical reactions promoted at the poles of the BE, the reaction
occurring at the feeder electrodes may also be taken into account [71]. Therefore, the
solution composition filling each compartment and the size of both bipolar poles and
feeder electrodes may affect the overall coupling.

A comparable strategy was later adopted with an ITO-based BE interconnecting
two independent reservoirs. Again, ECL was chosen as a readout signal and it was
found that the location of the feeder electrode far away from the BE is crucial in order
to eliminate completely the ECL background generated also at the vicinity of the
driving electrodes [72]. By using Ru(bpy)3

2+ and TPrA in the reporting channel,
several analytical strategies were proposed. The detection of the luminophore or
the ECL coreactant is obvious but the presence of dopamine could equally be
quantified because its oxidation product quenches ECL. H2O2 and K3Fe(CN)6 were
also detected asmodel targets because the presence of redox-active species inside the
sensing channel does affect the coupling between both poles of the BE. An imple-
mentation of the two-channel design was proposed with a multichannel configura-
tion exhibiting three independent channels linked by two closed BEs [73]. All the
oxidants and reductants involved at one of the poles of the BEs can be detected in a
single operating device. Such an approach was illustrated by the determination of
H2O2, TPrA, glucose and ascorbic acid by recording the evolution of ECL intensity
upon the stepwise addition of the analytes.

A closed BE array chip was also developed as an ECL imaging platform for the
detection of cancer biomarkers [74]. It consists of two separated channels that are
connected by a group of parallel ITO BEs on a glass substrate. Several biorecognition
approaches were used, involving aptamers or antibodies as well as electrochemical tags
as signal amplification indicators that mediate the ECL signal (Ru(bpy)3

2+/TPrA system).
As a result, the multiplex detection of several cancer biomarkers such as adenosine
triphosphate, prostate-specific antigen, α-fetoprotein and thrombin was achieved.

Besides the classic (Ru(bpy)3
2+/TPrA) ECL system, the use of luminol-based ECL in

a closed-cell configuration was also reported [75]. In this work, glucose substrate is
oxidized by glucose oxidase that is immobilized within a polymer matrix sitting on top
of an electrochemically deposited Prussian blue (PB) layer (Fig. 6.9A). Enzymatically
produced H2O2 is subsequently reduced and the electrons needed on this cathodic side
are shuttled from the anodic pole where the oxidation of luminol/H2O2 results in a
proportional ECL emission. Such a combination where the same reactant, namely,
H2O2 is involved on both sides of the BE is not usable in the open configuration.
Therefore, employing the closed configuration is crucial. Experimentally, a carbon rod
is used as BE to link the two compartments and it is noteworthy that in addition a salt
bridge was also positioned between both sides (Fig. 6.9B). The H2O2 calibration was
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adjusted in order to optimize the detection of glucose that was achieved in the
millimolar range up to 200mM.

More recently, the coupling between two oxygenic enzymes across a closed
bipolar cell was also proposed [76]. The authors selected photosystems 1 and 2
(namely, PS1 and PS2) and immobilized both of them in one of the compartments of
a photoelectrochemical half-cell, respectively. The driving force for the electron
transfer reactions is applied by BPE, whereas the actual potential of each pole of the
BE being self-regulated by the redox processes. The principle parameters of the
coupling are discussed in terms of limiting poles. Also, a complementary scanning
electrochemical probe was employed to monitor the time-dependent changes
in enzymatic performances due to processes of inactivation of both protein
complexes.

Apart from ECL reporting, it is noteworthy that an electrochromic sensing plat-
form using PB as the colored indicator was also proposed [77]. Such a bipolar electro-
chromic strategy expands the scope of the closed configuration. The principle is
based on the modulation of heterogeneous electron transfer using Fe(CN)6

3–/4– redox
probes that are affected by steric hindrance effects. It was applied to the signaling of
carcinoembryonic antigen (CEA) which is a 180 kDa glycoprotein that is an important
tumor marker with a typical concentration of 5 ng mL–1 in normal human serum.
Thus, a higher or lower CEA concentration can be directly observed by the naked eye
based on the color change of the BPE device.

6.4 Conclusion and perspectives

Despite the fact that BPE has been known for several decades, it remains nowadays a
very active area of research. The reason for its recent revival is obviously due to the
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Fig. 6.9: Illustration of the coupling between glucose detection and luminol-based electrochemi-
luminescence across a closed bipolar electrode (A). Scheme of the experimental setup: A, feeder
electrode; B, valve; C, frit; D, flange; E, salt bridge; F, bipolar electrode; G, double screw-cap with
O-rings. Adapted from Eßmann et al. [75].
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different potentialities of BPE especially for analytical applications that were only
marginally exploited until the beginning of the 2010s. Again, BPE configurations
offer key advantages compared to a conventional electrochemical setup. In the open-
cell configuration, the number of sensing elements can be increased almost at will
and addressed simultaneously with a single pair of driving electrodes connected to a
power supply. The collective addressing of thousands of particles was also proposed
in order to increase significantly an ECL reporting signal. The closed-cell config-
uration offers the possibility to employ space-separated solutions that may be
chemically incompatible or to avoid interferences between chemicals. Also the
combination with microfluidic technology in channels and capillaries could be
proposed to enable in-flow sensing based on BPE.

We are still at a time where fundamental studies remain necessary to fully
address the advantages and drawbacks, but we anticipate that in a near future,
BPE will be increasingly chosen as a versatile and adaptable platform for biosensing.
A considerable amount of electroanalytical strategies that have been used for years in
conventional electrochemistry are potentially transposable to BPE. Among all the
possible approaches, the coupling of BPE with ECL appears to be one of the most
attractive and promising strategies. The detection of many different biomolecules
such as DNA, aptamers, proteins, and antibodies has already been reported. Now, the
evaluation of real blood samples which are more complex than model analytical
solutions should be carried out prior to the development of point-of-care devices for
practical clinical diagnostic.

In future, enzymatic coupling across a bipolar cell that has just been reported or
eventually the study of entire living systems such as bacteria or cells may also be
possible by using BPE.
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Dan Shan, Wen-Rong Cai

7 Biomaterials for electrochemiluminescence

7.1 Introduction

Electrochemiluminescence (ECL), also called electrogenerated chemiluminescence,
is a process whereby species generated at electrodes undergo high-energy electron-
transfer reactions to form excited states that emit light. Although the phenomenon of
light emission during electrolysis was observed in the late 1920s, the first detailed
ECL studies were reported by Hercules [1] and Santhanam and Bard [2]. in the mid-
1960s. This technique represents themarriage of electrochemistry with spectroscopy,
whichwas applied for bioassay purposes in 1989. After many years development, ECL
has evolved as a powerful analytical technique featured with rapidity, high sensitiv-
ity, and selectivity. In this chapter, we pay more attention on a detailed discussion of
ECLmechanisms, luminophor of ECL, ECL enhancement strategies, and ECL for assay
in biological matrices. Conjugation strategies for biomolecules are also included.

7.2 Principle of ECL

ECL is a means of converting electrical energy into radiative energy. It involves the
production of reactive intermediates from stable precursors at the surface of an
electrode. These intermediates then react under a variety of conditions to form
excited states that emit light. In most of the ECL systems, there are generally four
steps as shown in Fig. 7.1 [3], namely, (1) redox reactions at electrode, (2) homoge-
neous chemical reactions, (3) excited state species formation, and (4) light emission.
In general, any analyte that can inhibit or promote the processing of the aforemen-
tioned steps will result in the change of ECL emission. ECL can be produced by two
dominant pathways, that is, annihilation and coreactant pathways, althoughmost of
the ECL applications are almost based on the latter one.

7.2.1 Annihilation pathway

Ion annihilation involves the formation of electrochemically generated intermedi-
ate species at the electrode, which then interacts and undergoes the formation of
both ground and electronically excited states, which consequently emit light by
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relaxation. A typical example of ion annihilation process is the ECL of 9,10-
diphenylanthracene (DPA), which is based on the following processes [4]:

DPA− e− ! DPA•+ ðoxidation at the electrodeÞ (7:1)

DPA+ e− ! DPA•− reduction at the electrodeð Þ. (7:2)

DPA•− +DPA•+ ! DPA+DPA* annihilation processð Þ (7:3)

DPA* ! DPA+hυ λ= 425 nmð Þ emission of lightð Þ (7:4)

Annihilation processes may also occur in systems in which the radical cations and
radical anions are from different molecules. The Gibbs free energy related to the
annihilation process is calculated from the redox potentials of eqs. (7.1) and (7.2)
using the following equation:

ΔG= − nF Eo
reduction −Eo

oxidationð Þ (7:5)

where △G is the Gibbs free energy and F is the Faraday constant, while Eoreduction −
Eooxidation are the formal potentials for the reduction and oxidation, respectively.
From the Gibbs free energy it is possible to calculate the enthalpy, which is directly
related to the Gibbs free energy based on the following equation:

ΔG=ΔH − TΔS (7:6)

If the enthalpy exceeds the energy required to produce the lowest excited states from
the ground state, then the reaction is defined as “energy sufficient” or is defined as to
follow the singlet route “S-route,” because 1R* will be directly generated. DPA is one
of the systems that follows the S-route. In contrast, if the enthalpy is lower than the
energy required to produce the lowest excited state but still exceeding the triple state
energy, 3R*, then 1R* will be generated by subsequent annihilation of 3R* (triplet–
triplet annihilation, TTA). A typical example of TTA annihilation is the ECL of
ruthenium tris-bipyridyl-type derivatives. In addition, ion annihilation can also
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A D

D

D+A–

e

e
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e
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Fig. 7.1: Schematic representation
of ECL process (from Miao [3]).
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lead to the formation of excimers (excited dimers) and exciplexes (excited com-
plexes), and in this case the system is said to follow the “E-route.” The major
advantage of the annihilation process is that it requires only the ECL species, solvent,
and supporting electrolyte to generate light.

For example, the potential of the working electrode (WE) is quickly changed
between two different values to generate the oxidized, DPA•+, and reduced, DPA•−,
species (eqs. (7.1) and (7.2), respectively) that will react near the electrode surface to
form the emissive state, DPA (eq. (7.3)).

A classic example involves rubrene [5–8]. ECL is generated when a double-
potential step is applied to an electrode (such as platinum, gold, or glassy carbon),
producing the radical cation (RUB•+) upon anodic oxidation and the radical anion
(RUB•−) upon cathodic reduction. The resulting electrogenerated products can then
react and undergo annihilation to produce an excited state (RUB•) that is then able to
emit light.

7.2.2 Coreactant pathway

The second dominant pathway to produce ECL is defined as “coreactant ECL,”
involving the reaction between luminophore and an additionally added reagent.
The major advantage of using the coreactant approach is that the more intense
generation of ECL emission than that obtained in an annihilation reaction due to
the larger potential window of a solvent. The coreactant can be reduced or
oxidized under the potential supply to form an intermediate and produce the
excited states. When a potential (positive or negative) is applied at the electrode,
both the luminophore species and the coreactant undergo oxidation or reduction
with concomitant formation of radicals and intermediate states. Then, the inter-
mediate states will decompose with the formation of highly reactive oxidizing or
reducing species, which will interact with the oxidized or reduced luminophore to
produce the excited state and subsequent ECL emission. Till date, the following
chemical compounds are used as coreactants, such as peroxydisulfate (S2O8

2−),
tripropylamine (TPA), H2O2, 2-(dibutylamino)ethanol (DBAE), C2O4

2−, SO3
2−, and

so on.
Generally, the coreactant ECL mechanism can be classified as ‘‘oxidation–

reduction’’ ECL and ‘‘reduction–oxidation’’ ECL according to the oxidation and
reduction processes on the surface of the electrode [9]. The general mechanisms of
coreactant ECL systems are summarized in Table 7.1. A typical example is the ECL of
TPA as the coreactant. TPA is present in the solution and is either oxidized or
reduced in the same potential step as the luminophore species. Through electrons
transfer or chemical reactions, the coreactant generates a product that reacts with
the ECL luminophore to generate an excited state. In the case of Ru(bpy)3

2+-based
ECL, tertiary amines such as TPA are the dominant coreactants. However, others
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species include persulfate, hydrazine, and hydrogen peroxide ions, which operate
in the reductive-oxidation mode, while oxalate and pyruvate ions operate in the
oxidative-reduction mode. Coreactants are often used when R+ • (or R− •) are unsta-
ble, when R+ • (or R− •) cannot be formed because of the narrow potential window
of the solvent or when the annihilation process is not particularly efficient.
The coreactant-based approach is particularly useful when it is necessary to avoid
the quenching of oxygen (often encountered in the ion annihilation process),
allowing the analysis to be performed without the need to deoxygenate the
samples. It is important to note that only the luminophore species can be regen-
erated at the electrode, while the coreactant is consumed during the chemical
(or electrochemical) reactions. Suitable coreactants can be easily oxidized or
reduced and then undergo a rapid chemical reaction to form an intermediate
species with sufficient oxidizing or reducing power to create the excited state of
the luminophore.

7.3 Luminophore for ECL

7.3.1 Luminol

5-Amino-2,3-dihydrophthalazine-1,4-dione (luminol) is a classical organic com-
pound used for ECL. The ECL of luminol is often produced in an alkaline solution
in the presence of hydrogen peroxide. Since luminol is a pH-dependent substance
with pKa of 6.00, the deprotonated ion undergoes subsequent cascade of lumines-
cence reactions. Many biological activities involve the transformation or metabolism
of hydrogen peroxide, which can be detected by luminol ECL with high sensitivity.

Table 7.1: General mechanisms of coreactant ECL systems (from Miao [3]).

Reaction process Oxidative-reduction ECL Reductive-oxidation ECL

Redox reaction at electrode R−e→R•+ R+e→R•−

C−e→C•+ C+e→C•−

Homogeneous chemical reactions R•+ +C→R+C•+ R•−+C→R+C•−

C•++→C≠Red C•−+→C≠Ox
C≠Red+R→R•−+P C≠Ox+R→R•++P

Exited state species formation R•++R•−→R+R* or R•++R•−→R+R* or
R•++R≠Red→R*+P R•−+C≠Ox→R*+P

Light emission R*→R+hυ R*→R+ hυ

Here, R, luminophore; C, coreactant; C≠, coreactant intermediate with subscript “Red” for reducing
agent and “Ox” for oxidizing agent; and P, product associated with C≠ reaction.
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For this reason, luminol-based ECL has applications in various biosensors. Figure 7.2
shows overall reactions in aqueous medium. The luminol oxidation leads to the
formation of an aminophthalate ion in an excited state, which emits light when
returning to the ground state. The quantum yield of the reaction is low (∼0.01) and
the emission spectrum shows a maximum at 425 nm [10].

The electrochemical oxidation of luminol is usually considered as the second
most efficient way of triggering the reaction, after the horseradish peroxidase-
biocatalyzed one. In a mechanistic study of this ECL reaction, Sakura proposed
that luminol was first oxidized at the electrode surface and then reacted, mole to
mole, with hydrogen peroxide (Fig. 7.2). The theoretical ratio (photon produced)/
(H2O2 consumed) is then 1, while it is only 0.5 for the peroxidase-catalyzed
reaction.

Luminol has good water solubility; more importantly, compared to other ECL
systems, the dissolved oxygen can be used as the coreactant of the luminol ECL
reaction on conventional electrode materials. It is an environmental-friendly coreac-
tant and does not present any other side effects such as the higher background noise
and the side interaction of the coreactant with DNA probes or proteins as in the case
while using H2O2 as an ECL coreactant for bioassays.

However, the luminol ECL system still has several drawbacks. First, compared to
the hydrophobic organic phase, the ECL quantum yield of luminol in the water phase
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Fig. 7.2: Schematic representation of the electrocatalyzed chemiluminescent reaction; inset: a
typical cyclic voltammogram of luminol in aqueous solution (from Marquette and Blum [11]).
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is obviously low, which limits the sensitivity of the luminol ECL system in bioanal-
ysis. Second, due to the electropolymerizing behavior of luminol as well as the
stronger adsorption effect of luminol on a conventional electrode material surface,
the ECL reproducibility of luminol is also poor on a conventional electrode.
Therefore, the new idea to overcome these limitations of luminol ECL reaction on a
conventional electrode is desirable.

7.3.2 Tris(2,2ʹ-bipyridyl)ruthenium (II)

Electroluminescence here refers to the electrogenerated oxidoreduction reactions
of compounds different from the luminol or luminol derivatives, leading to photon
emission. The main competitors to luminol ECL in the field of analytical chemistry
are the ruthenium complexes [12, 13] and, more generally, metal chelate systems.
Nevertheless, other molecules such as 9,10-diphenylanthracene [14], phenothia-
zine [15], and pyrene [16] have been demonstrated to be electrochemiluminescent.
One of the most attractive characteristics of these metal chelate complexes is their
ability to be regenerated in their native form after having completed the light
emission reaction sequence. A single molecule could then theoretically generate
more photons than the luminol in destructive ECL. The most widely used and
studied of these metal chelate complexes is tris (2,2ʹ-bipyridyl)ruthenium (II), also
named Ru(bpy)3

2+ (Fig. 7.3a). Indeed, since it was first reported as an electro-
chemiluminescent compound in 1972 [17], Ru(bpy)3

2+ has become the most thor-
oughly studied ECL-active molecule [12, 18]. This domination of the field is mainly
due to its strong luminescence, its solubility in both aqueous and nonaqueous
media at room temperature, and, of course, its ability to undergo, as mentioned
earlier, a reversible one-electron transfer reaction. Figure 7.4 shows themost widely
used system for triggering ECL of Ru(bpy)3

2+ in aqueous solution. First, the ruthe-
nium complex is electro-oxidized in a one-electron reaction at the electrode surface
(polarized at a potential between +1 and +1.5 V). Concomitantly, the classical core-
agent TPA [19] is also oxidized and deprotonated to generate a radical species that
will reduce the oxidized metal complex (Ru(III)(bpy)3

2+), leading to an excited state
of the reduced ruthenium complex that emits a photon (617 nm) while returning to
the ground state.

7.3.3 Porphyrin

Porphyrins are 18π aromatic azaannulenes consisting of regularly arranged four
methine carbons. As a visible-light photosensitizer, porphyrins received much atten-
tion because of their widespread occurrence in nature, strong optical absorption and
emission, and electrochemical properties applicable for electron transfer reactions
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related to light harvesting, applied in photoelectric devices to improve photoelectric
conversion efficiency.

Zhang et al. reported that a strong and stable red irradiation at 634 nm could be
stimulated electrochemically on the glassy carbon electrode (GCE) modified by zinc
(II) meso-tetra(4-carboxyphenyl)porphyrin (ZnTCPP) in aqueous media [20]. The
nature of ECL was thoroughly investigated, being exactly the production of 1O2

from the electrochemical and chemical reactions between superoxide ion (O2
−) and

the intermediate anion of zinc porphyrin (Zn+) (Fig. 7.5).
Porphyrins have a flexible and adjustable molecular structure in chemical mod-

ification. The introduction of molecular-recognition motifs (e.g., hydrogen bonding,
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Fig. 7.4: Schematic representation of the electrochemiluminescent reaction of Ru(bpy)3
2+ with TPA;

inset: a typical cyclic voltammogram of Ru(bpy)3
2+ in aqueous solution (fromMarquette and Blum [11]).
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metal−ligand bonds, and π−π stacking) into the porphyrin building blocks will make
them form new structures, such as fibers, cubes, sheets, simple micelles, and wheels.
Shan and coworkers have developed several ECL sensors based on porphyrin nano-
composites. For example, Proto-porphyrin IX (CoPPIX) was combined with ultrathin
carbon nitride nanosheets (C3N4) [21]. CoPPIX@C3N4 complex possessedmuch higher
catalytic activity. Laponite nanosheets were utilized to manage the assembly and
immobilization of protoporphyrin IX (PPIX).

They synthesized zirconium-based porphyrinic metal−organic frame-work
(MOF) for the detection of a phosphoprotein [22]. The as-synthesized MOF-525-Zn
serves as a three-in-one platform possessing oxygen nanocage, electron media,
and bonding site in the ECL bioanalysis system, as shown in Fig. 7.6. Specifically,
depending on the enrichment of oxygen molecules from the high porosity and
tunable structures of MOFs, the active center ZnTCPP in MOF-525-Zn as electron
media reacts with O2 in the three-dimensional nanocage to produce 1O2, resulting
in the ECL signal. In addition, the amphiphilic surfactant TOAB facilitated O2 to
interact with electroactive ZnTCPP of MOF-525-Zn. Furthermore, with the coordi-
nation of the phosphate groups and inorganic Zr–O clusters as binding sites in
MOF-525-Zn structures, MOF-525-Zn can be used as signal-amplifying probes for
an ultrasensitive ECL PKA assay. This three-in-one approach not only exhibits
great promise in clinic diagnostics and targeted therapy but also provides a novel
promising platform for bioanalysis.

Fig. 7.6: Schematic represen-
tation of the MOF-525-Zn-
based ECL biosensor for PKA
assay (from Zhang et al. [22]).
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They synthesized the one-dimensional nanostructure of zinc 5,10,15,20-tetra(4-
pyridyl)-21H,23H-porphine (ZnTPyP) via a self-assembly technique [23]. Using
sodium dodecyl sulfate as the “soft template,” the self-assembled ZnTPyP (SA-
ZnTPyP) had themorphology of hexagonal nanoprisms with a uniform size (diameter
of 100 nm). The SA-ZnTPyP exhibited remarkably different spectral properties com-
pared to those of the original ZnTPyP. The as-prepared SA- ZnTPyP was used
to modify GCE, and the ECL behaviors of the SA-ZnTPyP/GCE were investigated
(Fig. 7.7). The hydrophilic carbon dots (C-dots) could efficiently prevent the dissolu-
tion of SA-ZnTPyP in DMF containing 0.1 mol L−1 TBAP and, simultaneously, could
accelerate electron transfer. Therefore, the enhanced ECL was realized by C-dots/SA-
ZnTPyP/GCE by using H2O2 as the coreactant.

7.3.4 Quantum dots

In the early 2000s, Bard and coworkers further found the ECL phenomena from a
series of quantum dots (QDs). Soon after, Ju’s group proposed the first QDs-based
ECL biosensor. These works catalyzed broad interest among the analytical com-
munity for both fundamental research on ECL properties of QDs and practical
application of various QDs for ECL bioanalysis [24]. Miniaturization of biosensors
is an attractive topic for the investigation in the development of sensor arrays, and
this is also true in the field of ECL sensors. The QDs, including CdSe, CdS, CdTe,
PbS, ZnSe, and Ag2Se nanoparticles (NPs), have been reported. Figure 7.8 shows
CdSe QDs apply in ECL.

In particular, high-fluorescence quantum yields, size-dependent luminescence,
and stability against photobleaching make them a very attractive material for bio-
sensing applications [26]. Numerous systems using QDs have been used as labels
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Fig. 7.7: Schematic representation of one-dimensional self-assembled porphyrin hexagonal nano-
prisms and the enhanced ECL (from Cai et al. [23]).
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within ECL detection systems as a result of their aforementioned-outlined advantages
over more common emitters. It is well known that the size of QDs strongly affects the
ECL behavior. The dependence of the ECL intensity on the size of QDs is related to the
band gap of QDs, which increased with the decrease of the size of QDs. The detection
of catechol derivatives was achieved by measuring the quenching of the ECL using
the electro-oxidized products of catechols (dopamine and l adrenaline) [24]. Most of
the ECL immunoassays of QDs are based on the quenching, inhibition, or enhance-
ment of the ECL intensities via the well-studied coreactant ECL systems, which took
S2O8

2−, H2O2, and SO3
2− as the coreactants. In CdTe, QDs coated with a silica nano-

sphere label (Si/QD/Ab2) were attached onto the gold electrode surface through a
subsequent “sandwich” immunoreaction [27].

Li et al. reported that the graphene QD ECL allows selective and sensitive
cadmium ion detection using cysteine as the masking agent, indicating that gra-
phene QD is a promising ECL luminophore for ECL detection [28, 29].

7.4 Enhancement strategies

7.4.1 Nanomaterials for signal amplification

The introduction of nanomaterials has deeply revolutionized the sensitivity and
diversity of ECL biosensors. Nanomaterials with different sizes, shapes, chemical
components, and unique properties have been adopted for different kinds of bio-
sensing applications, playing an increasingly important role in the development of
biosensors [29]. Nanomaterials can enhance the efficiency of both biological element
part and transducer part in many different ways.

Nanomaterials with their enormous specific surface area provide robust carrier
frameworks in which these ECL luminophores or certain biomolecules can be incor-
porated to give much stronger ECL signal for ultrasensitive biosensors. The most
popular nanomaterials as carriers are metal NPs (especially gold nanoparticles
(AuNPs)), magnetic NPs, and porous silica NPs. AuNPs are excellent carriers in
various biological applications for great advantages such as ease of synthesis, great

CdSe
Au electrode

Ab1 AFP Ab2*

Fig. 7.8: Biosensor fabrication for the detection of AFP using CdSe QDs (from Liu et al. [25]).
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biocompatibility, and versatility of size, shape, and functionalization. In several
works reported by Yuan and coworkers, luminol-reduced Pt@Au nanoflowers [30],
luminol capped Pt@Au core–shell NPs [31], and Ru(phen)2(cpaphen)

2+ linked-ampi-
cillin capped AuNPs [32] were used to build ECL biosensors. Magnetic NPs can
respond to external magnet field, providing an efficient method to separate samples
from liquid suspension. By applying rotating functional magnetic force, the mass
transfer between ECL reagents and magnetic NPs-linked enzymes could be
enhanced, thus improving the ECL signal [33]. Due to high surface-to-volume ratio,
good biocompatibility, and low cost, silica NPs have become another commonly used
carrier for ECL biosensors. Silica NPs are widely employed for immobilizing a large
loading of ECL luminophores by doping the luminophores into the NPs. Thus, silica
NPs can protect luminophores from the surrounding environment and can increase
the photostability and intensity of ECL signal.

To build a biosensing platform, one of the most important step is electrode
modification. AuNPs are not only excellent carriers to improve the loading of ECL
species but also wonderful electrode modification material that can promote the
electron transfer and surface area of electrode. Recently, AuNPs-modified electrodes
were applied in many different kinds of ECL biosensors, leading to effective improve-
ment in ECL intensity and sensing sensitivity [34–36]. The remarkable electrical,
chemical, mechanical, and structural properties of carbon nanotube (CNT) make it
an attractive nanomaterial for electrode modification. CNTs can be easily derivatized
with various functional groups for the attachment of biomolecules. A key aspect of
CNTs applications in biosensors is their immobilization with suitable biomolecules.
Another major aspect of CNTs applications is their ability to promote the electron
transfer process. Similar to CNTs, graphene sheets are another popular electrode
modification nanomaterials due to their strong mechanical strength, enormous
specific surface area, excellent thermal conductivity, and electric conductivity.
Graphene oxide (GO) contains a range of reactive oxygen functional groups, which
give it great application value in biosensing.

Certainmetal nanomaterials have catalytic effect on the reactions relevant to ECL
emitting. Bringing in this kind of nanomaterials as catalysts can greatly improve the
sensitivity of ECL biosensors. Yuan and coworkers reported a cholesterol biosensor
based on luminol ECL catalyzed by AuNPs-modified electrode [37]. They found that
AuNPs not only provided larger surface area but also formed the nanostructured
interface to catalyze luminol ECL.

With the development of the modern biosensors, a single type of material could
not fulfill the requirements for an ultrasensitive strategy of detection. Thus, multi-
functional nanocomposites consisting of several materials with different perform-
ances are quite popular in biosensing applications. For instance, in a sandwich-type
ECL immunosensor, the multifunctional nanocomposite of luminol capped gold-
modified Fe3O4 (Luminol–AuNPs@Fe3O4) worked as ECL labels, catalysts, and mag-
netic separable carriers [38]. In the ratiometric ECL immunosensor designed by Ju’s
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group, they used the luminol/Pd nanoclusters@graphene oxide nanocomposites as
ECL probes, electrocatalyst, and signal amplification materials [39].

7.4.2 Resonance energy transfer (RET)

Energy transfer (ET) via dipole-induced interactions (Fçrster ET) or via exchange
interactions (Dexter ET) is a promising technique to probe changes of the distance
between a suitable matched donor and acceptor pair. In the past decades, several
kinds of resonance ET have been reported in bioapplications on the basis of
different excited modes of the donor luminescence, such as fluorescence (FRET),
bioluminescence (BRET), and chemiluminesence (CRET). Recently, with the devel-
opment of ECL technique combining the electrochemical and luminescent meth-
ods, the ECL-RET has attracted increasing interest in the trace analysis of nucleic
acids, proteins, and small molecules, owing to its remarkable advantages of no
excitation light source and no interference from the scattered light compared to
the FRET. In the conventional ECL-RET biosensors, the researchers have focused
on searching for perfect energy-overlapped donor–acceptor pairs to improve the
sensitivity [40]. For example, Zhu et al [41]. used an efficient quenching ECL
immunosensor based on ECL-RET and studied the sensitive analysis of prostate-
specific antigen. In this protocol, nitrogen-doped graphene QDs, which could
produce excellent ECL emission, were loaded onto Ni(OH)2 with the three-dimen-
sional hierarchical and stacked lamellar structure. Zhou et al. [42] provide a novel
ECL-RET system using CdS:Eu nanocrystals as an ECL donor and Au nanorods as
an ECL acceptor. Zhang et al. [43] designed an ECL biosensor for the determination
of insulin using a novel ECL-RET strategy. In this strategy, carboxyl poly(9,9-
dioctyfluorenyl-2,7-diyl) dots worked as the ECL donor and 3,4,9,10-perylenetetra-
car-boxylic acid exploited as the ECL acceptor, and hydrogen peroxide (H2O2) was
employed as the coreactant.

7.5 ECL for assay in biological matrices

ECL detections in immunosensors are mainly carried out with solid phase ECL assay
heterogeneous formats, including direct, competitive, and sandwich immunoassays.

7.5.1 Direct interaction

In the direct probe format, first an electrode is modified with a species that serves as
both a capture and a signal probe, as shown in Fig. 7.9 [44]. This is a species that

7 Biomaterials for electrochemiluminescence 133

 EBSCOhost - printed on 2/14/2023 1:07 PM via . All use subject to https://www.ebsco.com/terms-of-use



recognizes the analyte and has been labeled with the luminophore. When this
electrode is placed in a solution of coreactant (e.g., TPrA) and the electrode properly
biased, a strong ECL signal is observed. In the presence of the target (analyte), the
target binds to the capture/signal probe and the ECL signal decreases. Generally, the
decrease in ECL signal is proportional to the concentration of analyte.

Advantages: Cross-reactivity of secondary antibody (Ab2) is eliminated and is a
quick methodology since only one antibody is used.
Disadvantages: There is lack of ECL (or coreactant) properties of the target
analyte; labeling of every Abl is time consuming and expensive; no flexibility in
choice of Abl label from one experiment to another; immunoreactivity of the Abl
may be reduced as a result of labeling; and little signal amplification.

7.5.2 Competition assay

In a competitive format, the unlabeled analyte (usually the antigen) in the test
sample is measured by its ability to compete with the labeled antigen in the
immunoassay (Fig. 7.10). Typically, the detectable signal decreases with the
increase of analyte concentration, which requires a high background signal toward
zero analyte.

It employs an antibody and an analog of the analyte of interest, one immobilized
on a solid phase and the other labeled with an ECL reporter. The analyte present in a

Fig. 7.9: Diagrams of direct probe electrogenerated chemiluminescence biosensors for the detection
of bacteria (from Gross et al. [44]).
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sample competes with the analog for binding to the antibody and decreases the
accumulation of labels on the solid phase.

Advantage: Nonpurified primary antibodies may be used.
Disadvantages: Main drawbacks are limited sensitivity and working range;
slow reaction kinetics; and lower precision, development of a negative
endpoint.

7.5.3 Sandwich-type assay

The most widespread among them is the sandwich-type immunoassay. Generally, an
electrochemical reaction occurs within a limited reaction layer, the so-called elec-
trical double layer and/or the electrical diffuse layer at several nanometers distance
from the surface of the WE. Consequently, only an extremely small quantity of the
analyte that contacts with the surface of theWEmay be utilized for the ECL detection.
Accordingly, if all the ECL-labeledmaterials could be collected over the surface of the
WE, muchmore ECL emissionmight be generated and a highly sensitive ECLIA could
be realized.

ECL is a valuable tool in life science research laboratories to study basic physi-
ology mechanisms and to detect, discover the causes for, and find potential cures for
diseases [47–60]. For example, sandwich immunoassays have been used to detect

2nd

1st

Aflatoxin sample

Incubation
stirring

Injection

Magnetic
separation

Pt electrode

Movable
magnet

Waste

ITO
Ag/AgCl

MMB

Nanogold-HRP-
anti-AFB1

Detector

Fig. 7.10: Measurement process of the competitive immunoassay method (from Tang et al. [45]).
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numerous cytokines in serum [48], cell culture supernatant [46, 47], and blood [49]
for potential use in diagnostic testing. Cytokines are regulatory proteins produced by
white blood cells and regulate embryogenesis, hameotosis, tissue repair, inflamma-
tion, and immune response. The principles of a typical sandwich assay for an antigen
are outlined in Fig. 7.11.

The sandwich-type formats give the highest level of sensitivity and specificity
because of the use of a couple of match antibodies. The measurement of the
labeled analyte (usually the antibody) is directly proportional to the amount of
antigen present in the sample, thus resulting in an increase in the detectable
signal with the increasing target analyte [59]. Therefore, sandwich-type assay is
one of the most popular schemes in the immunosensings and immunoassays.
Although the antigen–antibody reaction can cause the change of detectable
signal to some extent, the change is comparatively small. High-affinity anti-
bodies and appropriate labels are usually employed for the amplification of
detectable signal.

7.6 Conjugation strategies

Conjugation strategies are important for ECL-based sensor. Especially in the case of
QDs-based ECL, the limited functionalization of ligands and variable efficiency in the
bioconjugation to antibodies are the main drawbacks of QDs. An illustration of some
selected surface chemistries and conjugation strategies that are applied to QDs is
shown in Fig. 7.12.

The approaches of conjugation QDs with Ab2 are as follows:
(1) direct conjugation of amino/carboxyl groups using active esters;
(2) direct conjugation to the QDs surface through the antibody thiol groups;
(3) indirect conjugation using avidin as bridge protein and bioti- nilated antibodies;

+ +

Magnetic bead

Capture antibodyAnalyte
ORI-TAG
labeled antibody

Fig. 7.11: Representation of ECL “sandwich” (antibody–antigen/analyte–antibody) assay. ORI-TAG
refers to ECL label (from Richter [60]).
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(4) indirect conjugation using modified protein G as the bridge protein.
Obviously, the employed QDs should have been previously modified to gain
water solubility and the required functional groups, preferably carboxylate or
amino groups.

