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ABSTRACT

Bioelectrocatalysis is an interdisciplinary research field combining biocatalysis and
electrocatalysis via the utilization of materials derived from biological systems as catalysts
to catalyze the redox reactions occurring at an electrode. Bioelectrocatalysis synergistically
couples the merits of both biocatalysis and electrocatalysis. The advantages of biocatalysis
include high activity, high selectivity, wide substrate scope, and mild reaction conditions.
The advantages of electrocatalysis include the possible utilization of renewable electricity
as an electron source and high energy conversion efficiency. These properties are
integrated to achieve selective biosensing, efficient energy conversion, and the production
of diverse products. This review seeks to systematically and comprehensively detail the
fundamentals, analyze the existing problems, summarize the development status and
applications, and look toward to the future development directions of bioelectrocatalysis.
First, the structure, function, and modification of bioelectrocatalysts are discussed. Second,
the essentials of bioelectrocatalytic systems, including electron transfer mechanisms,
electrode materials, and reaction medium, are described. Third, the application of
bioelectrocatalysis in the fields of biosensors, fuel cells, solar cells, catalytic mechanism
studies, and bioelectrosyntheses of high-value chemicals are systematically summarized.

Finally, future developments and a perspective on bioelectrocatalysis are suggested.
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1. INTRODUCTION

1.1. Bioelectrocatalysis and Bioelectrocatalysts

Bioelectrocatalysis is the utilization of materials derived from biological systems as
catalysts to catalyze the redox reactions occurring at the electrode.! Bioelectrocatalysis is
an interdisciplinary research field of biocatalysis and electrocatalysis. The traditional
biocatalysis has the advantages of high activity, high selectivity, mild reaction conditions,
and diverse catalytic functions.> 3 Electrocatalysis achieves the flexible conversion
between chemical energy and electrical energy. Bioelectrocatalysis synergistically
combines the advantages of biocatalysis and electrocatalysis, allowing it to provide an
excellent opportunity for sustainable green chemistry.* As the executor of the catalytic
functions, the bioelectrocatalyst serves as the fundamental working component of the
bioelectrocatalytic system. Oxidoreductases represent a large class of enzymes that account
for nearly 25% of all known proteins. They can catalyze reduction-oxidation reactions and
transport an electron(s) between the two substrates with an enzyme cofactor.> ¢ In recent
decades, an increasing number of studies indicate that the oxidoreductase-catalyzed
reactions can be coupled with the electrode. The electrode can substitute one of the enzyme
substrates and act as either an electron donor or an electron acceptor to support the
oxidation or reduction of the second substrate.*> Accordingly, the isolated oxidoreductases
are the most basic and commonly used bioelectrocatalyst. In addition to isolated
oxidoreductases, organelles (especially mitochondria and chloroplasts), the subcellular
microcompartmentalization structures, can also be employed as bioelectrocatalysts to
catalyze electrochemical reactions. These organelles contain a series of oxidoreductases to

form electron transfer chains, which have electrochemically active species, such as



ubiquinone or cytochrome ¢, that can communicate with the electrode.”!! Some living
microbial cells, which are called electroactive microbial cells, are another type of
bioelectrocatalyst. These electroactive microbes have evolved unique functional structures,
including electrically conductive pili (e-pili) and conductive membrane structures, that
mediate the electrical communication with an electrode and finally accomplish long-

distance electron transfer mechanisms between electrodes and intracellular

oxidoreductases. >0
a
ovate Elecy,
0@ ,(A
MFC EFC
5 Bioelectrocatalysis 5
~
Z ()
MES EES
Microbial Biosensor Enzymatic Biosensor
- po
(7 S
e Electri®
b
(i) Biosensoring (ii) Renewable energy
Fuel Oxidant 7
L& Analyte ie,H, ie, O,

Bioelectrocatalyst “Current

ELECTRODE
Cathode

~ e
4 Bioelectrocatalyst«—|
H'——H0 «

Bioelectrocatalysis

| Substrates
€ Bioslectrocatalyst © - e ¢ -~
posiacocataysy ° v [}« Bioelectrocatalyst
Reaction & ~— Value-added
/‘\ Mechanism [ products
Substrates
Products NH,, H,, C H,
(/i) Mechanistic studies (iv) Electrosynthesis

Figure 1. (a) Schematic representation of the types of bioelectrocatalytic systems. MFC,
microbial fuel cell; EFC, enzymatic fuel cell; MES, microbial electrosynthesis; EES,
enzymatic electrosynthesis. Reprinted with permission from ref. 17 with modification.
Copyright 2020 Elsevier. (b) Schematic overview of different applications of
bioelectrocatalytic systems. Reprinted with permission from ref. 5 with modification.
Copyright 2020 Wiley.



1.2. The Types and Applications of Bioelectrocatalytic Systems

Figure 1a shows that the energy transition of bioelectrocatalytic systems can be (1) the
conversion of chemical energy into electrical energy to generate electricity, or (2) the
utilization of electrical energy to achieve a specific chemical reaction and achieve the
conversion of electrical energy into chemical energy. This energy conversion can be
catalyzed by either isolated oxidoreductases or electroactive microbial cells. The
combination of different energy conversion processes with specific bioelectrocatalysts
yields distinct types of bioelectrocatalytic systems. Specifically, the use of oxidoreductases
or electroactive microbial cells to catalyze the conversion of chemical energy into electrical
energy is the working principle of both enzymatic fuel cells and microbial fuel cells,
respectively. Additionally, the utilization of electrical energy catalyzed by oxidoreductases
and electroactive microbial cells is the foundational basis of electrochemical enzymatic
biosensors, electrochemical microbial biosensors, enzymatic electrosyntheses, and
microbial electrosyntheses.!” Depending on the different types of bioelectrocatalysis
systems mentioned above, the mutual transformation between chemical energy and
electrical energy can be effectively realized and finally implemented for specific functions.
To date, bioelectrocatalysis systems have gained significant attention in four major areas
(Figure 1b): (1) biosensing, (2) renewable bioelectricity production, (3) functional
mechanism studies, and (4) bioelectrosynthesis of valuable chemicals.> 1% 19
Bioelectrocatalysis has been extensively applied in the design and development of
bioelectrochemical sensing technologies. Electrochemical biosensors are characteristically
defined as platforms where a transducer (electrode) contains a bioelectrocatalyst that acts

as the biorecognition element.?’ The transducer is typically covered with a chemically



selective layer. In certain cases, biosensors can act as a kind of fuel cell with a target analyte
as the fuel (self-powered biosensors). Through specific chemical interactions between the
bioelectrocatalyst and the target analyte of interest, related information about the type and
concentration of the target analyte can be obtained by transforming the response into an
electrically detectable signal.?! Both oxidoreductase and electroactive microbial cell
biocatalysts can be used in the construction of biosensors for specific analyte detection and

sensing applications in the fields of medical diagnostics and health monitoring,?> 23

24-26 27,28

chemical testing, environmental monitoring, as well as food and drink analyses.?*:
30 Future work in the development of biocatalyst-based biosensing systems needs to focus
on the optimization of biosensor architectures, specifically in terms of stability, sensitivity,
and reproducibility. Additionally, trends in designing miniature, paper-based, and wearable
biosensing platforms are essential for low-cost mass production, improved analytical
performance, and capabilities for multi-analyte detection. In the case of bioelectrocatalysis
for renewable electricity production, the target fuels are oxidized at the anode, which
results in the generation of an electrical current. Subsequently, the generated current is
utilized to power an external load. Since biofuel cells are critical technologies for the
production of clean and sustainable energy, significant research efforts have been devoted
to design, develop, and enhance these bioelectrochemical platforms, namely with regard to
fundamental knowledge of bioelectrocatalysis and electron transfer mechanisms, selection
of electrode materials, and optimized system designs.’! In studies concerned with the
catalytic mechanisms of oxidoreductases and the electron transfer mechanism of

electroactive microbial cells, initial research studies mainly focused on the use of

amperometry, protein films, and cyclic voltammetry, to investigate the kinetics, inhibition,



thermodynamics, and transport parameters of electrochemically-active enzymes.> 3233 On
a more in-depth, fundamental level, the bioelectrocatalytic measurements can be used to
study the electron transfer mechanism occurring with each substrate of interest as well as
the intramolecular electron transfer pathways of oxidoreductases via the electrochemical
communications between oxidoreductases and electrodes.**3” The preparation of value-
added chemicals, clean biofuels, and degradable materials is the promising application of
bioelectrocatalysis. Currently, bioelectrocatalysis has gained interest in the synthesis of
fine chemicals, desired biofuels, and materials,*® especially, the production of redox co-

factor-dependent CO; reduction,*- 49 N, fixation,3> 4142

as well as the biosynthesis of chiral
products.*** The electrochemical system could use cheap and clean electricity as the
electron source to supply enough reducing equivalents to effectively support the
preparation reaction catalyzed by different types of bioelectrocatalysts. Combined with the
benefits of high activity and high selectivity of bioelectrocatalysts, the area of

bioelectrocatalysis becomes an indispensable approach to modern biomanufacturing.* 6

1.3. The Principal Issue of Bioelectrocatalysis

The four applications mentioned above can be further grouped into two categories: (1)
analysis-oriented applications (biosensors and mechanism study systems) and (2) product-
oriented applications (renewable bioelectricity systems and bioelectrosynthetic systems).
The core issue of both analysis-oriented and product-oriented systems is the electron
transfer efficiency, which plays a fundamental role in the performance of
bioelectrocatalytic system. An efficient electron transfer process is favorable to reduce the
detection limit and improve the sensitivity of biosensors. In the research of catalytic

mechanisms, efficient electron transfer processes are helpful to sensitively capture the



current responses during catalysis, thereby more accurately exploring the catalytic
mechanism. For the product-oriented applications, an efficient electron transfer process is
necessary for the generation of high current and power density in bioelectricity systems
and high space-time yield of bioelectrosynthetic systems. However, the active sites of most
oxidoreductases are buried deep within the protein, which obstructs the electrochemical
contact between the redox enzyme and the electrode surface.*’ For electroactive microbes,
the extracellular electron transfer rates are typically slow as they are limited by the
insulating characteristics of cell membrane layers.*® Although specific bacteria have
developed redox membrane proteins as functional motifs with electron transfer
capabilities, these proteins are relatively embedded in the cell membrane.** Current
research studies to improve electron transfer efficiency in bioelectrocatalytic systems adopt
relative approaches, including (1) the modification of bioelectrocatalysts via either protein
engineering of oxidoreductases or metabolic engineering of electroactive microbial cells,
(2) the development of novel electrode materials and electrode modification methods, and
(3) the design and application of new reaction media.

This review article starts by presenting the structural features of bioelectrocatalysts,
namely, oxidoreductases and electroactive bacterial cells, that promote electron transfer
and the bioelectrocatalyst modifications that further enhance the electron transfer. Next,
we introduce a discussion on electron transfer mechanisms. We then provide a detailed
overview of the technical points in the construction of bioelectrocatalytic systems from the
view of the electrode and reaction medium. Finally, the applications of bioelectrocatalysis
for biosensing purposes, renewable bioelectricity production, mechanistic studies, and

bioelectrosynthesis of valuable chemicals are assessed. By summarizing the current



research progress herein, this review article projects an outlook of the development and
future directions of bioelectrocatalysis based on the different application areas. We expect
this review article to provide engaged readers with relatively general knowledge of

bioelectrocatalysis and a useful reference for future research efforts.

2. THE TYPE AND MODIFICATION OF

BIOELECTROCATALYSTS

The bioelectrocatalyst is the functional component in bioelectrocatalytic systems. The
isolated oxidoreductases and electroactive microbial cells are the two most common and
widely used types of bioelectrocatalysts. With the continuous progress of protein
engineering, metabolic engineering, and synthetic biology, the catalytic properties of
oxidoreductases and electroactive bacteria can be effectively regulated and enhanced to
make them more adaptable for practical use and applications in bioelectrocatalysis systems.

2.1. Oxidoreductases

Oxidoreductases are biological redox proteins that catalyze electron transfer reactions by
reduction or oxidation of substrates.’® In contrast to the conventional redox molecular
catalysts, oxidoreductases are large molecules composed of an insulating protein shell and
small redox cofactor motifs. The structure of the protein shell serves as the biological
recognition element for substrates, which endows the selectivity and specificity of the
enzyme. The redox cofactor motifs are made of metal prosthetics, including heme centers
(Fe), iron-sulfur clusters (Fe-S), copper centers (Cu), and molybdenum centers (Moco), as
well as non-metal prosthetics, including FAD or FMN and pyrroloquinoline quinone

(PQQ). These redox cofactor motifs are the functional core unit of oxidoreductases, which



have the capability of achieving electron transfer with electrode surfaces and often use
electron mediators. Their delicate coordinate sphere is usually buried deep within the
protein to exclude the outside solvent. After electron transfer, the redox equivalents can be
immediately stored into these prosthetic groups.

2.1.1. Heme-containing Oxidoreductases. Heme is a molecule that contains the
porphyrin complex of iron (II)-heme-or iron (III)-hemin as a prosthetic group. It is capable
of forming several reduced and oxidized states. Over a wide potential range, the heme
electrochemical properties (e.g., the formal potential (E”") for its redox conversion between
Fe?* and Fe**) can change depending on the protein environment; for example, the formal
potential changes from —0.27 V vs SHE for horseradish peroxidase to 0.26 V vs SHE for
cytochrome c.>! These heme-containing enzymes have different functions. Namely, they
(1) are capable of either reversibly combining oxygen for transport (hemoglobin) or storing
it in a combined form (myoglobin),’?> (2) participate in electron transfer processes
(cytochrome b and ¢),> (3) catalyze the reduction of oxygen to water (cytochrome ¢
oxidase),>* (4) oxidize different functional groups and realize the activation of C-H bond
by molecular oxygen (monooxygenase P450),% and (5) catalyze the decomposition of
peroxides (catalase and peroxidase).®

2.1.2. Iron-sulfur (Fe-S) Cluster- and Multi-metal Center-containing
Oxidoreductases. Fe-S cluster-containing oxidoreductases are those in which iron atoms
are bound with sulfur-containing ligands. The simplest chemical Fe-S clusters are the
rhombic [2Fe-2S] and the cubane [4Fe-4S] types, which contain iron (Fe?"3") and sulfide
(S*). Fe-S clusters are normally bound with proteins via the coordination of iron ions by

histidine or cysteine residues.’”> 3® The typical Fe-S cluster-containing proteins are



ferredoxin, hydrogenase, and nitrogenase. Ferredoxin is an electron shuttle that transports
electrons between electron donor and electron acceptor proteins (e.g., putidaredoxin
mediated electron transfer between P450cam and putidaredoxin reductase).’® A Fe-S
cluster is present in the active site of ferredoxin. The ferredoxin redox reaction is
represented as Fd(Fe*") + e- = Fd(Fe?").®? Cyclic voltammetric current-potential responses
of ferredoxin isolated from a variety of bacteria have been reported, with E° ranging from
—0.15 to 0.7 V vs SCE, depending on the electrode material.®": %2 In hydrogenase, the
principal function of the Fe-S cluster is to secure the metabolic processes through hydrogen
oxidation. Under certain conditions, hydrogenase is also capable of splitting water to
produce hydrogen.5* %4 In both NiFe and Fe-only hydrogenases, the active sites are deeply
buried under the protein surface. Transport of H'/H, to/from the active sites almost
certainly takes place through specific channels in the protein matrix, and the sites are wired
to the surface for electron exchange with their partner redox proteins by a conduit of Fe-S
cluster.%® Fe-only hydrogenases have one hydrogen-binding cluster and one or multiple
[4Fe-48S] clusters per molecule, whereas NiFe hydrogenase usually have one Ni, one [3Fe-
4S], and one or more [4Fe-4S] clusters per molecule.®® Nitrogenase is an enzyme that is
capable of reducing nitrogen to ammonia and is typically classified by the cofactor. The
most studied nitrogenase is the MoFe nitrogenase, which contains an iron-molybdenum
cofactor (FeMo-cofactor). In addition, there is also iron-vanadium cofactor (VFe)
nitrogenases and iron-iron cofactor (FeFe) nitrogenases. The nitrogenase enzymes are
comprised of two component metalloproteins, a catalytic component (MoFe, VFe, or FeFe
protein) and an electron-transferring ATP-hydrolyzing iron-protein (Fe-protein).’> ¢” The

nitrogenase Fe-protein has one [4Fe-4S] cluster bridged between the two subunits. The



[4Fe-4S] cluster can be stabilized in three core oxidation states, particularly 2+, 1+, and 0,
and hence can act as a two-electron donor.®® The a,B:-tetrameric MoFe-protein contains
two unique clusters per of-subunit pair: (1) the [8Fe-7S] P-cluster located at the af-subunit
interface, and (2) the [Mo-7Fe-9S-X-homocitrate] FeMo-cofactor positioned within the a-
subunit. Nitrogenase catalysis involves a chain of multifaceted formation and dissociation
processes between the MoFe-protein and Fe-protein. In this process, electrons are
sequentially transferred from the [4Fe-4S] cluster of the Fe protein, through the P-cluster,
finally to the FeMo-cofactor of the MoFe protein, where the N> reaction and ammonia
production eventually occurs.®’

2.1.3. Copper-containing Oxidases. Copper is a critical cofactor that is involved in
biological oxidation-reduction reactions and oxygen transport.® The essential role of
copper-containing proteins is associated with the transfer of electrons and oxygen to
catalyze oxidative reactions.”® Based on their spectroscopic features, copper sites can be
divided into three categories to reflect the electronic and geometric structure of the active
site: type 1 (T1) or blue copper, type 2 (T2) or normal copper, and type 3 (T3) or coupled
binuclear copper centers.”! A prominent feature of copper proteins is that they function
almost exclusively in the metabolism of O2 or NOx compounds. Also, copper proteins
usually correlate with oxidizing organic/inorganic radicals.” The E° of the Cu?*/Cu* redox
couple can be modulated by ligand type and coordination geometry and by the extended
amino acid environment compared to the £° value of the Cu**/Cu* redox couple in water
(150 mV vs NHE).” Laccase is another typical copper-containing oxidase that catalyzes
the oxidation of phenols and n-diphenylenediamines. The terminal acceptor of the electrons

is oxygen. The redox potential of the multi-copper active site is intricately linked to the



protein substrate specificity and its ability to oxidize phenolic substrates, which is
thermodynamically driven by the concomitant reduction of molecular oxygen.”

2.1.4. Flavoproteins. The flavin enzymes have a flavin cofactor (e.g., flavin
mononucleotide (FMN) or flavin adenine dinucleotide (FAD)). They perform the role of
electron carriers from the substrate to either other carriers or oxygen. For its molecular
oxygen reactivity, a flavin cofactor is in its reduced form. This electron-rich reduced flavin
can use molecular oxygen as an electron acceptor. Upon one-electron transfer from a
reduced flavin to oxygen, a complex, consisting of a superoxide and the flavin radical, is
formed.” Oxygen activation in these flavin oxidases typically involves the formation of a
(transiently) stable flavin Csa.-oxygen adduct. Depending on the protonation state, this
peroxy species reacts with nucleophilic or electrophilic substrates, thereby splitting the
oxygen-oxygen bond.”® Flavin oxidases catalyze several oxygenation reactions, including
hydroxylation, epoxidations, Baeyer-Villiger oxidations, and sulfoxidation with high
regio- and/or enantio-selectivity.”

2.1.5. PQQ-containing Enzymes. All PQQ-dependent oxidoreductases contain the
bound cofactor PQQ along with or without heme moieties. The cofactor PQQ is
coordinated with the apo-enzyme via Ca®" ions, and electrons are transferred from the
substrate via PQQ to the heme groups and finally to the electron acceptor.”” Moreover,
some of the PQQ-dependent enzymes can transfer electrons directly to solid surfaces’® or

conducting polymers.”

There are two structural categories of PQQ-containing
oxidoreductases. The first category, referred to as quinoproteins, contains only PQQ in the

active site. This category includes glycerol, aldose, and glucose dehydrogenase.®® The

second category containing PQQ and one or more heme groups are known as



quino(hemo)proteins (e.g., fructose dehydrogenase and alcohol dehydrogenase).®! In this
case, electrons from substrates are transferred via PQQ to the heme group and then to the
natural electron acceptor. PQQ is reduced by two electrons at a noticeably higher redox
potential (+90 mV) in comparison with NAD" (-320 mV) or FAD (45 mV).”” A vital
feature of this PQQ structure is the ortho quinone at the C4 and C5 position of the quinolone
ring, which becomes reduced to the quinol during catalysis. The C5 carbonyl in the
oxidized form is highly reactive towards nucleophiles, such as alcohols, ammonia, amines,
cyanide, and amino acids. At pH 7, the midpoint redox potential of the isolated PQQ is
approximately +90 mV, but this value likely changes with environmental conditions in the

PQQ-dependent enzymes.*?

2.2. Electroactive Microbial Cells

For the first time in 1911, Potter demonstrated that bacterial microorganisms have current
producing capabilities, thus introducing the idea of wusing whole cells as
bioelectrocatalysts.®* Consequently, electroactive microbial cells, capable of donating or

accepting electrons, have been employed as bioelectrocatalysts in different microbial

19, 84-87 88, 89

bioelectrochemical systems, such as biosensors for analytical applications,

microbial fuel cells (MFCs) for biomass conversion,*® %09 harvesting electricity

95-97 98-100

schemes, platforms for remediation of pollutants, as well as electrosynthesis for
H> production,!®!- 192 O, and CO; reduction.!?: 1% Due to various advantages, including
good efficiency, high stability, and persistent growth, electroactive microbial cells have
been applied as new-generation biological catalysts. In addition to the aforementioned

oxidoreductases as enzymatic biocatalysts, electroactive microbial cells can act as

alternative bioelectrocatalysts. In principle, bioelectrocatalytic systems utilizing



electroactive microbial cells can be considered a “bag of enzymes.”?!: 1 In contrast to
oxidoreductases, microorganisms can catalyze a broad range of reactions in which the
electroactive microbes act as self-duplicating bioreactors of miniature sizes. Microbial
biocatalysts contain complex metabolic networks; therefore, they catalyze reactions in a
less specific manner relative to isolated oxidoreductases. The use of whole microbial cells
as bioelectrocatalysts offers several benefits over enzyme-based biocatalytic systems.
Namely, microbial cells do not require enzyme purification steps and provide enhanced
stability for biocatalytic platforms. However, these microbial biocatalysts have limitations
in comparison to oxidoreductases, including (1) requirement for a continual supply of
nutrients and energy to support the living cells, (2) lack of specificity, and (3) slower rates
of signal generation. While numerous microorganisms are known to be electrochemically
active in nature, certain microbial cells have developed distinct electron transfer
mechanisms to establish electrical communication with electrode surfaces. Herein, we
present an overview of two well-studied electroactive microorganisms and their unique
electron transfer mechanisms. Additionally, we provide a summary of other
electrochemical microbes with putative conductive filaments, as well as electrode-
microorganism interactions.

2.2.1. Two Representative Electroactive Microbial Cells Geobacter sulfurreducens
and Shewanella oneidensis. The two most intensely studied model electroactive bacteria
are Gram-negative mesophilic Shewanella oneidensis and Geobacter sulfurreducens.
These exoelectrogens achieve direct electron transfer mechanisms through c—type
cytochromes, which are located on the outer cell membranes.!%-!10 This electron transfer

occurs via direct physical contact where bacterial layers form on the electrode surface.



While this electron transfer type has low extracellular potential losses, its rates are limited
due to the nanometer scale of the electron transfer range, and the limited number of
microorganisms that make direct electrochemical contact with the electrode.!!!
Additionally, G. sulfurreducens and S. oneidensis can enable long-distance extracellular
electron transfers via conjugating c—type cytochromes into conductive nanowires and/or
pili.''>116 Several studies have proposed distinct mechanisms for these processes; however,
some remain extremely controversial.!!7-12!

In the case of metal-reducing strain S. oneidensis MR-1, analyses have identified a
porin-cytochrome complex MtrCAB consisting of (1) periplasmic decaheme c—type
cytochrome (MtrA), (2) an outer membrane B-barrel porin (MtrB), and (3) an outer
membrane decaheme c—type cytochrome (MtrC), as the major proteins in the respiratory
metal reduction mechanisms. Located on the outer cell membrane, MtrC protein can donate
electrons over a wide potential range. Electron transport from the periplasm to MtrC occurs
via a transmembrane electron transfer module containing MtrA protein and the
incorporated sheath MtrB protein (Figure 2a). Thus, these proteins form a complex to
perform extracellular electron transfer to metal oxides. The protein arrangement in
complex MtrCAB, which spans approximately 40 A of the outer cell membrane, allows
electron transfer from one side of the lipid bilayer to the other via a 20-hemes chain
between the two cytochromes. While other proteins, including the membrane decaheme c—
type cytochrome OmcA, are also hypothesized to be involved in the metal reduction
process, their roles appear to be minor. A few mechanisms have been suggested to elucidate
the extracellular electron transfer in S. oneidensis, including direct contact of

microorganisms with metal oxides, use of electron shuttles (e.g., flavins, quinones), and



use of conductive nanowires. Indirect electron transfer mechanisms for S. oneidensis have
been proposed as these bacteria species secrete small electroactive molecules, including
flavins, acting as either (1) diffusing mediators between electrodes and cytochromes on the
outer membrane or (2) bound co-factors for the cytochromes,'??-12” that mediate long-range
extracellular electron transfer. Conductive pili-based nanowires have also been associated
with facilitating electron transfer at a long distance in S. oneidensis strains.> 116:128. 129 yet,
additional studies have shown that mutant S. oneidensis strains that lack these conductive
pili are capable of reducing metals comparably to the wild-type strains.!?% 130131 A research
study by Reguera and co-workers examining S. oneidensis pili concluded that the pili are
non-conductive via conducting tip atomic force microscopy.!'? 132 However, a later study
argued that S. oneidensis have conductive pili.'?® More recent studies have demonstrated
that the supposedly conductive S. oneidensis pili were dried extensions of the outer cell
membrane.'!* Therefore, electron transfer mechanisms in respiratory metal reduction by S.
oneidensis appear to result mostly from direct contact between cytochromes on the outer

cell membrane and the solid metal oxides.!33
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Figure 2. Structural features of electron transfer in model electroactive microbial cells and
their interactions with electrode surfaces in bioelectrochemical schemes. (a) The electron
transfer mechanism and conductive membrane structure of S. oneidensis, showing unique
Mtr-pathway and terminal reductases. Quinones (Q) transfer electrons to CymA or TorC,
which pass electrons to MtrCAB or terminal reductases. MtrCAB complex interacts with
electrode surface either via direct contact or flavin molecules. The dashed arrows in
indicate theoretical electron flow direction, whereas the solid arrows indicate
experimentally determined electron flow path. Reprinted with permission from ref. 227.
Copyright 2015 Frontiers. (b) The electron transfer mechanism branched, outer membrane
cytochromes (OMCs) system, and conductive pili structure in G. sulfurreducens. Electrons
are transferred between inner membranes, periplasm and outer membrane, and an electrode
through a cytochrome chain and menaquinones (MQ). Reprinted with permission from ref.
135. Copyright 2019 MDPI. (c) The structure of G. sulfurreducens nanowires with closely
arranged hemes in filamentous OmcS and labeled hemes. The interatomic contact distances
(to the right in (c)) between adjacent porphyrins are 4.1 A or less. Reprinted with
permission from ref. 138. Copyright 2019 Springer Nature.



G. sulfurreducens can also engage in direct extracellular electron transfers via self-
assembly of the c—type cytochromes into conductive pili structures. In G. sulfurreducens,
the electrically conductive microbial nanowires, typically referred to as e-pili, are type IV
pili, which consist of PilA protein. These e-pili connect the inner membrane with an outer
electron acceptor, facilitating direct interspecies electron transfer (Figure 2b).!4 115,134,135
Various other proteins, such as OMCs, might be involved in transporting electrons to an
electron acceptor via type IV pili structures,'*¢ which are critical for efficient extracellular
electron transfer of biofilms.!'? However, the fundamental mechanism of electron transport
is a debated topic (Figure 2¢).!!"” Malvankar and co-workers have proposed a “metallic-
like model,” suggesting that electron transport occurs through stacked z-orbitals of
aromatic amino acids.!!® 137 The overlapping z-7 aromatics, which are packed 3—4 A,
are a structural motif of the conductive type IV pili that facilitate long-range electron
transport.'!> 116 137 However, Wang et al. demonstrated that the G. sulfurreducens
conductive filaments, composed of a micrometer-long polymerized chain of hexaheme
cytochrome OmcS, are responsible for long-distance electron transport instead of PilA e-
pili.!3? PilA protein facilitates the secretion of OmcS outside of the cells. The inter-subunit
coordination, along with parallel stacking of heme OmcS pairs, promote stability of the
protein-protein interface. Additionally, the study by Wang et al. showed closely stacked
(<4-6 A) hemes to continuously promote electron transfer between OmcS monomers.
However, this conclusion was challenged by reports from Lovley and co-workers,!> 13
claiming the perspective that PilA e-pili are the structural motif responsible for long-range

electron transport because of several reasons. First, the long-range electron transport

mechanism requires the formation of a thick electroconductive biofilm. A research study



demonstrated that the removal of the omcS gene had no apparent impact on the current
production from the biofilm.'? Second, the expression of pilin genes in G. sulfurreducens
resulted in strains with low-conductivity pili, but more outer-surface OmeS.'* Expression
of mutant pilin genes led to the formation of less conductive G. sulfurreducens biofilms,
thus indicating that OmcS filaments do not participate in long-range electron transport.'4!
Additionally, G. sulfurreducens mutant strains have been designed to express lower OmcS
amounts and higher PilA levels in comparison to wild-type G. sulfurreducens, resulting in
higher current generation and formation of more conductive biofilms.'*> Moreover, studies
have shown that there is no correlation between PilA expression and OmcS secretion.!!
Finally, the cell culturing conditions used by Wang and co-workers are inadequate for e-
pili expression as PilA was barely detectable during their filament preparation step, thus
calling into question the relevance of referenced results. Future work is necessary to
provide a deeper understanding of the fundamental electron transport mechanism in G.
sulfurreducens. G. sulfurreducens has also been shown to excrete flavin-based electron
shuttles, yet these are not mobile and mainly operate when bound to cytochromes. 4% 143
Due to their direct electron transfer capabilities, specifically long-range pili-based
electron transfer, these two well-studied Gram-negative microbial species represent highly
efficient and desirable exoelectrogens as bioelectrocatalysts for practical applications. The
pivotal features of pili-based conductivities require further investigations for their use in
the development of novel sustainable bioelectronic materials.'** Consequently, these two
electroactive bacteria have been employed in a various biotechnological applications,
including microbial fuel cells and bioelectrosynthesis (e.g., maintenance of redox balance

during fermentation and bioremediation). In microbial fuel cells, S. oneidensis and G.



sulfurreducens oxidize organic substrates and transfer electrons to the anode to convert
chemical energy to electrical energy.'*'%7 G. sulfurreducens form well-structured biofilms
on anodes that generate high power outputs in microbial fuel cells.!'*” Microbial fuel cells
with bacterial co-cultures containing G. sulfurreducens have displayed improved current
generation compared to pure G. sulfurreducens cultures. For example, a
bioelectrochemical system in which G. sulfurreducens was co-cultured with non-
electroactive Escherichia coli generated higher currents compared to the monomicrobial

148 Tn contrast to

culture of G. sulfurreducens, which is due to Oz reduction by E. coli.
donating electrons to anodes, these electroactive microorganisms can also accept electrons
from cathodes. Under anoxic conditions, S. oneidensis MR-1 directly accepts electrons
from cathode surfaces. The Mtr extracellular electron transfer pathway then transfers
electrons to the quinone/quinol pool in the cytoplasmic membrane where the electrons are
utilized in fumarate reduction.'® Although bioelectrosynthetic systems using S. oneidensis
and G. sulfurreducens are still in their initial stages, they show a promise as platforms for
bioelectrocatalyic applications. Future research studies should focus on the development
and characterization of bioelectrosynthesis systems to produce carbon-neutral and
advanced biofuels, as well as high-value chemicals, using these two electroactive
microorganisms as model species.

2.2.2. Other Electroactive Microbial Cells. To date, three mechanisms of extracellular
electron transfer have been suggested to elucidate the respiratory activity of substrates in
electroactive bacterial microorganisms. Specifically, the three electron transfer strategies

occur via direct contact, nanowires, and/or electron shuttles (Figure 3).!4° The most studied

model bacteria systems are aforementioned S. oneidensis and G. sulfurreducens, both of



which use multiheme c-type cytochromes (Section 2.2.1). Both organisms are also
proposed to form conductive microbial nanowires. As a solution for long-range electron
transport, bacterial microorganisms in nature have developed mechanisms to produce
putative microbial protein filaments, which are microbial nanowires!!® with conductive
properties in vivo under physiological conditions. These microbial nanowires offer
opportunities for increased microbe-electrode interactions. Additionally, they are critical
players in electron exchange between species and electronic communication between
microbes and electron acceptors in their environmental surroundings. As discussed
previously, the microorganism G. sulfurreducens has been found to produce electrically
conductive nanowires during electrode reduction. Following this discovery, putative
conductive filaments have also been observed in several other -electroactive
microorganisms, including S. oneidensis MR-1.1%° Geobacter species produce type IV pilin
proteins mainly composed of subunit protein PilA. In contrast, S. oneidensis microbial
nanowires are outer membrane extensions with porin-cytochrome complexes that are
responsible for extracellular electron transfer.

Direct electron transfer between interspecies facilitated by conductive filaments was
initially observed in co-cultures of G. sulfurreducens and Geobacter metallireducens,'>*
51 which adapted a means to share electrons, promoting a mutual metabolism. Summers
and co-workers demonstrated that G. metallireducens used ethanol as the electron donor in
the growth medium, while G. sulfurreducens used the provided fumarate as the electron
acceptor.!3% 15! Various research findings have confirmed the importance of conductive pili

152

for interspecies electron transfer in both Geobacter microorganisms.!>!> 152 Research

studies have observed microbial nanowires in the iron-reducing Rhodopseudomonas



palustris RP2 strain'>} and the sulfate-reducing Desulfovibrio desulfuricans.'>* Additional
reports have detected microbial nanowires to form in the iron-oxidizing Acidithiobacillus
ferrooxidans.'>> 13¢ Photosynthetic microbes, such as unicellular Synechocystis species,
can also develop microbial nanowires under electron acceptor-limiting and high light
intensity conditions.!?® Furthermore, researchers have identified other photosynthetic
bacteria, such as Microcystis aeruginosa and Nostoc punctiforme, to develop putative
conductive filaments when exposed to high light intensities.!*”- 158

The conductive microbial nanowires in G. sulfurreducens, Aci. ferrooxidans, and
Synechocystic sp. are type IV pili, which are the most common pili type in

155-157, 159, 160 These microbial nanowires forming in distinct

microorganisms. 2%
microorganisms vary in (1) width because type IV pili have abilities to create pili bundles,
resulting in different widths, (2) pili length due to cell culture preparation techniques and
microbe ages that can lead to fracture of long, delicate pili motifs, and (3) molecular masses
of their subunits, 28 155157 159. 160 Ty addition to their unique functional characteristics (e.g.,
twitching motility, DNA uptake),!28 157 159161 type TV pili are considered significant
multifunctional extracellular structures as they play critical roles in electron transfer. The
microbial nanowires in G. sulfurreducens are PilA subunit polymers, in Synechocystic sp.
they are made of PilA1, and in Aci. ferrooxidans they are suspected to be composed of PilV
and PilW proteins. 28 155-157. 139,160 Fyrther studies are necessary to identify the potential
roles of the later in electron transfer processes. Pili-like structures have been identified in
several other microorganisms, including Aeromonas hydrophila, R. palustris, D.

desulfuricans, Mi. aeruginosa, and No. punctioforme, however, more elaborate studies are

necessary to confirm the protein identities and structures.!!%-121. 153, 154,162 Pelotomaculum



thermopropionicum 1is also known to form flagellum-based appendages, which are
electrically conductive,!?® 162 but the physiological roles and protein components are not
yet known.

Fundamental knowledge about extracellular electron transfer or electroactive activities
in Gram-positive bacteria is limited, ' ' as this group of bacterial species was thought to
be unable to transfer electrons across their non-conductive peptidoglycan cell wall without
using external electron mediators.!®> However, Marshall and co-workers reported
electrochemical evidence of direct electrode reduction by Thermincola ferriacetica.'*®
Additional studies examining the physiology, electrochemistry, and genetics of
Thermincola potens species reported the electron transfer mechanism to depend on c-type
cytochromes linked to the cell wall,'¢7 18 but the generated current was low. In addition,
Light and co-workers demonstrated that food-borne pathogen Listeria monocytogenes
employs a unique flavin-based extracellular electron transfer mechanism to carry electrons
to iron or electrode surfaces.!® By completing a genetic screening to identify L.
monocytogenes mutants with reduced extracellular ferric iron reductase activity, the
researchers identified an eight-gene locus responsible for extracellular electron transfer.
This gene locus encodes a specific NADH dehydrogenase that separates extracellular
electron transfer from aerobic cellular respiration processes by shuttling electrons to a
distinct membrane-based quinone pool. The study also demonstrates the activity of an
extracellular flavoprotein, in combination with flavin molecule shuttles, facilitates electron
transfer to extracellular acceptors. In another study by Light ef al., an enzyme family of
putative extracellular reductases.!’”” The research group showed that in flavination

modifications of the fumarate reductase sub-family enables the enzyme to receive electrons



from the extracellular electron transfer chain and support the growth of L. monocytogenes.
These primary experimental findings point to a simple electron conduct that is compatible
with the membrane structures of Gram-positive bacteria, thus providing important
evidence of extracellular electron transfer activities of other electrogenic microbes.
Therefore, future studies also need to investigate and define extracellular electron transfer
mechanisms in Gram-positive microbes.

In addition to electroactive bacteria that produce putative conductive filaments, several
microbial species are also capable of self-producing redox-active metabolites that can serve
as extracellular electron shuttles (mediators).!”! The electrochemically-active metabolites
leave the cell in their reduced states to transfer electrons to long-distance extracellular
oxidants, return inside the cell in the oxidized state, after which these molecules get re-
reduced. Thus, this redox cycling of extracellular electron shuttles allows certain microbes
to facilitate electron transfer within bioelectrocatalytic systems. The best-characterized
microorganisms with extracellular electron shuttle-producing abilities are Pseudomonas
aeruginosa and S. oneidensis. Namely, P. aeruginosa secretes redox-active, nitrogen-
containing heterocyclic metabolites known as phenazines, whereas S. oneidensis self-
produces yellow-pigmented flavin molecules.!?? 4% 171-175 [n the case of P. aeruginosa,
phenazines facilitate electron transfer across cell membranes, transferring content from
inside the cell to the extracellular environments.!’> 73 As part of the phenazine biosynthetic
pathway, P. aeruginosa strains are known to produce at least five distinct phenazine
derivatives.!”?” While P. aeruginosa phenazines are mostly studied, in the context of
quorum sensing, as metabolites that allow the microbial cells to communicate with

neighboring P. aeruginosa cells in defense to other competitive microbes, phenazines also



serve as redox electron shuttles for mediated electron transfer.!’® For instance, Rabaey and
co-workers have demonstrated the use of P. aeruginosa phenazine production for
enhancement of electron transfer rates in microbial fuel cells.!”” Similarly, S. oneidensis
cell cultures accumulate flavin species, namely riboflavin (B2) and flavin mononucleotide,
which can act as electron shuttles to facilitate the reduction of substrates, such as several
forms of Fe(IIl) oxide.'* The secreted flavins by S. oneidensis MR-1 are reduced in the
Mtr respiratory route.!*’ Research findings, characterizing the crystal structures of the outer
membrane-associated cytochrome MtrC, demonstrated the flavin mononucleotide binding
domains to be near two-solvent exposed heme groups,!”® therefore, postulating
biochemical-based insight into how flavin electron shuttles enable respiration. Several
other microorganisms, including Lactococcus lactis, Klebsiella pneumonia, and
Sphingomonas xenophaga, have been reported to produce cyclic quinones as extracellular
electron shuttles.!8: 179-181

Apart from only a few model microorganisms, the mechanisms of extracellular electron
transfer in microbial cells that are designated as electroactive are not yet investigated.
Consequently, it is challenging to comparatively evaluate the electroactivities of diverse
bacterial species. Thus, experimental setups are required to characterize microbial
electroactivities in pure cell cultures, particularly about the functional link between current

and microbial metabolism, to elucidate the extracellular electron transfer processes.
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Figure 3. The three mechanism of electron transfer in microbial cells. To the left is (1)
direct contact via cell membrane bound c-type cytochromes. To the right is (2) mediated
electron transfer via extracellular redox-active electron shuttles (mediators). In the middle
is (3) long-range electron transfer though pili in a bacterial microorganism. Reprinted with
permission from ref. 164. Copyright 2019 Elsevier.

2.3. Modification of Oxidoreductases via Protein Engineering

By natural design, oxidoreductases are not optimized for applications in bioelectrocatalysis
systems. In most cases, the redox-active motifs are deeply buried in an insulating protein
shell, and sophisticated control mechanisms regulate electron transfer mechanisms with
oxidoreductases to prevent random electron transfer, radical formation, and futile use of
energy.'®? To overcome the physiological constraints and improve the kinetic properties
and electrochemical performance, oxidoreductases need to be modified, making them more
adaptable for use in bioelectrocatalysis systems. For example, engineered enzymes with a
stronger affinity towards specific analytes, better stability, faster electron transfer rates, and
residues able to provide oriented immobilization, result in enhanced biosensor

3

performance.!®® Deglycosylation is favorable for the electron transfer between



oxidoreductase and electrode.'®* Protein engineering is an effective approach to break
through the natural physiological constraints. The common protein engineering methods
involve mainly rational design and directed evolution.®

2.3.1. Rational Design of Proteins. Rational protein design requires accurate information
of the protein structure or at least a reliable computational model. The site-directed
mutagenesis guided by structural information is the method employed in the rational design
for the modification of protein structures and the improvement of catalytic properties.'8>
To rationally modify oxidoreductase for bioelectrocatalytic applications, several strategies
have been investigated, including trimming oxidoreductases, surface modifications, amino
acid substitutions at/around the active-sites, and protein modifications for oriented
immobilization (Figure 4).!

2.3.1.1. Trim of Oxidoreductases. Truncating an oxidoreductase at the C-terminal, the N-
terminal, or a loop structure can shorten the original electron transfer pathway and open up
a redox-active site to make it close enough to the conducting support. FAD-dependent
glucose dehydrogenase contains a FAD cofactor in o subunit (catalytic subunit) and an
electron transfer subunit (B subunit). The B subunit is a cytochrome c-like molecule
containing three heme c. The electron transfer pathway of FAD-dependent glucose
dehydrogenase is proposed to proceed in sequence from FAD, through heme 3, to heme 2,
then to heme 1, and finally to the electron acceptors in solution. To establish a direct
electron transfer process between the FAD-dependent glucose dehydrogenase and an
electrode, a truncated B subunit composed of only heme 3 was designed and constructed
based on the 3D homology model. This modified FAD-dependent glucose dehydrogenase

had a simplified electron transfer pathway. Heme 3 was exposed in proximity to the



electrode. The result showed that the truncated B subunit could accept electrons from the
FAD cofactor and exhibited directed electron transfer with the electrode (Figure 4a).'8” D-
fructose dehydrogenases have a similar structure and electron transfer pathway. Some
engineered D-fructose dehydrogenases with truncated electron transfer pathways have
been constructed as well. These engineered D-fructose dehydrogenases also exhibited
improved electron communication ability with the electrode surfaces.!8% 18

2.3.1.2. Surface Modifications. Protein surface modifications can facilitate
electrochemical modification between oxidoreductases and electrodes. Deglycosylation is
a representative and an effective surface modification method performed to enhance the
electron transfer between the prosthetic group of oxidoreductases and the electrode.
Glycosylation is regarded as one of the most important posttranslational modifications after
protein synthesis, which is an effective way of generating a diversity of proteins and
modulating the protein function.'”® However, the glycosylation of the oxidoreductase
surface blocks the electron transfer between the prosthetic group and the electrode.
Consequently, the removal of the glycosyl from the surface of oxidoreductase is conducive
to a closer contact of the prosthetic group and the electrode due to the downsizing of
dimensions of oxidoreductases on the electrode surface. Research work by Ortiz and co-
workers presented the effect of deglycosylation on the electrochemical properties of
cellobiose dehydrogenase (Figure 4b).!%* After the deglycosylation treatment, the graphite
electrodes modified by cellobiose dehydrogenase exhibited a 40-65% higher catalytic
current (/max) value in the presence of the substrate than the electrode modified with
glycosylated cellobiose dehydrogenase. This increase can be attributed to the downsizing

of cellobiose dehydrogenase and enhanced directed electron transfer due to



deglycosylation. Gorton and co-workers studied the effect of deglycosylation and surface-
exposed cysteine residues on the direct electron transfer (DET) properties of horseradish
peroxidase (HRP). The non-glycosylated HRP was heterogeneously expressed by E. coli
without glycosylation modification. The lack of the glycosyl barrier significantly reduced
the distance between the active site of HRP and the electrode. The non-glycosylated HRP
was adsorbed on a pre-oxidized gold electrode and generated more than a 30-fold increase
in electron transfer rate compared with the native HRP. In addition to cellobiose
dehydrogenase and HRP, the deglycosylation strategy has also been used on glucose
oxidase (GOx) to enhance the electron transfer properties.!! 12

2.3.1.3. Amino Acid Substitutions at the Active Site. Site-directed mutagenesis is a
common approach used to improve the catalytic properties of an enzyme, such as specific
activity, stability, and/or kinetic parameters. For oxidoreductases, the improved properties
can make it more suitable for application in electrochemical systems. In the case of
methylamine dehydrogenase, a Phe55 residue with large steric hindrance, which located at
the substrate access channel, was substituted to alanine (an amino acid with much smaller
steric hindrance). After the modification, mutant methylamine dehydrogenase exhibited
approximately a 400-fold lower K value towards histamine relative to that of a wild-type
methylamine dehydrogenase. The mutant methylamine dehydrogenase was immobilized
on an electrode to design a histamine biosensor, showing Michaelis-Menten behavior in
response to varying histamine concentrations and a 3-fold lower K than the biosensor with
immobilized native methylamine dehydrogenase. The limit of detection for the histamine
biosensor based on the immobilized mutant methylamine dehydrogenase was 5 pM, which

is four times lower compared to the 20 uM detection limit of biosensor based on the native



193 In addition to an improvement of the catalytic properties,

methylamine dehydrogenase.
the rational design of proteins can also be used to change the substrate preference of
enzymes. Specifically, for oxidoreductases, the coenzyme or the electron mediator
preference can be changed. The utilization of a more stable, more efficient, and cheaper
electron mediator is of great significance for enzymatic fuel cells. Chen et al. developed a
rational design strategy to change the coenzyme specificity of 6-phosphogluconate
dehydrogenase (6PGDH) from its NADP* to NAD" (Figure 4c¢). Through the amino acid-
sequence alignment of NADP* and NAD™ preferred 6PGDH enzymes and computer-aided
substrate-docking, four residues involved in coenzyme binding were identified, and the
mutant N32E/R331/T341 was constructed. The mutant 6PGDH was applied in a biobattery.
The maximum power density and current density of the biobattery catalyzed by the mutant

were 0.136 mW cm2and 0.255 mA ¢cm2, which are ~25% higher than those obtained from

wild-type 6PGDH.!%*



0 5 10 15 20 25 30 35 40 45 50
Lactose concentraton / mM

C

0 a subunit of GDH J ysubunitof GDH @ FAD N\ Gold Binding Peptide (GBP)

Native GDH Synthetic GDH
Glucono-
lactore

Glucose Oluconos
Glucose Lactone

Enhanced
electroactive
coverage

» Catalytic site

Site-specific
e fusion of GBP
l__) GBP sequence

Y
in close proximity
to electrode surface

I Facilitated DET I

Oriented immobilizaiton
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binding peptide resulting in directed electron transfer. Reprinted with permission from ref.
195. Copyright 2018 American Chemical Society.



2.3.1.4. Protein Modifications for Oriented Immobilization. An oriented binding of an
oxidoreductase without activity loss on the electrode surface is conducive to the efficient
utilization of the electrode surface and the improvement of electrochemical communication
between the oxidoreductase and the electrode. The fusion of a peptide sequence at the C-
or N-terminus of protein is an effective method for achieving oriented immobilization. In
Lee and co-workers’ research (Figure 4d), glucose dehydrogenase was genetically fused
with a gold binding peptide. Compared with natural glucose dehydrogenase, the modified
counterpart enables apparent direct electron transfer across the enzyme-electrode interface,
leading to a stable current generation.!®> Site-directed mutagenesis is also a useful strategy
to realize oriented immobilization of the enzyme via the introduction of a new amino acid,
which is able to form a new bond, ideally a covalent bond, with the electrode. The target
protein can be immobilized at the electrode surface in a certain orientation, which would
facilitate the directed electron transfer between the electrode and the prosthetic group of
oxidoreductases. For instance, Holland and co-workers reported the introduction of
cysteine to glucose oxidase via site-directed mutagenesis to display a free thiol group near
its prosthetic group (FAD). The displayed free thiol group facilitated a site-specific and
oriented attachment of maleimide-modified gold nanoparticles, thus enabling directed
electron transfer between the conjugated glucose oxidase and the electrode.!”®

2.3.2. Directed Evolution. Different from the rational design of proteins, directed
evolution does not require knowledge of the structure-activity relationship and allows for
the tailoring of enzymes to defined target by mimicking Darwinian evolution.!” In research
involving directed evolution, a library of mutant enzymes is created via DNA mutations,

and the generated enzymes with desired properties are identified and obtained by a



screening procedure. This iterative process is repeated until the desired trait is improved.®
A vast array of enzymatic traits have been targeted, including catalytic activity, substrate
specificity and promiscuity, stereoselectivity, stability, solvent variability, pH optima, and
tolerance of harsh environmental and industrial conditions.!® For the practical applications
of bioelectrocatalytic systems, site-directed mutagenesis has been used to improve the
kinetic parameters of glucose oxidase. Modified glucose oxidase has been further used to
achieve high power outputs of glucose-powered enzymatic fuel cells.!®-2%° The O, activity
of glucose oxidase has also been tuned via directed evolution to increase its activity for
glucose oxidation and make it more applicable to use in enzymatic fuel cells and
biosensors.??!-202 For enzymatic fuel cells, the acidic operating conditions are beneficial to
increase the proton concentration, thereby providing more available protons for the current
generation. However, most oxidoreductases used in enzymatic fuel cells cannot tolerate
acidic conditions. To solve this problem, Ma et al. successfully improved the stability of
6-phosphogluconate dehydrogenase under acidic conditions (Figure 5a). The modified 6-
phosphogluconate dehydrogenase exhibited a 42-fold increase in catalytic efficiency at a
pH of 5.4 compared with the wild-type dehydrogenase. The enzymatic fuel cell equipped
with this modified 6-phosphogluconate dehydrogenase achieved a maximum power
density of 0.13 mW cm 2 at pH 5.4, which was more than 10-fold higher than that with the
same enzyme unit loading at pH 7.3.2% Besides the catalytic properties, directed evolution
can also be used to change the redox potential of a specific enzyme. E. coli’s copper efflux
oxidase (CueO) has rarely been employed in the cathodic compartment of enzymatic
biofuel cell due to its low redox potential (0.36 V vs Ag/AgCl) towards O> reduction. To

address this, Zhang and co-workers used directed evolution to shift the onset potential of



CueO towards a more positive direction (Figure Sb). Firstly, random mutation and site-
saturation mutation libraries were concurrently constructed. Meanwhile, a robust and
efficient 8-channel electrochemical platform was used to evaluate CueO variants expressed
in a 96-well microtiter plate. The residue positions at D439 and L502 that are adjacent to
the coordinated ligands of T1 Cu site, have been identified as the main regions that
contribute to improvement in the onset potential. A D439T/L502K mutant was constructed
with a remarkable increase in onset potential of 0.54 V, and the enzymatic biofuel cell with
a CueO D439T/L502K cathode generated a Vo of 0.56 V, as well as a 1.72-fold

enhancement in power output.'®
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2.4. Modification of Microbial Cells for the Application in Bioelectrocatalytic

Systems

The types of bioelectrocatalytic systems based on microbial cells are microbial biosensors,
microbial fuel cells, and microbial electrosynthesis. An electrochemical microbial
biosensor is an analytical platform that couples microorganisms with an electrode
transducer to enable rapid, accurate, sensitive, and often quantitative detection of target
analytes.’’* The microbial fuel cell is an energy conversion device that utilizes the
biocatalytic abilities of viable microorganisms and a range of organic compounds as fuel
sources to convert the chemical energy stored in chemical bonds into electrical current.?%
The typical microbial electrosynthesis (MES) process uses autotrophic microbes as the
bioelectrocatalyst with a cathode as the electron donor and specific substrates as electron
acceptors for target product synthesis.* However, two hurdles hinder further development
and application in the real-world of microbial-based bioelectrocatalytic systems. One is the
low electron transfer efficiency between microbial cells and electrodes. The other one is
the low added value of the produced chemicals.?? Three strategies can be used to tackle
these two hurdles and create microbial cells with desired properties that are more applicable
in bioelectrocatalytic systems. These strategies include (1) transplantation of a
heterogeneous metabolic pathway for the production of products with high added-value
into an electroactive microbial cell (including exoelectrogens and electrotrophs), (2)
modification of native exoelectrogens to enhance the electron flux, and (3) incorporation

of electron conduits in non-native exoelectrogens.??6-208

The field of synthetic biology
combines the investigative nature of biology with the constructive nature of engineering.