It should be noticed that since QDs are typically poorer ECL emitters than the more
commonly used ruthenium complexes or luminol, enhancement of ECL intensity,
observed with QDs, is an important task. The enhancement can be achieved by
reducing the barrier for electron injection, resulting in a lower onset potential and
increased ECL intensity.
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Evgeny Katz

8 Signal-activated biomolecular release
from alginate-modified electrodes

8.1 Introduction – signal-activated biomolecular
release processes

Chemical systems based on stimuli-responsive materials designed to release loaded
substances in response to external signals received considerable attention due to
their potential applications in various areas [1–3], particularly for delivery of bio-
active species (e.g., drugs) [4–7]. The releasing processes stimulated by various
physical and chemical signals, such as light [8], magnetic field [9], temperature
change [10], and pH variation [11], have been extensively studied. Drug release
triggered by biomolecular signals (particularly represented by biomarkers signaling
physiological dysfunctions) [12] are of special interest, being promising for the func-
tional integration of releasing systems with biological processes [13, 14]. Such sys-
tems could be important for the development of closed-loop sense-and-act
biomedical devices [15–18] in the general frame of a theranostic approach (a combi-
nation of diagnostics and therapy) [19]. In most of the presently designed substance-
releasing systems activated by biochemical signals, the sensing component is repre-
sented by chemical receptors directly integrated with the releasing systems [20–22],
significantly increasing the systems’ complexity and limiting their versatility. The
system design would be much easier and more flexible if the subsystems responsible
for the signal-processing and signal-triggered drug release are realized in different
units, essentially on different electrodes, communicating electrically. This chapter
summarizes recent efforts in assembling bioelectronic systems for signal-stimulated
substance release based on alginate polymers [23–30], as well as discusses future
developments and possible applications of such systems.

8.2 Alginate polymer cross-linked with Fe3+

cations – a convenient matrix for molecular
release stimulated by electrochemical signal

Alginate, a natural polymer, has attracted attention of researchers owing to its
ease of availability, compatibility with hydrophobic as well as hydrophilic
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molecules, lack of toxicity, and attractive adhesive and mechanical properties
[31]. Alginate gels are biodegradable in physiological conditions and are chemi-
cally erasable in basic (pH > 7) aqueous environments [31]. Owing to the
biocompatibility of alginate polymers, they were used for the formation of
membranes and thin films potentially useful in bioseparation and other biore-
lated applications [32]. Because of alginate ability to be ionically cross-linked
with multivalent metal cations entrapping biomolecules into the biopolymer
matrix, numerous reports have been published on encapsulation of proteins/
enzymes [33–35], DNA [36, 37], cells [38, 39], and other biomolecular species
[40, 41] in alginate hydrogels with the retention of their full biological activity.
The alginate hydrogel is most notably used as films or microcapsules that can
release components passively or in response to changed environmental condi-
tions, through the controlled degradation of the assembly [42, 43]. Alternatively,
the use of external stimuli allowing for triggering of release of encapsulated
species on demand, irrespective of the environmental conditions, is less
exploited for alginate in literature [44]. Among various stimuli used for trigger-
ing molecular release from signal-responsive matrices [45–68], the electrochem-
ical trigger is particularly appealing because it enables a precise control over the
dissolution process of polymer matrices sensitive to redox transformations.

This control can be achieved through cross-linking of alginate with iron
cations, which possess distinctly different coordination chemistry of Fe2+ and
Fe3+ cations. Fe2+ is a “soft” metal cation that tends to bind neutral ligands
containing nitrogen and sulfur atoms, while Fe3+ cation is a typical example of a
“hard” metal cation that preferentially binds oxygen atoms in negatively
charged ligands such as carboxylate group [69]. The significant difference in
binding of carboxylate groups by Fe2+ and Fe3+ is evident from stability con-
stants of their citrate complexes, which have log K values 3.2 and 11.85, respec-
tively [70]. Because binding of carboxylate groups by Fe2+ is substantially
weaker than their binding by Fe3+, it can be expected that “soft” Fe2+ cations
will have a lower ability for cross-linking alginate in comparison to “hard” Fe3+

cations and interconversion between Fe2+ and Fe3+ will directly affect the
alginate gel stability. As expected, Fe3+ cations produce cross-linked alginate
resulting in the formation of hydrogel, while Fe2+ cations keep alginate in a
soluble state in aqueous solution (Fig. 8.1).

Aiming at the electrochemically controlled formation and dissolution of algi-
nate thin films resulting in the entrapment and release of biomolecules, respec-
tively, Fe3+ cross-linking of alginate on an electrode surface has been studied [71].
Ionic iron can be oxidized and reduced electrochemically, thus controlling the
alginate cross-linking electrochemically. The advantage of iron ions in compar-
ison to Ca2+ (frequently used for alginate cross-linking [31]) is implementing of the
electrochemical control over both process of the thin film formation and dissolu-
tion upon changing the iron ions oxidation state. The electrochemical fabrication
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method provides the possibility of encapsulating proteins and other biomolecules
in alginate thin films as a model system for drug delivering. Applying oxidative
potential to an electrode in the presence of soluble alginate and Fe2+ cations
results in electrochemical oxidation of iron cations to yield Fe3+, which immedi-
ately cross-link alginate, producing a thin film of the alginate hydrogel on the
electrode surface. When other biomolecules (e.g., enzymes/proteins, DNA or
drugs) [72] are present in the solution, the biomolecules are physically entrapped
into the alginate hydrogel. The thickness of the alginate film and, therefore, the
amount of the entrapped biomolecules can be controlled by the time period of the
electrochemical deposition process (Figs. 8.2 and 8.3) [71]. In addition to the time
control, spatial control for the alginate film deposition was possible by applying a
scanning electrochemical microscope as a tool for the electrochemically produced
alginate hydrogel patterns [71]. After the alginate film deposition is completed, the
opposite process of its electrochemical dissolution is possible to release the bio-
molecules entrapped in the film during the film formation. A reductive potential
can be applied to convert the cross-linking Fe3+ cations back to Fe2+, which are not
capable of the alginate cross-linking. As soon as the reductive potential is applied,
the release of the entrapped biomolecules (e.g., lysozyme drug) starts (Fig. 8.4).
Notably, uncontrolled leakage of the entrapped lysozyme molecules is negligible
in comparison with the rate of the electrochemically stimulated release (Fig. 8.4,
inset). The rate of the alginate film dissolution and, consequently, the rate of the
release process are controlled by the value of the reductive potential applied – the

Gel formationGel dissolution

Fe2+
–e

Fe3+

+e

Fig. 8.1: The photograph represents reversible formation of alginate hydrogel in the presence of Fe3+

cations capable of alginate cross-linking and hydrogel dissolution when Fe3+ is converted to Fe2+

cations, which have much weaker interactions with alginate and do not cross-link the alginate
molecules. This figure aims only at the schematic illustration of different interactions of alginate with
iron ions in different oxidation states. Note that in the real systems described in the chapter the
alginate matrix was produced on an electrode surface in the presence of electrochemically
generated Fe3+ cations to yield a thin film, which was later dissolved upon electrochemical reduction
of Fe3+ to Fe2+. Adapted from Jin et al. [71] with permission.
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higher the applied negative potential, the faster is the release process. Overall, the
electrochemical alginate hydrogel deposition-dissolution is a convenient
approach to the electrochemically triggered biomolecular release. However, in
the present realization, the electrochemical dissolution of the alginate hydrogel
leading to the release process of the entrapped molecules is limited to the poten-
tial applied from an external electrical source. In the next step of designing
“smart” signal-controlled release systems, the potential required to initiate the
release process can be generated in situ through biocatalytic reactions.
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Fig. 8.2: The atomic force microscopy (AFM) topography images and the corresponding cross-sec-
tional profiles of the alginate hydrogel films electrodeposited for 50 s (A), 100 s (B), 200 s (C), and
400 s (D) from the solution composed of alginate (1.5% w/w), FeSO4 (35 mM), bovine serum albumin
(used as amodel for the entrapment release) (2.5 mgmL−1) and 0.1 M Na2SO4 upon application of 0.8
V. The AFM images show the alginate film thickness increase with the increasing deposition time.
Adapted from Jin et al. [71] with permission.
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8.3 Self-operating release systems based on the
alginate electrodes integrated with biosensing
electrodes

The recently developed substance-releasing bioelectronic systems [23–30] are composed
of two modified electrodes: one operating as a bioelectrocatalytic electrode activated by
various biomolecular signals and producing reductive potential/current applied to the
second electrode to activate release of substances loaded in a polymeric matrix, which is
dissolved upon the reduction process. The polymeric matrix made of Fe3+-cross-linked
alginate was decomposed and dissolved upon reduction of cross-linking Fe3+ cations to
the form of Fe2+ cations, which are not capable of cross-linking alginate [71, 72]. Thus,
the reductive process stimulated by the biocatalytic electrode in the presence of bio-
molecular signals resulted in the polymer matrix dissolution and the concomitant
release of loaded substances. The challenges of this approach are mostly in the design
of the signal-processing electrode providing the reductive potential/current for the
dissolution of the ferric-alginate matrix and in preventing the leakage of the loaded
substances from the alginate matrix prior to its signal-stimulated dissolution. A few
examples of experimental realizations of these systems are overviewed as follows,
emphasizing the use of different biomolecular signals to stimulate the release process.
The biomolecular signals activating the release process included the following: (i)
reductive enzyme substrates (e.g., glucose), (ii) complex combinations of biomolecules
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Fig. 8.3: The alginate hydrogel film thickness derived from the AFM images (see Fig. 8.2) as a function
of the electrochemical deposition time period. The inset scheme shows the Fe3+ cross-linked
alginate structure. Adapted from Jin et al. [71] with permission.
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logically processed by biocomputing systems according to a predesigned program
implemented in the system, (iii) various proteins and, finally, and (iv) biological cells
(e.g., bacterial cells). The released substances included different drugs, drug-mimicking
molecular species or nanoparticles (NPs), and even enzymes for activating biofuel cells.
First, we will consider the signal-processing biocatalytic electrodes and then we will
describe the substance-releasing electrodes and the use of their combinations for various
biomedical and biotechnological applications.

In the simplest experimental realization, the biosensing electrode was functional-
ized with pyrroloquinoline quinone-dependent glucose dehydrogenase (PQQ-GDH;
E.C. 1.1.5.2) biocatalytically oxidizing glucose. The material called “buckypaper”
[73–75], made from compressed multiwalled carbon nanotubes (MWCNTs), was used
as a conducting support for preparing the enzyme-modified electrode (Fig. 8.5A).
PQQ-GDH was linked to the MWCNTs using a heterobifunctional cross-linker, 1-pyr-
enebutanoic acid succinimidyl ester (PBSE). Succinimidyl ester forms covalent amide
bond with amino groups on protein lysine residues, while the other end of the linker,
polyaromatic pyrenyl moieties, interacts with MWCNTs via π–π stacking (Fig. 8.5B).
MWCNTs provided efficient direct nonmediated electron transfer from the PQQ-active
center of the immobilized enzyme to the conducting support (Fig. 8.6A), thus resulting

5

4

3

2

1

0

0 5 10 15 20
Time (min)

25 30

0
0.0

0.2

0.4

0.6

Le
ak

ag
e 

(k
U)

Ly
so

zy
m

e 
(k

U)
0.8

1.0

2 4 6
Time (h)

a

b

8 10 12

Fig. 8.4: The time-dependent lysozyme release from the alginate-modified graphite electrode upon
application of −1.0 V (vs. Ag/AgCl) (a) compared to the lysozyme leakage with no potential applied
(b). The inset shows the lysozyme leakage with no potential applied over a time period of 12 h. The
experiments were performed in 0.1 M Na2SO4 solution, pH 6.0. The modified electrodes were
prepared by the electrochemical deposition of the alginate film at +0.8 V for 60 s from the solution
containing 35 mM Fe2+, 15 mg mL−1 alginate and 5 mg mL−1 lysozyme in 0.1 M of Na2SO4 pH 6.0. Each
point on the figure corresponds to utilization of a new electrode. Standard deviation was calculated
based on the repetition of each experiment three times. The amount of the lysozyme released was
measured (kilounits) according to the standard assay procedure (https://www.sigmaaldrich.com/
technical-documents/protocols/biology/enzymatic-assay-of-lysozyme.html). Adapted from Jin et al.
[72] with permission.
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Fig. 8.5: (A) The scanning electron microscopy image of the buckypaper electrode. The inset
shows the magnified image of MWCNTs. (B) Immobilization of the PQQ-GDH on MWCNTs with
the help of the heterobifunctional linker PBSE, which provides covalent binding with amino
groups of protein lysine residues through formation of amide bonds and also interacts with
MWCNTs via π–π stacking of the polyaromatic pyrenyl moiety.
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Fig. 8.6: (A) Biocatalytic oxidation of glucose at a PQQ-GDH-modified electrode made of compressed
MWCNTs (“buckypaper”). The biomolecular signal represented by glucose resulted in the formation
of a negative potential and anodic current on the modified electrode. (B) Cyclic voltammograms
obtained with the PQQ-GDH-modified electrode in the absence (a) and presence (b) of 25 mM
glucose, scan rate 1 mV s−1. Background solution was composed of 50 mM 3-(N-morpholino)pro-
panesulfonic acid buffer, pH 7.0, containing 100mM Na2SO4 and 1 mM CaCl2. Note electrocatalytic
anodic current corresponding to the glucose oxidation at potentials more positive than −100mV. (C)
Potentials measured on the PQQ-GDH-modified electrode versus the reference electrode (open
circuitry conditions) in the absence (a) and presence (b) of 25 mM glucose. Adapted from Katz et al.
[30] with permission.
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in the formation of an anodic current (Fig. 8.6B) and negative potential of ca. −150mV
when it is measured in open circuitry (vs. Ag|AgCl|KCl, 3 M) in the presence of glucose
(25 mM; Fig. 8.6C). It should be noted that similar glucose-oxidizing electrodes were
successfully used in implantable biofuel cells operating in vivo [76–78], thus demon-
strating the electrode operation in a biological environment. The reductive potential
and current were produced on the modified electrode only in the presence of glucose
(note that the reductive potential was produced on the electrode in a broad range of
glucose concentrations), while in the absence of glucose the electrode potential was
ca. −10mV (Fig. 8.6C).

Recent advances in biomolecular logic systems [79–83], particularly based on
enzyme-biocatalyzed reactions [84], allowed electrode activation by complex combi-
nations of various biomolecular input signals [85–87]. Figure 8.7 shows two examples
of biocatalytic cascades mimicking operation of a three-input OR logic gate and three
concatenated AND logic gates for processing biomolecular signals. The three-input OR
logic gate [28] was realized with reactions biocatalyzed by three NAD+-dependent

Fig. 8.7: Biocatalytic cascades logically processing multiple biomolecular input signals. (A) The
biocatalytic reactions operating in parallel and mimicking three-input OR logic gate. (B) The bio-
catalytic cascade including three consecutive biocatalytic reactions and mimicking three concaten-
ated AND logic gates. The biocatalytically produced NADH was electrocatalytically reoxidized back to
NAD+ at the PQQ-modified graphite electrode. The NADH oxidation generated a negative potential
and anodic current on the modified electrode. (see the abbreviations in the list of the used abbre-
viations.) Adapted from Katz et al. [30] with permission.
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enzymes, glucose dehydrogenase (GDH; E.C. 1.1.1.47), alcohol dehydrogenase (AlcDH;
E.C. 1.1.1.1), and glucose-6-phosphate dehydrogenase (G6PGH; E.C. 1.1.1.49), operating
in parallel (Fig. 8.7A). The biocatalytic reactions were activated by input signals A, B,
and C, represented by the corresponding substrates: glucose (Glc), ethanol (Et-OH),
and glucose-6-phosphate (Glc-6-P), respectively. Aiming at the simplest concept dem-
onstration, logic value 0 for all input signals was defined as the absence of the
substrates, while logic value 1 was defined as the experimentally convenient and
optimized concentrations: Glc (2mM), Et-OH (21 mM), and Glc-6-P (0.85mM). All
three reactions resulted in the generation of the reduced form of nicotinamide adenine
dinucleotide (NADH) upon reduction of the β-nicotinamide adenine dinucleotide
(NAD+) cofactor and concomitant oxidation of the substrate inputs. The NADH for-
mation was activated in the presence of any of the input signals applied in any
combination (0,0,1; 0,1,0; 1,0,0; 1,1,0; 1,0,1; 0,1,1; 1,1,1). The only situation when
NADH was not produced was the complete absence of all input signals (0,0,0). When
NADHwas produced in the biocatalytic reactions it was reoxidized back to NAD+ at the
electrode modified with PQQ, which is a well-known catalyst for NADH electrochem-
ical oxidation [88] (PQQ immobilization was achieved by its covalent coupling to the
adsorbed polyethyleneimine, PEI). The electrocatalytic process of NADH oxidation
resulted in the formation of the reductive potential/current on the modified electrode.

On the other hand, the concatenated AND gates [28] were mimicked by the
enzymatic cascade including three consecutive reactions activated by four input
signals (Fig. 8.7B). The biocatalytic reaction of maltose phosphorylase (MPh, E.C.
2.4.1.8) was activated in the presence of maltose (Input A) and inorganic phosphate
(Input B) resulting in glucose and glucose-1-phosphate byproduct formation. In the
next reaction step, biocatalyzed by hexokinase (HK; E.C. 2.7.1.1), glucosewas converted
to Glc-6-P in the presence of adenosine 5ʹ-triphosphate (ATP; Input C). Finally, Glc-6-P
reduced NAD+ (Input D) to NADH in the process biocatalyzed by G6PDH (E.C. 1.1.1.49).
The NADH production was obtained only when all four input signals were applied at
their logic 1 value (1,1,1,1):maltose (2mM), sodiumphosphate (2mM), ATP (1mM), and
NAD+ (2mM) for inputs A, B, C, and D, respectively. The generated NADH was
reoxidized and recycled to NAD+ at the PQQ-modified electrode resulting in the
formation of an anodic current and a negative potential of ca. −80mV on the electrode.
If any of the input signals were applied at the logic 0 value (meaning the physical
absence of the corresponding species; 15 different input combinations), the biocata-
lytic cascade did not continue to the very end and NADH was not produced, thus
inhibiting formation of the reductive potential on the electrode. It should be noted that
the realized biocatalytic cascades and the input signals activating the processes do not
have any specific biomedical meaning and only represent a convenient model where
the final production of NADH and the potential formation on the electrode are con-
trolled by the correct combination of multiple input signals. In the advanced system,
the biocatalytic cascades can be activated by biomarkers signaling physiological
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conditions and their changes [86], thus resulting in the potential formation on the
sensing electrode, reflecting biomedical conditions in real time.

The aforementioned systems demonstrated the electrode activation in the pres-
ence of small molecules operating as reductive substrates for enzymatic reactions.
One step forward included electrode activation by biomolecular signals represented
by proteins [26]. The electrode modified with a PQQ electrocatalyst for NADH oxida-
tion was further functionalized with an antibody (polyclonal anti-rat IgG-antibody
from rabbit) for immune recognition of a protein signal (Fig. 8.8). The electrode was
ready to respond to the immune signal, which was represented in this model system
by polyclonal anti-rabbit IgG-antibody from goat. When this antibody was added to
the solution (36 µg mL−1) where the modified electrode was immersed, it attached to
the Fab fragment of the primary antibody, resulting in the immune complex (note
that the primary antibody is from rabbit and the signal is the anti-rabbit antibody).
After the formation of the complex, the electrode surface reacted with polyclonal
anti-goat IgG-antibody from mouse conjugated with silica NPs, ca. 200 nm diameter,
loaded with NAD+-dependent GDH. The enzyme-loaded NPs were attached to the
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Fig. 8.8: The sensing electrode activation by assembling an immune complex on its surface in
the presence of a protein signal. In this example, the signal was represented with an antibody
specifically reacting with the complementary antibody attached to the electrode surface. The
electrode activation was achieved by attaching a GDH-biocatalytic label to the affinity complex
assembled on the electrode surface. The biocatalytic production of NADH resulted in the
formation of the reductive potential/current on the PQQ-modified electrode. The PQQ electro-
catalyst was covalently bound to PEI adsorbed on the graphite electrode surface. Note that the
electrode surface was additionally functionalized with polyethylene glycol for reducing non-
specific adsorption of proteins on the surface. Adapted from Katz et al. [30] with permission.
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electrode surface through immune-complex formation of the anti-goat antibody with
the Fab fragment of the signal antibody (note that the signal antibodywas from goat).
The GDH biocatalytic label attached to the electrode surface through the immune
complex was able to reduce added NAD+ to yield NADH in the presence of glucose.
The produced NADHwas electrocatalytically oxidized at the PQQ-modified electrode,
producing the negative potential of ca. −80mV and corresponding reductive current.
It should be noted that the potential formation was obtained only when the whole
complex was produced on the electrode surface that required the presence of the
signal protein represented in this model system by anti-rabbit IgG antibody. In an
advanced system, with the appropriate immune-recognition layer, the signal protein
could be represented by any protein biomarker reporting various medical problems.

Aiming at increasing complexity of the biological signals further for the electrode
activation and following the approach developed for the immune recognition of the
protein signals described earlier, an electrode activated by the presence of bacterial
cells was designed [23]. The sensing unit made of a graphite electrodemodifiedwith a
mixed monolayer composed of PQQ and antibody (polyclonal anti-E. coli IgG-anti-
body from rabbit) was used to collect bacteria (E. coli) from the surrounding solution
due to affinity interactions between the bacterial cells and the immobilized antibody.
Then, the bacteria attached to the electrode surface through the affinity interaction
with the immobilized antibody were reacted with silica nanoparticles (SiO2-NPs; ca.
200 nm diameter) functionalized with the same bacteria-specific antibody and NAD+-
dependent GDH. The SiO2-NPs were used as a dual platform for carrying the bio-
affinity unit (antibody) attaching to the bacterial cells and the biocatalytic unit (GDH)
that provided a biocatalytic redox reaction at the electrode surface. When the whole
bioaffinity complex was assembled on the electrode surface, GDH attached to the
complex was able to reduce NAD+ in the presence of glucose in the proximity of the
electrode surface. The biocatalytically produced NADH was reoxidized on the PQQ-
modified electrode, thus yielding the reductive current and negative potential of ca.
−80mV [23]. This process was possible only in the presence of the bacterial cells,
which were the signals activating the bioelectrocatalytic electrode.

The systems described earlier were activated by assembling a multicomponent
ensemble capable of generating a reductive potential on the modified electrode. The
assembling proceeded in the presence of a protein (an antibody in the given example)
or microbial cells, both operating as activating signals. However, this approach
suffers from the need of human-operator actions required to treat the modified
surface with secondary antibody labeled with a biocatalytic tag to perform the
potential-producing catalytic reaction. A different approach that does not require
any human operation was developed using disassembling, rather than assembling
process, for activating the sensing electrode [89]. The biosensing system was already
preassembled on the electrode surface and was waiting for a biomolecular signal to
start working. Figure 8.9A shows one of the designed configurations where a bucky-
paper electrode was primarily modified with PQQ-GDH, which is capable of
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communicating with the electrode directly, generating a negative potential in the
presence of glucose. However, this reaction was inhibited by the presence of glucose
oxidase (GOx) bound to the external surface through a linker composed of thrombin
and thrombin aptamer pair. NPs (SiO2−NPs, 200 nm diameter) were used as a high-
surface platform for immobilizing the linker and GOx, thus resulting in a high local
concentration of GOx, which allowed affective interception of glucose, preventing it
from reaching the internal layer with PQQ-GDH. Note that the glucose oxidation
biocatalyzed by GOx does not result in any current at the modified electrode since
the electrons received from glucose are used for O2 reduction, resulting in H2O2

formation. Therefore, even in the presence of glucose in a solution, the electrode
was in its mute, inactive state. The electrode was activated by applying a signal in the
form of DNA (a short artificial oligonucleotide) complimentary to the thrombin
aptamer. Hybridization of the DNA signal with the thrombin aptamer resulted in
dissociation of the linker and removal of the GOx-functionalized SiO2−NPs from the
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Fig. 8.9: (A) The biocatalytic-biosensing electrode in the “OFF” state due to interception of glucose by
GOx immobilized on the SiO2-NPs linked to the surface through the aptamer-thrombin complex.
(B) The electrode in the “ON” state after removing thrombin-GOx-NPs by the DNA signal. Note that the
biosening electrode is connected to an alginate-electrode for the signal-triggered DNA release. The
amount of the released DNA is much greater than the amount of the DNA signal, thus resulting in
amplification of the DNA signal. The sequence of the released DNA is not necessary the same as in the
DNA signal. Adapted from Gamella et al. [89] with permission.
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electrode surface (Fig. 8.9B). This resulted in glucose access to the internal layer
where PQQ-GDH was activated, thus producing a negative potential. The activation
process was possible only once since the preassembled sensing layer was decom-
posed irreversibly, but importantly it did not require any additional human-operator
steps, thus allowing self-operation of the sensing system.

Another system based on the same disassembly approach was developed for
activating the sensing electrode with ketone body (a biomarker of diabetic ketoaci-
dosis) [90]. In this system, the linker between the catalytically active interface and
the NPs holding GOxwas composed of an immune complex of an isomeric form of the
ketone body and the ketone body-specific antibody. The preassembled biomolecular
film was in a nonactive OFF state because GOx consumed glucose preventing its
penetration to the internal structure of the layer, thus keeping GDH in the mute state
in the absence of the glucose substrate (Fig. 8.10A). The isomeric form of the ketone
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body (4-amino-2-hydroxybutyric acid) was a “wrong” antigen for the used antibody
with a low stability of the immune complex. The signal used to activate the biocata-
lytic electrode was the “correct” ketone body (3-hydroxybutyric acid, 3-HBA) with the
structure corresponding to the antibody recognition sites. In the presence of the
“correct” antigen, the previously formed immune complex was dissociated and the
new stable complex of the antibody with the “correct” antigen was produced. This
stable complex was removed from the electrode surface opening the biocatalytic
interface for glucose and activating GDH (Fig. 8.10B). The electrocatalytic oxidation
of glucose biocatalyzed by GDH was observed by cyclic voltammetry (Fig. 8.11A) and
the bioelectrocatalytic process generated a negative potential on the modified elec-
trode in its ON state (Fig. 8.11B). One more system based on the same concept was
activated by pH changes splitting a pH-signal-cleavable linker composed of imino-
biotin/avidin complex [24].
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Fig. 8.11: (A) Cyclic voltammograms of the biosensing electrode in its full configuration (see Fig.
8.10A), curves a and b, and after removing antibody-GOx-NPs by reacting the electrode with the
3-HBA biomarker (see Fig. 8.10B), curves c and d. The cyclic voltammograms were obtained in
the absence (a and c) and presence (b and d) of glucose 20mM. Note the difference between
curves c and d, which corresponds to the bioelectrocatalytic oxidation of glucose after
removing the inhibiting GOx-NPs (the electrode in its ON state). The cyclic voltammograms in
the absence and presence of glucose prior to removing GOx-NPs do not show any electro-
catalytic current (the electrode is in its OFF state). Potential scan rate is 2 mV s−1. (B) Potential
generated on the biosensing electrode in the presence of 20 mM glucose (measured vs Ag|AgCl|
KCl, 3 M, reference electrode) before (a) and after (b) removing antibody-GOx-NPs from the
electrode surface. Adapted from Gamella Carballo et al. [90] with permission.
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The negative potential and reductive current produced on the biocatalytic electrodes
in the presence of biomolecular signals exemplified above were applied on another
modified electrode coated with the Fe3+-cross-linked alginate thin film containing
loaded substances of various composition and complexity. It was already explained
earlier that the reduction of Fe3+ cations to Fe2+ state results in the decomposition and
dissolution of the alginate matrix, due to the reduced ability of Fe2+ cations to cross-link
the alginate molecules [71]. Therefore, the electrochemically stimulated reduction proc-
ess resulted in alginate matrix dissolution and release of the preloaded species from the
dissolved thin film. Figure 8.12 schematically shows the ketone body-stimulated activa-
tion of the biosensing electrode (see also Fig. 8.10) and the concomitant decomposition/
dissolution of the alginate film at the connected electrode resulting in the release of
insulin entrapped in the alginate film. The intact molecular structure of the released
insulin was confirmed by its mass spectrum (Fig. 8.13A). The rate of the signal-stimu-
lated insulin release was significantly higher than its uncontrolled leakage (Fig. 8.13B).

It should be noted that the insulin release triggered by the ketone body diabetic
ketoacidosis biomarker and DNA release activated by a DNA signal are only specific

Fig. 8.12: Schematics of the two-electrode system operation (see also Figure 8.10). The activated
immune-sensing electrode produces reductive current, which results in the reductive decomposition
of the alginate film. Insulin physically entrapped in the alginate film is released upon the alginate
film dissolution. (Adapted from ref. 90 with permission.)
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examples, while many other species can be released from the alginate hydrogel films
decomposed by applying various biomolecular signals (Fig. 8.14). The loaded and then
released species of different compositionwere applied for various targets. In the simplest
example [29], Au-NPs functionalized with enzyme molecules (e.g., horseradish perox-
idase (HRP), E.C.1.11.1.7) were used as model species mimicking drug release. The
purpose of this experiment was the optimization of the loading/release processes and
minimization of the noncontrolled leakage from the alginatematrix. In amore advanced
system [23], a real antibacterial drug, polymyxin B, was released in the process activated
by the signal represented by bacterial cells and applied to the bacterial culture inhibiting
its growth (Fig. 8.15A). The released species were also represented by an enzyme–
antibody conjugate (HRP-labeled anti-goat IgG-antibody from donkey; HRP-Ab; Fig.
8.14) [26]. After HRP-Ab release and its complex formation with the target species, the
complex formation was analyzed by an immune assay of the HRP label (enzyme-linked
immunosorbent assay), where HRP catalyzed biochemical transformations (Fig. 8.15B).
The noncontrolled leakage of HRP-Ab from the alginate matrix (Fig. 8.15B, curve a) was
negligible when compared to the signal-stimulated release (Fig. 8.15B, curve b). In this
case, the released species were able to target specific biomolecules (e.g., complementary
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Fig. 8.13: (A) Mass spectrum of the solution produced by the signal-triggered alginate-matrix
dissolution resulting in insulin release; peaks characteristic of insulin are highlighted. (B) The bar
chart comparing uncontrolled insulin leakage and signal-triggered release from the alginate matrix
corresponds to the ‘‘OFF’’ and ‘‘ON’’ states of the biosensing electrode, respectively. Insulin content
was measured by the Bradford protein assay for a time period of 45 min. Adapted from Gamella
Carballo et al. [90] with permission.
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polyclonal anti-rabbit IgG-antibody from goat), thus mimicking, for example, targeting
cancer cells in future applications. The realized model system corresponds to the
biomedical scenario where the “activator” (modeled with HRP-Ab) is released in
response to a specific combination of biomarker signals and the “drug” is locally
produced from the inactive “prodrug”with the help of the released “activator” (modeled
with the reaction catalyzed by HRP; Fig. 8.15).

In addition to future biomedical applications of the signal-triggered release
processes (mostly related to the signal-stimulated drug release), another system
releasing enzymes, β-amylase (β-Amy; E.C. 3.2.1.2) and MPh (E.C. E.C. 2.4.1.8), was
designed [27]. The released enzymes were decomposing starch and yielding glucose,
which was used as a biomolecular “fuel” for a biofuel cell (Fig. 8.14). When the
enzymes were released and after they decomposed starch yielding glucose, the
current–voltage output produced by the biofuel cell was significantly increased
corresponding to the increased glucose concentration (Fig. 8.15C). This example
demonstrated the application of the releasing system for the activation of a biofuel
cell triggered by biomolecular signals.
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8.4 Conclusion and perspectives

The systems described earlier illustrated the versatility of a bioelectronic approach to
signal-triggered release of various substances. This approach provides inspiration for
future research and possible practical applications. Indeed, the broad range of the
applied biomolecular signals, also reaching the level of bacterial cells used as input
signals, would allow a great variety of activating processes. While the biocatalytic/
biosensing electrodes responded directly to small molecular species (e.g., glucose), the
use of proteins and bacterial cells as input signals required additional processing steps
similar to immune sensing, where secondary enzyme-labeled antibodies have to be
attached to the primary affinity complex to activate the electrode. Obviously, the need
of the enzyme-labeled antibody to trigger the release process is the drawback in the
studied systems and the real drug-releasing systems operating in vivo under physiolog-
ical conditions should respond to immune signals without additional treatment steps
with human intervention. Thus, the presently designed systems can only be considered
as the first prototype, only for concept demonstration, not yet ready for immediate
practical application. This problem has been resolved by using pre-assembled systems
being in the mute state until the inhibiting GOx species are removed from the surface by
the chemical signal that splits the linker between the GOx and electrode surface, thus
removing GOx and activating the biocatalytic electrode [89, 90].
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The different biomolecular species and nano-objects released from the alginate
matrix in the process triggered by the various signals could be used for many differ-
ent biomedical and biotechnological applications. The ability of themodified electro-
des to work in a biological environment [76–78] is promising for designing
implantable bioelectronic devices [91] operating in biofluids and releasing biological
substances in response to complex combinations of biomarkers. In future biomedical
applications, a similar setup composed of two modified electrodes would allow
separation of the potential-generating sensing electrode and drug-releasing elec-
trode; they might be at different locations operating in different environments and
under different conditions. Alternatively, Fe3+-cross-linked alginate thin films con-
taining loaded substances could be dissolved and the substances could be released
by light signals [92] or by biocatalytic reactions performed inside the alginate films
[93], bringing even more flexibility to future applications. Overall, this research
direction could potentially contribute to future systems for autonomous sensing
and actuating in the general frame of a theranostic approach. Another application
of the systems discussed earlier belongs to the novel area of unconventional comput-
ing, particularly DNA computing, including DNA-signal amplification [89] and inte-
grating enzyme- and DNA-based logic systems in one complex process [94, 95].
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You Yu, Shaojun Dong

9 Self-powered electrochemical biosensors

9.1 Introduction

The electrochemical biosensor is an analytical biodevice, which is designed for the
detection of a specific analyte by the electrochemical methods [1, 2]. Electrochemical
biosensors have been the subject of basic analytical research for nearly 50 years [3, 4].
Numerous electrochemical biosensors have been provided across different fields
such as individual healthcare [5], food analysis [6], environmental protect [7, 8],
and even space industry [9], for the high sensitivity, rapid response, outstanding
selectivity, and extensive university [10].

A typical principle of an electrochemical biosensor can be divided into three
individual processes: First, the sensitive biological element, which could be a bio-
logically derived material or biomimetic component, for instance, microorganisms,
organelles, cell receptors, enzymes, antibodies, and nucleic acids, can interact, bind,
or recognize with the corresponding analyte, and can change itself or the regarding
analyte [11–13]. Under external electric power, the interaction of the characteristic
analyte with the biological element can cause the signal generation to easily identify
and quantify in an electrochemical method. At last, the signal reflects in electronic
display, buzzer, or even bluetooth communication to a cell phone [14, 15]. Through the
standard curves, the respective analyte can be qualitatively and quantitatively
detected. Thus, a representative electrochemical biosensor that is also considered to
have three components contains not only the core biological sensing element but also
other accessories such as the power sources and the signaling electronics. Complex
assemble procedures of the traditional electrochemical biosensors have limited the
further improvements along with increasing requirement of smaller volume, lower
request for familiar researcher, and wider applicative range [16, 17]. A miniature
electrochemical biosensor with simple fabricate processes is highly expected.