With the development of synthetic biology, the rational design and construction of novel



proteins, genetic circuits, and metabolic pathways have been feasible. Based on that,
studies related to the rational rewiring and reprogramming of organisms, including
electroactive microorganisms, have been widely performed.??-2!! Consequently, synthetic
biology approaches can be employed to implement the three strategies discussed below.
2.4.1. Transplant a Heterogeneous Metabolic Pathway. Introducing a new production
pathway into electroactive microbial cells is a practical approach to broaden the product
scope of bioelectrocatalysis. However, the major hurdle is the limited toolset for genetic
manipulation and metabolic modification, as the electroactive microorganisms represent
non-model strains. Fortunately, the emergence of the new synthetic biology toolset, namely
the development of RNA-guided genome editing by CRISPR-Cas9 to introduce precise
genomic mutations,?!? provides new possibilities to address this issue.?’ For model
electroactive microbial cells, namely G. sulfurreducens, S. oneidensis (Section 2.2.1), and
P. aeruginosa (Section 2.2.2), genomic modification approaches have been used to
improve the anodic current production in biofuel cells significantly.?!*!5 So far, no study
of the utilization of metabolic engineering approach for the production of chemicals
with Geobacter species as the host has been reported due to low electron uptake rates, thin
cathodic biofilms, lack of genetic manipulation methods, and knowledge gaps connecting
electron uptake and intracellular metabolic activity.?% For S. oneidensis, the Mtr pathway
can be used to effectively transfer electrons from the electrode into the cell and drive
metabolic reactions. Two studies, from Yang’s group, used genomic modification
approaches to endow the S. oneidensis cells with the ability to produce useful chemicals.
Firstly, two genes of the Ehrlich pathway, kivD and adh encoding ketoisovalerate

decarboxylase and alcohol dehydrogenase, respectively, were introduced into S.



oneidensis. The two introduced genes endowed S. oneidensis the ability to produce iso-
butanol. With a direct electron supply from the cathode, the engineered S. oneidensis strain
provided 19.3 mg/L of iso-butanol within 100 hours of reaction.?! Based on that, the
researchers constructed a new engineered S. oneidensis strain that can convert butyrate to
n-butanol. Three genes, adhE2 encoding alcohol dehydrogenase, ctf4B encoding CoA
transferase, and acs encoding acetyl-CoA synthetase, were introduced into S. oneidensis
MR-1. The engineered strain exhibited the ability to produce n-butanol in the presence of
2% N-acetylglucosamine and 0.3% of butyrate. After approximately 100 hours of reaction,
the highest n-butanol concentration achieved was 160 mg/L.?!7 In research from Tefft and
TerAvest, a hydrogenase-deficient S. oneidensis MR-1 cell was used as a chassis cell to
integrate a heterologous proton pump (proteorhodopsin) and butanediol dehydrogenase.
Based on the native extracellular electron transfer pathway in S. oneidensis MR-1, the
exogenous electrons from the cathode were transported to the inner membrane quinone
pool. Dependent on the supporting role of proteorhodopsin, NADH was regenerated with
the consumption of reduced quinones. Finally, the generated NADH was used as reducing
power to support the conversion from acetoin to 2,3-butanediol via butanediol
dehydrogenase.?!8

2.4.2. Modification of Native Exoelectrogens to Enhance Electron Flux. The
extracellular electron transfer (EET) pathway that bridges the electrons generated from the
oxidation of substrates (carbon sources in the medium) and the electronic terminal receptor
(electrode) can be divided into five successive steps (Figure 6): (i) the import and
assimilation of an electron donor (carbon source) and the oxidation of an electron donor to

release electrons; (ii) the transport of electrons to an intracellular electron carrier,



particularly NADHj (iii) the transport of electrons to a transmembrane electron transport
pathway based on c-type cytochromes or (iv) soluble electron shuttle-mediated EET
pathway; (v) cell attachment and biofilm formation on the electrode surface to enhance
direct EET.?® Synthetic biology approaches can be employed to modify every single step

of the EET pathway and further to improve the electron transfer efficiency.

substrate (i)

Figure 6. The engineering of specific targets to improve the current production by native
exoelectrogens. The performance of exoelectrogens as industrial electrochemical catalysts
is limited by several factors, which can be understood by dividing extracellular electron
transfer into five distinct processes, namely (i) the oxidation of the initial electron donor;
(i1) electron transfer from metabolic pathways to electron transfer components; (iii)
electron transfer occurring through porin-cytochrome complexes; (iv) electron transfer
through electron shuttles; and (v) cell attachment to surfaces of electrodes. Reprinted with
permission from ref. 208. Copyright 2015 Wiley.

The first step of the EET pathway is the oxidation of the electron donor and the release
of electrons. Some studies have demonstrated the enhancement of substrate oxidation in
native exoelectrogens enables them to generate a higher current. A specific way to improve
the oxidation of the electron donor is to employ synthetic biology approaches to improve
the substrate uptake rate or introduce a new metabolic pathway into the native
exoelectrogens to provide cells with the ability to utilize more diverse substrates. In S.
oneidensis, the intracellular supply of electron donors, lactate, is limited under anaerobic

conditions due to the lack of proton-motive force to drive substrate uptake.?! To solve this



problem, Johnson and co-workers improved the substrate uptake rate of S. oneidensis via
the recombinant expression of a light-driven proton pump (proteorhodopsin). The
expressed proteorhodopsin increased the proton-motive force, achieving light-induced
changes in the membrane potential and finally increasing the current production by
approximately 2.5 times in the microbial electrochemical system.??° In order to broaden
the feedstock range, the metabolic pathways of new feedstock have also been introduced
into exoelectrogens. S. oneidensis has been engineered to contain glucose, glycerol, even
xylose utilization pathways from Zymomonas mobilis, E. coli, Candida intermedia, and
Clostridium acetobutylicum, respectively, allowing it to use these compounds as a sole
carbon and energy source in either aerobic or anaerobic conditions.??!??* The reduced
NADH is the primary intracellular reducing equivalent, which is the major releasable
intracellular electron carrier. The regulation of the level of intracellular NADH could be
employed to regulate the EET rate of exoelectrogens. In order to increase the intracellular
releasable electrons, the heterologous overexpression of an fdh gene encoding the formate
dehydrogenase from Moraxella spp. in the S. oneidensis MR-1 cells enabled the S.
oneidensis MR-1 cells to produce increased current density in a microbial fuel cell.?**
Similarly, a nadE gene encoding the NAD synthetase was introduced into the P.
aeruginosa cells. Through the overexpression of NAD synthetase, a three times higher
electricity output was achieved.?>> A more in-depth study was reported by Song’s group.?%¢
Based on the genomic and bioinformatic analysis, the researchers discovered and
categorized three gene modules involved in the network architecture of NAD™ biosynthesis
in S. oneidensis MR-1. Among the three modules, five crucial genes, specifically ycel,

pncB, nadM, nadD*, and nadE*, were identified. The overexpression of the five crucial



genes led to a 2.1-fold increase in the total intracellular NAD(H) level and a 4.4-fold
increase of power density in the microbial fuel cell. To overcome the insulating
characteristics of cell membranes and achieve EET, exoelectrogens employ diverse
multiheme c-type cytochromes, consisting of transmembrane proteins and redox proteins
for electrons transfer across the cell membrane to the extracellular electron acceptor.??” As
mentioned above in Section 2.4.1, S. oneidensis cells use the Mtr pathway, which consists
of'a series of c-type cytochrome proteins, including CymA, MtrA, MtrB, MtrC, and OmcA,
to accomplish EET (Section 2.2.1). Correspondingly, the overexpression of the c-type
cytochrome protein that makes up the Mtr pathway is a feasible strategy for improving the
EET efficiency. Bretschger and co-workers demonstrated this strategy by overexpressing
the MtrC protein in S. oneidensis cells. The engineered S. oneidensis strain generated 35%
higher current in the microbial fuel cell than the wild-type strain.!*® The work from Min
and co-workers went a step further. A metal-reducing conduit biosynthesis gene cluster
mtrC-mtrA-mtrB encoding the component protein of the Mtr pathway was introduced and
co-expressed in S. oneidensis MR-1. The engineered strain could produce 87% current

density higher than that of the wild-type strain.??8

Exoelectrogens are able to utilize
different inorganic (e.g., Fe**, H2S, and H>) or organic compounds (e.g., phenazines and
flavins) as electron shuttles to realize EET.?* For S. oneidensis, flavins are elucidated to
be the electron shuttle. For P. aeruginosa, several phenazine derivatives play the function
of an electron shuttle.?” Some researchers have shown that promoting the synthesis and
secretion of the electron shuttles via synthetic biology approach can be utilized to enhance

the efficiency of EET. For S. oneidensis, the low concentration of endogenously secreted

flavins limits the efficiency of EET. Correspondingly, a flavin biosynthetic pathway from



Bacillus subtilis was heterologously expressed in S. oneidensis MR-1, resulting in a 25.7-
fold increase in secreted flavin concentrations and further caused the maximum power
outward and inward power density was increased 13.2- and 15.5-times, respectively.?’
Likewise, increasing the electron shuttle, especially the production of phenazine
metabolites, can also enhance the EET efficiency of P. aeruginosa. Some researchers
indicated that the quorum sensing (QS) system could regulate the current generation and
EET efficiency of the anode-respiring bacterium P. aeruginosa via regulating the
production level of phenazines. Two studies showed that modifying QS systems could
enhance phenazine production approximately 2-fold, which subsequently increased current
density by 5-fold.?*!:2*2 Finally, the efficiency of EET can be improved by increasing the
thickness of biofilms on the electrode, thus motivating researchers to modify
exoelectrogens for enhanced biofilm formation.** In Liuand co-workers’ study,
a ydeH gene, a c-di-GMP biosynthesis gene, originated from E. coli was heterologously
overexpressed in S. oneidensis MR-1 to enhance the production of cyclic-di-GMP, a key
intracellular regulator for controlling biofilm formation. The MFCs inoculated with the
engineered strains yielded an approximately 2.8-fold more power density than that of the
wild-type strain.?'* In a study from Lovely’s group, the gene GSU1240 encoding proteins
with a PilZ domain were deleted. The engineered G. sulfurreducens strain CL-1 produced

biofilms that were 6-fold more conductive than the wild-type biofilms. The power density

was 70% higher than that of the wild-type G. sulfurreducens biofilms.?!?
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Figure 7. Incorporation of electron conduits in non-native exoelectrogens (a) Schematic
depicting the engineered E. coli strain with mtrA and mtrCAB; this modified strain is
capable of the soluble and extracellular metal reduction. Reprinted with permission from
ref. 234. Copyright 2010 PNAS. (b) Electron transfer through the Mtr electron conduit
alters substrate utilization in E. coli. Reprinted with permission from ref. 236. Copyright
2014 Wiley. (c) The cytoplasmatic NADPH-pool is linked to the cathode by using
extracellular electron transfer through MV as a mediator and further periplasmatic
cytochromes. In the cytoplasm, the enantioselective reduction takes place. MV: methyl
viologen; LhADH: alcohol dehydrogenase from Lactobacillus brevis; MtrA, STC and
CymA: proteins of the electron transfer pathway in S. oneidensis MR-1; OM: outer
membrane; CM: cytoplasmic membrane. Reprinted with permission from ref. 237.
Copyright 2019 Wiley. (d) The gene of phenazine synthesis genes from P. aeruginosa are
transplanted into P. putida. The produced phenazine can mediate the electron transfer.

2.4.3. Incorporation of Electron Conduits in Non-native Exoelectrogens. In recent
years, significant research efforts have been made to modify native exoelectrogens.
Meanwhile, the modification of non-native exoelectrogens to create novel exoelectrogenic
microorganisms is another research focus. Based on the cognition of the structure and EET
mechanism, some non-native exoelectrogenic model strains that are widely used in
industrial applications, such as E. coli and Pseudomonas putida, can be transformed into

exoelectrogens via the heterologous construction of EET pathways of native



exoelectrogens. The advantages of this strategy include (1) the genetic background of
model strain is clear, which facilitates complex genetic manipulations, and (2) the created
exoelectrogens could be used as chassis strains to integrate new metabolic modification
and ultimately obtain new cell factories.

As the Mtr pathway of S. oneidensis is well-understood (Section 2.2.1), an effective
synthetic biology approach to creating novel exoelectrogens is to transplant the Mtr
pathway into E. coli to construct an efficient EET, leading to varying extracellular electron
transfer capabilities (Sections 2.4.1 and 2.4.2). Jensen and co-workers transplanted and
expressed the Mtr pathway into E. coli cells (Figure 7a). After modification, the
engineered E. coli strain was capable of reducing solid metal oxides (e.g., Fe** and solid
Fe»03) to ones that can by installing a synthetic electron conduit that bridges the cytosol to
the extracellular space.?** On this basis, a cytochrome ¢ complex (CymA) that links the
quinol pool and MtrA was further introduced into E. coli. This upgraded modification
resulted in fast extracellular electron transfer rates. Furthermore, feeding of exogenous
flavins allowed cells to couple Fe** reduction to growth under Fe,Os-reducing
conditions.?*> Research from TerAvest showed that the heterologous expression of the Mtr
pathway increased the power generation while also altering the metabolic fluxes to more
oxidized products with improvement in the redox balance of E. coli (Figure 7b).?*¢ The
transplanted EET E. coli cells can be further used as the chassis cells to integrate a new
metabolic pathway for the production of useful chemicals. In the study of Mayr ef al., the
transplanted Mtr pathway effectively transported electrons into the E. coli cell to realize
the intracellular regeneration of NADPH and support the asymmetric reduction of

acetophenone (Figure 7¢).237 P. putida is another model strain, which is widely used in



industrial applications. Similar to E. coli, P. putida strains can also be modified to novel
exoelectrogens via synthetic biology approaches. In Schmitz and co-workers’ research,
seven core phenazine (the electron shuttle) biosynthesis genes phzA-G and the two specific
genes phzM and phzS to produce P. aeruginosa phenazines were introduced into P. putida.
The engineered P. putida strain produced 33 pg/mL of phenazines and sustained strong
oxygen-limited metabolism for up to 2 weeks at an anodic current density of up to 12 pA
cm? (Figure 7d).23%

3. THE BIOELECTROCATALYSIS SYSTEM

3.1. Electron Transfer Mechanisms

3.1.1. Electron Transfer Between Enzymes and Electrodes. In biological systems,
fundamental metabolic processes rely on the complete catalytic cycle of constituent
biomolecules, where the substrate binds to the active site of enzymes and is eventually
transformed into a specific product. For oxidoreductases, these multi-step processes
typically involve sequential electron transfers. By combining oxidoreductases with an
electrode, electron acceptors and donors such as NAD(P)/NAD(P)H can be replaced. This
simplified system provides a powerful tool in examining electron transfer mechanisms and
constructing biosensors, biofuel cells, and bioelectrosynthetic devices. Theoretically, the
interfacial electron transfer rate is highly dependent on the distance between the active site
of the enzyme and the electrode surface. It has been proposed that the distance should be
below 14 A to support significant direct electron transfer (DET) by tunneling;?*° for
systems where this is not possible, mediated electron transfer (MET) may be needed.

3.1.1.1. Direct Electron Transfer (DET). Direct (mediator-less) electron transfer occurs

when electrons are transferred directly from the electrode to the substrate through the



enzyme active site. For several proteins, such as cytochrome ¢, ferredoxin, peroxidase,
laccase, and azurin, the active site is well exposed. These proteins can undergo direct
electron transfer in a process that has been investigated through electrochemical
measurements for redox transformations.’*® However, these events are considered
significantly slower on unmodified electrode surfaces (e.g., gold or platinum) compared to
those which occur with its native electron transfer partners, and irreversible processes are
often observed.?*! It is difficult to maintain the stability of enzymes in cases where they are
close enough to the electrode surface for DET. A breakthrough was made by Eddowes et
al., who discovered that the 4,4-bipyridyl modified gold electrode surface is able to interact
with cytochrome ¢ and enable reversible electron transfer to this enzyme.?*? Effective
immobilization techniques have long been sought and have demonstrated to enhance rapid
electron transfer rates. For example, direct adsorption of formate dehydrogenase, carbon
monoxide dehydrogenase, or cytochrome P450 on a graphite electrode enables enzymatic
turnover and also the study of enzyme kinetics.?*3->*> A drawback of this strategy is that it
requires the active site of the enzyme to be directly exposed to the electrode surface during
immobilization. In addition, enzymes must be posed in the right orientation within a
monolayer, which is not feasible in many cases and will largely decrease the quantity of

active enzyme at the electrode surface.
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Figure 8. Approaches for direct electron transfer. (a) Glucose oxidase (GOx) incorporated
with an “electrical nanoplug” (Au nanoparticles). Reprinted with permission from ref. 246.
Copyright 2003 The American Association for the Advancement of Science. (b) Fixed
enzyme orientation by interactions between His-tag and Cu nanoparticles. Reprinted with
permission from ref. 247. Copyright 2014 Hilaris. (c) Electro-wiring enzymes using
pyrene-LPEI as a conducting hydrogel. Reprinted with permission from ref. 251. Copyright
2018 Royal Society of Chemistry.

Approaches that minimize the distance between electrode and enzymes often involve
docking motifs to fix enzymes at the right orientation. Xiao et al. developed a strategy to
enhance DET by reconstitution apo-glucose oxidase with a gold nanocrystal functionalized
with a FAD. The bioelectrocatalysis rate (~5000 s!) of the resulting “artificial” protein-
enhanced significantly, where the gold nanoparticles served as the “electrical nanoplug”
and efficiently wired the enzyme redox centers (Figure 8a).2*¢ Glucose dehydrogenases
(GDH) with a His-tag decorated N-terminus were deposited at the Cu atoms modified
electrode surface. A high-degree orientated GDH layer was achieved using the affinity
binding of His-tag and Cu atoms (Figure 8b).2*” Meneghello et al. covalently immobilized

cellobiose dehydrogenase (CDH) through the reaction of the maleimide modified electrode



surfaces and the thiol group of cysteine. The cysteine can be generated from anywhere on
the surface of CDH by site-directed mutagenesis. This approach supports the study of the
DET mechanism of multifactor in CDH while this enzyme is present at different
orientations.?*® Other than cysteine, 4-azido-L-phenylalanine (an unnatural amino acid) has
been incorporated into laccase to achieve enzyme orientation.?** While His-tag only allows
C- or N-terminus of enzyme immobilization, site-directed mutagenesis can mutate an
amino acid into any position of proteins; thus, in principle, any enzyme orientation can be
reached.?? Other than enzyme orientation, an alternative DET approach is the development
of conducting hydrogels. Hickey et al. fabricated a pyrene modified linear
poly(ethylenimine) (pyrene-LPEI), which is able to preserve the residue activity of
different enzymes despite their orientations at the electrode surface (Figure 8c¢). Using
pyrene-LPEI as an electronic wire to connect remote enzymes with an electrode, a “plug
and play” platform has been developed for a collection of electroactive proteins.?!
3.1.1.2. Mediated Electron Transfer (MET). In mediated electron transfer processes,
small, diffusive redox mediators or redox polymers create a bridge to shuttle electrons
between the enzyme active site and the electrode surface. MET has been widely used as an
alternative approach to realize the communication between enzymes and electrodes.
Thermodynamically, the redox potential of the mediator should be within the range of the
catalytic potential of the enzymes (at least ~50 mV difference is required to provide a
sufficient driving force).2> Mediators may also serve as a co-substrate that can be
“recognized” by the enzyme, allowing facile access to the active site. Commonly used
redox mediators, such as viologens, quinones, dyes, tetrathiafulvalene, and metal

complexes, such as ferrocene, cobaltocene, osmium, ruthenium, and derivatives, are



coupled with a wide range of redox proteins in the applications of bioelectrosynthesis and
biofuel cells.*!> 42 253, 254 Implantable glucose fuel cells that use glucose oxidases and
mediators layers to oxidize glucose, solely rely on the reaction of glucose and O for energy
supply in the human body (Figure 9a).2>°> Milton ef al. described an ammonia-producing
H»/N; fuel cell as an alternative to the highly energy-consuming Haber-Bosch process by
using methyl viologen as electron donors and acceptors to support the turnover of
nitrogenase and hydrogenase (Figure 9b).*! Recently, small redox proteins (e.g.,
cytochromes) have also been developed as redox partners in electrosynthesis and sensing
applications. Cytochrome ¢ not only serves as the physiological redox partner of many
redox enzymes (e.g., lactate dehydrogenase and sulfite oxidase) but also can shuttle
electrons to laccase, bilirubin oxidase, cytochrome P450 reductase, and ascorbate
oxidase.”®® Dronov ef al. co-immobilized bilirubin oxidase and cytochrome ¢ in a
polyelectrolyte multilayer. The designed protein architecture facilitated electron transfers
within the non-natural protein partner matrix for O2 reduction, which mainly increased the
Oz reduction rate.?”’ Free cofactors such as NAD(P)H can be considered as mediators as
they involved in electron transfers for the function of most oxidoreductases. Due to the
high cost of these cofactors, regeneration strategies are particularly important in industrial
enzymatic synthesis. However, because direct regeneration of cofactors on electrode
surface requires large overpotential along with the formation of the biologically inactive
dimers, the regeneration of cofactors is usually conducted by enzymes (e.g., diaphorase
and lipoamide dehydrogenase) and redox mediators (e.g., viologen and cobaltocene) in the

construction of a MET based cofactor regeneration system.>>8
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Figure 9. Approaches for mediated electron transfer. (a) Implantable glucose fuel cells.
Reprinted with permission from ref. 255. Copyright 2010 MDPI. (b) Ammonia production
by nitrogenase and hydrogenase using methyl viologen. Reprinted with permission from
ref. 41. Copyright 2017 Wiley. (c¢) Schematic of a self-powered lactate sensor consisting
of a bilirubin oxidase-based cathode and a ferrocene-mediated lactate oxidase-based anode.
Reprinted with permission from ref. 263. Copyright 2016 Elsevier.

The drawback of diffusive redox mediators is that they can be toxic to the enzymes and
may require separation for downstream applications. Redox polymers are materials that
can “wire” enzymes on the electrode surface to create a 3D electroactive matrix in which
electron transfer rates through the matrix are high due to self-exchange reactions between
the redox pendants.?>% 2% The earliest work of this approach was carried out by Adam
Heller and colleagues, where the 3D enzyme-polymer matrix was designed by crosslinking
the osmium redox polymer chains with glucose oxidase for biosensor applications.?®! The
number of active enzymes electronically linked to the electrode surface was largely
increased with this approach, and the resulting enzyme-polymer film was stable, selective,

and highly active toward glucose oxidation. Mao et al. designed a novel Os**/Os** complex



with a 13-atom carbon spacer linking to a polymer backbone. This redox hydrogel
successfully wired glucose oxidase with FAD/FADH: in the active site, and the resulting
polymer-enzyme film can electrooxidize glucose at a potential as low as —0.36 V vs
Ag/AgCl.?%2 In another example, a bioanode was constructed utilizing a ferrocene-
modified redox polymer mediated lactate oxidase in the application of a self-powered
lactate sensor (Figure 9¢).?® Polyphenazine and polytriphenylmethane redox polymers
deposited with carbon nanotubes are widely used as biosensors in the detection of glucose,
ethanol, sorbitol, and H»O, using glucose oxidase, alcohol dehydrogenase, sorbitol
dehydrogenase, and horseradish peroxidase, respectively.?® Redox biofilms, inspired by
the architecture of bacteria biofilms, have also been designed by Altamura and co-
workers.2%* By self-assembly of a prion domain and a rubredoxin as the electron mediator,
the highly organized redox biofilm was able to control the arrangement of redox protein,
providing innovative technology for mediated electron transfer via bio-redox polymers.
3.1.2. The Electrical Interface Between Electrodes and Electroactive Microbial
Cells. An essential concept in microbial-based bioelectrocatalysis is the electrochemical
communication between bacterial microorganisms and electrode surfaces. This
interconnection is driven by microbial metabolic pathways of electron transfer. The
characteristics of electron transfer rates of microbe—electrode interfaces are critical in
determining the reaction efficiencies of microbial bioelectrocatalytic systems. Realizing an
effective electrochemical connection between a conductive electrode surface and a specific
microbial cell type, qualitatively referred to as electron transfer rate, is reasonably complex
as it depends on several factors. Notably, electrode surfaces need to be optimized

chemically and morphologically to support fast electron transfer rates. The electrode



surface morphology and electrode chemistry can impact microbial-based
bioelectrocatalytic reactions specifically regarding the formation and structure of microbial
biofilms, as well as electron transfer mechanisms between microbes and electrodes.
Progress in biocatalysis regarding electrode materials and surface adjustments has been
made to improve (1) biocompatibility, (2) electrochemical surface area, (3) electron
transfer rates, (4) conductivity, and (5) mass transfer between substrates and products.?6®
The electrochemical communications between electroactive microbes and electrodes can
be adjusted to elucidate these interactions on the nanometer and micrometer-scales.?6®

In facilitating the adhesion of electroactive bacteria on conductive surfaces, an essential
property is the hydrophilicity of the electrode, which depends on electrostatic forces, van
der Waals forces, and/or hydrogen bonding.?%® 267 Zhang and co-workers have
demonstrated that positively charged electrodes assist in the formation of biofilms since
the surfaces of electroactive microbes are typically negatively charged.?® Additionally,
Guo and co-workers analyzed the influence of surface hydrophobicity and charge on the
biofilm buildup.?” In this study, researchers investigated glassy carbon electrodes
modifications with positive, neutral, and negative charges to construct either hydrophilic
(-OH, —S0Os37, —-N(CH3)3") or hydrophobic (—CH3) surfaces. Their results showed that
positively charged hydrophilic electrode surfaces resulted in enhanced biofilm formation.
Similarly, Picot and co-workers used electrode surfaces with positively charged
phenylphosphonium cations and observed noteworthy improvements in the generation of
anodic currents.?®

In addition to the hydrophobicity of electrode surfaces, both the electroactive bacterial

cell surface characteristics and the electrode morphology (e.g., roughness and porosity)



affect and determine bacterial cell adhesion and subsequent biofilm formation. The
electrode surface to which microbes adhere not only acts as a support for the electroactive
bacteria but is also involved in microbial metabolism via electron transfer processes.?®¢
Depending on the nature and identity of electroactive microbe, distinctions are observed in
cell surface arrangements, surface charge densities, and polarizabilities, as well as number
cellular attachments.?’" 27! The electrode morphology, in terms of its roughness, can
provide attachment features for electroactive microorganisms.?’> Furthermore, the
potential applied to the electrode can impact the surface charge, electric field, specific ion
absorption, and migration and adhesion characteristics of the electrochemically-active
microorganism.

Several methods for electrode surface modifications have been introduced, such as
substituting 2D with 3D porous electrode material (e.g., felt, fiber brushes, foam), to
significantly increase surface areas, thereby enhancing current density per electrode.?
Utilizing interconnected carbon frameworks with large pm-size pores cannot prevent mass
transfer limitations and also allow microbial organisms to penetrate through the porous
structures and colonize biofilm.?’®> Recent analyses of electrode surface properties (e.g.,
porosity, roughness) by Santoro and co-workers examined polytetrafluoroethylene-treated
carbon paper electrodes. Their results demonstrated a positive relationship between
electrode surface porosity (5-10 pm) and the number of bacterial cells anchored.?’
Extracellular polymeric substances, which are fundamental 3D structural components
determining the characteristic of biofilms, also need to be considered.?” Electrodes to
which microbial cells attach are both electrochemically and metabolically unique

environments for bacteria;?’® thus, the effectiveness of the bacteria-electrode



interconnection is impacted by various factors.?’¢

The electrode-microorganism
interactions for selected electroactive microorganisms are discussed in previous
subsections, specifically in terms of direct electron transfer. For the curious and engaged
readers, we point to various extensive reviews on further details about electron transfer
chains and mechanisms of well-studied electroactive bacterial cells.?> 1- 134227 Since only
very few microorganisms have to-date shown efficient direct electron transfer pathways,
mediators have been used as electron shuttles to improve -electrode-microbe
communication.?”” 2’8 These types of electron transfer processes are discussed in detail in

the next subsections in this review article.

3.2. Electrodes

Bioelectrocatalysis couples oxidation-reduction (redox) reactions (homogeneous) and
electrode reactions (heterogeneous).?”® Electrodes represent not only the electrical current
collectors but also a support base for the biological catalyst and a platform where the redox
reaction occurs. Therefore, adequate electrode design, choice of electrode material,
architecture, and physiochemical characteristics of electrode materials, all play a critical
role in the biocatalyst-electrode interaction, which determines the overall performance of
the bioelectrocatalytic system. Advanced electrode material designs with new structures,
architectures, characteristics, and functionalities have been developed to enhance
electrochemical communication between biocatalysts and electrodes.?®2%¢ An ideal
electrode material should provide excellent electrical conductivity and long-term
electrochemical stability. Additionally, it should have a biocompatible surface and a large
accessible electroactive area for either redox enzymes or electroactive microorganisms.

Excellent mechanical strength, low-cost, minimal environmental impact, corrosion



resistance, and scalability are other preferred electrode material properties.?66: 289293

Herein, we discuss electrode materials that are commonly employed in bioelectrocatalytic
systems. We also provide a detailed overview of electrode modification methods and
biocatalyst immobilization strategies for both enzyme-based and microbial-based
bioelectrocatalysis.

3.2.1. Electrode Materials. In order to meet the aforementioned electrode requirements
for numerous bioelectrocatalysis applications, a wide range of electrodes have been

developed, including gas diffusion electrodes,?®* graphite fiber brush anodes,?> carbon-

1,297 8

based fleece,?® stainless stee carbon-based foams,>”® carbon nanotubes,”® free-

300,301 oraphite plates,?®® carbon paste and carbon

standing electrospun carbon nanofibers,
paper,’” and carbon nanochips.’®® Additionally, metallic electrode surfaces for
bioelectrocatalytic systems are mainly based on gold, yet silver, copper, nickel, iron,
titanium, and certain metal oxides have also been reported.’**3%7 Due to their corrosive
nature and high costs, certain metal electrodes are not commonly used.’?® Other metallic
electrodes, which are made of gold, stainless steel, and titanium, are not corrosive.
However, their smooth surfaces do not provide good adhesion for biological catalysts,

309

which leads to subsequent low power and current densities.””” In terms of enzyme-based

bioelectrocatalytic systems, metallic gold electrodes are commonly employed,®!® and metal

modification strategies are utilized to prevent potential enzyme conformation changes

resulting from interactions of specific amino acids with bare metal electrodes.>%*3!1-312 For

instance, studies performed with cellobiose dehydrogenase,’!® copper efflux oxidase,*!'*

5

and human sulfite oxidase,’!> have shown that self-assembled monolayers on metal

surfaces are a great platform for bioelectrocatalysis. For microbial-based



bioelectrocatalytic systems, stainless steel is a promising material due to its
inexpensiveness, resistance to corrosion, and high electrical conductivity. Yet the passive
layer of this electrode material results in low biocompatibility, thus limiting the electron
exchange between microorganisms and electrodes.?!¢ Carbon-based electrodes, including
carbon paper, carbon cloth, carbon crush, carbon felt, carbon mesh, and carbon nanotubes,
are among the most widely used electrodes for both enzymatic and microbial
bioelectrocatalytic systems as they fulfill the majority of electrode material
requirements.?!”- 318 For interested readers on carbon-based electrodes and nanostructures,
the following review articles are suggested.>!?-32! For instance, porous carbon electrodes,
with defined pore sizes and ability to facilitate electron transfer, have been shown to be
adequate for the wiring of E. coli.*? Additional research findings have reported usage of
graphene-based electrodes for wiring both E. coli and P. aeruginosa.’?*3* The use of these
graphene electrodes resulted in enhanced electron transfer rates via (1) an expression of
mediator molecules facilitating bacteria-electrode connection and (2) a favorable impact
on bacterial growth rates. Although an abundance of new electrode materials has been
developed, a single component cannot meet all electrode material requirements in most
cases. While carbon is most commonly used as an electrode material, it gives the electrode
surface hydrophobic features. This property often causes poor adhesions of bacterial
colonies and/or redox proteins, resulting in a limited ability for electron transfer.?%
Consequently, various strategies to immobilize redox enzymes on electrodes, as well as
electrode surface modifications with metal oxide nanocomposites and/or conductive
conjugated polymers, have been developed to improve electron transfer kinetics,

biocompatibility and/or bacterial cell adhesion.?$% 283



3.2.2. Strategies for Electrode Modification and Bioelectrocatalyst Immobilization.
An effective strategy to improve the performance of bioelectrocatalytic platforms is to
effectively modify the chemical and physical properties of electrodes to provide a means

for enhanced bioelectrocatalysis attachments and fast electron transfer rates. The standard

modification strategies to promote better electron transfer include gas treatments,®?

326 327, 328 9

cyanuric chloride,*?® chitosan, melamine,’? and 3-aminopropyltriethoxysilane.?*°
Thermal treatment of electrodes allows for adjustments of surface porosity and roughness,
which improves cell concentration and biofilm formation in the case of microbial
bioelectrocatalysis.?3!-333 These thermal surface modifications differ depending on the type
of gas atmosphere used (e.g., oxygen, nitrogen, ammonia), and allow for the addition of
hydrophilic functional groups on the electrode surface.’** Additionally, chemical
treatments are employed to introduce nitrogen- and oxygen-containing functional groups
to promote enhanced biocatalyst attachment to electrode surfaces.’*>37 In chemically
modifying carbon-based electrodes, numerous compounds, including nitric acid,*’
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ammonium nitrate, ammonium  persulfate,>*®  ethylenediamine,®” 4 (N,N-

5> have been utilized.

dimethylamino) benzene diazonium,**® and polyaniline,??
Furthermore, thin metal layers, such as gold, palladium, and nickel coatings, have
successfully been integrated to reduce the activation energy of electron transfer rates.
Nanomaterial modifications (e.g., carbon nanotubes, nanoparticles) provide 3D conductive
frameworks for enzyme attachments and growth of electroactive bacteria.?8¢ 3%
Meanwhile, electrode modification strategies using redox polymers composed of the non-

conductive backbones with redox-active side chains, have recently gained attention. Based

upon the self-exchange-based electron conduction, these redox polymers can act as



electron shuttles.*!> > While most redox polymers are characteristic outer redox sphere
species, such as ferrocene and transition metal complexes, many of these are organic redox
molecules, including viologens, quinones, and 2,2,6,6-tetramethylpiperidinyloxyl
(TEMPO).?* Bioelectrocatalytic systems utilizing carbon nanotube-polymer hybrids
provide two significant advantages: (1) improved strength and electrical conductivity, and
(2) a 3D nanostructure framework with a sizeable electroactive area, due to the exceptional
properties and unique geometries of these hybrid structures.® In the following
subsections, we discuss immobilization strategies for enzyme-based bioelectrocatalysis
and electrode modification methods for microbial bioelectrocatalysis.

3.2.2.1. Enzymatic-based Electrode Modification and Immobilization. Efficient electrical
communication between an enzyme and target electron acceptors is one of the key factors
to optimize the performances of applicable enzymatic bioelectrocatalytic systems (EBS)

41,42 photosynthesis,**! biofuel cells,*!> 342359 biocapacitors,*>!-

such as bioelectrosynthesis,
353 and biosensors.**3% In general, oxidoreductases have cofactors embedded in a protein
matrix, thereby shielding the electric conductance with the electrode and requiring a long-
distance electron tunneling. The enzyme active site and electrode surface can be considered
as donor-acceptor pair, and the electron transfer (ET) rate constant (ke;) between them relies

on the ET tunneling distance %7-3%8 (Eq. 1):

AG*
ket = kgexp| — RT

) ,where ko = 10%3exp (—(r —1p)) (Eq.1)

where AG™ is the activation energy for ET, R is the gas constant, T is the absolute
temperature, k, is the transmission coefficient for electron transfer at a fixed separation

distance r of the donor-acceptor pair, [ is the electron-coupling constant, r is the distance



between donor and acceptor, and 1, is the van der Waals distance. Furthermore, the
electromotive force between the enzyme cofactor and electron donor/acceptor®® is
represented by Eq. 2 and Eq. 3:

AG = —nFE (Eq.2)

S (2 R

where G is the Gibbs free energy, n is the number of electrons, F is the Faraday constant,
E is the potential in terms of electromotive force (between the enzyme cofactor and electron
donor/ acceptor), E° is the potential of the species at standard conditions, O is the oxidized
species and R is the reduced species.

To achieve a facile and efficient ET of a given enzymatic system, three conditions must
be established: (1) maintain the intrinsic properties of enzymes, (2) a high concentration of
enzymes on the electrode surface, and (3) an efficient electric connection between the
enzyme and the electrode are necessary. Immobilization, a strategy for placing a protein
on an electrode surface, simplifies the diffusion process, minimizes the distance between
the enzyme and the electrode surface, and increases the concentration of enzymes available
for electron transfer on the electrode surface.*®°

There are two major categories of enzyme immobilization, namely (1) adsorption and
(2) entrapment, both of which are shown in Figure 10. Adsorption of enzymes*®!' on the
electrode surface is an immobilization technique, which relies on intermolecular forces,
such as dipole-dipole interactions, van der Waals forces, ionic interactions, and hydrogen
bonding (Figure 10a). While this method retains the native enzyme structure and its
enzymatic activities, it is usually relatively short-lived due to the weak intermolecular

forces and selectivity towards enzymes that establish favorable affinity with the electrode



surface. Thus, modifications of the enzyme or the electrode surface (Figure 10b) or
enzyme (Figure 10c) have been examined to establish a stronger enzyme-electrode
affinity.?%?> On the other hand, entrapment is an immobilization technique using polymeric
structures (Figure 10d-e). The entrapment does not require a specific affinity between
enzymes and polymeric structures, since it either covalently or noncovalently encapsulates
enzymes in polymeric structures.’®* 3% Therefore, a variety of enzymes can be immobilized
on the electrode surface. However, these entrapment strategies involve chemical cross-
linking and rigid polymeric structures that significantly denature the enzyme structure and
reduces its corresponding activity.

This variety of immobilization techniques enables scientists to choose the most suitable
immobilization method for the selected enzymatic ET pathways (e.g., DET and MET). For
a detailed discussion on specific ET pathway mechanisms, we refer readers to section 3.1
in this review article. Here, different types of enzyme immobilization are discussed,
depending on the chosen ET pathway.

DET is heavily dependent on the achievement of close proximity between the enzyme
and the electrode surface; specifically, the enzyme active site should be within 14 A from
the electrode for efficient DET.”! Therefore, smaller enzymes are more likely to establish
DET. To increase the rate of DET for more bioelectrocatalytic applications, adsorption via
enzyme modification and electrode modification and entrapment via polymers have been
studied and employed.

Adsorption of enzymes for DET can offer control over enzyme orientation to enhance
the by creating a docking site.3 For instance, Meredith and co-workers studied a substrate

mimicking docking system with anthracene modified multi-walled carbon nanotubes (An-



MWCNTs)*¢ and laccase. Since laccase has a substrate affinity towards aromatic groups,
an aromatic moiety like anthracene acted as a docking site for laccase. Also, An-MWCNT
established n-w stacking with the carbon electrode as an anchor for the electrode adsorption.
However, this type of docking mechanism showed only 2% of electrochemical activity and
required knowledge of the specific substrate-enzyme affinity. Thus, a different kind of
docking system, such as modification directly on the electrode surface or on the enzyme
was investigated to minimize the loss of enzymatic activities contributing to the overall
EBS performance. Additionally, the Bilewicz research group has reported tailored,
naphtylatene-modified single-walled carbon nanotubes (SWCNTs) to improve the direct
communication of laccase with electrode surfaces.*®’ Blanford and co-workers described a
promising strategy to attach laccase to carbon electrode surfaces via use of the diazonium
coupling reaction to provide aromatic functionalities that can bing to hydrophobic residues
near the copper site.?®

One example of adsorption-based immobilization that establishes a docking-anchor
system to the electrode without a significant loss of enzymatic activity is a direct

modification of multi-subunit enzymes.3®

Lee and co-workers engineered subunits of
glucose dehydrogenase (GDH) on either N- or C- terminus with a site-specific gold binding
peptide (GBP)!?° to immobilize enzymes while tuning the orientation on the gold surface
(Figure 4d). Correspondingly, FAD-dependent GDH engineered with GBP to bind with
highly tunable GNP arrays®®® implemented nanopatterning of enzymes for spatially
controlled immobilization. Additionally, maleimide-modified gold nanoparticles (GNPs)

were site-specifically attached to glucose oxidase (GOx).!”® Holland and co-workers

engineered certain amino acids around the active site of GOx to cysteine in order to



recognize and bind the maleimide pre-modified on the GNPs via gold-thiol bonds. Thus,
GOx-maleimide-GNP achieved DET by orienting the enzymes towards the gold electrode
surface, as demonstrated in Figure 11a. Moreover, GNPs can also be used without enzyme
modification. For instance, Ratautas and co-workers modified GNPs with 4-
aminothiolphenol (4-ATP), since 4-ATP forms a quinone upon oxidation that can form a
Schiff base with primary amine groups of enzymes for immobilization.>’® Small electron
transferring enzymes can also substitute for GNPs. Algov and co-workers engineered
cytochrome ¢ to FAD-dependent GDH (FAD-GDH)?’! for DET as cytochrome ¢ acted as
an anchor connected to FAD-GDH. While the docking-anchor type of immobilization via
modification of enzymes offer tuning of enzyme orientation to enhance DET rate without
a significant loss of enzymatic activities, typically, these methods are best optimized using
pre-established enzyme sequences, which are rarely known for novel enzymes. Thus,
modification of the electrode surface was studied as s an alternative to sequential
understanding of enzymes.

For electrode modification involving immobilization methods, the most commonly used
electrode material is gold due to its ease in modification. Lee and co-workers modified
gold electrode surfaces with thiol-containing chemicals, such as dithiobis(succinimigyle
hexanoate) (DSH), dithiobis(succinimidyl octanoate) (DSO), and dithiobis(succinimidyl
undecanoate) (DSU).37? The thiol group of these chemicals formed chemical bonds on the
gold surface due to the preferred affinity of gold-thiol bonds. The terminal succinimidyl
group of these chemicals covalently bonded to the amino group of the FAD-dependent
GDH, thus, creating an anchor on the gold surface and a docking site with enzymes for a

complete adsorption immobilization. However, this method selectively works on surfaces



prone to modification, thereby limiting the choice of electrode materials. For more versatile
immobilization that does not require fundamental knowledge of the chosen enzyme and/or

specific electrode material, enzyme entrapment is employed.
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Figure 10. A scheme of enzyme immobilization techniques used in enzymatic
bioelectrocatalysis systems (EBS). Enzyme adsorption immobilizes enzymes via
intermolecular forces (a) that are short-lived. In order to enhance the adsorption rate,
electrode modification (b) with a docking site for enzymes to bind or enzyme modification
(c) with an anchor for electrodes to bind to can be engineered. A combination of both
approaches can also be applied. Typically, these modifications allow for fine-tuning over
the enzyme orientation, modifying either the electrode surface or the enzyme for a docking-
anchor type of immobilization. Enzyme entrapment (d), on the other hand, immobilizes
enzymes by ensnaring enzymes within polymers and small molecules that can still diffuse
in and out of the polymer matrix. These polymers can be modified with artificial redox
polymers (e) to establish mediated electron transfer. Blue, orange, and green texts represent
characteristics affecting the current output, redox potential of EBS, and both, respectively.

Most of the enzyme entrapment methods focus on the random orientation of enzymes
that relies on the probability of enzymes orienting correctly towards the electrode surface.
Hickey and co-workers grafted pyrene moieties onto a polymer backbone (pyrene-

LPEI).»! This pyrene moiety approach uses the m-m stacking of pyrene to bring the



enzymes closer to the electrode surface. Thus, it is often coupled with carbon-based
electrodes to maximize the n-m stacking. A simple polymer entrapment of enzymes with
polymers like pyrene-LPEI is versatile and can be produced on the gram-scale. Other non-
pyrene based polyelectrolyte electrode coating of cationic poly-guanidinyl-propyl-
methacrylate (pGPMA, PG), as well as anionic inorganic polyphosphate sodium
hexametaphosphate (P6), have been used to immobilize laccase on a carbon surface for
DET, (Figure 11b).>”® The caveat of using polymers is the decrease in conductivity or an
increase of resistance due to the non-conducting polymer backbone. Thus, hybrid
composites of polymers and conductive materials can be used. For example, a hybrid
nanocomposite of graphene and chitosan was used for enhanced conductivity for

hemoglobin entrapment (Figure 11¢).3"
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Figure 11. Adapted and modified schemes of gold modification of enzymes for adsorption
and polymers for enzyme entrapment for direct electron transfer (DET). (a) Maleimide
modified gold nanoparticles binding with cysteine modification. Reprinted with permission
from ref. 196. Copyright 2011 American Chemical Society. (b) Enzyme entrapment with
a nanocomposite of chitosan and graphene to increase conductivity. Reprinted with
permission from ref. 373. Copyright 2020 Royal Society of Chemistry. (c) Polyelectrolyte
coatings for a simple enzyme entrapment. Reprinted with permission from ref. 374.
Copyright 2010 Elsevier. The cysteines (a) into glucose oxidase (GOx) were engineered as
an anchor on gold surface and gold nanoparticles (GNPs), respectively. The enzyme
modification was entirely avoided by entrapping enzymes within polymers. A
polyelectrolyte coating (b) and a biopolymer (c), chitosan, were used to entrap enzymes on
the electrode surface.

Conclusively, we have discussed three major parameters to consider when immobilizing

enzymes for DET, namely (1) enzyme engineering with binding peptides to create an



anchor for the electrode surface, (2) electrode modification to create a docking site for
enzymes and (3) enzyme friendly polymers for enzyme entrapment. However, regardless
of many discoveries in immobilization for DET, establishing DET for bulkier enzymes is
challenging as these enzyme types are inherently hindered from DET. Thus,
immobilization for the mediated electron transfer (MET) system is discussed in the
following subsection.

The benefit of establishing MET is based on its versatility, specifically one enzyme
could use different mediators, and one mediator can facilitate MET of numerous enzymes.
Therefore, the coupling of a correct mediator with the chosen enzyme can result in a low-
overpotential and fast ET pathway. Furthermore, high concentration and effective wiring
of the enzymes on the electrode surface via immobilization leads to a higher catalytic
current density of the bioelectrochemical system (BES), thereby enabling higher power
density biofuel cell applications. By definition, MET involves the use of artificial redox-
active mediators as electron shuttles to enhance ET rates. Typically, reduction-oxidation
stable dyes or organic compounds are used depending on the operational potential required
for the chosen enzyme.*” These mediators can be used as in-solution mediators or grafted
onto an inert polymer backbone as a redox polymer.

The simplest and easiest method of establishing MET is to adsorb enzymes on the
electrode surface via intermolecular forces and additionally incorporate an artificial
mediator. For instance, 1,2-benzoquinone and 1,4- benzoquinones served as in-solution
mediators to facilitate  MET of pyrroloquinoline quinone-dependent glucose
dehydrogenase (PQQ-GDH) for a higher-performing MET by shortening the distance

between the electrode surface and the PQQ active site with mediators (Figure 12a).37°



Even when used as in-solution mediators, these mediators were adsorbed onto the electrode
surface. While 1,4-benzoquinones operated as a mediator, 1,2-benzoquinone acted as an
orienting agent, bringing the PQQ active site closer to the electrode surface. In this case,
two mediators mediated one enzyme, but one mediator could be used for numerous
enzymes. A four-enzyme cascade of nitrogenase, diaphorase, L-alanine dehydrogenase,
and o-transaminase with methyl viologen (MV) as an in-solution mediator facilitated MET
of bioelectrosynthesis of a valued pharmaceutical precursor at—0.7 V vs SCE.*”” On a more
positive potential range, Toluidine blue O (TBO) aided MET of aldehyde deformylating
oxygenase at around —0.3 V vs SCE as an in-solution mediator.>’® These setups are
relatively easy to assemble, but these in-solution mediators must to be reintroduced into
the system every time a setup is changed, which further complicates any separation of
enzymes and mediators in the solution for product analysis. Therefore, enzyme-mediator
immobilization methods have gained a spotlight.

A docking system similar to DET can immobilize the enzyme on the electrode surface,
but still utilize mediators to facilitate MET. This docking system makes product separation
easier and increases the recyclability of both the enzymes and the mediators used. Patel
and co-workers used pyrene modified nickel-complexes (Py-KDDD) to dock histidine-
tagged nitrogenase and facilitate MET with MV as an in-solution mediator (Figure 12b).%’
In this study, a Nafion film entrapped nitrogenase on the electrode surface, and Py-KDDD
acted as a docking site of nickel complex for nitrogenase while ensuring in the proximity
to the electrode surface with the n-n stacking of pyrenes. Beyond MoFe nitrogenase, this
method also offers the possibility to graft a wide range of His-tagged proteins. For a more

specific docking system, a pyrrole-(2,2'-azino-bis(3-ethylbenzthiazoline-6-sulfonic acid)-



-pyrene (pyrr-(ABTS)-py) modification on carbon nanotubes immobilized both laccase
and ABTS, the mediator to facilitate MET at 0.5 V vs SCE.*” This pyrr-ABTS-py utilized
a substrate docking system of pyrene for laccase and the electron mediation through the
immobilized ABTS. Similar to the docking systems of DET, the MET docking system also
requires previous knowledge of enzyme-substrate affinity or protein sequences that do not
favor the utilization of newly found enzymes.

An alternative enzyme-mediator immobilization is the use of redox polymers where
mediators are grafted onto inert polymeric backbones as a pendant. These pendants
establish self-exchanging electron relays, conducting the electrons across the polymeric
backbone. Milton and co-workers grafted naphthoquinone pendant onto the backbone of
linear polyethyleneimine (NQ-LPEI) to facilitate MET for FAD-dependent GDH (Figure
12¢).%% Having multiple NQ pendants on LPEI created a self-exchange system of electron
relays between NQ pendants, giving a higher power output. With a simplified diffusion
system and highly concentrated surface area of mediators gave a facile MET. Other redox
polymers with different pendants offer MET of different enzymes such as cobaltocene
(Figure 12d),>® and benzylpropylviologen®®! for MET of diaphorase and
dimethylferrocene*? for MET of FAD-dependent GDH. Unlike the docking mechanism,
redox polymers give the versatility of immobilizing numerous enzymes for MET without

requiring a fundamental knowledge of the ET of the chosen enzyme systems.
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Figure 12. Adopted and modified diagrams of in-solution mediators with different enzyme
immobilization and redox polymers, showing its self-exchanging electron relay. (a) In-
solution 1,2-benzoquinone and 1,4- benzoquinones for PQQ dependent glucose
dehydrogenase. Reprinted with permission from ref. 376. Copyright 2015 American
Chemical Society. (b) Pyrene modified nickel complex to dock His-tagged nitrogenase.
Reprinted with permission from ref. 37. Copyright 2019 Wiley. (¢) Napthoquinone
modified linear polyethyleneimine. Reprinted with permission from ref. 380. Copyright
2015 Royal Society of Chemistry. (d) Cobaltocene modified poly(allylamine). Reprinted
with permission from ref. 258. Copyright 2019 American Chemical Society. Here, the in-
solution mediators used were 1,2-benzoquinone and 1,4- benzoquinones (a), which acted
as an orienting agent and an electron shuttle, respectively, after being absorbed onto the
electrode surface. Methylviologen was used as a soluble mediator (b), nitrogenase was
immobilized with Nafion and docked to the nickel complex linked to pyrene. The pyrene
moiety acted as an anchor to the carbon surface and the nickel-complex docked the his-
tags of nitrogenase, further enhancing the immobilization stability. In order to increase the
recyclability of mediators, naphthoquinone (c¢) and cobaltocene (d) were grafted onto the
inert polymer backbone as redox polymers. Both redox polymers facilitate MET by self-
exchanging electron relay.

In addition, redox polymers can serve as a protection against oxygen for oxygen-

383, 384

sensitive enzymes, unwanted contributions from DET of contaminants, and high



potential deactivations,*®® that are limiting factors in further improving enzyme-based
applications.*®¢ Specifically, Szczesny et al. built a bioanode using the viologen modified
redox polymers to mediate hydrogenase.*®” Similarly, Ruff and co-workers used the same
redox polymer to mediate a hydrogenase variant for oxygen protected bioanodes.**® These
polymer matrices work as mediation layers, and also protect against oxygen from the gas
breathing setup and the detrimental overpotential that may deactivate the enzyme
functionality.

Conclusively, MET offers an ET for bulkier enzymes that are inherently hindered from
establishing DET. MET is a very versatile platform where one mediator can be used for
multiple enzymes, or one enzyme can be coupled with several specific mediators
depending on the operating potential. Thus, two major parameters should be considered for
MET: (1) operating potential of enzymes and mediators, and (2) the need for enzyme-
mediator immobilization such as redox polymers. For the use of redox polymers, please
refer to previous subsections on the limitations and requirements of entrapment.
3.2.2.2. Microbial-based Electrode Modification. Electron transfer efficiency at the
microbe-electrode interface plays a pivotal role in the performance of bioelectrochemical
systems. As discussed previously, it is essential to optimize the topography and chemistry
of electrode surfaces to provide fast electron transfer rates, which can be achieved via the
selection of electrode material, and chemical and/or morphological alterations of electrode
surfaces.”!-** These modifications facilitate attachment of electroactive microbial cells and
biofilm development, therefore optimizing the electrochemical communication between

bacterial cells and electrodes. Additionally, the chemical properties of the electrode



surface, along with biofilm formation, provide a means for improved electron transfer rates
from bacterial microorganisms to electrodes.*®’

Carbonaceous electrodes, including carbon cloth, carbon felt, carbon paper, carbon
mesh, and carbon nanotubes are amongst the most extensively used electrode materials in
microbial-based bioelectrocatalysis.?!”- 318 Besides their recognized antibacterial surface
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properties, graphene materials have also been successfully used is bioelectrocatalytic

schemes as they provide large electroactive area, conductivity, and sturdiness.’*33%7
Although carbon is a widely used electrode material, its hydrophobic surface properties
minimize cell adhesion, which results in limited electron transfer kinetics.?®? Therefore,
carbon-based surfaces are often modified with metal oxide nanocomposites and conductive
polymer conjugates to promote bacterial attachments and enhance electron transfer
abilities.?®? 285 Zou and co-workers showed a successful combination of graphene oxide
with titanium dioxide (TiO2) nanocomposites, providing suitable conductive and
hydrophilic characteristics, for an improved bioelectrocatalytic system with fast direct
electron transfer kinetics and enhanced Shewanella putrefaciens growth.>*® Glassy carbon
electrodes have been modified with multiwalled-carbon nanotubes doped with tin (IV)
oxide (SnO») nanocomposites to significantly improve the performance of a microbial fuel
cell using E. coli.** In addition, Zhu and co-workers reported modification of graphene
nanosheets with indium tin oxide (ITO) and poly(allylamine hydrochloride) by self-
assembly in a layer-by-layer fashion, which improved the conductive capability between
bacterial cells and electrode, subsequently resulting in elevated electricity outputs.*®°

Research findings have also reported the design of carbon cloth tailored with hematite

(Fe203) nanocomposites as a high-performing electrode material for wiring S.



oneidensis.**' This modification provides better contact of outer membrane c-type
cytochromes and nanocomposite-modified electrode surface, resulting in enhanced
conductivity and improved extracellular transfer efficiency. Luo and co-workers designed
an electrode platform combining reduced graphene oxide and chitosan nanocomposites to
provide a greater number of activation centers for E. coli adhesion, which resulted in better
electrochemical activities and apparent direct electron transfer activity.*02

Conductive polymers are also used as doping materials for electrodes, providing better
bacterial adhesion. In addition, environmental durability and improved electrode
performances have been observed when polymers were doped with nanomaterial
composites.?®? In a study by Cui and co-workers, electropolymerization of polyaniline on
microporous graphite felt resulted in a hydrophilic surface for the attachment of S.
putrefaciens and a further controlled, electrophoretic deposition of carbon nanotubes

increased both the electroactive area and conductivity.**

In another study, Roh and Woo
performed in situ chemical polymerization to dope polypyrrole on carbon nanotubes in
order to create a carbon nanotube-polymer complex, which was subsequently deposited on
carbon felt electrode.*** This conducting polymer composite was employed as an anode in
a microbial fuel cell, which resulted in decreased resistance and higher power density. The
use of poly(3,4-ethylenedioxythiophene) has been reported to increase the electrochemical
activity of modified carbon cloth electrodes with wired Shewanella loihica.**®

Osmium redox systems (or similar redox polymers) have also been employed to wire
bacterial microorganisms to electrodes in bioelectrochemical devices. The utilization of

osmium polymer systems as electron shuttles offers possibilities to examine several

microbial-based bioelectrocatalysts, including non-electroactive bacterial cells, for



bioanodes and biocathodes in bioelectrochemical platforms. The Gorton research group
was the first to report a study on osmium systems for wiring of microbial cells.**® In a
pioneering study by Vostiar and co-workers, efficient electrochemical wiring was
established between Gluconobacter oxydans and gold electrode surface with osmium redox
system I, characterized by a short side chain and a high redox potential.’®> The efficient
electrical connection was a result of electron transfer between the redox polymer and G.
oxydans’s membrane-bound pyrroloquinoline quinone (PQQ)-containing dehydrogenases,
able to oxide a variety of organic substrates. In another study from the Gorton group, Timur
and co-workers reported the use of two osmium polymer systems I and I, which had lower
redox potential and longer side chains providing motion flexibility, for the wiring of P.

407 In a follow-up study,

putida and Pseudomonas fluorescens on gold electrode surfaces.
the researchers demonstrated the use of carbon nanotube-modified carbon paste with
osmium redox polymer system to design a microbial-based biosensor, using P. putida, for
the detection of phenol.*® Alferov et al. reported successful electrochemical
communication between graphite electrodes containing osmium redox systems and
cytochrome-enriched E. coli strains.** The use of these redox polymer systems I and II to
establish contact with the electrode has also been demonstrated with Gram-positive B.
subtilis. In this case, the polyanionic characteristics of the cell membrane, namely
peptidoglycan and teichoic acids, likely contribute to interactions with the polycationic
redox polymer systems, thereby allowing for electrochemical connection. Moreover, the
Gorton group has reported the wiring of the purple bacterium Rhodobacter capsulatus with

redox system III and examined the application of this system with biofuel cells and

photobioelectrochemical platforms.*® This study demonstrated that the bacterial



lipopolysaccharide enhanced the stability of the redox polymer matrix on the graphite and
gold electrode surfaces. Patil and co-workers have also shown the modification of graphite
electrode surfaces with osmium polymer system to improve the current generation in well-
studied S. oneidensis MR-1.411

3.3. Reaction Medium

3.3.1. Single-phase Reaction Medium. Enzymatic biocatalysis is usually a type of
homogeneous catalysis as most enzymes are dissolved in the aqueous phase, and hence the
reaction medium is often water. There are two significant limitations of aqueous
monophasic catalysis: (1) substrate solubility and (2) catalyst reuse. Many organic
substrates or intermediates are poorly soluble in the aqueous reaction medium. They may
also display inhibitory effects towards the enzymes, which inevitably leads to the loss of
catalyst activity and productivity. The first problem can be addressed by adopting
nonaqueous monophasic mediums (e.g., organic solvent, supercritical fluids, and gaseous
solvents).*!? This alternative catalysis medium can increase the solubility of the nonionized
formed substrates at the cost of partial inhibition of the biocatalyst. Although nonaqueous
monophasic enzymatic catalysis is feasible with cautious system design, such as an
adequate choice of solvent type and the development of a more stable, yet active, enzyme
derivative like multipoint covalent attachment, the solvent inhibitory effect on the enzyme
is not negligible.*!* Another possible solution is to add a co-solvent like dimethyl sulfoxide
(DMSO) or ethanol to facilitate the dissolving process of the hydrophobic substrate in the
aqueous phase.*!* However, the maximum loading capacity of the substrate is still minimal,
and this homogeneous catalysis system cannot address the substrates or intermediates

inhibitory effects towards the biocatalyst nor the recycling issue of the biocatalyst. As such,



it is not an ideal solution for biocatalysis involving cofactor regeneration, or product
synthesis that require complex, multi-enzymatic metabolic pathways.

3.3.2. Biphasic Reaction Medium. A better way to tackle these challenges is to separate
the biocatalyst and substrates into two immiscible phases.*!* 41 Usually, biphasic systems
contain an aqueous phase where the enzymes dissolved in and an added nonaqueous phase
as a reservoir for substrates, intermediates, and end-products.*'7-*?° The added phase can
also be an aqueous phase consisting of a polymer solution with a buffer solution or two

different sorts of polymer solutions.*!6: 42! Other less common solvent combinations are
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fluorous solvents,**? supercritical CO»,*** and ionic liquids.*** “?** The use of
aqueous/apolar medium biphasic systems not only addresses the issue of poor substrate
solubility in conventional homogeneous catalysis but also maintains a low level of possible
inhibitory compounds in the reaction phase. Additionally, the end-product can be extracted
to the apolar phase in situ as the bioconversion occurs, shifting the thermodynamic
equilibria to enhance the productivity as well as to simplify the downstream separations
for product processing and biocatalyst recovery. However, the solvent selection with both
suitable physicochemical properties and appropriate biocompatibility is yet a challenging
area.

Two of the central considerations for solvent selection are high biocompatibility and
product recovery capability. Other criteria such as high stability, fewer emulsions with the
aqueous phase, non-biodegradability, non-hazardous to human and environment, and low
market price are also worth consideration. Efforts have been made to correlate the

biocompatibility of a variety of solvents to their physicochemical characters, including

dielectric constant, dipole moment, polarizability, and the polarity of the solvent.



Pioneering work by Brink and Tramper described the first rules to classify biocompatibility
of organic solvents for multiphasic biocatalysis.*?¢ In this study, the Hildebrandt solubility
parameter (8) was used to correct the polarity of the solvent, and they discovered that only
relatively apolar (8<8) solvents with a molecular weight above 150 are generally
appropriate for organic biosynthesis. However, the Hildebrandt solubility parameter is not
a good indicator of solvent polarity as its value relies significantly on the latent heat of
vaporization of the solvent which depends on polar interactions and the current
experimental information is not yet adequate to assess their validity to estimate solvent
biocompatibility through polarity. Over the years, other parameters were adopted for
correlation with solvent biocompatibility. Laane et al. used the Hansch factor (logarithm
of the partition coefficient) of the solvents to correlate their bioactivity.*?” Strictly
speaking, the Hansch parameter denotes more of hydrophobicity than polarity; nonetheless,
it exhibited an improved correlation of the solvents with the catalytic rates of the
biocatalyst in it. This method has been widely employed in the pharmaceutical industries
as a part of drug activity studies.**®In the screening of solvents, another issue that cannot
be ignored is the extraction efficiency of the solvent for the target product. The product
recovery capacity can be quantified by the partition number, which is defined as the ratio
of compounds concentration in the organic phase with that of the water phase. The higher
the partition coefficient is, the more efficient is the product recovery. For the physical
solvents extractive process, the interaction between the product and the solvents is
governed by the solvation process through various sorts of unspecific and weak donor
bonds. While with the chemical solvents extractive process, a specific and robust

relationship or even a new compound will be formed between the product and the solvents.



Numerous research studies have been conducted to create databanks for methodical
analysis of solvent extracting efficiency in order to calculate the distribution of the reaction
species in each phase.*?®> 4% Some of these biphasic extractive equilibrium predictions
programs have been employed in the pharmaceutical industries and the hydrophobic food

432 or vanillic acid.*??

additives biosynthesis, including cholesterol,*! taxols,

To date, the majority of the biphasic biocatalysis studies have been focused on
enzymes;*'® 434 435 however, the use of living cells in biphasic biocatalysis is also an
attractive area, particularly for cofactor tangled bioconversions, or multi-enzymatic
biocatalysis based fermentations.*?! 42* 432 The consumption of high stoichiometric
amounts of the expensive reduced cofactor is a great concern for cofactor tangled
bioconversions. Bioelectrocatalysis offers a promise to regenerate reduced cofactor to
ensure smooth reactions efficiently. It has many inherent benefits, including reaction
tenability, low cost and recyclable electrodes, and excellent selectivity. However,
combining a bioelectrocatalytic system with the biphasic system is a rather complicated
case. The effect of the added organic phase on the enzyme-based bioelectrodes, the lifetime
of bioelectrodes, especially the polymer-modified ones, Faradaic efficiency, and mass
transportation across the phases are all challenging issues. Compared with
bioelectrocatalysis, the application of biphasic systems in organic electrocatalysis is less
complicated. Organic electrochemistry is a very straightforward methodology utilizing
current to generate reactive intermediates to drive nonspontaneous organic reactions. The
fundamental limitations for organic electrocatalysis are conductivity and the use of costly
catalysts along with mediators. Mediators are often employed in organic electrocatalysis

to form a stable intermediate at the electrode surface. Transition metal complexes and ionic



halides represent two common types of mediators and are usually not cheap.*® The use of
the biphasic system offers the advantages of higher electrical conductivity, easier handling
and cycling of the catalyst and mediator, and improved current yield. For example, Mitsudo
et al. employed a PEG/MeCN thermomorphic biphasic system in an electro-oxidative
Wacker-type reaction, where the palladium catalyst can be recycled in the PEG phase upon
the completion of the response.**” However, heterogeneous electrochemical processes
often suffer from the high kinetic barrier near the electrode surface, which leads to
accumulation of radical cations and anions that might decompose and trigger electrode
deactivation, hampering further reactions. This electrode passivation also results in higher
current density and electrical energy consumption. To address this issue, redox mediators
are often employed to transport electrons to the non-conductive phase, and support
electrocatalysis occurs there. Although choosing suitable mediators that can function
across different phases is still challenging in real-world applications of organic
electrosynthesis. Creative works by the Chiba group have been focusing on developing
soluble tag-assisted chemistry, applying the tagged substrates for biphasic electrochemical
reactions.*3® 439 Direct anodic oxidation of the labeled substrate and an indirect mediated
mechanism has been demonstrated as feasible when using oxidative disulfide bond
formation as a model.**° This tag-assisted phase-transfer methodology, along with many
other creative applications, could considerably improve the utility of biphasic organic
electrocatalysis. Due to the advantages, biphasic systems have been wildly applied in

several organic electrocatalysis reactions, such as the typical Kolbe reaction,**! Wacker

437 443

oxidation,¥” oxime oxidation,**> and selective oxidation of aromatic alcohols.

Compared with non-enzymatic electrocatalysis, very few attempts on biphasic



bioelectrocatalysis have been reported. The very first one was the asymmetric synthesis of
chiral alcohols,*!® 44 which yielded a total turn number (TTN) of mediator that is two-
times higher compared to the one-phase approach. Minteer group has recently developed a
biphasic system coupled with a cofactor regenerating bioelectrode for asymmetric
bioelectrosynthesis of chiral B-hydroxy nitriles (Figure 13).**> The biphasic approach in
bioelectrosynthesis decouples the cofactor regeneration from the substrate concentration,
therefore making the retention of the cofactor in the aqueous phase possible. The added
organic phase also serves as a reservoir for the substrates, and continuously extracts the
product from the reaction phase, as well. This not only results in a higher product yields
but also easier downstream processing, which is a promising strategy to push the

bioelectrosynthesis on an industrial scale.
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Figure 13. Schematic representation of the biphasic bioelectrocatalytic system for the
preparation of chiral B-hydroxy nitrile. Reprinted with permission from ref. 445. Copyright
2020 American Chemical Society.



4. THE APPLICATIONS OF BIOELECTROCATALYSIS

4.1. Biosensors

The field of bioelectrocatalysis has extensive functional applications, such as energy
conversion systems and electrochemical biosensors for analytical sensing.
Electroanalytical biosensors are analytical platforms that integrate a biological recognition
element with an electrochemical transducer to produce a measurable signal that is
proportional to the analyte concentration.?* #46-459 Electrochemical biosensors have
demonstrated a vast potential as devices in medical diagnostics and several
biotechnological industries, including food and beverage quality control, pharmaceutical,
agricultural, and environmental.*** #>* In 1962, Leland Clark developed the first enzyme-
based biosensor for the detection of glucose.*! Since then, significant research has focused

452-455

on addressing electrode biofouling issues, allowing for glucose detection in vivo.

Biosensors have also been developed for noninvasive glucose measurements in tears,*>
sweat,*% or saliva samples.*® 47 Additionally, electrochemical-based biosensors have

been designed as biomedical devices for the detection and monitoring of clinically relevant

1461-464 172, 465, 466
2

species, such as uric acid,*® % lactate,*® cholestero pyocyanin,

467, 468 469, 470

creatine, dopamine, and nitric oxide.*’! As such, these biosensors are powerful
tools in detecting developing infections at early stages allowing for adequate treatment
strategies.** 472 Biosensor technologies are also useful for rapid and low-cost analyses of
food and beverages to confirm quality. Electrochemical biosensor devices have been
developed to evaluate the contents of glucose,*’3*7> lactose,*’ 477 fructose,*’® sucrose,*”

480, 481

vitamin C (ascorbic acid),*”? and pesticides, in different beverages, foods, and

biological environments. Additionally, biosensors have been established for the



measurement of alcohols and polyphenols in drinks.*$2-4%¢ Electrochemical sensors have
applications for real-time monitoring of environmental systems, such as water supplies,
rivers, and wastewater treatment facilities. Specifically, environmental biosensor platforms
have been constructed for the detection of various pesticides, such as organophosphates,*s’-
489 herbicides,* heavy metals, and pollutants.**!> 492

Electrochemical biosensors offer a means for quantitative or semi-quantitative
analytical information using enzymes, antibodies, protein receptors, organelles, or
microorganisms as biological sensing elements.?** The major components of the biosensor
determine its performance, which is characterized by the analytical figures of merit,
including detection limit, signal-to-noise ratio, selectivity, specificity, linear dynamic
ranges, and response times.*’? To effectively convert the biological response resulting from
the interaction between analyte and bioreceptor into an electrical signal, 204 446 493 the
biocatalyst recognition elements must be in direct spatial contact with the transducer.***
Consequently, suitable methods to immobilize the biocatalyst on the electrochemical
transducer play a key role in the design of biosensors. Standard strategies, such as
adsorption, covalent binding, and crosslinking, for improved contact between biocatalyst
and electrode surfaces, are discussed in previous sections of this review. Biorecognition
elements have been combined with several transducer types, including voltammetric,
amperometric, conductimetric, and potentiometric.20% 448 495, 49 Baged on these
configurations and electroanalytical methods, electrochemical biosensors can function via
measurement of signal in the form of open-circuit voltage, current, or power, which

changes accordingly to variations in concentrations of the analyte of interest. The simplest

and most commonly employed type is an amperometric biosensor, in which the working



electrode where the enzymatic or microbial process (e.g., reduction or oxidation of an
electroactive metabolic product and/or intermediate) occurs at a fixed potential while the
current is recorded.?** Potentiometric biosensors measure a potential difference between a
species-elective working electrode (e.g., ion-selective electrode) and a reference electrode,
where the potential signal is concentration-dependent. Although these biosensor types
exhibit excellent selectivity and sensitivity, they require the use of a highly accurate
reference electrode with excellent stability, which sometimes limits their application in
designing microbial-based biosensors.*** In addition, voltammetric biosensors monitor the
resulting current as the potential is varied, where peak currents correlate to distinct analytes
of interest. Voltammetric techniques allow for the simultaneous detection of multiple
analytes with different peak potentials.***

Depending on the electron transfer mechanism used for the measurement of the
biochemical signal, biosensors are divided into three categories, or so-called ‘generations’
of biosensors (Figure 14).%7 4% The first generation of biosensors (or mediator-less
biosensors), where the reaction product diffuses to the transducer generating an electrical
response, is based on the electroactivity of the bioreceptor substrate or product. In this
biosensor class, the biocatalyst, which is most commonly either an oxidase or a
dehydrogenase enzyme, is immobilized on the electrode surface. Since oxidases require
molecular oxygen as a second substrate, oxidase-based biosensors are Oz-dependent. Thus,
the first-generation biosensors that require Oz as an electron acceptor are subject to errors
in sensor response arising from low and/or changing concentrations of dissolved oxygen,
which limits their applications.*”® The first-generation biosensors have characteristic high

sensitivities and fast response times (~1 sec).’®® However, this biosensor generation



requires matrix effect corrections due to interferents, as well as electrode pretreatment steps
to yield reproducible electrode surface and signal responses.’! The second generation of
biosensors involves the use of specific redox mediators) to act as electron carriers between
the reaction and the transducer to yield improved responses. The most commonly used
mediators include ferrocene, ferricyanide, methyl violet, Prussian blue, thionine,

2 which can be used either free in solution or

methylene blue, and phenazines,
immobilized with the biomolecule on the electrode surface. In the third generation of
biosensors, the reaction itself causes a signal response due to direct electron transfer
between an electroactive molecule and the electrode surface. The third generation of

biosensors commonly uses redox polymers to wire the electroactive centers of the sensing

biocatalysts to the surface of the electrode to improve sensor performance.>%?

First generation Second generation Third generation

Substrate Product Product Substrate Product
Substrate "

Med_, Med

Figure 14. The three generations of electrochemical (here, enzymatic) biosensors divided

based on electron transfer mechanisms. Reprinted with permission from ref. 497.
Copyright 2017 MDPI.

Dependent on the biological recognition element type, biosensors characteristically

belong in two major categories: (1) enzymatic, and (2) microbial electrochemical



biosensors, where the biorecognition elements used are particular enzymes and whole
microbial cells, respectively. In enzyme-based biosensor, enzyme catalysts, such as
glucose oxidase, horseradish peroxidase, and alkaline phosphatase, are commonly used for
reactions accompanied by generation or consumption of detectable species (e.g., molecular
oxygen, carbon dioxide, ammonia, hydrogen peroxide) or by enzyme activation or
inhibition activity.**® Most common biosensors for practical and clinical applications
utilize enzymes,?®- 3% due to their high specificity and selectivity.’** 3% The primary benefit
of using enzymes as biorecognition components is the ability to genetically engineer the
enzyme active site to suitably modify substrate specificity for the detection of a variety of
analytes.*° Enzyme-based biosensors, however, use purified enzymes, which require time-
consuming, difficult, and expensive enzyme purification steps, and/or use of multiple
enzymes or cofactor/coenzyme to generate detectable products.?** Additionally, enzymatic
biosensors are associated with limited enzyme stabilities due to their dependence on
various factors, such as ionic strength, temperature, and pH, which can affect biosensor

performance.*>°

On the other hand, microbial biosensors using microorganisms as
biological recognition entity, providing several advantages, including reduced costs, a wide
range of substrates, and mass production.’® Unlike enzyme-based biosensors, bacteria-
based biosensors metabolize complex molecules under aerobic or anaerobic conditions,
releasing detectable ammonia, carbon dioxide, hydrogen ions. In comparison to enzymes,
microorganisms do not require expensive and time-costly purifications. However,
microbial biosensors have specific issues, including relatively poor selectivity and

sensitivity, as well as slow responses due to reduced diffusion of substrates through cell

walls.*** Additionally, microbial-based biosensors have other disadvantages, such as



unreliable operation in complex biological environments, which results in inconsistent
responses of microbe cells. Yet, genetic engineering modifications can be employed to
tailor bacterial microorganisms to enhance certain enzyme activities or express external
proteins/enzymes.?%* 39307 Herein, we focus mainly on reviewing enzymatic and microbial
biosensors that have been developed for various chemical and analytical bioelectrocatalytic
sensing applications. Biosensors based on other biological recognition elements, such as
nucleic acids (e.g., DNA/RNA) or antibodies, are only briefly mentioned as they are not
the main focus in this review article. For engaged readers in this area, the following review
articles are recommended.’>12 For readers with a specific interest in nanomaterials for
biosensing applications, we suggest the following excellent review article by the Cosnier
group.’!3

4.1.1. Electrochemical Enzymatic Biosensors. Electrochemical enzymatic biosensors
(EEBs) correlate the electrons used for the enzymatic redox reaction and the concentration
of the substrate, referred to as analytes, in the solution.’'#>!¢ The enzyme either oxidizes
or reduces the specific substrate, and the electrons from that enzymatic redox reaction are
observed and quantified through the established electron transfer (ET) on the electrode
surface. Furthermore, these detected electrical signals can be processed into a user-friendly
output, correlating back to the analyte concentration in the solution (Figure 15). Moreover,
these EEBs can be easily fabricated as portable devices with an incase of wireless

technologies. The glucose strip,®!’

commonly used for people with diabetes, is the most
famous example of portable EEBs. Glucose oxidase immobilized on screen-printed

electrode (SPE) strips, catalyzes the oxidation of glucose in blood samples, and the

electrons used in the oxidation are processed into a signal readout that reflects the



concentration of glucose in the blood sample being analyzed. While many other non-
biological sensors can achieve lower detection limits relative to EEBs, the most significant
advantage of EEBs is their selectivity and specificity for target analytes, which depend on
the capture enzyme and the utilization of highly selective and sensitive enzyme-analyte
affinity. For details on ET mechanisms and also enzyme immobilization strategies required
for EEBs, please refer to previous subsections. Additional benefits of EEBs include low
cost and their implementation as point-of-care platforms.

Primarily, two types of current outputs could be monitored for EEBs: (1) catalytic

518

currents®'® resulting from an increase of the total electrons from the baseline of the given

enzymatic redox reaction and (2) inhibitory currents®!?-322

resulting from a decrease of the
total electrons used in the redox reaction from its maximum enzymatic activity. For
catalytic currents, the target analyte undergoes oxidation or reduction by the paired
enzyme, resulting in a net increase in the electrons monitored at the electrode surface. On
the other hand, for the inhibitory currents, the target analyte hinders the oxidation or
reduction of the paired enzyme, resulting in the net decrease in the electrons monitored at
the electrode surface. In both cases, the analyte is selectively recognized by the enzyme.
Here, analytes of interest are briefly discussed based on its corresponding enzyme-analyte
system and the current output type, amperometric output. For readers with specific interests

in impedance-based EEBs outputs, we recommend these articles.>>*%°
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Figure 15. A scheme of electrochemical enzymatic biosensors. A particular enzyme with
its specific selectivity affinity towards analytes of interest is used as the biorecognition
element, immobilized on the surface of a signal transducer (e.g., an electrode). Refer to
Section 3.2.2.1. for a detailed discussion on enzyme immobilization. Once the enzyme
establishes an electron transfer pathway with the signal transducer, a detectable signal
corresponding to the redox reaction with the analyte is observed. Refer to Section 3.1. for
a detailed explanation of electron transfer pathways. These signals are further processed to
quantify the concentration of analytes in the system.

4.1.1.1. Electrochemical Enzymatic Biosensors for Chemical Sensing in Water.
Unintentional addition of chemicals such as pesticides, detergents, pharmaceutical
residues, toxins, slip into everyday products or food, increasing the health risks for citizens.
To analyze water quality, several EEB technologies have been developed. Thus, this
section provides an overview of EEB platforms developed for the detection of unwanted
chemicals in water samples. Water is a critical component of human life, but it also carries
many contaminants that need to be tested and filtered out properly before human
consumption.

One of the most common water contaminants are pesticides, which are crucial in

farming industries to support the food demand for the global population. However, many



of the pesticides are harmful to humans upon consumption; thus, accurate detection of trace
pesticides or maximum pesticide concentration for workers is needed. Carbofuran, a
banned pesticide in the US, is still a problem encountered in the ecosystem. The inhibitory
current of esterases from FEupenicillium shearii FREI-39 immobilized on halloysite
nanotubes™? reflected the carbofuran concentration. For this sensor platform, the linear
range of carbofuran detection was 5.0-1000.0 pg L' with a limit of detection (LOD) of
513 pg L' Arduini and co-workers detected a phenoxy-acid herbicide-2,4-
dichlorophenoxyacetic acid (2,4-D), and triazine herbicide-atrazine by its inhibitory effect
on alkaline phosphatase and tyrosinase, respectively on a 3D paper-based origami electrode
device (Figure 16a).>*! This origami electrode device had a linear range of 10-100 ppb for
atrazine and 15-200 ppb with 50 ppb as the LOD for 2,4-D in a complex surface water
samples.

Another toxic contaminant of interest, commonly present at ppb, is arsenic.>*?-33* For
instance, Wang and co-workers immobilized laccase on the electrode surface with
anthracene modified multi-wall carbon nanotube (An-MWCNT) (Figure 16b).>*> Based
on its inhibitory current, the linear range was 0.5-5 mM for arsenite and 0.5-8 mM for
arsenate. The LOD for arsenite was 13 uM, and for arsenate was 132 uM. While these
detections specifically recognize arsenic, the limit of detection is too high, not yet suitable

for reliable real-life detection of arsenic in wastewater.



a Configuration

Front side Back side
AL

E Substrate pad

oxon
(]
2
-l
=]
=
&

c8 Bi

apod3|3

m Enzyme pad .

ci,
O

Arsenite

Measurements, e.g. Atrazine Arsenate

2 stepl step 5 x
e on ERGIENAA S

- step2 a step6  Inhibitor

Ty oy

5 e
H

P
%"
o

a step 3

Figure 16. Adopted and modified schemes of electrochemical enzymatic biosensors for
the chemical sensing of water samples. The 3D-origami setup (a) was used to detect
numerous pesticides by immobilizing different enzymes on the electrode surface. This
setup was tested with wastewater samples, showing a promising selective detection. On the
other hand, lab-based electrochemical enzymatic biosensors for the detection of arsenic (b)
and bisphenol A (c) have been developed and reported. In these examples, arsenic was
detected in the form of arsenite and arsenate inhibition towards laccase, while bisphenol A
was detected by its redox reaction with tyrosinase. Reprinted with permission from (a) ref.
531. Copyright 2019 Elsevier. (b) ref. 535. Copyright 2016 American Chemical Society.
and (c) ref. 538. Copyright 2015 Elsevier.

Lastly, phenolic compounds are widely used among a variety of manufacturers and due
to their toxicity, it is essential to develop a platform for their detection.>3® Wee and co-
workers immobilized tyrosinase on screen-printed electrodes (SPEs) with carbon
nanotubes for catechol and phenol detection based on its catalytic current.>3” The linear
ranges were 1.5-8 uM and 0.5-5.5 pM, and the LODs were 14 nM and 35 nM for catechol
and phenol, respectively. Similarly, Zehani and co-workers immobilized tyrosinase on a

diazonium-functionalized boron-doped diamond (BDD) electrode modified with



MWCNTs for a highly sensitive bisphenol A (BPA) detection (Figure 16¢).°% The
determined linear range was from 0.01-100 nM with a LOD of 10 pM. Since the same
enzyme can be used for different analyte detection, a precise calibration curve of a mixture
is needed to develop a practical EEB based on tyrosinase. Rahemi ef al. investigated the
use of TiO> to generate reactive oxygen species (ROS) in the presence of hydrogen
peroxide (H20,).>*° The researchers reported an original method with a short pre-activation
step of TiO»-horseradish peroxidase (HRP) to design an HRP-based biosensor that works
in solutions without H>O,. As such, this EEB works as a reagent-less biosensor that can
detect phenols, as well as aromatic amines, without the need to add co-substrates in the
measuring solutions. On the other hand, Nazari and co-workers immobilized laccase on a
polyaniline electrodeposited glassy carbon electrode via glutaraldehyde coupling.>*’ Based
on its catalytic current, a linear range for catechol was 3.2-19.6 uM with a LOD of 2.07
uM. However, laccase is known to have detections for a variety of phenolic analytes.>*!-348
Thus, an explicit calibration of a specific analyte-laccase affinity in a solution of all
possible interference is necessary for future practical applications. Undeniably, EEBs show
capability in selectively recognizing chemicals in the water as a point-of-care system. Still,
a comprehensive study on a selective detection among all possible interferences in a real-
life sample is lacking. Thus, a well-established background and controls will be needed to
launch a feasible EEB for real-life detection using wastewater.

4.1.1.2. Electrochemical Enzymatic Biosensors for Biomedical Diagnostics. EEBs have
received a significant amount of attention as biomedical devices providing a means for the
detection of clinically relevant chemicals,>*®> 3% disease biomarkers,?>3 462 331554 and

253, 555-557

continuous, real-time monitoring of health status of individuals in a clinical



setting. As such, they provide real-time information, at the molecular level, for patient’s
health, performance, or stress. The ability for continuous monitoring addresses
disadvantages with current time-consuming clinical methods (e.g., cell culturing,
molecular-based detection methods, blood tests) and offers ways for optimizing therapeutic
strategies. Herein, we discuss EEBs for the detection of numerous chemicals linked to
health status.

One of the most common ways to introduce foreign, undesired chemicals into the human
body is through food and/or beverage consumption, which can subsequently cause health
issues. Zhou and co-workers reported an EEB sensor in which protein phosphatase was
immobilized on a poly-o-aminophenol-carbon nanotubes-modified SPE (PoAP-SPE) for
the detection of okadaic acid, a common diarrhea inducing toxin, in the supernatant of
shellfish cells.>>® The linear range of this okadaic acid biosensor was 1-300 pg L' with a
limit of detection (LOD) of 0.55 pg L', In another study, del Torno-de Roman and co-
workers used tyrosinase and gold nanoparticles (GNPs) immobilized on the screen-printed
carbon electrodes (SPCEs) for the detection of sulfamethoxazole, an antibody used to treat
bacterial infections in veterinary clinics (Figure 17a).>° The LOD was 22.6 uM with the
linear range of detection was roughly 20-200 uM.

In addition to food toxins, drugs designed to enhance human health can also be detected
using EEB platforms. Kurbanoglu et al. detected methimazole, an antithyroid agent, with
a low sample volume of 6 pL within 20 seconds by immobilizing a nanocomposite of
iridium oxide nanoparticles functionalized magnetic nanoparticles and tyrosinase on an
SPE.*%° The LOD of this biosensor was estimated to be 0.006 uM for a batch mode and

0.004 uM for flow mode. Alvau and co-workers detected CPT-11 (irinotecan), an



antineoplastic drug for the treatment of colorectal cancer, by its inhibitory effect on an
enzymatic relay of acetylcholine esterase (AChE) and choline oxidase (ChOx) (Figure
17b).%! In this enzymatic relay, AChE oxidizes acetylcholine to choline that was further
oxidized by ChOx to hydrogen peroxide (H>0») and betaine aldehyde. Finally, H>O, was
also electrochemically detected on this device. With the addition of CPT-11, AChE is
inhibited, thus no more choline for ChOx to produce H>O,. The biosensor LODs were
determined to be 1.6 ng mL! and 1.5 ng mL"! in phosphate-buffered saline (PBS) and fetal
bovine serum (FBS), respectively. De Wael and co-workers designed a catalase-based

62 In this innovative work, the

electrochemical biosensor for the detection of H2O».
researchers immobilized gelatin films on glassy carbon electrode surfaces using a spin
coating strategy, which resulted in reproducible current responses from the uniform
micrometer-size, biocompatible layers. Lastly, acetaminophen, a common painkiller, was

detected using polyphenol oxidase in carbon paste®®

and tyrosinase on SPE covered with
graphene.>® For the polyphenol oxidase system, the LOD was determined to be 5 uM with
a linear range of 20-200 uM, while the LOD for tyrosinase was 1.1 uM. Overall, EEBs
offer a unique detection of foreign chemicals or the drugs itself to prevent overconsumption
of toxins and understand the effect of drugs in determining better treatment strategies.
The most significant benefit of EEBs likely dwells in the selective and sensitive
detection of biomolecules found in the body, especially if those biomolecules indicate the
health status marker. As the most widely known example, glucose was detected as a

biomarker of diabetes countless times with glucose oxidase,»? 36

or glucose
dehydrogenase.>%% >7 Moving past glucose, Kuretake et al. used HRP and alcohol oxidase

(AOD) to detect ethanol as a universal biomarker for the level of intoxication.’®® Ethanol



was oxidized to acetaldehyde by AOD, and hydrogen peroxide, the byproduct, was reduced
by HRP. The linear range was from 50-500 ppm. Moreover, Verma and co-workers
detected uric acid, a biomarker of wound healing and gout, using uricase and GNPs
decorated graphene oxide nanocomposites.’® The LOD was approximated to be 7.32 uM
with a linear range of 50-800 uM. Regarding more serious disease-related biomarkers, Si
et al. detected hypoxanthine, a novel biomarker for cardiac ischemia,’’® using layer-by-
layer assembly of xanthine oxidase, carbon nanotubes, and graphene complexes on
SPEs.”’! The LOD was 4.04 uM with a linear range of 5-50 uM. Moreover, cancer
biomarkers are of high interest at lower detection limits for early diagnosis. Mandli and co-
workers detected microRNA (miRNA), as a possible biomarkers®’? for cancer diagnosis,
therapy, and prognosis, based on a unique DNA sandwich form (Figure 17¢).>”® The pencil
graphite electrode (PGE) was modified with GNPs for the thiol terminal side of the probe
1 (SH-P1) to bind via gold-sulfur bonds. The SH-P1 bonded to the half of miRNA-21 while
the other half bonded to probe 2 (B-P2), where streptavidin-conjugated alkaline
phosphatase was immobilized on. Finally, a substrate, 1-naphthyl phosphate, was added
for the enzymatic reaction. In this setup, only the alkaline phosphate that is bound to the
B-P2, miRNA-21, and SH-P1 can establish an electron path, providing an electrical signal
indicative of the presence of miRNA-21. The LOD was 100 pM with the linear range of
200 pm—388 nM. Additionally, the Millner research group reported an amperometry-based
biosensor for the detection and quantification of lactate using pre-impregnated Prussian
Blue screen-printed carbon electrodes and polyethylenimine (PEI) polymer for lactate
oxidase immobilization.’”* The lactate biosensor demonstrated promising performance for

detection of lactate in post-operative patient drain fluid samples. In another work, Pita et



al. demonstrated the use of gold nanoparticle-modified gold disk electrodes for covalent
immobilization of bilirubin oxidase to design an oxygen biosensor.>”® This amperometric
biosensor had a detection limit of 6+ 1 pM with a linear range of 6-300 uM, thus
exceeding the physiologically relevant oxygen levels in human fluids. Irrefutably, EEBs
show an excellent substrate-affinity towards the biomolecules naturally occurring in human
bodies as an indicator of health status. Moving forward, the improvement of EEB
sensitivity via material variance,*6? 376577 data collection methods,>’® 7 and stability via

380-582 would pave the path towards a stable shelf life for easier industrial

bioengineering
manufacturing, early diagnosis, and prognosis of severe diseases. A summary of EEBs

overviewed herein is provided in Table 1.
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Figure 17. Adopted figures summarizing three unique electrochemical enzymatic
biosensor setups for chemical sensing in biomedical fields. (a) Tyrosinase (Tyr)-based
electrochemical enzymatic biosensor for the detection of sulfamethoxazole (SMX), an
antibiotic, was realized by a simple immobilization of the enzyme on the screen-printed
carbon electrode (SPCE) surface. Reprinted with permission from ref. 559. Copyright 2016
Elsevier. (b) A bi-enzyme relay of acetylcholine esterase and choline oxidase was used to
detect an antineoplastic drug, CPT-11, used for the treatment of colorectal cancer.
Reprinted with permission from ref. 561. Copyright 2018 American Chemical Society. (c)
A DNA-sandwich setup was built to detect microRNA-21 (miRNA-21). One probe (SH-
PI) was designed to immobilize on the electrode surface while binding to the half of
miRNA-21. The other probe (P2-biotin, B-P2) was designed to immobilize streptavidin-
conjugated alkaline phosphatase (SA-ALP) while binding to the rest of the miRNA-21.
Only the SA-ALP bound to the DNA-sandwich of P2-biotin, miRNA-21, and SH-P1 gave
electrochemical signals of the 1-naphthyl phosphate redox reaction. Reprinted with
permission from ref. 573. Copyright 2017 Elsevier.



Table 1. Summary of electrochemical enzymatic sensors (EEB) reviewed.

Target Sensing Strategy Enzyme(s) LOD LR Ref.
Analyte(s) Used
Carbofuran pesticide Voltammetry; Esterase 513 pgL! 5.0-1000.0 pg L™ 530
Halloysite nanotubes
Phenoxy-acid herbicide-2,4- Amperometry; Alkaline phosphatase; 50 ppb (2,4-D); 15-200 ppb (2,4-D); 531
dichlorophenoxyacetic acid 3D paper-based Tyrosinase not specified for 10-100 ppb (Triazine
(2,4-D); Triazine herbicide- origami electrodes Triazine herbicide- herbicide-atrazine)
atrazine atrazine
Arsenite; Self-powered Lacasse 13 pM (Arsenite); 0.5-5 mM (Arsenite); 535
Arsenate biosensor; 132 pM (Arsenate) 0.5-8 mM (Arsenate)
Anthracene modified
multi-wall carbon
nanotubes
Catechol; Voltammetry; Tyrosinase 14 nM (Catechol); 1.5-8 uM (Catechol); 537
Phenol Screen-printed 35 nM (Phenol) 0.5-5.5 uM (Phenol)
electrodes with
carbon nanotubes
Bisphenol A Amperometry; Tyrosinase 10 pM 0.01-100 nM 538
Diazonium-
functionalized boron-
doped diamond
electrode modified
with multi-wall
carbon nanotubes
Catechol Voltammetry; Lacasse 2.07 uM 3.2-19.6 yM 540
Polyaniline
electrodeposited onto
a glassy carbon
electrode
Okadaic acid Voltammetry; Phosphatase 0.55 ug L 1-300 pg L™ 558
poly-o-aminophenol-
carbon nanotubes
modified screen-
printed electrode
Sulfamethoxazole Amperometry; Tyrosinase 22.6 uM 20-200 uM 559
screen-printed carbon
electrodes with gold
nanoparticles
Methimazole Amperometry; Tyrosinase 0.006 uM (batch Not specified 560
Screen-printed mode);
electrodes modified 0.004 uM (flow
with iridium oxide mode)

nanoparticles




Table 1. (Contd.)

CPT-11
(irinotecan)

Amperometry;
Platinum electrode
modified with
glutaraldehyde,
polyethyleneimine,
and poly-o-
phenylenediamine

Acetylcholine esterase;
Choline oxidase

1.6 ng mL™! (in
phosphate-buffered
saline);

1.5 ng mL™' (in fetal
bovine serum)

Not specified

561

Hydrogen Peroxide (H202)

Voltammetry; Glassy
carbon electrodes
modified with gelatin
films

Catalase

Not specified

Not specified

562

Acetaminophen

Voltammetry;
Carbon paste

Polyphenol oxidase

5uM

20-200 pM

563

Acetaminophen

Amperometry;
Screen-printed
electrodes

Tyrosinase

1.1 M

Not specified

564

Ethanol

Amperometry;
Screen-printed
carbon electrodes

Horseradish oxidase;
Alcohol oxidase

Not specified

50-500 ppm

568

Uric acid

Voltammetry;
Graphene oxide
nanocomposites
modified with gold
nanoparticles

Uricase

7.32 uM

50-800 pM

569

Hypoxanthine

Voltammetry;
Screen-printed
electrodes with
carbon nanotubes and
graphene complexes

Xanthine oxidase

4.04 pM

5-50 yM

571

microRNA

Voltammetry;
Pencil graphite
electrodes modified
with gold
nanoparticles

Streptavidin-
conjugated alkaline
phosphatase

100 pM

200 pm—388 nM

573

Lactate

Amperometry;
pre-impregnated
Prussian Blue screen-
printed carbon
electrodes with
polyethylenimine
(PEI) polymer

Lactate oxidase

Not specified

Not specified

574

Oxygen

Amperometry;
Gold nanoparticle-
modified gold disk
electrodes

Bilirubin oxidase

6 uM

6-300 pM

575




4.1.2. Electrochemical Microbial Biosensors. Electrochemical microbial biosensors are
analytical instruments that incorporate a microorganism to detect a target analyte by
converting the measured signal into a quantifiable electrochemical response (Figure
18).594 383 Bacterial microorganisms have developed advanced sensing mechanisms in
regulating their cell growth and behaviors. Microbes can sense not only environmental
factors and changes, such as pH, temperature, and/or nutrients, but can also detect
variations in their metabolism.’®* Their mechanisms can detect cellular-based signals,
which are then transduced in an electrochemical manner. Using bacterial microorganisms
for the development of sensors offers several advantages over using enzymes. Specifically,
microbial biosensors utilizing bacteria provide a means for cost-effective analyses as
microbes can be grown in vast quantities via simple cell culturing methods. Additionally,
microbial biosensors can detect multiple target analytes; also, microorganisms can be
genetically engineered using synthetic biology strategies to adapt microbes for specific
substrates.’®* Microbial-based sensors typically have high stabilities as microorganisms
have excellent abilities to adapt to several environmental conditions. However, microbial-
based sensors have certain disadvantages due to a few inherent limitations of bacteria,
including relatively low sensitivity and poor selectivity for detection in multiplexed
environments and/or samples,>8> 386

An appropriate selection of the type of microorganism for the detection of an analyte
substance of interest is a significant question when designing electrochemical microbial
biosensors.>®” To date, substrate specificity characteristics of several bacterial strains have
been investigated with a number of substrates, such as organic acids, carbohydrates, and

alcohols, and compiled in a database.’®® These data enable the selection of appropriate



microorganisms in selecting microbial biosensors components. For instance, a few research
studies have used substrate specificity properties from this database for Gluconobacter
species in the development of potentiometric and amperometric microbial biosensors for
the detection of xylose.’® 30 Additionally, genetic engineering strategies (e.g., gene
modifications, genetically manipulated cells) have been employed in the microbial
biosensor platforms to create specific bacterial strains for improved biosensor selectivity
and sensitivity.>!- 52 In addition to the selection of bacterial strain, microbial biosensor
performance relies on proximity between the biological catalyst and the electrode surface.
Thus, effective immobilization approaches (section 3.1.2) are required for the successful
function of microbial biosensors. Here, we provide an overview of several electrochemical
microbial-based biosensors, however, for interested readers in this particular topic, several
review articles published on microbial biosensors, focusing on technologies,

electroanalytical methods, and/or specific applications,?0% 446, 504, 583, 587, 593

are
recommended.
The first microbial biosensor, described by Divies in 1975, was combined the use of

394 which became the foundation for the

Acetobacter xylinum and an oxygen electrode,
development of microbial biosensors for many biotechnological purposes, including
environmental monitoring, clinical diagnostics, and food examination industries.
Electrochemical microbial biosensors have been developed as inexpensive and quick
analytical instruments for monitoring environmental pollutants, specifically organic and
inorganic toxicities, such as heavy metals that can cause diseases as they accumulate in

living organisms.*%® Singh and co-workers designed a Chlorella sp. whole-cell biosensor

over a glassy carbon electrode for the detection of mercury as it can inhibit the activity of



phosphate enzymes located in Chlorella sp. cell wall.>*> This amperometric biosensor
demonstrated a lifetime of 14 days with selectivity over silver, alkaline earth metals, and
transition metals. In another research study, Alpat and co-workers developed a microbial
biosensor with Circinella sp.-modified carbon paste electrode for the voltammetric
detection of copper (Cu?") in real samples.>®® Carbon paste electrodes have also been
modified with Porphyridium cruentum biomass to design a voltammetric microbial sensor
for the detection of arsenic (Ar*") in contaminated water.>*’ Additionally, voltammetric-
based microbial biosensors have been developed for sensitive determination of lead (Pb*")

using carbon paste electrodes prepared with Rhizopus arrhizus’®®

and P. aeruginosa
biomass>®” from aqueous solutions. Microbial biosensors have also been developed for the
detection of various organic contaminants. For instance, a microbial biosensor based on
Pseudomonas sp. strain ASA86 immobilized on a porous cellulose nitrate membrane on a
chloride ion electrode for the detection of a typical soil and groundwater pollutant
trichloroethylene.®”° For detection of trichloroethylene, Hnaien and co-workers developed
an impedimetric-based bacterial biosensor by immobilizing P. putida F1 strain on gold
microelectrodes, which were functionalized with single-walled carbon nanotubes
connected to anti-Pseudomonas antibodies via covalent linkage.®!