For now, the extreme challenge associated with miniaturization and port-
ability of sensors is the power supply. Power supplies [18], such as batteries [19]
and solar cells [20], are difficult to miniaturize. Moreover, with external power
supplies, the structure of sensor should require a special design that allows for
the replacement or recharging, which goes against the requirements of neither an
implantable sensor nor a long-term sensor [21, 22]. Therefore, major efforts are
focusing on constructing a self-powered electrochemical biosensor by merging
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the biosensing transducer and the power supply, which could be a traditional
metal-based battery or fuel cell. For higher integrated construction, the self-
powered biosensor can even contain the display characters by the version signal
of the biosensor itself. Mostly, major electrochemical galvanic cells utilized in
self-powered biosensors are biofuel cells (BFCs) since 2001 [23]. Additionally, the
sensor field is primarily made of electroanalytical methods, which typically
operate in three-electrode modes with work electrodes, counter electrodes, and
reference electrodes. Instead, the self-powered biosensor operates in two-elec-
trode modes (anodes and cathodes) and reduces the system from three-electrode
system into two electrodes, which is well beneficial for popularization and
applications.

BFCs are a special category of FCs whose biocatalysts employ microorganisms or
enzymes instead of precious noble metal catalysts [24, 25]. BFCs are usually recog-
nized as an interesting branch of energy conversion technologies, which can convert
bioenergy or other energy like photoenergy and chemical energy into electricity.
Compared to traditional FCs, BFCs can operate well in mild conditions such as
ambient temperature, neutral pH, and nontoxic substrates. BFCs have already been
used as practical power sources in vivo for microelectronics including micro pumps,
pacemakers, and so on [16, 26–29].

Researchers familiar with the field of electrochemical biosensors are attracted by
the commercial acceptance of the glucose biosensor for testing the blood glucose
level among diabetic patients at first [30–32]. In fact, there is a high coincidence of the
BFC substrates and the corresponding biosensor analytes such as glucose, lactate,
and ethanol [33–35]. With the characters of low cost, high efficiency, and high
selectivity, BFCs have a huge potential to be the self-powered sensor by detecting
the variation of the parameters itself affected by the target analyte.

BFC’s performance is characterized in terms of several parameters, such as the
open circuit potential (OCV), short circuit current (SCC), and the power output. The
OCV provides measurements of themaximum voltage output associated with BFCs. It
is also termed as the resting potential or zero-current potential, because it defines a
potential at which there is no net current flow and, consequently, at which no work is
done. In an ideal case, the OCV is determined by the difference between the thermo-
dynamic onset catalytic potentials of the two electrodes (indicated in red in Fig. 9.1A),
and then decreased by all the nonstandard conditions in the majority of cases. The
SCC achieved ideally with zero resistance in the entire system to get the maximum
cell current, which usually relate to the limit capacity of anode electron donation or
cathode electron acceptance (Fig. 9.1B). The SCC changed along with the current
output densities of either the anode or the cathode. The power output of the BFC
depends on the current achieved at cell voltage range. Useful power is achieved at
current and voltage values that are a compromise between the limiting cases of open
circuit and short circuit. The highest fuel cell current is usually delivered at low cell
voltages.

168 You Yu, Shaojun Dong

 EBSCOhost - printed on 2/14/2023 1:07 PM via . All use subject to https://www.ebsco.com/terms-of-use



With regard to a regular BFC, the mode of electron transfer is either direct
electron transfer (DET) or mediated electron transfer (MET) in BFCs, depending
on which the electrons flow from/to the electrode, the enzyme itself or the
mediator. Figure 9.2 shows a BFC with the MET configuration; a mediator
shuttles electrons between the enzymes and the electrodes. On the contrary,
electrons are transferred directly from the electrode to the enzyme without the

Anode Cathode

Enzyme
Enzyme

Mediator

Re

Re Ox

Ox

e–e–
e–

Fig. 9.2: Schematic of typical BFC
with a DET biocathode and a MET
bioanode.
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Fig. 9.1: Voltage and current response for a pair of fuel cell electrodes tested separately (A) or
operating together in a fuel cell (B and C). Features that determine fuel cell performance are
highlighted. Reprinted from Cracknell et al. [24] with permission by the American Chemical
Society.
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mediators in DET mode. For an MET mode BFC, the OCV is certain by
the thermodynamic onset catalytic potentials of the mediators. Thus, self-
powered sensors based on MET-BFC are currently utilizing the power output
and the SCC to measure the analyte. For the DET-BFC, the OCV can be used as
the measurements. If one of the components such as substrates, enzymes,
mediator, or even the electrode changes, the performance of the BFC itself
will be different. Therefore, we can qualitatively and quantitatively monitor
which and how much the target analyte does change according to these
differences.

9.2 Positive enhanced effect

9.2.1 Positive substrate effect on enzyme

In 2001, for the first time, Willner’s group introduced the novel concept of self-
powered biosensor devices based on chemical-to-electrochemical energy trans-
formations occurring in BFC elements [23]. Two similar self-powered biosensor
devices were represented based on BFCs, which consisted of two kinds of
enzyme-functionalized Au electrodes as bioanode. For the first sensor, a glu-
cose oxidase (GOx) electrode (Fig. 9.3A) was assembled by the reconstitution of
apo-GOx on an aminoethyl flavine adenine dinucleotide phosphate (amino-
FAD; Fig. 9.3) covalently linked to a pyrroloquinolino quinone (PQQ; Fig. 9.3)
monolayer. In the second system, a lactate dehydrogenase (LDH)-layered elec-
trode (Fig. 9.3B) was generated by a PQQ monolayer linked to an Au electrode-
coupled aminoethyl-functionalized NAD+ (Fig. 9.3). The affinity complex formed
between LDH and the PQQ-NAD+ monolayer assembly was cross-linked with
glutaric dialdehyde to yield the integrated electrically contacted LDH-function-
alized electrode. In both systems, the biocathodes employed a glutaric dialde-
hyde–cross-linked Cyt c/Cox monolayer assembled on an Au electrode to
catalyze the oxygen reduction reaction (Fig. 9.3C). The biocatalytic oxidation
of the glucose biofuel with the OCV of the system being sensitive to the
substrate level; thus, the OCV is a function of glucose concentration. The
introduction of such self-powered biosensors had first showed the possibility
to fabricate a sensor of only two electrodes without external power supply.
Obviously this novel design had unlimited potential to construct miniature and
implantable devices.

With an increase in the substrate concentration (glucose/lactate), the parameters
of this electrochemical biosensor did also increase. The enzyme exhibited a positive
relationship of the onset potential with the substrate concentration.
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9.2.2 Positive surroundings effect on photocathode

Beyond the substrate in the solution, surrounding light intensity can also be detected
by the electrochemical biosensors. Recently, Dong’s group constructed a self-powered
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biophotodetectors that could quantitatively detect the intensity of visible light based
on a photochemical BFC (PBFC) [36]. The PBFC consisted of a glucose dehydrogenase
(GDH)-modified bioanode and a p-type semiconductor cuprous oxide photocathode.
Both the OCV and the power output of the PBFC changed rapidly along with the
intensity of visible light (Fig. 9.4). The OCV responded and stabilized in a shorter
time than the power output and was therefore chosen as measure parameters of the
light intensity. By continuous operation, the OCV of the PBFC responded steeply to the
light intensity changes from 57 to 180mWcm−2 (Fig. 9.4D); the curve increased sharply
in a very short time as the intensity of light varied and then maintained a constant
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value under a constant intensity of light. It indicated a positive linear relationship
between OCV and the logarithm of the light intensity.

Similar to the biophotodetector, a novel PBFC has been assembled using a
lactate oxidase–modified bioanode and a photocathode covered by organic
semiconductor polyterthiophene (pTTh), which can not only detect the illumi-
nance by the OCV but also accurately and simultaneously monitor the perspi-
ration lactate by the SCC (Fig. 9.5A) [37]. As mentioned earlier, there is a
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positive linear relationship between OCV of the BFC and the logarithm of the
ambient illuminance by assembling with the organic semiconductor photoca-
thode (Fig. 9.5B). After identifying the real-time illuminance, SCC was chosen to
detect the lactate concentration (Fig. 9.5C). Inspiringly, a linear relationship has
been found to exist between the lactate concentration and the SCC. The self-
powered BFCs could monitor the lactate concentrations and respond to the
varied illuminance at the same time.

As a simple method of self-powered sensor assembly, lots of efforts have been
made based on substrate effect. For instance, Wang’s group built the epidermal self-
powered biosensor based on wearable BFCs could monitor the lactate concentration
during the exercises [38]. And Vagin’s group chose the cholesterol as the target of
their self-powered biosensor [39]. This kind of self-powered biosensors based on
positive substrate effect could still be improved and expanded to wider practical
applications.

9.3 Negative inhibitive effect

9.3.1 Negative analyte effect on enzyme

In 2010, Dong’s group reported the first microchip self-powered biosensor based
on the inhibitive effect on the miniaturized enzymatic BFC [40]. The BFC was
assembled of a glucose/O2 BFC, the (carbon nanotubes (CNTs)/thionine/gold
nanoparticles (AuNPs)) GDH film modified indium-doped tin oxide (ITO) elec-
trode acted as a bioanode, and the (CNTs/polylysine /laccase) film-modified ITO
electrode acted as a biocathode (Fig. 9.6) [41]. The direct catalyzed four-electron
reduction of O2 to water was realized in laccase-based biocathode. The catalysis
process involves laccase at the type 1 (T1) Cu site, internal electron transfer from
the T1 Cu to type 2/type 3 (T2/T3) trinuclear Cu cluster, and O2 reduction at the
T2/T3 site. The binding of cyanide (CN−) mainly took place onto the T2 Cu and
its negative effect on oxygen reduction was attributed to a perturbed T2/T3 Cu
cluster unfavorable toward the internal electron transfer from T1 Cu [42]. Thus,
the catalysis of laccase is significantly affected by CN− addition. For CN− detec-
tion, this method showed a linear range of 3.0 × 10−7 to 5.0 × 10−4 M and a
detection limit of 1.0 × 10−7 M. This BFC integration with other electronics has
the potential to fit the requirement of the totally self-sufficient lab on-a-chip
devices. Most importantly, they demonstrated the feasibility of developing a self-
powered biosensor based on the inhibitive effect on the miniaturized enzyme
BFC for the first time.

Then, Dong’s group developed another self-powered biosensor based on the
inhibition effect for trace Hg2+ detection [43]. A one-compartment miniature
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alcohol/O2 BFC was used, where the single-walled carbon nanohorns modified
carbon fiber microelectrodes were used as the substrates for both bioanode and
biocathode, and alcohol dehydrogenase (ADH) and bilirubin oxidase (BOD) acted
as biocatalysts, respectively (Fig. 9.7A). The assembled alcohol/O2 BFC showed an
OCV of 636mV and maximum power density of 137 μW cm-2. The existence of Hg2+ in
the cell solution inhibited the catalytic abilities of the biocatalysts (i.e., BOD and
ADH), and thus, led to a remarkable decrease in the OCV of the BFC (Fig. 9.7B). This
method showed a linear range of 1,500 nM for anHg2+ array with a detection limit of 1
nM. Besides this self-powered Hg2+ sensor shows good selectivity against other
relevant metal ions (Fig. 9.7C) and good recovery in different real water sample
(Fig. 9.7D).
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9.3.2 Negative inhibitive effect on enzyme reaction

In 2012, Dong’s group proposed a self-powered acetaldehyde sensor based on the
regulation of BFC performance caused by kinetics suppression [44]. The core compo-
nent of this self-powered biosensor is a membraneless ethanol/air BFC. Carbon
nanotubes’ covalently binding with amine-terminated ionic liquid (CNTs-IL-NH2)
serves as the electrode substrates, and ADH and BOD are immobilized on the
bioanode and biocathode, respectively. ADH is a zinc metalloenzyme catalyzing
the reversible oxidation of primary short-chain alcohols to their corresponding
carbonyl compounds using NAD+ or NADP+ as a cofactor.

CH3CH2OH+NAD+ ! CH3CHO+NADH+H+

When acetaldehyde is added, the kinetics of enzyme-catalytic ethanol electro-oxida-
tion was suppressed (Fig. 9.8). The sensor is able to detect an acetaldehyde concen-
tration of 5−200 μM, with a detection limit of 1 μM. This BFC has the excellent
selectivity from other carbonyl compounds.

9.3.3 Activation of negative inhibitive effect

In 2011, Minteer’s group provided a self-powered enzymatic ethylenediaminetetra-
acetic acid (EDTA) sensor based on the inhibition and subsequent activation of GOx-
based BFC [45]. It was fabricated by coupling the (poly(vinylpyridine)Os(bipyridyl)

e–

Redundant
acetaldehyde

e e– e–

e– e–

NAD+ Ethanol EthanolH2O H2O

O2 O2Acetaldehyde AcetaldehydeNADH

e– e–

NAD+

Anode AnodeCathode Cathode

BOD
NADH

BODADH ADH

Fig. 9.8: Principle for the acetaldehyde sensor based on the ethanol/air BFC. Reprinted from Zhang
et al. [44] with permission by the American Chemical Society.
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2Cl2+/3+)/GOx bioanode with a platinum gas diffusion electrode. The self-powered
sensor was “turned off” by using a fuel solution containing 100mM glucose and 10
mM CuCl2 and activated by adding a slight excess of EDTA into the fuel solution
(relative to the amount of Cu2+ (Fig. 9.9)). The amount of EDTA was detected by using
different concentrations of Cu2+ to inhibit the bioanode and using an appropriate
amount of EDTA to reactivate the enzyme. This work represents a new approach for
self-powered enzymatic sensing through sensing signal turned on, rather than
turned off. Since the stability of many enzymatic biofuels decreases with the operat-
ing time, this approach should be advantageous in the presence of the analyte from a
dormant state to an operational state, which limits the number of enzyme turnovers
that take place while the sensor is at rest. Importantly, it is the first time when a
nonredox-active molecule is detected.

9.3.4 Aptamer inhibitive effect

In 2010, Dong’s group described the first example of controlled power release of BFCs
by aptamer-based biochemical signals processed according to the Boolean logic
operations “programmed” into biocomputing systems [46]. The BFC logically con-
trolled by an aptamer system was composed of two on-chip patterned ITO electrodes
modified with an enzyme/aptamer-based self-assembled multilayer consisting of
poly(diallyldimethylammonium chloride)-wrapped CNTs, enzyme (glucose oxidase
(all used as GOD) for the bioanode and BOD for the biocathode), aptamer, and bovine
serum albumin (BSA) (Fig. 9.10).
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Fig. 9.9: Activation of a Cu2+-inhibited GOx self-powered sensor by EDTA. Reprinted from Meredith
et al. [45] with permission by the American Chemical Society.
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There is another strategy for aptamer inhibitive effect self-powered biosensor. By
assembly of the as-prepared GOD/aptamer-based bioanode and BOD/aptamer-based
biocathode to form a microchip-based compartmentless glucose/O2 BFC, the fabri-
cated BFC operates in an air-saturated base solution (i.e., air-saturated pH 7.4 Tris-
HCl buffer (20mM Tris-HCl, 140mM NaCl, 5 mM KCl, 5 mMMgCl2)) containing 20mM
glucose as the fuel and 0.5 M ferrocenemonocarboxylic acid as the redoxmediator. In
the presence of both thrombin and lysozyme, aptamer-target recognition occurred at
both the bioanode (between thrombin-binding aptamer and thrombin) and bioca-
thode (between lysozyme-binding aptamer and lysozyme); the OCV of the BFC out-
puts was executed according to the truth table for a NAND gate (Fig. 9.11). This work
first introduced aptamer logic systems into BFCs to control the power release of the
BFCs. Such integrationmay not only give us an avenue to control BFC power released
by aptamer-based biocomputing systems but also indicate an interesting concept of
“mutual benefits” between aptamers and BFCs, that is, utilizing aptamer-based
biochemical signals in the logic operation for controlling the BFCs’ power release

PDDA-CNTs Enzyme

Target A BSA

BSATarget B

Aptamer B

PDDA-CNTs

Aptamer A

e–

e–

Fig. 9.10: A schematic illustration of the fabrication procedure for the bioanode and biocathode of the
BFC logically controlled by aptamer-based biochemical signals (enzymes: GOD for the bioanode and
BOD for the biocathode). Reprinted from Zhou et al. [46] with permission by the American Chemical
Society.
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and applying the BFCs as self-powered and intelligent biosensors for logic aptasens-
ing. In contrast to traditional biosensors, the fabricated logic aptasensors are self-
powered, smart, and able to sense whether both specific targets are present by using
the built-in Boolean logic.

9.4 Self-powered display signal

9.4.1 Self-powered electrical fluorescence biosensor

BFCs can be designed as self-powered electrical signal supply to control the fluo-
rescence switch operation effectively. Dong’s group first introduced BFCs into the
fluorescence switch system to control the fluorescence intensity through bioelectro-
catalysis and generate electricity [47]. The bioanodewas constructed by immobilizing
GDH on the carbon nanotubes–ionic liquid–NAD+ nanocomposites and oxidized
glucose with the onset potential of −0.11 V versus Ag/AgCl. BOD immobilized on
CNTs was used as the biocathode with the onset potential of 0.59 V versus Ag/AgCl
toward the reduction of oxygen. And then, a Prussian Blue (PB) electrode was inset
between the bioanode and biocathode, which was not only used as an electrode in
the system to generate electricity but also acted as an electrical signal switcher to
effectively control the fluorescence switch simultaneously (Fig. 9.12). Therefore, the
self-powered fluorescence system was capable of switching by adjusting the absorb-
ance change of the PB component with the aid of the related fluorescence quenching
mechanisms.

9.4.2 Self-powered electrochemiluminescence biosensor

In 2013, Wang’s group proposed a self-powered 3D microfluidic electrochemilumi-
nescence (ECL) biosensing platform [48]. First, a noble metal-free primary battery
(C|FeCl3 |NaCl|AlCl3|Al) was employed in the origami device. The OCV of each
origami battery was 1.53 ± 0.15 V and could maintain the output after 15 days
(storage in air at room temperature). Moreover, the power density reached about
0.52 ± 0.026 mW cm−2, which could even push the LED light. And then, this primary
battery was tried to drive the ECL reaction with 1 mM luminol and 1 mM H2O2 in 0.1
M PBS (pH 9.0). Based on the effective detection of H2O2, this self-powered ECL
sensing device was improved to monitor the glucose with the solutions pretreated
by GOx. This self-powered glucose biosensor had a linear range from 0.1 to 3 mM
(R = 0.9954), with the detection limit of 0.1 mM (Fig. 9.13). This work creatively
utilized a primary battery to drive the ECL biosensors toward glucose, and
provided practical significance in low-cost and disposable biosensing devices.
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9.4.3 Self-powered bipolar electrochromic biosensor

Wang’s group provided a nondirectional power source to drive the bipolar systems and
developed a self-powered electrochromic sensing platform for high-throughput screen-
ing applications based on the bipolar electrochemistry [49]. The bipolar electrodes
consisted of one end decorated with PB, which was an electrochromic material, and
one end covered with a catalyst or biocatalyst such as GDH (Fig. 9.14). When the
electrode potentials of the electrochromic reaction were different from the catalytic
reactions, these two reactions will power each other and the target reaction or the
performance of the catalyst/enzyme can be displayed directly via the electrochromic
reaction.

9.5 Conclusion and outlooks

It is really important to list the advantages and disadvantages of the self-powered
electrochemical biosensors compared to the traditional electrochemical sensors. For a
self-powered biosensor, the circuitry and the external power supply are finally not the
essential accessories anymore, leading to simpler assemble processes by a two-electrode
design instead of a three-electrode design. And the biosensor with only two electrodes
also has smaller volume for implantable and miniature devices. Additionally, the bio-
sensor has higher sensitivity and, by employing the biocatalysts, specificity when
compared to the traditional sensors.

C-Ox
A

C-Red

EC-Ox

ERed

Ox

e–

e–

EC-Red

IIIa IIIb

IIa

1 2 3

4 5 6

IIb IIc

Ia Ib Ic

RedOxRed

EOx

BP
E

BP
E

Fig. 9.14: (A) Schematic illustration on the self-powered bipolar electrochromic strategy for the
displaying analysis of catalytic redox reaction. Displaying analysis of the different amount of GDH
enzyme and its substrate (glucose). (I) SP-BP-EC-E array with the anodes decorated with different
amounts of GDH (left to right, 0, 0.4, 0.8, 1.2, 16, 2.0 μg) at (a) 0 s, (b) 180 s, and (c) 1,020 s. (II) The
displaying different concentrations (0, 0.5, 1, 5, 10, 50 mM) of glucose with 4 μg of CNT and 2.0 μg of
GDH. (III) Electrochemical mechanism validation of the self-powered bipolar biosensing strategy (a)
and the time-quantifiedmode of the SP-BP-EC-E responding to different glucose concentrations (b).
Reprinted from Zhang et al. [49] with permission by the American Chemical Society.
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However, the self-powered electrochemical biosensors still face some problems
for further practical applications and wider suitable ranges. First, the concern ana-
lytes are usually limited by the categories of biocatalysts, such as glucose, alcohol,
lactate, and other the small biomolecules. The range that the self-powered biosensor
can monitor is still not enough even by expanding the substrates to cholesterol or
alkane. Thus, the directions would point to search for more biocatalysts and utilize
the cathode characters to monitor other information instead of just focusing on the
biomolecules. If so, the self-powered biosensors could be adaptable in many con-
ditions. Secondly, the power densities of the BFCs are low and it cannot directly drive
the signal electrics to integrate the whole components into a single sensor. By
improving the power density of the BFC, a totally integrated self-powered electro-
chemical biosensor can be expected.

In summary, future research will focus on addressing the stability improving the
power density and shortening response time of self-powered biosensors. Self-pow-
ered electrochemical biosensors with remarkable and unique performances are
expected to exhibit new opportunities in diverse practical areas.
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10 Supercapacitors in bioelectrochemical
systems

10.1 Bioelectrochemical systems

10.1.1 Introduction

Bioelectrochemical systems (BESs) are devices composed of two electrodes, the
anode and the cathode, a separator and the electrolyte [1, 2]. At the anode, the
oxidation reaction occurs while at the cathode reduction reaction takes place.
Different from classical abiotic electrochemical systems such as fuel cells, bat-
teries, and supercapacitors, BESs have biotic components and features in at
least one of the two electrodes [1, 2]. It may happen that both of the electrodes
interact with the biotic matter. The biotic components are generally microorgan-
isms and enzymes that categorize fuel cells called microbial fuel cells (MFCs) [1,
2] and enzymatic fuel cells (EFCs) [3]. The latter are also known by the general
term, that is, biofuel cells (BFCs). BESs dealing with microorganisms can also be
exploited for the following: (i) generating hydrogen at the cathode under an
external voltage supply in a microbial electrolysis cell (MEC); (ii) reducing
carbon dioxide to methane, acetate, or other valuable compounds in a microbial
electrosynthesis cell (MEC); (iii) desalinate water while producing electricity
(MDC) [2].

In acidic or alkaline fuel cells, extreme pHs are required to accelerate the
reactions and increase the efficiency of the overall system. Moreover, often the
temperature is increased for increasing the reaction kinetics [4, 5]. H+ and OH− are
reactants within the redox process and therefore high concentration of those reac-
tants can be achieved at low and high pHs respectively. In BESs in which a biological
component is present, neutral or circumneutral conditions are required to operate in
order for enzymes or bacteria to work efficiently. BESs can work in ubiquitous media
containing organics that bacteria or enzymes can use as fuel for the electrochemical
device to produce useful electricity [2, 3]. Because of the presence of biological and
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enzymatic life, BESs are forced to operate in conditions closer to room temperature in
order to preserve their activities [2, 3].

10.1.2 Enzymatic fuel cells

EFCs exploit oxidoreductases to convert chemical energy into electric power.
Depending on the BES design, fuel, and oxidant, individual enzymes [6] or enzymatic
cascades [7] can be utilized to catalyze fuel oxidation and/or oxidant reduction, or
single-enzyme approach can be used, where the same enzyme is immobilized on the
anodic and cathodic sides [8–10]. High activity of immobilized enzymes allows
achieving diffusional limited rates of redox reactions, whereas enzymatic substrate
specificity may result in simplified design of EFC, since membrane is not necessary
required for anolyte and catholyte separation to avoid parasitic crossover processes.

About 1,800 redox enzymes are known to date [11] and any of them may poten-
tially be employed as a biocatalyst in EFC; however, their practical application inmany
cases is limited because of hampered electrochemical communication between the
active center of enzyme and electrode surface (especially an important factor in direct
electron transfer [DET] approach) with the availability of substrate(s) and stability of
the bioelement in an immobilized state. Particular advantages of EFCs over conven-
tional fuel cells coupled with broad possibilities of EFC miniaturization to the nano-
scale level make these kind of BESs an attractive power source aimed to operate in
physiological media in vitro [12, 13], ex vivo [14], and in vivo [15–17].

Carbohydrate/O2 EFC (mainly glucose/O2) became the most popular type of this
kind of power sources, beginning with pioneering reports by Yahiro et al. [18] and
continuing till date [19], including all examples of supercapacitive EFCs (sEFCs).
Half-cell potentials of two-electron glucose oxidation to gluconolactone and four-
electron reduction of oxygen equal to −0.36 V and 0.82 V, respectively (pH 7, 25 °C, vs.
the standard hydrogen electrode [SHE]) determine the thermodynamic maximum
voltage of a glucose/oxygen EFC, operating at neutral pH at 1.18 V. This value can be
increased up to 1.24 V for complete 24-electron oxidation of glucose, whereas the
maximum open circuit voltage (OCV) practically achieved for the glucose/O2 EFC so
far is close to 1 V [20].

A great variety of enzymes were employed in EFC, intended for different sub-
strates and operational conditions. The most popular anodic enzymes in glucose
oxidizing bioanodes are glucose oxidase (GOx) [21], cellobiose dehydrogenase (CDH)
[22], glucose dehydrogenase (GDH) [23], pyranose dehydrogenase [24], and so on.
Fructose dehydrogenase was widely used in fructose/O2 EFC, whereas NiFe and FeFe
hydrogenases are common anodic bioelements in H2/O2 EFCs [25]. Alcohol dehydro-
genases were efficiently employed for oxidation of ethanol and other alcohols [26].
Cathodic bioelements for EFCs are mainly presented by a broad family of blue
multicopper oxidases (laccases, bilirubin oxidases [BOx]). Oxygen-reducing enzymes
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were thoroughly evaluated in a recent review by Mano and de Poulpiquet [27]. Apart
from O2-reducing enzymes, several heme-containing enzymes were utilized to cata-
lyze reduction of peroxides [28], which can also be used for the development of EFCs.

10.1.3 Microbial fuel cells and microbial desalination cells

In MFCs, the oxidation reaction of organics occurs at the anode and the reduction of an
oxidant occurs at the cathode to complete the cell redox reaction. Among the reduc-
tants used for the anode oxidation reaction, a plethora of organics were investigated as
fuel [29, 30]. Anodic fuels studied are based on simple or complex organic molecules
investigated individually or combined into liquid electrolytes [29, 30]. The catalysts in
this case are of biotic type. They are electroactive bacteria (single species or organized
in consortia) that through their anaerobic respiration utilize the solid anode electrode
as the terminal electron acceptor [31]. In this way, the electrons produced from the
break down of organics are transferred to the anodic electrode. The electrons move
through an external circuit and generate electric current. Among several oxidants
available for the cathode reduction, the most utilized is oxygen [32]. The latter is
readily and highly available at no cost in the atmosphere and therefore suitable for
MFC applications. Oxygen-reduction reaction (ORR) has its own issues when operated
in a neutral media as described above, therefore a catalyst (inorganic is preferred) to
accelerate the reaction is needed [33, 34]. Dual aspects such as organic/pollutant
removal and power generation are achieved within the system during operations [1, 2].

Another interesting bioelectrochemical technology recently introduced is
the microbial desalination cell (MDC) that utilizes the same anodic and cathodic
processes as the MFC but a different cell design. Two membrane separators are
included and an additional compartment (desalination cell) between anode
and cathode compartment is added [35, 36]. Salt solution flows through the desali-
nation cell and ions diffuse from the central compartment to the other two compart-
ments through anion and cation exchange membranes. Osmosis also occurs with the
transport of water from the lateral compartment to the desalination cell. Therefore,
MDCs are able to degrade organics, generate electricity, and reduce the salinity
content of concentrated salt water.

10.1.4 Supercapacitors

Electrochemical capacitors, also called supercapacitors or ultracapacitors, are play-
ing a key role as energy storage and conversion systems for applications requiring
high peak-to-average power demand [37, 38].

Many types of supercapacitors making use of electrodes and electrolytes with
different nature and composition have been demonstrated [39–41]. The most common
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supercapacitors are the electrochemical double layer capacitors (EDLCs) that use high
surface area carbon electrodes that store/deliver charge by an electrostatic process
[41, 42]. EDLC cells feature two high surface area carbon electrodes separated by
a porous membrane, the separator, and ionically connected with the electrolyte.
Specifically, on application of an external voltage bias, electrodes are polarized
with opposite sign. In parallel, ions from the electrolyte migrate and diffuse to
counterbalance the surface electrode charge. This gives rise to the formation of
the so-called electrical double layer [41, 42]. This electrostatic process is faster
(seconds to minutes time scale) and more reversible than other electrochemical
(redox) processes, which provides EDLCs the inherent characteristic of fast
charge/discharge, high-energy storing efficiency, and highly prolonged life
cycle [41, 42]. A life cycle longer than 105 charge/discharge cycles and coulom-
bic efficiencies higher than 99.5% are feasible with EDLCs. According to the
double-layer Helmholtz theory, the polarized electrode/electrolyte interface can
be modeled as an electrical capacitor. The corresponding capacitance Celectrode is
related to the electrode of surface area (S), the vacuum permittivity (ε0 = 8.854 ×
10−12 F m−1), the relative permittivity of the electrolyte solvent εr, and the thick-
ness of the double layer (d, corresponding to the Debye length) by eq. (10.1):

Celectrode =
S × ε0 × εr

d (10:1)

The very high specific surface area of the carbon electrodes used in EDLCs (up to
1,500–2000m2 g−1), and the very short length of d, in the order of the molecule size
bring to specific electrode capacitances in the order of 100 F g−1 and above, depend-
ing on the chemical nature of the electrolyte that impacts on the value of εr [41, 42]. In
order to get high Celectrode values great efforts are devoted for designing nanostruc-
tured carbons high surface area and porosity tailored to provide easy access and fast
diffusion of electrolyte ions to the polarized surface (in the nanometer range).
Examples are activated carbons, carbons obtained by template methods, carbide-
derived carbon nanotubes (CNTs) and graphenes [39–41].

In EDLCs, each electrode/electrolyte interface represents a capacitor so that the
complete cell can be modeled with two capacitors and a resistance (the equivalent
series resistance, ESR) connected in series [41]. Therefore, EDLC cell capacitance
(CEDLC) results from a series combination of the negative and positive electrode
capacitances, (C−, C+), that is:

1
CEDLC

= 1
C−

+ 1
C+

(10:2)

Energy and power performance of EDLCs depend on CEDLC, ESR, and on the highest
voltage that can be reached during charge that in turn is related to the electro-
chemical stability of the electrolyte. For aqueous electrolytes, this is constrained
below 1.5–2 V and for organic electrolytes can be as high as 3–3.5 V [41].
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The capacitance, in Farads, corresponds to the amount of charge (Q) that can be
stored over a potential difference of 1 V between the electrodes, and for ideal systems
is a constant, that is:

CEDLC = dQ
dV (10:3)

It turns out that during a galvanostatic charge/discharge at the current i, the EDLC
cell voltage linearly increases/decreases over time with a slope (s):

s= dV
dt =

i
CEDLC

(10:4)

The energy that can be stored/delivered is:

E = i
Ð
Vdt (10:5)

and the highest value that can be obtained at negligible ESR is Emax, that is:

Emax = 1
2CEDLC ×Vmax

2 (10:6)

In practical cases, ESR is not negligible, therefore an ohmic drop occurs at the
beginning of the discharge that lowers the cell voltage by a value that depends on
current and ESR. Specifically, the highest feasible voltage becomes:

V =Vmax − i ×ESR (10:7)

The linear relation between the stored charge and voltage, and the fast response of
EDLCs, make them extremely attractive for integration with several energy harvesters
systems, including those with low voltage output like MFCs [43]. EDLCs store and
deliver-on-demand the energy harvested from the ambient with the effect of improving
power generation quality [43]. Indeed, they can buffer discontinuities at a small time-
scale and to boost up power output. EDLCs can, indeed, store energy at any voltage
(provided that is lower than Vmax) and current rate provided by the MFC, in the form of
charge separation at the electrode/electrolyte interfaces and deliver it back by a very
fast electrostatic discharge [44]. The maximum power (Pmax) delivered by EDLCs, that
corresponds to the power delivered to an external load with impedance equal to the
EDLC ESR is not affected by the energy harvester performance and is:

Pmax = 1
4
Vmax2

ESR (10:8)

The practical power (P) that is the power delivered through any load, is obtained by:

P =
i
R

Vdt

Δt (10:9)

where Δt is the discharge duration.
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10.1.5 Bioelectrochemical systems combined with external
supercapacitors

Enzymatic and MFCs produce relatively low electrochemical output and the harvest-
ing for real applications result to be quite complicated. EFCs and MFCs and generally
BESs operate in aqueous media and therefore they are limited in their voltage
operation. In order to increase the energy and power output within the system,
simple connection in series and parallel can be done [45, 46]. In the first case, the
connection in series enhances the voltage but this is possible only when the different
cell units do not share the same electrolyte or electrode short-circuits or shunt current
can occur. The connection in parallel can occur also in the case of same electrolyte
shared and allow increasing the current output. Both voltage and current are impor-
tant parameters to be accounted when energy harvesting is considered [45, 46].

Enzymatic and MFCs produce relatively low energy and power output and there-
fore in order to harvest the current/power efficiently, BESs are connected with
external supercapacitors [47]. The results of this hybridization have brought practical
applications and useful harvesting of the electricity produced [47]. EFCs are usually
associated with biosensing applications [48, 49] while MFCs can also be associated
with biosensing [50, 51] even if other applications were investigated. In the case of
marine environments, sediment MFCs coupled with external electronic circuitry
containing supercapacitors were able to power sensors successfully [52–54].

Other examples of successful applications are given by the several energetically
autonomous robots powered with MFCs coupled with external supercapacitors and/
or batteries reported in literature. Gastrorobot was first introduced in 2000 at the
University of South Florida and was powered by MFCs operating as an artificial
stomach with Escherichia coli, HNQ mediator, and glucose as organic feedstock,
and the metabolized chemicals were then inserted into a chemical fuel cell [55].
The power/energy produced was then used for charging external Ni–Cd batteries,
which then powered the motor of the train. The EcoBots family (EcoBot I, EcoBot II,
and EcoBot III) [56–58] is another successful example of integration of MFCs that
produced energy/power that is harvested into external energy storage units. In
EcoBot I and II, the external energy storage was composed by electrolytic capacitors,
which were capable of delivering pulsed discharges allowing the phototactic robot to
progress toward a light source [56, 57]. EcoBot III design was more complex since it
was able to ingest, digest, and egest food by moving to the feeding base [58].
Similarly, Row-bot composed by on-board MFCs was a floating robot capable of
rowing within a polluted environment and rowing while feeding itself through open-
ing its “mouth” [59].

In these robots, the power produced by the MFCs was because of the oxidation of
organics by electroactive bacteria and it was stored temporarily in external capaci-
tors. The discharge of capacitors occurred when a voltage level was achieved. The
integration of MFCs with supercapacitors allowed delivery of higher level of energy

194 Carlo Santoro, Dmitry Pankratov, Ioannis Ieropoulos, Francesca Soavi

 EBSCOhost - printed on 2/14/2023 1:07 PM via . All use subject to https://www.ebsco.com/terms-of-use



compared to the one produced continuously by MFCs despite the energy is delivered
in a pulsated manner.

10.2 Supercapacitive bioelectrochemical systems

10.2.1 Introduction

In the previous sections, EFCs and MFCs were briefly described and also super-
capacitors were concisely introduced. The combination of the two diverse types
of electrochemical technology, separated with external supercapacitors and
power management board, has brought the possibility of harvesting such a
small amount of energy/power for practical applications. Only recently, elec-
trode electrostatic and faradaic of both enzymatic and MFCs were exploited and
used as internal supercapacitors electrodes. Therefore a new field named bio-
supercapacitor emerged.

10.2.2 Supercapacitive enzymatic fuel cells

Primary attempts to utilize inherent electrode capacitance as active functional element
in EFC design were performed in parallel and independently by research groups of
Prof. S. Cosnier and Prof. S. Shleev, followed by patent applications with priority dates
of March 07, 2013, andApril 10, 2013, respectively [60, 61]. Later, initial research papers
regarding this subject were published. Based on the previously reported principle of
dual-function electrodes [62], Pankratov et al. fabricated membrane-, mediator-, and
cofactor-less sEFC (defined as self-charging biosupercapacitor), where energy convert-
ing and capacitive parts were deposited on the opposite sides of graphite foil [63].
Energy converting part of this glucose/O2 sEFC was based on BOx and CDH for the
cathode and anode, respectively. Enzymes were immobilized on the surface of gold
nanoparticles, modified with a mixture of thiols in case of the anode. Nanocomposite
polyaniline/CNT was utilized as a main charge-storing component in both bioelectr-
odes. A maximum OCV value obtained in air saturated phosphate buffer saline (PBS)
containing 50mM glucose was 0.40 V, indicating a fully charged state. Peak power
density was registered when 500Ω load was applied between the bioelectrodes, it was
1.2 mW cm−2, dropping to 0.02mW cm−2 (close to continuous power output from non-
capacitive EFC of the same design) after 50 min of discharge process. The example
presented above does not display any significant improvement of the power conversion
efficiency, when capacitive component was introduced in the sEFC design, but can be
considered as a proof-of-principle demonstration of a new experimental dual-function
platform to overcome bottleneck for the power supply from conventional EFCs. Direct
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immobilization of BOx on the surface of polyaniline/CNT nanocomposite significantly
improves OCP value and stability of the biocathode both in continuous and pulse
modes, and, therefore, may lead to further improvement of the sEFC performance [64].

Coupling CNT-based laccase biocathode with Zn anode demonstrates opportu-
nity to use hybrid biobatteries in a pulse mode. When an external load of 2 kΩ was
introduced between the electrodes, fast and reproducible recovery of the OCV value
in the self-charge process could be observed [67].

According to the classification of sEFCs proposed previously [68], hybrid bio-
device described above can be defined as pseudo-sEFC in analogy with conventional
capacitors, taking into account the main charge-storing principle. The very first
example of double-layer sEFC was presented by Agnes et al., where bioelectrodes
were based on laccase and GOx /catalase, entrapped into a compressed porous CNT
matrix [65]. This device could deliver up to 16 mW at 0.5 V in air saturated PBS
containing 200mM glucose with remarkable operational stability, when continuous
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Fig. 10.1: Schematic representation and performance of representative glucose/oxygen supercapa-
citive enzymatic fuel cells. (A) Scheme of the electrochemical double layer sEFC based on glucose
oxidase and laccase. (B) Operational stability test of the sEFC under 40,000 discharge pulses of 3 mA
for 0.01 s followed by self-charging for 10 s. (С) Scheme of the Nernstian pseudo-sEFC employed
glucose dehydrogenase and bilirubin oxidase. (D) Operational stability test of the sEFC under short-
term discharging by applying a constant current of 5 µA for 1 s followed by self-charging for 100 s (red
curve) and by applying a constant load of 22 kΩ for 20min followed by self-charging for 20min (black
curve). (A, B) Adapted from Agnes et al. [65], Copyright (2014) from The Royal Society of Chemistry.
(C, D) Adapted from Pankratov et al. [66] with permission from John Wiley and Sons.
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self-charge/discharge pulses of 2 mW were applied for 10ms every 10 s for at least
5 days (40 000 cycles) (Fig. 10.1A and B).

Narvaez Villarubia et al. have retrofitted conventional sEFC construct by build-
ing a paper-based capillary-driven microfluidic system, which allows a continuous
biofuel supply [69]. Dual-layered gas-diffusional cathode was fabricated using
Toray paper as current collector by compression of hydrophobic layer of teflonized
Vulcan XC72 carbon black with catalytic layer of CNT-based buckypaper, where
BOx was deposited. The glucose bioanode was built on buckypaper, modified with
methylene green, acting as a mediator for NAD+/NADH-dependent GDH. The
enzyme was mixed with the chitosan/CNTs composite and applied on the anode
surface. In PBS containing 100 mM glucose and 1 mM NAD+ this sEFC had OCV of
0.56 V and could provide power up to 13.1 mW (1.07 mW cm−2) for current pulse of 4
mA cm−2 with reasonable stability evaluated at 0.4 mA cm−2 for 4200 cycles (3 days
of operation).

Efficient combination of bioelectrocatalytic and supercapacitive components
was performed by Kizling et al. [70–72]. In these works, nanocellulose/polypyrrole
composite was used to immobilize FDH on the anodic side, whereas biocathode was
based on naphthylated CNTs [70–72] or on cellulose/polypyrrole composite [72]
modified with laccase, directly adsorbed on the CNTs or polymer surface or
entrapped into the electropolymerized polypyrrole layer in the presence of mediator
(ABTS). A maximum power output of 2.1 mW cm−2 under a load of 1 kΩ and OCV of
0.59 V were achieved for the sEFC with mediated cathode in oxygenated pH 5.3
McIlvaine buffer with 100mM fructose.

Knoche et al. reported a glucose/O2 hybrid biodevice, consisting of oxygen-
reducing biocathode, where BOx was immobilized with antracene-functional-
ized CNTs, and tetrabutylammonium bromide-modified Nafion on carbon felt,
coupled with glucose-oxidizing bioanode, consisting of GDH mixed with CNTs
and ferrocene-containing redox polymer [73]. OCV value of 0.6 V and peak
power density of 3 mW cm−2, obtained at O2−sparged 0.2 M phosphate/citrate
buffer (pH 6.5) with 200 mM glucose, indicate perspectives of future employ-
ment of redox polymers in sEFC design.

A novel approach for the development of the sEFCs, defined as “Nernstian
biosupercapacitor,” was introduced by Prof. W. Schuhmann and coworkers [66].
In this work, both enzymatic anode and cathode were based on the same osmium-
containing redox polymer (OsRP), biomodified with GDH and BOx, respectively.
The potential of OsRP, acting simultaneously as a mediator and charge-storing
component, changes in accordance with Nernst equation, and the charge is accu-
mulated as a difference in the activity ratio of reduced and oxidized forms of
osmium. The OCV value of the biodevice in oxygen-saturated PBS containing 20
mM glucose changes from 0 V in a fully discharged state to maximum 0.45 V
because of self-charging enzymatic activity in the presence of fuel and oxidant.
The average power density, when the sEFC was discharged under a constant load of
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10 kΩ, was 11.3 μW cm−2 (3.9 mW g−1), which was enough to power an e-ink display.
Relatively high specific power density coupled with notable operational and stor-
age stability in the absence of fuel and oxidant makes this concept a viable alter-
native to porous sEFC with extended surface area.

Similar design intended to operate as an autonomous pulse generator has
been independently developed by Xiao et al. [74], where poly(3,4-ethylenediox-
ythiophene) was electrodeposited with OsRP on dealloyed nanoporous gold
surface with co-immobilization of GDH or BOx. OCV value achieved in a fully
charged state was about 0.46 V, for example, similar to the concept described
above, whereas maximum pulse power density was 0.61 mW cm−2, 470 times
higher compared to the peak characteristics from a traditional EFC configura-
tion. In the recent example of sEFCs flexible nanoporous gold electrodes
modified with different OsRPs for anodic and cathodic sides were used in a
quasi solid-state biosupercapacitor [75] GOx-based bioanode and BOx-based
biocathode were separated with a poly(vinyl alcohol) hydrogel film acting as
electrolyte, which was pre-soaked in PBS containing 100 mM glucose. The
assembled biodevice exhibited OCV of ca. 0.3 V and a half-life-time of about 11
h, tested by applying 620 discharge pulses of 100 µA cm−2. Power output
achieved in continuous mode reached up to 1.0 μW cm−2, which is comparable
with that for sEFCs of similar design, operating in solution [74, 75]. This is a
significant step toward the development of wearable EFC, which does not
require liquid media for operation.

The idea of Nernstian biosupercapacitor was further elaborated in a work by
Alsaoub et al. [76], where OsRP with relatively high redox potential (0.55 V vs.
SHE) has been employed in the bioanode, whereas “low-potential” OsRP with
potential of 0.41 V vs. SHE was used on the cathodic site. Self-charging processes,
when fuel and oxidant were added to the electrolyte, redistribute the electrode
potentials from negative OCV value in a discharged state to 0.4–0.5 V in fully
charged conditions. This device can be a good illustration of potential develop-
ment of sEFCs, incapable to operate in continuous mode, but efficiently function-
ing in a pulse regime.

The performance of sEFCs in conditions, when concentration of fuel or/and
oxidant is too low to extract sufficient continuous power output, was evaluated by
Bobrowski et al. [77] ITO nanoparticles were spray-coated on the ITO surface and
subsequently chemically modified for immobilization of BOx and CDH. The
assembled sEFC was tested in air saturated buffer solution, mimicking glucose
concentration (50 µM) in human lacrimal fluid followed by the prospect of possible
application of sEFCs in human tears to overcome low performance of glucose/oxygen
EFC previously suggested in several works [78, 79]. Peak stable power density
generated in a pulse mode was 30 µW cm−2; however, low OCV (0.27 V for the first
self-charge/discharge cycle and 0.15–0.17 V after the third cycle) and poor stability
make this concept still far from practical application.
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The concept of sEFCs was further expanded to supercapacitive photobioelectr-
odes and biosolar cells (sBSCs) aimed to convert light energy into electric power
coupled with the possibility of storing it in the form of electric charge. Pankratova
et al. demonstrated significant improvement of photobioelectrocatalytic ability of
bioanodes based on the thylakoid membranes (TMs) immobilized within OsRP
matrix, when additional inert capacitive electrodes were exploited, compared to
the conventional approach (Fig. 10.2A–C) [80]. sBSC fabricated by interconnection
of BOx-based biocathode and TMs-photobioanode produces fivefold higher power
density in continuous mode compared to the same design, when additional capaci-
tive electrodes were not introduced (2.5 vs. 0.5 μW cm−2, respectively), with reason-
able OCV of 0.4 V. When tested in self-charge/discharge mode by applying constant
current pulses, power output was increased up to 56 μW cm−2 with exceptional
stability for this kind of BES.

Further development of this field resulted in several examples of DET-based
sBSC, where photosynthetic and enzymatic bioelements (TMs and BOx, respec-
tively) were directly wired to the electrode surface, and inherent bioelectrode
capacitance was utilized for charge storing purposes. First example of DET–sBSC
was built on transparent ITO glass slides retrofitted with ITO nanoparticles [82].
Maximum OCV, achieved by self-charging process of the complete BES in ambi-
ent light was twice lower compared to the sBSC described above, whereas peak
power extracted by applying a load of 1 MΩ, was 0.6 μW cm−2, which was 120
times higher compared to the power output of the same BES in continuous
mode. In should be mentioned, however, that, in spite of the anticipated
enhancement of the power density by switching from the continuous to the
pulse mode, employment of the internal electrode capacitance in this design
does not demonstrate any improvement of energy conversion features of sepa-
rate electrodes.

Another example of DET-sBSC was based on multiwalled carbon nanotubes
(amidated and carboxylated for photobioanode and biocathode, respectively) (Fig.
10.2 D–F) [81]. OCV value obtained in this work was 0.45 V, slightly higher compared
to the mediated approach, whereas average power output was 155 μW cm−2 because
of high capacitance of the CNT network.

Recently, another example of energy storage and power delivery separation proc-
esses in BSCwas demonstrated by Saar et al. in a two-chamber flow cell, where light-to-
electric energy conversion was performed by Synechocystis cyanobacteria cells fol-
lowed by reduction of the charge carrier (potassium ferricyanide), which was further
oxidized in power extraction chamber in parallel to the oxygen reduction process [83].

In spite of the early development of supercapacitive photo-BES, the perspec-
tives of their application are obvious and important to disclose new patterns of
interactions between the photobioelement and an electrode surface and to make
photo-BESs close to their practical application as renewable biological power
sources.
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10.3 Supercapacitive microbial fuel cells

10.3.1 Principle of a supercapacitive microbial fuel cell

MFCs relies on the redox reactions occurring on both anode and cathode electrodes.
In a representative MFC case with air-breathing cathode in a membraneless config-
uration, anode and cathode are mainly made of similar materials based on carbona-
ceous constituents that often are connected to a metallic current collector. Therefore,
initially, the difference in potential within anode and cathode sharing the same
electrolyte is negligible and practically equal to zero [84].

Once the electrolyte containing organics and bacteria is inserted within the mem-
braneless MFC, bacteria colonize the anode bringing the electrode potential towards
negative values. The presence of oxygen at the cathode instead pushes the electrode
potential towards positive values. Two separate zones are therefore created within the
cell: (i) anaerobic zone in which bacteria consume oxygen and (ii) aerobic zone in which
oxygen is present. Anode and cathode of the MFC are then self-polarized because of the
redox reactions and the environments createdwithin the system. Specifically, anode and
cathode surfaces become negatively and positively polarized, respectively. They, there-
fore, behave like the negative and positive electrodes of an internal supercapacitor [84].
The negative electrode attracts positive ions from the electrolyte whereas negative ions
are accumulated on the positive electrode (Fig. 10.3). The energy that is electrostatically
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Fig. 10.3: Scheme of a supercapacitive microbial fuel cell (SC-MFC) with anode and cathode as the
negative and positive electrodes of an internal supercapacitor (A). Scheme of SC-MFC with a super-
capacitive additional electrode (AdE) short-circuited with the cathode (B). Adapted from Santoro
et al. [84] with permission of Elsevier.
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stored can be delivered through galvanostatic dischargeswhereby ions are released back
to the electrolyte. The electrodes after discharges restore their initial potential when left
in rest conditions and therefore the electrodes are self-recharged and another discharge
can occur [85, 86].

10.3.2 Supercapacitive microbial fuel cell operations

Capacitive features of the anode electrode and the overall MFC were initially
investigated by the group of Wageningen University and Wetsus in 2012 [87–90].
Simultaneously, supercapacitive features of C-Type cytochromes using conduc-
tive nanostructured networks of living bacteria was presented by Prof. Lovley
group [91]. Scientists jointly from the University of New Mexico and the
University of Bologna expanded the concept of supercapacitive electrodes to
the entire MFC system in 2016 [84]. In that case, the anode and cathode
electrodes of the MFC were used as the negative and positive electrode of an
internal supercapacitor (Fig. 10.3) [84]. This concept of supercapacitive-micro-
bial fuel cell (SC–MFC) was tested in a simple configuration based on a single
bottle membraneless MFC with carbon brush as anode and activated carbon
based air-breathing cathode. The SC–MFC was fed with activated sludge and
0.1 M K–PB (ratio 1:1) and 3 gL−1 sodium acetate as readily available organic
substrate.

Considering acetate as organic substrate at the anode and oxygen as oxidant
at the cathode in an operating neutral media electrolyte (pH = 7), the theoretical
overall potential of the MFC is ≈ 1.1 V. This is the result of the anodic and cathodic
potential that at pH 7 are equal to ≈ +0.6 V (vs. Ag/AgCl 3M KCl) and ≈ −0.5 V (vs.
Ag/AgCl 3M KCl) respectively. Thermodynamic and kinetic losses mainly occur
at the cathode and therefore the OCV recorded was 0.59 V [84]. The latter
value is the maximum operating potential (Vmax,OC) of a self-charged internal
supercapacitor.

Discharges were performed at a current of 3 mA for 2 s. The results showed
high ESR of 130 Ω that was for over 90% because of the positive electrode ohmic
resistance. Through ESR and knowing the Vmax,OC, power curves were obtained
with a maximum power achieved of 0.67 mW (5.36W m−3). In order to increase,
the energy/power output, the potential of the positive electrode was increased
by introducing Fe–aminoantipyrine (Fe–AAPyr) catalyst and enzymatic catalyst
(bilirubin oxidase [BOx]). In the first case, the utilization of Fe–AAPyr cathode
catalyst increased the Vmax,OC up to 0.65 V. In this case the ESR slightly dimin-
ished to 125 Ω and combined with the higher Vmax,OC, Fe–AAPyr-based cathode
SC–MFC had a maximum power of 0.9 mW (7.2 W m−3). Further improvement
was obtained using BOx catalyst with Vmax,OC of 0.79 V, ESR of 105 and Pmax of
1.47 mW (11.7 W m−3) (Fig. 10.4A). Increasing the positive electrode seems to be a
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suitable way to pursue enhancing power output but unfortunately the ohmic
resistance given by the cathode was still very high counting over 90% and being
over 100 Ω [84].

In order to optimize the energy/power output even more, an additional electrode
(AdE) based on a small carbon brush coated with activated carbon was short-
circuited with the positive electrode and immerged into the electrolyte. ESR dropped
dramatically to 16–22 Ω that was 6–8 times lower than the previously recorded
ESRs. SC-MFC-AdE had a Pmax of 6 mW (49Wm−3), 14 mW (112 Wm−3), and 19mW
(152Wm−3) for AC, Fe–AAPyr, BOx cathode, respectively (Fig. 10.4 B). This corre-
sponded to boost up power of more than one order of magnitude because of the
addition of the AdE [84].

In another experiment, operating in similar conditions and electrolyte, it was
shown that the increase in the positive and negative electrode area brought an
increase in the power output [92]. Different than before, the air-breathing cathode
was built with conductive teflonized carbon black with Fe–AAPyr as catalyst.
Moreover, the cathode area exposed to the solution increased from 2.25 cm2 to
2.54 cm2. The combination of these two variations led to half the positive elec-
trode ohmic resistance during galvanostatic discharges that was calculated to be
57 ± 2.6Ω. This value further decreased to 36 ± 1.4Ω and 28 ± 4.2 Ω when the
cathode area increased to 3.67 cm2 and 5.09 cm2. Also the anode area was
increased inserting a second and a third brush within the electrolyte but the
negative electrode ohmic resistance remained in any case below 1 Ω. In these
operating conditions and with this design, the ohmic resistance of the positive
electrode (cathode) was significantly limiting the output. The increase in cathode
area also led to a slight increase in the cathode capacitance (Cc) that increased
from 51 ± 1.9 mF to 73 ± 1.3 mF. More significant was the increase in anodic
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capacitance that increased from ≈50 mF (1 brush) to ≈ 120 mF (2 brushes) and up
to ≈ 190 mF (3 brushes) [92].

A predictive model was then built considering the values obtained exper-
imentally and considering a single brush anode and a cylindrical cathode
with a larger cathode area. Vmax,OC was considered to be 0.8 V, anode capaci-
tance 53 mF and anode resistance of 0.5 Ω. Cathode capacitance and resistance
varied with the surface area that varied from 28.3 cm2 (radius 1.5 cm) to 94.2 cm2

(radius 5 cm). The total power increased with the radius of the MFC increasing
from 1.5 to 5 cm (Fig. 10.5A). A maximum of roughly 80 mW could be achieved.
As the diameter of the cylinder increased, there was more volume of electrolyte
and therefore less volumetric power can be achieved (Fig. 10.5B). The highest
volumetric power predicted was 1,300W m−3 (radius 1.5 cm) but higher dis-
charge current can be achieved with larger volumes for practical applications
might be of more interest [92].

10.3.3 Supercapacitive microbial desalination cells

As described earlier, MDC is similar to MFC with the additional function of
reducing the salinity content within the central chamber that is separated from
the anode and cathode chamber through polymeric membranes [36]. Anode and
cathode of MDC have the same characteristics of the one described above for
the MFC case. Anode and cathode are self-charged because of the redox reac-
tion occurring on both electrodes, therefore the electrodes can be considered as
the electrode of an internal supercapacitor as shown in Fig. 10.6A [93].
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Similar electrodes were used with a carbon brush as anode and a cathode
containing AC/PTFE/CB decorated with Fe–AAPyr in air-breathing configuration.
Three different solutions were used: (i) anode chamber (volume 35 mL) containing
50mM K–PB and activated sludge (1:1 ratio) with 3 gL−1 NaAc; (ii) seawater from the
Pacific Oceanwithin the desalination chamber (volume 11mL); (iii) 23 mMK-PB in the
cathode chamber (volume 35mL) [93].

Galvanostatic discharges were performed showing an ESR of 110Ω with the con-
tribution of the cathode to be determined in 100Ω. The same strategy adopted before for
SC–MFC was here adopted and an AdE was short-circuited with the cathode electrode
and inserted in the cathode chamber. Cathode ohmic resistance then decreased to
roughly 40 Ω. Maximum power achieved for SC–MDC was 1.14mW (14.07Wm−3) that
increased up to 2.11mW (26.05Wm−3) with the additional electrode [93].
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Durability tests were conducted with discharges at current of 2mA for 1 s and rest
time of 20 s [93]. A total of 88 h discharges and self-recharges were conducted with a
total of 15,100 cycles. ESR of SC–MDC was higher that the one from SC–MDC–AdE
(Fig. 10.7A and B). As the anodic profile was similar, the cathodic losses decreased
significantly with the additional electrode short-circuited with the cathode (Fig. 10.7A
and B). Other parameters such as solution conductivity and pH were monitored during
the long-term operations (Fig. 10.7C and D). Interestingly, the solution conductivity of
the desalination chamber decreased from roughly 52mS cm−1 to 23.85 ± 2.04mS cm−1

(SC–MDC) and to 22.12 ± 1.39mS cm−1 (SC–MDC–AdE) after 45 h operations. At the end of
the experiment, the solution conductivity dropped even more to 20.4 ± 1.5mS cm−1

(Fig. 10.7C). Simultaneously, the solution conductivity of the anodic chamber and the
cathodic chamber increased during the experiments. The values reached after 88 h 11.1
± 0.5mS cm−1 and 17.7 ± 0.4mS cm−1 respectively (Fig. 10.7C).

The variation of solution conductivity among the chambers supports the move-
ment of ions from the desalination chamber to the anode and cathode chambers.
Different than classic MDC in which ORR occur at the cathode and the pH tends to
increase toward alkaline values, in SC–MDC and SC–MDC–AdE, the pH remained
stable varying between 7.2 and 8.1 and was independent from the chambers over
88 h. This indicates that the electrochemical phenomena occurring on the electrodes
are mainly of electrostatic nature [93].

10.4 Conclusions

The integration of supercapacitors with EFC and MFC opens new frontiers and
horizons within the so called Water-Energy nexus. In fact, supercapacitors cannot
only be used externally but they can be monolithically integrated within the electro-
des of the fuel cells an internal supercapacitor. The redox reaction occurring at the
anode and cathode electrode allows to self-polarize the electrodes of the super-
capacitors that can deliver high pulses of current/power during discharges. The
capability of producing current/power in pulses that are one or more orders of
magnitude compared to traditional enzymatic or MFC makes this supercapacitive
system interesting and suitable for applications. Moreover, the system is simpler and
more compact compared to the one in which the supercapacitor is externally con-
nected to the fuel cell. As both enzymatic and MFC operate with aqueous media, the
implementation of the biosupercapacitors is restricted within the water window
stability. The low overall voltage that EFCs and MFCs operate also restricts the
operation. Further research should be done on enhancing the supercapacitive fea-
tures of the electrodes keeping low the overall cost of enzymatic and microbial
biosupercapacitors.

10 Supercapacitors in bioelectrochemical systems 207

 EBSCOhost - printed on 2/14/2023 1:07 PM via . All use subject to https://www.ebsco.com/terms-of-use



References

[1] Rinaldi, A., Mecheri, B., Garavaglia, V., Licoccia, S., Di Nardo, P., & Traversa, E. Engineering
materials and biology to boost performance of microbial fuel cells: a critical review. Energy
Environ Sci. 2008, 1, 417–429.

[2] Santoro, C., Arbizzani, C., Erable, B., & Ieropoulos, I. Microbial fuel cells: from fundamentals to
applications. A review. J Power Sources. 2017, 356, 225–244.

[3] Atanassov, P., Apblett, C., Banta, S., et al. Enzymatic biofuel cells. Electrochem Soc Interface.
2007, 16, 28–31.

[4] Kinoshita, K. Carbon: electrochemical and Physicochemical Properties. New York, NY. John
Wiley Sons, 1988.

[5] Kinoshita, K. Electrochemical Oxygen Technology. New York, NY. John Wiley Sons, 1988.
[6] Mazurenko, I., de Poulpiquet, A., & Lojou, E. Recent developments in high surface area

bioelectrodes for enzymatic fuel cells. Curr Opin Electrochem. 2017, 5, 74–84.
[7] Macazo, F. C., & Minteer, S. D. Enzyme cascades in biofuel cells. Curr Opin Electrochem. 2017,

5, 114–120.
[8] Sekretaryova, A. N., Beni, V., Eriksson, M., Karyakin, A. A., Turner, A. P., & Vagin, M. Y.

Cholesterol self-powered biosensor. Anal Chem. 2014, 86, 9540–9547.
[9] Ji, C., Hou, J., Wang, K., Hau Ng, Y., & Chen, V. Single-enzyme biofuel cells. Angew Chem. 2017,

56, 9762–9766.
[10] Krikstolaityte, V., Oztekin, Y., Kuliesius, J., et al. Biofuel cell based on anode and cathode

modified by glucose oxidase. Electroanalysis. 2013, 25, 2677–2683.
[11] http://enzyme-database.org/stats.php.
[12] Cadet, M., Gounel, S., Stinès-Chaumeil, C., et al. An enzymatic glucose/O2 biofuel cell

operating in human blood. Biosens Bioelectron. 2016, 83, 60–67.
[13] Bollella, P., Fusco, G., Stevar, D., et al. A glucose/oxygen enzymatic fuel cell based on gold

nanoparticles modified graphene screen-printed electrode. Proof-of-concept in human saliva
Sens Actuators, B. 2018, 256, 921–930.

[14] Pankratov, D., Ohlsson, L., Gudmundsson, P., et al. Ex vivo electric power generation in human
blood using an enzymatic fuel cell in a vein replica. RSC Adv. 2016, 6, 70215–70220.

[15] Cinquin, P., Gongran, C., Giroud, F., et al. A glucose biofuel cell implanted in rats. PLOS ONE.
2010, 5, e10476.

[16] El Ichi-Ribault, S., Alcaraz, J-P., Boucher, F., et al. Remote wireless control of an enzymatic
biofuel cell implanted in a rabbit for 2 months. Electrochim Acta. 2018, 269, 360–366.

[17] Zebda, A., Cosnier, S., Alcaraz, J-P., et al. Single glucose biofuel cells implanted in rats power
electronic devices. Sci Rep. 2013, 3, 1516.

[18] Yahiro, A. T., Lee, S. M., & Kimble, D. O. Bioelectrochemistry: I. Enzyme utilizing bio-fuel cell
studies. Biochim Biophys Acta. 1964, 88, 375–383.

[19] Zhao, C., Gai, P., Song, R., Chen, Y., Zhang, J., & Zhu, -J.-J. Nanostructured material-based
biofuel cells: recent advances and future prospects. Chem Soc Rev. 2017, 46, 1545–1564.

[20] Zebda, A., Gondran, C., Le Goff, A., Holzinger, M., Cinquin, P., & Cosnier, S. Mediatorless high-
power glucose biofuel cells based on compressed carbon nanotube-enzyme electrodes. Nature
Commun. 2011, 2, 370.

[21] González‐Arribas, E., Pankratov, D., Gounel, S., Mano, N., Blum, Z., & Shleev, S. Transparent
and capacitive bioanode based on specifically engineered glucose oxidase. Electroanalysis.
2016, 28, 1290–1297.

[22] Bollella, P., Ludwig, R., & Gorton, L. Cellobiose dehydrogenase: insights on the
nanostructuration of electrodes for improved development of biosensors and biofuel cells.
Appl Mater Today. 2017, 9, 319–332.

208 Carlo Santoro, Dmitry Pankratov, Ioannis Ieropoulos, Francesca Soavi

 EBSCOhost - printed on 2/14/2023 1:07 PM via . All use subject to https://www.ebsco.com/terms-of-use



[23] Milton, RD., Hichey, DP., Abdellaoui, S., et al. Rational design of quinones for high power
density biofuel cells. Chem Sci. 2015, 6, 4867–4875.

[24] Ó Conghaile, P., Falk, M., MacAodha, D., et al. Fully enzymatic membraneless glucose/
oxygen fuel cell that provides 0.275 mA cm–2 in 5 mM glucose, operates in human
physiological solutions, and powers transmission of sensing data. Anal Chem. 2016, 88,
2156–2163.

[25] Cosnier, S., Gross, A. J., Le Goff, A., & Holzinger, M. Recent advances on enzymatic glucose/
oxygen and hydrogen/oxygen biofuel cells: achievements and limitations. J Power Sources.
2016, 325, 252–263.

[26] Umasankar, Y., Adhikari, B.-R., & Chen, A. Effective immobilization of alcohol dehydrogenase
on carbon nanoscaffolds for ethanol biofuel cell. Bioelectrochem. 2017, 118, 83–90.

[27] Mano, N., & de Poulpiquet, A. O2 reduction in enzymatic biofuel cells. Chem Rev. 2018, 118,
2392–2468.

[28] Gomez, C., Shipovskov, S., & Ferapontova, E. E. Peroxidase biocathodes for a biofuel cell
development. J Renew Sustain Energy. 2010, 2, 013103.

[29] Pandey, P., Shinde, V. N., Deopurkar, R. L., Kale, S. P., Patil, S. A., & Pant, D. Recent advances in
the use of different substrates in microbial fuel cells toward wastewater treatment and
simultaneous energy recovery. Appl Energy. (2016), 168, 706–723.

[30] Pant, D., Van Bogaert, G., Diels, L., & Vanbroekhoven, K. A review of the substrates used in
microbial fuel cells (MFCs) for sustainable energy production. Bioresour Technol. 2010, 101,
1533–1543.

[31] Kumar, A., Hsu, L.H.H., Kavanagh, P., et al. The ins and outs of microorganism–electrode
electron transfer reactions. Nat Rev Chem. 2017, 1, 24.

[32] Ucar, D., Zhang, Y., & Angelidaki, I. An overview of electron acceptors in microbial fuel cells.
Front Microbiol. 2017, 8, 643.

[33] Santoro, C., Gokhale, R., Mecheri, B., et al. Design of iron (II) pthalocyanine (FePc) derived
oxygen reduction electrocatalysts for high power density microbial fuel cells. ChemSusChem.
2017, 10, 3243–3251.

[34] Santoro, C., Rojas-Carbonell, S., Awais, R., et al. Influence of platinum group metal-free
catalyst synthesis on microbial fuel cell performance. J Power Sources. 2018, 375, 11–20.

[35] Santoro, C., Rezaei Talarposhti, M., Kodali, M., et al. Microbial desalination cells with efficient
platinun-group-metal-free cathode catalysts. ChemElectroChem. 2017, 4, 3322–3330.

[36] Cao, X., Huang, X., Liang, P., et al. A new method for water desalination using microbial
desalination cells. Environ Sci Technol. 2009, 43, 7148–7152.

[37] Lazzari, M., Soavi, F., & Mastragostino, M. Dynamic pulse power and energy of ionic-liquid-
based supercapacitor for HEV application. J Electrochem Soc. 2009, 156, A661–6616.

[38] Arbizzani, C., Mastragostino, M., & Soavi, F. New trends in electrochemical supercapacitors.
J Power Sources. 2001, 100, 164–170.

[39] González, A., Goikolea, E., Barrena, J. A., & Mysyk, R. Review on supercapacitors: technologies
and materials. Renew Sustain Energ Rev. 2016, 58, 1189–1206.

[40] Zhang, L. L., & Zhao, X. S. Carbon-basedmaterials as supercapacitor electrodes. ChemSoc Rev.
2009, 38, 2520–2531

[41] Béguin, F., Presser, V., Balducci, A., & Frackowiak, E. Carbons and electrolytes for advanced
supercapacitors. Adv Mater. 2014, 26, 2219–2251

[42] Conway, B. E. Electrochemical Supercapacitors: scientific Fundamentals and Technological
Applications. New York, NY, Kluwer Academic/Plenum Publishers, New York, 1999.(1999).

[43] Soavi, F., Bettini, LG., Piseri, P., et al. Miniaturized supercapacitors: key materials and structures
towards autonomous and sustainable devices and systems. J Power Sources. 2016, 326,
717–725.

10 Supercapacitors in bioelectrochemical systems 209

 EBSCOhost - printed on 2/14/2023 1:07 PM via . All use subject to https://www.ebsco.com/terms-of-use



[44] Santoro, C., Soavi, F., Arbizzani, C., et al. Co-generationof hydrogenandpower/current pulses from
supercapacitiveMFCsusing novel HER iron-based catalysts. ElectrochimActa. 2016, 220, 672–682.

[45] Papaharalabos, G., Greenman, J., Melhuish, C., et al. Increased power output from micro porous
layer (MPL) cathode microbial fuel cells (MFC). Int J Hydrogen Energy. 2013, 38, 11552–11558.

[46] Ieropoulos, I., Greenman, J., & Melhuish, C. Microbial fuel cells based on carbon veil
electrodes: stack configuration and scalability. Int J Energy Res. 2008, 32, 1228–1240.

[47] Wang, H., Park, J. D., & Ren, Z. J. Practical energy harvesting for microbial fuel cells: a review.
Environ Sci Technol. 2015, 49, 3267–3277.

[48] Grattieri, M., Hasan, K., & Minteer, S. Bioelectrochemical systems as a multipurpose
biosensing tool: present perspective and future outlook. ChemElectroChem. 2017, 4, 834–842.

[49] Grattieri, M., & Minteer, S. D. Self-powered biosensors. ACS Sensors. 2018, 3, 44–53.
[50] Zhou, M., & Dong, S. Bioelectrochemical interface engineering: toward the fabrication of

electrochemical biosensors, biofuel cells, and self-powered logic biosensors. Acc Chem Res.
2011, 44, 1232–1243.

[51] Di Lorenzo, M., Curtis, T. P., Head, I. M., & Scott, K. A single-chamber microbial fuel cell as a
biosensor for wastewaters. Water Res. 2009, 43, 3145–3154.

[52] Tender, LM., Gray, SA., Groveman, E., et al. The first demonstration of a microbial fuel cell as a
viable power supply: powering a meteorological buoy. J Power Sources. 2008, 179, 571–575.

[53] Meriah Arias-Thode, Y., Hsu, L., Anderson, G., et al. Demonstration of the SeptiStrand benthic
microbial fuel cell powering a magnetometer for ship detection. J Power Sources. 2017, 356,
419–429.

[54] Shantaram, A., Beyenal, H., Veluchamy, R. R. A., & Lewandowski, Z. Wireless sensors powered
by microbial fuel cells. Environ Sci Technol. 2005, 39, 5037–5042.

[55] Wilkinson, S. “Gastrobots”—benefits and challenges of microbial fuel cells in foodpowered
robot applications. Auton Robots. 2000, 9, 99–111.