In addition to electrochemical microbial biosensors for environmental monitoring,
bacteria-based biosensors have been developed as rapid and affordable tools for food and
drink analyses, as well as fermentation. As ethanol is essential in fermentation procedures,
electrochemical bacterial sensors have been designed for sensitive detection and

monitoring of ethanol during fermentation. For instance, an amperometric microbial

biosensor was constructed by Valach and co-workers for the detection of ethanol in flow



injection analysis, with a linear biosensor range of 10 pM—1.5 mM and a 3 min response
time; in this sensor design, G. oxydans microorganisms were immobilized on the surface
of a glassy carbon electrode combined a silver/silver chloride (Ag/AgCl) electrode.®
Similarly, Akylimaz et al. developed an amperometric biosensor utilizing Candida
tropicalis bacteria for sensitive determination of ethanol. The C. tropicalis cells, containing
alcohol oxidase, were immobilized in gelatin via the use of glutaraldehyde.%®3 Wen and co-
workers also reported the design of ethanol microbial biosensor using Methylobacterium
organophilium attached to an eggshell membrane and oxygen electrode.®*
Electrochemical microbial biosensors have also been developed as devices for assuring the
quality of coffee via the rapid and sensitive detection of caffeine. Babu and co-workers
designed an amperometry-based bacterial biosensor for caffeine detection by attachment
of Pseudomonas alcaligens MTCC 5264 strain, which is capable of degrading caffeine, on
a cellulose acetate membrane with a Clark oxygen electrode.®®® With a readout time of 3
min, this biosensor platform showed the ability for rapid detection of caffeine and also a
high specificity for this target analyte in the presence of interfering compounds, such as
paraxanthine, theobromine, and sugars, as P. alcaligens MTCC 5264 has specific ability
to degrade caffeine.®®> Furthermore, Li and co-workers reported the development of a
voltammetric microbial biosensor for the detection of two common food sweeteners, D-
xylose and D-glucose.’% In their sensing device, the researchers co-immobilized xylose
dehydrogenase and glucose oxidase and loaded XDH-bacteria on electrodes modified with
nanocomposite films of multi-walled carbon nanotubes. Research studies have also

reported the construction of electrochemical cell-based biosensors for the detection of

target analyte compounds of pharmaceutical value. For example, Akyilmaz and co-workers



recently reported the creation of a C. tropicalis-based biosensor for the selective detection
of L-Ascorbic acid.®"’ In this sensor fabrication, C. tropicalis yeast cells were attached with
o-aminophenol to create a film layer on a platinum electrode via an electropolymerization
method. Using both amperometry and differential pulse voltammetry, the researchers

quantified levels of L-ascorbic acid in real samples.
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Figure 18. Electrochemical microbial biosensors. A diagram portraying the general
working mechanism of a typical whole-cell biosensor, which detects a specific analyte and
is subsequently amplified into an electrical signal. The resulting readout is detectable via
the immobilization and/or use of living bacterial cells as the biological unit providing
molecular recognition elements for biosensor. Reprinted with permission from ref. 583.
Copyright 2017 MDPI.

Furthermore, electrochemical bacterial biosensors have shown promise as clinical
diagnostic devices for rapid detection and monitoring of developing pathogenic
infections.*’? Namely, bacterial sensing platforms offer a means for fast and accurate
detection of DNA, pathogens, and/or hormones. Tuncagil et al. reported the development
of a microbial biosensor for the detection of glucose utilizing G. oxydans cells, which were
immobilized on 4-(2,5-di(thiophen-2-yl)-1H-pyrrol-1-yl)benzenamine  conducting
polymer coating the surface of a graphite electrode.®® Similarly, Cevik and co-workers

reported the fabrication of an amperometric biosensor based on whole G. oxydans cells,



also, for the detection of glucose.’”” In this sensor assembly, a glassy carbon electrode was
coated with a polymer film of 10-(4H-dithiyeno [3,2-b:2°,3’-d]pyroll-4-il)decan-1-amine
by electropolymerization to form the interface between the electrode surface and bacteria.
Additionally, Akyilmaz and co-workers demonstrated construction of a voltammetry-
based microbial biosensor for the detection of epinephrine by attachment of Phanerochaete
chrysosporium MEA446 strain in gelatin on a platinum electrode via glutaraldehyde
crosslinking agent.5!° In this biosensor, the increasing current responses were a result of
epinephrine converting into epinephrine quinone through a reduction-oxidation activity
catalyzed by lactase in the fungal P. chrysosporium ME 446 cells. Its application was
examined and demonstrated for sensitive epinephrine in pharmaceutical ampules.
Additionally, Smutok et al. reported the design of a selective microbial-based biosensor
for the detection of L-lactate using permeabilized cells of genetically engineered
Hansenula polymoprpha.®'! In this biosensor design, the researchers immobilized the
genetically engineered bacteria on graphite electrodes using phenazine methosulfate as the
diffusing redox mediator. In particular clinical diagnostics applications, electrochemical
biosensors have also been designed to detect the presence of electrochemically active
pathogens in clinical samples from infected patients.*’2 In these cases, there is no biological
catalyst on the electrode surface; however, the bacteria present in clinical samples will act
as a catalyst via the bacterial secretion of redox-active mediators, which give a signal only
when pathogen of interest is present. For instance, the design and application of carbon
ultramicroelectrode arrays were recently demonstrated for the real-time electrochemical
detection of the human pathogenic microorganism, P. aeruginosa, via the generation of

466

electroactive phenazine metabolites.!”> Therefore, electrochemical microbial



biosensors have been extensively used for environmental monitoring, evaluation of food
and drink quality, as well as for medical diagnostics due to their versatility, stability, fast
response, and low-cost. Based on these attractive characteristics, future directions in the
development of biosensors, including miniaturization and portability, as well as wearable
and self-powered biosensor devices, are discussed in the following sections. Slow
responses associated with microbial biosensors have been attributed to cell membrane
diffusion issues. To overcome these challenges, future work needs to focus on genetic
engineering strategies to modify microbes to expresses specific enzymes of interest,
thereby improving the response times and biosensor sensitivity. The genetic engineering
methods have the potential also to increase the biosensor specificity via the expression
and/or activation of preferred metabolic pathways and suppressing undesirable ones.
4.1.3. Single-molecule Sensors Based on Nanopores. Minimizing the sensor’s detection
limit to the single-molecule level has always been a pursued goal in analytical chemistry.
In comparison with ensemble measurements (comprising of thousands or millions of
entities), single-molecule sensing provides much richer information as it can detect and
quantify rare, aberrant species, which would be lost in the noise of an analytical device

612,613 Tn recent decades, with the long-term development

during ensemble measurements.
of single entity sensing, the sensing of a single cell and single nanoparticles has become a
reality.®'* Electrochemical methods have a vital role in single entity sensing, because they
enable precise monitoring of electron/charge transfer processes by a designable and
controllable sensing interface on the nano-scale, which is comparable to the size of single

entities. Therefore, electrochemical sensing in a confined space is becoming a promising

measurement in single entity sensing. Electrochemically confined spaces (e.g.,



nano/microelectrodes, nanopipettes, nanopores) provide a means for useful analytical
analysis of single entities and nanointerfaces with high selectivity and sensitivity. They
provide a tiny geometric space for extracting one entity from an ensemble system and also
focus on various energies (e.g., photo, electrical, and chemical energies) to command single
entities.®!> The group of Yi-Tao Long carried out of fruitful work around the concept and
applications of confined space, and the following corresponding publications are
recommended as important references on this topic.6!4-617

A nanopore is a commonly used confined space to investigate dynamic processes at a
single-molecule level. In general, the nanopore locates at the interface of two electrolyte
solutions and act as the only mass transfer channel.®'® The application of an electric
potential difference between two electrolytes via two electrodes generates an ionic current
that is able to drive an individual molecule into the pore. Correspondingly, each molecule’s
transient stay in the confined nanopores will block the ionic current flow through the pore.
Such a dynamic action will cause the blockage current via the volume-exclusion effect. In
this process, the specific nanopore-analyte interactions can be converted into detectable
ionic signals, which can specifically correlate to analytes’ critical structural information at
the single-molecule level, such as size, shape, and conformation.®!®- %29 In initial attempts,
researchers used a biological nanopore, which was based on a single-membrane protein
molecule. The biological nanopore possesses a single-biomolecule interface for achieving
high sensitivity and selectivity.®?! More recently, various synthetic materials were
developed, such as glass nanopipettes, silicon nitride membranes, graphene and DNA

scaffolds, to construct single solid-state nanopores and even hybrid nanopores.®!7: 622



The nanopipette is a subclass of solid-state nanopores, which generally refers to quartz
and glass pipets with a hollow needle-like geometry and a sharp tip with a diameter of a
few nanometers. The nanopipette has a unique advantage in single-cell analysis. Based on
its needle-like geometry and nano-sized sharp tip, nanopipette-based biosensors penetrate
a single cell with minimal invasion to monitor cellular processes and metabolic activities
via bioelectrochemical reactions and electron transfer processes under normal
physiological conditions.’>* Nascimento and co-workers employed a nanopipette as a
nano-sized glucose biosensor to detect intracellular glucose levels of a single cancer cell
with high spatiotemporal resolution.’* In their work, the researchers modified the
nanopipette’s inner surface with glucose oxidase, which was able to catalyze the oxidation
of glucose and convert glucose to gluconic acid. The generation of gluconic acid caused a
noticeable drop in pH, leading to a change in the impedance. Thus, a direct correlation
between intracellular glucose concentrations and impedance changes in the nanopipette
orifice was established. In another study, Song ef al. functionalized a nanopipette with G-
quadruplex DNAzyme was used to detect and quantify levels of the intracellular reactive
oxygen species (ROS). The immobilized G-quadruplex DNAzyme catalyzed the oxidation
of 2,2-azino-bis(3-ethylbenzothiazoline-6-sulfonate (ABTS) with intracellular ROS as an
oxidant and resulted in a change in surface charges of the nanopipette.®> The nanopipette-
based nanoelectrode can be employed to detect the intracellular redox-active species, as
well. In research work by the Long group, an asymmetric wire nanopore electrode was
designed, where the unbiased gold layer on the inner surface was polarized under bias
potential, triggering bipolar electrochemical reactions at the two extremities with the

formation of an H» bubble on the orifice side. Consequently, the ion current was



successfully amplified by at least three orders of magnitude due to the H> bubble
generation. Finally, this system achieved NADH sensing and an electron transfer process
in single living cells by dynamic ion current.526

The stochasticity of ion mobility inside a nanopore causes the production of nonlinear
and nonstationary current responses, which have complex and transient frequency features.
However, revealing the interactions and kinetics of single molecules require a large number
of statistical data sets composed of single-molecule information. Consequently, the
development and applications of improved analytical and statistical methods and
algorithms are critical to improve the accuracy of detection and reveal hidden kinetics
during dynamic motion and the electron transfer of single molecules.®!” In recently reported
research studies, a Hilbert-Huang transform algorithm was employed to analyze nonlinear
and nonstationary nanopore data and achieve valuable results.®?”- 28 Specifically, the
recorded current is disintegrated into a series of individual mono-components, called
intrinsic mode functions, by performing ensemble empirical mode decomposition. Then,
the Hilbert transform is applied to extract the instantaneous frequencies in each intrinsic
mode function. Therefore, the Hilbert-Huang transform frequency-based analysis converts
two-dimensional signals from the time domain into three-dimensional spectra. These
spectra show energy-frequency-time distributions, thereby revealing dynamic information
hidden behind big datasets.

4.2. Biofuel Cells

The uneven geographical distribution of fossil fuels and the environmental pollution
problem caused by the combustion of fossil fuel combustion forces humankind to pursuit

novel green and sustainable energy sources. In this respect, fuel cells as effective



electrochemical devices to convert chemical energy into electrical energy without
intermediate steps are considered as a promising technical means.®?® The production of
energy from renewable resources, waste, and the environment (energy harvesting) has been
a recent focus of many research groups due to the need for cheap, environmentally friendly,
renewable fuel and catalysis.®** Biofuel cells are an approach for such clean energy
production as they employ the electrode surfaces to harness the flow of electrons produced
and consumed by redox enzymes. These electrons can then be fed into an electric circuit,
where they can be used to do work.®3! Biofuel cells can be categorized by the type of
bioelectrocatalyst: enzymatic fuel cell and microbial fuel cell. In the enzymatic fuel cell,
single isolated oxidoreductases, enzymatic cascades, or multi-enzyme complex are usually
used as bioelectrocatalysts to perform the conversion from chemical energy to electrical
energy. Additionally, some organelles (especially mitochondria and chloroplast), the
subcellular microcompartmentalization structure of living cells, can also be used as
bioelectrocatalysts in the enzymatic fuel cell. These organelles contain a series of
oxidoreductases to form electron transfer chains, which have electrochemically active
species, such as ubiquinone or cytochrome c, that establish electrical communication with

the electrode.”!!

Essentially, organelles contain multi-enzyme complexes formed in a
microcompartmentalized membrane structure. Consequently, organelle-based fuel cells are
still part of the enzymatic fuel cell family. Microbial fuel cells are devices that use bacteria
as the biological catalysts to oxidize organic and inorganic matter and generate current.*

Microbes generally carry out their metabolic activities (anabolism and catabolism) either

in the presence of O or in the absence of O,



4.2.1. Enzymatic Fuel Cells. In an enzymatic fuel cell, either one or both electrodes, e.g.,
the bioanode and/or the biocathode, utilize enzymes, specially purified enzymes, to
bioelectrocatalytically oxidize the fuel and to reduce the oxidant. The enzymatic fuel cell
can use a broad range of chemical compounds as fuels, including methanol, ethanol,
glycerol, pyruvate, and glucose, in increasing order of carbon number in the compounds.®*
In the enzymatic fuel cell, the enzymes are used for fuel oxidation at the anode and oxidant
reduction at the cathode. The power output of the enzymatic fuel cell is the product of the
cell voltage and the current. Cell voltages depend on the selection of fuel and oxidant, pH
of the fuel compartment and the cathode compartment, the rate of electron transfer, the
flowing current, resistances within the cell (e.g., Ohmic losses), and mass transport
processes. The maximum cell voltages for enzymatic fuel cells are usually determined by
the difference between the formal redox potential of the redox enzyme cofactors, in the
active site, utilized for the anode and cathode.*3

The overall performance of enzymatic fuel cells depends on the efficiency of electron
transfer between the selected enzyme and the electrode. In direct electron transfer
processes, electrons are directly transferred from the enzyme to the electrode, which, as
previously discussed, requires a specific distance between the enzyme and the electrode
surface for electron tunneling to occur. In other cases, when the distance requirement is not
satisfied, mediators are used as electron shuttles (mediated electron transfer), including
methylene green,®* methyl viologen,%*® ferrocene,®* neutral red,®*” and ferricyanide,%8 to
allow for fast electron transfer rates. However, the utilization of these redox mediators

introduces challenges to enzymatic fuel cell systems, such as poor biocompatibility,

stability, and increased system cost.53> 63 In addition to the type of electrode material used



in enzymatic fuel cells, the electron transfer mechanism also relies on the structure and/or

type of enzymes as biocatalysts. In enzymatic fuel cells, the most commonly used enzymes

0 567, 641

at the bioanode include glucose oxidase,* glucose dehydrogenase, lactate

oxidase,?®®  lactate  dehydrogenase,**  cellobiose  dehydrogenase,**>  alcohol

3 fructrose dehydrogenase,*** pyranose dehydrogenase,®* and

dehydrogenase,%
hydrogenase.®*® 47 Enzymes, such as glucose oxidase, have deeply buried redox centers,
thereby requiring the use of mediators to establish an electrochemical connection between
the enzyme redox center and the electrode surface.®*® A challenge with the use of glucose
oxidase is that it can use molecular O as an electron acceptor; the high potential necessary

367 Research

to oxidize oxygen can potentially cause interferences with other species.
studies have also examined the use of alternative enzyme catalysts that have capabilities
for direct electron transfer mechanisms. For instance, cellobiose dehydrogenase has
demonstrated promising direct electron transfer in glucose/oxygen enzymatic fuel cells.®*
However, this heme-based enzyme requires engineering strategies to not only improve its
selectivity for glucose but also to reduce interferences with lactose, maltose, or other
sugars.®? Additionally, some research studies have utilized glucose dehydrogenase as an
alternative to glucose oxidase; however, glucose dehydrogenase, unable to use oxygen as
an electron acceptor, transfers electrons to redox cofactors (e.g., nicotine adenine
dinucleotide (NAD), flavin adenine dinucleotide (FAD), pyrroloquinoline quinone
(PQQ)).%#% 367 Among the redox cofactors, FAD is bound more tightly to the enzyme,
which prevents its dissociation over time, thus improving the enzyme lifetime.®!

Additionally, enzymatic fuel cells employing FAD-dependent glucose dehydrogenase

could achieve higher power outputs as FAD-dependent glucose dehydrogenase exhibits



lower redox potential. In contrast to bioanodes, biocathodes in enzymatic fuel cells are

652, 653

typically modified with laccase or bilirubin oxidase,®*® as enzymes that are capable

654

of reducing oxygen to water at high redox potentials,** although there are examples of

peroxidases.5%3 636

Optimization of both the energy density and the power density is critical when designing
enzymatic fuel cell systems. While many enzymatic fuel cells employ a single enzyme for
partial fuel oxidation, the complete oxidation of most fuels requires a combination of
multiple enzyme systems to utilize the available fuel energy.®>’ A significant challenge
with the development of enzymatic fuel cells with high energy density is the successful
enzymatic cascade for complete fuel oxidation. For example, to achieve complete glucose
oxidation to CO», our research group has designed a bioanode consisting of a six-enzyme

cascade.®®

The bioanode contained (1) PQQ-dependent enzymes extracted from
Gluconobacter sp., (2) aldolase from Sulfolobus solfataricus, and (3) oxalate oxidase from
barley. In addition to oxidizing glucose to carbon dioxide, this bioanode also eliminated
the use of mediators as it showed the capability to perform direct electron transfer. The use
of enzyme cascade systems, however, increases the complexity of fuel cells, and enzymes
with limited stability can minimize the overall stability of the enzymatic fuel cell.

For highly engaged readers interested in this topic of enzymatic fuel cells, we highly
recommend a recent and impactful review article from Xiao and co-workers, which
systematically and comprehensively summarizes the latest progress of enzymatic fuel cells,

especially the strategies for achieving high energy density, increasing power density,

improving stability, and improving cell voltages.®**> This review article mainly focuses on



the application of isolated enzymes, enzymatic cascades, and multi-enzyme complexes in
enzymatic fuel cells.

4.2.1.1. Organelle-based Biofuel Cells. Herein, we specifically focus on the
implementation of organelles, namely mitochondria, in biofuel cells. The broad availability
of mitochondria (animals, plants, and fungi sources), their easy isolation, and the presence
of all the necessary enzymes and redox carries to accomplish complete fuel oxidation in
their matrix motivated the interest in utilizing them as a biocatalyst for the development of
biofuel cells. In 2008, a pioneering study by Arechederra and Minteer showed that
mitochondria-based bioanodes coupled to a Pt-based cathode allowed obtaining biofuel
cells with outstanding open circuit potential (about 1.0 V) and the capability to operate for
up to 60 days.® Importantly, complete oxidation of pyruvate to CO, was demonstrated,
without the requirement of exogenous redox mediators, as direct electron transfer between
the immobilized mitochondria and the electrode surface was accomplished. Accordingly,
the immobilization of mitochondria on carbon paper electrodes utilizing a hydrophobically
modified Nafion membrane enabled combining the advantages of enzymatic based biofuel
cells (high voltage) and microbial fuel cells (long term stability and complete fuel
oxidation). A drawback of the developed biofuel cell was the limited power density (~ 200
uW cm). However, an interesting aspect of utilizing mitochondria for the development of
biofuel cells is that various compounds can inhibit their activity, and other chemicals are
capable of decoupling the inhibition. This feature was utilized by Germain et al. to develop
a mitochondria-based pyruvate/O> biofuel cell enabling the self-powered detection of an
explosive nitroaromatic compound (nitrobenzene) down to a concentration of 1 pM in a

self-powered on/off the sensor.%® Specifically, nitrobenzene allowed decoupling the



inhibition effects of an antibiotic (1uM oligomycin, which inhibits pyruvate metabolism),
resulting in a power output variation of more than one order of magnitude compared to
inhibited mitochondria (~25 and 0.6 uW cm?, respectively). Later studies focused on
unveiling the effects of various parameters on the electrochemical performance of
mitochondria-based fuel cells, including substrate type and concentration, temperature, pH,
and use of different inhibitors and decouplers.®0-63 Interestingly, it was shown that the
presence of oxygen in the electrolyte could strongly affect the performance of pyruvate/O»
biofuel cells.®! The oxygen sensitivity of mitochondria based fuel cells is due to
cytochrome c oxidase using electrons to reduce O,. One possibility to decrease the
inhibiting effects of Oz on the current density obtained from the mitochondria-based fuel
cells is to inhibit cytochrome ¢ oxidase. The use of cyanide or carbon monoxide as
inhibiting agents increased current density output of 3.66-fold and 4.83-fold,
respectively.®!

The application of pyruvate/O> mitochondria-based fuel cells for self-powered
biosensing was expanded to eleven different explosive nitroaromatic compounds,
including 2,4,6-trinitrotoluene (TNT).®%° This was accomplished by employing inhibitors
targeting various components of mitochondria metabolism and eleven explosives acting as
uncoupling agents. The mechanism of uncoupling is illustrated in Figure 19. Furthermore,
mitochondria-based fuel cells enabled the fast and cost-effective study of drug-induced
toxicity, providing direct evidence of the effects of drugs on mitochondrial metabolism,®?
as well as for the sensing of different pesticides, achieving an impressive limit of detection

for atrazine®®? and malathion.%%*



Oligomycin

Figure 19. Scheme of mitochondria immobilized at the anode electrode of the biofuel cell.
1) ATP synthases transporting protons across the membrane during pyruvate metabolism;
2) the presence of the antibiotic oligomycin inhibits ATP synthases, blocking proton
transport; 3) the presence of 2,4,6-trinitrotoluene uncouple the mitochondrial membrane
by transporting protons into the matrix. Reprinted with permission from ref. 660. Copyright
2010 Elsevier.

4.2.2. Microbial Fuel Cells. Microbial fuel cells (MFCs) have gained significant attention
in microbial bioelectrocatalysis due to the need for environmentally friendly, inexpensive,
renewable fuels, and catalysts. These bioelectrochemical systems, offering a promise for
renewable energy generation, use electroactive bacteria as bioelectrocatalysts to directly
convert chemical energy into electrical energy via complex reduction-oxidation
transformations ~ during  bacterial ~ respiration.®¢>%%  Electrochemically-active
microorganisms catalyze the oxidation of organic substrates (fuel),?!> ¢7° such as glucose,
lactose, sucrose, xylose, and malic acid. The basic working principle of MFCs relies on

redox half-reactions, which typically occur in two compartments separated by a membrane

and linked by an external wire. Electroactive bacteria catalyze the oxidation half-reaction



of the organic fuel in the anode compartment. Electrons, which are released from cellular
respiratory metabolism, flow through an external electrical circuit from the anode to the
cathode electrode, generating electrical current (Figure 20).

MFC systems are developed similarly to enzymatic fuel cells; however, instead of
specific redox enzymes, the anode is modified with intact bacterial cells as biological
catalysts. The bioanode of the microbial fuel cell oxidizes a crude waste product, passing
electrons through an electrical circuit to a cathodic reaction, often the oxygen reduction
reaction (ORR). In comparison to enzymatic fuel cells, MFCs are less substrate specific as
different metabolisms of electroactive bacteria can achieve complete oxidation of a wide
range of fuels, which is often more energy efficient. Additionally, bacterial cells are living
and self-replicating, which gives MFC systems long-term stability. In constructing
enzymatic fuel cells, immobilization strategies are required to attach redox enzymes to the
anode surface, whereas in MFCs, bacteria self-adhere to anodes, typically forming thick
electroactive biofilms. Moreover, metabolic pathways in microbes often contain a series of
oxidation steps, similar to a multi-step enzyme cascade biofuel cell. For instance, Speers
and co-workers explored the metabolic pathways in G. sulfurreducens, in which electrons
were harvested from sequential oxidation reactions in the tricarboxylic acid cycle. In their
study, lactate (the fuel) was first oxidized to pyruvate, which then reacted to form acetyl
coenzyme A (acetyl-Co-A) that enters the tricarboxylic acid cycle.®’! In addition to
increasing the number of electrons transferred per mole of a substrate, these multi-step
metabolic pathways can give rise to a variety of highly modified products, expanding the

possibilities for applications of MFCs.
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Figure 20. Microbial fuel cell (MFC) and its main components: bacteria, electrodes (anode
and cathode), and a membrane. The anode, under limited-oxygen conditions, contains a
convertible organic substrate (herein, fuel is malic acid, electron donor) while the cathode
contains molecular oxygen (electron acceptor). The working principle of MFCs relies on
redox half-reactions, which occur in the two compartments separated by a membrane and
linked by an external wire. Electroactive microorganisms catalyze the oxidation half-
reaction of an organic fuel in the anode compartment. Electrons, released from cellular
respiration activity, flow from anode through an external electric circuit to cathode,
generating electricity. At the cathode, oxygen (electron acceptor) is reduced. To establish
charge neutrality, proton ions (H") are transported across the membrane to the cathode as
electrons are released at the anode, both of which react with O» on the cathode to generate
water as a byproduct. Current flowing through the external circuit and voltage difference
of half-reactions generate power output.

MCFs offer an enormous promise as bioelectrochemical systems for various

applications, including bioremediation, wastewater treatment, and biofuel production.?’:

668, 672-675 Namely, the target industries for MFC applications include municipal,57¢ 677

1’678

industrial,®’® and agricultural wastewater treatment strategies,’”® which contain notable



amounts of organic compounds that can be oxidized and degraded by microbes. The
primary purpose of MFC applications relies on the conversion of waste products to
biofuels, hydrogen gas, methane, and other valuable organic and/or inorganic chemicals
and also the production of small amounts of bioelectricity. The generated electricity, in

) 680
b

turn, can be put directly back into the system (e.g., self-powered biosensors or resold

to the grid for profit in as little as five years.!

Despite their numerous applications, the
practical function of MFCs remains limited due to the relatively low MFC power densities
(mW m?). To achieve a fast conversion of chemical energy to electrical energy, the
components of a microbial fuel cell (anode and cathode electrodes, bacteria, and
membranes) have to be carefully engineered.®’* ®82 Research studies have focused on the
optimization of electrode materials and designs of membranes.®®> However, the
enhancement of the slow extracellular electron transfer rate (EET) from bacteria to anode
electrodes is necessary since EET plays a fundamental role in MFC performance.®®3

The two EET mechanisms, discussed in previous sections, are (1) direct electron transfer
from inside the cells, or (2) indirect, mediated electron transfer via exogenous or
endogenous electron redox mediators. In direct electron transfer, anodes are in physical
contact with redox-active proteins on cellular surfaces, facilitating electron transfer,®8% 683
However, most electroactive bacteria do not have these redox surface proteins, and as such,
only a few bacterial strains can achieve direct electron transfer mechanisms to the
electrode. Namely, S. oneidensis has gained popularity in microbial electrochemistry, as
studies have shown it undergo direct electron transfer via specific protein complexes

embedded in the cell membrane, the Mtr pathway (Section 2).!1% Bioengineering efforts

have exploited this natural machinery by genetically modifying other bacterial species



(e.g., E. coli) traditionally incapable of direct electron transfer, to express S. oneidensis Mtr
genes, and achieve extracellular electron transfer.?®! In a more recent study, E. coli cells
were modified with type IV pilus genes from G. sulfurreducens (described in Section
2.2.1), resulting in a mutant that could perform extracellular electron transfer via
electrically conductive protein nanowires.5%

Since only a limited number of microorganisms have redox-active surface protein for
direct electron transfer mechanisms, MFCs require the use of artificial, redox-active
mediators. Research studies have developed MFCs employing exogenous mediators (e.g.,
neutral red, thionine) to increase electron transfer kinetics and enhance power output.®”
88 For example, Park and co-workers demonstrated that the amount of electrical energy
produced by MFCs can be increased approximately 1000-fold by incorporating exogenous
electron mediators into graphite electrodes.®®® Additionally, Grattieri and co-workers
recently employed different quinones as exogenous mediators directly into electrolyte
solutions of R. capsulatus mediated electron transfer systems to investigate the generation
of biophotocurrent in photosynthetic purple bacteria.®®® Their results showed the largest
photocurrent density with the use of para-benzoquinone.®®® However, this method based
on exogenous mediators is expensive as it requires high concentrations of electron shuttle
mediators, which can be toxic to the microbial cells.%® Thus, another strategy is to design
MFCs using endogenous electron mediators, such as flavins, phenazines, and quinones,

synthesized by microbes.!7? 225, 466, 691

For example, certain electroactive bacteria, such as
P. aeruginosa, are capable of self-generating various redox-active phenazine metabolites

as electron shuttles that directly transfer electrons to anodes.!’> %% This approach enables

for a simplified MFC design and device operation at high-sustained activity levels,



reducing operational expenses, and also eliminating other downsides (e.g., toxicity to
cells). Ali and co-workers have characterized current generation potential in P. aeruginosa-

693 The researchers

based MFC using glucose, fructose, and sucrose as organic substrates.
demonstrated that P. aeruginosa can effectively use pentose and hexose sugars via anode
respiration, with the highest power density of 136 + 87 mW m™ generated from glucose.®?
Additionally, Islam and co-workers explored the synergistic effects of a defined co-culture
system consisting of P. aeruginosa and Klebsiella variicola, showing three times higher
MFC current density compared to MFCs with either of the two bacteria species alone.®*
Specific metabolite analysis showed that the production of a K. variicola fermentative
metabolite (1,3-propanediol) stimulated the production of higher amounts of P. aeruginosa
phenazine metabolites via synergistic interactions, resulting in enhanced MFC
performance.®* Investigating methods to establish direct and/or mediated electron transfer
mechanisms from bacteria to anodes remains an active area of research in designing MFC
systems with improved overall performances. In advancing MFC technologies, future work
needs to focus on bridging new design platforms to genetically engineer electron transfer
pathways in non-electroactive microorganisms, to improve EET rates and MFC power
yields.

When employing MFCs for practical applications in situ, several environment-related
factors can arise, which can subsequently inhibit MFC efficiency. Namely, saline
wastewater, which comprises about 5% of the world’s total wastewater,*>> can dehydrate
bacterial cells, resulting in cell death. Implementing MFC systems that are tolerant to

salinity has been very challenging, as bacteria have evolved mechanisms to saline

resistance involving adaptations in membrane structure and charge balance, both of which



can impact electron transfer. Recently, Gaffney and co-workers combined electrochemistry
with bioinformatics in a pioneering study to elucidate the relationship between gene
expression and electron transfer processes in the halotolerant bacterium R. capsulatus.%%¢
The findings from this study demonstrated that saline adaptation plays a significant role in
the electrocatalytic response of R. capsulatus and variations in gene expressions after salt
adaptation, thus providing a better understanding of bioelectrochemical systems under
saline conditions.

4.2.3. Biosolar Cells. Current overwhelming reliance on finite, highly carbon dioxide
(COy)-emissive fossil fuels to cater to the growing global energy demand necessitates the
utilization of alternative energy sources such as solar energy. Ubiquitous solar irradiation
provides 310%* J of energy per year to the earth, which makes energizing energy-exhaustive
processes like CO; reduction to value-added carbon compounds (C compounds)
plausible.%®” Solar energy is renewable, green, and sustainable compared to high carbon-
footprint energy sources. However, solar-to-electric energy conversion by photovoltaic
devices presently contributes a meager ~1% to the global energy consumption compared
to fossil fuels (85%).%°8 Contemporary solar fuel cells are mainly inorganic catalyst-based,
such as solid-state junction photovoltaic devices made of doped forms of silicon and dye-
sensitized solar cells (DSSCs) constituting ruthenium- or platinum-based
photosensitizers.5%”- 7% However, strenuous fabrication processes, use of scarce, expensive,
and toxic components raise limitations associated with inorganic catalysts.”®! Moreover,
inorganic metal-, semiconductor- or conducting polymer-based fuel cells that photo-reduce
CO; are mostly limited to producing Ci compounds, such as carbon monoxide and formate.

Using these fuel cells to electrosynthesize complex C compounds that require multiple



proton-coupled electron transfers remain inaccessible, poorly selective, or impeded by the

n.’0% 793 Therefore, low cost,

susceptibility of particular electrocatalysts to photocorrosio
eco-friendly, selective, and durable solar fuel cells that circumvent existing limitations to
efficient solar energy harvesting are compulsory. Biosolar cells are a promising
comprehensive solution in that respect.

Photoautotrophic microorganisms such as cyanobacteria, purple bacteria, and algae are
evolutionarily optimized biocatalysts, which energize bioelectrocatalytic processes
utilizing solar energy (Figure 21).7%* They possess elevated solar absorption, high
extinction coefficients, and photoelectric properties.”> Respective genetic, enzymatic, and
cellular compositions in phototrophic metabolism facilitate highly product-specific
bioelectrocatalytic reactions under mild ambient conditions (vide supra).’® 7% 797 These
photosynthetic microorganisms also have the metabolic sophistication to form valuable
precursors from CO: reduction, which leads to more complex C compounds.’%-710
Moreover, whole cell-based photocatalysts retain their self-sustainability and repairing
abilities, making them more pliable in practical applications.”* 71!

Co-cultures of compatible but functionally differentiated heterotrophic and
photosynthetic bacteria streamline the performance of photo-microbial fuel cells (PMFCs).
Synergistic syntrophic interactions between the two biotic components overcome the
additional metabolic expenses attributive to simultaneous photo- and catalytic-based
functions in a singular microorganism.”!!-"13 A PMFC of cyanobacteria, Leptolyngbya, and
green algae, Acutodesmus, has been shown to degrade 90% of organic waste from

wastewater, 100% ammonium nitrogen (bioremediation) coupled to direct electricity

production of 55 Wh m=.7'* Wei and co-workers designed a self-sustaining micro-sized



photo-microbial cell composed of Synechocystis sp. PCC 6803 strain and S. oneidensis.”'?
The cell generated a photocurrent of 8 mA m, which is a seventy-fold current increment
compared to singular photosynthetic bacteria.”'> This improvement is collectively
attributed to the microstructure that assists in mass transport, reduces the internal
resistance, and co-culture synergy. PMFC miniaturization is also desirable for energizing
small scale applications under limited resources and remote settings.”!? 71
Biophotovoltaic (BPV) devices are biological solar cells, which generate electricity
from photosynthetic activities of living organisms (e.g., algae). The biophotovoltaic cell
lifetime and cost-effectiveness are being improved by modulating proton exchange
membrane (PEM), electrolyte, and charge mediators, etc.”!® Cyanobacteria have been
inexpensively ‘printed’ onto sheets and incorporated into BPV cells to potentially energize
low power LED lights and alarm clocks.”!”- 718 While these optimizations increase BPV
power generation, solar-to-electricity conversion efficiencies remain meager (~1%)
compared to the typical photosynthetic energy conversion efficiencies of green algae
(8%).”'- 712 Kim and co-workers designed a biohybrid system containing cyanobacteria,
Synechococcus spp., and an inorganic photosensitizer, y-Fe:Os-neodymium iron boride
magnet nanoparticles.”'” The resultant BPV demonstrated amplified electronic contact and
solar harvesting, in the absence of charge mediators.”!” Peak power densities during the
light and dark reactions of the resultant BPV cell are 0.806 and 0.235 W m™, respectively.
These power densities are well-above typical BPV values, which range between 0.015—
220 mW m and the highest power density reported for a Synechococcus spp-based system

(0.610 W m2).720



A recent study by Joshi and co-workers reported the creation of a bionic mushroom-
type architecture by closely linking cyanobacteria with graphene nanoribbons onto an
umbrella-like mushroom pilus for the generation of photosynthetic bioelectricity.”?! The
graphene nanoribbons mediate extracellular electron transfer from cyanobacteria, thereby
generating photocurrent. In this creative work, the researchers also employed 3D-printing
technology to assemble cyanobacteria in densely packed bacterial structures and
geometries to create density-dependent cell populations, resulting in an approximately 8-
fold increase in the generated photocurrent compared to non-3D-printed cyanobacteria
colonies. While this study did not demonstrate the incorporation of 3D-printed
cyanobacteria in biosolar cells, the 3D-printing technology used in this study provides
interesting questions for future research investigations in this area and bioelectrochemical
systems based on cyanobacteria.

In addition, photo-microbial desalination cells (PMDCs) couple desalination and
electricity generation. Only 2.5% of the global water reserves are freshwater while 96.5%
are ocean waters, which makes the prospects of desalinating seawater to address the
freshwater and energy crises enticing potentially.””? Al-Mamun and co-workers reported a
PMDC containing graphite electrodes, synthetic wastewater with aerobic sludge as the
anolyte and a mineral solution with microalgae as the biocatalyst.”?> The PMDC yielded
high external resistance, 40% desalination efficiency and a power density of 84 mW m™.72?
Zhang and co-workers reported the first hybrid PMDC containing zinc-doped hematite and
TiO:2 photoanode, along with a bilirubin oxidase biocathode to recycle the water/oxygen
redox couple.””* This biocathode gave a maximum power density of 21.4 pW cm as

opposed to a platinum mesh electrode (0.32 uW c¢m?). Liang and co-workers designed a



newer generation of PMDCs consisting of a Geobacter-o-hematite bio-photocatalyst anode
and graphite felt cathodes.”” The resultant current density of 8.8 A m? and 96% salt
removal are well-above the typical desalination efficiencies of microbial fuel cells (MFCs)

(<80% salt removal).
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Figure 21. An adopted and modified scheme of bioelectrochemical cell depicting the
distinct solar biofuel cell configurations. A hybrid solar biofuel cell is constructed with a
bioanode based on a photosynthetic microorganism (e.g., cyanobacteria, purple bacteria,
algae) and an inorganic cathode for oxygen reduction. Bioanodes of complex
photosynthetic fuel cells couple heterotrophs with photosynthetic microorganisms to
function synergistically. The cathode can be substituted with biological entities to make an
all-biological solar biofuel cell. Moreover, the nature of the microbial cell, organelle, and
enzyme determines how each biological entity is incorporated into the solar biofuel cell
and the respective scope of applications and efficiencies. Reprinted with permission from
ref. 726. Copyright 2015 Royal Society of Chemistry.



Relative to contemporary photovoltaic materials, phototrophic biocatalysts are easily
cultured, versatile, and adaptable.”!® 726 In DSSCs, microbial pigments, including

727 and carotenoids,’?® are substitutable to some of the toxic, scarce, and

chlorophylls
expensive photosensitizers.®*- 7% Donoso and co-workers utilized pigments extracted from
Antarctic bacteria Hymenobacter sp. A9AS and Chryseobacterium spp. for DSSCs. These
pigments possess UV-resistance in addition to the intrinsic photostability of non-
photosynthetic microbes,”?> 73 which improves photostability under continuous
irradiation.”!"733  Bacteriorhodopsin protein photosensitizer in DSSCs has shown
consistently high external efficiency (0.94%).7**73¢ However, labor-intensive isolation,
purification of microbial pigments and proteins, retention of long-term biological
functionality, and stability have restricted the growth of microbial photosensitizers.
Therefore, a new generation of genetically modified whole cell photosensitizers has been
introduced. Yadav and co-workers engineered E. coli to heterologously overexpress a gene
cluster of lycopene photosensitizer dye synthesis, and in turn, interfaced the E. coli onto
TiO, semiconductors using a supramolecular porous organic mesh.”>’” The resultant
photosensitizer yielded a total external efficiency of 0.057% that is comparable to pigment-
based DSSCs like chlorophyll (0.055%).7?7 Within the context of efficiency of
contemporary DSSCs (13%), the significance of whole-cell photosensitizers lies in their
easy, green fabrication (that sidesteps enzyme/pigment isolation) and low fabrication costs.

Chloroplasts can also be employed to construct biosolar cells. Chloroplasts containe
thylakoid membranes where all the protein complexes responsible for photosynthesis are
comprised, allowing the conversion of sunlight energy (photons) into chemical energy

(sugars). Furthermore, they have various mechanisms of self-repair to protect them against



photodamage,’*®

and can be easily extracted for broadly available plants, making them a
promising candidate for developing biosolar cells. In a photo-biofuel cell, water acts as the
electron donor, being oxidized to oxygen thanks to photons absorption in the chloroplast,
and the generated photoexcited electrons are diverted to the anode and utilized at a cathode
were oxygen reduction is performed. Accordingly, chloroplast fuel cells constitute a
promising approach to expand sunlight energy harvesting. However, only a few reports of
chloroplast-based fuel cells are available in the literature. In a 1981 pioneering study by
Bhardwaj et al., a chloroplast fuel cell was reported, where an exogenous redox mediator
(2,6-dichlorophenolindophenol) was utilized to harvest the photoexcited electrons at a Pt
electrode.”® Despite the design of the cells being relatively simple and the use of redox
mediators, both for the anodic and cathodic reactions, the device allowed a maximum
power output in the range of 380 uW and a power conversion efficiency of approximately
2-3%. In a later study, Okano et al. reported the possibility to immobilize chloroplasts on
transparent SnO; electrodes using a 2% agar gel, with methyl viologen utilized as a
diffusible redox mediator.”*° The chloroplast photoanode, coupled to a Pt cathode operating
in 0.5 M HxSOg4, allowed a chloroplast fuel cell with a solar energy conversion efficiency
of approximately 1 to 2%.

These initial reports of chloroplast fuel cells presented some limitations in terms of
limited current density and power output, as well as the presence of diffusible redox
mediators. In order to tackle these limitations, Ryu ef al. explored the possibility of utilizing
an ultrasharp nanoelectrode inserted in the chloroplast of the single-celled alga
Chlamydomonas reinhardtii to harvest the photoexcited electrons without the need of

diffusible redox mediators.”*! The approach allowed the direct harvesting of photoexcited



electrons, by reaching proximity with the quinone pool or ferredoxin in the chloroplast.
However, the accurate insertion and positioning of the nanoelectrode introduce limitations
for the scale-up of the system. With the aim to simplify the chloroplast fuel cell setup,
Amao et al. immobilized chloroplasts on a nanocrystalline TiO> film on indium tin oxide
electrodes modified with 12-aminolauric acid, allowing direct transfer of the photoexcited

electrons.”*?

The modified chloroplast photoanode coupled to a Pt-based cathode enabled
a remarkable short-circuit photocurrent of approximately 10 pA ¢cm™. In a recent study,
Hasan et al. investigated the possibility to utilize a bio-inspired redox polymer, where the
redox moieties are bound to the polymer backbone, to harvest the photoexcited electrons
from the chloroplast.’*® Specifically, the polymer comprises naphthoquinone redox
moieties, resembling the quinone redox intermediates in thylakoid membranes. By
employing the redox polymer, a 5-fold enhancement in photocurrent generation was
obtained compared to the chloroplast in direct electron transfer conditions, achieving a
current density of 5.7 + 0.3 pA cm™.

4.3. Investigation of Oxidoreductase Catalytic Mechanisms via Bioelectrocatalytic

Methods

Bioelectrocatalysis depends on the biocatalysis of redox reactions, which occur at the
electrode-electrolyte interface where the electrode plays the role of an electron
donor/acceptor to the biocatalyst. The substrate conversion, the binding of redox partner,
and the intramolecular electron transfer can produce different electrical signal changes via
electrical communication between oxidoreductase enzymes and electrode surfaces. The
corresponding changes of electrical signals can provide useful information for the

investigation of the thermodynamic, kinetic, and catalytic mechanisms.



Protein film voltammetry, developed by Fraser Armstrong’s group, refers to a concept
that an oxidoreductase is configured as a film on an electrode surface and probed by various
electrochemical methods. As the oxidoreductase molecules are immobilized on electrode
surfaces, the modulations of the electrode potential or catalytic turnover cause the electron
transport to, from, and within the oxidoreductase molecule, which can be detected as a
current response in characteristic ways with time and potential. Therefore, protein film
voltammetry is a useful methodology to study the catalytic mechanisms of oxidoreductases
and significantly promotes the progress of bioelectrocatalysis. Applying protein film
voltammetry, Christophe Léger and Fraser Armstrong carried out in-depth research works
studying catalytic mechanisms, inhibition kinetics, and intramolecular electron transport
of hydrogenase.”**7% The Hirst and Reisner research groups investigated the CO,
reduction mechanism and formate oxidation using Mo-dependent formate dehydrogenase

by employing protein film voltammetry.?*’

Protein film voltammetry provided a new
perspective on redox-coupled reactions by distinguishing the potential and time domains
compared to standard solution kinetics experiments. In addition, the binding properties of

inhibitors to the reduced and oxidized active sites were characterized (Figure 22).7°

Besides hydrogenase and formate dehydrogenase, the catalytic mechanisms of nitrate

751 2

reductases,”! acetyl-CoA synthase,’*? and cytochrome ¢ peroxidase,”>® have also been
investigated by using protein film voltammetry. As the protein film voltammetry is an
extensive research area, many review articles have provided a detailed and comprehensive
summary of the principle, characteristics, and applications of this technology. For engaged

readers in this particular area, these review articles are highly recommended.: 754758
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Figure 22. (a) Model for the inhibition of Molybdenum-containing formate dehydrogenase
H from E. coli electrocatalysis. (b) Dependence of inhibitor IC50 values on substrate
concentration for formate oxidation and CO; reduction. NO>~ was reduced by the electrode
and thus was omitted from the CO; reduction graph. Black, N;37; red, OCN"; blue, SCN;
purple, NO3™; orange, NO; . Conditions: 23.5 °C, pH 7, —0.1 V vs SHE (formate), —0.6 V
vs SHE (COz). Reprinted with permission from ref. 750. Copyright 2017 American
Chemical Society.

Nitrogenase is the only enzyme known to enable NH3 production from biological Na
reduction. It is a multi-protein complex, which consists of an electron-transferring ATP-
hydrolyzing iron protein (Fe protein) and a catalytic molybdenum-containing protein
(MoFe protein) where N is reduced. There are two alternative nitrogenase systems, which
employ vanadium or iron-only (VFe and FeFe) proteins.> %7 The MoFe protein is a dimer
of dimers containing a [FegS7] cluster (P-cluster) and a [FezMoSoC] cluster (FeMoco).”’
The activity of nitrogenase in vivo depends on a [FesS4] cluster-containing Fe protein as a
unique electron donor.”® During catalysis, electrons are initially transferred from the P-

cluster to FeMoco upon binding of Fe protein to MoFe protein via a deficit spending

mechanism, in which electrons are subsequently back-filled into the P-cluster from Fe



protein.’®! While the kinetics of isolated nitrogenase have been extensively studied, little
is known about the thermodynamics of its cofactors under catalytically relevant conditions.
Recently, a collaborative study between the Minteer, Seefeldt, and Einsle research groups
reported the direct measurement of reduction potentials associated with each
metallocofactor of the nitrogenase complex (Figure 23).3* In this study, the researchers
functionalized a polymer (linear polyethylenimine, LPEI) with pyrene moieties capable of
establishing a coherent bioelectrochemical interface to drive catalysis of several
metalloenzymes without the need for exogenous electron mediators to directly measure
redox potentials for each of the cofactors in nitrogenase under biologically relevant
conditions. The nitrogenase metallocofactors were observed by square wave voltammetry
at approximately —0.23 V vs NHE for the P cluster and —0.59 V vs NHE for the FeMoco,
respectively. The redox potential of FeMoco was observed to be more reducing than that
of the P-cluster, suggesting a requisite for endergonic electron transfer during the catalytic
turnover of nitrogenase. Incorporation of the Fe protein into pyrene-LPEI films resulted in
a distinct shift in the FeMoco redox potential to —0.43 + 0.02 V. In addition, a nearly
identical shift in redox potential for FeMoco was observed in the complete absence of Ha
gas. The voltammetric analysis of MoFe protein in the absence of Fe protein revealed that
electrochemically driven catalysis could only be observed when atmospheric Ha content
was below ~1.8%. These results potentially indicate that the shift in the potential of
FeMoco is the result of an interaction between MoFe protein and H> where binding of Fe

protein prevents this interaction.
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Figure 23. The thermodynamic landscape for the active site of Mo-dependent nitrogenase:
direct reduction potential measurement of either the [Fe8S7] (P-cluster) or [Fe7MoS9C]
(FeMoco) cofactors. Reprinted with permission from ref. 34. Copyright 2019 American
Chemical Society.

The Abad group achieved an electrode surface modification through the reaction with a
biphenyl dithiol self-assembled monolayer and gold clusters capped with thioctic acid to
facilitate the electrochemical communication between a gold electrode and galactose
oxidase (GOase).”%? As a result, the hybrid system showed an effective electrocatalytic
response for oxygen reduction with the formal potential of the Goase redox reactions and
rate constants for electron transfer to Goase protein, preserving their natural enzymatic
activities and enhancing electron transfer (ET) rates. Since glucose is ubiquitous and
abundant in most living organisms, a significant amount of enzymatic bioelectronics
research has focused on investigating proteins that utilize glucose as a substrate. The
Alfonta group established a detection of direct electrochemical glucose oxidation signal by
the addition of minimal cytochrome domain to c-terminus of GDH from Burkholderia
cepacia. Cyclic voltammetric and square wave voltammetric current-potential responses

resulted in enhanced electrocatalytic current by fusion GDH catalyzed glucose

oxidation.’”! In addition, electrochemical Km*® and imax from the steady-state



amperometric analysis provide the affinity of fusion glucose dehydrogenase (GDH) toward
glucose. The Mano group developed a highly porous carbon cryogel-based electrode
assembled with pyrroloquinoline quinone-soluble glucose dehydrogenase (PQQ-sGDH),
facilitating the detection of the direct catalytic signal. Bioelectrocatalytic activity for
glucose and maltose oxidation was shown including the intrinsic enzyme kinetics, the
maximum rate of heterogeneous electron transfer, and the substrate accessibility to the
enzyme’s active center.**

4.4. Bioelectrosynthesis

Bioelectrosynthesis refers to the process of utilizing bioelectrocatalysts to produce desired
products in bioelectrocatalysis systems. In contrast to biofuel cells, which generate
electrons by oxidizing fuels at the anode, bioelectrosynthesis focuses on the cathode, where
the substrate is converted to the desired product with the consumption of external
electrons.® The electrochemical communication between the bioelectrocatalyst and the
electrode can be performed via either DET or MET.* For traditional biocatalysis, the
reduced equivalent is generated by the addition of a second enzymatic reaction, which
involves a second enzyme and the second substrate in vitro for constructing an intracellular
reduced equivalent regeneration pathway. Compared with traditional biosynthesis,
bioelectrosynthesis has the merit of requiring no additional approaches for the regeneration
of reduced equivalents as the electrode can be employed as the electron donor to support
the synthesis of the target product(s).