[56] Ieropoulos, I. A., Melhuish, C., & Greenman, J. Artificial metabolism: towards true energetic
autonomy in artificial life. European conference in artificial life. Lect Notes Artif Intell. 2003,
2801, 792–799.

[57] Ieropoulos, I., Melhuish, C., Greenman, J., & Horsfield, I. EcoBot-II: an artificial agent with a
natural metabolism. Int J Adv Robotic Systems. 2005, 2, 31

[58] Ieropoulos, I., Greenman, J., Melhuish, C., & Horsfield, I. EcoBot-III-a robot with guts. ALIFE.
2010, 733–740.

[59] Philamore, H., Rossiter, J., Stinchcombe, A., & Ieropoulos, I.. Row-bot: an energetically
autonomous artificial water boatman. IEEE/RSJ International Conference on Intelligent Robots
and Systems (IROS) 2015.

[60] Cosnier, S., Holzinger, M., Le Golf, A., & Agnes, C. Biocompatible electrochemical
supercapacitor. FR Patent Application. 2014, PCT/FR2014/050482 2014135787.

[61] Shleev, S., Pankratov, D., & Blum, Z. Charge-storing fuel cell. SE Patent Application. 2014, PCT/
EP2014/057291 2014167063.

[62] Pankratov, D., Falkman, P., Blum, Z., & Shleev, S. A hybrid electric power device for
simultaneous generation and storage of electric energy. Energ Environ Sci. 2014, 7, 989–993.

[63] Pankratov, D., Blum, Z., Suyatin, D. B., Popov, V. O., & Shleev, S. Self-charging electrochemical
biocapacitor. Chem Electro Chem. 2014, 1, 343–346.

[64] Parunova, YM., Bushnev, SO., Gonzales-Arribas, E., et al. Potentially implantable biocathode
with the function of charge accumulation based on nanocomposite of polyaniline/carbon
nanotubes. Russ J Electrochem. 2016, 52, 1166–1171.

[65] Agnes, C., Holzinger, M., Le Goff, A., et al. Supercapacitor/biofuel cell hybrids based on wired
enzymes on carbon nanotube matrices: autonomous reloading after high power pulses in
neutral buffered glucose solutions. Energ Environmen Sci. 2014, 7, 1884–1888.

210 Carlo Santoro, Dmitry Pankratov, Ioannis Ieropoulos, Francesca Soavi

 EBSCOhost - printed on 2/14/2023 1:07 PM via . All use subject to https://www.ebsco.com/terms-of-use



[66] Pankratov, D., Conzuelo, F., Pinyou, P., Alsaoub, S., Schuhmann, W., & Shleev, S. A Nernstian
biosupercapacitor. Angew Chem. 2016, 55, 15434–15438.

[67] Majdecka, D., & Bilewicz, R. Nanostructuring carbon supports for optimal electrode performance
in biofuel cells and hybrid fuel cells. J Solid State Electrochem. 2016, 20, 949–955.

[68] Pankratov, D., Blum, Z., & Shleev, S. Hybrid electric power biodevices. Chem Electro Chem.
2014, 1, 1798–1807.

[69] Narvaez Villarrubia, CW., Soavi, F., Santoro, C., et al. Self-feeding paper based biofuel cell/self-
powered hybrid mu-supercapacitor integrated system. Biosens Bioelectron. 2016, 86, 459–465.

[70] Kizling, M., Draminska, S., Stolarczyk, K., et al. Biosupercapacitors for powering oxygen
sensing devices. Bioelectrochem. 2015, 106, 34–40.

[71] Kizling, M., Stolarczyk, K., Sim Sin Kiat, J., et al. Pseudocapacitive polypyrrole-nanocellulose
composite for sugar-air enzymatic fuel cells. Electrochem Commun. 2015, 50, 55–59.

[72] Kizling, M., Stolarczyk, K., & Tammela, 0. Bioelectrodes based on pseudocapacitive cellulose/
polypyrrole composite improve performance of biofuel cell. Bioelectrochem. 2016, 112, 184–190.

[73] Knoche, K. L., Hickey, D. P., Milton, R. D., Curcoe, C. L., & Minteer, S. D. Hybrid glucose/O2

biobattery and supercapacitor utilizing a pseudocapacitive dimethylferrocene redox polymer at
the bioanode. ACS Energy Lett. 2016, 1, 380–385.

[74] Xiao, X., O Conghaile, P., Leech, D., Ludwig, R., & Magner, E. A symmetric supercapacitor/
biofuel cell hybrid device based on enzyme-modified nanoporous gold: an autonomous pulse
generator. Biosens Bioelectron. 2017, 90, 96–102.

[75] Xiao, X., &Magner, E. A quasi-solid-state and self-powered biosupercapacitor based on flexible
nanoporous gold electrodes. Chem Commun. 2018, 54, 5823–5826

[76] Alsaoub, S., Ruff, A., Conzuelo, F., et al. An intrinsic self-charging biosupercapacitor comprised of
a high-potential bioanode and a low-potential biocathode. ChemPlusChem. 2017, 82, 576–583.

[77] Bobrowski, T., Gonzales-Arribas, E., Ludwig, R., Toscano, M. D., Shleev, S., & Schumann,
W. Rechargeable, flexible and mediator-free biosupercapacitor based on transparent ITO
nanoparticle modified electrodes acting in mu M glucose containing buffers. Biosens
Bioelectron. 2018, 101, 84–89.

[78] Blum, Z., Pankratov, D., & Shleev, S. Powering electronic contact lenses: current achievements,
challenges, and perspectives. Expert Rev Ophthalmol. 2014, 9, 269–273.

[79] Pankratov, D., Gonzalez-Arribas, E., Blum, Z., & Shleev, S. Tear based bioelectronics.
Electroanalysis. 2016, 28, 1250–1266.

[80] Pankratova, G., Pankratov, D., Hasan, K., et al. Supercapacitive photo-bioanodes and biosolar
cells: a novel approach for solar energy harnessing. Adv Energy Mater. 2017, 7, 1602285

[81] Pankratov, D., Pankratova, G., Dyachkova, P., et al. Supercapacitive biosolar cell driven by
direct on electron transfer between photosynthetic membranes and CNT networks with
enhanced performance. ACS Energy Lett. 2017, 2, 2635–2639.

[82] Gonzalez-Arribas, E., Aleksejeva, O., Bobrowski, T., et al. Solar biosupercapacitor. Electrochem
Commun. 2017, 74, 9–13.

[83] Saar, KL., Bombelli, P., Lea-Smith, DJ., et al. Enhancing power density of biophotovoltaics by
decoupling storage and power delivery. Nature Energy. 2018, 3, 75–81.

[84] Santoro, C., Soavi, F., Serov, A., Arbizzani, C., & Atanassov, P. Self-powered supercapacitive
microbial fuel cell: the ultimate way of boosting and harvesting power. Biosens Bioelectron.
2016, 78, 229–235.

[85] Santoro, C., Flores-Cadengo, C., Soavi, F., et al. Ceramic microbial fuel cells stack: power
generation in standard and supercapacitive mode. Sci Rep. 2018, 8, 3281.

[86] Santoro, C., Kodali, M., Kabir, S., Soavi, F., Serov, A., & Atanassov, P. Three-dimensional
graphene nanosheets as cathode catalysts in standard and supercapacitive microbial fuel cell.
J Power Sources. 2017, 356, 371–380.

10 Supercapacitors in bioelectrochemical systems 211

 EBSCOhost - printed on 2/14/2023 1:07 PM via . All use subject to https://www.ebsco.com/terms-of-use



[87] Deeke, A., Sleutels, T. H. J. A., Hamelers, H. V.M., &Buisman, C. J. N. Capacitive bioanodes enable
renewable energy storage in microbial fuel cells. Environ Sci Technol. 2012, 46(6), 3554–3560.

[88] Borsje, C., Liu, D., Sleutels, T. H. J. A., Buisman, C. J. N., & Ter Heijne, A. Performance of single
carbon granules as perspective for larger scale capacitive bioanodes. J Power Sources. 2016,
325, 690–696.

[89] Deeke, A., Sleutels, T. H. J. A., Ter Heijne, A., Hamelers, H. V. M., & Buisman, C. J. N. Influence of
the thickness of the capacitive layer on the performance of bioanodes in microbial fuel cells.
J Power Sources. 2013, 243, 611–616.

[90] Deeke, A., Sleutels, T. H. J. A., Donkers, T. F. W., Hamelers, H. V. M., Buisman, C. J. N., & Ter
Heijne, A. Fluidized capacitive bioanode as a novel reactor concept for the microbial fuel cell.
Environ Sci Technol. 2015, 49, 1929–1935.

[91] Malvankar, N. S., Mester, T., Tuominen, M. T., & Lovley, D. R. Supercapacitors based on c-type
cytochromes using conductive nanostructured networks of living bacteria. ChemPhysChem.
2012, 13, 463–468.

[92] Houghton, J., Santoro, C., Soavi, F., et al. Supercapacitive microbial fuel cell: characterization
and analysis for improved charge storage/delivery performance. Bioresour Technol. 2016, 218,
552–560.

[93] Santoro, C., Benito Abad, F., Serov, A., et al. Supercapacitive microbial desalination cells: new
class of power generating devices for reduction of salinity content. Appl Energy. 2017, 208, 25–36.

212 Carlo Santoro, Dmitry Pankratov, Ioannis Ieropoulos, Francesca Soavi

 EBSCOhost - printed on 2/14/2023 1:07 PM via . All use subject to https://www.ebsco.com/terms-of-use



Sergey Shleev, Magnus Falk, Stefan Cirovic, Zoltan Blum

11 Wearable bioelectronic devices

11.1 Introduction

Bioelectronics is a rapidly progressing multidisciplinary scientific area, having
emerged from the combination of biology, electronics, bio-, and nanotechnologies
[1]. Bioelectronics aims to integrate biomaterials (proteins, enzymes, organelles, and
living cells) and electric or electronic elements (electrodes, chips, field-effect tran-
sistors, piezoelectric crystals, etc.) into functional devices [2]. Such devices may
function as discrete biosensors, biocomputing devices (biodiode, biotransistor, and
bioelectronics circuitry), biological electric power sources (biofuel cell, biobattery,
and biosupercapacitor), as well as complete self-contained (i.e., self-powered and
wireless) bioelectronic devices (Fig. 11.1).

One of the intended applications of bioelectronics, which attracts a lot of attention
nowadays, is implantable self-contained biodevices [3]. Indeed, bioelectronic devices
are presently studied not only in vitro but also in vivo (Fig. 11.1). Unfortunately, the
main impediment with regard to bioelectronic devices is the limited operational
stability. It is clear that the full potential of implantable bioelectronics will be
realized only when they become robust and reliable enough for real practical applica-
tions. On the one hand, there is a lot of research going on to improve the operational
lifetime of bioelectronic devices. On the other hand, a limited number of studies
address biocompatibility and safety issues [4]. Thus, it seems that practically usable
implanted bioelectronics is quite challenging to achieve at least in the immediate
future.

At the beginning of the 21st century, several scientific papers appeared,
disclosing flexible, attachable, adhesive electronics. One of the most fascinating
papers introduced new classes of electronic systems that achieved thicknesses,
effective elastic moduli, bending stiffness, and areal mass densities matched to
the human epidermis (Fig. 11.2) [11]. Following that report, papers concerning
biosensors and biofuel cells operating ex vivo (Fig. 11.1), that is, in tears, sweat,
urine, and saliva, were published; however, not all of these publications were
directly attributed to wearable biodevices.

Nevertheless, fabrication and characterization of bioelectronics operating in
human physiological fluids pave the way toward bodyNET – an intriguing scientific
and technological direction, drawing on a network of sensors, screens, and smart
devices woven into our clothing, worn on our skin, and implanted in our bodies [12].
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11.2 Wearable bioelectronic devices

The development of bioelectronics operating in tears, sweat, saliva, and urine has seen a
massive research interest in recent years, owing to potential use in diagnostics and as
power sources for personal electronics, including wearables. A brief description of
bioelectronic devices, which operate (or could potentially operate) in excreted human
physiological fluids, is presented,with a special focus onwearable bioelectronic devices,
operating autonomously (without the active participation of the user) and preferably
continuously.

11.2.1 Bioelectronics in tears

Human tears (lachrymal fluid/liquid) is a complex physiological fluid (98% water),
which contains both low and high molecular weight compounds (2% solids), viz.
water, electrolytes, small organic molecules, proteins, and enzymes, secreted by
lachrymal glands [13]. Many of these compounds have diagnostic potential, as
summarized in the review concerning contact lens sensors [14], and some of them
are considered as potential biofuels, for example, lactate, glucose, and ascorbate, as
reviewed recently by our group [15].

Biosensors

Macroscale Microscale
Ex vivo In vivoIn vitro

Biosupercapacitors Self-powered wireless biodevice

3D-Nanobiodevice

Biofuel cells Biotransistors

Fig. 11.1: Schematic illustration of a combination of separate (bio)electronic elements into a func-
tional bioelectronic device, which could operate in vitro, ex vivo, and in vivo. Biosensor – a flexible
biosensor from Andoralov et al. [5]; biosupercapacitor – a self-charging electrochemical biocapacitor
from Pankratov et al. [6]; biofuel cell – a direct electron transfer–based enzymatic fuel cell from
Coman et al. [7]; biotransistor – a laccase-gold transistor from Shleev and Ruzgas [8]; ex vivo – a
direct electron transfer–based enzymatic fuel cell on contact lens from Falk et al. [9]; and in vivo – a
direct electron transfer–based microscale enzymatic fuel cell in rat brain from Andoralov et al. [10].
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Among different ex vivo operating bioelectronics, tear-based bioelectronic devices
were fabricated and tested first in 2009. As usual in the bioelectrochemical field in
general, and bioelectronics in particular, the first reports were concerned with glucose
sensing [16] in human tears. In 2008–2009, the first prototypes of electronic contact
lenses were presented (Fig.11.3) by a group of researchers headed by Babak A. Parviz, a

Antenna LED Strain gauge

Wireless power coil
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Undeformed state

0.5 cm

Backside of tattoo After transfer After integration onto skin After deformation

tattoo electronics electronics

front
side
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(D)

(C)
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(A)

Fig. 11.2: Epidermal electronics. (A) An image of a demonstration platform for multifunctional
electronics with physical properties matched to the epidermis. (B) Epidermal electronic system
partially (top) and fully (bottom) peeled away from the skin. (Inset) A representative cross-sectional
illustration of the structure, with the neutral mechanical plane defined by a red dashed line. (C)
Multifunctional epidermal electronic system on skin: undeformed (left), compressed (middle), and
stretched (right). (D) A commercial temporary transfer tattoo provides an alternative to polyester/
polyvinyl alcohol for the substrate; in this case, the system includes an adhesive to improve bonding
to the skin. Images are of the backside of a tattoo (far left), electronics integrated onto this surface
(middle left), and attached to skin with electronics facing down in undeformed (middle right) and
compressed (far right) states. Reproduced from Kim [11] with permission from the American
Association for the Advancement of Science.
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pioneer of this research field [17]. Later, such contact lenses were augmented with
biosensors for glucose [16, 18], lactate [19], and ethanol [20].

Almost all these biodevices were composed in a similar manner, that is, an
enzymatic layer, which is specific toward a particular substrate, a product diffusion
layer, and a working electrode (Fig. 11.4). Despite the fact that smart electronic
contact lenses are readily available (Fig. 11.5), the development of biosensing contact
lenses is ongoing [21], without usable prototypes.

Nevertheless, the development of useful self-contained smart bionic contact
lenses is an important direction, in spite of certain challenges at the current stage
of scientific and technological development, especially when it comes to bioelec-
tronics implementation. One of the main problems is related to the source of electric
power for these complex devices, with issues such as size, thickness, and mass, that
is, the overall form factor, along with many other parameters including biocompat-
ibility and safety.

In the case of bionic contact lenses, not only biosensors but also other bioelec-
tronic devices, that is, biological power sources, can be very useful to provide the
electric energy needed, as described later. The power can be generated by converting
in situ available chemical energy from different biofuels present in human tears (vide
supra) into electric energy, drawing on the mainstay of fuel cell technology. The idea
of utilizing biofuels in tears to generate electric power is necessitated because of the
complex restrictions offered by a contact lens, leaving conventional, even state-of-
the-art, power management technology at an impasse. As early as in 2010 a patent
application titled “Flexible Biofuel Cell, Device and Method” was filed, with the
priority date 24 March 2010 [22], describing the possible usage of biological fuel
cells to power bionic contact lenses. The first paper detailing a biofuel cell as a
power source for electronic contact lenses appeared a couple of years later, in 2012
[9]. The authors made a nanostructured (to improve the biodevice characteristics)
glucose/oxygen enzymatic fuel cell (Fig. 11.6), based on direct electron transfer to

(A) (B)

Fig. 11.3: One of the first electronic contact lenses. (a) A picture of one of the first prototypes of a
contact lens containing metal circuit structures. (b) An illustration of ex vivo animal trials (rabbit eye)
of the electronic contact lens for 20 min at a time with no adverse effects. Credit: University of
Washington.
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avoid mediators, thus simplifying the biodevice construction. Although tear glucose
has no function as a biofuel for cornea cells and indeed can be completely depleted in
vivo without any apparent disadvantages for human eyes [13], the low glucose
concentration in tears (ca. 50 μM) and the limited amount of this physiological
fluid (ca. 1 μL) [15] make glucose an unlikely on-lens energy source, if conventional
biofuel cells are to be employed. To circumvent the problem of low-power glucose-

Ethanol

Enzyme
layer

H2O2

H2O2

H2O2

H2O2
e–

e–

e–

e–

Product
difusion

layer
Working

electrode

Fig. 11.4: Schematic representation of contact lens–based biosensors. According to Liu and Parviz
[20] with some modifications and changes.

Fig. 11.5: A photograph of a smart contact lens for ocular pressure monitoring, from Sensimed AG
(Lausanne, Switzerland).
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based biofuel cells, more abundant biofuels have been investigated. In some reports
it is stated that the ascorbate concentration in human tears can be as high as 0.665
mM [23]. Indeed, an ascorbate/oxygen fuel cell was assembled, using three-dimen-
sional nanostructured gold electrodes covered with abiotic (a conductive organic
complex, tetrathiafulvalene-tetracyanoquinodimethane) and biological (redox
enzyme and bilirubin oxidase) materials functioning as efficient anodic and cathodic
catalysts, respectively [24].

Nevertheless, when operated in human tears, the biodevice exhibited quite poor
characteristics, viz. an open circuit voltage of 0.54 V (the theoretical OCV is about
0.74 V, as evident from the equilibrium redox potentials of oxygen/water (0.82 V) and
dehydroascorbate/ascorbate (0.08 V) redox couples (pH 7)) and a maximal power
density of 3.1 μW cm−2 at 0.25 V. Recent investigations have shown that the ascorbate
concentration in tear fluid is only 17 ± 6 μM [25] and the average realistic electric
power obtained from ascorbate as a biofuel in continuous mode is less than 0.06 μW,
that is, even lower than that from glucose. Thus, also taking into account the
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Fig. 11.6: Principle scheme of an electronic contact lens with an embedded glucose/oxygen biofuel
cell acting as a green self-sufficient power source. Reproduced from Falk et al. [9] with permission
from Elsevier.
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physiological importance of ascorbate for the human eye, that is, the antioxidant
capacity, and since it cannot be completely depleted in vivo without disadvantages
for human eyes, it is an unlikely on-lens energy source. If conventional biological fuel
cells are to be employed, based on the low half-reaction potential of lactate oxidation
(ca. −0.19 V) and the high concentration in tears (up to 5 mM) [15], lactate seems to be
the only option as an on-lens energy source. Hence, a report concerning a lactate/
oxygen biofuel cell has been published [26]. Contact lens biofuel cell testing was
performed in a synthetic tear solution at 35 °C, but in spite of the relatively high
maximal theoretical voltage of a lactate/oxygen fuel cell, that is, about 1 V, the open-
circuit voltage of the biodevice was only around 0.4 V, in all likelihood due to
biocathode depolarization and opportunistic oxidation of a high redox potential
biofuel, viz. ascorbate, on the anode. However, because of the high surface area of
the electrodes, maximum current and power densities were calculated to be ca. 61 μA
cm−2 and 8 μW cm−2, respectively. It seems that current research should be focused
on improvement of open circuit and especially operating potentials of biocathodes
and bioanodes in human tears, rather than apparent increase of current densities in
artificial (synthetic) electrolytes in unlimited volumes. Nevertheless, the only solu-
tion to further increase power is the usage of modern, recently disclosed biodevices,
which are able to operate in both continuous and pulse modes, as discussed later.

In the beginning of 2013 an entirely new kind of electric power devices were
disclosed by Shleev’s and Cosnier’s groups, in which chemical energy is directly con-
verted into electric energy, which is capacitively storedwithin a singular contrivance [27,
28]. Such hybrid devices [29], including biodevices [30], are built based on dual-function
electrodes, viz. electrodes manifesting simultaneous electrocatalytic and charge-storage
features [31]. Recently, several different self-charging biosupercapacitors have been
assembled and characterized [32], including the first transparent and flexible biodevices,
which are able to operate at low glucose concentrations (Fig. 11.7) [33].

By running a charge-storing biofuel cell in pulse mode, and appropriately timing
the cycle or pulse length, low- and high-abundance biofuels can be efficiently
converted and the demands of consistent, temporally stable levels of power with
regard to the sensing, encoding, and transmission events can be reproducibly met.
Thus, hybrid biodevices, including tear-based biodevices, seem to the best choice for
wearable bioelectronics.

11.2.2 Bioelectronics in sweat

Sweat is exuded by eccrine and porcine glands on the skin and is mainly composed of
water (99%) and electrolytes, with a pH ranging between 4 and 7 [34]. In addition,
sweat is abundant in not only low-molecular weight compounds, such as urea,
glucose, cortisol, ethanol, and lactate, but also proteins and peptides, typically
present at very low concentrations (μM to mM for low-molecular weight compounds
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and pM for peptides and proteins) [35]. These compounds can either be assessed
using biosensors and/or used as power sources, employing biofuel cells and bio-
supercapacitors. Such devices can be fabricated on substrates that are soft and
deformable, such as fabrics, paper, and soft polymers, to provide comfort while
worn and still be resilient to mechanical strains that arise while moving. As sweat
can be sampled noninvasively, generated, for example, due to heat, exercise, or via
chemical stimulation (e.g., by applying pilocarpine), this makes sweat analysis an
attractive option for monitoring of the health as well as fitness status, but since the
composition of sweat can be expected to vary depending on the cause of sweating,
intrinsic variations need to be considered in the analysis [36]. Sweat as a diagnostic
tool is also problematic due to the difficulty to produce enough sweat for analysis,
sample evaporation, and contamination, as well as the fact that the, relation between
sweat analyte levels and health status is still poorly understood [35, 37]. Changing
health conditions can, for example, alter sweat composition by either permuting the
concentration of common components, or by introducing new components. High
sweat levels of chloride and urea have been linked to cystic fibrosis and kidney
failure, respectively [38, 39]. In addition, correlation between both sweat ethanol as
well as sweat glucose with respective blood concentrations has been demonstrated
[40, 41]. The development of flexible bioelectronics offers a route of using sweat as a
diagnostic tool or for continuous monitoring of main bioanalytes. However, because

(A) (B)

(D)(C)

Fig. 11.7: Photographic images of (A) a flexible and transparent nanostructured electrode, which is
bent without any damage, (B) a flexible low voltage display which is powered by the flexible
biosupercapacitor, (C) and (D) connected display in OFF and ON states, respectively. Reproduced
from Bobrowski et al. [33] with permission from Elsevier.
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of low bioanalyte concentrations, highly sensitive chemical sensors are required,
which is something biosensors offer, and they can be placed in close proximity to
where the sweat is created. Even though direct correlation with blood values may not
be possible, establishing a personal baseline through continuous sweat monitoring
would be a highly valuable diagnostic tool, where deviations from the baseline could
indicate changing health and/or fitness status. Effective sampling and transport of
sweat to the sensor is crucial for successful analysis, and for continuous monitoring
of the general health status a low-volume requirement is important. Typical sweat
volume ranges from about 1 up to 20 nLmin−1 per gland, with a gland density of 100–
550 glands cm−2 [35]. Considering sweat uptake from a 1 cm2 patch, typically ca. 0.1
up to 11 μL min−1 sweat will be released, placing a very high demand on the device
design to be able to facilitate successful sampling for continuous monitoring.
Integrating microfluidics in wearable bioelectronics is a possible solution to ensure
that real-time measurements are conducted as close as possible and also to minimize
evaporation [37]. The data collected from sensors could then be managed with a
flexible electronic board, controlling sensor operation, and wireless data transmis-
sion, for example, to a smart phone.

Because of the generally low volumes of perspiration produced under typical
conditions, most bioelectronics devices reported so far operating in human sweat
have been tested during physical exercise to ensure sufficient supply of sweat for
these early device designs. A key difficulty in the design of flexible electronics is the
power supply, where traditional bulky batteries are not suitable for a wearable skinlike
device. A possible solution could be to integrate a biofuel cell, which can be designed
as a flexible device converting the chemical energy in sweat to electrical energy, thus
powering the biosensor or other intended wearable application. Wang and coworkers
have done extensive work in this area, leading the development of wearable, flexible
bioelectronics. The group was the first to develop tattoo bioelectronics, where the first
device design was a lactate biofuel cell fabricated by screen-printing on temporary
tattoo paper, where the bioanode was modified with lactate oxidase and tetrathiaful-
valene as mediator, whereas the cathode was composed of platinum black for reduc-
tion of oxygen [42]. The biofuel cell generated a power density of up to 70 μW cm−2 in
sweat generated during exercise. Instead of using the tattoo anode to design a biofuel
cell, the group also used it as a lactate sensor by instead combining it with printed
silver ink and carbon ink reference and counter electrodes, monitoring the change in
lactate concentration during physical exercise (Fig. 11.8) [43].

An year later, the group headed by Shleev, fabricated and characterized the first
direct electron transfer glucose/oxygen enzymatic fuel cell, which operated in induced
human sweat [44]. Because of the mediatorless approach, as well as usage of glucose as
fuel instead of lactate (concentrations differ by almost three orders of magnitude), less
power was obtained, viz. only ca. 0.3W cm−2. Later, Wang and coworkers also exploited
the tattoo platform toward developing an iontophoretic-amperometric system for glu-
cose detection, using glucose oxidase instead of lactate oxidase [45]. However, the
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system employed reverse iontophoresis, where a current is applied to electro-osmotically
extract interstitial fluid instead of using sweat. This worked on the same principle as the
“GlucoWatch,” an electrochemical wearable continuous glucose monitor that was com-
mercialized, but ultimately discontinued in part due to user discomfort by the reverse
iontophoresis protocol and need for calibration with blood glucose [46]. Instead of
relying on extraction of interstitial fluid, sweating can be stimulated by iontophoresis,
where a drug that enhances the sweat rate is driven beneath the skin by an applied
current, stimulating perspiration. Wang et al. used this method of induced sweating to
demonstrate a wearable tattoo–based alcohol-biosensing system for noninvasive alco-
hol monitoring [47]. Alcohol was detected amperometrically using alcohol dehydrogen-
ase combined with Prussian blue to allow for electrochemical detection of the enzyme-
produced hydrogen peroxide. Instead of relying on biosensors based on amperometric
detection, Prasad and coworkers developed portable, impedance-based detection of
glucose and cortisol in sweat [48-50]. By employing monoclonal antibodies toward
glucose oxidase, the enzyme was immobilized on flexible zinc oxide, where the oper-
ation of the enzyme in the presence of glucose caused a change in conductivity and
relative permittivity of the electrical double layer, proportional to the glucose concen-
tration, measured by electrochemical impedance spectroscopy [48]. Similarly, cortisol
antibodies were used for detection of cortisol, where surface charges were altered upon
binding. Instead of zinc oxide, the group also demonstrated a cortisol sensor based on
molybdenum disulfide nanosheets combined with a flexible polyamide, allowing direct
contact of the polymer with sweat on the skin for wearable detection, with a limit of
detection of 1 ng mL−1 (Fig. 11.9).

Kim and coworkers made significant progress toward epidermal glucose sensing
by incorporating a soft-material–based amperometric glucose biosensor with a drug
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Fig. 11.8: Examples of tattoo bioelectronics, showing a lactate sensor operating in sweat generated
upon physical exercise. Reproduced from Jia et al. [43] with permission from the American Chemical
Society.
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delivery module, capable of regulating blood glucose values [51, 52]. By introducing
multiple porous sweat-uptake and water-proof layers on an ultrathin and stretchable
patch-type device, sensing was achieved in volumes down to 1 μL [52]. To extract as
much information as possible from sweat analysis, considering the complex correla-
tion among all biophysical and biochemical information, simultaneous multiplexed
detection combined with onsite data processing and communication has the poten-
tial to deepen our understanding and unveil previously unidentified correlations.
Two examples of fully integrated devices with biosensors combined with a flexible
electronics platform for processing and data transmission were designed by research-
ers at Berkley, using a flexible printed circuit board onto a flexible polyethylene
terephthalate–based substrate [53, 54]. Recently, they demonstrated a wearable
miniaturized iontophoresis interface, where a glucose oxidase biosensor was
employed to continuously monitor the glucose concentration in stimulated sweat
(Fig. 11.10) [54].

The wearable, mechanically flexible device also included sensors for sodium and
chloride and could be programmed to induce sweating with various secretion profiles
for real-time analysis, temporarily elevating the local rate of perspiration without any
perceived discomfort for the test subject in the clinical evaluation of the device.
Earlier, the same group reported a fully integrated wearable array–based carbon
nanotube/chitosan biosensor for the detection of glucose and lactate (using glucose
oxidase and lactate oxidase), multiplexed with sensors measuring electrolytes and
skin temperature [53]. Perspiration was not stimulated, but the device operation was
demonstrated during physical exercise.

The aforementioned integrated devices were powered by a rechargeable
lithium ion polymer battery. Designing a flexible power supply for wearables is
a key difficulty. A self-powered wearable biosensing platform was recently
reported by Han et al. (Fig. 11.11) [55]. The device incorporated biosensors for
glucose, uric acid, lactate, and urea, using the enzymes glucose oxidase, uri-
case, lactate oxidase, and urease, respectively, and could monitor the bioana-
lyte concentration in sweat generated upon physical exercise. The enzymes

(A) (B)

Fig. 11.9: Wearable device prototype for cortisol using electrochemical impedance to monitor the
biosensor response. Reproduced from Kinnamon et al. [49] with permission from Springer Nature.
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(A)

(C)

(B)

Fig. 11.10: A photograph of wearable autonomous sensing platform with iontophoresis electrodes to
stimulate sweating (A) as well as mode of operation (B) and block diagram of the integrated platform
operation (C). Reproduced from Emaminejad et al. [54] with permission from National Academy of
Sciences of USA.

(A) (B)

Fig. 11.11: An example of piezo-biosensing skin, where ZnO nanowires were modified with appro-
priate enzymes to allow for self-powered biosensing. Reproduced fromHan et al. [55] with permission
from the American Chemical Society.
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were combined with zinc oxide nanoarrays to realize a piezo-biosensing unit,
where the piezoelectric signal driven by body movement was dependent on the
analyte concentration present in the perspiration. Under applied compressive
force, the piezo-biosensing unit actively output a piezoelectric voltage. As the
enzymatic reactions change the surface carrier density of the zinc oxide nano-
wire, the piezoelectric output upon deformation was changed, proportional to
the analyte concentration.

Besides tattoo-based bioelectronics, the research group of Wang has done exten-
sive work with other flexible bioelectronics devices. His team built a highly flexible
and stretchable carbon nanotube–based biosensor and biofuel cell, integrating an
amperometric glucose sensor and glucose biofuel cell, capable of repeated stretching
by 300% and 180° torsional twisting without any negative impact on device perform-
ance (Fig. 11.12) [56].

Using screen printable stretchable inks, combining the electrical and
mechanical properties of carbon nanotubes with the elastomeric properties of
polyurethane is highly attractive as a material for wearable bioelectronics. A
flexible lactate biosensor was also included with an electrocardiogram sensor
for a combined hybrid sensing system [57]. The group also deployed bioelec-
tronics in textiles. A lactate biofuel cell was integrated with a DC/DC converter
wearable printed circuit board embedded in a textile headband to demonstrate
the flexibility of the design [58]. Recently, the group also designed a carbon
nanotube-silver nanoink–based glucose and lactate biofuel cell on a textile
substrate, generating a maximum power density of 160 and 250 μW cm−2,
respectively [59].

Amperometric sensor

Potentiometric sensor
Biofuel cell

PU

Ecoflex

Contact pad

Free-standing
serpentine
interconnect

Fig. 11.12: Demonstrating the flexibility of wearable bioelectronics, manufactured using printed ink of
carbon nanotubes combined with elastomeric polyurethane binder. Reproduced from Bandodkar
et al. [56] with permission from the American Chemical Society.
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11.2.3 Bioelectronics in saliva

Saliva has received increasing attention as a noninvasive diagnostic tool for inves-
tigating different medical conditions, as well as a tool for monitoring fitness status, for
example, in sports science, being highly attractive due to the ease of sampling and
abundant availability [60-64]. Saliva is excreted by several different glands of varying
size, controlled by the autonomic nervous system, where adults typically secrete 0.5–1
L daily [64]. Besides excretion from the glands, saliva also include gingival
fluid, serum components, bacteria, and other cells. Saliva is mainly composed of
water (94–99%), but also contain many peptides and proteins, lipids, carbohydrates,
and salt and includes the majority of blood disease markers such as antibodies,
interleukins, and neoplasma markers, where the constituents not directly excreted
also enter saliva through the blood via passive diffusion, active transport, or extrac-
ellular ultrafiltration [61, 64] While some studies show good correlation between saliva
and blood concentrations of different analytes, others have shown no correlation,
leading to a certain ambiguity for using saliva, for example, for glucosemonitoring [65-
68]. Saliva is predominantly collected by spitting or a passive drool method, with a
period of fasting prior to collection. However, no uniform collection criteria exists,
despite the significant influence the collection method may have on the composition.
Analysis of saliva is already used in laboratory investigations for, for example, infec-
tious disease diagnosis, autoimmune diseases, and hormonal analysis (using, e.g.,
chromatography or microarrays), and a variety of biosensors as well as biofuel cells
have also been designed that operate in this physiological fluid [44, 62, 68, 69].
However, these have not been wearable devices, but operating in samples extracted
from the mouth. Recently, a few examples of wearable biosensor devices enabling
continuous monitoring have been reported. Using soft materials and nanofabrication
technologies, wearable bioelectronics have been combinedwith low-power electronics
to design miniaturized wireless system intended to continuously operate in saliva,
providing real-time information of the wearer’s health and fitness status.

In 2012 Mannoor et al. developed a biosensor for detection of bacteria in saliva,
which was mounted on tooth enamel (Fig. 11.13) [70]. Graphene was printed onto
water-soluble silk and contacted by interdigitated electrodes, also patterned with an
inductive coil antenna, eliminating the need for onboard power.

The biosensor consisted of antimicrobial peptides on graphene, which selectively
bind to bacteria in saliva. Upon binding of the bacterial target, the electrical conduc-
tivity of the graphene film changes, which was wirelessly monitored using an induc-
tively coupled radio frequency reader. Mounted on a bovine tooth, the biodevice could
detect 100 bacteria cells in 1 μL of human saliva wirelessly over a period of 10 min.