4.4.1. Enzymatic Electrosynthesis. Enzymatic electrosynthesis is a bioelectrocatalytic
process in which isolated enzymes or multi-enzyme cascades are driven by electrons from
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the electrode for the synthesis of target products.”*> Enzymatic electrosynthesis uses



renewable enzymes as bioelectrocatalysts. Depending on the high activity and high
selectivity, enzymatic electrosynthesis can be used to synthesize a variety of useful
chemicals.!® The single enzyme bioelectrosynthetic system is mainly used for the synthesis
of the simple compounds or the introduction of functional groups and chiral centers.
Bioelectrosynthetic systems with enzymatic cascades can be used to perform multi-step
conversion processes and the synthesis of products with complicated structures.
4.4.1.1. Hydrogenase and Enzymatic Electrosynthesis of Dihydrogen (H3). Molecular
hydrogen (H:) is a carbon-neutral energy carrier, which has excellent advantages for
replacing fossil fuel-based liquids as it is both clean and renewable.®* Beside being used as
a fuel, H is also useful for hydrogenation of a variety of products and applications,
including ammonia for fertilizers, and food and heavy oils in gasoline production.”®* In
nature, many microorganisms are able to produce hydrogenase, a metalloenzyme, which
catalyzes the reversible oxidation of H». Hydrogenases are classified into [FeFe]- and
[NiFe]-hydrogenases based on the metal clusters at their catalytic sites.”®> The [FeFe]-
hydrogenase active site cluster is composed of a regular [4Fe-4S] sub-cluster (H-cluster)
bridged to a 2Fe sub-cluster via a bridging cysteine thiolate. [NiFe]-hydrogenase has a
similar structure where one of the Fe ions of the 2Fe sub-cluster is bridged to a Ni atom.
The Ni atom is, in turn, terminally coordinated by two additional cysteine thiolates. Some
[NiFe]-hydrogenases in which one of the two terminal cysteines are replaced by
selenocysteine are called [NiFeSe]-hydrogenases.
Although hydrogenases are very promising perspective biocatalysts for Hz production
and H» oxidation, a major obstacle to the application of hydrogenase is their sensitivity to

0,.76¢ Many research studies have been performed to investigate the oxidative inactivation



mechanism of hydrogenase.”®”-"7! To use hydrogenase under aerobic condition, researchers
have adopted three strategies, namely (1) the discovery of novel hydrogenases that
naturally resist O,,”’> 77 (2) the modification of hydrogenases to enhance O tolerance via
protein engineering methods,’”’*"7¢ and (3) the integration of the hydrogenases into redox
polymer films that provide a self-activated shield.”””""7° In bioelectrocatalysis, the
application of redox polymers is a simple and effective method to protect hydrogenase
under aerobic conditions. In this field, Wolfgang Schuhmann’s research group, in
collaboration with Nicolas Plumeré, Wolfgang Lubitz, and Adrian Ruff, have performed
fruitful research works. Under a hydrogen fuel cell architecture, the researchers designed
a viologen-functionalized redox polymer and immobilized an O»-sensitive [NiFe]-
hydrogenase on the surface of the electrode with this redox polymer. The electrons
generated from the H» oxidation catalyzed by hydrogenase induced the viologen-catalyzed
O reduction at the surface of the redox polymer to prevent the oxidative inactivation of
[NiFe]-hydrogenase. Meanwhile, the electrons could also be transferred to the anode
surface via the viologen moieties to generate current and power output in the presence of
0,.”77 On this basis, they further improved the structure of the viologen-based redox
polymer and successively developed two new redox polymer, poly(3-azido-
propylmethacrylate-co-butyl acrylate-co-glycidyl methacrylate)-viologen and
poly(glycidyl methacrylate-co-butyl acrylate-co-poly(ethylene glycol)methacrylate)-
viologen. The two redox polymers were used to immobilize hydrogenase, prepare a two-
layer bioanode, and protect the hydrogenase from high potentials and O» damage. In the
integration with an oxygen-reducing bilirubin oxidase gas-breathing biocathode, the

formed Ho/air biofuel cell showed a current density of up to 8 mA cm-2. A maximum power



density of 3.6 mW cm-? at 0.7 V and an open circuit voltage of up to 1.13 V were
achieved.’®

An increasing number of recent studies have suggested that hydrogenase-based H»
evolution can also be achieved via electrochemical methods. The first and critical step for
the hydrogenase-based electrochemical H> production is the preparation of hydrogenase
modified bioelectrodes.”® To date, [FeFe]- and [NiFe]-hydrogenases have been applied on
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many different solid electrodes, including single-walled carbon nanotubes,
felts,’®? TiOs electrodes,’* and CdTe nanocrystals.”®* Qian and co-workers used a mixture
of montmorillonite clay and poly(butylviologen) as a sandwich layer to immobilize
hydrogenase on glass carbon electrodes. This modified electrode can be used for efficient
bioelectrochemical Hz evolution.” In another study, Morra and co-workers employed an
anatase TiO: electrode to absorb [FeFe]-hydrogenases. The immobilized hydrogenase
demonstrated the ability to perform DET to and from the electrode surface and catalyzed
the evolution of H, with a current density of approximately 2 mA c¢cm™!. The Ha evolution
occurred with a Faradaic efficiency of ~98%.7%° In very recent research, [FeFe]-
hydrogenase from Clostridium pasteurianum, as well as [NiFe]- and [NiFeSe]-
hydrogenase from Methanococcus maripaludis, were respectively immobilized on the
surface of cathode with cobaltocene-functionalized polyallylamine redox polymer to
perform H> evolution based on mediated electron transfer. Faradaic efficiencies of H»
evolution of over 80% were achieved for all the three hydrogenases.”®® Additionally,
photoelectrochemical methods based on the application of semiconductors can be used for

H> production. The capture and storage of optical energy in the form of H> via water-

splitting is a promising H> production method, which has been demonstrated by great



research work from the Reisner group. The researchers also developed novel
photoelectrodes, TiO-coated p-Si and lead halide perovskite photocathodes, for the
generation of photocurrent for the reduction of protons to H». Specifically, [NiFeSe]-
hydrogenase was first immobilized on a TiOz-coated p-Si photocathode. The p-
Si|TiO;hydrogenase photocathode exhibited visible-light-driven H production. After 1
hour of reaction in this experimental setup, a charge of 5.1 mC had passed, and 25 nmol of
H> were detected, corresponding to a 95% Faradaic efficiency.’®” After that, the [NiFeSe]-
hydrogenase was immobilized on a triple cation mixed halide perovskite to form a
perovskite-hydrogenase photocathode. At 0.8 V vs. RHE onset potential, the perovskite-
hydrogenase cathode was combined with a BiVO4 water oxidation photoanode to form a
self-sustaining, bias-free photoelectrochemical tandem system for water-splitting and H>
production. The photoelectrochemical tandem system produced 21.1 umol cm™ H; after 8
h of controlled potential photoelectrolysis with Faradaic efficiency of 82%.78 On the other
hand, the Reisner research group designed photoelectrochemical systems that couple semi-
artificial photosynthesis and Hz production. In the architecture of these
photoelectrochemical systems, photosystem II was immobilized on anodes to perform
water oxidation upon illumination. The generated electrons were then transferred from
photosystem II bioanode to hydrogenase biocathode to realize the reduction of proton and
H> production.”” 7% In more recent work from the Reisner group, the photosystem IT was
co-immobilized with osmium-based redox polymers on a diketopyrrolopyrrole dye TiO:
photoanode to enable complementary panchromatic solar light absorption. Coupled with
the [NiFeSe]-hydrogenase modified indium-tin-oxide electrode, the photoelectrochemical

system was able to catalyze bias-free H> production from water.”! Although the viability



of these photoelectrochemical systems is limited due to the low efficiency of
photodegradation and photosystem instability, these examples still provide an interesting
proof-of-concept model for future studies in bioelectrocatalysis based on photoelectric
conversion.

4.4.1.2. Enzymatic Electrosynthesis of Nitrogen Fixation-based Chemicals. Dinitrogen
(N2) is the most abundant natural gas and the ultimate source of nitrogen for nitrogenated
industrial and natural compounds.”? However, the reductive conversion of N to active
and useful nitrogenous compounds, especially ammonia (NH3), is challenging due to the
inertness of N».7? Currently, the majority of NH3 is produced via the Haber-Bosch process,
which consumes 1-2% of the global energy output and produces about 3% of the global
CO; emission.””* 7 The electrochemical NH3 production based on nitrogenase at ambient
conditions is an alternative technology to the Haber-Bosch process. Molybdenum
nitrogenase is a multi-protein complex, which consists of a Fe protein and a MoFe protein
where N is reduced. There are two alternative nitrogenase systems employing vanadium-

or iron-only (VFe and FeFe) proteins.> 4

The most widely studied and well-understood
nitrogenase is MoFe nitrogenase, which contains MoFe cofactor. The conversion from N
to NH3 by nitrogenase follows the reactions below (Eq. 4) under optimal conditions (where
P; is the inorganic phosphate).
N, +8H" + 16 MgATP + 8¢~ - 2NH; + H, + 16MgADP + 16 Pi (Eq. 4)

The Minteer group established a bioelectrocatalytic N> fixation and NH3 production
system based on the utilization of isolated MoFe nitrogenase and Fe protein in the

architecture of hydrogen (H») fuel cell (Figure 24a).*' In the cathodic NH3 producing

chamber, methyl viologen (MV) was used as an electron mediator to transfer the electrons



from the electrode to the Fe protein, which subsequently delivered electrons to the MoFe
protein alongside the requisite for the hydrolysis of ATP. In the anodic chamber, the H»
was used as an electron donor. The electrons from the oxidation of H» catalyzed by
hydrogenase flowed through the external electric circuit to the cathodic chamber to support
the reduction of N». In this bioelectrosynthetic system, NH3 was produced from H and N>
with the simultaneous production of electrical current and power output. The achieved
Faradaic efficiency of the NH; production was 26.4%. This system demonstrates the
possibility of employing renewable energy to support bioelectrochemical N> fixation and
NHj3 synthesis. In order to eliminate the need for Fe protein and expensive ATP, the
Minteer research group developed an alternative bioelectrosynthetic route for ammonia
production based on the immobilization of MoFe protein to bypass the reducing and ATP
hydrolyzing of the Fe protein. First, MoFe protein was immobilized by poly(vinylamine)
and ethylene glycol diglycidyl ether on the electrode surface whereby the unnatural
electron mediator, cobaltocene (bis(cyclopentadienyl)cobalt (III)), is able to shuttle
electrons from electrode to MoFe protein. This system realized the conversion from N3~ to
NH3 and NO,™ to NH;3 without the addition of Fe protein and the consumption of ATP.3*
Then, a DET-based bioelectrocatalytic N> fixation system was investigated.’* 2! In order
to achieve the Fe protein- and ATP-free N, fixation, a novel polymer consisting of a linear
(poly)ethylenimine (LPEI) backbone functionalized with pyrene moieties (pyrene-LPEI)
was synthesized and employed. The MoFe protein was immobilized in a pyrene-LPEI
hydrogel on a carbon electrode. Via this immobilization strategy, MoFe protein was
observed to perform ATP-free and Fe protein independent, direct electroenzymatic

reduction of N» to NHs.



Herein, a noteworthy issue is that NHs, the end-product of N, fixation based on
nitrogenase or the Haber-Bosch process, is a bulk chemical with low added-value. The
conversion of the generated NH;3 to nitrogenous chemicals with high added-value still
requires subsequent tedious chemical synthesis steps catalyzed by precious metal

catalysts.””®

Therefore, the Minteer group further developed an upgraded
bioelectrocatalytic N> fixation system in which the generated NH;3 could be converted in
situ by an enzymatic cascade to intermediates with high added-value, which could be used
as building blocks for the synthesis of pharmaceuticals or other biotechnological chemicals
(Figure 24b). Specifically, NH3 generated from N> reduction catalyzed by nitrogenase
was further upgraded in a multi-enzyme cascade composed by diaphorase, L-alanine
dehydrogenase, and w-transaminase. In this way, the generated NH3 could be transferred
to ketone substrates to produce chiral amines (e.g. (R)-1-methyl-3-phenylpropylamine).
The MV acted as the electron mediator to transport electrons to nitrogenase for N
reduction and diaphorase for NADH regeneration that required by L-alanine
dehydrogenase.’”” This concept was recently improved to a self-powered Ho/a-keto acid
enzymatic fuel cell in which the chemically inert N> could be converted to chiral amino
acids powered by the oxidation of H» (Figure 24c). The electrons generated from the
oxidation of H» at the anode was coupled to an N> reduction to NHj3 at the cathode; the
produced NH3z was subsequently coupled with diaphorase and leucine dehydrogenase to
achieve the asymmetric aminations of a-keto acid to produce chiral amino acids with high

Faradaic efficiency and enantiomeric excess.”’

The establishment of the upgraded
bioelectrocatalytic N> fixation system demonstrates another new exciting outlook for the

application of nitrogenase in future bioelectrosynthesis.
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Figure 24. Bioelectrocatalytic N> fixation and upgraded nitrogen fixation based on the
utilization of nitrogenase. (a) Compartmentalization of hydrogenase and nitrogenase
Fe/MoFe proteins by the use of a proton exchange membrane (PEM) leads to an enzymatic
fuel cell (EFC) configuration that is able to utilize MV as the electron mediator in both
chambers and simultaneously produces NH; and electrical energy from Hz and N2 at room
temperature and ambient pressure. Reprinted with permission from ref. 41. Copyright 2017
Wiley. (b) Schematic representation of the upgraded bioelectrocatalytic N> fixation system
and the conversion route from N> to the chiral amine intermediate. Reprinted with
permission from ref. 377. Copyright 2019 American Chemical Society. (c) Schematic
representation of bioelectrocatalytic conversion from N> to chiral amino acids in a Ho/a-
keto acid enzymatic fuel cell. Reprinted with permission from ref. 797. Copyright 2020
American Chemical Society.

4.4.1.3. Enzymatic Electrosynthesis of CO: Fixation-based Chemicals. The excessive
emission and accumulation of CO; from fossil fuel combustion have become a global crisis
as the atmospheric accumulation of CO> plays a crucial role in global warming and climate
change.”® On the other hand, atmospheric CO» has been identified as a cheap and abundant
carbon feedstock, the consumption of which is considered advantageous due to this radical
environmental change.” Thus, technological development to enhance the effective

fixation and utilization of CO> has become a significant research focus. Among the most

recent bio-inspired strategies, the reductive enzymatic electrochemical capture and fixation



of CO; are considered to be effective approaches. In enzymatic electrochemical systems,

CO; can be reduced to a variety of useful chemicals, such as formate, methanol, ethanol,

and hydrocarbons, with the utilization of different bieoelectrocatalysts.50% 801
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Figure 25. (a) NADH-dependent formate dehydrogenase (FDH) and cofactor (NADH) co-
immobilization with poly dopamine (PDA) to enable efficient CO> reduction. Reprinted
with permission from ref. 809. Copyright 2016 Wiley. (b) W-FDH adsorbed to a pyrolytic
graphite edge electrode; DET is enabled by the iron-sulfur cluster present in the enzyme.
Reprinted with permission from ref. 811. Copyright 2008 PNAS. (c¢) Efficient mediated
electron transfer (MET) type of CO; reduction by Mo-FDH immobilized with cobaltocene
modified poly(allylamine) backbone (Cc-PAA) polymer. Reprinted with permission from
ref. 39. Copyright 2018 Wiley. (d) MET of VFe by cobaltocene derivatives for the
synthesis of CH4, CoHa, and C3He. Reprinted with permission from ref. 40. Copyright 2018
American Chemical Society.

Formate is the most common product of CO, fixation catalyzed by formate
dehydrogenase (FDH) at the low redox potential of —0.42 V vs SHE.?%? Formic acid is of
commercial value as a chemical feedstock, an efficient carrier of hydrogen, and suitable
for direct use in fuel cells.®?® To date, two types of FDHs, metal-dependent and NADH-
dependent, have been identified. The metal-dependent FDHs utilize Mo or W atom as the
active sites to catalyze CO; reduction. Additionally, the metal-dependent FDHs contain

several Fe-S clusters to facilitate the electron transport to the active site, which contains a



central Mo or W atom. Different from metal-dependent FDHs, NADH-dependent FDHs
do not have metal ions or other permanent redox centers, and instead use NADH directly.3%4
For the NADH-dependent FDHs, NADH or the artificial electron mediators are the source
of electrons for the CO» reduction. Therefore, the efficient supplement and regeneration of
reduced electron mediator are essential for formate production. In some previous research,
specific free artificial electron mediators, such as neutral red, [Cp"Rh(bpy)CI]* complex,
and 1,1'-Trimethylene-2,2'-bipyridinium dibromide, can act as electron shuttles to transfer
electrons from the electrode to NAD™ and support the reduction of CO; catalyzed by
FDHs.85-807 In a study by Choi et al., the artificial electron mediator methyl viologen (MV)
was able to directly transport electrons from the cathode to the FDH and support the

production of formate.3%8

Compared with the use of free electron mediators, the co-
immobilization of FDHs and electron mediators is another effective strategy. The well-
characterized NADH-dependent FDH from Candida boidinii and its coenzyme, NADH,
were embedded in a polydopamine (PDA) film by copolymerization. The PDA matrix with
nanoscale thickness facilitates electron transfer for the production of formate with 99.18%
Faradaic efficiency and unprecedentedly prolonged catalytic enzyme stability for about
two weeks (Figure 25a).5% In a recent study, Yuan and co-workers utilized a low-potential
(E° of —0.576 V vs SHE) redox polymer, which was synthesized by a facile method,

containing cobaltocene grafted to poly(allylamine) backbone (Cc-PAA), for CO> reduction
with a 99% Faradaic efficiency (Figure 25c¢). The FDH was immobilized by the Cc-PAA
polymer on the surface of the cathode. The pendant of Cc-PAA, cobaltocene, effectively
mediated the electrons transfer from the electrode to the immobilized FDH. The resulting

bioelectrode reduces CO> to formic acid with high Faradaic efficiency of 99%.3° Besides



mediated electron transfer (MET), direct electron transfer (DET) can also be employed to
support CO; reduction and format production. For the metal-dependent FDHs, the Fe-S
clusters in the vicinity of this metal-binding domain facilitate DET between the active site
and the electrode. If the oriented immobilization of FDH is achieved, DET can be observed.
In a DET design, a gold nanoparticle-embedded Ketjen black-modified glassy carbon
electrode was treated with 4-mercaptopyridine to facilitate the oriented immobilization of
W-FDH and the improvement of interfacial electron transfer kinetics. 319
Another important study for COx reduction based on DET was reported by Reda and co-
workers(Figure 25b).8!! In this study, the W-containing FDH was adsorbed to a freshly
polished pyrolytic graphite edge electrode. Using this enzyme-modified electrode, the
researchers observed CO» reduction to formate at below —0.8 V vs Ag/AgCl with 97%
Faradaic efficiencies. Furthermore, they suggested an electron transfer mechanism among
the electrode, the enzyme, and CO; for the subsequent reduction reaction. Two electrons
are transferred from the electrode to the active site (the active site is buried inside the
insulating protein interior) via the Fe-S cluster, to reduce CO: to formate and form a C-H
bond. Conversely, when formate is oxidized, the two electrons are transferred from the
active site to the electrode.

Nitrogenases, including MoFe, FeFe, and VFe nitrogenase, are also capable of CO»
reduction. Seefeldt and colleagues immobilized MoFe and FeFe nitrogenase, respectively,
with polyvinylamine hydrochloride and pyrene on a glassy carbon electrode. With
cobaltocene as a mediator, the immobilized nitrogenase can convert CO» to formate with
9% Faradaic efficiency for MoFe protein and 32 % for FeFe-protein.?!? An interesting and

important finding was reported by the Minteer group (Figure 25d),** in which the



electroenzymatic C-C bond formation from CO> catalyzed by VFe nitrogenase originated
from Azotobacter vinelandii. In this research, two cobaltocene electron mediators, 1,1°-
dicarboxy-cobaltocenium and 1-carboxy-cobaltocenium, were employed. The
bioelectrocatalytic VFe system can reduce CO; to ethylene (C2Hs) and propene (C3H),
without the requirement of CO as the substrate and forming C-C bonds. The products were
detected and quantified after the passage of 4 coulombs of charge at —0.86 V vs SHE in a
2 mL reaction system. The generation of 25 nmol C2H4 and 42 nmol C3He per pmol VFe
was observed.

The conversion from CO: to methanol is a challenging process that requires six
electrons. The single-enzyme catalyst is not able to carry out this complicated conversion
process. To mimic microbial multistep reactions, multi-enzyme in vitro systems have been
explored for various catalytic reactions where single enzyme catalysis is not effective.?!3
Consequently, the multi-enzyme cascade in which three NADH-dependent enzymes
including FDH, formaldehyde dehydrogenase (FLDH) and alcohol dehydrogenase (ADH)
was constructed to perform the production of methanol from CO,.8'* In Yoneyama and
colleagues’ study, the electrolysis of a CO;-saturated solution containing MV, FDH, and
ADH simultaneously produced formaldehyde and methanol. Through the replacement of
MV with PQQ, methanol was exclusively produced.®’> Ji and colleagues developed a
unique nano-architecture strategy involving poly(allylamine hydrochloride)-doped hollow
nanofibers co-integrated with an electron mediator, photosensitizers, and the encapsulated
three enzyme cascade. The photoregeneration of NADH under visible-light irradiation
effectively supports the conversion from CO; to methanol catalyzed by FDH, FLDH, and

ADH. The yields of methanol improved from 35.6% to 90.6 % under specified



conditions.?!¢ Park and co-workers also used photoelectrochemical method to realize the
conversion from CO> to methanol. Specifically, they employed a photoelectrochemical cell
(PEC) using a photoanode (Co-Pi/a-Fe203) that oxidizes H>O and transfers electrons to the
photocathode (BiFeOs), where the NADH is generated by a thodium mediator. This PEC
was integrated with the three-enzyme cascade composed by FDH, FLDH, and ADH to
achieve effective methanol production powered by solar energy.®!”

4.4.1.4. Enzymatic Electrosynthesis of Fine Chemicals. Enzymes have excellent chemo-,
regio-, and stereo-selectivities and catalyze organic synthetic reactions mostly without side
reactions. In particular, the oxidoreductase-catalyzed redox reactions offer yields and

selectivity that are often not achievable with chemical syntheses.®!®

Electron supply or
removal is always required when using oxidoreductases. This function is fulfilled by a
variety of cofactors that have been mentioned above. To ensure a smooth reaction, the
sufficient supply and effective regeneration of cofactors are essential. Regeneration of the
desired cofactors depends on the type of enzyme and its cofactor and can be realized in
different ways. The most commonly used method is the addition of extra enzymes, such as
alcohol dehydrogenase, glucose dehydrogenase, formate dehydrogenase, and their
corresponding sacrificial co-substrates. Through the oxidation of the sacrificial co-
substrates, the cofactors can be regenerated.’!®- 820 Compared to the enzyme-coupled
coenzyme regeneration, bioelectrocatalytic regeneration method does not require the
addition of extra enzyme and sacrificial co-substrate as electricity can be the electron
source for coenzyme regeneration without the production of byproduct.®?!-322 Based on the

above, the combination of the excellent catalytic properties of oxidoreductases and the

capability of cofactor regeneration of the electrosynthesis system makes enzymatic



electrosynthesis a promising approach for the production of a variety of useful chemicals,
especially fine chemicals with high added-value. In addition to the effective regeneration
of cofactors, the electrosynthetic system can also be used in situ to generate the substrate,
such as H>O», for the oxidoreductases.??* 824 The reaction type of oxidoreductases that can
be used in enzymatic synthesis systems to produce fine chemicals, especially chiral
chemicals, include the hydroxylation of carbon-hydrogen bonds, the reduction of
carbonyls, the reductive amination of carbonyls, the epoxidation of olefins, and the
reduction of olefins.

The Hydroxylation and Halogenation of C-H Bonds

Direct C-H activation is of vital importance, in particular, due to the prevalence of the
production of chiral alcohols or halide in pharmaceuticals, natural products, and fine
chemicals.?*® However, the selective activation of C-H bonds is still a big challenge in
organic synthesis.3?% 827 Specifically, balancing the reactivity of the oxygen-transfer
reagent with selectivity is a largely unresolved issue of organic catalysts, while it is an
inherent property of many oxidative enzymes such as monooxygenases, peroxygenases,
and chloroperoxidase.®?® 2% The electrosynthesis system can be used to generate enough
reduced cofactors to support the hydroxylation of the C-H bond catalyzed by
monooxygenase. Furthermore, the substrate of peroxygenase and chloroperoxidase,
hydrogen peroxide (H20>), can also be in situ generated in the electrosynthesis system to

support the hydroxylation and halogenation of the C-H bond.
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Figure 26. (a) The enzymatic fuel cell (EFC) with an alkB/alkG biocathode and Nafion-
separated hydrogenase bioanode for hydroxylation, epoxidation, sulfoxidation, and
demethylation. Reprinted with permission from ref. 835. Copyright 2020 Wiley. (b)
Flavin-single wall carbon nanotube-based photoelectrochemical platform enabled
peroxygenases-catalyzed, selective hydroxylation reactions. Reprinted with permission
from ref. 824. Copyright 2017 American Chemical Society. (c) Bias-free in situ H2O:
generation in a photovoltaic-photoelectrochemical tandem cell for biocatalytic
oxyfunctionalization catalyzed by peroxygenase. Reprinted with permission from ref. 839.
Copyright 2019 American Chemical Society.

Cytochrome P450 monooxygenases are able to catalyze the hydroxylate the
hydroxylation of the C-H bond. In the enzymatic electrosynthesis system, both the natural
cofactor (NADH) and the artificial cofactor (e.g., cobalt(Il) sepulchrate trichloride,
cobalt(Ill) sepulchrate, and cobaltocene) can be employed as electron mediators and
regenerated to shuttle electrons from electrode to P450 monooxygenase. The
corresponding hydroxylation reaction includes the specific ortho-hydroxylation of a-
substituted phenols, the w-hydroxylation of fatty acids, and the hydroxylation of

steroids.®30-833 Besides mediated electron transfer (MET), direct electron transfer (DET)



can also be used to support the hydroxylation reaction of P450 monooxygenase. The classic
examples are the immobilization of P450cam on the antimony-doped tin oxide-coated glass
slides electrode or the indium tin oxide electrode to produced hydroxylated camphor
without the requirement of any electron mediators.®*> 834 In the research by Fantuzzi, a
monolayer coverage was obtained on gold modified with cystamine/maleimide that
covalently linked surface accessible cysteines of P450 2E1. This bioelectrode can be used
to catalyze the hydroxylation of p-nitrophenol via DET.”* Recently, the Minteer group
reported a selective electroenzymatic oxyfunctionalization catalyzed by monooxygenase
in a hydrogen fuel cell (Figure 26a).8% Specifically, the alkane monooxygenase from P.
putida is employed to catalyze the difficult terminal oxyfunctionalization of alkanes under
mild conditions. Toluidine blue O (TBO) acts as the electron mediator that continuously
transfers electrons from the cathode to the alkane monooxygenase, thereby replacing both
NADH and the redox partner of alkane monooxygenase. Finally, by coupling
monooxygenase biocathode with a hydrogenase bioanode and consuming H> as an electron
donor, they successfully developed an enzymatic fuel cell capable of oxyfunctionalization
while simultaneously producing electricity. In recent years, it has been found that the
peroxygenase, which excels in terms of substrate scope and specific activity compared with
traditional monooxygenase, is a promising biocatalyst to realize the hydroxylation of the
C-H bond in preparative organic synthesis.??- 3¢ Different from the P450 monooxygenase,
peroxygenases do not rely on complicated and susceptible electron transport chains
delivering reducing equivalents to the heme active site needed for reductive activation of
molecular oxygen and therefore are not subject to the ‘oxygen dilemma.®’” The H>O» is

employed to directly regenerate the catalytically active oxyferryl heme species of



peroxygenase. Therefore, the reduced equivalent is not required in the catalytic process of
peroxygenase. However, peroxygenases suffer from a pronounced instability against H>O,.
The electrosynthesis system can use O as a substrate to realize the in situ generation of
H>0O», which is conducive to release the inhibition of H2O> on the activity of peroxygenase
at excess concentrations. In research by Horst et al., the hydroxylation of C-H of
ethylbenzene catalyzed by unspecific peroxygenase (UPO) was performed in an enzymatic
electrosynthesis system. The carbon-based gas diffusion electrode was employed as the
working electrode to perform the conversion from O to H2O: (Figure 26b). The in situ
supply of H>O; ensured high reaction efficiency. Total turnover numbers (TONs) of up to
400,000 molproduct molupo ! and space-time-yields of up to 25 g L' d”! were achieved in
the enzymatic electrosynthesis system.®*8 Park’s group studied the utilization of
photoelectrochemical method to realize the in-situ generation of H>O: to support the
hydroxylation of ethylbenzene catalyzed by peroxygenase. On one hand, they developed a
flavin-hybridized, single-walled carbon nanotube (SWNT) photoelectrodes to reduce the
overpotential needed for the reduction of O; to H2O2 by 170 mV. Under illumination,
flavins allowed for a marked anodic shift of the oxygen reduction potential. Finally, the
TON of photoelectroenzymatic hydroxylation of ethylbenzene achieved was 123,900.524
On the other hand, they also constructed a photovoltaic-photoelectrochemical tandem cell
for the oxyfunctionalization catalyzed by peroxygenase (Figure 26¢).3%° The photovoltaic-
photoelectrochemical tandem cell consisted of a FeOOH/BiVOs photoanode, a
Cu(In,Ga)Se> solar absorber, and a graphitic carbon nitride/reduced graphene oxide hybrid
cathode for light-driven H>O> generation. Powered by sufficient photovoltage generated

by the solar absorber, the photovoltaic-photoelectrochemical tandem cell generates H2O»



in situ via the reductive activation of O using H>O as an electron donor. The TON of
ethylbenzene to (R)-1-phenylethanol achieved 43,300 with high optical purity ee, > 99%.
The in situ system for H>O; electrogeneration can also be employed to achieve the
halogenation of target substrates. Dirk Holtmann’s group carried out some related studies
in this direction. In Holtmann’s studies, the H>O» was generated in situ at a gas diffusion
electrode. Chloroperoxidases then acted as the biocatalyst to facilitate the production of
hypohalides from H>O> and a halide. These reactive hypohalides are then able to participate
in a variety of halogenation reactions.®* First, the researchers used thymol-equilibrated gas
diffusion electrode to provide chloroperoxidase with appropriate amounts of H>O: to
sustain high hypochloride generation rates while minimizing H>O»-related biocatalyst
inactivation. Then, the generated hypochloride can spontaneously react with different
substrates to produce chlorothymol, chlorocarvacrol, and bromothymol, as well as
dichlorothymol with high efficiency.??® In their more recent study, an oxidized carbon
nanotube-modified gas diffusion electrode was employed to perform in situ H>O»

823 The modification of oxidized carbon nanotube reduced

generation at low overpotentials.
the working potential of H>O: production from —-350 mV to —250 mV vs Ag/AgCl.
Hypobromite was generated by chloroperoxidase with H,O> consumption and reacted with
4-pentenoic to form bromolactone.

The Reduction of Carbonyls

The reduction of carbonyl (ketone substrate) is a beneficial reaction in organic synthesis
for the production of alcohol, especially chiral alcohol. Among many kinds of biocatalysts,
carbonyl reductases (also referred to as alcohol dehydrogenases or ketone reductases) have

been used to catalyze the asymmetric reduction of carbonyl to prepare chiral alcohols.4!-



843 Similar to other oxidoreductases, carbonyl reductases also consume NAD(P)H to
perform the reduction of the carbonyl. This electrosynthetic system can use electricity as
the electron donor to realize the effective regeneration of reduced cofactor for the reduction
of carbonyl catalyzed by carbonyl reductases.

In previous studies, mediated electron transfer (MET) based on the utilization of free
electron mediator is the dominant method to perform the regeneration of NAD(P)H.
Cp'Rh(bpy)L has been used as an electron mediator to facilitate the reduction of
acetophenone, cyclohexanone, 4-phenyl-2-butanone to produce (R)-phenylethanol,
cyclohexanol and (S)-4-phenyl-2-butanol.*!8 #44-846 The methyl viologen (MV) coupling
with diaphorase can be used to regenerate NADH, which has been applied in the reduction
of cyclohexanone, 2-methyl-cyclohexanone, pyruvate, and benzoylformate to produce
cyclohexanol, (1S,25)-(+)-2-methylcyclohexanol, D-lactate and (R)-mandelate.347-84
Recently, the Minteer research group developed a biphasic bioelectrocatalytic synthesis
method to prepare chiral B -hydroxy nitriles.**> In their research, diaphorase was
immobilized by a cobaltocene-modified poly(allylamine) (Cc-PAA) redox polymer on the
surface of cathode (DH/Cc-PAA biocathode) to achieve an effective bioelectrocatalytic
NADH regeneration. The generated NADH effectively facilitated the reduction of ethyl 4-
chloroacetoacetate to ethyl (S)-4-chloro-3-hydroxybutanoate catalyzed by alcohol
dehydrogenase. The conversion ratio of 30 mM ethyl 4-chloroacetoacetate after 10 hours
of the reaction was close to 100%. The generated (S)-4-chloro-3-hydroxybutanoate was
further involved in the dehalogenation and cyanation substitute catalyzed by halohydrin
dehalogenase and finally was converted to the (R)-ethyl-4-cyano-3-hydroxybutyrate, a

useful active ingredient of Lipitor.®° Besides MET, some ketone substrates can also



directly be reduced on the surface of the electrode. A representative example is the
enzymatic electrosynthesis of L-3,4-dihydroxyphenylalanine (L-DOPA), which is a
precursor of the neurotransmitter dopamine and a widely used drug in the treatment of
Parkinson’s disease.?*1-%53 L-DOPA is the hydroxylation product of tyrosine catalyzed by
tyrosinase. But, the monophenols by cresolase activity of tyrosinase is able to further
catalyze the generation of peroxidation products of L-DOPA, L-DOPAquinone. In the
enzymatic electrosynthesis system, the generated L-DOPAquinone can be directly reduced
back to L-DOPA at the reductive potential of L-DOPA by the electrons supplied from the
electrode without the requirement of electron mediators.

Reductive Amination of Carbonyls

Enantioselective reductive amination of carbonyls is an important and widely used
approach for the synthesis of chiral amine and biologically relevant molecules.®** In
biocatalysis, this type of reaction is mainly used to prepare chiral amino acid via the
asymmetric amination of a-keto acid. Amino acid dehydrogenases are the enzymes that
catalyze the reductive amination of a-keto acids to L-amino acids in the presence of the
cofactor NADH, which acts as an electron donor. The amino acid dehydrogenase is capable
of utilizing the free ammonium, rather than amino compounds, as a substrate to catalyze
the formation of chiral amino acid, which is conducive to reduce the production cost.

The enzymatic electrosynthesis of L-glutamate catalyzed by glutamate dehydrogenase
via the reductive amination of oxoglutarate is a representative example. In the
electrosynthesis system, NADH was regenerated by using the artificial mediator accepting
oxidoreductase (AMAPORS) and methyl viologen (MV) as an electron shuttle.83°-%7 In

recent years, the photoelectrochemical method has been developed for the synthesis of



glutamate. Lee and co-workers developed an unbiased photoelectrochemical tandem
assembly of a photoanode (FeOOH/BiVO4) and a perovskite photovoltaic to provide
sufficient potential for the NADH-dependent reductive amination of a-ketoglutarate and
glutamate production catalyzed by glutamate dehydrogenase. Specifically, the tandem
photoelectrochemical system consisting of a nanostructured FeOOH/BiVOs photoanode,
an organometallic perovskite-based photovoltaic cell, and a carbon nanotube (CNT) film
cathode. FeOOH worked as a water oxidation catalyst on the BiVO4 photoanode to
enhance the extraction of photogenerated holes and the efficiency of water oxidation, as
well as to improve the photoanode’s stability. The perovskite solar cell with a light absorber
containing triple cation perovskite compositions made of Cs, formamidinium, and
methylammonium, absorbs the transmitted light through the FeEOOH/BiVOs photoanode,
providing an additional photovoltage to satisfy the thermodynamic requirement for both
water oxidation and supply of electrons for NADH regeneration. On this basis, the
conductive CNT modified cathode performed the reduction of a Rh-based electron
mediator, [Cp*Rh(bpy)H,O]?", which finally realized the regeneration of NADH. This
enzymatic photoelectrosynthesis system significantly facilitated the synthesis of glutamate.
The total turnover number and a turnover frequency of the enzyme achieved were 108,800

and 6200 h™!, respectively.5

Beside glutamate dehydrogenase, Leucine dehydrogenase
can also be used in enzymatic electrosynthesis system. Minteer’s group applied leucine
dehydrogenase in an enzymatic electrosynthesis system (H/a-keto acid enzymatic fuel
cell) to produce L-norleucine and derivatives.?”” The electrons generated from H, oxidation

at the hydrogenase anode transported to the cathode and supplied enough reducing

equivalents for the NH3 production and NADH recycling catalyzed by nitrogenase and



diaphorase, respectively. The generated NH3 and NADH were consumed in situ by the
leucine dehydrogenase to generate L-norleucine with 2-ketohexanoic acid as the
NHj3 acceptor. This Ha/a-Keto acid enzymatic fuel cell can also be used to produce L-
norvaline, L-valine, L-ter-leucine, and L-cyclopropylglycine with high enantiomer excess
value.
The Epoxidation of Olefins
Asymmetric epoxidation is a useful method for the synthesis of biologically active
pharmaceuticals and fine chemicals. The introduction of two C-O bonds in one reaction
results in the formation of two chiral centers and also provides access to a diverse array of
key intermediates due to the possibility of facile opening of the epoxide ring.*!” An
effective way for the preparation of chiral epoxy compounds is the utilization of flavin-
dependent monooxygenases to catalyze the epoxidation reactions. Monooxygenases
frequently exhibit high conversion rates at excellent enantioselectivities, are active at
ambient reaction conditions, and use molecular oxygen as oxidant.”> For enzymatic
electrosynthesis, the FADH>-dependent styrene monooxygenase from Pseudomonas sp.
VLB120 is the most commonly used bioelectrocatalyst to catalyze the specific S-
epoxidation of styrene derivatives.3* This monooxygenase is composed of an FADH,-
dependent oxygenase component (StyA) that performs the epoxidation reaction and an
NADH-dependent reductase component (StyB) that transfers reducing equivalents from
NADH to StyA.

In initial studies of the application of FADH>-dependent styrene monooxygenase for
enzymatic electrochemical epoxidation, Schmid and co-workers established an

electrochemical method to regenerate FADH; to substitute for the complicated native



regeneration cycle composed by StyB and NADH. The cylindrical carbon felt electrode
served as the cathode to supply electrons for the reduction of FAD at—550 mV vs Ag/AgCl.
The epoxidation rate of enzymatic electrosynthesis system was much lower than that of
reaction with the natural FADH; regeneration cycle. The slow electrochemical reduction
rate of the flavin and fast aerobic reoxidation accounted for the low reaction rate.**® For
settling this problem, Schmid’s group further developed a highly porous reticulated
vitreous carbon electrodes to maximize the volumetric surface area. This improved
electrode was used in a flow-through mode to increase the regeneration rate of FADH>.
Finally, the space-time production rate of (S)-styrene oxide increased from 0.143 mM h'!
to 2.2 mM h!.#!° Ultimately, the Schmid group developed a novel flow-through reactor
equipped with a porous, three-dimensional reticulated vitreous carbon electrode with
exceptionally large surface areas. This system improved mass transfer rates. The reduction
rate of FAD was up to 93 mM h™!. The space-time production rate of (S)-styrene oxide can
be kept at 1.3 mM h!.3¢! In addition to work by the Schmid group, Yoo’s group also
performed related studies.*?® The researchers employed a zinc oxide/carbon black
composite electrode. The attractive interaction between zinc oxide and styrene
monooxygenase lead to the high local concentration of styrene monooxygenase around the
electrode surface, and also increased the accessibility of FADH; from the electrode surface
to the enzyme. By adjusting the reaction conditions, such as oxygen solubility, high
Faradaic efficiency of 65% was obtained.

Reduction of Olefins

The enzymes catalyzing the asymmetric hydrogenation of olefins generating up to two

stereogenic centers are known as ene-reductases. They are subdivided into four enzyme



classes, namely (1) old yellow enzymes (OYEs), (2) enoate reductases, (3) medium-chain
dehydrogenases/reductases (MDRs), and (4) flavin-independent short-chain
dehydrogenase/reductases (SDRs). Ene-reductases require the use of NAD(P)H as a

862 For the enoate reductases and OYE enzyme family,

cofactor for hydride donation.
electroenzymatic methods for coenzyme regeneration have been developed to support the
asymmetric reduction of olefins. In Simon and co-workers’ research, the asymmetric
synthesis of (2R)-2-methyl-3-phenylpropionate by an enoate reductase from Clostridium
tyrobutyricum was combined with electrochemical regeneration of reduced MV. The
reduced MV was used as an electron mediator to transfer electrons from the cathode to the
enoate reductase. After 80 h reaction, the conversion ratio of 80 mM substrate achieved
was approximately 95%.3° The same enoate reductase was further immobilized, coupled
with electrochemical regeneration of MV to perform the asymmetric reduction of (£)-2-
methyl-3-phenyl-2-propenoate and (E)-2-methyl-2-butenoate to their (R)-enantiomeric
products. The enzymes were either immobilized on a cellulose filter or immobilized
directly on the carbon felt electrode. The eep of both of the generated (R)-enantiomeric
products were >98%.8% The photoelectrochemical system has also been employed to
perform the enzymatic reduction of olefins. Son et al. constructed a photoelectrochemical
cell equipped with a protonated graphitic carbon nitride (p-g-C3N4) and carbon nanotube
hybrid (CNT/p-g-C3N4) film cathode, and a FeOOH-deposited bismuth vanadate
(FeOOH/BiVO4) photoanode for the reduction of ketoisophorone to (R)-levodione
catalyzed by OYE. In the biocatalytic photoelectrochemical cell platform, photoexcited

electrons provided by the FeEOOH/Bi1VO4 photoanode are transferred to the robust and self-

standing CNT/p-g-C3N4 hybrid film that reduced FMN. The p-g-C3N4 promotes a two-



electron reduction of FMN coupled with an accelerated electron transfer by the conductive
CNT network. The reduced FMN subsequently utilized by OYE for the asymmetric
reduction of ketoisophorone to (R)-levodione. Finally, the (R)-levodione was synthesized
with the enantiomeric excess value of above 83%.86

4.4.2. Microbial Electrosynthesis. Microbial electrosynthesis refers to a novel bioenergy
approach in which electricity is used as the energy source for the reduction of CO;
catalyzed by microbial cells to single-carbon or multi-carbon organic compounds that can
serve as transportation fuels or other useful organic chemical commodities.?%® 86¢ The
conversion of electrical energy to extracellular, multi-carbon chemicals is an attractive
option and has great significance for energy storage and distribution.®¢” Since microbial
electrosynthesis offers a great potential for the generation of renewable biofuels and
commodity chemicals, the understanding and cognition of the type of microbes and the
metabolic pathway mechanisms are critical to improving the performance of microbial
electrosynthesis systems. Furthermore, this work has profound environmental
implications, including the understanding of ecological aspects of one-carbon metabolism
and extracellular electron transfer relevant to global biogeochemical cycling.®® A wide
variety of value-added products can be produced in microbial electrosynthesis systems,
such as hydrogen, ethanol, methane, acetate, butanol, and hydrogen peroxide.?®® Currently,

microbial electrosynthesis of acetate from CO; has achieved high production (>10 g/L).87°

871 872

Besides acetate, more valuable products including butyrate, caproate, and
polyhydroxybutyrate (PHB),®”* could also be generated via CO; fixation performed by
microbial electrosynthetic systems. The wide diversity of products generated from CO; in

microbial electrosynthesis represents a new direction for the synthesis of materials and



chemicals.?’* Apart from wild-type microbial cells, some engineered strains have also been
applied in the microbial electrosynthetic systems with the development of metabolic
engineering and synthetic biology. Through the introduction of a new synthetic pathway
or the modification of the existing metabolic pathway, the engineered strains are able to
synthesize products with higher added value, such as chiral compounds, succinate, PHB,
and natural products, as well.

4.4.2.1. Microbial Electrocatalytic H> Production. The microbial electrolysis cell is an
emerging technology that combines the metabolism of microbial cells with
electrochemistry to realize H, production.”® Two modes, specifically a biocathodic and a
bioanodic mode, can be used in the microbial electrolysis cell for H2 production. In the
biocathodic mode, microorganisms with the ability to express hydrogenase are
immobilized on cathodes as electrocatalytic agents to catalyze proton reduction and H»
production. Tatsumi et al. prepared a biocathode by using polycarbonate membranes to
immobilize Desulfovibrio bulgaris cells on a glassy carbon electrode. In this study, the
researchers utilized methyl viologen as the electron mediator to shuttle electrons between
the cathode and the hydrogenase inside the cell, achieving H, evolution.®”> In a similar
research work from Lojou and co-workers, D. bulgaris were immobilized onto an electrode
with a dialysis membrane and could perform the H> production with methyl viologen as
electron mediator.8’® Villano et al. reported the use of hydrogenophilic dechlorinating
bacteria, Desulfitobacterium and Dehalococcoides, which were applied in a cathodic
chamber to catalyze H> production via proton reduction.’”” Desulfitobacterium- and
Dehalococcoides-enriched cultures produced H» at rates of 12.4 peq/mgVSS/d (where

VSS is volatile suspended solids). Moreover, the Desulfitobacterium-enriched culture was



able to catalyze H> production via DET at —0.75 V vs SHE with H> production rate at 13.5
neq/mgVSS/d. In the bioanodic mode, anode-respiring microbial cells, including
Geobacter, Shewanella, Pseudomonas, Clostridium, Escherichia, Desulfuromonas, and
Klebsiella, are immobilized on anodes. These immobilized microbial cells can oxidize a
variety of organic compounds, such as glucose, cellulose, ethanol, acetate lactate, butyrate,
and propionate, and transfer electrons to the anode.?’® The electrons travel to the cathode
via an external electrical circuit, where the electrons reduce H>O to realize H, evolution.’®*
In this process, a power supply is required to boost the voltage of electrons reaching the
cathode. Wastewater is a commonly used substrate in microbial electrolysis cells for H>
production. Through the oxidation of organic compounds in wastewater, H> production
occurs while simultaneously achieving wastewater treatment. In reported studies to date,
domestic wastewater,?’® swine wastewater,*° fermentation effluent,®®' industrial and food

2 and winery wastewater®® have been used for in microbial

processing wastewater,®8
electrolysis cell for Ha production. In a research work by the Bernet group, a biofilm-based
two-chamber microbial electrolysis cell with a volume of 4 L was continuously fed with
acetate under saline conditions for more than 100 days. The current density achieved was
10.6 A m2anode. The Ha production rate was up to 0.9 m*ua m d!.8%* In a study by Montpart
et al., synthetic wastewater, containing glycerol, milk, and starch, was evaluated in a single
chamber microbial electrolysis cell. With the simultaneous degradation of the three
substrates, the current intensity achieved was 150 A m™. The H> production rate was
determined to be as high as 0.94 m® m™ d-1.%%°

4.4.2.2. Microbial Electrocatalytic N2 Fixation and Ammonia Production. In addition to

isolated nitrogenase, some microbial cells can also be used as bioelectrocatalysts to



catalyze N fixation and ammonia production. Algal and cyanobacteria are the
conventional catalysts for ammonia production. Leddy and Paschkewitz used an SA-1
mutant of Anabaena variabilis immobilized on a glassy carbon electrode with a
hydrophobically modified Nafion film to electrochemically produce ammonia from N,.%3¢
It was shown that ferredoxin mediates nitrogenase bioelectrocatalysis in the cell when SA-
1 mutant of A. variabilis is immobilized on indium tin oxide coated polyethylene. The
intracellular nitrogenase is being constantly reproduced by the cell and is protected from
oxygen through the formation of heterocyst (Figure 272).°° In another study, Chong Liu
and co-workers constructed a hybrid inorganic—biological system to synthesize NH3 from
N2 and H> generated from electrocatalytic water splitting at ambient conditions (Figure
27b).887 Specifically, a constant voltage was applied between a cobalt—phosphorus alloy
hydrogen evolution cathode and a cobalt phosphate oxygen evolution anode for water
splitting and H»> generation. The hydrogenase of an Hz-oxidizing bacterium, Xanthobacter
autotrophicus, oxidized the generated Hz, driving the CO»> fixation in the Calvin cycle and
N fixation by nitrogenase. As the generated NH3 can diffuse extracellularly, X
autotrophicus cells can be used as electrogenerated biofertilizer and added to soils to
improve the growth of cherry belle radish by up to approximately 1,440% in terms of the
storage root mass. This research demonstrated that the H» acts as the electron carrier in N>

fixation can be generated in situ from electrochemical water splitting.
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Figure 27. (a) Representation of the main enzymes and reactions involved in biological
nitrogen fixation in the vegetative and heterocyst A. variabilis cells. Vegetative cells are
represented by the pale green circles, and heterocysts are represented by the larger, dark
green circles. Vegetative and heterocyst cells are linked together to form filaments.
Reprinted with permission from ref. 60. Copyright 2017 Elsevier. (b) Schematic of the
electroaugmented nitrogen cycle. A constant voltage (Eappl) is applied between CoPi OER
and Co-P HER electrode for water splitting. Hydrogenase of X. autotrophicus oxidizes the
Ha, fueling CO; reduction in the Calvin cycle and N> fixation by nitrogenase. The generated
NHs is typically incorporated into biomass (pathway 1) but can also diffuse extracellularly
by inhibiting biomass formation (pathway 2). X. autotrophicus forms an electrogenerated
biofertilizer that can be added to soil to improve plant growth. The red pathway indicates
carbon cycling; blue pathways indicate nitrogen cycling. CoPi, oxidic cobalt phosphate;
OER, oxygen evolution reaction; HER, hydrogen evolution reaction. Reprinted with
permission from ref. 887. Copyright 2017 PNAS.