Instead of attaching the sensor system directly on a tooth, the research group of
Wang integrated biosensors into mouth guards [71, 72]. In the first device reported by
the group, lactate oxidase was immobilized on the working electrode, and the three-
electrode system was screen printed onto the mouth guard [71]. Upon addition of
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lactate, the enzyme produces hydrogen peroxide from the conversion of lactate
to pyruvic acid, which is then sensed by the printed Prussian blue transducer
layer. The sensor was investigated in human saliva and the response was linear up
to 1 mMwith a detection limit of 50 μM lactate, giving a stable response for 2 h. In a
similar manner, the group also developed a mouth guard biosensor toward uric
acid, utilizing uricase to produce hydrogen peroxide in the presence of uric acid
(Fig. 11.14) [72]. In addition to the biosensor, a miniaturized potentiostat, a micro-
controller, and a bluetooth low-energy transceiver were incorporated in the mouth
guard. This allowed for real-time wireless monitoring of salivary uric acid, and the
device was tested in human saliva collected by passive drool. Similar to the lactate
biosensor, the urate biosensor gave a linear response up to 1 mM and it was stable
for over 2 h.

(A) (B) (C)

Fig. 11.13: A photograph of the sensor mounted on a tooth (A) along with a schematic drawing
showing the nanosensing architecture (B) and sensing element (C). Reproduced with permission
from Mannoor et al. [70] with permission from Macmillan Publishers Ltd.

Fig. 11.14: A photograph of an electronic mouth guard. Credit: Jacobs School of Engineering, UC San
Diego.
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Another example of a mouth guard biosensor with integrated electronics for real-
time wireless monitoring was recently reported by Arakawa et al. [73]. The device
consisted of typical glucose biosensor constituting a platinum and silver/silver
chloride electrode, with glucose oxidase immobilized on top, on a custom-fitted
monolithic mouth-guard support with a wireless transmitter. The sensor was tested
with a phantom jaw in an open-loop artificial saliva injection system and the results
were wirelessly transmitted to a personal computer, allowing for real-time continu-
ous wirelessmeasurement of glucose in artificial saliva in the range of 0.05–1.00mM.
However, no tests were performed in real human saliva.

While the reported wearable devices operating in saliva show promising results, no
measurements have so far been performed using actually worn devices by human
subjects. To allow for continuous in-mouth use, potential toxicity needs to be considered
and all materials used in the device design must be fully biocompatible. In addition, the
biosensor needs to be highly specific, since active chemicals from food could signifi-
cantly interfere with the signal, as well as detrimentally affect the stability of the
biosensor. The device also needs to be resistant to the mechanical stress resulting from
masticating.

11.2.4 Bioelectronics in urine

The first bioelectronic devices for excreted human physiological fluids were inten-
dend to operate in urine, rather than saliva, sweat, or tears. In all likelihood, this is
because of the large volume of the fluid, which can be easily obtained from an
individual, as well as wide application of this physiological fluid in clinical analysis
already in the second part of the last century [74]. Urine is excreted by an adult
human in the average amount of 1.4 L per day, consisting of water (about 91–96%),
inorganic salts, and organic compounds, including proteins, hormones, and a wide
range of metabolites [75]. Already in the 1970s, oxygen-sensitive enzymatic electro-
des for the detection of uric acid in urine were fabricated and characterized [76].
Later, hydrogen peroxide–sensitive enzymatic electrodes for the detection of glucose
in urine were designed and tested [77]. Since urine glucose assay is subject to severe
interferences due to the low concentration of the bioanalyte, ca. 0.2 mM, specific
membranes were used in biodevice constructions, for example, a cellulose nitrate–
glucose oxidase modified membrane [78]. Despite of the obvious possibility to design
wearable urine biosensors operating in diapers, to the best of our knowledge, such
bioelectronic devices have not been realized yet.

Surprisingly, contrary to biosensors, an example of a wearable biological fuel cell
operating in urine is reported in the literature. Specifically, a self-sufficient system,
powered by a wearable energy generator based on a microbial fuel cell operating in
urine, was designed (Fig. 11.15). Microbial fuel cells made from compliantmaterials were
developed in the frame of a pair of socks, which was fed by urine via a manual gating
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pump [79]. The simple and single-loop cardiovascular fish circulatory systemwasusedas
the inspiration for the design of themanual pump. Themaximum achievable power was
about 110 μW, which was generated when a load of 30 kΩ was connected to 12 biofuel
cells in series. A wireless programmable communication module, engineered to operate
within the range of the generated electricity, was employed, which opens a new avenue
for research in the utilization of waste products from humans for powering portable as
well as wearable electronics.

In fact, many papers have been published by Ieropoulos and colleagues [80–83],
and also by other authors [84, 85], describing different microbial fuel cells operating in
urine, whereas there are only a few reports regarding enzymatic fuel cell performance
in urine [86]. This is because of low concentrations of usual biofuels, such as glucose,
lactate, and ascorbate, in this physiological fluid. Indeed, galvanodynamic perform-
ance measurements in urine showed a significant loss of the maximum power density
of an enzymatic fuel cell compared to the biodevice in 5mM glucose containing buffer,
that is, down to 12% from the initial value of about 100 μW cm−2 [86].

Taken together, the earlier examples illustrate the multifaceted approaches used
by the scientific community, focusing on noninvasive methods, taking stock of the
feasibility and the availability of the various physiological fluids.

Wearable support

Microbial fuel cell

Silicone rubber tubing

Check valve

Insole

Fig. 11.15: Wearable microbial fuel cell: (left) schematic drawing and (right) image of the developed
wearable generator. From UPI (https://www.upi.com/Science_News/2015/12/11/Scientists-unveil-
urine-powered-wearable-energy-generator/7221449853868) with some modifications and addi-
tions; Credit: WE Bristol/Ioannis Ieropoulos.
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11.3 Summary and outlook

As far as “wearability” goes, given that the background bioevent/bioanalyte mon-
itoring is adequately attended to, a number of end user issues and requirements with
regard to convenience and cosmetics can be identified. The use of the device should
be technically undemanding, with a minimum of user intervention, and the device
itself should be unobtrusive. Technically, the device needs to be easy to affix, “wear,”
and remove, and in some applications, devices need to be flexible and transparent. In
addition, devices must be fully self-contained in terms of power and communication.
Regarding cosmetics, the form factor, including physical dimensions, shape, and
color, should be discreetly realized. Most of the cosmetic specifications can be
fulfilled if devices can be miniaturized, but downscaling is challenging from a
technical point of view. None of the designs exemplified earlier have quite managed
to collect all the requirements in a single device, and some have failed spectacularly
regarding cosmetics.

Power management should not rely on external power sources and a major
issue with currently developed wearable biofuel cells is the low-power output.
However, the power output can momentarily be significantly enhanced by
designing so-called hybrid devices, integrating biofuel cells with supercapaci-
tors, where the energy amassed is continuously stored until needed [31, 32].
Achieving a sensor reading every few minutes is sufficient for most applications
to obtain useful information from a wearable device. Depending on the monitor-
ing scenario, the bioanalyte to be monitored and the biofuel needed for the fuel
cell to charge the integrated supercapacitor could be the same compound, for
example, glucose. If the hybrid device is well characterized and well behaved,
the pulse frequency will be related to the bioanalyte concentration. Unless the
reading is trivial, for example, a number or a color change, presented directly
on the device, communication, that is, delivery of complex data, should draw on
one of the wireless protocols currently available. On device data processing is
at present unrealistic, and the heavy lifting, for example, applying AI or signal
deconvolution, should be done externally, using a smartphone or a relaying
device.

Provided that the basic, background biochemistry can be unraveled, that is,
by individually or collectively authenticated bioanalyte concentration corre-
spondences between blood and various physiological fluids, the importance of
wearable bioelectronic devices cannot be overestimated. In fact, by pooling data
from a large number of devices, the correlation models developed to catalogue
blood/physiological fluid interrelationships will be improved constantly, increas-
ing the reliability of the measurements. As for the technical challenges, regarding,
for example, device size, power management, data communication, biocompati-
bility, and operational stability, tremendous improvements the last couple of
decades promise an imminent breakthrough.
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Sergey Shleev, Olga Aleksejeva, Magnus Falk, Zoltan Blum

12 Biodegradable electric power devices

12.1 Introduction

Transient electronics is an emerging technology with a huge potential for different
applications [1–3]. The key attribute of transient electronics is an ability to dissipate
in an orderly manner after a period of stable operation [4]. Potential applications of
biodegradable semiconductor devices include environmental friendly sensors, hard-
ware-secure memory modules, and temporary biomedical implants [5]. In the design
of transient electronics, requirements include biodegradability, biocompatibility,
and that hardware components are environmentally benign in the broadest possible
sense [6]. Although the transient concept has only been actively developed in a few
years, this unique semiconductor technology is believed to find more opportunities
in the fast development of advanced electronics. Perhaps stating the obvious, semi-
conductor devices need to be electrically powered, and thus, the electric power
supplies used for transient electronics should be biocompatible, biodegradable,
and also environmental friendly. Prior to the description of the state of the art of
biodegradable electrochemical cells, the objective of this chapter, a brief account of
biodegradable electric power supplies from a general viewpoint, including a possible
classification protocol, is called for.

Biodegradable power supplies are essential components of transient electronics
(Fig. 12.1). In spite of the short time dedicated to the development of these, several
demonstrated strategies, including degradable radio frequency power transfer mod-
ules [7], silicon-based photovoltaics [4], harvesters of mechanical energy [8], and
electrochemical cells (vide infra), have been implemented.

Electrochemical cells are devices that supply electric energy using electro-
chemical reactions occurring at two different electrodes, one positive and one
negative electrode. Simplistically, electrochemical cells as electric power supplies
can be divided into three major groups, viz. fuel cells, batteries, and electrochem-
ical capacitors. Fuel cells and batteries are devices that convert chemical energy
directly into electric energy, that is, they generate electric power, whereas capaci-
tors and modern accumulators (i.e., secondary batteries) are rechargeable devices,
and, perhaps yet again stating the obvious, neither electrochemical capacitors nor
accumulators produce electric power by themselves and hence need to be exter-
nally charged. The major difference between fuel cells and batteries is that the
former are open systems and will work as long as the fuel and oxidant supply is
maintained, whereas the latter are closed systems and need to be replenished,
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when fuels/oxidants are consumed. Hybrid devices do exist as well, for example,
commercially available Zn/Air batteries, in which one electrode represents a pri-
mary battery anode, whereas the cathode is an air-breathing electrode of a fuel cell
(Fig. 12.2). Biodegradable, or at least transient, prototypes of fuel cells, batteries,
and electrochemical capacitors have all been reported in the literature, as exem-
plified later.

12.2 Biodegradable electrochemical cells

Following the classification given earlier of electrochemical cells as electric
power supplies, the development of biodegradable fuel cells, batteries, and
capacitors is discussed in chronological order. However, prior to that, a brief
description of transient materials versus truly biodegradable materials is
provided.

In broad terms, biodegradable materials can be disintegrated by biological
means, while in a strict sense a biodegradable material is (can be) consumed by
bacteria or fungi. Some dielectric materials, such as silicon dioxide and silicon
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Fig. 12.1: An overview of transient electronics: materials and devices (according to Fu et al. [6]. with
some additions and changes).
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nitride, have been found to be biodegradable [2], whereas metallic films of, for
example, magnesium, zinc, iron, and molybdenum can all be degraded in complex
biochemical and aqueous inorganic processes [2]. Thus, metals are not biodegrad-
able in the strict sense, at least not all of them, but rather transient. Moreover,
traditional materials used in power sources, such as heavy metals, strong electro-
lytes, precious metal catalysts, and synthetic polymers, are typically nondegrad-
able, nonbiocompatible, and often directly or indirectly toxic. Nonetheless, in spite
of the complex features of biodegradation, research into the development of bio-
degradable materials for electronics has attracted a great deal of attention in recent
years [9–11]. Early attempts were focused on organic materials including natural or
synthetic biodegradable polymers, and partially degradable devices have been
realized. For example, organic bioelectronics have been used to develop disposable
(biodegradable) electronics [12, 13] for food packaging [4] or applications based on
single-use appliances [14]. So far, the demonstrated transient devices are mostly
associated with nonbiogenic degradation in aqueous solution, and thus, the devi-
ces are not necessarily fully biodegradable [6]. If the efforts are met with success,
introducing biodegradable power sources to consumer electronics or environmen-
tal monitors is expected to greatly alleviate landfill and environmental issues
caused by electronic waste [15]. In addition, a fully biodegradable power source
has the advantage of eliminating potential retention of materials in in vivo
applications.

In the development of biodegradable power sources, using biodegradable
organic materials in the device design is particularly promising. Various organic
materials, including different compounds of natural origin, with applications in
electronics are biodegradable, safe, and nontoxic [1, 10, 11, 13]. When such materials
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are used in the design of a variety of power sources, fully biodegradable and even
biocompatible/biometabolizable electronics may be realized. Numerous biogenous
materials have been identified as suitable substrates for the production of organic
electronics. Such materials sustain several functionalities of critical importance for
biomedical applications: low cost, nontoxicity, biodegradability, and often biocom-
patibility and bioresorbability. Biodegradable polymers have been extensively
studied and are excellent substrate materials, for example, polylactic–glycolic acid,
a copolymer of polylactic acid and polyglycolic acid, polycaprolactone, silk fibroin,
rice paper, poly(1,8-octanediol-co-citrate), cellulose nanofibril paper, and many
more [10].

The usability of different protein-based materials has recently been exten-
sively reviewed [4]. For example, silk, being a fully biodegradable polypeptide
polymer, consisting of two main proteins, fibroin and sericin, has been incorpo-
rated in electronics [4]. Gelatin is another example of a fully biocompatible and
biodegradable protein-based material used in the design of, for example, edible
energy storage devices (vide infra). Aside from protein-based polymers, poly-
saccharides, such as chitosan and dextran, can also be used as biocompatible
substrate materials [16], and chitosan in particular has been extensively inves-
tigated as a novel material for applications in energy storage and conversion
devices [17]. The natural material that has attracted the most attention in recent
years is paper based on plant-derived cellulose, with the added benefits of being
inexpensive, lightweight, flexible, and environmental friendly. Recent advance-
ments have seen the development of numerous biogenic paper materials, such
as graphene paper, carbon microfiber paper, carbon nanotube paper, and com-
posite paper, incorporating conductive polymers, forming a conductive paper
material [14, 18, 19].

Incorporation of conductive polymers, such as polypyrrole or polyaniline,
into the active materials of different energy storage and conversion devices has
now found widespread use [16, 20] However, conducting polymers are typically
not biodegradable, but different strategies have been developed to improve
their ability to biodegrade [9]. By designing composite materials, where con-
ductive polymers are combined with some natural degradable polymer, such as
polylactic acid, chitosan, or paper, the amount of nonbiodegradable conduc-
tive polymer can be minimized, where the issue is to still maintain a high
conductivity of the material. In addition to conductive polymers, a variety of
different carbon materials, such as graphenic fillers and carbon nanotubes,
have been used to improve and tune the electrical conductivity and mechanical
properties of biodegradable/biocompatible polymers [21]. Carbon materials
have also found widespread applications in different energy storage and con-
version devices on their own [22–24]. However, biodegradation of carbon nano-
tubes and graphene is only feasible under certain conditions, catalyzed by
some peroxidases [25–28].
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The synthesis of exhaustively degradable electrical materials has still not been
realized, and current energy storage and conversion systems are typically not fully
biodegradable. Significant research efforts have recently been directed toward the
development of intrinsically biodegradable materials for electrochemical cells, such
as batteries, supercapacitors, and fuel cells.

12.2.1 Biodegradable fuel cells

Ordinarily, fuel cells require catalysts based on transition metals, such as platinum,
rhodium, ruthenium, palladium, gold, and silver, or nickel and chromium, as well as
alloy-derived materials, such as Raney nickel, and employ nonbiodegradable sepa-
rators. In contrast, a biofuel cell is a special type of fuel cell, which instead of the
typical metal-based catalysts utilizes biodegradable biological catalysts, such as
enzymes, organelles, or even whole living cells, to convert chemical energy into
electric energy. Biofuel cells have been identified as appropriate wearable and
implantable energy sources [29, 30].

Taking into account that catalysts, fuels, and products are biodegradable, the
inherent environmental impact of biofuel cells compared to fuel cells is significantly
reduced, making biological fuel cells particularly interesting when trying to design
exhaustively biodegradable devices. The downsides of using biofuel cells as energy
harvesting devices are the rather low power output, at best about a mW cm−2, and the
limited operational stability [31]. While biofuel cells can be considered green in terms
of their contribution to renewable energy, most devices still employ polymeric
membranes, potentially toxic redox species, and/or nonbiodegradable carbon mate-
rials as the core parts, rendering the devices as a whole nonbiodegradable and will
thus contribute toward anthropogenic waste. Recently, however, nonconventional
biodegradable materials have been successfully applied in a variety of different fuel
cell designs.

Fuel cells based on paper, an eco-friendly and cost-effective material, have
recently attracted considerable research interest. Reported devices, while potentially
disposable, are only to varying extents biodegradable (for example, still employing
nonbiodegradable packaging material or the conductivity of the electrode material
rely on a nonbiodegradable material). Three different examples of recently reported
paper-based fuel cells are shown in Fig. 12.3.

Sabaté and coworkers reported on a PMMA encased “single-use fuel cell,”with a
hydrogen generator based on amagnesium–iron alloy and an alkaline fuel cell, using
a paper strip blotted with liquid electrolyte as separator; the fuel cell consumed the
alloy-generated hydrogen to produce electrical power (Fig. 12.3A) [32]. The device
produced a maximum power of ca. 103 mW cm−2, enough to sustain a variety of
portable applications. The same group has also reported on several different paper-
based enzymatic fuel cells, utilizing redox polymers and carbon nanotubes to
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electrically connect the enzymes to the electrode surface [35]. The research group of
Choi has done extensive work on different paper-based biofuel cells, both microbial-
and enzyme-based biodevices, with the goal of designing disposable power sources
[33, 36–39]. In a recent study, the group reported on a printed foldable paper-based
microbial fuel cell, integrating the anode, reservoir, cation-exchangemembrane, and
air cathode into one device (Fig. 12.3B). The paper was modified with a graphite-
polymer composite (using PTFE) and graphite ink with activated carbon (AC) to
create the anode, combined with a hydrophobic wax-based membrane and an air
cathode. The device delivered a maximum power output of about 140 µW cm−2.
Another recent example of a single-component paper-based microbial fuel cell,
fabricated by screen printing a conductive ink onto a single sheet of paper, was
recently reported by Chouler et al. (Fig. 12.3C) [39]. The conductive ink, that is, a
suspension of carbon nanotubes, graphite powder, and cellulose, was modified with
chitosan to enhance biofilm formation. This allowed a low production cost for the
device; however, the power output was well below µW cm−2.

9 mm

60 mm

External load

Anode

Reservoir Anode

Air cathode(B)(A)

(C)

PEM

Cathode

Bacteria
CO2

H2O

O2

H+

Substrate

e–e–

e–

3 mm

Fig. 12.3: Examples of paper-based fuel cells. (A) A single-use disposable paper hydrogen fuel
cell, encased in PMMA. (B) A foldable screen-printed paper-based microbial fuel cell. (C)
Principle of operation along with a photo of a printed microbial on filter paper. Reprinted with
permission from Esquivel et al. [32], González-Guerrero et al. [33], and Chouler et al. [39],
respectively.

242 Sergey Shleev, Olga Aleksejeva, Magnus Falk, Zoltan Blum

 EBSCOhost - printed on 2/14/2023 1:07 PM via . All use subject to https://www.ebsco.com/terms-of-use



While the design of the aforementioned devices was focused on making dis-
posable devices, the biodegradability was not investigated per se. Ieropoulos and
coworkers recently designed a microbial fuel cell based on biodegradable materials
and also investigated the degradation of the device (Fig. 12.4) [40] Natural rubber
was used as a substitute to a conventional membrane, combined with, for example,
paper, gelatin, polylactic acid, and lanolin, which are all biodegradable. The
materials were verified to be biodegradable by investigating the degradation
when placed in the ground, as shown in Fig 12.4A–C. Carbon was used as the
conductive element for both electrodes, using carbon veil for the anode and con-
ductive paint with graphite powder for the cathode. The microbial fuel cell was
assembled into a stack (Fig. 12.4D) and reached a maximum power density of about
4 µW cm−2.

When designing fuel cells using sustainable materials, and thus excluding platinum
catalysts and potentially toxic redox species, the device performance will be compro-
mised, at least to some extent. In addition, the power output of reported disposable
biofuel cells is several orders of magnitude lower when compared with a conventional
fuel cell, typically delivering power far belowmW cm−2, at an output voltage too low to
drive a useful application and needing several devices in series to reach sufficient
voltage. While potentially green and environmental friendly, all of the described
devices contained at least some materials that will not biodegrade, such as certain
types of conductive polymers, or conductivematerialsmade up of carbon nanotubes or
graphite, redox mediators, including redox polymers, and/or nonbiodegradable poly-
mers, such as PMMA or PTFE. Significant research efforts are currently being devoted
toward developing disposable energy sources, where the use of biological catalysts to
design fuel cells, combined with new biodegradable conductive materials, presents an
exciting opportunity to make green energy harvesting devices, for example, for wear-
able applications, where the energy source after use then simply could be thrown
away. However, the performance of the devices reported so far is inadequate for any
practically useful application, and significant improvements are called for.

(A) (B) (C) (D)(D)

Fig. 12.4: Biodegradable microbial fuel cell. Biodegradation of egg-based cathode on natural rubber
(A) before composting, (B) after 2months, and (C) after four months. (D) Assembledmicrobial fuel cell
stack. Reprinted with permission from Winfield et al. [40].
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12.2.2 Biodegradable batteries

As mentioned earlier, batteries are closed systems, which do not produce electric
energy, when fuels and/or oxidants are consumed. Thus, the electrochemical corro-
sion of materials within physiological medium found its logical application in bio-
degradable batteries, utilizing the energy released from metallic corrosion reactions.
However, parasitic corrosion, which may discharge a battery prior to the intended
use, as well as chemistries of all the components should be taken into consideration
in design of a biodegradable energy source with a stable shelf life [41–43].

Taking into consideration a US patent application with the priority date 15 July
2011, it is reasonable to assume that the very first fully biodegradable battery was
realized by the Tyco Healthcare Group LP, USA. According to the applicants, the title
biodegradable battery includes an anode and a cathode, both having an inner surface
and an outer surface, wherein electrochemical oxidation of the anode material and
electrochemical reduction of the cathodic material results in the formation of two
reaction products that are essentially nontoxic and wherein the cathode material
carries a larger standard potential than the anode material. However, it should be
emphasized that despite this patent application some partly degradable devices were
known much earlier. For instance, a gastric-fluid-utilizing microbattery based on
biocompatible materials including a Zn anode, which completely dissolves during
the generation of electricity (Fig. 12.5), is known since 2008 [44].

In 2013 Kim et al. presented a sodium-ion electrochemical cell using anode/cathode
materials composed of AC and λ-manganese oxide (λ-MnO2), respectively, on a con-
ductive polymer film. The device was capable to realize an energy density of 0.3Wh
kg−1, with a specific capacity of 9.7 mAh g−1 upon galvanostatic discharge [45].
Subsequently, the same research group demonstrated a sodium ion cell with improved
performance composed of natural melanin anodes and λ-MnO2 cathodes, which
exhibited an initial potential of 1.03 V with a maximum specific capacity of 16.1 mAh
g−1 [45]. In both studies, the setups had a footprint in the 20–30mm2 range and the

(+) Pt on glass

(–) Zn

10 mm Fig. 12.5: A photo of gastric-fluid-utilizing
microbattery prototype.
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mechanism of biodegradation was not clearly explained. In 2014 Yin et al. reported
water-activated primary batteries based on biodegradable metal foils [5]. These non-
rechargeable devices have low output voltages (0.4 V for a single cell) and large
dimensions (3 × 2 × 1.3 cm3) for arrays of cells. Also in 2014, Tsang et al. presented a
series of microelectromechanical systems (MEMS)-enabled biodegradable batteries
composed of biodegradable, polymer-coated Mg anodes, and Fe cathodes in a 0.1M
MgCl2 electrolyte. A microelectromechanical system-enabled poly(glycerol-sebacate)-
coated battery showed a capacity and power delivery capability of up to 0.7mAh and
26 µW, respectively [43]. The mechanism of biodegradation of the device was not
clearly illustrated though.

In 2015, Fu et al. described a rechargeable, flexible device with an output voltage
of 2.8 V [46], but the electrode materials, current collectors, and substrate dissolved
in water within a few seconds/minutes (Fig. 12.6). In the same year, Tsang et al.
introduced a microfabricated polycaprolactone-encapsulated Mg/Fe biodegradable
battery with a footprint of 0.2 cm2 and a total cell volume of less than 0.02 cm3, that is,
the smallest device shown so far. Theminiaturized batterywas capable to produce 30
µW of electric power during 100 h upon galvanostatic discharge in phosphate buffer
saline (gravimetric energy density 694Wh kg−1), which satisfies the lower limit of
IMD power requirements; theoretically, that would be enough to power a low-power
neurostimulator for ca. 4 days [47]. The Mg-based anode was able to nearly com-
pletely dissolve by day 20, though the long-lasting degradation of the Fe cathode was
beyond the time scale of the study [42].

In 2016, Edupuganti et al. replaced the pure Mg anode by a Mg alloy, AZ31, that is,
while keeping the Fe cathode. Introduction of the AZ31 alloy increased the lifetime of the
device, and improved the battery’s capacity (6.41mAh cm−2) and power output (67 µW).
However, the biodegradability profile was not discussed in this study [48]. Jia et al.
introduced a partially biodegradable biobattery using a silk-fibroin polypyrrole film
cathode coupled with bioresorbable AZ31 Mg alloy, in phosphate buffer saline as an
electrolyte. The Mg-air battery exhibited a specific capacity up to 3.9mAh cm−2, provid-
ing a specific energy density of 4.70mWh cm−2. Upon biodegradation of the silk-fibroin
polypyrrole cathode in protease solution, 18 % of the original mass remained [49].

In 2017 Jia et al. demonstrated a biodegradable thin-film magnesium alloy
battery with silk fibroin-choline nitrate polymer electrolyte, encapsulated in silk,
offering a specific capacity of 0.06mAh cm−2. The battery lifetime can be encoded by
varying the amount of silk protection. The enzymatic degradation of the device takes
place over 45 days in the buffered protease solution (Fig. 12.7). However, given the
dimensions of the device, that is, 3.6 × 2.7 × 0.017 cm3, device miniaturization was
clearly not a consideration [50].

To conclude, the design of a biodegradable power source requires several cri-
teria, such as size, biocompatibility, mechanical stability, flexibility, programmable
biodegradation rate, and power output, to be met. Different research groups dedi-
cated significant efforts toward finding solutions on how to match all of the
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aforementioned requirements in a single device. The successful findings are shown,
but practical applications relying on such devices are few and far between.
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Fig. 12.7: Device structure, discharge performance, and biodegradation profile of an encapsulated
Mg thin-film battery. (A) Schematic of an encapsulated battery with a silk pocket. (B) Effect of AZ31
thin-film thickness on the discharge performance of an encapsulated battery at a current density of
10 μA cm−2. (C) In situ OCV changes of an encapsulated battery (AZ31 thickness 500 nm) and with an
additional silk protection layer exposed to air and 1mL of PBS. (D) Photographs demonstrating the
biodegradation profile of an encapsulated battery (device size of 3.6 × 2.7 × 0.017 cm3) in buffered
protease solution at 37 °C. Reprinted with permission from Jia et al. [50].
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12.2.3 Biodegradable supercapacitors

Electrochemical capacitors, often referred to as supercapacitors, can accumulate
electrical energy and deliver it to electrical devices at substantial rates, thus provid-
ing high power densities. Such devices are well suited to deliver back-up energy, to
supply power in pulsed mode, to stabilize the voltage of a battery, as well as to act as
passive components in integrated circuits [51–54]. When designing biodegradable
supercapacitors, especially for in vivo biomedical applications, mechanical compli-
ance, softness, footprint, biocompatibility, and degradability should be taken into
consideration [10, 55].

Conventional “green” supercapacitors typically consist of the active electrodes
(metal oxides, carbonmaterials, and conjugated polymers), electrode support/carrier
substrate (polyimides, polycarbonates or paper), gel electrolyte, charge collectors,
and encapsulation materials [56–60]. The requirement for controlled biodegradabil-
ity sets natural constraints on the choice of materials, and thus, it is a challenging
task to design a fully biodegradable supercapacitor with acceptable electrochemical
characteristics. Reports on natural biodegradable polymers appeared already in the
end of the 1990s [61]. However, it was only in 2006 that Bhat and Kumar presented a
study on high polymer blends of polymethyl methacrylate with cellulose acetate and
cellulose acetate phthalate, where enzyme based biodegradability was examined
[62]. In 2008 the same research group introduced a cellulose acetate-based biode-
gradable polymer electrolyte doped with LiClO4 for supercapacitor applications [63].
The biodegradability of a solid polymer electrolyte in buffer solutions and the electro-
chemical properties of a polypyrrole supercapacitor using this solid polymer electro-
lyte have been tested [63]. Later on, a biodegradable NaCl–agarose gel electrolyte was
tested in flexible supercapacitors. The interconnected agarose matrix provides
mechanical stability to the gel electrolyte as well as a porous network for enhanced
ion transport and mobility [64]. Electrode materials based on composites of biode-
gradable polymers and conjugated polymers and graphene are considered for super-
capacitors; however, properly matching conductivity and biodegradability is
essential [65]. In 2015 Kang et al. introduced thin foils of Mo, Fe, W, or Zn as
biodegradable substrates and silicate spin-on-glass materials as insulating and
encapsulating layers, with applications in transient passive electronic components,
that is, capacitors and inductors [66]. Silk from the silkworm Bombyx Mori has been
used in biomedicine for centuries [67]. Electrode support and encapsulation materi-
als made of biocompatible and biodegradable silk proteins, such as fibroin and
sericin [68, 69], allow encoding of proteolytic degradation rates. In 2016 Wang
et al. reported on an edible supercapacitor that utilizes soft, food-based materials
[70]. The structure involves a relatively thick electrode film (≈120 μm) and a stack-
type structure (Fig. 12.8). In the same year, Kumar et al. reported on melanin-based
flexible supercapacitors [71]. In 2017 Chen et al. demonstrated the design and con-
struction of an all-wood structured asymmetric supercapacitor (which implies two
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different electrodes in the construction of the device) based on an activated wood
carbon anode, wood membrane separator, and MnO2/wood carbon cathode [72]. The
structural features of the all-wood-structured device – desirable thickness (up to
about 1 mm), direct channels with low tortuosity, high electronic, and ionic conduc-
tivity – permitted high areal mass loadings, that is, up to 30mg cm−2 for the anode
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Fig. 12.8: Illustration and materials analysis of the edible supercapacitor. (A) Schematic structure of
an edible supercapacitor. (B) An opened supercapacitor showing the activated charcoal electrode,
seaweed separator, cheese segregation layer and gelatin package. (C) TEM image showing that the
particle size of activated charcoal is about 100 nm. (D) Brunauer–Emmett–Teller test demonstrating
that the surface area of the activated charcoal is about 1,400m2 g−1. (E) The SEM image of a cross-
section of the activated charcoal electrode. (F) The cross-section photograph of the seaweed sepa-
rator showing the multilayer structure. (G) Dissolution test of gelatin in simulated gastric fluid. The
gelatin becomes indistinguishable from water after 2.5 h. (H) Time evolutions of the strains obtained
from experiments and simulations. Reprinted with permission from Wang et al. [70].
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and 75mg cm−2 for the wood carbon/MnO2 composite cathode. The mass loading,
taken together with an energy density of 1.6 mWh cm−2 and a maximum power
density of 24W cm−2, represents the highest mass loading, areal energy/power
densities in all reported MnO2−based supercapacitors (Fig. 12.9).

Recently, Lee et al. have reported materials, design strategies, and applications
of biodegradable microsupercapacitors built using water-soluble (i.e., physically
transient) metal (W, Fe, and Mo) electrodes, a biopolymer, a hydrogel electrolyte
(agarose gel), and a biodegradable poly(lactic-co-glycolic acid) substrate, encapsu-
lated with a polyanhydride [73]. Demonstration experiments illustrated potential
applications of these biodegradable microsupercapacitors as transient sources of
power in the operation of LEDs and as charging capacitors in integrated circuits for
wireless power harvesting (Fig. 12.10).

Very recently, Pal et al. reported a silk protein-based biocompatible and
almost fully biodegradable thin film microsupercapacitor. A photopatternable
biocomposite ink and a protein carrier with the conducting polymer poly(3,4-
ethylenedioxythiophene) polystyrene sulfonate doped with reduced graphene
oxide were used. The electrodes were printed on flexible protein sheets with
an agarose–NaCl gel electrolyte. The average areal capacitance of the devices
averaged to 9.85 mF cm−2 at a current density of 1 A g−1. A micrometer-sized
supercapacitor retained 91% stability after 500 cycles. The cytocompatible
device was mostly composed of proteins and polysaccharides that can be in
vivo resorbed; however, the conductive polymer component was nonbiodegrad-
able [60].

The analysis of supercapacitor materials and devices reported so far indicates
that the design of a fully biodegradable supercapacitor with proper electrochemical
characteristics continues to be a challenge, especially for biomedical applications.

12.3 Summary and outlook

To conclude, it is fairly obvious that the disruptive potential of biodegradable or
transient power sources is yet to be fully realized. Specifically, it appears that the
trade-off between comprehensive biodegradability and appropriate power supplied
is unfavorably biased. Biodegradability implies that unstable components deliber-
ately are chosen and that the control of the onset, rate, and timing of events is
abandoned. Hence, biodegradability more often than not implicates that the intrinsi-
cally available energy is uncontrollably dissipated, making the overall performance
of transient electronics relying on biodegradable power sources unreliable and
unpredictable. It is important to note that lack of control is a general characteristic,
and it befalls all kinds of apparently biodegradable electrochemical cells, fuel cells,
batteries, and supercapacitors. Moreover, in terms of transient electronics, the active
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module, that is, the module that is driven by the power source, also suffers from the
same randomness.

To overcome the issues of the associated randomness, which translates into
insufficient stability and power generation/storage, as well as to resolve the manu-
facturability of biodegradable devices will require a concerted effort of (bio)chem-
istry, engineering, and (bio)materials science, developing new materials, device
designs, and manufacturing processes. However, despite these current limitations
to transient systems, the pursuit of achieving biodegradable power sources offer the
possibility to revolutionize electronics. A biodegradable power supply is an indis-
pensable component to achieve biodegradable electronic systems, which would
alleviate waste issues such as landfill build up and environmental hazards caused
by the waste. Achieving such systems would have a monumental impact on a vast
array of different ubiquitous applications such as wearables, environmental mon-
itoring, active packaging as well as offer bioremediation capabilities, eliminating
potential retention of materials for in vivo use, allowing for benign integration into
life and environment.