4.4.2.3. Microbial Electrosynthesis of Methane. Methane is a noble means of storing
energy, and it is also easy to transport.®® For the microbial electrosynthesis of methane-
based on the electro-reduction of CO», the role of the anode is to provide a complete circuit
in physics. There are many oxidation reactions on the anode, which include the oxygen
evolution reaction or the oxidative decomposition of organic compounds. The electroactive

microorganisms accomplish CO; electromethanogenesis on the biocathode. HCO;/CO»



can be used as a substrate for the CH4 production catalyzed by the microorganisms.
Usually, the electron transfer mode for the CO; electromethanogenesis and CH4 production
include direct (Eq. 5) and indirect electron transfer (Eq. 6 and Eq. 7).3%8

CO, + 8H" + 8e~ —» CH, + 2H,0 E = —0.244 Vvs SHE (Eq.5)

2H* +8e™ - H, E = —0.421 Vs SHE (Eq.6)

CO, + 3H, — CH, + 2H,0 (Eq.7)

Electromethanogenesis is a research field that has rapidly developed in recent years. The
first study of electromethanogenesis was carried out using a two-chamber reactor with an
abiotic anode and biotic cathode. Methanobacterium palustre was used as the
bioelectrocatalyst for the reduction of CO» and the production of CHs at a set potential of
less than —0.5 V vs SHE. Although at this operation potential hydrogen could be generated,
the electron transfer mechanism was still believed to be DET without solid evidence.®
The electromethanogenesis based on DET had remained to be a hypothetical reaction
model.'- 8% In some studies, the hydrogenase-disrupted mutant of a methanogen can still
produce CHj in a BES reactor in an applied-voltage-dependent manner.?*! In subsequent
research, a Methanothermobacter-related methanogen and synergistetes- and thermotogae-
related bacteria were selected during the acclimation in the two-chamber electrochemical
reactor at high temperature to improve the production rate of CH4. An important finding is
that methane can be produced at —0.35 V vs SHE at a rate of 206 mM L' day'!. The
midpoint potential of the catalytic wave of the biocathode, presenting supporting evidence

892

for the direct electron transfer (DET)-mediated mechanism.®”> Meanwhile, research by

Zhen et al. also proved the directed electron transfer between Methanobacterium and

893

electrode, which facilitated CH4 production.®” The DET-mediated electromethanogenesis



can be coupled with the water treatment process. Some useful attempts have been carried
out to synchronously realize the CHs production and the treatment of domestic
wastewater,%** dairy farm wastewater,?’° and seawater-based subsurface aquifer in a natural
gas field.?* For the mediated electron transfer (MET)-mediated electromethanogenesis
depending on H» production, Marshall and co-workers first reported the reduction of
CO; to a mixture of methane, acetate, hydrogen, and formate, using enriched mixed co-
cultures consisting of >93% Methanobacterium and ~5% Methanobrevibacte originated
from brewery wastewater under the potential of —0.59 V vs SHE.?*7 In subsequent research,
a novel electrode design consisted of porous nickel hollow fibers, which acted as an
inorganic electrocatalyst for hydrogen generation from proton reduction and as a gas-
transfer membrane for direct CO; delivery to CO»-fixing hydrogenotrophic methanogens
on the cathode through the pores of the hollow fibers. These unique electrode structures
create a good environment for the enrichment of methanogens and the Hz-mediated CH4

production.?®

In recent research, Beak and co-workers investigated the development of a
biocathode from non-acclimated anaerobic sludge in an electromethanogenesis cell at a
cathode potential of —0.7 V vs SHE over four cycles of repeated batch operations. The
conversion rate of CO; to CHy increased to 97.7% as the number of cycles increased,
suggesting that a functioning biocathode developed during the repeated sub-culturing
cycles. The CO»-resupply test results suggested that the biocathode catalyzed the formation
of CHy4 via both direct and indirect (H>-mediated) electron transfer mechanisms.?

4.4.2.4. Microbial Electrosynthesis of Acetate. Acetate is another major product of CO>

reduction in microbial electrosynthesis, which can be produced by pure or mixed



acetogenic cultures.”® Acetate can be electrochemically produced at —0.28 V vs SHE (Eq.
8).

2HCO3 + 9H* + 8e™ —» CH3;C00~ + 4H,0 E = —0.28Vvs SHE (Eq.8)

In the first report of electroacetogenesis, Nevin and co-workers found that when the
graphite cathode was acclimated by Sporomusa ovata, Sporomusa sphaeriodes,
Sporomusa silvacetica, Clostridium ljungdahlii, Clostridium aceticum, and Moorella
thermoacetica at potential —0.4 V vs SHE, the electrons derived from the cathode could
reduce CO; and produce acetate, 2-oxobutyrate, or formate.””! Although most studies of
electroacetogenesis reported acetate production lower than 1 gL d™1,°92 some studies
made breakthroughs. It was found that a graphite granule packed bed cathode could obtain

903

a high area to volume ratio and achieved 3.1 gL ™! d"! in the production rate.’”®> Moreover,

a study used galvanostatic control to overcome the reducing power limitation. The final
production rate reached 18.72gL! d1°% Some studies indicated that the higher
production rate of acetate and current density could be obtained in mixed culture than pure
culture within each cathode potential, which was likely due to the syntrophic interactions
among different communities.”*> °° Hydrogen can also act as the electron donor to support
the production of acetate (Eq. 9).

2CO, + 4H, —» CH3;COOH + 2H,0 (Eq.9)

Recently, some novel materials have been developed and applied to fabricate new
electrodes (Figure 28a). These novel electrodes have been used to facilitate water splitting
and in situ hydrogen generations for the reduction of CO,. For example, some non-

precious metal cathodes, including cobalt-phosphide (CoPi), molybdenum-disulfide

(MoS), and nickel-molybdenum alloy (NiMo) cathodes, have been used to perform



durable hydrogen evolution. The integration of the non-precious metal cathodes and S.
ovata, which metabolizes CO; and H» to acetate, achieves coulombic efficiencies close to
100% without accumulating hydrogen. Moreover, the one-reactor hybrid platform is
successfully used for efficient acetate production from electricity and CO,.°°7 Almost
simultaneously, Chong Liu’s group reported a biocompatible biological-inorganic hybrid
system with high efficiency for electricity-driven CO; reduction and acetate production.”®®
Specifically, H>O is split to O> by a cobalt phosphate anode, and H> is produced by a
cobalt—phosphorous alloy cathode. The generated H> is utilized by the hydrogenase of S.
ovata as an electron donor to drive the reduction of CO2 and acetate generation. In order to
solve the problem of the low solubility of Hz, a biocompatible perfluorocarbon
nanoemulsion was used as an H» carrier. The production of acetate was increased by 190%.
The average acetate titer of 6.4 g L'! was achieved in four days with close to 100% Faradaic
efficiency. Another innovative research is from Peidong Yang’s group (Figure 28b), which
reports the construction of a photoelectric conversion system based on the silicon (Si) and
titanium dioxide (TiO2) nanowire arrays with large surface area as the light-capturing units
that enabled a direct interface with S. ovata as the cellular catalyst. Reducing equivalents
was generated from the light-harvesting electrodes to power the S. ovata cell, which
allowed the conversion of CO to extracellular acetate. The photoelectrochemical
production of acetate can be achieved under aerobic conditions with low overpotential (n
<200 mV), high Faradaic efficiency (up to 90%), and long-term stability (up to 200 h). The

highest concentration of produced acetate was achieved to be ~6 g L-!1.710:909
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Figure 28. (a) Integrated bioelectrochemical reactor; anode (+) and cathode (—)
compartments are separated by a proton-exchange membrane (CEM). The target reaction
on the cathode is the evolution of hydrogen as an electron donor for the microbial reduction
of CO,. The displayed microbial catalysts are homoacetogenic bacteria (purple rod) and
methanogenic archaea (green cocci). Reprinted with permission from ref. 907. Copyright
2019 Springer Nature. (b) Schematics of the close-packed nanowire-bacteria hybrid system
(Left) and the reaction pathway (Right). The electrons are transferred (via either direct
pathway or Ho-mediated pathway from the Si nanowire cathode to S. ovata to generate the
intracellular reducing equivalents (Mrea). The reducing equivalents are finally passed on to
the Wood-Ljungdahl pathway to produce acetate and biomass. Reprinted with permission
from ref. 909. Copyright 2020 Elsevier.

4.4.2.5. Microbial Electrosynthesis for the Production of Alcohols and Volatile Fatty
Acids. Microbial electrosynthesis is a type of microbial electrocatalysis in which an
electrochemical cathode supplies electron to living bacteria via applied electric current; the

microorganisms use the supplied electrons to reduce carbon dioxide (CO>) yielding



products of industrial relevance. Thus, the fascinating aspect of microbial

866,910,911 45,912-915

electrosynthesis is its ability to utilize unwanted waste, CO», and produce
value-added biofuels, such as ethanol by the bacterial metabolic pathways.”'® In the
microbial electrosynthesis for alcohol production, ethanol is of particular interest due to its
potential replacement for gasoline.”!” Birjandi and co-workers electrochemically facilitated
ethanol fermentation from COz by Saccharomyces cerevisiae, producing 11.52 g L' in 40
hours of operation.”’® On the other hand, Liu and co-workers used Clostridium
scatologenes ATCC 25775T, an anaerobic bacterium, to produce ethanol with a maximum
yield of 0.015 g L! during 7 days of operation along with other products, such as butyric
and acetic acids.”!® Moreover, Ammam and co-workers improved the microbial
electrosynthesis of ethanol by S. ovata from 1.5 £ 1.0 mM without any tungstate to 13.2 +
1.2 mM with the addition of tungstate.”?® Various tungsten amounts were examined where
the concentrations were multiplied by 1x (0.01 puM), 5%, and 10x (0.1 uM) tungstate,
resulting in increased ethanol production when 10x tungstate was used. The tungstate
addition to this system also improved the production of acetate, 1-propanol, and 1-butanol.
Similarly, Harrington et al. used neutral red (NR) to mediate the microbial electrosynthesis
of E. coli, Klebsiella pneumoniae, Z. mobilis.”*' Except for Z. mobile, the addition of NR
enhanced the production of E. coli and K. pneumoniae; namely, K. pneumoniae produced
93% more ethanol compared to the control group. Additionally, microbial communities
consisting of various bacterial species have also shown capabilities for alcohol
production.®?? Srikanth and co-workers obtained mixed culture from a corroded metal

surface to utilize CO,.%>* This mixed microbial community produced methanol, ethanol,

and butanol triggered by the precedent production of acids, including formic acid and acetic



acid. At the end of a 90-day operation, about 61% of the total production (~34.28 g L)
was alcohol. Vassilev and co-workers used the mixed reactor microbiome for CO:
reduction to produce a mixture of carboxylic acids and the corresponding alcohols.”**
During the first 60 days of operation, ethanol was the major product, accumulating 28.1
mM. However, starting on the 90" day, butanol production increased; ultimately, by the
end of the experiment (462 days), butanol was the major alcohol produced along with
isobutanol, ethanol, and hexanol.

Moving forward in further increasing alcohol production of microbial electrosynthesis,
a direct increase of cofactors®?® such as nicotinamide adenine dinucleotide (NAD) involved
in ethanol metabolic pathways, genetic engineering?®® %26 27 to either inhibit competing

928,929 or to introduce foreign genes®**3? to facilitate particular reactions are

reactions
experimentally tested. He and co-workers increased the production of butanol in
Clostridium beijerinckii IB4 with NR, an electron carrier by increasing the concentration
of NADH available for butanol metabolic pathway.”** The production of butanol from this
system increased from 9.36 g L' to 10.05 g L-! when consuming 50 g L! of glucose. On
the other hand, Bajracharya and co-workers inhibited methanogensis of C. /jungdahlii in
mixed culture for more efficient CO; reduction leading to productions of acetate, acetic
acid, ethanol, and butyrate.”*> To avoid methanogenesis, the mixed culture was heated at
90 °C for an hour to eliminate any heat-tolerant methanogens and was regrown in a media
with sodium 2-bromoethanesulfonate (NaBES) as a methanogenesis inhibitor. While this

inhibition of competing reactions and direct increase of cofactors used in the metabolic

pathway can direct microbial electrosynthesis towards CO; reduction to ethanol (while



avoiding methane production), the complex microbial system hinders the groundbreaking
selective guidance in the cell.

Microbial electrosynthesis can also be employed for the synthesis of volatile fatty acids
are organic acids composed of six or fewer carbon atoms. These acids (1) are used as
synthetic building blocks for numerous commercially valued chemical products, and (2)
have several applications in the production of bioenergy, pharmaceutical, and food
industry.”% %37 Among these volatile fatty acids are acetic acid, isovaleric acid, propionic
acid, butyric acid, and isobutyric acid.”*® Although the standard, commercial, chemical
synthesis of volatile fatty acids is based on the use of non-renewable petroleum,”® this
synthesis method is a rising concern with the reduction of fossil fuels.”*%-*4! As a promising,
environmentally-friendly alternative to the petroleum-based production of volatile fatty
acids is microbial electrosynthesis due to degradability, sustainability, and renewability as
it can use renewable carbon-based sources as raw materials. Namely, volatile fatty acids
can be synthesized via microbial fermentation processes as they are the end products of

2

fermentation and biosynthetic pathways.®*?> Several microorganisms, including

Acetobacter, Clostridium, Moorella, and Kluyveromyces, are known to use a range of

carbon sources for the synthesis of volatile fatty acids, under anaerobic conditions.?*3-%46

Research studies have investigated a variety of carbon sources for the production of volatile

947-949

fatty acids via microbial fermentation; most studies have employed pure sugars, such

as glucose and xylose, which result in high productivity with fewer side products, thus
lowering purification costs.?>% %!

Acetic acid, or ethanoic acid, can be synthesized by the following microbe families:

Acetobacter, Acetomicrobium, Thermoanaerobacter, Clostridium, and Acetothermus.®*>



932,953 Microorganisms in the Acetobacter family are frequently employed in industrial
syntheses of acetic acid, where bacteria use several sugars, including ribose, glucose,

arabinose, galactose, and xylose.”*

In a research study, Ehsanipour and co-workers
reported the bioproduction of 17 g L of acetic acid using M. thermoacetica and
lignocellulose sugars as an abundantly available carbon source.”** Ravinder et al. showed
the production of 30.98 g L' acetic acid from cellulose using Clostridium lentocellum
SG6.%3 To reduce production costs, acetic acid has also been simultaneously synthesized
with other products, such as gluconic acid using thermotolerant Acetobacter species.”>®
Nayak et al. have also shown production 0f 96.9 g L' of acetic acid using Acetobacter aceti
fermentation proves and cheese whey as a carbon source.”* An electrosynthesis procedure
for the synthesis of 11 g L acetic acid from CO> using a well-acclimatized and enriched
microbial consortium and a new 3D porous electrode material prepared via electrophoretic
deposition method.”*® Additionally, a few genetic engineering strategies have been utilized
to enhance the microbial-based production of acetic acid, namely overexpression of alcohol

957,958 Modestra and co-workers demonstrated the

dehydrogenase and acetic acid exporter.
use of a double-chambered bioelectrochemical system, in which the cathode chamber
contained enriched homoacetogenic microorganisms, for the synthesis of carboxylic
acid/volatile acids with a major production of acetic acid (12.57 mM).*>

Another volatile fatty acid of interest is propionic acid, which is used as an intermediate
to produce several chemicals of industrial relevance. Its biosynthesis is environmentally
friendly and performed by Propionibacterium spp. (e.g., P. acidipropionici, P.

freudenreichii, P. thoenii)®>* using glucose, xylose, and lactose as the carbon sources.5?

For instance, Liang and co-workers have demonstrated the production of 68.5 g L'



propionic acid using immobilized P. acidipropionici stable bacteria via eight repeated
fermentation cycles.®** In another study, Quesada-Chanto and co-workers have
demonstrated the use of P. acidipropionici with sugarcane molasses as the carbon source
for the synthesis of 30 g L! propionic acid.”*® In a more recent study, Wang et al. proposed
P. freudenreichii-based co-fermentation using glycerol and glucose as carbon sources to
synthesize propionic acid and B2.7%!

Butyric acid is a significant building block in the production of industrially valued
chemicals. For the microbial synthesis of butyric acid, different microorganisms from
various biological habitats have been isolated. These include microbes such as Sarcina,
Megasphaera, Clostridium, Butyrivibrio, Fusobacterium, among which Clostridium is
most commonly employed due to its ability to use a wide range of carbon sources.”¢? 63
For example, Baroi and co-workers used C. tyrobutyricum strain with glucose and xylose
to concurrently synthesize butyrate.®?* Immobilized C. tyrobutyricum in a fibrous fed
bioreactor yielded 26.2 g L! butyric acid with cane molasses and 20.9 g L' butyric acid
with sugar bagasse as the carbon sources.”*® °%* Dwidar and co-workers used a microbial
co-culture of Bacillus strain using sucrose and C. tyrobutyricum ATCC 25755 to give
levansucrase enzyme, hydrolyzing sucrose into fructose and glucose, which were then
fermented into 34.2 g L™! butyric acid by C. tyrobutyricum.”%

To select the most effective method and microorganism for microbial electrosynthesis
of volatile fatty acids, several factors that impact productivity, cost of raw materials,
product yield, and side products, need to be carefully considered. Genetic engineering
strategies to modify a bacterial metabolism could be employed to (1) reduce side products,

(2) use different carbon sources, and (3) increase the productivity of volatile fatty acids.



However, the lack of genetic engineering methods for anaerobic microbes to produce
volatile fatty acids remains a significant challenge in altering metabolic pathways. In
addition to metabolic engineering, research on isolation, identification, and
characterization of new microbial species that provide higher productivity is necessary. A
summary of research on the microbial electrosynthesis of ethanol and volatile fatty acids

is given in Table 2 and Table 3, respectively.

Table 2. Summary of works reviewed on the microbial electrosynthesis for the production
of alcohols.

Alcohol Microorganism Used Substrate Yield Ref.
Ethanol Saccharomyces cerevisiae CO2 11.52gL'in40h 918
Ethanol Clostridium scatologenes CO2 0.015 g L' in 7 days 919
Ethanol Sporomusa ovata CO2 Not specified 920
Methanol Mixed microbial CO2 34.28 g L total alcohol in 90 923
Ethanol community days

Butanol

Ethanol Mixed microbial CO2 28.1 mM ethanol as major 924
Butanol community product

Isobutanol

Butanol Clostridium beijerinckii Glucose 10.05gL"! 934

Ethanol Clostridium ljungdahlii CO2 Not specified 935




Table 3. Summary of works reviewed on the microbial electrosynthesis for the production

of volatile fatty acids.

Volatile Fatty Acid Microorganism Used Substrate Yield Ref.
Acetic acid Moorella thermoacetica Sugarcane straw 172¢gL" 943
hydrolysate
Acetic acid Clostridium lentocellum Paddy straw 3098 gL' 955
Acetic acid Acetobacter aceti Cheese wey 969 gL"! 945
Propionic acid Propionibacterium Jerusalem artichoke 685¢gL"! 936
acidipropionici hydrolysate
Propionic acid Propionibacterium Sugarcane molasses 30gL?! 944
acidipropionici
Propionic acid Propionibacterium Glycerol and glucose 0.71gg’ 961
freudenreichii
Butyric acid C. tyrobutyricum Cane molasses and 26.2 g L' (with cane molasses) 946
sugar bagasse 20.9 g L' (with sugar bagasse) 964
Butyric acid Bacillus strain Sucrose 342gL"! 965

C. tyrobutyricum

4.4.2.6. Application of Engineered Strains in Microbial Electrosynthesis. All the cases of

microbial electrosynthesis mentioned above are based on the use of wild-type electroactive

microbial cells. In recent years, with the development of metabolic engineering and

synthetic biology technologies and the continuous enrichment of gene manipulation

methods, the combination of electrochemical technology and metabolic engineering or

synthetic biology is becoming a new research hotspot. This combination endues the genetic

engineering of model microorganisms, such as E. coli, S. cerevisiae, and B. subtilis, to

utilize exogenous electrons to alleviate redox imbalances during the synthesis of

biochemicals and biofuels.”®® Meanwhile, depending on the diversity of the engineered

synthetic pathway, the product scope of microbial electrosynthesis can be significantly



expanded. The products of microbial electrosynthesis system will no longer be limited to
the conventional fuel chemicals but can be further extended to a variety of fine chemicals
with higher added value.

The first strategy to construct an engineered strain is the introduction of an electron
transfer pathway to establish the electrochemical communication between the bacterial
cells and electrode. In a study by Wu et al., the electron transport proteins MtrABC, FccA,
and CymA from S. oneidensis MR-1 were expressed in E. coli T110 to construct an
electroactive cell factory, which can utilize electricity to reduce fumarate and produce
succinate. The electroactive E. coli T110 strain was further improved by incorporating a
carbon concentration mechanism (CCM). This strain was fermented in a microbial
electrosynthesis system with neutral red as the electron carrier and supplemented with
HCO5~, which produced a succinate yield of 1.10 mol/mol glucose.”s” Sturm-Richter and
co-workers used a similar strategy in which heterologously expressed c-type cytochromes
CymA, MtrA, and STC from S. oneidensis in E. coli cells to construct the electron transport

pathway %%

This electroactive E. coli can be used as a chassis cell to integrate a new
synthetic pathway. Consequently, Mayr and co-workers integrated an NADPH-dependent
alcohol dehydrogenase from Lactobacillus brevis into this electroactive E. coli chassis cell
to perform the asymmetric reduction of acetophenone and the synthesis of (R)-1-
phenylethanol. The import of exogenous electrons effectively ensured the regeneration of
NADPH and the production of (R)-1-phenylethanol.?3” Another strategy to improve the
electron transfer efficiency is to employ the use of electron mediators. The Hao Song group

established a microbial electrosynthesis system based on the utilization of neutral red as an

electron shuttle. In their research, they employed neutral red mediated extracellular



electron transfer pathway between the electrode and recombinant S. cerevisiae harboring
7a-hydroxylase to facilitate the intracellular NADPH regeneration. The shortcut enhanced
the biotransformation from dehydroepiandrosterone (DHEA) to 7a-OH-DHEA catalyzed
by P450 monooxygenase.”® In another study, the researchers introduced ribulose-1,5-
bisphosphate carboxylase/oxygenase (Rubisco) into the wild-type Ralstonia eutropha via
metabolic engineering approach to endow the R. eutropha cells the ability of CO> fixation.
Neutral red is used as an electron mediator to deliver electrons from the cathode into R.
eutropha, facilitating the efficiency of CO, reduction and PHB production. Upon
application of the cathode potential at 0.6 V vs Ag/AgCl and the engineered R. eutropha,

the final concentration of PHB achieved was determined to be 485 + 13 mg L%

5. OUTLOOK AND FUTURE DIRECTIONS

5.1. Future Directions for Biosensor Design

Electrochemical enzymatic and microbial biosensors are a central application of
bioelectrocatalysis due to their extensive use as analytical devices for (1) monitoring
environmental samples, (2) evaluating food and beverages, and (3) medical diagnostics. In
the following sections, we briefly summarize biosensing platforms, which have developed
as future biotechnological trends in bioelectrocatalysis. Namely, recent progress has been
directed toward miniaturization, multiplexed detection analysis, as well as applicable
expansion to wearable sensing technologies (e.g., paper-based biosensors and tattoo-based
biosensors), which have minimal sample pre-treatment steps and low power requirements.
Additionally, self-powered biosensors have been designed as simple and low-cost devices
to meet the increased demand for personal analyses and health monitoring. Although

noteworthy advances have been made in the development of innovative biosensors, future



work requires improvement and integration of biosensor assemblies to address barriers
with stability, sensitivity, reliability, and simplicity, for practical applications and
commercialization of electrochemical biosensors. Strategies for the attachment of
bioelectrocatalysts on electrode surfaces require further examination to (1) enhance
electron transfer rates and (2) provide extended sensor stability. Additionally, the
elucidation of electron transfer mechanisms in bioelectrocatalysts is required to effectively
optimize the sensitivity of biosensing platforms. Appropriate biocatalyst selection should
also be examined, especially since microorganisms and enzymes respond to changes in
environmental factors to generate measurable signals. Future developments, particularly
with electrochemical microbial biosensors, should focus on designing devices that can
achieve detection under extreme conditions, such as highly acidic, saline, and/or extreme
temperature settings. Therefore, the selection and adaptation of microbes that can survive
in such harsh conditions is an important future direction.””® A major challenge with
biosensors is their application for in vivo sensing as most of the developed biosensors
demonstrate only proof-of-concept studies. In complex biological environments,
interfering chemicals found in the sample matrix can cause electrode biofouling, which
decreases the signal responses and selectivity of the biosensor. To address these
disadvantages, genetic engineering methods, and also optimization of biomaterials, have
been employed to minimize interferences.

In addition to electrochemical-based biosensors, optical-based biosensing methods can
provide qualitative analyte information via non-destructive analyses of solutions of
interest.”’! Electrochemical methods (e.g., cyclic voltammetry, differential pulse

voltammetry, square wave voltammetry) allow for real-time, in sifu, qualitative monitoring



of redox reactions, reaction reversibility, and electrical current responses.*’> As such, these
methods typically provide high sensitivity close to the transducing electrode’s surface.
Optical and imaging techniques, such as surface plasmon resonance, Raman spectroscopy,
fluorescence-based microscopy, and scanning probe microscopy can be combined with
electrochemical biosensing strategies to provide an enhanced understanding of bio-
interfacial events.”’?°7* Towards these goals, new configurations of transducer elements
configurations have been designed, such as indium tin-coated glass fiber optics or
transparent carbon electrodes.!” 463 471,975,976 Thege provide a means for the same probe
to detect and measure analytes using both electrochemical and optical strategies in parallel.
In addition to potential improvements in the response and sensitivity of biosensors, future
studies on designing devices based on the combination of electrochemical and optical
techniques could provide prosperous sets of data and additional means to control and
monitor specific analyte in sensing environments of interest.

5.1.1. Miniaturization of Biosensors. In creating biosensors for practical monitoring
applications, portable microfabricated devices have become attractive, promoting the
miniaturization of electrochemical biosensors. These miniaturized biosensor systems use
electrodes at the micro- and nanometer dimensions, which are typically designed using

465,975,977 Reducing the electrode size to micro- and nano-

micro/nanofabrication methods.
size dimensions offers substantial benefits for biosensors, specifically high analytical
selectivity, rapid response times, high signal-to-noise ratios, and increased mass transport
at the electrode surface as the diffusion profiles become mainly radial 6% 975 977-979

Consequently, recent studies have aimed to promote the fabrication of miniaturized

electrochemical biosensors.



Popovtzer and co-workers employed photolithography to create miniature electrodes for
microbial biosensors to monitor water toxicity by detecting ethanol and phenol.?® In this
sensor design, eight miniaturized chamber cells, each consisting of a gold working
electrode, a reference electrode, and a counter electrode, were incorporated on a single
disposable chip. In a later study, Popovtzer et al. described a mathematical model for
kinetic properties of microbial enzymatic reactions in response to toxins and the diffusion
of redox species to the miniaturized electrochemical platform.?! The simulation data were
in agreement with the measured results, thereby showing a promise for the development of
biosensors on the miniature scale. Electrochemical biosensors using microelectrodes have
also been integrated with microfluidic devices. Ben-Yoav et al. reported the design of a
whole-cell biosensor incorporating four microchamber biochips for the detection of water
genotoxicity.”®?> Miniaturizing the chamber size resulted in decreased diffusion distance
between redox molecules to the electrode, subsequently enabling rapid and sensitive
analyses of nanoliter sample quantities.

When combined with biosensors, screen-printing technologies allow for the design of
miniaturized biosensors that are appropriate for analytical applications. In addition to
distinct printing materials, screen-printing provides simple fabrication steps. Screen-
printed electrodes have also been used to enhance the attachment of microorganisms on the
surface of working electrodes.”®® For instance, Hua and co-workers recently reported a
disposable electrochemical enzymatic biosensor utilizing screen-printed carbon electrodes
for the amperometric detection of organophosphorus pesticides.”®* Acetylcholine esterase

was immobilized onto a screen-printed carbon electrode modified with multi-walled



carbon nanotubes, chitosan, and gold nanoparticles, achieving high sensitivity due to
synergistic effects between carbon nanotubes and gold nanoparticles.

Additionally, micro- and nano-electrode arrays have been developed consisting of tens
to thousands of interconnected electrodes.”®>?%8 The fabrication of these electroanalytical
platforms is relatively simple; these platforms offer advantages to biosensing technologies,
including low ohmic potential drops, high spatial resolution, and capability for multi-
analyte detection.”’”’ The first amperometric biosensor using microelectrode arrays was
introduced by Ross ef al., where different enzymes (e.g., glucose oxidase, choline oxidase,
and lactate oxidase) were immobilized in a conducting polymer (e.g., polypyrrole) for
environmental monitoring.”®® The Stevenson group has reported the development and
facile fabrication of a low-cost, versatile electrochemical biosensing platform based on

carbon ultramicroelectrode arrays,”’> 977

which were recently applied for the real-time
electrochemical detection of multiple redox-active phenazine metabolites from P.
aeruginosa strains.!’> 466 Additionally, Buk and co-workers introduced an enzymatic
biosensor using gold microdisk array electrodes (20 um diameter) decorated with carbon
quantum dots and gold nanoparticles for the sensitive detection of glucose.”® Although
significant progress has been made to design miniaturized electrochemical biosensors,
future research work needs to focus on their optimization for practical applications in real
samples.

5.1.2. 3D-printed Biosensor Devices. Three-dimensional (3D)-printing, an additive
manufacturing method, has recently received attention in the area of bioanalytical

sensors.”! 92 Specifically, this emerging technology has been employed to fabricate and

design smaller and more efficient electrodes as biosensing platforms with various



advantages, including low-cost, manufacturing speed, multiplex sensing capabilities, as
well as controllability and flexibility of the fabrication process, enabling tailored sensor
geometries, shapes and architectures.”® °** 3D-printing technology has been employed to
design electrochemical biosensors via (1) incorporation of commercially available
electrode devices into 3D-printed structures or (2) 3D-printing biosensing platforms.
Additionally, 3D-printing has been used, in combination with conductive materials, to
fabricated electrodes of different geometries® with a high potential for electroanalytical
sensing applications. However, 3D-printing technology is a relatively uninvestigated area
for electrochemical biosensors because only a few studies have demonstrated the
successful functionalization of 3D-printed conductive electrodes with biological
recognition elements.”!

Dong and co-workers recently demonstrated the development of a fully 3D-printed
amperometric biosensor for lactate detection.’”® In this sensor design, the researchers
printed thin silver electrodes on flexible polyethylene terephthalate (PET) substrate, which
was biofunctionalized by deposition of a lactate oxidase layer. The electrodes were 3D-
printed via direct ink writing method based on the use of highly viscous silver nanoparticle
ink. This 3D-printed electrochemical biosensor demonstrated a linear dependence of 1-20
mM lactate for in vitro studies. The Gozen and Lin research groups reported the first 3D-
printed flexible electrochemical biosensor for glucose detection using direct-ink-writing

technology.”®’

The researchers used a novel two-step process approach for printing the
enzyme with the electrodes. First, the bare 3D-printed electrode was fabricated using a

commercial Prussian blue conductive carbon ink. Second, the researchers developed an

enzyme ink by introducing glucose oxidase into a tetraethoxysilane:H>O:ethanol:HCI



(60:13:13:1 v/v) solution, which was subsequently dissolved in a hydroxypropyl cellulose
solution. This enzyme ink was then printed on the 3D-printed carbon electrodes to
construct the glucose biosensor, which has a limit of detection of 6.9 uM and a linear range
of 0.1-1.0 mM. In another inventive study, Katseli et al. reported a functional and fully
integrated electrochemical sensor for glucose detection, fabricated using a single-step 3D-

printing approach.’”®

This sensing device was manufactured through a fused deposition
modeling as a 3D-printing method to print three conductive polymer electrodes (working,
counter, and pseudo-reference) using two filaments: (1) a carbon-loaded polylactic acid
conductive filament, and (2) an insulator polylactic acid non-conductive filament. To
obtain the glucose biosensor, the researchers immersed the 3D-printed working electrode
ina 1:1:2:2 (v/v) solution of glucose oxidase, Nafion, ethanol, and hydrogen peroxide. This
sensor was coupled with chronoamperometry for the indirect quantification of glucose via
the detection of hydrogen peroxide derived from enzymatic oxidation of glucose.

Certain studies have demonstrated a comparison of 3D-printed electrochemical
biosensors with screen-printed biosensor devices, where the 3D-printed electrodes were
characterized with a broader linear range and higher sensitivity.”®” This result is likely
associated with the smooth, distinct, conductive edges with minimal defects achieved with
3D-printing methods. As such, 3D-printing approaches show a promise as a feasible
technology for further advances in the design of electrochemical biosensors with enhanced
performance characteristics. Future research studies need to carefully examine the lifetime
and fragility of 3D-printed electrochemical biosensors, both of which would depend not

only on the nature of the biological recognition element but also on the functionalization

strategy used to incorporate or immobilize these bio-components on electrode surfaces.



5.1.3. Paper-based Biosensor Devices. Biosensing technologies have given significant
consideration to paper-based analytical devices as they offer a promise for point-of-care
analytical testing and onsite analysis. The first paper-based device was introduced for the

999 Paper-based devices can be

quasi-quantitative detection of glucose in urine samples.
easily combined with instrumental electrochemical detection methods.!%° While there are
a plethora of studies that have reported paper-based analytical tools for various
applications, these sensors show a particular promise for biomedical diagnostics.!?0 1001
Several methods for fabricating sensing systems based on electrochemical paper-based
biosensors have been employed, such as photolithography, wax printing, wax screen-
printing, and wax dipping.!?*1%7 Despite the different printing strategies available, the
most common method is wax screen-printing due to its cost-effectiveness and operation

1008

simplicity.'”° Dungchai and co-workers demonstrated the use of printing methods for the

fabrication of paper-based microfluidic electrode devices for the detection of glucose, uric
acid, and lactate in biological samples using glucose oxidase, uricase, and lactate oxidase,

1003

respectively.'®” A similar paper-based device was fabricating using wax screen-printing

1008 Electrochemical paper-based sensors and

to measure glucose levels in blood samples.
the ink’s physicochemical characteristics enable simple modification using various
nanomaterials (e.g., metallic nanoparticles, carbon-based nanomaterials, conducting
polymers), which increase the biosensor conductivity.!00%-1012

Ruecha and co-workers reported a screen-printed paper-based biosensor, which was
modified with nanocomposite composed of graphene, polyaniline, and

polyvinylpyrrolidone, to enhance the conductivity and increase the biosensor surface area,

resulting in increased biosensor sensitivity. The researchers attached cholesterol oxidase to



the nanocomposite-modified paper biosensors for the amperometric detection of
cholesterol.!%* In another work, Sun and co-workers reported an electrochemical
enzymatic biosensor based on microfluidic paper-based device decorated with gold
nanorods for the sensitive detection of microRNA utilizing cerium dioxide-gold-with-
glucose oxidase as the electrochemical probe to amplify the signal.!®'* As such, this
biosensor device represents a platform for microRNA detection and point-of-care
diagnostics in a clinical setting. In a recent study, Cao et al. reported the fabrication of a
3D paper-based microfluidic screen-printed electrode sensor for the quantitative detection

of glucose in human sweat and blood,!°!®

using immobilized glucose oxidase.
Mohammadifar and co-workers described an enzymatic electrochemical biosensor for the
semi-quantitative screening of glucose levels in urine samples.!?! This biosensor consisted
of a paper-based sensing strip and an amplifier circuit with visual readouts, thereby
providing a simple yet powerful glucose biosensor for use in point-of-care diagnostics.
Future work with paper-based electrochemical biosensors needs to focus on developing
platforms that provide a means for equipment-free analytical sensing and analyses.

5.1.4. Wearable Biosensor Devices. An exponentially growing area that has generated
tremendous interest is the development of wearable -electrochemical sensing
technologies.?? 303, 482, 1017-1020 Wearable biosensors have recently expanded the scope from
monitoring mobility and vital signs (e.g., heart rate, steps) to noninvasive detection of
critical biomarkers indicative of human health.!”!® These biosensors allow for real-time

noninvasive identification of biomarkers in biological fluids (e.g., saliva, sweat, tears).!!”:

1021,1022 A5 such, these devices can replace the standard tests required for obtaining health



information, opening opportunities to change hospital-based systems to home-based
personalized instruments, and thus significantly reducing healthcare-associated costs.
Kim and co-workers reported a wearable electrochemical biosensor for continuous
monitoring of salivary metabolites.!??® In this work, the researchers integrated a printable
enzymatic electrode onto an easily removable mouthguard for noninvasive amperometric
lactate monitoring. The biosensor was established on an immobilized lactate oxide and low
potential detection of peroxide from human saliva samples. Three separate layers were
screen-printed on a flexible polyethylene terephthalate (PET) substrate where the
conductive silver/silver chloride ink was printed as the reference electrode, whereas
Prussian blue-graphite ink was introduced as the working electrode and the counter
electrode. Lactate oxidase was then immobilized on the working electrode surface via
electropolymerization-based entrapment in a poly(ophenylene-diamine) film. This
mouthguard biosensor can provide information about health status and stress level, thus
offering promise for biomedical applications. The Wang group reported the first example
of an electrochemical temporary tattoo-based biosensor for the real-time noninvasive
lactate monitoring in human perspiration using lactate oxidase.!>* The researchers
successfully used this biosensor for real-time continuous and dynamic monitoring of lactate
from human sweat during prolonged cycling exercises, giving temporal lactate profiles
from sweat. Moreover, tear-based electrochemical enzymatic biosensors have also been
reported. ¥ 1925 A tear-based biosensor for lactate detection was designed by placing
carbon paste electrodes into a contact lens (Figure 29a). Dimethyl-ferrocene redox

polymer and lactate oxidase were immobilized onto the carbon electrode surface.63 1026



This biosensor was constructed as a biofuel cell with bilirubin oxidase immobilized onto
anthracene-modified multi-wall carbon nanotubes.

Furthermore, Mishra and co-workers developed a flexible epidermal tattoo and textile-
based biosensor for the voltammetric detection of vapor-phase organophosphorus nerve

agents.!027

This wearable biosensor was fabricated on elastic conducting inks printed on
tattoo papers and transferred to the skin. Using square-wave voltammetry, the researchers
detected organophosphorus molecules, specifically p-nitrophenol generated from the
organophosphorus hydrolase enzymatic reaction. The acquired voltammetric responses
were transferred wirelessly to a mobile device (e.g., phone) via Bluetooth, thereby allowing
for timely and effective detection of skin exposure to organophosphorus species. Moreover,
a wearable electrochemical enzymatic biosensor was developed on a glove platform for a
fingertip detection of organophosphorus nerve compounds.'%?

Given the need for glucose monitoring in diabetes patients, tattoo-based electrochemical
platforms have been developed for measuring glucose by immobilization of glucose
oxidase on Prussian blue-carbon electrodes.!” A saliva-based glucose sensor was
fabricated as a mouthguard'®*® using glucose oxidase (Figure 29b). Similarly, a sweat-

based glucose sensor!'%3!

used immobilized glucose oxidase, where the reduction of the
byproduct hydrogen peroxide was qualitatively correlated to glucose concentrations in
sweat. This configuration was integrated with smartphones, giving high accessibility and
portability of this sensor (Figure 29c¢). Biosensors have been developed to serve as

smartphone platforms and also as simple band-aid forms not only for glucose!%*? but also

for uric acid.!033



Additionally, electrochemical tattoo biosensors have been designed for alcohol
monitoring in stimulated sweat.!%# In a research work by Kim and co-workers, alcohol
oxidase was attached to anodic iontophoretic electrodes to quantify alcohol in sweat
induced via iontophoretic delivery of pilocarpine drugs. Tattoo-based biosensors for
measuring both alcohol and glucose have been integrated into a single platform for
continual multi-analyte detection.!%> Additionally, sensors using breath condensate or gas-
capture techniques have been investigated for breath biomarkers.!%*¢ A study reported the
use of gas-phase breath samples for ethanol detection by depositing horseradish peroxidase
and alcohol oxidase onto a gas chromatography paper.'%’ In this biosensor, ethanol in the
gas phase breath was blown onto the chromatography paper on a screen-printed electrode.
The immobilized alcohol oxidase oxidized ethanol to produce acetaldehyde and hydrogen
peroxide as the byproduct, which was further reduced by horseradish peroxidase.

While an extensive number of noninvasive wearable biosensors have been developed
for the detection of health-related biomarkers and environmental monitoring, these
biosensors have specific challenges, such as achieving low detection limits and sensor
compatibility to monitor chemical and biological processes indicative of patient’s health.
Another primary concern with wearable biosensors is to minimize electrode biofouling that
often occurs with prolonged biosensor operation in oral cavities and/or human skin. In
general, in vivo analyses are challenging due to reduced signal responses and selectivity,
which result from biofouling interferants in the biological samples.!®*® At present, most
electrochemical wearable devices are in the proof-of-concept prototyping stage, thus
requiring future efforts to optimize these biosensors for real applications in biofluids and

biological environments. Detailed studies on how these biosensors perform under varying



temperature and pH conditions are necessary to provide accurate data. Large-population
validation studies are also required to promote a broader acceptance of wearable biosensors

and allow for their transition to clinical applications.
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Figure 29. Adapted and modified schematics depicting wearable platforms based on
electrochemical enzymatic biosensors. (a) Tear-based lactate monitoring from a contact
lens platform. Reprinted with permission from ref. 634. Copyright 2015 Elsevier. (b) A
saliva-based glucose monitoring from a mouthguard platform. Reprinted with permission
from ref. 1030. Copyright 2016 Elsevier. (c) Sweat-based glucose monitoring from a
smartphone platform. Adapted and reprinted with permission from ref. 1031. Copyright
2018 Elsevier.

5.1.5. Self-powered Biosensors. A general limitation of the aforementioned
electrochemical wearable biosensors is the requirement for an electrical circuit and/or a
power source for data recording. On the other hand, biofuel cells that are based on either
enzymes or microorganisms to produce and store energy from the human body can provide

an appropriate power supply for the development of wearable biosensors. Self-powered

biosensor prototypes utilizing biofuel cells, therefore, do not need an external electrical



source of energy as they can generate power output that scales accordingly with analyte
concentration.

Self-powered biosensors received consideration after Katz and co-workers reported a
layer-by-layer assembly of bioelectrocatalytic electrodes to design an innovative
glucose/O, biofuel cell element.!'®® The biofuel cell power output increased with
increasing fuel concentrations (either lactate or glucose). Self-powered enzymatic
biosensors have also been developed for the detection of ethylenediaminetetraacetic acid
(EDTA)!%4 and nitroaromatic explosives.® Krikstolaityte et al. described a self-powered
biosensor, which was a single compartment biofuel cell based on anode and cathode
powered by the same fuel glucose.!*! Glucose oxidase from Aspergillus niger was used as
glucose-consuming biocatalyst for both the anode and cathode in the fuel cell.!®! In this
self-powered biosensor, a graphite rod electrode, cross-linked with glucose oxidase and
modified with 5-amine-1,10-phenanthroline, was the bioanode while a graphite rod
electrode co-immobilized with glucose oxidase and horseradish peroxide was used as the
biocathode. The addition of glucose to the fuel cell, caused the oxidation at the bioanode,
followed by a subsequent hydrogen peroxide reduction at the biocathode. The maximum
power density generated was proportional to the glucose concentration. In another research
work, a self-powered biosensor for quantifying cholesterol levels was designed using a
single enzyme where an identical substrate powered both the anodic and the cathodic
bioelectrocatalytic processes.!®*? This cholesterol self-powered biosensor is particularly
attractive as it uses cholesterol oxidase as a single enzyme to oxidize cholesterol for
mediated bioelectrocatalysis at the bioanode while producing peroxide for Prussian blue

electrocatalysis as the bioanode.



Research studies have also reported the development of self-powered biosensors
established on detection by enzyme inhibition effects, which can have an impact on the
biofuel cell outputs. In this biosensor type, the detected signal decreases with increasing
analyte concentration as a result of biocatalyst inhibition. The Minteer group first reported
experimental findings of laccase enzymatic inhibition by both arsenate (As®") and arsenite
(As*").33% Laccase bioelectrodes were employed in a glucose/O: enzymatic fuel cell to yield
a self-powered biosensor for arsenite and arsenate. The biofuel cell was composed of flavin
adenine dinucleotide glucose dehydrogenase (FAD-GDH)-based bioanode and a laccase
based biocathode. In the presence of arsenite, FAD-GDH facilitates the oxidation of
glucose on the bioanode, while a decrease in Oz reduction on biocathode caused a decline
in power output. This conceptual self-powered biosensor showed decreasing power
densities with increasing arsenite and arsenate concentrations in the 1-20 mM and 1-8 mM
ranges, respectively. The detection limits were 13 uM for arsenite and 132 uM for arsenate.
This biosensor operated at a 10% current draw from the maximum current density of the
enzymatic fuel cell. Majdecka and co-workers reported an integrated self-powered
biosensor based on a hybrid biofuel cell and a sensing device with a three-electrode cell

1043 This self-powered biosensor, containing zinc-plated bioanode and a carbon

setup.
nanotube-modified carbon paper discs as the biocathode with either laccase or bilirubin
oxidase, was applied for the chronoamperometric detection of catechol analytes and
oxygen sensing. The micro-biosensors, designed to be portable and small, were powered
by the hybrid biofuel cell, generating sufficient data for wireless transmission systems.

Self-powered biosensors offer advantages compared to traditional electrochemical

biosensors (e.g., no need for a potentiostat, a simplified 2-electrode instead of a 3-electrode



setup). However, there are some limitations, including higher noise relative to the low
potential mediated system. Future research needs to tackle challenges with the stability of
enzymatic self-powered biosensors, as well as response times and selectivity of microbial
self-powered biosensors. For engaged readers with a particular interest in self-powered
biosensors, a recently published review by Grattieri and co-workers is highly suggested.?

5.2. Future Directions of Biofuel Cells

5.2.1. Future Directions of Enzymatic Fuel Cells. As one of the few alternative energy
conversion strategies, enzymatic fuel cells exhibit unique merits. Without the involvement
of noble metal and toxic solvent, enzymatic fuel cells are environment-friendly devices
that can operate at room temperature and yet still possess a high fuel conversion efficiency.
Enzymes, with their irreplaceable substrate specificity, remove the need for membranes in
fuel cells and are therefore used to circumvent the issues of fuel crossover and membrane
degradation.!%** Enzymatic fuel cells can also be scaled down to self-powered implantable
devices because of the flexible fuel compacity of enzymes; fuels become inexhaustible as
glucose, lactate, O, etc. are easily accessible in physiological fluids (e.g., blood).

Although enzymatic fuel cells have many benefits, they are not able to challenge or
replace the existing power system, by far, considering the performance and stability of
enzymatic fuel cells. There are several challenges to overcome that require
multidisciplinary research efforts from electrochemists, biologists, material scientists, and
engineers. The biggest challenge is the longevity of enzymes. Once isolated from living
organisms, enzyme activity typically diminishes in hours (depending on the environment).
Currently, only thermostable enzymes derived from thermophilic microorganisms have

found large-scale applications in industry. These enzymes are thermostable due to the



existence of more intermolecular interactions (e.g., van der Waals forces, hydrogen bonds).
Meanwhile, protein engineering has achieved moderate success in adding more
interactions to improve enzyme stability, for example, by creating surface disulfide bridge
or introducing aromatic residues.!®* Protein engineering can also improve other properties
of enzymes, such as substrate specificity, reaction efficiency, and catalytic potential. All
these factors play an essential role in the evaluation of the performance of enzymatic fuel
cells, including fuel selection, power generation, and open circuit potential. Recently, the
bio-mimic catalyst, which takes advantage of elegantly designed catalysts from nature but
gets rid of the protein shell, opens up a new prospect in the development of enzymatic fuel
cells to solve the enzyme stability issue.!046-1049

The design of novel materials for efficient enzyme immobilization, which is another
bottleneck in this field, aids in the generation of adequate and stable power of enzymatic
fuel cells. Approaches to solving the problem are put forward from different angles. Higher
and more stable power generation can be reached by the immobilization of enzymes, which
decreases aggregation, unfolding, and autolysis. Immobilization of enzymes on porous
support can decrease the inactivation of enzymes by gas bubbles and prevent interactions
with proteases.!® Oxygen damage can also be solved; Plumeré et al. have designed
viologen-based redox polymers to protect hydrogenase from high-potential deactivation
and oxygen damage.””’ Nanostructured materials such as carbon nanotubes, graphene,
polymers, and metal nanoparticles are able to significantly increase the electrode surface
area and conductivity;?®” these merits are utilized to achieve better enzymatic fuel cells
performance. Through the combination of enzymatic fuel cells and supercapacitors, the

electrical power can be stored in supercapacitors, and a high-power output can be reached



in a short burst.®* Other than the limitations mentioned above, the cost of electrode
materials and biocatalyst, biocompatible issues for operation in body, and the low
concentration of substrate (e.g., limited O> in aqueous solution) also need further
investigations. Future developments in protein engineering and material design are critical
in the commercialization of enzymatic fuel cells that hold promise in changing the way of
power generation.
5.2.2. Future Directions of Organelle-based Biofuel Cells.

Compared to the use of intact organisms (e.g., bacterial cells), organelle provides various
advantages, such as the easier establishment of direct electron transfer with an electrode
surface, better transport of substrates through their membrane, and increased stability
compared to the isolated enzymes responsible for their metabolisms. All of these aspects
make the application of organelle in biofuel cells extremely interesting. Despite the
relatively low power generation obtained from these systems, they have proven to be
particularly interesting for various promising applications. Mitochondria-based biofuel
cells allowed the development of self-powered biosensors having remarkably low limits of
detection and providing easy-to-use devices for the in sifu sensing of explosives and other
toxic compounds. Another promising application of mitochondria biofuel cell is to develop
systems for cost-effective preliminary screening of drugs, with the possibility to gain
insights into the mechanisms of inhibition thanks to changes in bioelectrocatalysis. An
important aspect that should be taken into consideration for future studies is that
maximizing the electrochemical performance of organelle-based biofuel cells would
benefit all the various applications of these devices, not only for their use as micro-low

power generation tools. In fact, higher current generation allows higher sensitivity in self-



powered biosensors and could expand their applications towards performing more
quantitative analysis.

5.2.3. Future Directions of Microbial Fuel Cells. Over the last 15-20 years, the field of
microbial fuel cells has seen impressive advancements, leading to unprecedented power
productions, stable operation, and cost-effective electrodes.?’”> As a result, reports of
microbial fuel cells applied in the field are now available, where these bioelectrochemical
systems are utilized for wastewater decontamination, !> field-bathroom with self-powered

1051 or for powering remote sensors.!%52 1033 Furthermore, proof-of-concept for

illumination,
emerging applications of microbial fuel cells have been recently reported, with their
employment for water desalination,!?* 1955 treatment of high-salinity wastewater (which
inhibit traditional biological decontamination plants),!93¢-1959 self-powered biosensing of

20, 1060-1062

various pollutants in both industrial effluents or freshwater, operation as

supercapacitors,'%63 194 and for powering microbial electrochemical cells.!6% 1963

These exciting new applications of microbial fuel cells pave the way for several future
research directions. However, a critical aspect to underline is that, besides the tremendous
improvements in the field of microbial fuel cells, the mechanistic understanding of the
extracellular electron transfer process at the basis of the technology remains limited.?? 16%
1066 Accordingly, it is critical that future studies will be focused on unveiling and clarifying
the extracellular electron transfer process. In fact, gaining a detailed understanding of the
process will enable the rational design of optimized systems. With this issue in mind, the
recent advancements in the field of computational methods applied to the study of

microbial electrochemical systems, such as modeling, bioinformatics, and quantum

mechanical calculations,!%” will provide critical tools to deepen our understanding of this



fascinating field. Finally, another critical aspect, especially for the application and
commercialization of microbial fuel cells, will be gaining a better understanding of the
complex network of microorganisms and their interactions, commonly referred to as
“microbial ecology.”!%® Also, in this case, various computational methods, such as
bioinformatics analysis, will play an important role combined with electrochemical and/or
other analytical tools (e.g., fluorescence).

5.2.4. Future Directions of Biosolar Cells. Metabolic versatility of phototrophic microbes
has been adapted into various energy-related applications through bio-photocells. These
biosolar cells present a green, sustainable, cost-and energy-efficient approach to readdress
our dynamic energy demands. Matching the performance of current solar technologies and
further realizing the full potential of biosolar cells relies on optimizing the corresponding
solar-to-electric and solar-to-biomass conversion efficiencies.”!® While phototrophs are
specialized in absorbing solar irradiation at specific wavelengths at quantum efficiencies
approximating unity, their insulating biofilms hinder the conduction of resultant
photoelectrons to the abiotic electrodes.”® 7% ‘Biotic-abiotic interfacing’ remains one of
the main challenges. Therefore, improving ‘electronic contact’ to facilitate efficient

photoelectron conduction between biotic and abiotic components,!34 708

and enhancing
compatibility between functional components in biohybrids’> (e.g., prevent fouling,
leaching) are broad solutions (vide supra). As of now, the limitations pertaining to biosolar
cells are being addressed by their hybridization with supplemental semiconductors, metal,
and conducting polymers.’?® However, applying synthetic biology tools to phototrophs to

bioengineer highly specific and prolific microbial function that circumvents metabolic

expenses during microcellular housekeeping is an alternative outlook.’0% 196% 1070 Apart



from the biocatalytic components, the comprehensive biosolar cell architectures, namely
electrodes, electrolytes, membranes, cell designs, and fabrication techniques, need to be
optimized to enhance the performance efficiency and cost-effectiveness in large scale
utility.”?> Commercialized organic solar cells and microbial fuel cells are a source of
inspiration in this pursuit.’!?

On the other hand, the bioengineering of more useful and adaptable microbes is limited
by the insufficient mechanistic understanding of the multicomponent, case-sensitive
biosolar cell operations.”® Fundamental studies of microbes and miniaturized biomimetic
systems to model biosolar cells could potentially bridge that knowledge gap.!®7! 1072
Overall, biosolar cells utilize the metabolic versatility of biocatalysts in order to harvest
sustainable and green solar energy to facilitate multiple useful reactions. Although many
of the corresponding energy applications are currently a subject of research and on a small
scale, potentially scaling up by elucidation of the essential function required of biosolar
cells and optimization of the biosolar cell architecture is commercially and environmentally

lucrative.

5.3. Future Directions of Bioelectrosynthesis

5.3.1. Making the Best Use of Protein Engineering in Enzymatic Electrosynthesis.
Oxidoreductases are the functional core component of enzymatic electrosynthesis systems.
Improvements in the catalytic properties of oxidoreductases can directly lead to the
enhanced performance of enzymatic electrosynthesis systems. In future research, the
performance of oxidoreductases that needs to be improved to meet the requirement of
electrosynthesis mainly includes the following aspects. (1) Enhancing the electron transfer

efficiency for direct electron transfer (DET). For the specific strategies that can be taken,



refer to section 2.3.2. (2) Improving the affinity of oxidoreductases towards artificial
electron mediators or changing the coenzyme preference from natural coenzymes to
biomimetic coenzymes. Most artificial electron mediators are not the natural substrate of
oxidoreductases. Improving the affinity towards artificial electron mediators (e.g.,
reducing the Km value and increasing kcar value) via protein engineering is conducive to
enhance the electron transport efficiency and reduce the amount of artificial electron
mediators used. The development of synthetic biomimetic nicotinamide coenzyme has led
to a breakthrough not only in the field of biocatalysis but also in organic chemistry and for

1073 and in

medicinal applications. Due to the high cost of natural nicotinamide cofactors
the interest of bioorthogonality, the renewal of interest in biomimetic coenzymes in
oxidoreductase-catalyzed reactions is showing a great promise.!”* The application of
cheaper and more stable biomimetic coenzymes would effectively reduce costs, simplify
the product separation process, and extend the system operating time. Meanwhile,
constructing enzyme-cofactor/mediator conjugates is also an effective approach to improve
the electron transport efficiency.!%” (3) Improving the stability of oxidoreductases used in
enzymatic electrosynthesis systems. The poor stability of oxidoreductases due to
deactivation results in short lifetimes and higher costs. Protein engineering is an effective
and widely used method to improve the stability of different oxidoreductases.!®’® The
oxidoreductases with high structural stability are able to remain active for a long time and
finally can be used to improve the operational stability of enzymatic electrosynthesis
systems.

5.3.2. The Combination of Microbial Electrosynthesis and Synthetic Biology.

Synthetic biology is an interdisciplinary branch of biology, chemistry, and engineering that



combines the investigative nature of biology with the engineering design principles,
ultimately giving the life forms new functions and traits.!°”” Currently, the research of
synthetic biology has been focused on the design and construction of artificial biological
pathways or the redesign and modification of natural biological systems for the effective
production of new drugs, complicated natural products, biochemicals, and bioenergy.!?’8
For in vivo synthetic biology systems, a critical issue is a balance between consumption
and supply of reduced equivalents. Bioelectrochemical techniques offer a novel, efficient,
and promising method to alleviate, and also to eliminate, the redox imbalances during the
synthesis of target biochemicals and biofuels. Specifically, the reduced equivalents can be
generated by the bioelectrochemical system and imported into the cell, therefore
manipulating the redox balance of the cell. The additional reducing power available inside
the cell is conducive to produce desired products.

To combine bioelectrochemical techniques and synthetic biology tools, the first strategy
is to establish effective electrochemical communication between the electrode and the
cells, especially for the non-electroactive microbes. In this area, some progress has been
achieved. With the introduction of the Mtr pathway (Sections 2.4.1 and 2.4.2), engineered
E. coli can be used as the electroactive chassis cells that are able to utilize the exogenous

237,968 However, in these systems,

electrons from the electrode to catalyze target reactions.
the intracellular electron mediators are still the natural coenzymes (NAD(P)"). The
diversion of the coenzyme to the exogenous synthetic pathway can still disturb the redox
balance inside the cell, which would slow down, or even stop, the entire system.!07% 1080

One possible solution is to develop and integrate bio-orthogonal redox systems based on

biomimetic coenzyme into the electroactive chassis cell with the expression of nucleotide



transporters.'%! In detail, the coenzyme preference of the oxidoreductase that makes up the
synthetic pathway can be reversed from a natural coenzyme to the biomimetic cofactor
(e.g., nicotinamide mononucleotide, nicotinamide riboside, or nicotinamide cytosine
dinucleotide ) via protein engineering approaches.!?? The biomimetic coenzyme can be
transported into the cell by the nucleotide transporter, reduced by the exogenous electrons,
and ultimately consumed by the synthetic pathway. The exogenous synthetic pathway is
completely driven by exogenous electrons, which avoid the interference with the
intracellular redox balance, thoroughly rid the exogenous synthetic pathway from
dependence on natural coenzyme. It is more conducive to long-term cell survival and
efficient production of target products. Another strategy is to integrate the synthetic
pathway into native electrochemical cells. The study by Peidong Yang’s group is an
enlightening work (Figure 30).7!% °® Namely, the acetate from CO, photoelectric CO,
conversion system was utilized in situ by genetically engineered E. coli to achieve the
conversion from CO: to n-butanol, polyhydroxybutyrate (PHB), and natural products.
Herein, we can conceive that the conversion pathway of the produced acetate could be
introduced into the electroactive microbial cell, rather than to employ supernumerary
engineered E. coli. The generation of acetate could be converted to acetyl-CoA by acetyl-
CoA synthetase inside the cell. With the role of nodes of acetyl-CoA in the metabolic
network, the generated CO; could be converted to a variety of useful chemicals, for
instance, glucose via gluconeogenesis, fatty acid via the reversed pathway of B-oxidation,
or the isopentenyl pyrophosphate (the precursor of isoprenoids natural products) via
mevalonate acid-dependent pathway. Based on this, it is expected to construct a real sense

of the “artificial photosynthesis” system built on photoelectric conversion. All of these still



depend on the further developments of genetic manipulation toolkit for non-model
microorganisms.

In the studies of metabolic engineering and synthetic biology, the detection of metabolic
intermediates at the single-cell level, especially the intracellular concentration of unstable
metabolic intermediates at the metabolic node, is critical to understand cellular function,
monitor gene expression, identify the metabolic rate-limiting step, and the formulation of
metabolic regulation strategy.!%®* At present, the in vivo real-time monitoring of metabolic
intermediates at the single-cell level remains a challenge. The single-cell sensing based on
the utilization of nanopipettes provides new possibilities for solving this problem. The
nanopipette-based biosensors have been utilized for real-time sensing of the cellular
processes and metabolic activities with minimal invasion via bioelectrochemical reactions
and electron transfer processes under normal physiological conditions.®**%2 Moreover, the
nanopipettes can also be explored as pressure-driven fluid manipulation tools for a
reproducible sampling of nanoliter liquid volumes from living single cells. By integrating
it with matrix-assisted laser desorption/ionization-mass spectrometry (MALDI-MS),
intracellular metabolites have been characterized by high sensitivity.!%* All these research
advances are based on wild-type cells. It can be expected that the novel single-cell sensing
technologies based on nanopipettes, described earlier, can be applied in the real-time
monitoring of metabolically engineered cells modified using synthetic biology toolset. This
combination will play a significant role in (1) assessing expression levels of heterologous
proteins, (2) understanding cellular behaviors of engineered cells, and (3) formulating

effective regulatory strategies.
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intermediates, and (4) producing value-added chemicals. The integration of materials
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710. Copyright 2015 American Chemical Society.



AUTHOR INFORMATION
Corresponding Author

* Shelley D. Minteer: minteer(@chem.utah.edu

ORCID

Hui Chen: 0000-0002-8944-0090

Olja Simoska: 0000-0001-5356-721X

Koun Lim: 0000-0001-7864-1586

Matteo Grattieri: 0000-0002-1795-3655

Fangyuan Dong: 0000-0002-1530-8230

Yoo Seok Lee: 0000-0002-8840-0206

Kevin Beaver: 0000-0002-8278-5387

Samali Weliwatte: 0000-0002-2989-8884

Erin M. Gaffney: 0000-0002-2972-8463

Shelley D. Minteer: 0000-0002-5788-2249

Author Contributions

#H. C. and O. S. contributed equally to this work.

Notes

The authors declare no competing financial interest.

Biographies

Dr. Hui Chen received his Ph.D. degree in Biochemical Engineering at Zhejiang University
in 2014. After that, he successively worked at Virginia Tech and the University of

Minnesota (Twin City) as a postdoctoral associate. At present, he is a postdoctoral research



associate at the University of Utah, working with Prof. Shelley D. Minteer. His research
interests include enzyme engineering, biocatalysis, bioelectrosynthesis, and biofuel cell.
Dr. Olja Simoska received her bachelor's degree in 2015 from Bard College, NY. Olja
received her Ph.D. degree in Analytical Chemistry in 2019 from the University of Texas at
Austin, working under the supervision of Prof. Keith J. Stevenson. At present, she is a
postdoctoral research associate at the University of Utah, working in the group of Prof.
Shelley D. Minteer. Olja is the ACS Irving S. Sigal Postdoctoral Fellow for 2020-2022.
Her main research interests focus on microbial bioelectrochemical systems, including
biofuel cells, biosensors, and self-powered devices, as well as development of
electroanalytical sensing platforms for the detection of bacteria.

Koun Lim is currently a graduate student at the University of Utah, working in the group
of Shelley D. Minteer. She focuses on immobilization techniques, establishing direct
electron transfer between the electrode and the immobilized enzyme interfacing biological
entities with electrodes, enzymatic bioelectrochemical biosensors, and enzymatic
bioelectrocatalysis. She got a bachelor’s degree in science at the University of Utah.

Dr. Matteo Grattieri is currently a Postdoctoral Research Associate at the University of
Utah, working in the group of Shelley D. Minteer. He focuses on interfacing biological
entities with electrodes, and his research interests span the fields of extracellular electron
transfer in photosynthetic and halotolerant bacteria, artificial redox mediating systems, and
biosensors development. Prior to joining the University of Utah, he studied Chemistry in
Milano (Universita degli Studi di Milano and Politecnico di Milano), and he was a visiting

researcher at the University of New Mexico with Plamen Atanassov and at the University



of Buenos Aires with Ernesto J. Calvo. He has authored over 35 publications and delivered
over 20 conference presentations, invited/plenary lectures, and seminars.

Mengwei Yuan received her bachelor’s degree in chemistry from Beijing Normal
University in 2015. She is currently pursuing her Ph.D. degree under the supervision of
Professor Shelley D. Minteer at the University of Utah. Her research interests focus on
redox polymer design, protein engineering, bioelectrosynthesis, and biofuel cell.
Fangyuan Dong is currently a graduate student at the University of Utah, working in the
group of Shelley D. Minteer. She focuses on bioelectrocatalysis system development at
various interfaces, and her research interests span the fields of microbial nitrogen fixation
through bioengineering, biphasic asymmetric bioelectrocatalysis, and cofactor
regenerations for these bioelectrocatalysis systems. Prior to joining the University of Utah,
she studied Chemistry in Shanghai at East China Normal University under the research
supervision of Prof. Yang Tian.

Dr. Yoo Seok Lee is currently a postdoctoral researcher at the University of Utah, working
with Prof. Shelley D. Minteer. He received his Ph.D. in 2019 at the Gwangju Institute of
Science and Technology under the supervision of Prof. In Seop Chang. His current research
interests are in bioelectrochemistry and biocatalysis, with a particular focus on nitrogenase
bioelectrocatalysis.

Kevin Beaver is a first-year graduate student pursuing his Ph.D. at the University of Utah,
under the mentorship of Shelley D. Minteer and Aaron Puri. With dual B.S. degrees in
Biochemistry & Molecular Biology and Environmental Science, his research combines
bioengineering and microbial electrochemistry for environmental applications, including

renewable energy and bioremediation. Kevin began his bioelectrochemistry research with



Michelle Rasmussen at Lebanon Valley College (Annville, PA). He also was mentored by
Joseph Kieber (University of North Carolina at Chapel Hill) and Shelley D. Minteer as part
of the National Science Foundation Research Experience for Undergraduate (NSF-REU)
program.

Samali Weliwatte received her B.S. Special degree in Chemistry from the University of
Colombo in 2016. She is currently pursuing her Ph.D. in Chemistry at the University of
Utah. Her current research focuses on photobioelectrocataysis.

Erin Gaffney is currently a graduate student at the University of Utah, working in the group
of Prof. Shelley D. Minteer. She obtained her B.S. in Biochemistry from Fort Lewis
College in Durango, CO. Her research focuses on the fundamentals and applications of
microbial electrochemistry with a special interest in high-saline microbial
bioelectrochemical systems and the use of bioinformatics.

Professor Shelley D. Minteer received her bachelor's degree from Western Illinois
University in 1995 and her Ph.D. in Analytical Chemistry at the University of lowa in
2000. She is currently the Dale and Susan Poulter Endowed Chair in Biological Chemistry
at the University of Utah. Her research interests include bioelectrocatalysis, synthetic
organic electrochemistry, and catalytic cascades.

ACKNOWLEDGMENTS

The authors would like to thank the immense support from multiple funding agencies that
contributed to the success of this review. Specifically, the National Science Foundation
(NSF) Center for Synthetic Organic Electrosynthesis CHE-1740656, the NSF grant
1561427, the Army Research Office MURI grant W911NF1410263, the Department of

Energy (DOE), and Fulcrum Biosciences. The contents of this review article are the sole



responsibility of the University of Utah and do not necessarily reflect the views of the NSF,

Army Research Office, DOE, or the United States Government.

REFERENCES

1. Hill, H. A. O.; Higgins, 1. J., Bioelectrocatalysis. Philos. Trans. R. Soc. A 1981, 302,
267-273.

2. Schmid, A.; Dordick, J. S.; Hauer, B.; Kiener, A.; Wubbolts, M.; Witholt, B.,
Industrial Biocatalysis Today and Tomorrow. Nature 2001, 409, 258-268.

3. de Carvalho, C. C., Enzymatic and Whole Cell Catalysis: Finding New Strategies
for Old Processes. Biotechnol. Adv. 2011, 29, 75-83.

4, Chen, H.; Dong, F. Y.; Minteer, S. D., The Progress and Outlook of
Bioelectrocatalysis for the Production of Chemicals, Fuels and Materials. Nat. Catal. 2020,
3,225-244.

5. Cadoux, C.; Milton, R. D., Recent Enzymatic Electrochemistry for Reductive
Reactions. ChemElectroChem 2020, 7, 1974-1986.
6. Wong, T. S.; Schwaneberg, U., Protein Engineering in Bioelectrocatalysis. Curr.

Opin. Biotech. 2003, 14, 590-596.

7. Milton, R. D.; Wang, T.; Knoche, K. L.; Minteer, S. D., Tailoring Biointerfaces
for Electrocatalysis. Langmuir 2016, 32, 2291-2301.

8. Arechederra, R.; Minteer, S. D., Organelle-Based Biofuel Cells: Immobilized
Mitochondria on Carbon Paper Electrodes. Electrochim. Acta 2008, 53, 6698-6703.

9. Takeuchi, R.; Suzuki, A.; Sakai, K.; Kitazumi, Y.; Shirai, O.; Kano, K.,
Construction of Photo-driven Bioanodes Using Thylakoid Membranes and Multi-walled
Carbon Nanotubes. Bioelectrochemistry 2018, 122, 158-163.

10. Adachi, T.; Kataoka, K.; Kitazumi, Y.; Shirai, O.; Kano, K., A Bio-solar Cell
with Thylakoid Membranes and Bilirubin Oxidase. Chem. Lett. 2019, 48, 686-689.

11. Rasmussen, M.; Shrier, A.; Minteer, S. D., High Performance Thylakoid Bio-solar
Cell Using Laccase Enzymatic Biocathodes. Phys. Chem. Chem. Phys. 2013, 15, 9062-
9065.

12. Lovley, D. R.; Walker, D. J. F., Geobacter Protein Nanowires. Front. Microbiol.
2019, /0, 2078.

13. Ueki, T.; Walker, D. J. F.; Tremblay, P. L.; Nevin, K. P.; Ward, J. E.; Woodard,
T. L.; Nonnenmann, S. S.; Lovley, D. R., Decorating the Outer Surface of Microbially
Produced Protein Nanowires with Peptides. ACS Synth. Biol. 2019, 8, 1809-1817.

14. Tan, Y.; Adhikari, R. Y.; Malvankar, N. S.; Ward, J. E.; Nevin, K. P.; Woodard,
T. L.; Smith, J. A.; Snoeyenbos-West, O. L.; Franks, A. E.; Tuominen, M. T.; Lovley,
D. R., The Low Conductivity of Geobacter uraniireducens Pili Suggests a Diversity of
Extracellular Electron Transfer Mechanisms in the Genus Geobacter. Front. Microbiol.
2016, 7, 980.

15. Hartshorne, R. S.; Reardon, C. L.; Ross, D.; Nuester, J.; Clarke, T. A.; Gates, A.
J.; Mills, P. C.; Fredrickson, J. K.; Zachara, J. M.; Shi, L.; Beliaev, A. S.; Marshall, M.
J.; Tien, M.; Brantley, S.; Butt, J. N.; Richardson, D. J., Characterization of an Electron



Conduit between Bacteria and the Extracellular Environment. Proc. Natl. Acad. Sci. U.S.A.
2009, /06, 22169-22174.

16. Ross, D. E.; Flynn, J. M.; Baron, D. B.; Gralnick, J. A.; Bond, D. R., Towards
Electrosynthesis in Shewanella: Energetics of Reversing the Mtr Pathway for Reductive
Metabolism. PLoS One 2011, 6, €16649.

17. Wu, R; Ma, C.; Zhu, Z., Enzymatic Electrosynthesis as an Emerging
Electrochemical Synthesis Platform. Curr. Opin. Electrochem. 2020, 19, 1-7.

18. Freguia, S.; Virdis, B.; Harnisch, F.; Keller, J., Bioelectrochemical Systems:
Microbial versus Enzymatic Catalysis. Electrochim. Acta 2012, 82, 165-174.

19. Hickey, D. P.; Milton, R. D.; Rasmussen, M.; Abdellaoui, S.; Nguyen, K.;
Minteer, S. D., Fundamentals and Applications of Bioelectrocatalysis. In Electrochemistry,
2015; Vol. 13, pp 97-132.

20. Grattieri, M.; Minteer, S. D., Self-Powered Biosensors. ACS Sens. 2018, 3, 44-53.
21. Sekretaryova, A. N.; Eriksson, M.; Turner, A. P., Bioelectrocatalytic Systems for
Health Applications. Biotechnol. Adv. 2016, 34, 177-197.

22. Kim, J.; Campbell, A. S.; de Avila, B. E.; Wang, J., Wearable Biosensors for
Healthcare Monitoring. Nat. Biotechnol. 2019, 37, 389-406.

23. Kumar, S.; Ahlawat, W.; Kumar, R.; Dilbaghi, N., Graphene, Carbon Nanotubes,
Zinc Oxide and Gold as Elite Nanomaterials for Fabrication of Biosensors for Healthcare.
Biosens. Bioelectron. 2015, 70, 498-503.

24, Castillo-Ortega, M. M.; Rodriguez, D. E.; Encinas, J. C.; Plascencia, M.;
Mendez-Velarde, F. A.; Olayo, R., Conductometric Uric Acid and Urea Biosensor
Prepared from Electroconductive Polyaniline-poly(n-butyl Methacrylate) Composites.
Sens. Actuators B Chem. 2002, 85, 19-25.

25. Li, Z. H.; Wang, Y.; Wang, J.; Tang, Z. W.; Pounds, J. G.; Lin, Y. H., Rapid and
Sensitive Detection of Protein Biomarker Using a Portable Fluorescence Biosensor Based
on Quantum Dots and a Lateral Flow Test Strip. Anal. Chem. 2010, 82, 7008-7014.

26. Yamazaki, S.; Miki, K.; Kano, K.; Ikeda, T., Mechanistic Study on the Role of the
NAD'-NADH Ratio in the Glycolytic Oscillation with a Pyruvate Sensor. J. Electroanal.
Chem. 2001, 516, 59-65.

27. Sun, J. Z.; Peter Kingori, G.; Si, R. W.; Zhai, D. D.; Liao, Z. H.; Sun, D. Z.;
Zheng, T.; Yong, Y. C., Microbial Fuel Cell-Based Biosensors for Environmental
Monitoring: A Review. Water Sci. Technol. 2015, 71, 801-809.

28. Justino, C. I. L.; Duarte, A. C.; Rocha-Santos, T. A. P., Recent Progress in
Biosensors for Environmental Monitoring: A Review. Sensors (Basel) 2017, 17, 2918.
29. Mello, L. D.; Kubota, L. T., Review of the Use of Biosensors as Analytical Tools
in the Food and Drink Industries. Food Chem. 2002, 77, 237-256.

30. Zeng, Y.; Zhu, Z. H.; Du, D.; Lin, Y. H., Nanomaterial-Based Electrochemical
Biosensors for Food Safety. J. Electroanal. Chem. 2016, 781, 147-154.

31. 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. Nat. Commun. 2011, 2, 370.

32. Kummer, M. J.; Minteer, S., Enzymatic Bioelectrocatalysis for Enzymology
Applications. ChemElectroChem 2020.



33, Léger, C.; Elliott, S. J.; Hoke, K. R.; Jeuken, L. J.; Jones, A. K.; Armstrong, F.
A., Enzyme Electrokinetics: Using Protein Film Voltammetry to Investigate Redox
Enzymes and their Mechanisms. Biochemistry 2003, 42, 8653-8662.

34, Hickey, D. P.; Cai, R.; Yang, Z. Y.; Grunau, K.; FEinsle, O.; Seefeldt, L. C.;
Minteer, S. D., Establishing a Thermodynamic Landscape for the Active Site of Mo-
Dependent Nitrogenase. J. Am. Chem. Soc. 2019, 141, 17150-17157.

35. Cai, R.; Minteer, S. D., Nitrogenase Bioelectrocatalysis: From Understanding
Electron-Transfer Mechanisms to Energy Applications. ACS Energy Lett. 2018, 3, 2736-
2742.

36. Kizling, M.; Bilewicz, R., Fructose Dehydrogenase Electron Transfer Pathway in
Bioelectrocatalytic Reactions. ChemElectroChem 2018, 5, 166-174.

37. Patel, J.; Cai, R.; Milton, R.; Chen, H.; Minteer, S. D., Pyrene-Based Noncovalent
Immobilization of Nitrogenase on Carbon Surfaces. ChemBioChem 2019.

38. Pant, D.; Singh, A.; Van Bogaert, G.; Olsen, S. I.; Nigam, P. S.; Diels, L.;
Vanbroekhoven, K., Bioelectrochemical Systems (BES) for Sustainable Energy
Production and Product Recovery from Organic Wastes and Industrial Wastewaters. RSC
Adv. 2012, 2, 1248-1263.

39. Yuan, M.; Sahin, S.; Cai, R.; Abdellaoui, S.; Hickey, D. P.; Minteer, S. D.;
Milton, R. D., Creating a Low-Potential Redox Polymer for Efficient Electroenzymatic
COz Reduction. Angew. Chem. Int. Ed. 2018, 57, 6582-6586.

40. Cai, R.; Milton, R. D.; Abdellaoui, S.; Park, T.; Patel, J.; Alkotaini, B.; Minteer,
S. D., Electroenzymatic C-C Bond Formation from COs. J. Am. Chem. Soc. 2018, 140,
5041-5044.

41. Milton, R. D.; Cai, R.; Abdellaoui, S.; Leech, D.; De Lacey, A. L.; Pita, M.;
Minteer, S. D., Bioelectrochemical Haber-Bosch Process: An Ammonia-Producing Ho/N»
Fuel Cell. Angew. Chem. Int. Ed. 2017, 56, 2680-2683.

42. Milton, R. D.; Abdellaoui, S.; Khadka, N.; Dean, D. R.; Leech, D.; Seefeldt, L.
C.; Minteer, S. D., Nitrogenase Bioelectrocatalysis: Heterogeneous Ammonia and
Hydrogen Production by MoFe Protein. Energy Environ. Sci. 2016, 9, 2550-2554.

43, Liu, X. B.; Yu, X. B., Enhancement of Butanol Production: From Biocatalysis to
Bioelectrocatalysis. ACS Energy Lett. 2020, 5, 867-878.

44, Alkotaini, B.; Abdellaoui, S.; Hasan, K.; Grattieri, M.; Quah, T.; Cai, R.; Yuan,
M. Y.; Minteer, S. D., Sustainable Bioelectrosynthesis of the Bioplastic
Polyhydroxybutyrate: Overcoming Substrate Requirement for NADH Regeneration. ACS
Sustain. Chem. Eng. 2018, 6, 4909-4915.

45. Chen, X. L.; Cao, Y. X.; Li, F.; Tian, Y.; Song, H., Enzyme-Assisted Microbial
Electrosynthesis of Poly(3-hydroxybutyrate) via CO> Bioreduction by Engineered
Ralstonia eutropha. ACS Catal. 2018, 8, 4429-4437.

46. Dominguez-Benetton, X.; Srikanth, S.; Satyawali, Y.; Vanbroekhoven, K.; Pant,
D., Enzymatic Electrosynthesis: An Overview on the Progress in Enzyme-electrodes for
the Production of Electricity, Fuels and Chemicals. J. Microb. Biochem. Technol. 2013, 6,
1-20.

47. Masa, J.; Schuhmann, W., Electrocatalysis and Bioelectrocatalysis - Distinction
without a Difference. Nano Energy 2016, 29, 466-475.



48.  Xiang, K.J.; Qiao, Y.; Ching, C. B.; Li, C. M., GIdA Overexpressing-engineered
E. coli as Superior Electrocatalyst for Microbial Fuel Cells. Electrochem. Commun. 2009,
11, 1593-1595.

49. Schaetzle, O.; Barriere, F.; Baronian, K., Bacteria and Yeasts as Catalysts in
Microbial Fuel Cells: Electron Transfer from Micro-organisms to Electrodes for Green
Electricity. Energy Environ. Sci. 2008, 1, 607-620.

50.  Kemp, M. L., Redox Enzymes. In Encyclopedia of Systems Biology, Dubitzky, W.;
Wolkenhauer, O.; Cho, K.-H.; Yokota, H., Eds. Springer New York: New York, NY, 2013;
pp 1825-1825.

51. Gorton, L.; Lindgren, A.; Larsson, T.; Munteanu, F. D.; Ruzgas, T.; Gazaryan,
L., Direct Electron Transfer between Heme-containing Enzymes and Electrodes as Basis
for Third Generation Biosensors. Anal. Chim. Acta 1999, 400, 91-108.

52. Antonini, E.; Brunori, M.; Wyman, J., Studies on the Oxidation-Reduction
Potentials of Heme Proteins. Iv. The Kinetics of Oxidation of Hemoglobin and Myoglobin
by Ferricyanide. Biochemistry 1965, 4, 545-551.

53. Mayo, S. L.; Ellis, W. R., Jr.; Crutchley, R. J.; Gray, H. B., Long-range Electron
Transfer in Heme Proteins. Science 1986, 233, 948-952.

54. Collman, J. P.; Devaraj, N. K.; Decreau, R. A.; Yang, Y.; Yan, Y. L.; Ebina, W.;
Eberspacher, T. A.; Chidsey, C. E., A Cytochrome C Oxidase Model Catalyzes Oxygen to
Water Reduction Under Rate-limiting Electron Flux. Science 2007, 315, 1565-1568.

55. Urlacher, V. B.; Eiben, S., Cytochrome P450 Monooxygenases: Perspectives for
Synthetic Application. Trends Biotechnol. 2006, 24, 324-330.

56. Vlasits, J.; Jakopitsch, C.; Bernroitner, M.; Zamocky, M.; Furtmuller, P. G.;
Obinger, C., Mechanisms of Catalase Activity of Heme Peroxidases. Arch. Biochem.
Biophys. 2010, 500, 74-81.

57. Meyer, J., Iron-sulfur Protein Folds, Iron-sulfur Chemistry, and Evolution. J. Biol.
Inorg. Chem. 2008, 13, 157-170.

58. Lill, R., Function and Biogenesis of Iron-sulphur Proteins. Nature 2009, 460, 831-
838.

59. Zhang, W.; Du, L.; Li, F. W.; Zhang, X. W.; Qu, Z. P.; Hang, L.; Li, Z.; Sun,
J.R; Qi, F. X.; Yao, Q. P.; Sun, Y.; Geng, C.; Li, S. Y., Mechanistic Insights into
Interactions between Bacterial Class [ P450 Enzymes and Redox Partners. ACS Catal. 2018,
8, 9992-10003.

60. Knoche, K. L.; Aoyama, E.; Hasan, K.; Minteer, S. D., Role of Nitrogenase and
Ferredoxin in the Mechanism of Bioelectrocatalytic Nitrogen Fixation by the
Cyanobacteria Anabaena variabilis SA-1 Mutant Immobilized on Indium Tin Oxide (ITO)
Electrodes. Electrochim. Acta 2017, 232, 396-403.

61. Komadina, J.; Walch, S.; Fasching, R.; Grossman, A.; Prinz, F. B., Reversible
Oxidation of Spinach Ferredoxin at Surface-modified Electrodes. J. Electrochem. Soc.
2008, 755, B1008-B1012.

62. Wirtz, M.;  Klucik, J.; Rivera, M., Ferredoxin-mediated Electrocatalytic
Dehalogenation of Haloalkanes by Cytochrome P450cam. J. Am. Chem. Soc. 2000, 122,
1047-1056.

63. Kim, J. E.; Kim, E. J.; Chen, H.; Wu, C. H.; Adams, M. W. W.; Zhang, Y. H. P.,
Advanced Water Splitting for Green Hydrogen Gas Production through Complete
Oxidation of Starch by in vitro Metabolic Engineering. Metab. Eng. 2017, 44, 246-252.



64. Chen, H.; Huang, R.; Kim, E. J.; Zhang, Y. H. P. J., Building a Thermostable
Metabolon for Facilitating Coenzyme Transport and in vitro Hydrogen Production at
Elevated Temperature. ChemSusChem 2018, 11, 3120-3130.

65. Evans, D. J.; Pickett, C. J., Chemistry and the Hydrogenases. Chem. Soc. Rev. 2003,
32,268-275.

66. Beinert, H., Recent Developments in the Gield of Iron-sulfur Proteins. FASEB J.
1990, 4, 2483-2491.

67. Hu, Y.; Corbett, M. C.; Fay, A. W.; Webber, J. A.; Hedman, B.; Hodgson, K.
O.; Ribbe, M. W., Nitrogenase Reactivity with P-Cluster Variants. Proc. Natl. Acad. Sci.
U.S.A. 2005, 102, 13825-13830.

68. Johnson, M. K.; Smith, A. D., [ron—sulfur Proteins. Encycl. Inorg. Bioinorg. Chem.
2011.

69.  Lewis, E. A.; Tolman, W. B., Reactivity of Dioxygen-copper Systems. Chem. Rev.
2004, 104, 1047-1076.

70. Teissie, J.; Knox, B. E.; Tsong, T. Y.; Wehrle, J., Synthesis of Adenosine
Triphosphate in Respiration-inhibited Submitochondrial Particles Induced by Microsecond
Electric Pulses. Proc. Natl. Acad. Sci. U.S.A. 1981, 78, 7473-7477.

71. Solomon, E. I.; Sundaram, U. M.; Machonkin, T. E., Multicopper Oxidases and
Oxygenases. Chem. Rev. 1996, 96, 2563-2606.

72. Shleev, S.; Tkac, J.; Christenson, A.; Ruzgas, T.; Yaropolov, A. I.; Whittaker, J.
W.; Gorton, L., Direct Electron Transfer between Copper-containing Proteins and
Electrodes. Biosens. Bioelectron. 2005, 20, 2517-2554.

73. Solomon, E. I.; Szilagyi, R. K.; DeBeer George, S.; Basumallick, L., Electronic
Structures of Metal Sites in Proteins and Models: Contributions to Function in Blue Copper
Proteins. Chem. Rev. 2004, 104, 419-458.

74. Betancor, L.; Johnson, G. R.; Luckarift, H. R., Stabilized Laccases as
Heterogeneous Bioelectrocatalysts. ChemCatchem 2013, 5, 46-60.

75. van Berkel, W. J.; Kamerbeek, N. M.; Fraaije, M. W., Flavoprotein
Monooxygenases, a Diverse Class of Oxidative Biocatalysts. J. Biotechnol. 2006, 124,
670-689.

76. Huijbers, M. M.; Montersino, S.; Westphal, A. H.; Tischler, D.; van Berkel, W.
J., Flavin Dependent Monooxygenases. Arch. Biochem. Biophys. 2014, 544, 2-17.

77. Laurinavicius, V.; Razumiene, J.; Ramanavicius, A.; Ryabov, A. D., Wiring of
PQQ-dehydrogenases. Biosens. Bioelectron. 2004, 20, 1217-1222.
78. Razumiene, J.; Niculescu, M.; Ramanavicius, A.; Laurinavicius, V.; Csoregi, E.,

Direct Bioelectrocatalysis at Carbon Electrodes Modified with Quinohemoprotein Alcohol
Dehydrogenase from Gluconobacter sp. 33. Electroanalysis 2002, 14, 43-49.

79. Ramanavicius, A.; Habermuller, K.; Csoregi, E.; Laurinavicius, V.; Schuhmann,
W., Polypyrrole-entrapped Quinohemoprotein Alcohol Dehydrogenase. Evidence for
Direct Electron Transfer via Conducting-polymer Chains. Anal. Chem. 1999, 71, 3581-
3586.

80. Matsushita, K.; Toyama, H.; Yamada, M.; Adachi, O., Quinoproteins: Structure,
Function, and Biotechnological Applications. Appl. Microbiol. Biotechnol. 2002, 58, 13-
22.

81. Ikeda, T.; Matsushita, F.; Senda, M., Amperometric Fructose Sensor Based on
Direct Bioelectrocatalysis. Biosens. Bioelectron. 1991, 6, 299-304.



82.  Goodwin, P. M.; Anthony, C., The Biochemistry, Physiology and Genetics of PQQ
and PQQ-containing Enzymes. In Adv. Microb. Physiol., Elsevier: 1998; Vol. 40, pp 1-80.
83.  Potter, M. C., Electrical Effects Accompanying the Decomposition of Organic
Compounds. Proc. R. Soc. Lond. Ser. B. Biol. Sci. 1911, 84, 260-276.

84. Sharma, M.; Bajracharya, S.; Gildemyn, S.; Patil, S. A.; Alvarez-Gallego, Y.;
Pant, D.; Rabaey, K.; Dominguez-Benetton, X., A Critical Revisit of the Key Parameters
used to Describe Microbial Electrochemical Systems. Electrochim. Acta 2014, 140, 191-
208.

85.  Kato, S., Biotechnological Aspects of Microbial Extracellular Electron Transfer.
Microbes Environ. 2015, 30, 133-139.

86. Torres, C. 1., On the Importance of Identifying, Characterizing, and Predicting
Fundamental Phenomena Towards Microbial Electrochemistry Applications. Curr. Opin.
Biotech. 2014, 27, 107-114.

87. Rosenbaum, M. A.; Franks, A. E., Microbial Catalysis in Bioelectrochemical
Technologies: Status Quo, Challenges and Perspectives. Appl. Microbiol. Biotechnol. 2014,
98, 509-518.

88. Abrevaya, X. C.; Sacco, N. J.; Bonetto, M. C.; Hilding-Ohlsson, A.; Corton, E.,
Analytical Applications of Microbial Fuel Cells. Part I: Biochemical Oxygen Demand.
Biosens. Bioelectron. 2015, 63, 580-590.

89. Abrevaya, X. C.; Sacco, N. J.; Bonetto, M. C.; Hilding-Ohlsson, A.; Corton, E.,
Analytical Applications of Microbial Fuel Cells. Part II: Toxicity, Microbial Activity and
Quantification, Single Analyte Detection and Other Uses. Biosens. Bioelectron. 2015, 63,
591-601.

90. Osman, M. H.; Shah, A. A.; Walsh, F. C., Recent Progress and Continuing
Challenges in Bio-fuel Cells. Part II: Microbial. Biosens. Bioelectron. 2010, 26, 953-963.
91.  Franks, A. E.; Nevin, K. P., Microbial Fuel Cells, A Current Review. Energies 2010,
3, 899-919.

92.  Logan, B. E., Exoelectrogenic Bacteria that Power Microbial Fuel Cells. Nat. Rev.
Microbiol. 2009, 7, 375-381.

93. ElMekawy, A.; Srikanth, S.; Bajracharya, S.; Hegab, H. M.; Nigam, P. S.; Singh,
A.; Mohan, S. V.; Pant, D., Food and Agricultural Wastes as Substrates for
Bioelectrochemical System (BES): The Synchronized Recovery of Sustainable Energy and
Waste Treatment. Food Res. Int. 2015, 73, 213-225.

94, Mohan, S. V.; Velvizhi, G.; Modestra, J. A.; Srikanth, S., Microbial Fuel Cell:
Critical Factors Regulating Bio-catalyzed Electrochemical Process and Recent
Advancements. Renew. Sust. Energ. Rev. 2014, 40, 779-797.

95.  Lovley, D. R., The Microbe Electric: Conversion of Organic Matter to Electricity.
Curr. Opin. Biotech. 2008, 19, 564-571.

96.  Lovley, D. R., Bug Juice: Harvesting Electricity with Microorganisms. Nat. Rev.
Microbiol. 2006, 4, 497-508.

97.  Rabaey, K.; Verstraete, W., Microbial Fuel Cells: Novel Biotechnology for Energy
Generation. Trends Biotechnol. 2005, 23, 291-298.

98. Lu, L.; Ren, Z. J., Microbial Electrolysis Cells for Waste Biorefinery: A State of
the Art Review. Bioresour. Technol. 2016, 215, 254-264.



99. Clauwaert, P.; Rabaey, K.; Aelterman, P.; de Schamphelaire, L.; Pham, T. H.;
Boeckx, P.; Boon, N.; Verstraete, W., Biological Denitrification in Microbial Fuel Cells.
Environ. Sci. Technol. 2007, 41, 3354-3360.

100. Rabaey, K.; Van de Sompel, K.; Maignien, L.; Boon, N.; Aelterman, P.;
Clauwaert, P.; De Schamphelaire, L.; Pham, H. T.; Vermeulen, J.; Verhaege, M.; Lens,
P.; Verstraete, W., Microbial Fuel Cells for Sulfide Removal. Environ. Sci. Technol. 2006,
40, 5218-5224.

101. Rabaey, K.; Rozendal, R. A., Microbial Electrosynthesis - Revisiting the Electrical
Route for Microbial Production. Nat. Rev. Microbiol. 2010, 8, 706-716.

102.  Sadhukhan, J.; Lloyd, J. R.; Scott, K.; Premier, G. C.; Yu, E. H.; Curtis, T.; Head,
I. M., A Critical Review of Integration Analysis of Microbial Electrosynthesis (MES)
Systems with Waste Biorefineries for the Production of Biofuel and Chemical from Reuse
of COz. Renew. Sust. Energ. Rev. 2016, 56, 116-132.

103. Nevin, K. P.; Woodard, T. L.; Franks, A. E.; Summers, Z. M.; Lovley, D. R.,
Microbial Electrosynthesis: Feeding Microbes Electricity to Convert Carbon Dioxide and
Water to Multicarbon Extracellular Organic Compounds. mBio 2010, /.

104. Erable, B.; Feron, D.; Bergel, A., Microbial Catalysis of the Oxygen Reduction
Reaction for Microbial Fuel Cells: A Review. ChemSusChem 2012, 5, 975-987.

105. Ikeda, T.; Kurosaki, T.; Takayama, K.; Kano, K.; Miki, K., Measurements of
Oxidoreductase-like Activity of Intact Bacterial Cells by an Amperometric Method Using
a Membrane-coated Electrode. Anal. Chem. 1996, 68, 192-198.

106. Bond, D. R.; Lovley, D. R., Electricity Production by Geobacter sulfurreducens
Attached to Electrodes. Appl. Environ. Microbiol. 2003, 69, 1548-1555.

107. Busalmen, J. P.; Esteve-Nunez, A.; Berna, A.; Feliu, J. M., C-type Cytochromes
Wire Electricity-producing Bacteria to Electrodes. Angew. Chem. Int. Ed. 2008, 47, 4874-
4877.

108. Okamoto, A.; Hashimoto, K.; Nakamura, R., Long-range Electron Conduction of
Shewanella Biofilms Mediated by Outer Membrane C-type Cytochromes.
Bioelectrochemistry 2012, 85, 61-65.

109. Breuer, M.; Rosso, K. M.; Blumberger, J.; Butt, J. N., Multi-haem Cytochromes
in Shewanella oneidensis MR-1: Structures, Functions and Opportunities. J. R. Soc.
Interface 2015, 12,20141117.

110.  Strycharz-Glaven, S. M.; Roy, J.; Boyd, D.; Snider, R.; Erickson, J. S.; Tender,
L. M., Electron Transport through Early Exponential-Phase Anode-Grown Geobacter
sulfurreducens Biofilms. ChemElectroChem 2014, 1, 1957-1965.

111.  Shi, L.; Dong, H.; Reguera, G.; Beyenal, H.; Lu, A.; Liu, J.; Yu, H. Q;
Fredrickson, J. K., Extracellular Electron Transfer Mechanisms between Microorganisms
and Minerals. Nat. Rev. Microbiol. 2016, 14, 651-662.

112.  Reguera, G.; McCarthy, K. D.; Mehta, T.; Nicoll, J. S.; Tuominen, M. T.; Lovley,
D. R., Extracellular Electron Transfer via Microbial Nanowires. Nature 2005, 435, 1098-
1101.

113.  Malvankar, N. S.; Vargas, M.; Nevin, K. P.; Franks, A. E.; Leang, C.; Kim, B.
C.; Inoue, K.; Mester, T.; Covalla, S. F.; Johnson, J. P.; Rotello, V. M.; Tuominen, M.
T.; Lovley, D. R., Tunable Metallic-like Conductivity in Microbial Nanowire Networks.
Nat. Nanotechnol. 2011, 6, 573-579.



114. Pirbadian, S.; Barchinger, S. E.; Leung, K. M.; Byun, H. S.; Jangir, Y.; Bouhenni,
R. A.; Reed, S. B.; Romine, M. F.; Saffarini, D. A.; Shi, L.; Gorby, Y. A.; Golbeck, J.
H.; El-Naggar, M. Y., Shewanella oneidensis MR-1 Nanowires are Outer Membrane and
Periplasmic Extensions of the Extracellular Electron Transport Components. Proc. Nat.
Acad. Sc. U. S. 4. 2014, 111, 12883-12888.

115. Malvankar, N. S.; Lovley, D. R., Microbial Nanowires for Bioenergy Applications.
Curr. Opin. Biotech. 2014, 27, 88-95.

116. Malvankar, N. S.; Lovley, D. R., Microbial Nanowires: A New Paradigm for
Biological Electron Transfer and Bioelectronics. ChemSusChem 2012, 5, 1039-1046.

117. Nealson, K. H.; Rowe, A. R., Electromicrobiology: Realities, Grand Challenges,
Goals and Predictions. Microb. Biotechnol. 2016, 9, 595-600.

118. Pirbadian, S.; El-Naggar, M. Y., Multistep Hopping and Extracellular Charge
Transfer in Microbial Redox Chains. Phys. Chem. Chem. Phys. 2012, 14, 13802-13808.
119. Yates, M. D.; Strycharz-Glaven, S. M.; Golden, J. P.; Roy, J.; Tsoi, S.; Erickson,
J. S.; El-Naggar, M. Y.; Barton, S. C.; Tender, L. M., Measuring Conductivity of Living
Geobacter sulfurreducens Biofilms. Nat. Nanotechnol. 2016, 11, 910-913.

120. Malvankar, N. S.; Rotello, V. M.; Tuominen, M. T.; Lovley, D. R., Reply to
'Measuring Conductivity of Living Geobacter sulfurreducens Biofilms'. Nat. Nanotechnol.
2016, 11, 913-914.

121. Ding, M.; Shiu, H. Y.; Li, S. L.; Lee, C. K.; Wang, G.; Wu, H.; Weiss, N. O.;
Young, T. D.; Weiss, P. S.; Wong, G. C.; Nealson, K. H.; Huang, Y.; Duan, X.,
Nanoelectronic Investigation Reveals the Electrochemical Basis of Electrical Conductivity
in Shewanella and Geobacter. ACS Nano 2016, 10, 9919-9926.

122. Marsili, E.; Baron, D. B.; Shikhare, I. D.; Coursolle, D.; Gralnick, J. A.; Bond,
D. R., Shewanella Secretes Flavins that Mediate Extracellular Electron Transfer. Proc. Nat.
Acad. Sc. U. S. A. 2008, 105, 3968-3973.

123. Thrash, J. C.; Coates, J. D., Review: Direct and Indirect Electrical Stimulation of
Microbial Metabolism. Environ. Sci. Technol. 2008, 42, 3921-3931.

124. Newman, D. K.; Kolter, R., A Role for Excreted Quinones in Extracellular Electron
Transfer. Nature 2000, 405, 94-97.

125. Okamoto, A.; Hashimoto, K.; Nealson, K. H.; Nakamura, R., Rate Enhancement
of Bacterial Extracellular Electron Transport Involves Bound Flavin Semiquinones. Proc.
Nat. Acad. Sc. U. S. A. 2013, 110, 7856-7861.

126. Edwards, M. J.; White, G. F.; Norman, M.; Tome-Fernandez, A.; Ainsworth, E.;
Shi, L.; Fredrickson, J. K.; Zachara, J. M.; Butt, J. N.; Richardson, D. J.; Clarke, T. A.,
Redox Linked Flavin Sites in Extracellular Decaheme Proteins Involved in Microbe-
Mineral Electron Transfer. Sci. Rep. 2015, 5, 11677.

127. Tokunou, Y.; Hashimoto, K.; Okamoto, A., Acceleration of Extracellular Electron
Transfer by Alternative Redox-Active Molecules to Riboflavin for Outer-Membrane
Cytochrome c of Shewanella oneidensis MR-1. J. Phys. Chem. C 2016, 120, 16168-16173.
128.  Gorby, Y. A.; Yanina, S.; McLean, J. S.; Rosso, K. M.; Moyles, D.; Dohnalkova,
A.; Beveridge, T. J.; Chang, L. S.; Kim, B. H.; Kim, K. S.; Culley, D. E.; Reed, S. B.;
Romine, M. F.; Saffarini, D. A.; Hill, E. A.; Shi, L.; Elias, D. A.; Kennedy, D. W_;
Pinchuk, G.; Watanabe, K.; Ishii, S.; Logan, B.; Nealson, K. H.; Fredrickson, J. K.,
Electrically Conductive Bacterial Nanowires Produced by Shewanella oneidensis Strain
MR-1 and Other Microorganisms. Proc. Nat. Acad. Sc. U. S. A. 2006, 103, 11358-11363.



129. El-Naggar, M. Y.; Wanger, G.; Leung, K. M.; Yuzvinsky, T. D.; Southam, G.;
Yang, J.; Lau, W. M.; Nealson, K. H.; Gorby, Y. A., Electrical Transport along Bacterial
Nanowires from Shewanella oneidensis MR-1. Proc. Nat. Acad. Sc. U. S. A. 2010, 107,
18127-18131.

130.  Albert, A., Quantitative Studies of the Avidity of Naturally Occurring Substances
for Trace Metals. III. Pteridines, Riboflavin and Purines. Biochem. J. 1953, 54, 646-654.
131. Worst, D. J.; Gerrits, M. M.; Vandenbroucke-Grauls, C. M.; Kusters, J. G.,
Helicobacter Pylori ribBA-Mediated Riboflavin Production is Involved in Iron Acquisition.
J. Bacteriol. 1998, 180, 1473-1479.

132.  Lovley, D. R.; Malvankar, N. S., Seeing is Believing: Novel Imaging Techniques
Help Clarify Microbial Nanowire Structure and Function. Environ. Microbiol. 2015, 17,
2209-2215.

133.  Coursolle, D.; Baron, D. B.; Bond, D. R.; Gralnick, J. A., The Mtr Respiratory
Pathway is Essential for Reducing Flavins and Electrodes in Shewanella oneidensis. J.
Bacteriol. 2010, 192, 467-474.