With regard to future developments, the best option may well be to distinguish
between the issues that transient electronics aim to correct. The two main areas of
concern, that is, environmental friendly consumer electronics and biomedical appli-
cations, will require distinctly different methodologies. For consumer electronics the
onset problem can be trivially solved since the devise in question is physically
accessible; biocompatibility is not critical; and the success of the biodegradation
process does not depend on exhaustive disintegration of the construction materials,
as long as the ultimate end products are innocuous. Regarding biomedical applica-
tions, especially in the case of implanted devises, onset can at best be delayed, and
the delay time can only be a more or less rough estimate; since the physiological
circumstances are individually settled, the onset delay will vary between individuals.
Biocompatibility is essential; degradation needs to be exhaustive, deposits are not
tolerated, and soluble components need to be nontoxic. Thus, it is highly unlikely
that a common approach will ever succeed; rather the different issues need separate
unique solutions.
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13 Current trends for water treatment
with microbial electrodes

13.1 Introduction

Microbial electrodes are of interest to the electrochemists because the electrode
catalyst is alive, it self-connects to the electrode, it can oxidize or reduce a large
variety of substrates, it is stable in time (thanks to the self-replication), and it is three-
dimensional as the microbes organize as thick catalytic biofilms on the electrode
surface. To the microbiologists, however, these properties may simply be viewed as a
special case of cellular respiration and metabolism. One instinctively relates respi-
ration to the breathing of air; oxygen is indeed the terminal electron acceptor in the
respiratory chain of mitochondria as it is in the metabolism of aerobic bacteria.
Electroactive bacteria, however, directly use solid extracellular electron donors or
acceptors like iron oxides for respiration. With appropriate selective pressure and
conditions, electroactive bacteria develop on solid electrodes and connect their
metabolism to them. Their catalytic properties can then be studied and exploited
by both electrochemists and biotechnologists. One potential application of these
catalytic microbial electrodes is waste treatment coupled to the recovery of electricity
in the so-called microbial fuel cell (MFC) configuration. Nevertheless, several tech-
nological locks have to be lifted before a microbial bioelectrochemical system can be
scaled-up and efficiently implemented in industry. This chapter covers the funda-
mentals of bacteria-electrode electron transfer, and the current approaches under
development for the future applications of microbial bioelectrochemical system to
wastewater treatment and pollution bioremediation.

13.2 Fundamentals of the microbe-electrode
electron transfer

Environmentally ubiquitous microorganisms, from soil, municipal waters, bio-
corroded surfaces, or heavy metal-contaminated environments, can be used as a
living catalyst to produce electrical current, hydrogen, and several added-value
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compounds. Electroactive bacteria hold a great potential to be used in a ple-
thora of microbial electrochemical technologies with different architectures and
characteristics due to their ability to act as catalysts in the conversion of the
chemical energy stored in reduced organic compounds and in oxidized inorganic
species [1].

Currently, more than 90 species of electroactive bacteria have been isolated
from natural environment or in MFC consortia [2]. Most electroactive organisms are
considered as dissimilatory metal-reducing bacteria since they are able to reduce
insoluble metal oxides and high oxidation state metal ions such as Fe (III), Mn (IV),
Cr (VI), U (VI), Tc (VII), Co (III), Mo (VI), Hg (II), and Au (I, III) [3] while performing
their anaerobic respiration. The dissimilatory metal-reducing ability was originally
discovered in bacteria belonging to Geobacter and Shewanella spp [4, 5]. and still to
date Geobacter sulfurreducens PCA and Shewanella oneidensis MR1 are the most
well-characterized dissimilatory metal-reducing bacteria. Because of their ability to
efficiently transfer electrons to the anode of an MFC with high faradaic efficiency,
they became the model organisms for investigating extracellular electron transfer
process in microbial electrochemical technologies. From the extensive studies on
these electroactive model organisms, two general mechanisms for extracellular
electron transfer were identified: direct electron transfer and indirect electron
transfer (Fig. 13.1A).

In direct electron transfer, the bacteria establish a direct contact with insolu-
ble substrates or electrodes via outer membrane c-type cytochromes (c-Cyts) or
through cellular appendages such as pili or nanowires that were shown to be also
associated with c-Cyts. In indirect electron transfer, bacteria use exogenous or
endogenous soluble redox-active compounds as electron shuttles to mediate
electron transfer between surface-exposed proteins and insoluble electron accept-
ors (Fig. 13.1B) [6].

Both mechanisms are linked to the presence of redox-active multiheme c-Cyts that
are key players in extracellular electron transfer process [7]. Multiheme c-Cyts are
involved in the electron transport from the inner membrane, through the periplasmic
space, toward the outer membrane and finally to the extracellular terminal electron
acceptors. Note that the potential of c-type cytochrome can span a large range of almost
1 V from ca. −0.4 V versus standard hydrogen electrode (SHE) for acetate-oxidizing
microbial bioanodes [8] to almost +0.6 V versus SHE inAcidithiobacillus ferrooxidans, a
candidate for microbial cathodes [9].

Thus, multiheme c-Cyts seem remarkably suitable to ensure efficient down-
stream relay and storage of electrons for both reductive and oxidative processes. In
fact, 111 genes coding for c-Cyts are found in G. sulfurreducens PCA and 72 genes
code for proteins with more than two heme groups [10]. From the 42 genes that code
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for c-Cyts in S. oneidensisMR1, 33 have more than one heme group and are known to
participate in the various respiratory pathways of this bacterium, which is linked to
its wide variety of terminal electron acceptors [11].

Among the various proteins involved in the extracellular electron transfer proc-
ess of electroactive bacteria, the cell-surface-exposed cytochromes are those that
play a crucial role in this process being responsible for both direct and indirect
electron transfers [12].

Due to their subcellular localization, at the bacteria–terminal acceptor interface,
these proteins are the last physiological redox relay between the microbial metabo-
lism and the solid metal oxide surfaces or the electrodes.
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Fig. 13.1: General mechanisms for bacteria-electrode interaction. (A) Extracellular electron transfer
mechanisms; (B) schematic representation of the extracellular electron transfer pathways in Gram-
negative (Shewanella and Geobacter) and Gram-positive bacteria (Thermincola potens JR; from Costa
[13]). (C) Representation of the four types of cell-surface proteins (from Costa et al. [14]).
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Bacteria cells have a cellular envelope which often includes peptidoglycan walls,
the outer-membrane, glycoproteins and sometimes and extra surface layer the
s-layer. As a mean to overcome this complex cellular envelope arrangement micro-
organisms have evolved specialized cellular components to ensure the efficiency of
extracellular electron transfer processes. To date, four types of proteins have been
recognized as crucial structures for efficient electron transfer across the cellular
envelope of electroactive bacteria [14] (Fig. 13.1C):
(i) Porin–cytochrome complexes that includes a porin protein embedded in

the outer membrane that bridge the contact between two proteins from
different subcellular localizations, for example, periplasmic MtrA and cell-
surface-exposed MtrC in S. oneidensis. This type of complex can also be
composed by one inserted redox protein, as in the case of Acidithiobacillus
ferrooxidans.

(ii) Cell-surface-exposed cytochromes, which can be attached to the outer mem-
brane by a lipidic tag or loosely bound to the cell surface. Those are the cases of
OmcA from S. oneidensis and the recently discovered TherJR2595 from thermo-
philic Gram-positive bacteria T. potens JR.

(iii) Conductive pili or nanowires that are protein filaments anchored to the
cell and usually decorated with c-Cyts, which were found to play a crucial
role for the efficient electron transfer process in both G. sulfurreducens
and S. oneidensis.

(iv) Other redox proteins, including copper and iron–sulfur proteins that are spread
among Gram-positive and Gram-negative bacteria and even Archaea.

Besides being a transversal feature to most microorganisms that bares an outer
membrane, electroactivity has now being observed in some Gram-positive bac-
teria, Archaea, microalgae, and even fungi [2, 15]. The outer-membrane electro-
activity of these bacteria is the main component of the MFC and related
technologies – not only at the bioanode where organic compounds may be oxi-
dized, but also at the less well-characterized and understood biocathode where
inorganic compounds may be reduced.

13.3 Principle of MFCs for waste water treatment

An MFC is composed of at least one microbial electrode, either a bioanode or a
biocathode, or both biocathode and bioanode. Most conventional MFCs consist
of a biotic anode and an abiotic cathode in two separated compartments filled
with electrolyte medium, separated by ion-exchange membrane or salt bridge
(Fig. 13.2). The electrochemically active biofilm grows on the anode and it is
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able to convert various biodegradable organic substances into electrons, CO2,
and protons [16].

The electrons are then transported to the cathode via the external circuit and
ions are transferred through the ion-exchange membrane. Simultaneously, in the
cathodic chamber, a reduction process occurs. The final electron acceptor can be
oxygen – either dissolved in water or taken directly from air if an air cathode is
used. In those cases, the cathodic compartments are aerobic, while the anodic
chamber should be devoid of any electron acceptors like oxygen to ensure the
transport of the electrons from bacteria to the anode. Dioxygen is not the only
electron acceptor used in a MFC; ferrocyanide and nitrate, for example, can be used
as a cathode electron acceptor.

The main advantages of using MFC instead of typically used activated sludge or
trickling filters are as follows: the production of a useful product or electricity
recovery during the treatment, the lack of energy-consuming aeration (in air-cath-
ode MFC), the lower bacterial biomass production compared to conventional sys-
tems, and also potentially odor control [16]. In addition, the reactions at both the
cathode and the anode can be used for water treatment: anodic oxidation of organic
compounds found in the wastewater from various sources mostly in their reduced
form and cathodic reduction of pollutants such as nitrogen compounds or metals.
Several configurations have been proposed in the literature and are described in the
following section.
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Fig. 13.2: A schematic diagram of a two-chamber MFC with anaerobic anodic chamber and aerobic
cathodic chamber. In this case, the anode and cathode are both colonized by an electroactive biofilm
(biotic), but the cathode can also be abiotic.
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13.4 Cell designs for MFCs and related systems

13.4.1 Two-chambers and single-chamber MFC

Two-chambers cells are the most widely used architecture for MFCs. As mentioned
earlier, it consists of two containers filled with an aqueous electrolyte, separated by
an ion-exchange membrane or a salt bridge.

The biofilm grows on the anode and it oxidizes the organic compounds, which
results in the production of electrons and protons. In most cases, some simple
organic chemicals such as glucose or acetate are used for this purpose. Wastewater
taken directly from contaminated waterbodies may be used as well. The cathodic
compartment is sometimes equipped with an aeration system to provide enough
dissolved oxygen [17].

Typically, ion-exchange membranes are used to separate the anodic and
cathodic compartments, which allow the transport of ions between compart-
ments and prevent the transport of other species. The key parameters for those
membranes are as follows: resistance, price, and proton-exchange capabilities
because significant difference between pH of the two chambers leads to lower
efficiency. In addition, the membrane must not be permeable for other com-
pounds, especially for oxygen as its presence in anodic chamber would limit the
energy production.

The membrane should also have antimicrobial or antiadhesion properties to
prevent (or delay) an adverse biofilm forming on the anodic side of its surface
[18, 19].

The most commonly used cation-exchange membranes are Nafion® [20] and
Ultrex® [21]. Anion-exchange membranes can be also used in MFCs. In this case,
some compounds present in anode chamber, such as carbonates or phosphates
(used as buffers), act like proton carriers [22]. It has been proved that the use of
anion-exchange membranes leads to the smaller difference of pH on the two
sides of membrane. However, anion-exchange membranes might be less selec-
tive and allow for the transfer of electron donor compounds, for example,
acetate [23].

Because of their complex structure, the scaling-up and practical application
of two-chambers MFCs is difficult to perform. Therefore, single-chamber MFCs
have been proposed. They usually consist of only the anodic chamber, which is
linked to the porous cathode exposed to the air, and so oxygen gas may be
captured and used for the reduction. With this system, there is no need for
energy-costly aeration. The cathode can be separated from the electrolyte by a
cation-exchange membrane.

The most typical single-chamber MFC reactor, designed by Park and Zeikus, is in
the shape of cuboid, with a cathode on one of the walls [24]. Another example from
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Liu et al. is a cylindrical reactor with a single air cathode (also of cylindrical shape,
with air flow inside) and eight graphite rod anodes placed around [25].

13.4.2 Sediment MFC and microbial electrochemical snorkel

Sediment MFCs, also known as benthic MFCs, are membraneless MFCs consist-
ing of an anode buried in the sediment and a cathode placed above in overlying
water, usually connected by the external circuit attached to data-measuring
apparatus.

The electricity generation is based on the natural potential difference between
the anoxic sediment and aerobic water above. In this system, the biofilm on the
anode is oxidizing organic matter in sediment and the produced electrons are passed
to the anode, and so the current is generated. The electrons are then transferred to the
cathode and used to reduce dissolved oxygen [26]. Moreover, numerous configura-
tions have been proposed, such as using multiple anodes instead of one or multiple
anode–cathode pairs [27].

As mentioned earlier, MFCs might be used for both energy generation and waste-
water treatment. If the main aim is to produce energy, one must choose the optimum
current and resistance values to achieve the highest power. However, if the role of
MFC is only water purification, it is more beneficial to reach the highest current. This
may be achieved by using a short-circuited system. In such a case, voltage is limited,
and power is decreased. The rate of organic compounds oxidation can however be
more efficient.

In 2011, Bergel and coworkers introduced the concept of the microbial electro-
chemical snorkel [28]. The idea was to introduce the conductive material –
a snorkel electrode – to sediment MFC and allow the development of biofilms at
the sediment level and the water level. In the anaerobic zone, the microbial biofilm
oxidizes the organic matter and transfers the electrons to the snorkel.

The transport of these electrons to the aerobic zone is then facilitated by the
snorkel so they can be used by cathodic biofilms for the reduction process. Similarly
for dual-chamber MFC, the electron acceptor is usually oxygen. The whole concept is
shown in Fig. 13.3.

Both the microbial electrochemical snorkel and the short-circuited MFC showed
better performance in removing chemical oxygen demand than an MFC with applied
resistance. Microbial electrochemical snorkel can be used for bioremediation of crude
oil-contaminatedmarine sediments [29-31] and was also proposed for nitrate removal
[32]; (Cf. Section 13.6.2). A simple technology consisting of carbon felt anode in the
sediment linked to an iron rod in the water column significantly increased the rate of
denitrification. The following section will focus on electrodes and possible electrode
modifications to improve MFCs.
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13.5 Electrode materials, surface modifications,
and biocomposites

Generally, electrodes used in fuel cells should have good electrical conductivity,
chemical and mechanical stability as well as anticorrosion properties, and low cost.
Electrodes that are meant to be covered with the biofilm must additionally have
features such as high surface roughness, strong biocompatibility, and efficient
electron transfer between bacteria and electrode surface. It is possible to modulate
the composition of the electrode to reduce the energy of activation or improve the
biofilm formation onto the electrode. Modulation of the electrode by modifications or
the use of composite is also possible.

13.5.1 Electrode materials

In MFCs at least one electrode reaction is catalyzed by microorganisms that are
supported onto electrodes acting as an electron donor (cathode) or an electron
acceptor (anode). Hence, the electrode materials and its surface properties are the
key factors in the performance and cost of MFCs [33, 34].

The most common cathode materials are based on carbon (graphite, carbon
cloth, carbon paper, etc.) [35]. Improving cathode performance involves modification
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Fig. 13.3: A schematic representation of micro-
bial electrochemical snorkel (from Erable et al.
[28]). Near the surface, dioxygen is reduced by
an electroactive biofilm (in blue); an abiotic
cathodic system may also be used.
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of the electrode with a catalyst that reduces the cathodic reaction activation energy
and increases the reaction rate.

The often chosen catalyst is platinum because it offers high catalytic perform-
ance; however, its availability is limited [36], it is expensive (value in March 2018 >
2,000 € kg−1), its surface can be easily poisoned in the natural conditions, and its
production results in a strong environmental impact [37]. This is why efforts have
been made to lower its amount or to use non-Pt catalysts such as metal oxides
(manganese, rutile oxides, and PbO2) and metal complexes (phthalocyanine and
porphyrin derivatives) [35].

The microbial catalysis mechanism is currently more often studied at the anode
than at the cathode [38, 39]. Therefore, several anode material modification techni-
ques have been investigated to improve the bacteria–electrode interfacial interac-
tions and, thus, to increase MFC performances. Carbon-based materials (graphite,
carbon cloth, carbon paper, carbon felt, reticulated vitreous carbon, and glassy
carbon) are the most used anodes in the MFC studies, although the interest for
metal (stainless steel, platinum, gold, titanium, copper nickel, and silver) and
composite (carbon + metal) materials is increasing [34, 35, 38].

13.5.2 Surface modification

Current and power densities can be considerably enhanced by anode surface mod-
ifications, which can be classified into surface functionalization and thin film coating
[31]. More precisely, modification techniques include surface treatments with phys-
ical or chemical methods, immobilization of conductive and electroactive species,
and depositions of metals or metal seeds [30].

The modification of the electrode materials’ surface roughness and porosity by
thermal treatment enhances the biofilm density and development, probably because
of the addition of hydrophilic functional groups and/or positive charges on the
electrode surface depending on the used gas atmosphere (nitrogen, oxygen, and
ammonia) [38, 40-42].

As recently demonstrated,what really impacts the attachment or current production
of mixed culture anodic biofilms on carbon are rather the changes in surface chemistry
than those in surface roughness (topography) [42]. The introduction of functional groups
containing nitrogen and oxygen aims to improve cell attachment and biofilm growth on
electrode surface [33, 41, 43]. Indeed, surface charge, surface hydrophobicity (wettabil-
ity), and surface affinity are key factors that directly affect the anodic biofilm formation,
its community composition, and thus the current generation in MFCs [44].

Positively charged and hydrophilic surfaces are more selective to microbes (e.g.,
Geobacter sulfurreducens) and more conductive for electroactive biofilm formation
[39, 41, 45]. In the case of electrode surface functionalization with a self-assembled
monolayer, the redox behavior of Geobacter sulfurreducens is strongly dependent on
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the terminal group that directly interacts with outer-membrane c-type cytochrome
redox proteins [41, 44].

For example, the carboxyl-anchoring group provides biocompatible condi-
tions for the outer-membrane c-type cytochrome of Geobacter sulfurreducens,
which facilitate the extracellular electron transfer at the microorganism/electrode
interface[44]. Other anode modification methodologies including oxidation of the
electrode surface by using acid, electrochemical methods, UV/O3 or plasma treat-
ment, incorporation of quinone entities or redox/conductive polymers, and the use
of carbon nanotubes have been successful in increasing the current and power
densities of MFCs [33, 39, 43, 46].

An attractive chemical surface modification method for the anode materials
functionalization is the grafting by reduction of aryl diazonium salts [36].
Phenylboronic acid (targeting sugars on the outer membrane) grafted on MFCs
graphite anodes by electrochemical reduction of aryl diazonium salts allows a faster
connection of electroactive biofilms on the electrodes and leads to higher MFC
performances [47]. A recent study showed that MFCs with pyridine-functionalized
graphite anodes also exhibit faster development and improved performances [48].

In all cases of electrode surface modification, the increase of MFC current and
power is due to a combination of several factors including an enhanced electrical
conductivity, an increased surface area, and an increased biocompatibility of the
electrode surface [49]. Hence, understanding the correlation between electrode per-
formances and its surface chemistry is crucial for controlling the electrode materials
functionalization and then for continuing to improve the MFC performances, espe-
cially for water treatment.

13.5.3 Biocomposite electrodes

A biocomposite electrode, also called electroactive artificial biofilm, is a recent theme
of research. The principle is to associate a material that is not produced by the micro-
organismwith bacteria in a biofilm-like architecture. These exogenous elements can be
polymeric materials, carbon nanomaterials, or proteins that may participate to the
immobilization of bacteria and to extracellular electron transfer reactions [50].

Three different strategies are proposed in the literature for the implementation of
these biocomposite electrodes:
(i) The first strategy involves the growth of bacteria on the electrode surface and the

deposition of the polymer, either silica [51] or polypyrrole [52], on a biofilm to
improve extracellular electrode transfer [52] or to provide a standardized basis for
MFCs [51].

(ii) The second strategy involves the growth of bacteria in the presence of carbon
nanomaterials [53, 54] or mineral nanoparticles [55, 56]. For example, Yong et al.
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took advantage of the reduction of graphene oxide by Shewanella oneidensis to
produce a biocomposite system allowing high current density either at the anode
or at the cathode.

(iii) The last strategy involves either the preparation of the biocomposite from
planktonic bacteria by the immobilization of bacteria in a polymeric matrix
(silica [57, 58] or redox polymers [58, 59]) or the self-assembly of planktonic
bacteria with carbon nanotubes and cytochromes [60, 61].

Biocomposite electrodes allow a rapid analysis of the electroactivity of selected or
engineered bacterial strains, for fundamental purposes, for example, for evaluating
the effect of gene deletion on extracellular electron transfer [61]. They also allow to
find an application in ready-to-use bioelectrodes and biosensors [57].

13.6 Microbial biocathode-catalyzed reaction
of relevance to water treatment

The anode of an MFC can oxidize organic compounds. Electrons are then delivered
through the external circuit to the cathode and to the micro-organisms of cathodic
biofilms. Bioanodes are used to purify water from the organic matter and cathodic
microorganisms can treat inorganic contaminants. Herein, we summarize recent
research in biocathodes for oxygen reduction, nitrate removal, metal recovery, and
hydrogen electrosynthesis.

13.6.1 Oxygen microbial biocathode

To generate a high potential difference, it is necessary to reduce a strong
oxidant. Dioxygen is attractive for that purpose, because it is a strong oxidizer
and is naturally available in large quantities. From the potential values of the
bioanodic oxidation of the organic compounds such as acetate (E0ʹ = −0.38 V vs
SHE at pH 7) and the cathodic reduction of oxygen (E0ʹ = +0.81 V at pH 7), one
can conclude that it is theoretically possible to generate a potential difference of
1.2 V while purifying the wastewater of the organic matter (oxidation of acetate
to carbon dioxide).

However, the kinetics of the reduction of molecular oxygen to water (eq. (13.1)) is
slow on carbon electrodes; its use in MFC technology is therefore dependent on a
catalyst deposited on the electrode to accelerate the reaction rate.

O2 + 2H2O+ 4e− ! 4OH− ðE0′ = +0.81 V vs SHE at pH 7Þ (13:1)
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There are a few possible choices for a good catalyst for the oxygen reduction. One of
them is platinum, which is highly active and is often used a catalyst. There are some
disadvantages of using it though and they have been discussed in Section 13.4.1.

Microorganismshavedevelopedeffective oxidoreductases (enzymes) able to reduce
oxygen and these enzymes can be extracted and used directly as reduction catalysts on
the cathode. However, these oxidoreductases are very sensitive to inhibition and dena-
turation, they often require complex chemical operations to be immobilized on electro-
des, and their lifespan generally does not exceed a few days under operation.

Microbial catalysis is more suitable for long-term production and the micro-
organisms have various mechanisms for reducing oxygen. Unlike platinum, they
are inexpensive, readily available and in addition they are capable of self-regener-
ation thanks to cell division. Biofilms that connect directly or indirectly to the
cathode surface must be capable of using solid inorganic compounds as electron
donors. These features may explain why the majority of biocathode studies have
focused on reducing dioxygen.

The first example of an MFC capable of reducing dioxygen to water consisted of
an abiotic anode and a stainless steel plate as the cathode [37]. A marine aerobic
biofilm covered the cathode and could catalyze the reduction of oxygen. A number of
subsequent reports highlighted a variety of inocula (e.g., marine water, wastewater,
sediments, and pure cultures) and methods used to establish a cathodic biofilm that
implies a diversity of communities and mechanisms.

Different methods have been described for designing an aerobic biocathode:
(i) Developing a biocathode on electrodes left at open circuit or connected to an

anode with high resistance (>1 kΩ) [37, 62–66] and relying on the natural ability
of microorganism to exchange electrons and to develop on solids.

(ii) By polarizing the electrode at a potential lower than the open circuit potential.
Currently this method is widely used with inocula from sewage sludge, waste-
water, industrial/agricultural wastes, seawater, sediment, and so on [67–75].

(iii) Polarity reversal of already established bioanodes. An acetate-fed bioanode can
be transformed into aerobic cathodic biofilm after consecutive exhaustion of
acetate and supply of dioxygen. The biomass can be developed during anodic
phase and the cathodic phase allows a better control of pH, which helps retaining
the MFC performance during long-term operation [76, 77].

The cathode is usually the electrode that limits the overall performance of many
MFCs and represents a significant portion of the total costs [78]. To improve aerobic
biocathodes, it is necessary to develop the interactions between air (oxygen and gas
diffusion), water (proton diffusion to biofilm and species enabling development of a
cathodic biofilm), and solid (material of electrode permitting the establishment of a
biofilm and power recovery) [78–83].

Studies on these three interactions with the biofilm led to the production of
different aerobic biocathode devices [84]. These different inocula, methods, and
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devices can explain why a wide range of microbial groups has been isolated from the
cathode biofilms. These biocathodes have various onset potentials (Eonset) for the
oxygen reduction ranging from −0.05 V to +0.6 vs SHE. The highest onset potential
found for oxygen reduction by a biocathode is around +0.6 V [65]. The biofilm was
obtained from sediment as the source of bacteria and the biocathode was connected
to an abiotic anode oxidizing ferrocyanide.

A wide range of bacterial species belonging to the Alphaproteobacteria,
Betaproteobacteria, Gammaproteobacteria, Bacteroidetes, and other less well-
known taxonomic classes have been identified as dominant in mixed-community
aerobic biocathodes [85]. The high diversity of bacteria isolated on biocathodes does
not allow the identification of model organisms. Without model organisms, in-depth
studies of the metabolism and mechanisms of electronic transfer taking place in
oxygen biocathode are hardly feasible.

When a pure culture of bacteria is used for the establishment of a cathodic
biofilm [86], the performances obtained aremuch lower than those ofmixed biofilms,
suggesting that the reduction of dioxygen is linked to metabolic and/or physiologic
associations between several microbes in mixed biofilms.

Although associations ofmicrobialmetabolisms are essential in the catalysis of the
reduction of oxygen, they are not yet fully understood. However, the mechanisms of
electron transfer from cathode to bacteria are probably very similar to the mechanisms
of electron transfer from bacteria to an anode, whichwas explained in the first section.

Apart from oxygen reduction, a great value of MFC is the possibility given to the
microorganisms to use many other electron acceptors including nitrogenous species
such as nitrate or metallic species, as discussed in the following sections.

13.6.2 Nitrate microbial biocathode

Since synthetic nitrogen fertilizers are commonly used in agriculture, the rivers and
groundwater are often contaminated with nitrates. This may cause eutrophication and
decreases the water quality. According to European Union regulations, the water
intended for human consumption may contain max. 50mg L−1 of nitrate and 0.5mg
L−1 of nitrite, and satisfy the following condition: [nitrate]/50 + [nitrite]/3 ≤ 1mg L−1 [87].
However, water with >25mg L−1 should already undergo purification [88].

Nitrate removal with the use of MFC is an interesting idea because of its low cost,
no need for power input, possibly high efficiency, and energy-producing ability.
Nitrate can be reduced at the cathode in the anaerobic environment, as shown in
the following reactions:

NO3
− + 2e− + 2H+ ! NO2

− +H2OðE0′ = +0.433V vs SHE at pH 7Þ (13:2)
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NO2
− + e− + 2H+ ! NO+H2OðE0′ = +0.350Vvs SHE at pH 7Þ (13:3)

NOþ e� þ Hþ ! 1=2N2Oþ 1=2H2OðE00 ¼ þ1:175V vs SHE at pH 7Þ (13:4)

1=2N2Oþ e� þ Hþ ! 1=2N2Oþ 1=2H2OðE00 ¼ þ1:355V vs SHE at pH 7Þ (13:5)

In total, 2 moles of nitrate and 10moles of electrons per 1 mole of gas nitrogen (N2) are
used:

2NO3
− + 10e− + 12H+ ! N2 + 6H2O (13:6)

The idea of using a biocathode for denitrification has been first proposed in 1966 [89].
The power production of denitrifyingMFC is lower than in the systemswhere oxygen is
reduced; however, such reactor allows for simultaneous carbon and nitrogen removal.
In addition, since in denitrifying MFCs both cathodic and anodic chambers are anae-
robic, there is no risk of oxygen leaking to the anodic compartment [90, 91].

The denitrification on the biocathode has been also performed in a single-chamber
MFC [90]. Some of the denitrifying bacteria have been recognized and identified as
belonging to Proteobacteria, Actinobacteria, or Bacteroidetes phyla [92, 93]. The experi-
ments with the process of incubation of the denitrifying bacteria on the cathode, prior
to the denitrification, have also been conducted. This might be done either by operat-
ing the MFC without the addition of nitrate while the acclimatization is done and
introducing nitrate afterward [92] or by placing the cathode in the real environment
before using it in bioelectrochemical systems [94].

13.6.3 Metal recovery using microbial electrochemistry

Metals are among the most important raw material in our society. The use of metals is
essential inmany branches of industry, especially in the high-tech industry. In addition,
it is noticeable that the market of some metals is in a monopolistic state, with some
countries controlling almost all the global extraction and production of these specific
metals. Today, the most revealing example of this situation is the case of China, which
controls almost half of arsenic production, two-third of the germanium production, and
the quasi totality of the lanthanides production [95]. In this context, the ability to recover
those metals from wastes is slowly becoming more and more attractive.

Mining industrial water can be used as a source of a raw metal. The use of
microbial-electrochemical technologies appears promising for many reasons like
the possibility to process complex successions of enzymatic reactions (like oxidation
of acetate into carbon dioxide) through bacterial metabolism.

The microbial electrometallurgy is based on the exploitation of microorganisms
metabolism at the anode to provide electrons from organic matter and the reduction
of metal ions present in the liquid medium at the cathode.
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An advantage of the microbial electrometallurgy compared to other methods to
recover raw metals from waters is that this system is efficient even with very low
concentrations of metal ions in the liquid medium.

One specificity of the reduction of metal ions is that their reduction potentials are
very diverse, for example, from E0 = −0.76 V vs SHE for zinc (eq. (13.7)) to E0 = +1.50 V
vs SHE for gold (eq. (13.8)) and can be even higher or lower in case the ion is coupled
with other elements in solution:

Zn2+ + 2e− ! ZnðsÞ E0 = −0.76V vs SHE
� �

(13:7)

Au3+ + 3e− ! AuðsÞ E0 = + 1.50V vs SHE
� �

(13:8)

Hence, the type of microbial reduction will take a configuration based on the
reduction potential of the metal. For instance, for metals ions with high reduction
potential like copper or silver [96, 97], an MFC configuration is used, meaning no
external power source is required and that energy from the metal reduction reaction
can even be recovered.

On the other hand, for metals with low reduction potentials like cadmium or zinc
[98], amicrobial electrolysis cell (MEC) configuration is usedwith the need of a power
source to allow the reduction (Fig. 13.4). It is also noticeable that sometimes inter-
mediaries are needed between the cathode and the bacteria itself for metal reduction,
such as hydrogen peroxide that act as an electron shuttle (Fig. 13.4) [99].

The recovery of metals usingmicrobial electrometallurgy is an interesting field of
research, especially because of the possibility to be applied on the medium with very
low concentrations of metals [99]. Currently, this method is studied for common
metals, like copper or zinc, and highly profitable metals, like uranium or chromium,
but is also promising for other metals recovery like lanthanides that represent high
economical stakes [95].

Electroactive microbial technologies not only allow to treat organic and inor-
ganic pollutants from water but also enable metal recovery. One of the advantages to
these technologies is to produce energy by treating water. The production of energy
can occur by the conversion of the chemical energy of substrates into electrical
energy or by the production of hydrogen. Hydrogen production with microbial
electrochemical systems will be discussed next.

13.6.4 Hydrogen production through biocatalysis in a microbial
electrolysis cell

In a political and social context where developed societies are trying to greatly reduce
any form of waste and increase recycling, the use of wastewaters to produce useful
elements has become an important research field. Nowadays, those wastewaters can
mainly be used to produce two different products: methane and hydrogen.
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Methane is a biogas that can be used for heat or electricity generation, making it
an interesting output product from wastewater treatment. Methane is produced
through the anaerobic metabolism of some microorganisms.

However, it appears that hydrogen is actually more valuable thanmethane when
both molecules are produced from a specific quantity of wastewater [100]. For
example, hydrogen is used as a reactive molecule not only in the petrochemical
fields industry but also in the food industry for fat saturation.

There are other ways to produce hydrogen from wastewaters apart from MEC.
An example is dark fermentation [101], a process based on anaerobic fermentation
of some bacteria like Clostridiacea. Known for many years and already applied in
the production of hydrogen, this process has shown its limit because of a low
hydrogen yields caused by thermodynamically unfavorable reactions [102, 103].
For this reason, the MEC technology is promising for producing hydrogen gas from
wastewaters.

The production of hydrogen through an MEC is based on electroactive bacterial
community fixed on the anode that will oxidize organic water and generate CO2 or
HCO3

− or others catabolic products (depending on the metabolic pathway of the
bacteria), electrons, and protons. Electrons and protons combine at the cathode to
produce dihydrogen (H2) [103].

It is important to note that this reaction needs an external applied voltage.
Indeed, the potentials at which protons can be reduced are E0 = 0V vs SHE at pH= 0
and E0ʹ = −0.414 V vs SHE at pH 7. In the case of acetate, the thermodynamic oxidation
potential is around E0ʹ = −0.300V vs SHE at pH 7 [16].

Microbial
biofilm

Metal
precipitation

Mred

Mred

Mox

Mox

CO2
H2O

Substrate B

Anode Cathode

A

e– e–

Power source or load

H2O2

O2 + 2H+

Fig. 13.4: Representation of metal recovery system using microbial bioelectrochemistry. The reduc-
tion potential of the metal recovered will determine whether this system is an MFC (with a load) or an
MEC (with a power source).
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The reduction potential of protons is more negative than the acetate oxidation
at the same pH, making the reaction thermodynamically unfavorable. To overcome
this, an external potential can be permanently applied to allow the oxidation of
acetate and the reduction of hydrogen to occur by electrolysis at low-energy input
[104].

When acetate is used as organic matter, the reactions at the two electrodes are as
follows:

Anode:

CH3COO− + 2H2O ! HCO3
− + 8e− +8H+ ðE0′ = −0.300V vs SHE at pH 7Þ (13:9)

Cathode:

8e− +8H+ ! 4H2ðE0 =0V vs SHE and E0′ = −0.414V vs SHE at pH 7Þ (13:10)

There is more than one configuration that have been tested to produce hydrogen
through MEC. The most common type of configuration is the two-chambers MEC with
the anodic and catholic cells separated by a membrane (commonly a proton-
exchange membrane) and with the cathode and the anode connected to a power
supply (Fig. 13.5A).

Nonetheless, there are many other configurations that have been tested like a
single-chamber cell-producing hydrogen without any membrane between the anode
and the cathode.

The most interesting configuration for hydrogen production from wastewater is
the continuous flow configuration. In this configuration, a gas-phase cathode is
used, where hydrogen is produced. The absence of proton-exchange membrane
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H2 H2
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+ 8H++ 8e–  8H++ 8e–

Microbial
biofilm

e–e–

Power source Power supply(A) (B)

2

1

Inlet

Outlet

3
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Fig. 13.5: Schematic representations of a common two chambers type configuration MEC to produce
hydrogen (A) and a continuous flow configuration MEC (B). From Kadier et al. [105].

13 Water treatment with microbial electrodes 275

 EBSCOhost - printed on 2/14/2023 1:07 PM via . All use subject to https://www.ebsco.com/terms-of-use



allows to decrease the distance between the two electrodes and hence the internal
resistance.

Thanks to electroactive biofilms onto electrode, it is possible to treat different
water streams while producing high added-value compounds, particularly hydrogen
or metals [106]. This method has the main advantage of being more environmental
friendly than the conventional ones.

13.7 Conclusion

The interest for MFC and all related microbial electrochemical technologies comes
from themany potentials that they offer, not only for treating waste water but also for
recovering energy, metals, and hydrogen. Water treatment is achieved by removing
organics in the waste at the bioanode, and removal of nitrogen species or metal ions
at the biocathode. Research that developed in this field during the last decades has
permitted the identification of many electroactive strains. One can be optimistic for
the future developments in this field of electromicrobiology. While the limitations of
MFCs have been now clearly identified (low and variable conductivity of the waste-
water and relatively low current densities), the possibility offered by the technology
are engaging researchers in exploring new cell configurations and applications while
progressing toward a better fundamental understanding of the complex interaction
of microbes with electrodes for their optimal use. In this context and as discussed in
the chapter, the challenge of mastering and understanding biocathodes, or the
demonstration of efficient electrochemical snorkels for water treatment, represent
an example of current challenges being tackled by the multidisciplinary scientific
community interested in microbial electrochemistry.

References

[1] Kumar, A., Hsu, L.-H.-H., Kavanagh, P., et al. The ins and outs of microorganism–electrode
electron transfer reactions. Nat Rev Chem. 2017, 1, 24.

[2] Koch, C., & Harnisch, F. Is there a specific ecological niche for electroactive microorganisms?
ChemElectroChem. 2016, 3, 1282–1295.

[3] Lloyd, J. R. Microbial reduction of metals and radionuclides. FEMS Microbiol Rev. 2003, 27,
411–425.

[4] Lovley, D., & Phillips, E. Novel mode of microbial energy metabolism: organic carbon
oxidation coupled to dissimilatory reduction of iron or manganese. Appl Environ Microbiol.
1988, 54, 1–15.

[5] Myers, C. R., & Nealson, K. H. Bacterial manganese reduction and growth with manganese
oxide as the sole electron acceptor. Science. 1988, 240, 1319–1321.

[6] Nevin, K. P., & Lovley, D. R. Mechanisms for Fe(III) oxide reduction in sedimentary
environments. Geomicrobiol J. 2002, 19, 141–159.

276 Timothé Philippon et al.

 EBSCOhost - printed on 2/14/2023 1:07 PM via . All use subject to https://www.ebsco.com/terms-of-use



[7] Gralnick, J. A., & Newman, D. K. Extracellular respiration. Mol Microbiol. 2007, 65, 1–11.
[8] Kracke, F., Vassilev, I., & Krömer, J. O. Microbial electron transport and energy conservation –

The foundation for optimizing bioelectrochemical systems. Front Microbiol. 2015, 6, 1–18.
[9] Yarzábal, A., Brasseur, G., Ratouchniak, J., et al. The high-molecular-weight cytochrome c

Cyc2 of Acidithiobacillus ferrooxidans is an outer membrane protein. J Bacteriol. 2002, 184,
313–317.

[10] Methé, B. A., Nelson, K. E., Eisen, J. A., et al. Genome of Geobacter sulfurreducens: metal
reduction in subsurface environments. Science (80-). 2003, 302, 1967–1969.

[11] Shi, L., Chen, B., Wang, Z., et al. Isolation of a high-affinity functional protein complex between
OmcA andMtrC: two outer membrane decaheme c-type cytochromes of Shewanella oneidensis
MR-1. J Bacteriol. 2006, 188, 4705–4714.

[12] Richter, O. M. H., & Ludwig, B. Electron transfer and energy transduction in the terminal part of
the respiratory chain – lessons from bacterial model systems. Biochim Biophys Acta –
Bioenerg. 2009,1787,626–634.

[13] Costa, N. L. Gram positive bacteria do it differently? – Probing the molecular bases for the
efficient extracellular electron transfer performed by Thermincola potens JR. PhD Thesis, ITQB
Universidade Nova de Lisboa, 2017.

[14] Costa, N. L., Clarke, T. A., Philipp, L. A., Gescher, J., Louro, R. O., & Paquete, C. M. Electron
transfer process in microbial electrochemical technologies: the role of cell-surface exposed
conductive proteins. Bioresour Technol. 2018,255,308–317.

[15] Yilmazel, Y. D., Zhu, X., Kim, K. Y., Holmes, D. E., & Logan, B. E. Electrical current generation in
microbial electrolysis cells by hyperthermophilic archaea Ferroglobus placidus and Geoglobus
ahangari. Bioelectrochemistry. 2018, 119, 142–149.

[16] Logan, B.E., Microbial Fuel Cells. John Wiley & Sons, Inc., New York, 2008.
[17] Logan, B. E., & Regan, J. M. Electricity-producing bacterial communities in microbial fuel cells.

Trends Microbiol. 2006, 14, 512–518.
[18] Mook, W. T., Aroua, M. K. T., Chakrabarti, M. H., Noor, I. M., Irfan, M. F., & Low, C. T. J. A review

on the effect of bio-electrodes on denitrification and organic matter removal processes in bio-
electrochemical systems. J Ind Eng Chem. 2013, 19, 1–13.

[19] Leong, J. X., Daud, W. R. W., Ghasemi, M., Liew, K. B., & Ismail, M. Ion exchange membranes as
separators in microbial fuel cells for bioenergy conversion: a comprehensive review. Renew
Sustain Energy Rev. 2013, 28, 575–587.

[20] Pous, N., Puig, S., Dolors Balaguer, M., & Colprim, J. Cathode potential and anode electron
donor evaluation for a suitable treatment of nitrate-contaminated groundwater in
bioelectrochemical systems. Chem Eng J. 2015, 263, 151–159.

[21] Samrat, N., Kaza, K. R., Ruggeri, B., & Tommasi, T. Denitrification of water in a microbial fuel
cell (MFC) using seawater bacteria. Journal of Cleaner Production, 2018, 178, 449–456.

[22] Varcoe, J. R., Atanassov, P., Dekel, D. R., et al. Anion-exchange membranes in electrochemical
energy systems. Energy Environ Sci. 2014, 7, 3135–3191.

[23] Pandit, S., Ghosh, S., Ghangrekar, M. M., & Das, D. Performance of an anion exchange
membrane in association with cathodic parameters in a dual chamber microbial fuel cell. Int J
Hydrogen Energy. 2012, 37, 9383–9392.

[24] Park, D. H., & Zeikus, J. G. Improved fuel cell and electrode designs for producing electricity
from microbial degradation. Biotechnol Bioeng. 2003, 81, 348–355.

[25] Liu, H., Ramnarayanan, R., & Logan, B. E. Production of electricity during wastewater treatment
using a single chamber microbial fuel cell. Environ Sci Technol. 2004, 38, 2281–2285.

[26] Zabihallahpoor, A., Rahimnejad, M., & Talebnia, F. Sediment microbial fuel cells as a new
source of renewable and sustainable energy: present status and future prospects. RSC Adv.
2015, 5, 94171–94183.

13 Water treatment with microbial electrodes 277

 EBSCOhost - printed on 2/14/2023 1:07 PM via . All use subject to https://www.ebsco.com/terms-of-use



[27] Ewing, T.; Thi, P.; Babauta, J. T.; Trong, N.; Heo, D.; Beyenal, H. Scale-up of Sediment Microbial
Fuel Cells. J. Power Sources, 2014, 272, 311–319.

[28] Erable, B., Etcheverry, L., & Bergel, A. From microbial fuel cell (MFC) to microbial
electrochemical snorkel (MES): maximizing chemical oxygen demand (COD) removal from
wastewater. Biofouling. 2011, 27, 319–326.

[29] Bellagamba, M., Cruz Viggi, C., Ademollo, N., Rossetti, S., & Aulenta, F. Electrolysis-driven
bioremediation of crude oil-contaminated marine sediments. N Biotechnol. 2017, 38, 84–90.

[30] Viggi, C. C., Matturro, B., Frascadore, E., et al. Bridging spatially segregated redox zones with a
microbial electrochemical snorkel triggers biogeochemical cycles in oil-contaminated River
Tyne (UK) sediments. Water Res. 2017, 127, 11–21.

[31] Cruz Viggi, C., Presta, E., Bellagamba, M., et al. The “Oil-Spill Snorkel”: an innovative
bioelectrochemical approach to accelerate hydrocarbons biodegradation in marine sediments.
Front Microbiol. 2015, 6, 881.

[32] Yang, Q., Zhao, H., & Liang, H. H. Denitrification of overlyingwater bymicrobial electrochemical
snorkel. Bioresour Technol. 2015, 197, 512–514.

[33] Cornejo, J. A., Lopez, C., Babanova, S., et al. Surfacemodification for enhanced biofilm formation
and electron transport in Shewanella anodes. J Electrochem Soc. 2015, 162, H597–5603.

[34] Guo, K., Prévoteau, A., Patil, S. A., & Rabaey, K. Materials and their surface modification for use
as anode in microbial bioelectrochemical systems. 2017.

[35] Guo, K., Prévoteau, A., Patil, S. A., & Rabaey, K. Engineering electrodes for microbial
electrocatalysis. Curr Opin Biotechnol. 2015, 33, 149–156.

[36] Jones, N. Platinum pollution issue gets measured. Nature News Blog. 2009. doi:10.1038/
news.2009.375

[37] Bergel, A., Féron, D., & Mollica, A. Catalysis of oxygen reduction in PEM fuel cell by seawater
biofilm. Electrochem commun. 2005, 7, 900–904.

[38] Zhou, M., Chi, M., Luo, J., He, H., & Jin, T. An overview of electrode materials in microbial fuel
cells. J Power Sources. 2011, 196, 4427–4435.

[39] Picot, M., Lapinsonnière, L., Rothballer, M., & Barrière, F. Graphite anode surface modification
with controlled reduction of specific aryl diazonium salts for improved microbial fuel cells
power output. Biosens Bioelectron. 2011, 28, 181–188.

[40] Cheng, S., & Logan, B. E. Ammonia treatment of carbon cloth anodes to enhance power
generation of microbial fuel cells. Electrochem commun. 2007, 9, 492–496.

[41] Santoro, C., Babanova, S., Artyushkova, K., et al. Influence of anode surface chemistry on
microbial fuel cell operation. Bioelectrochemistry. 2015, 106, 141–149.

[42] Pierra, M., Golozar, M., Zhang, X., et al. Growth and current production of mixed culture anodic
biofilms remain unaffected by sub-microscale surface roughness. Bioelectrochemistry. 2018,
122, 213–220.

[43] Saito, T., Mehanna, M., Wang, X., et al. Effect of nitrogen addition on the performance of
microbial fuel cell anodes. Bioresour Technol. 2011, 102, 395–398.

[44] Kuzume, A., Zhumaev, U., Li, J., et al. An in situ surface electrochemistry approach towards
whole-cell studies: the structure and reactivity of a Geobacter sulfurreducens submonolayer on
electrified metal/electrolyte interfaces. Phys Chem Chem Phys. 2014, 16, 22229–22236.

[45] Guo, K., Freguia, S., Dennis, P. G., et al. Effects of surface charge and hydrophobicity on anodic
biofilm formation, community composition, and current generation in bioelectrochemical
systems. Environ Sci Technol. 2013, 47, 7563–7570.

[46] Flexer, V., Marque, M., Donose, B. C., Virdis, B., & Keller, J. Plasma treatment of electrodes
significantly enhances the development of anodic electrochemically active biofilms.
Electrochim Acta. 2013, 108, 566–574.

278 Timothé Philippon et al.

 EBSCOhost - printed on 2/14/2023 1:07 PM via . All use subject to https://www.ebsco.com/terms-of-use



[47] Lapinsonnière, L., Picot, M., Poriel, C., & Barrière, F. Phenylboronic acid modified anodes
promote faster biofilm adhesion and increase microbial fuel cell performances.
Electroanalysis. 2013, 25, 601–605.

[48] Smida, H., Lebègue, E., Bergamini, J. F., Barrière, F., & Lagrost, C. Reductive electrografting of
in situ produced diazopyridinium cations: tailoring the interface between carbon electrodes
and electroactive bacterial films. Bioelectrochemistry. 2018, 120, 157–165.

[49] Scott, K., Rimbu, G. A., Katuri, K. P., Prasad, K. K., & Head, I. M. Application of modified carbon
anodes in microbial fuel cells. Process Saf Environ Prot. 2007, 85, 481–488.

[50] Pinck, S., Jorand, F., & Etienne, M. Electrochemistry of biofilms [Internet]. In: Wandelt, K., (Ed.)
Encyclopedia of Interfacial Chemistry: Surface Science and Electrochemistry, 7, 182–189.

[51] Luckarift, H. R., Sizemore, S. R., Roy, J., et al. Standardized microbial fuel cell anodes of silica-
immobilized Shewanella oneidensis. Chem Commun. 2010, 46, 6048.

[52] Yu YY, Chen HL, Yong YC, Kim DH, Song H.Conductive artificial biofilm dramatically enhances
bioelectricity production in Shewanella-inoculated microbial fuel cells. Chem Commun
2011,47,12825–7.

[53] Yong YC, Yu YY, Zhang X, Song H. Highly active bidirectional electron transfer by a self-
assembled electroactive reduced-graphene-oxide-hybridized biofilm. Angew Chemie – Int Ed
2014,53,4480–3.

[54] Zhao C, Wu J, Ding Y, et al. Hybrid Conducting Biofilm with Built-in Bacteria for High-
Performance Microbial Fuel Cells. ChemElectroChem 2015,2,654–8.

[55] Kato S, Hashimoto K, Watanabe K. Microbial interspecies electron transfer via electric currents
through conductive minerals. Proc Natl Acad Sci 2012,109,10042–6.

[56] Nakamura R, Kai F, Okamoto A, Newton GJ, Hashimoto K. Self-constructed electrically
conductive bacterial networks. Angew Chemie - Int Ed 2009,48,508–11.

[57] Estevez-Canales M, Pinto D, Coradin T, Laberty-Robert C, Esteve-Núñez A. Silica immobilization
of Geobacter sulfurreducens for constructing ready-to-use artificial bioelectrodes. Microb
Biotechnol 2018,11,39–49

[58] Ghach W, Etienne M, Urbanova V, Jorand FPA, Walcarius A. Sol–gel based ‘artificial’ biofilm
from Pseudomonas fluorescens using bovine heart cytochrome c as electron mediator.
Electrochem commun 2014,38,71–4.

[59] Vostiar, I., Ferapontova, E., & Electrical, G. L. “Wiring” of viable Gluconobacter oxydans cells
with a flexible osmium-redox polyelectrolyte. Electrochem commun. 2004, 6, 621–626.

[60] Pinck, S., Etienne,M., Dossot,M., & Jorand, F. P. A. A rapid and simple protocol to prepare a living
biocomposite that mimics electroactive biofilms. Bioelectrochemistry. 2017, 118, 131–138.

[61] Pinck, S., Xu, M., Clement, R., Lojou, E., Jorand, F., & Etienne, M. Influence of cytochrome
charge and potential on the cathodic current of electroactive artificial biofilms.
Bioelectrochemistry. 2018, 124, 185–194.

[62] Faimali, M., Chelossi, E., Garaventa, F., Corrà, C., Greco, G., & Mollica, A. Evolution of oxygen
reduction current and biofilm on stainless steels cathodically polarised in natural aerated
seawater. Electrochim Acta. 2008, 54, 148–153.

[63] Dumas, C., Mollica, A., Féron, D., Basseguy, R., Etcheverry, L., & Bergel, A. Checking graphite
and stainless anodes with an experimental model of marine microbial fuel cell. Bioresour
Technol. 2008, 99, 8887–8894.

[64] Commault, A. S., Laczka, O., Siboni, N., et al. Electricity and biomass production in a bacteria-
Chlorella based microbial fuel cell treating wastewater. J Power Sources. 2017, 356, 299–309.

[65] Rothballer, M., Picot, M., Sieper, T., et al. Monophyletic group of unclassified γ-Proteobacteria
dominates in mixed culture biofilm of high-performing oxygen reducing biocathode.
Bioelectrochemistry. 2015, 106, 167–176.

13 Water treatment with microbial electrodes 279

 EBSCOhost - printed on 2/14/2023 1:07 PM via . All use subject to https://www.ebsco.com/terms-of-use



[66] Cournet, A., Bergé, M., Roques, C., Bergel, A., & Délia, M.-L. Electrochemical reduction of
oxygen catalyzed by Pseudomonas aeruginosa. Electrochim Acta. 2010, 55, 4902–4908.

[67] Clauwaert, P., van der Ha, D., Boon, N., et al. Open air biocathode enables effective electricity
generation with microbial fuel cells. Environ Sci Technol. 2007, 41, 7564–7569.

[68] Cha, J., Choi, S., Yu, H., Kim, H., & Kim, C. Directly applicable microbial fuel cells in aeration
tank for wastewater treatment. Bioelectrochemistry. 2010, 78, 72–79.

[69] Rabaey, K., Read, S. T., Clauwaert, P., et al. Cathodic oxygen reduction catalyzed by bacteria in
microbial fuel cells. ISME J. 2008, 2, 519–527.

[70] Aldrovandi, A., Marsili, E., Stante, L., Paganin, P., Tabacchioni, S., & Giordano, A. Sustainable
power production in a membrane-less and mediator-less synthetic wastewater microbial fuel
cell. Bioresour Technol. 2009, 100, 3252–3260.

[71] Renslow, R., Donovan, C., Shim, M., et al. Oxygen reduction kinetics on graphite cathodes in
sediment microbial fuel cells. Phys Chem Chem Phys. 2011, 13, 21573.

[72] Chen, Z., Huang, Y. C., Liang, J. H., Zhao, F., & Zhu, Y. G. A novel sediment microbial fuel cell
with a biocathode in the rice rhizosphere. Bioresour Technol. 2012, 108, 55–59.

[73] Zhang, G., Zhao, Q., Jiao, Y., Wang, K., & Lee D-J, R. N. Biocathodemicrobial fuel cell for efficient
electricity recovery from dairy manure. Biosens Bioelectron. 2012, 31, 537–543.

[74] Strycharz-Glaven, S. M., Glaven, R. H., Wang, Z., Zhou, J., Vora, G. J., & Tender, L. M.
Electrochemical investigation of a microbial solar cell reveals a nonphotosynthetic biocathode
catalyst. Appl Environ Microbiol 2013,79,3933–3942.

[75] Reimers, C. E., Girguis, P., Stecher, H. A., Tender, L. M., Ryckelynck, N., & Whaling, P. Microbial
fuel cell energy from an ocean cold seep. Geobiology. 2006, 4, 123–136.

[76] Cheng, S., Liu, H., & Logan, B. E. Increased performance of single-chamber microbial fuel cells
using an improved cathode structure. Electrochem commun. 2006, 8, 489–494.

[77] Li, W., Sun, J., Hu, Y., Zhang, Y., Deng, F., & Chen, J. Simultaneous pH self-neutralization and
bioelectricity generation in a dual bioelectrode microbial fuel cell under periodic reversion of
polarity. J Power Sources. 2014, 268, 287–293.

[78] Logan, B. E. Scaling up microbial fuel cells and other bioelectrochemical systems. Appl
Biochem Biotechnol. 2010, 85, 1665–1671.

[79] Behera, S. D., Kumari, U., Shankar, R., & Mondal, P. Performance analysis of a double-
chambered microbial fuel cell employing a low-cost sulfonated polystyrene proton exchange
membrane. Ionics (Kiel). 2018, 24, 3573–3590.

[80] Khalid, S., Alvi, F., Fatima, M., et al. Dye degradation and electricity generation using microbial
fuel cell with graphene oxide modified anode. Mater Lett. 2018, 220, 272–276.

[81] Estrada-Arriaga, E. B., Hernández-Romano, J., García-Sánchez, L., et al. Domestic wastewater
treatment and power generation in continuous flow air-cathode stacked microbial fuel cell:
effect of series and parallel configuration. J Environ Manage. 2018, 214, 232–241.

[82] Fan, Y., Hu, H., & Liu, H. Enhanced Coulombic efficiency and power density of air-cathode
microbial fuel cells with an improved cell configuration. J Power Sources. 2007,171,348–354.

[83] Wei, J., Liang, P., & Huang, X. Recent progress in electrodes for microbial fuel cells. Bioresour
Technol. 2011, 102, 9335–9344.

[84] Rimboud, M., Barakat, M., Bergel, A., & Erable, B. Different methods used to form oxygen
reducing biocathodes lead to different biomass quantities, bacterial communities, and
electrochemical kinetics. Bioelectrochemistry. 2017, 116, 24–32.

[85] Milner, E. M., Popescu, D., Curtis, T., Head, I. M., Scott, K., & Yu, E. H. Microbial fuel cells with
highly active aerobic biocathodes. J Power Sources. 2016, 324, 8–16.

[86] Debuy, S., Pecastaings, S., Bergel, A., & Erable, B. Oxygen-reducing biocathodes designed
with pure cultures of microbial strains isolated from seawater biofilms. Int Biodeterior
Biodegradation. 2015, 103, 16–22.

280 Timothé Philippon et al.

 EBSCOhost - printed on 2/14/2023 1:07 PM via . All use subject to https://www.ebsco.com/terms-of-use



[87] The Council of the European Union. Council Directive 98/83/EC of 3 November 1998 on the
quality of water intended for human consumption. Off J Eur Communities. 1998, L330, 32–54.

[88] Piren-Seine, P. Synthèses Pratiques agricoles et nitrates dans les milieux aquatiques. 2011,
[89] Guilbault, G. G. Symposium on bioelectrochemistry of microorganisms. 3. Electrochemical

analysis of enzymatic reactions. Bacteriol Rev. 1966, 30, 94–100.
[90] Lefebvre, O., Al-Mamun, A., & Ng, H. Y. A microbial fuel cell equipped with a biocathode for

organic removal and denitrification. Water Sci Technol. 2008, 58, 881–885.
[91] Zhang, G., Zhang, H., Zhang, C., et al. Simultaneous nitrogen and carbon removal in a single

chamber microbial fuel cell with a rotating biocathode. Process Biochem. 2013, 48, 893–900.
[92] Zhang, Y., & Angelidaki, I. Bioelectrode-based approach for enhancing nitrate and nitrite

removal and electricity generation from eutrophic lakes. Water Res. 2012, 46, 6445–6453.
[93] Zhu, G., Chen, G., Yu, R., Li, H., & Wang, C. Enhanced simultaneous nitrification/denitrification

in the biocathode of a microbial fuel cell fed with cyanobacteria solution. Process Biochem.
2016, 51, 80–88.

[94] Wang, Y., Hu, J., Wang, L., et al. Acclimated sediment microbial fuel cells from a eutrophic lake
for the in situ denitrification process. RSC Adv. 2016, 6, 80079–80085.

[95] Price, J. G. The world is changing. Soc Econ Geol. 2010, 82, 12–14
[96] Ter, H. A., Liu, F., Weijden, R., van Der, Weijma, J., Cjn, B., & Hamelers, H. V. M. Copper recovery

combined with electricity production in a microbial fuel cell. Environ Sci Technol. 2010, 44,
4376–4381.

[97] Choi, C., & Cui, Y. Recovery of silver from wastewater coupled with power generation using a
microbial fuel cell. Bioresour Technol. 2012, 107, 522–525.

[98] Modin, O., Wang, X., Wu, X., Rauch, S., & Fedje, K. K. Bioelectrochemical recovery of Cu, Pb, Cd,
and Zn from dilute solutions. J Hazard Mater. 2012, 235–236, 291–297.

[99] Dominguez-Benetton, X., Varia, J. C., Pozo, G., et al. Metal recovery by microbial electro-
metallurgy. Prog Mater Sci. 2018, 94, 435–461.

[100] Logan, B. E., Peer reviewed: extracting hydrogen and electricity from renewable resources.
Environ Sci Technol. 2004, 38, 160–167.

[101] Angenent, L. T., Karim, K., Al-Dahhan, M. H., Wrenn, B. A., & Domíguez-Espinosa, R. Production
of bioenergy and biochemicals from industrial and agricultural wastewater. Trends Biotechnol.
2004, 22, 477–485.

[102] Drake, H. L., Küsel, K., & Matthies, C. Acetogenic prokaryotes. In: The Prokaryotes: prokaryotic
Physiology and Biochemistry. Springer Berlin Heidelberg 2013, p. 3–60.

[103] Rozendal, R. A. Hydrogen production through biocatalyzed electrolysis. PhD Thesis,
Wageningen University & Research E-depot, Netherlands 2007.

[104] Tartakovsky, B., Manuel, M., Wang, H., & Guiot, S. High rate membrane-less microbial
electrolysis cell for continuous hydrogen production. Int J Hydrogen Energy. 2009, 34,
672–677.

[105] Kadier, A., Simayi, Y., Abdeshahian, P., Azman, N., Chandrasekhar, K., & Kalil, M. A
comprehensive review of microbial electrolysis cells (MEC) reactor designs and configurations
for sustainable hydrogen gas production. Alexandria Eng J 2016, 55, 427–443.

[106] Luo H, Liu G, Zhang R, Bai Y, Fu S, Hou Y. Heavy metal recovery combined with H2 production
from artificial acid mine drainage using the microbial electrolysis cell. J Hazard Mater 2014,
270, 153–9.

13 Water treatment with microbial electrodes 281

 EBSCOhost - printed on 2/14/2023 1:07 PM via . All use subject to https://www.ebsco.com/terms-of-use



 EBSCOhost - printed on 2/14/2023 1:07 PM via . All use subject to https://www.ebsco.com/terms-of-use



Index

β-nicotinamide adenine dinucleotide
(NADH) 16, 66, 82, 83, 108, 150–153, 175,
177, 197

9,10-diphenylanthracene (DPA) 122, 126

alcohol dehydrogenase 151, 175, 190, 222
alcohols oxidation 30–37
alginate 47, 143–161
antibody 134–136, 152, 153, 155, 156, 158–160
Aptamer 84, 96, 108, 114, 116, 154, 178–181

bacteria 11–13, 62, 116, 153, 158, 160, 189, 191,
194, 200, 201, 202, 226, 238, 259–263,
266–269, 271–274

battery 168, 181, 223, 238, 244, 245, 248
Bilirubin oxidase 7, 28, 30, 68, 72, 175, 190,

202, 218
Bioanode 5–7, 9, 10, 13, 16, 170, 172–175,

177–179, 181, 190, 197, 198, 200, 219, 221,
260, 262, 269, 270, 276

Biocathode 7, 9, 10, 12, 17, 30, 62–64, 67, 68,
170, 174, 175, 177–179, 181, 196–198, 200,
219, 262, 269–276

Biocompatibility 1, 2, 3, 13, 17, 46, 47, 51, 132,
144, 213, 216, 230, 237, 240, 245, 248, 253,
266, 268

Biocomposite electrode 268–269
biodegradability 46, 52, 237, 240, 243, 245,

248, 250
Biodegradable fuel cell 238, 241–243
Biodegradable supercapacitor 248–250
Bioelectrocatalysis 2, 7, 62, 66, 181
Biofuel cell 1, 3–13, 17, 61, 64, 148, 150, 159,

160, 168, 189, 213, 216–221, 225, 226, 229,
230, 241, 242, 243

Bioinspired Catalyst 30, 37
Biopolymers 45–51, 144, 250
Biosensors 1, 13–15, 17, 51, 59, 67, 77–79,

81, 83, 92, 125, 130–133, 167–185,
213, 216, 220–223, 226,
228, 269

Biosynthesis 15–16
Bipolar Electrochemistry 101–116, 184
Block copolymers 51–54, 65
Buckypaper 1–18, 148, 153, 197

capacitance 10, 192, 193, 195, 200, 203, 204,
250

Carbon black 2, 12, 30, 61–64, 197, 203
Carbon gel 64, 66–68
Carbon nanotube 1, 26, 61, 108, 132, 148, 174,

177, 181, 192, 200, 223, 225, 240–243, 268,
269

cellobiose dehydrogenase 190
choline oxidase 108
contact lens 6, 14, 214–216, 219

Desalination cell 191, 204–207
direct electron transfer (DET) 17, 59, 60, 62, 63,

66–68, 72, 73, 83, 169, 170, 190, 199, 200,
214, 216, 221, 260, 261

DNA 15, 49, 106, 107, 109, 116, 125, 144, 145,
154, 158, 161

DNA assembly 77–96
DNA computing 161
DNAzyme 86, 88
double-layer 192, 196
drug release 143, 158, 159

electrical double-layer 135, 192, 222
electroactive bacteria 191, 194, 259–262
electroactive biofilm 263, 266, 267, 268, 276
electrochemical immunoassay 86, 87
electrochemiluminescence 106, 113, 115,

121–138, 181–184
Electrode 2, 3, 5–7, 10–15, 17, 23–28, 30,

32–37, 45, 49, 59–64, 66–72, 79, 81–84,
86, 88, 89, 91, 101, 103, 104–107, 109, 110,
112–116, 121–126, 131–134, 143–161, 168,
169, 170, 174, 175, 177, 178, 181–184,
189–196, 198, 200–207, 213, 216, 218–221,
224, 226, 228, 237, 238, 241–243, 245,
248–250, 252, 259–276

electrophoretic flow 111
Electrospinning 45–54
energy storing 192
Enzyme 1–4, 6–10, 13–17, 23–38, 59–70, 72,

73, 84–89, 91, 94, 96, 108, 115, 132, 144,
147, 148, 150–152, 158–161, 167–171,
174–179, 184, 189–191, 195, 197, 213, 214,
218, 222–224, 227, 241, 242, 248, 270

https://doi.org/10.1515/9783110570526-014

 EBSCOhost - printed on 2/14/2023 1:07 PM via . All use subject to https://www.ebsco.com/terms-of-use

https://doi.org/10.1515/9783110570526-014


Epidermal electronic 215
Extracellular electron transfer 260–262, 268,

269

flexible power supply 223
Fluorescence 109–111, 130, 133, 181
Fructose dehydrogenase 63, 190

Gate 87, 107, 150, 151, 179, 180
Glucose 5–7, 9, 10, 11, 13–15, 23, 36, 37, 49, 59,

63, 64, 66–67, 69, 71, 72, 108, 111, 113–115,
148–156, 159, 160, 168, 170–172, 174, 175,
178–185, 190, 194–198, 214–223, 225,
228–230, 264

Glucose dehydrogenase (GDH) 9, 66, 67, 71,
108, 151–153, 155, 156, 172, 174, 181, 182,
184, 190, 196–198

Glucose oxidase (GOx) 10, 14, 15, 62–64, 66,
69, 71, 72, 114, 154, 155, 156, 161, 170, 178,
181, 190, 196, 198, 221, 222, 223, 228

G-quadruplex 78, 82–83, 89, 96

hairpin assembly 78, 92–94
horseradish peroxidase 14, 109, 125, 158
hybridization 15, 78
Hydrogen production 273–276

Implantable biofuel cells 3, 5, 150
Inhibition 4, 131, 174–177, 270
Inorganic electrocatalysts 36–37

Laccase 4, 10, 12, 17, 28, 29, 68, 174, 175, 190,
196, 197, 214

lactate 5, 6, 7, 12, 14, 168, 170, 171, 173, 174,
185, 214, 216, 219, 221–223, 225–227, 229

lactate oxidase 6, 14, 173, 221, 223, 226
logic system 17, 150, 161, 179
luminol 108, 109, 114, 115, 124–126, 132, 133, 181
luminophor 106, 108, 114, 121, 123–132, 134

mediated electron transfer (MET) 2, 13, 14, 59,
60, 62, 72, 73, 148, 169, 170

Mesoporous carbon 2, 62, 64–66, 68–71
Metallophthalocyanine 36
microbe 1, 2, 11, 17, 259–262, 267, 271, 276
microbial electrochemistry 272, 273, 276
microbial electrode 259–276
Microbial fuel cell 12, 189, 191, 201–207, 228,

229, 242, 243, 259

Microorganism 4, 167, 168, 189, 259, 262, 266,
268–271, 274

Molecular electrocatalysts 23–38
Multicopper Enzyme 28

Nanomaterial 37, 61–62, 77, 79, 131–133, 268
Nanostructured carbon-based

electrodes 61–64
Nitrate 228, 245, 263, 265, 269, 271–272

Oxygen reduction 4, 9, 11, 27, 30, 72, 87, 106,
107, 170, 174, 200, 269–271

photobioanode 199, 200
Photocathode 6, 171–174
piezo-biosensing unit 225
Polymer 14, 17, 25, 28–30, 45–47, 51–54,

61–63, 68–72, 111, 114, 143–147, 197, 199,
220, 222, 223, 239–241, 244, 245, 248,
250, 262, 268, 269

polysaccharides 45–51, 240, 250
polyurethane binder 225
Porin-cytochrome complex 262
Porous carbon 2, 59–73
porphyrin complex 36
power density 10, 11, 59, 60, 175, 181, 185, 195,

197, 198, 200, 218, 221, 225, 229, 243, 250
Power supplies 101, 102, 105, 116, 167, 170, 184,

195, 221, 223, 237, 238, 250, 253, 275

Quantum dots (QDs). 130–131

Redox mediator 6, 60, 62, 64, 66, 67, 72, 73,
179, 243

releasing process 143
Resonance energy transfer (RET) 133
rolling circle amplification (RCA) 78, 84–86

Sandwich type assay 135–136
Self-powered biosensor 168, 170, 174, 177, 179,

184, 185
Sensor 1, 11, 13–16, 59, 81, 82, 87, 94, 106, 107,

129, 130, 136, 167, 168, 170, 174–178, 184,
185, 194, 213, 214, 221–223, 225–228, 230,
237

signal amplification 77, 78, 79, 83, 84,
86–88, 91, 92, 95, 96, 114, 131–133, 134,
161

Stem-loop structure 79, 80

284 Index

 EBSCOhost - printed on 2/14/2023 1:07 PM via . All use subject to https://www.ebsco.com/terms-of-use



Supercapacitor 1, 10, 12, 189–207, 213, 214,
219, 220, 230, 241, 248–252

tattoo-based bioelectronic 225
Thrombin 84, 114, 154, 179
Triplex DNA 81–82
Tripropylamine (TPA) 123, 126, 128
Tris(2,2ʹ-bipyridyl)ruthenium (II) 126, 127

uric acid 14, 15, 223, 227, 228

waste water treatment 262–263
Wearable bioelectronic devices 213–230
Wearable biofuel cells 3, 5, 17, 230

Index 285

 EBSCOhost - printed on 2/14/2023 1:07 PM via . All use subject to https://www.ebsco.com/terms-of-use



 EBSCOhost - printed on 2/14/2023 1:07 PM via . All use subject to https://www.ebsco.com/terms-of-use


	Contents
	List of contributors
	1. Buckypapers for bioelectrochemical applications
	2. Molecular electrocatalysts for carbon-based biofuels, H<sub>2</sub> and O<sub>2</sub> activation: an alternative to precious metals and enzymes in fuel cells
	3. Electrospun biomaterials
	4. Porous carbon materials for enzymatic fuel cells
	5. DNA assembly for electrochemical biosensing
	6. Biochemical sensing based on bipolar electrochemistry
	7. Biomaterials for electrochemiluminescence
	8. Signal-activated biomolecular release from alginate-modified electrodes
	9. Self-powered electrochemical biosensors
	10. Supercapacitors in bioelectrochemical systems
	11. Wearable bioelectronic devices
	12. Biodegradable electric power devices
	13. Current trends for water treatment with microbial electrodes
	Index