134. Kumar, A.; Hsu, L. H. H.; Kavanagh, P.; Barriere, F.; Lens, P. N. L,;
Lapinsonniere, L.; Lienhard, J. H.; Schroder, U.; Jiang, X. C.; Leech, D., The Ins and
Outs of Microorganism-Electrode Electron Transfer Reactions. Nat. Rev. Chem. 2017, 1.
135. Krige, A.; Sjoblom, M.; Ramser, K.; Christakopoulos, P.; Rova, U., On-Line
Raman Spectroscopic Study of Cytochromes' Redox State of Biofilms in Microbial Fuel
Cells. Molecules 2019, 24, 646-660.

136. Shi, L.; Squier, T. C.; Zachara, J. M.; Fredrickson, J. K., Respiration of Metal
(Hydr)oxides by Shewanella and Geobacter: A Key Role for Multihaem C-type
Cytochromes. Mol. Microbiol. 2007, 65, 12-20.

137. Malvankar, N. S.; Vargas, M.; Nevin, K.; Tremblay, P. L.; Evans-Lutterodt, K.;
Nykypanchuk, D.; Martz, E.; Tuominen, M. T.; Lovley, D. R., Structural Basis for
Metallic-Like Conductivity in Microbial Nanowires. mBio 2015, 6, e00084.

138.  Filman, D.J.; Marino, S. F.; Ward, J. E.; Yang, L.; Mester, Z.; Bullitt, E.; Lovley,
D. R.; Strauss, M., Cryo-EM Reveals the Structural Basis of Long-Range Electron
Transport in a Cytochrome-Based Bacterial Nanowire. Commun. Biol. 2019, 2, 219.

139. Wang, F.; Gu, Y.; OBrien, J. P.; Yi, S. M.; Yalcin, S. E.; Srikanth, V.; Shen,
C.; Vu, D.; Ing, N. L.; Hochbaum, A. I.; Egelman, E. H.; Malvankar, N. S., Structure of
Microbial Nanowires Reveals Stacked Hemes that Transport Electrons over Micrometers.
Cell 2019, 177,361-369 ¢10.

140. Malvankar, N. S.; Tuominen, M. T.; Lovley, D. R., Lack of Cytochrome
Involvement in Long-Range Electron Transport Through Conductive Biofilms and
Nanowires of Geobacter sulfurreducens. Energy Environ. Sci. 2012, 5, 8651-8659.

141. Vargas, M.; Malvankar, N. S.; Tremblay, P. L.; Leang, C.; Smith, J. A.; Patel,
P.; Snoeyenbos-West, O.; Nevin, K. P.; Lovley, D. R., Aromatic Amino Acids Required
for Pili Conductivity and Long-range Extracellular Electron Transport in Geobacter
sulfurreducens. mBio 2013, 4, e00105-13.

142. Okamoto, A.; Saito, K.; Inoue, K.; Nealson, K. H.; Hashimoto, K.; Nakamura,
R., Uptake of Self-Secreted Flavins as Bound Cofactors for Extracellular Electron Transfer
in Geobacter Species. Energy Environ. Sci. 2014, 7, 1357-1361.



143. Okamoto, A.; Nakamura, R.; Nealson, K. H.; Hashimoto, K., Bound Flavin Model
Suggests Similar Electron-Transfer Mechanisms in Shewanella and Geobacter.
ChemElectroChem 2014, 1, 1808-1812.

144. Lovley, D. R., Syntrophy Goes Electric: Direct Interspecies Electron Transfer.
Annu. Rev. Microbiol. 2017, 71, 643-664.

145.  Shi, M. M.; Jiang, Y. G.; Shi, L., Electromicrobiology and Biotechnological
Applications of the Exoelectrogens Geobacter and Shewanella spp. Sci. China Technol.
Sci. 2019, 62, 1670-1678.

146. Bretschger, O.; Obraztsova, A.; Sturm, C. A.; Chang, I. S.; Gorby, Y. A.; Reed,
S. B.; Culley, D. E.; Reardon, C. L.; Barua, S.; Romine, M. F.; Zhou, J.; Beliaev, A. S.;
Bouhenni, R.; Saffarini, D.; Mansfeld, F.; Kim, B. H.; Fredrickson, J. K.; Nealson, K.
H., Current Production and Metal Oxide Reduction by Shewanella oneidensis MR-1 Wild-
Type and Mutants. Appl. Environ. Microbiol. 2007, 73, 7003-7012.

147. Reguera, G.; Nevin, K. P.; Nicoll, J. S.; Covalla, S. F.; Woodard, T. L.; Lovley,
D. R., Biofilm and Nanowire Production Leads to Increased Current in Geobacter
sulfurreducens Fuel Cells. Appl. Environ. Microbiol. 2006, 72, 7345-7348.

148. Qu, Y. P.; Feng, Y. J.; Wang, X.; Logan, B. E., Use of a Coculture To Enable
Current Production by Geobacter sulfurreducens. Appl. Environ. Microbiol. 2012, 78,
3484-3487.

149. Kotloski, N. J.; Gralnick, J. A., Flavin Electron Shuttles Dominate Extracellular
Electron Transfer by Shewanella oneidensis. mBio 2013, 4, €00553-e¢00565.

150. 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.

151.  Summers, Z. M.; Fogarty, H. E.; Leang, C.; Franks, A. E.; Malvankar, N. S.;
Lovley, D. R., Direct Exchange of Electrons within Aggregates of an Evolved Syntrophic
Coculture of Anaerobic Bacteria. Science 2010, 330, 1413-1415.

152.  Shrestha, P. M.; Rotaru, A. E., Plugging in or Going Wireless: Strategies for
Interspecies Electron Transfer. Front. Microbiol. 2014, 5, 237.

153. Venkidusamy, K.; Megharaj, M.; Schroder, U.; Karouta, F.; Mohan, S. V.; Naidu,
R., Electron Transport through Electrically Conductive Nanofilaments in
Rhodopseudomonas palustris Strain RP2. RSC Adv. 2015, 5, 100790-100798.

154. Eaktasang, N.; Kang, C. S.; Lim, H.; Kwean, O. S.; Cho, S.; Kim, Y.; Kim, H.
S., Production of Electrically-Conductive Nanoscale Filaments by Sulfate-Reducing
Bacteria in the Microbial Fuel Cell. Bioresour. Technol. 2016, 210, 61-67.

155. Li, Y. Q.; Li, H. Y., Type IV Pili of Acidithiobacillus ferrooxidans Can Transfer
Electrons from Extracellular Electron Donors. J. Basic Microbiol. 2014, 54, 226-231.
156. Valdes, J.; Pedroso, I.; Quatrini, R.; Dodson, R. J.; Tettelin, H.; Blake, R., 2nd;
Eisen, J. A.; Holmes, D. S., Acidithiobacillus ferrooxidans Metabolism: From Genome
Sequence to Industrial Applications. BMC Genomics 2008, 9, 597.

157.  Sure, S. T., A. A.; Gaur, A.; Li, L. H.; Chen, Y.; Tripathi, C.; Adholeya, A.;
Ackland, M. L.; Kochar, M., Identification and Topographical Characterisation of
Microbial Nanowires in Nostoc punctiforme. Antonie van Leeuwenhoek 2016, 109, 475-
480.

158. Sure, S.; Torriero, A. A.; Gaur, A.; Li, L. H.; Chen, Y.; Tripathi, C.; Adholeya,
A.; Ackland, M. L.; Kochar, M., Inquisition of Microcystis aeruginosa and Synechocystis



Nanowires: Characterization and Modelling. Antonie Van Leeuwenhoek 2015, 108, 1213-
25.

159. Sure, S.; Ackland, M. L.; Gaur, A.; Gupta, P.; Adholeya, A.; Kochar, M., Probing
Synechocystis-Arsenic Interactions through Extracellular Nanowires. Front. Microbiol.
2016, 7, 1134,

160. Pelicic, V., Type IV Pili: E Pluribus Unum? Mol. Microbiol. 2008, 68, 827-837.
161. Proft, T.; Baker, E. N., Pili in Gram-negative and Gram-positive Bacteria -
Structure, Assembly and Their Role in Disease. Cell. Mol. Life Sci. 2009, 66, 613-635.
162. Castro, L.; Vera, M.; Munoz, J. A.; Blazquez, M. L.; Gonzalez, F.; Sand, W.;
Ballester, A., Aeromonas hydrophila Produces Conductive Nanowires. Res. Microbiol.
2014, 165, 794-802.

163. Pankratova, G.; Gorton, L., Electrochemical Communication between Living Cells
and Conductive Surfaces. Curr. Opin. Electrochem. 2017, 5, 193-202.

164. Pankratova, G.; Hederstedt, L.; Gorton, L., Extracellular Electron Transfer
Features of Gram-Positive Bacteria. Anal. Chim. Acta 2019, 1076, 32-47.

165. Ehrlich, H. L., Are Gram-Positive Bacteria Capable of Electron Transfer Across
Their Cell Wall Without an Externally Available Electron Shuttle? Geobiology 2008, 6,
220-224.

166. Marshall, C. W.; May, H. D., Electrochemical Evidence of Direct Electrode
Reduction by a Thermophilic Gram-Positive Bacterium, Thermincola ferriacetica. Energy
Environ. Sci. 2009, 2, 699-705.

167. Wrighton, K. C.; Thrash, J. C.; Melnyk, R. A.; Bigi, J. P.; Byrne-Bailey, K. G.;
Remis, J. P.; Schichnes, D.; Auer, M.; Chang, C. J.; Coates, J. D., Evidence for Direct
Electron Transfer by a Gram-Positive Bacterium Isolated from a Microbial Fuel Cell. Appl.
Environ. Microbiol. 2011, 77, 7633-7639.

168. Carlson, H. K.; lavarone, A. T.; Gorur, A.; Yeo, B. S.; Tran, R.; Melnyk, R. A_;
Mathies, R. A.; Auer, M.; Coates, J. D., Surface Multiheme c-type Cytochromes from
Thermincola potens and Implications for Respiratory Metal Reduction by Gram-positive
Bacteria. Proc. Nat. Acad. Sc. U. S. A. 2012, 109, 1702-1707.

169. Light, S. H.; Su, L.; Rivera-Lugo, R.; Cornejo, J. A.; Louie, A.; lavarone, A. T.;
Ajo-Franklin, C. M.; Portnoy, D. A., A Flavin-Based Extracellular Electron Transfer
Mechanism in Diverse Gram-Positive Bacteria. Nature 2018, 562, 140-144.

170. Light, S. H.; Meheust, R.; Ferrell, J. L.; Cho, J.; Deng, D.; Agostoni, M.;
lavarone, A. T.; Banfield, J. F.; D'Orazio, S. E. F.; Portnoy, D. A., Extracellular Electron
Transfer Powers Flavinylated Extracellular Reductases in Gram-positive Bacteria. Proc.
Nat. Acad. Sc. U. S. A. 2019.

171. Glasser, N. R.; Saunders, S. H.; Newman, D. K., The Colorful World of
Extracellular Electron Shuttles. Annu. Rev. Microbiol. 2017, 71, 731-751.

172.  Simoska, O.; Sans, M.; Fitzpatrick, M. D.; Crittenden, C. M.; Eberlin, L. S.;
Shear, J. B.; Stevenson, K. J., Real-Time Electrochemical Detection of Pseudomonas
aeruginosa Phenazine Metabolites Using Transparent Carbon Ultramicroelectrode Arrays.
ACS Sens. 2019, 4, 170-179.

173. Glasser, N. R.; Kern, S. E.; Newman, D. K., Phenazine Redox Cycling Enhances
Anaerobic Survival in Pseudomonas aeruginosa by Facilitating Generation of ATP and a
Proton-motive Force. Mol. Microbiol. 2014, 92, 399-412.



174.  Brutinel, E. D.; Gralnick, J. A., Shuttling Happens: Soluble Flavin Mediators of
Extracellular Electron Transfer in Shewanella. Appl. Microbiol. Biotechnol. 2012, 93, 41-
48.

175. Wang, Y.; Kern, S. E.; Newman, D. K., Endogenous Phenazine Antibiotics
Promote Anaerobic Survival of Pseudomonas aeruginosa via Extracellular Electron
Transfer. J. Bacteriol. 2010, 192, 365-369.

176. Koch, C.; Harnisch, F., What Is the Essence of Microbial Electroactivity? Front.
Microbiol. 2016, 7, 1890.

177. Rabaey, K.; Boon, N.; Hofte, M.; Verstraete, W., Microbial Phenazine Production
Enhances Electron Transfer in Biofuel Cells. Environ. Sci. Technol. 2005, 39, 3401-3408.
178. Clarke, T. A.; Edwards, M. J.; Gates, A.J.; Hall, A.; White, G. F.; Bradley, J.;
Reardon, C. L.; Shi, L.; Beliaev, A. S.; Marshall, M. J.; Wang, Z.; Watmough, N. J.;
Fredrickson, J. K.; Zachara, J. M.; Butt, J. N.; Richardson, D. J., Structure of a Bacterial
Cell Surface Decaheme Electron Conduit. Proc. Nat. Acad. Sc. U. S. A. 2011, 108, 9384-
9389.

179. Freguia, S.; Masuda, M.; Tsujimura, S.; Kano, K., Lactococcus lactis Catalyses
Electricity Generation at Microbial Fuel Cell Anodes via Excretion of a Soluble Quinone.
Bioelectrochemistry 2009, 76, 14-18.

180. Keck, A.; Rau, J.; Reemtsma, T.; Mattes, R.; Stolz, A.; Klein, J., Identification
of Quinoide Redox Mediators that are Formed During the Degradation of Naphthalene-2-
Sulfonate by Sphingomonas xenophaga BN6. Appl. Environ. Microbiol. 2002, 68, 4341-
4349.

181. Deng, L. F.; Li, F. B.; Zhou, S. G.; Huang, D. Y.; Ni, J. R., A Study of Electron-
Shuttle Mechanism in Klebsiella pneumoniae-Based Microbial Fuel Cells. Chin. Sci. Bull.
2010, 55, 99-104.

182.  Sharp, R. E.; Chapman, S. K., Mechanisms for Regulating Electron Transfer in
Multi-Centre Redox Proteins. Biochim. Biophys. Acta. Protein Struct. Mol. Enzymol. 1999,
1432, 143-158.

183. Campas, M.; Prieto-Simon, B.; Marty, J.-L. In A Review of the Use of Genetically
Engineered Enzymes in Electrochemical Biosensors, Semin. Cell Dev. Biol., Elsevier:
2009; pp 3-9.

184. Ortiz, R.; Matsumura, H.; Tasca, F.; Zahma, K.; Samejima, M.; Igarashi, K.;
Ludwig, R.; Gorton, L., Effect of Deglycosylation of Cellobiose Dehydrogenases on the
Enhancement of Direct Electron Transfer with Electrodes. Anal. Chem. 2012, 84, 10315-
10323.

185. Chen, H.; Meng, X.; Xu, X.; Liu, W.; Li, S., The Molecular Basis for Lipase
Stereoselectivity. Appl. Microbiol. Biotechnol. 2018, 102, 3487-3495.

186. Giiven, G.; Prodanovic, R.; Schwaneberg, U., Protein Engineering-An Option for
Enzymatic Biofuel Cell Design. Electroanalysis 2010, 22, 765-775.

187.  Okuda-Shimazaki, J.; Loew, N.; Hirose, N.; Kojima, K.; Mori, K.; Tsugawa, W.;
Sode, K., Construction and Characterization of Flavin Adenine Dinucleotide Glucose
Dehydrogenase Complex Harboring a Truncated Electron Transfer Subunit. Electrochim.
Acta 2018, 277, 276-286.

188. Hibino, Y.; Kawai, S.; Kitazumi, Y.; Shirai, O.; Kano, K., Construction of a
Protein-Engineered Variant of D-Fructose Dehydrogenase for Direct Electron Transfer-
Type Bioelectrocatalysis. Electrochem. Commun. 2017, 77, 112-115.



189. Hibino, Y.; Kawai, S.; Kitazumi, Y.; Shirai, O.; Kano, K., Protein-Engineering
Improvement of Direct Electron Transfer-Type Bioelectrocatalytic Properties of D-
Fructose Dehydrogenase. Electrochemistry 2018, 18-00068.

190.  Shental-Bechor, D.; Levy, Y., Effect of Glycosylation on Protein Folding: A Close
Look at Thermodynamic Stabilization. Proc. Natl. Acad. Sci. U.S.A4. 2008, 105, 8256-8261.
191. Courjean, O.; Gao, F.; Mano, N., Deglycosylation of Glucose Oxidase for Direct
and Efficient Glucose Electrooxidation on a Glassy Carbon Electrode. Angew. Chem. Int.
Ed. 2009, 48, 5897-5899.

192. Prévoteau, A.; Courjean, O.; Mano, N., Deglycosylation of Glucose Oxidase to
Improve Biosensors and Biofuel Cells. Electrochem. Commun. 2010, 12,213-215.

193. Bao, L. L.; Sun, D. P.; Tachikawa, H.; Davidson, V. L., Improved Sensitivity of a
Histamine Sensor Using an Engineered Methylamine Dehydrogenase. Anal. Chem. 2002,
74, 1144-1148.

194. Chen, H.; Zhu, Z.; Huang, R.; Zhang, Y. P., Coenzyme Engineering of a
Hyperthermophilic 6-Phosphogluconate Dehydrogenase from NADP* to NAD* with its
Application to Biobatteries. Sci. Rep. 2016, 6, 36311.

195. Lee, Y.S.; Baek, S.; Lee, H.; Reginald, S. S.; Kim, Y.; Kang, H.; Choi, L. G.;
Chang, 1. S., Construction of Uniform Monolayer- and Orientation-Tunable Enzyme
Electrode by a Synthetic Glucose Dehydrogenase without Electron-Transfer Subunit via
Optimized Site-Specific Gold-Binding Peptide Capable of Direct Electron Transfer. ACS
Appl. Mater. Interfaces 2018, 10, 28615-28626.

196. Holland, J. T.; Lau, C.; Brozik, S.; Atanassov, P.; Banta, S., Engineering of
Glucose Oxidase for Direct Electron Transfer via Site-Specific Gold Nanoparticle
Conjugation. J. Am. Chem. Soc. 2011, 133, 19262-19265.

197. Glieder, A.; Farinas, E. T.; Arnold, F. H., Laboratory Evolution of a Soluble, Self-
Sufficient, Highly Active Alkane Hydroxylase. Nat. Biotechnol. 2002, 20, 1135-1139.
198. Zhang, L.; Cui, H.; Zou, Z.; Garakani, T. M.; Novoa-Henriquez, C.; Jooyeh, B.;
Schwaneberg, U., Directed Evolution of a Bacterial Laccase (CueO) for Enzymatic Biofuel
Cells. Angew. Chem. Int. Ed. 2019, 131,4610-4613.

199. Yu, E. H.; Prodanovic, R.; Guven, G.; Ostafe, R.; Schwaneberg, U.,
Electrochemical Oxidation of Glucose Using Mutant Glucose Oxidase from Directed
Protein Evolution for Biosensor and Biofuel Cell Applications. Appl. Biochem. Biotech.
2011, 765, 1448-1457.

200. Zhu, Z.; Momeu, C.; Zakhartsev, M.; Schwaneberg, U., Making Glucose Oxidase
Fit for Biofuel Cell Applications by Directed Protein Evolution. Biosens. Bioelectron. 2006,
21,2046-2051.

201. Mano, N., Engineering Glucose Oxidase for Bioelectrochemical Applications.
Bioelectrochemistry 2019, 128, 218-240.

202. Horaguchi, Y.; Saito, S.; Kojima, K.; Tsugawa, W.; Ferri, S.; Sode, K.,
Engineering Glucose Oxidase to Minimize the Influence of Oxygen on Sensor Response.
Electrochim. Acta 2014, 126, 158-161.

203. Ma, C.L.; Wu, R. R.; Huang, R.; Jiang, W. X.; You, C.; Zhu, L. L.; Zhu, Z. G.,
Directed Evolution of a 6-Phosphogluconate Dehydrogenase for Operating an Enzymatic
Fuel Cell at Lowered Anodic pHs. J. Electroanal. Chem. 2019, 851, 113444,

204. Lei, Y.; Chen, W.; Mulchandani, A., Microbial Biosensors. Anal. Chim. Acta 2006,
568, 200-210.



205. Slate, A. J.; Whitehead, K. A.; Brownson, D. A. C.; Banks, C. E., Microbial Fuel
Cells: An Overview of Current Technology. Renew. Sust. Energ. Rev. 2019, 101, 60-81.
206. Kracke, F.; Lai, B.; Yu, S. Q.; Kromer, J. O., Balancing Cellular Redox
Metabolism in Microbial Electrosynthesis and Electro Fermentation - A Chance for
Metabolic Engineering. Metab. Eng. 2018, 45, 109-120.

207. Li, F.; Wang, L.; Liu, C. G.; Wu, D. G.; Song, H., Engineering Exoelectrogens
by Synthetic Biology Strategies. Curr. Opin. Electrochem. 2018, 10, 37-45.

208. TerAvest, M. A.; Ajo-Franklin, C. M., Transforming Exoelectrogens for
Biotechnology using Synthetic Biology. Biotechnol. Bioeng. 2016, 113, 687-697.

209. Way, J. C.; Collins, J. J.; Keasling, J. D.; Silver, P. A., Integrating Biological
Redesign: Where Synthetic Biology Came From and Where it Needs to Go. Cel/ 2014, 157,
151-161.

210. Cameron, D. E.; Bashor, C. J.; Collins, J. J., A Brief History of Synthetic Biology.
Nat. Rev. Microbiol. 2014, 12, 381-390.

211. Cheng, A. A.; Lu, T. K., Synthetic Biology: An Emerging Engineering Discipline.
Annu. Rev. Biomed. Eng. 2012, 14, 155-178.

212. Jiang, W. Y.; Bikard, D.; Cox, D.; Zhang, F.; Marraffini, L. A., RNA-guided
Editing of Bacterial Genomes using CRISPR-Cas Systems. Nat. Biotechnol. 2013, 31,233-
239.

213. Leang, C.; Malvankar, N. S.; Franks, A. E.; Nevin, K. P.; Lovley, D. R.,
Engineering Geobacter sulfurreducens to Produce a Highly Cohesive Conductive Matrix
with Enhanced Capacity for Current Production. Energy Environ. Sci. 2013, 6, 1901-1908.
214. Liu, T.; Yu, Y. Y.; Deng, X. P.; Ng, C. K.; Cao, B.; Wang, J. Y.; Rice, S. A_;
Kjelleberg, S.; Song, H., Enhanced Shewanella Biofilm Promotes Bioelectricity
Generation. Biotechnol. Bioeng. 2015, 112, 2051-2059.

215. Wang, V. B.; Chua, S. L.; Cao, B.; Seviour, T.; Nesatyy, V. J.; Marsili, E.;
Kjelleberg, S.; Givskov, M.; Tolker-Nielsen, T.; Song, H.; Loo, J. S.; Yang, L.,
Engineering PQS Biosynthesis Pathway for Enhancement of Bioelectricity Production in
Pseudomonas aeruginosa Microbial Fuel Cells. PLoS One 2013, 8, €63129.

216. Jeon,J. M.; Park, H.; Seo, H. M.; Kim, J. H.; Bhatia, S. K.; Sathiyanarayanan,
G.; Song, H. S.; Park, S. H.; Choi, K. Y.; Sang, B. I.; Yang, Y. H., Isobutanol Production
from an Engineered Shewanella oneidensis MR-1. Bioprocess Biosyst. Eng. 2015, 38,
2147-2154.

217. Jeon,J. M.; Song, H. S.; Lee, D. G.; Hong, J. W.; Hong, Y. G.; Moon, Y. M,;
Bhatia, S. K.; Yoon, J. J.; Kim, W.; Yang, Y. H., Butyrate-Based n-Butanol Production
from an Engineered Shewanella oneidensis MR-1. Bioprocess Biosyst. Eng. 2018, 41,
1195-1204.

218. Tefft, N. M.; TerAvest, M. A., Reversing An Extracellular Electron Transfer
Pathway for Electrode-Driven Acetoin Reduction. ACS Synth. Biol. 2019, 8, 1590-1600.
219. Hunt, K. A.; Flynn, J. M.; Naranjo, B.; Shikhare, I. D.; Gralnick, J. A., Substrate-
Level Phosphorylation Is the Primary Source of Energy Conservation during Anaerobic
Respiration of Shewanella oneidensis Strain MR-1. J. Bacteriol. 2010, 192, 3345-3351.
220. Johnson, E. T.; Baron, D. B.; Naranjo, B.; Bond, D. R.; Schmidt-Dannert, C.;
Gralnick, J. A., Enhancement of Survival and Electricity Production in an Engineered
Bacterium by Light-Driven Proton Pumping. Appl. Environ. Microbiol. 2010, 76, 4123-
4129.



221.  Choi, D.; Lee, S. B.; Kim, S.; Min, B.; Choi, L. G.; Chang, I. S., Metabolically
Engineered Glucose-Utilizing Shewanella Strains Under Anaerobic Conditions. Bioresour.
Technol. 2014, 154, 59-66.

222.  Flynn, J. M.; Ross, D. E.; Hunt, K. A.; Bond, D. R.; Gralnick, J. A., Enabling
Unbalanced Fermentations by Using Engineered Electrode-Interfaced Bacteria. mBio 2010,
1, €00190-¢00200.

223. Li, F; Li,Y.; Sun, L.; Li, X;; Yin, C.; An, X.; Chen, X.; Tian, Y.; Song, H.,
Engineering Shewanella oneidensis Enables Xylose-Fed Microbial Fuel Cell. Biotechnol.
Biofuels 2017, 10, 196.

224. Mordkovich, N. N.; Voeikova, T. A.; Novikova, L. M.; Smirnov, I. A.; Il'in, V.
K.; Soldatov, P. E.; Tyurin-Kuz'min, A. Y.; Smolenskaya, T. S.; Veiko, V. P.; Shakulov,
R. S.; Debabov, V. G., Effect of NAD"-Dependent Formate Dehydrogenase on Anaerobic
Respiration of Shewanella oneidensis MR-1. Microbiology 2013, 82, 404-409.

225. Yong, X. Y.; Feng,J.; Chen, Y.L.; Shi,D.Y.; Xu, Y.S.; Zhou, J.; Wang, S.
Y.; Xu,L.; Yong, Y.C.; Sun, Y. M.; Shi, C.L.; OuYang, P. K.; Zheng, T., Enhancement
of Bioelectricity Generation by Cofactor Manipulation in Microbial Fuel Cell. Biosens.
Bioelectron. 2014, 56, 19-25.

226. Li, F; Li, Y. X.; Cao, Y. X.; Wang, L.; Liu, C. G.; Shi, L.; Song, H., Modular
Engineering to Increase Intracellular NAD (H/") Promotes Rate of Extracellular Electron
Transfer of Shewanella oneidensis. Nat. Commun. 2018, 9, 1-13.

227. Kracke, F.; Vassilev, I.; Kromer, J. O., Microbial Electron Transport and Energy
Conservation - The Foundation for Optimizing Bioelectrochemical Systems. Front.
Microbiol. 2015, 6, 575.

228. Min, D.; Cheng, L.; Zhang, F.; Huang, X. N.; Li, D. B.; Liu, D. F.; Lau, T. C;
Mu, Y.; Yu, H. Q., Enhancing Extracellular Electron Transfer of Shewanella oneidensis
MR-1 through Coupling Improved Flavin Synthesis and Metal-Reducing Conduit for
Pollutant Degradation. Environ. Sci. Technol. 2017, 51, 5082-5089.

229. Watanabe, K.; Manefield, M.; Lee, M.; Kouzuma, A., Electron Shuttles in
Biotechnology. Curr. Opin. Biotech. 2009, 20, 633-641.

230. Yang, Y.; Ding, Y.; Hu, Y.; Cao, B.; Rice, S. A.; Kjelleberg, S.; Song, H.,
Enhancing Bidirectional Electron Transfer of Shewanella oneidensis by a Synthetic Flavin
Pathway. ACS Synth. Biol. 2015, 4, 815-823.

231. Venkataraman, A.; Rosenbaum, M.; Arends, J. B. A.; Halitschke, R.; Angenent,
L. T., Quorum Sensing Regulates Electric Current Generation of Pseudomonas aeruginosa
PA14 in Bioelectrochemical Systems. Electrochem. Commun. 2010, 12, 459-462.

232. Yong, Y. C; Yu, Y. Y.; Li, C. M,; Zhong, J. J.; Song, H., Bioelectricity
Enhancement via Overexpression of Quorum Sensing System in Pseudomonas
aeruginosa-Inoculated Microbial Fuel Cells. Biosens. Bioelectron. 2011, 30, 87-92.

233. Ding, Y.; Peng, N.; Du, Y.; Ji, L.; Cao, B., Disruption of Putrescine Biosynthesis
in Shewanella oneidensis Enhances Biofilm Cohesiveness and Performance in Cr(VI)
Immobilization. Appl. Environ. Microbiol. 2014, 80, 1498-1506.

234. Jensen, H. M.; Albers, A. E.; Malley, K. R.; Londer, Y. Y.; Cohen, B. E.; Helms,
B. A.; Weigele, P.; Groves, J. T.; Ajo-Franklin, C. M., Engineering of a Synthetic Electron
Conduit in Living Cells. Proc. Natl. Acad. Sci. U.S.4. 2010, 107, 19213-19218.



235.  Jensen, H. M.; TerAvest, M. A.; Kokish, M. G.; Ajo-Franklin, C. M., CymA and
Exogenous Flavins Improve Extracellular Electron Transfer and Couple It to Cell Growth
in Mtr-Expressing Escherichia coli. ACS Synth. Biol. 2016, 5, 679-688.

236. TerAvest, M. A.; Zajdel, T. J.; Ajo-Franklin, C. M., The Mtr Pathway of
Shewanella oneidensis MR-1 Couples Substrate Utilization to Current Production in
Escherichia coli. ChemElectroChem 2014, 1, 1874-1879.

237. Mayr,J. C.; Grosch,J. H.; Hartmann, L.; Rosa, L. F. M.; Spiess, A. C.; Harnisch,
F., Resting Escherichia coli as Chassis for Microbial Electrosynthesis: Production of
Chiral Alcohols. ChemSusChem 2019, 12, 1631-1634.

238. Schmitz, S.; Nies, S.; Wierckx, N.; Blank, L. M.; Rosenbaum, M. A., Engineering
Mediator-Based Electroactivity in the Obligate Aerobic Bacterium Pseudomonas putida
KT2440. Front. Microbiol. 2015, 6, 284.

239. Page, C. C.; Moser, C. C.; Chen, X.; Dutton, P. L., Natural Engineering Principles
of Electron Tunnelling in Biological Oxidation-Reduction. Nature 1999, 402, 47-52.

240. Ghindilis, A. L.; Atanasov, P.; Wilkins, E., Enzyme-Catalyzed Direct Electron
Transfer: Fundamentals and Analytical Applications. Electroanalysis 1997, 9, 661-674.
241. Frew, J. E.; Hill, H. A. O., Direct and Indirect Electron-Transfer between
Electrodes and Redox Proteins. Eur. J. Biochem. 1988, 172, 261-269.

242. Eddowes, M. J.; Hill, H. A. O., Electrochemistry of Horse Heart Cytochrome-C. J.
Am. Chem. Soc. 1979, 101, 4461-4464.

243. Bassegoda, A.; Madden, C.; Wakerley, D. W.; Reisner, E.; Hirst, J., Reversible
Interconversion of CO, and Formate by a Molybdenum-containing Formate
Dehydrogenase. J. Am. Chem. Soc. 2014, 136, 15473-15476.

244, Parkin, A.; Seravalli, J.; Vincent, K. A.; Ragsdale, S. W.; Armstrong, F. A., Rapid
and Efficient Electrocatalytic CO>/CO Interconversions by Carboxydothermus
hydrogenoformans CO Dehydrogenase I on an Electrode. J. Am. Chem. Soc. 2007, 129,
10328-10329.

245. Zhang, Z.; Nassar, A. E. F.; Lu, Z. Q.; Schenkman, J. B.; Rusling, J. F., Direct
Electron Injection from Electrodes to Cytochrome P450(cam) in Biomembrane-like Films.
J. Chem. Soc. Faraday Trans. 1997, 93, 1769-1774.

246. Xiao, Y.; Patolsky, F.; Katz, E.; Hainfeld, J. F.; Willner, 1., "Plugging into
Enzymes": Nanowiring of Redox Enzymes by a Gold Nanoparticle. Science 2003, 299,
1877-1881.

247. Koto, A.; Taniya, S.; Sakamoto, H.; Satomura, T.; Sakuraba, H.; Ohshima, T.;
Suye, S.-i., Efficient Direct Electron Transfer for a Highly Oriented PQQ-GDH
Immobilized Electrode for Bioanode. Biosens. Bioelectron. 2014, 5, 1.

248. Meneghello, M.; Al-Lolage, F. A.; Ma, S.; Ludwig, R.; Bartlett, P. N., Studying
Direct Electron Transfer by Site-Directed Immobilization of Cellobiose Dehydrogenase.
ChemElectroChem 2019, 6, 700-713.

249.  Guan, D.; Kurra, Y.; Liu, W.; Chen, Z., A Click Chemistry Approach to Site-
Specific Immobilization of a Small Laccase Enables Efficient Direct Electron Transfer in
a Biocathode. ChemComm 2015, 51, 2522-2525.

250. Ma, S.; Laurent, C. V. F. P.; Meneghello, M.; Tuoriniemi, J.; Oostenbrink, C.;
Gorton, L.; Bartlett, P. N.; Ludwig, R., Direct Electron-Transfer Anisotropy of a Site-
Specifically Immobilized Cellobiose Dehydrogenase. ACS Catal. 2019, 9, 7607-7615.



251. Hickey, D.P.; Lim, K.; Cai, R.; Patterson, A. R.; Yuan, M.; Sahin, S.; Abdellaoui,
S.; Minteer, S. D., Pyrene Hydrogel for Promoting Direct Bioelectrochemistry: ATP-
independent Electroenzymatic Reduction of N>. Chem. Sci. 2018, 9, 5172-5177.

252. Alkire, R. C.; Ross, P. N.; Kolb, D. M.; Lipkowski, J., Bioelectrochemistry:
Fundamentals, Applications and Recent Developments. Wiley: 2013.

253. Abasiyanik, M. F.; Senel, M., Immobilization of Glucose Oxidase on Reagentless
Ferrocene-Containing Polythiophene Derivative and its Glucose Sensing Application. J.
Electroanal. Chem. 2010, 639, 21-26.

254. Noll, T.; Noll, G., Strategies for “Wiring" Redox-active Proteins to Electrodes and
Applications in Biosensors, Biofuel Cells, and Nanotechnology. Chem. Soc. Rev. 2011, 40,
3564-3576.

255. Hao Yu, E.; Scott, K., Enzymatic Biofuel Cells—Fabrication of Enzyme Electrodes.
Energies 2010, 3, 23-42.

256. Silveira, C. M.; Almeida, M. G., Small Electron-Transfer Proteins as Mediators in
Enzymatic Electrochemical Biosensors. Anal. Bioanal. Chem. 2013, 405, 3619-3635.
257. Dronov, R.; Kurth, D. G.; Moehwald, H.; Scheller, F. W.; Lisdat, F.,
Communication in a Protein Stack: Electron Transfer between Cytochrome c and Bilirubin
Oxidase Within a Polyelectrolyte Multilayer. Angew. Chem. Int. Ed. 2008, 47, 3000-3003.
258.  Yuan, M. W.; Kummer, M. J.; Milton, R. D.; Quah, T.; Minteer, S. D., Efficient
NADH Regeneration by a Redox Polymer-Immobilized Enzymatic System. ACS Catal.
2019, 9, 5486-5495.

259. Barsan, M. M.; Ghica, M. E.; Brett, C. M., Electrochemical Sensors and Biosensors
Based on Redox Polymer/Carbon Nanotube Modified Electrodes: A Review. Anal. Chim.
Acta 2015, 881, 1-23.

260. Kumar, S. A.; Chen, S. M., Electroanalysis of NADH using Conducting and Redox
Active Polymer/Carbon Nanotubes Modified Electrodes - A Review. Sensors 2008, 8, 739-
766.

261. Gregg, B. A.; Heller, A., Cross-Linked Redox Gels Containing Glucose Oxidase
for Amperometric Biosensor Applications. Anal. Chem. 1990, 62, 258-263.

262. Mao, F.; Mano, N.; Heller, A., Long Tethers Binding Redox Centers to Polymer
Backbones Enhance Electron Transport in Enzyme "Wiring" Hydrogels. J. Am. Chem. Soc.
2003, /25,4951-4957.

263. Hickey, D. P.; Reid, R. C.; Milton, R. D.; Minteer, S. D., A Self-powered
Amperometric Lactate Biosensor Based on Lactate Oxidase Immobilized in
Dimethylferrocene-Modified LPEI. Biosens. Bioelectron. 2016, 77, 26-31.

264. Altamura, L.; Horvath, C.; Rengaraj, S.; Rongier, A.; Elouarzaki, K.; Gondran,
C.; Macon, A. L.; Vendrely, C.; Bouchiat, V.; Fontecave, M.; Mariolle, D.; Rannou, P.;
Le Goff, A.; Duraffourg, N.; Holzinger, M.; Forge, V., A Synthetic Redox Biofilm Made
from Metalloprotein-Prion Domain Chimera Nanowires. Nat. Chem. 2017, 9, 157-163.
265. Santoro, C.; Babanova, S.; Artyushkova, K.; Cornejo, J. A.; Ista, L.; Bretschger,
O.; Marsili, E.; Atanassov, P.; Schuler, A. J., Influence of Anode Surface Chemistry on
Microbial Fuel Cell Operation. Bioelectrochemistry 2015, 106, 141-149.

266. Guo, K.; Prevoteau, A.; Patil, S. A.; Rabaey, K., Engineering Electrodes for
Microbial Electrocatalysis. Curr. Opin. Biotech. 2015, 33, 149-156.



267. Guo, K.; Soeriyadi, A. H.; Patil, S. A.; Prevoteau, A.; Freguia, S.; Gooding, J.
J.; Rabaey, K., Surfactant Treatment of Carbon Felt Enhances Anodic Microbial
Electrocatalysis in Bioelectrochemical Systems. Electrochem. Commun. 2014, 39, 1-4.
268. Zhang, T.; Nie, H. R.; Bain, T. S.; Lu, H. Y.; Cui, M. M.; Snoeyenbos-West, O.
L.; Franks, A. E.; Nevin, K. P.; Russell, T. P.; Lovley, D. R., Improved Cathode Materials
for Microbial Electrosynthesis. Energy Environ. Sci. 2013, 6, 217-224.

269. Picot, M.; Lapinsonniere, L.; Rothballer, M.; Barriere, 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.

270. Olsson, A. L. J.; van der Mei, H. C.; Busscher, H. J.; Sharma, P. K., Influence of
Cell Surface Appendages on the Bacterium-Substratum Interface Measured Real-Time
Using QCM-D. Langmuir 2009, 25, 1627-1632.

271. Dingari, N. N.; Buie, C. R., Theoretical Investigation of Bacteria Polarizability
Under Direct Current Electric Fields. Langmuir 2014, 30, 4375-4384.

272. Rizzello, L.; Cingolani, R.; Pompa, P. P., Nanotechnology Tools for Antibacterial
Materials. Nanomedicine (Lond) 2013, 8, 807-821.

273. Santoro, C.; Arbizzani, C.; Erable, B.; leropoulos, 1., Microbial Fuel Cells: From
Fundamentals to Applications: A Review. J. Power Sources 2017, 356, 225-244.

274. Santoro, C.; Guilizzoni, M.; Baena, J. P. C.; Pasaogullari, U.; Casalegno, A.; Li,
B.; Babanova, S.; Artyushkova, K.; Atanassov, P., The Effects of Carbon Electrode
Surface Properties on Bacteria Attachment and Startup Time of Microbial Fuel Cells.
Carbon 2014, 67, 128-139.

275. Xiao,Y.; Zhang, E.; Zhang,J.; Dai, Y.; Yang, Z.; Christensen, H. E. M.; Ulstrup,
J.; Zhao, F., Extracellular Polymeric Substances are Transient Media for Microbial
Extracellular Electron Transfer. Sci. Adv. 2017, 3, e1700623.

276. Lovley, D. R., Happy Together: Microbial Communities that Hook Up to Swap
Electrons. ISME J. 2017, 11, 327-336.

277. Si,R.W.; Yang, Y.; Yu,Y.Y.; Han, S.; Zhang, C. L.; Sun, D. Z.; Zhai, D. D ;
Liu, X.; Yong, Y. C., Wiring Bacterial Electron Flow for Sensitive Whole-Cell
Amperometric Detection of Riboflavin. Anal. Chem. 2016, 88, 11222-11228.

278. Zhang, E.; Cai, Y.; Luo, Y.; Piao, Z., Riboflavin-Shuttled Extracellular Electron
Transfer from Enterococcus faecalis to Electrodes in Microbial Fuel Cells. Can. J.
Microbiol. 2014, 60, 753-759.

279. Takahasi, Y. W., M.; Kitazumi, Y.; Shirai, O.; Kano, K., Improved Direct Electron
Transfer-Type Bioelectrocatalysis of Bilirubin Oxidase using Porous Gold Electrodes. J.
Electroanal. Chem. 2019, 843, 47-53.

280. Du, J.; Catania, C.; Bazan, G. C., Modification of Abiotic-Biotic Interfaces with
Small Molecules and Nanomaterials for Improved Bioelectronics. Chem. Mater. 2014, 26,
686-697.

281. Ajo-Franklin, C. M.; Noy, A., Crossing Over: Nanostructures that Move Electrons
and Ions across Cellular Membranes. Adv. Mater. 2015, 27, 5797-5804.

282. Hindatu, Y.; Annuar, M. S. M.; Gumel, A. M., Mini-Review: Anode Modification
for Improved Performance of Microbial Fuel Cell. Renew. Sust. Energ. Rev. 2017, 73,236-
248.

283. Katlathil, S. P., D., Nanotechnology to Rescue Bacterial Bidirectional Extracellular
Electron Transfer in Bioelectrochemical Systems. RSC Adv. 2016, 6, 30582-30597.



284. Seféovicova, J. T., J, Application of Nanomaterials in Microbial-Cell Biosensor
Constructions. Biosens. Bioelectron. 2015, 69, 42-53.

285. Sonawane, J. M.; Yadav, A.; Ghosh, P. C.; Adeloju, S. B., Recent Advances in
the Development and Utilization of Modern Anode Materials for High Performance
Microbial Fuel Cells. Biosens. Bioelectron. 2017, 90, 558-576.

286. Walcarius, A.; Minteer, S. D.; Wang, J.; Lin, Y.; Merkoci, A., Nanomaterials for
Bio-Functionalized Electrodes: Recent Trends. J. Mater. Chem. B 2013, 1, 4878-4908.
287. Zhao, C. E.; 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.

288. Rimboud, M.; Pocaznoi, D.; Erable, B.; Bergel, A., Electroanalysis of Microbial
Anodes for Bioelectrochemical Systems: Basics, Progress and Perspectives. Phys. Chem.
Chem. Phys. 2014, 16, 16349-16366.

289. Ghach, W.; Etienne, M.; Billard, P.; Jorand, F. P. A.; Walcarius, A.,
Electrochemically Assisted Bacteria Encapsulation in Thin Hybrid Sol-Gel Films. J. Mater.
Chem. B 2013, 1, 1052-1059.

290. Ghach, W.; Etienne, M.; Urbanova, V.; Jorand, F. P. A.; Walcarius, A., Sol-Gel
Based 'Artificial' Biofilm from Pseudomonas fluorescens using Bovine Heart Cytochrome
c as Electron Mediator. Electrochem. Commun. 2014, 38, 71-74.

291. Kirieg, T.; Sydow, A.; Schroder, U.; Schrader, J.; Holtmann, D., Reactor Concepts
for Bioelectrochemical Syntheses and Energy Conversion. Trends Biotechnol. 2014, 32,
645-655.

292. Saboe, P. O.; Conte, E.; Farell, M.; Bazan, G. C.; Kumar, M., Biomimetic and
Bioinspired Approaches for Wiring Enzymes to Electrode Interfaces. Energy Environ. Sci.
2017, 10, 14-42.

293. Saratale, G. D.; Saratale, R. G.; Shahid, M. K.; Zhen, G. Y.; Kumar, G.; Shin,
H. S.; Choi, Y. G.; Kim, S. H., A Comprehensive Overview on Electro-active Biofilms,
Role of Exo-Electrogens and their Microbial Niches in Microbial Fuel Cells (MFCs).
Chemosphere 2017, 178, 534-547.

294. Krieg, T.; Huttmann, S.; Mangold, K. M.; Schrader, J.; Holtmann, D., Gas
Diffusion Electrode as Novel Reaction System for an Electro-Enzymatic Process with
Chloroperoxidase. Green Chem. 2011, 13, 2686-2689.

295. Logan, B.; Cheng, S.; Watson, V.; Estadt, G., Graphite Fiber Brush Anodes for
Increased Power Production in Air-Cathode Microbial Fuel Cells. Environ. Sci. Technol.
2007, 41, 3341-3346.

296. Kipf, E.; Koch, J.; Geiger, B.; Erben, J.; Richter, K.; Gescher, J.; Zengerle, R.;
Kerzenmacher, S., Systematic Screening of Carbon-Based Anode Materials for Microbial
Fuel Cells with Shewanella oneidensis MR-1. Bioresour. Technol. 2013, 146, 386-392.
297. Soussan, L.; Riess, J.; Erable, B.; Delia, M. L.; Bergel, A., Electrochemical
Reduction of CO; catalysed by Geobacter sulfurreducens Grown on Polarized Stainless
Steel Cathodes. Electrochem. Commun. 2013, 28, 27-30.

298. Flexer, V.; Brun, N.; Destribats, M.; Backov, R.; Mano, N., A Novel Three-
dimensional Macrocellular Carbonaceous Biofuel Cell. Phys. Chem. Chem. Phys. 2013, 15,
6437-6445.

299. Opallo, M.; Bilewicz, R., Recent Developments of Nanostructured Electrodes for
Bioelectrocatalysis of Dioxygen Reduction. Adv. Phys. Chem. 2011, 2011, 1-21.



300. Che, A. F.; Germain, V.; Cretin, M.; Cornu, D.; Innocent, C.; Tingry, S.,
Fabrication of Free-Standing Electrospun Carbon Nanofibers as Efficient Electrode
Materials for Bioelectrocatalysis. New J. Chem. 2011, 35, 2848-2853.

301. Engel, A. B.; Cherifi, A.; Tingry, S.; Cornu, D.; Peigney, A.; Laurent, C.,
Enhanced Performance of Electrospun Carbon Fibers Modified with Carbon Nanotubes:
Promising Electrodes for Enzymatic Biofuel Cells. Nanotechnology 2013, 24, 245402.
302. Lamberg, P.; Bren, K. L., Extracellular Electron Transfer on Sticky Paper
Electrodes: Carbon Paste Paper Anode for Microbial Fuel Cells. ACS Energy Lett. 2016, 1,
895-898.

303. Lee, H.; Song, C.; Hong, Y. S.; Kim, M. S.; Cho, H. R.; Kang, T.; Shin, K.;
Choi, S. H.; Hyeon, T.; Kim, D. H., Wearable/Disposable Sweat-Based Glucose
Monitoring Device with Multistage Transdermal Drug Delivery Module. Sci. Adv. 2017,
3,e1601314.

304. Mazurenko, I.; Hitaishi, V. P.; Lojou, E., Recent Advances in Surface Chemistry
of Electrodes to Promote Direct Enzymatic Bioelectrocatalysis. Curr. Opin. Electrochem.
2020, /9, 112-121.

305. Vostiar, I.; Ferapontova, E. E.; Gorton, L., Electrical “Wiring” of Viable
Gluconobacter oxydans Cells with a Flexible Osmium-Redox Polyelectrolyte.
Electrochem. Commun. 2004, 6, 621-626.

306. Adachi, T.; Fujii, T.; Honda, M.; Kitazumi, Y.; Shirai, O.; Kano, K., Direct
Electron Transfer-Type Bioelectrocatalysis of FAD-Dependent Glucose Dehydrogenase
Using Porous Gold Electrodes and Enzymatically Implanted Platinum Nanoclusters.
Bioelectrochemistry 2020, 133, 107457.

307. Bollella, P., Porous Gold: A New Frontier for Enzyme-Based Electrodes.
Nanomaterials (Basel) 2020, 10, 722-740.

308. Kumar, G. G.; Sarathi, V. G. S.; Nahm, K. S., Recent Advances and Challenges in
the Anode Architecture and Their Modifications for the Applications of Microbial Fuel
Cells. Biosens. Bioelectron. 2013, 43, 461-475.

309. Hernandez-Fernandez, F. P. d. 1. R., A.; Salar-Garcia, M.; Ortiz-Martinez, V.;
Lozano-Blanco, L.; Godinez, C.; Tomés-Alonso, F.; Quesada-Medina, J., Recent Progress
and Perspectives in Microbial Fuel Cells for Bioenergy Generation and Wastewater
Treatment. Fuel Process. Technol. 2015, 138, 284-297.

310. Ferapontova, E. E.; Grigorenko, V. G.; Egorov, A. M.; Borchers, T.; Ruzgas, T.;
Gorton, L., Mediatorless Biosensor for H202 Based on Recombinant Forms of
Horseradish Peroxidase Directly Adsorbed on Polycrystalline Gold. Biosens. Bioelectron.
2001, /6, 147-157.

311. Pankratov, D. V.; Zeifman, Y. S.; Dudareva, A. V.; Pankratova, G. K.; Khlupova,
M. E.; Parunova, Y. M.; Zajtsev, D. N.; Bashirova, N. F.; Popov, V. O.; Shleev, S. V.,
Impact of Surface Modification with Gold Nanoparticles on the Bioelectrocatalytic
Parameters of Immobilized Bilirubin Oxidase. Acta Naturae 2014, 6, 102-6.

312. Pankratov, D.; Sotres, J.; Barrantes, A.; Arnebrant, T.; Shleev, S., Interfacial
Behavior and Activity of Laccase and Bilirubin Oxidase on Bare Gold Surfaces. Langmuir
2014, 30, 2943-51.

313. Lamberg, P.; Hamit-Eminovski, J.; Toscano, M. D.; Eicher-Lorka, O.; Niaura,
G.; Arnebrant, T.; Shleev, S.; Ruzgas, T., Electrical Activity of Cellobiose Dehydrogenase



Adsorbed on Thiols: Influence of Charge and Hydrophobicity. Bioelectrochemistry 2017,
115,26-32.

314. Chumillas, S.; Maestro, B.; Feliu, J. M.; Climent, V., Comprehensive Study of the
Enzymatic Catalysis of the Electrochemical Oxygen Reduction Reaction (ORR) by
Immobilized Copper Efflux Oxidase (CueO) from Escherichia coli. Front. Chem. 2018, 6,
358.

315. Kalimuthu, P.; Belaidi, A. A.; Schwarz, G.; Bernhardt, P. V., Chitosan-Promoted
Direct Electrochemistry of Human Sulfite Oxidase. J. Phys. Chem. B 2017, 121, 9149-
9159.

316. Guo, K.; Hidalgo, D.; Tommasi, T.; Rabaey, K., Pyrolytic Carbon-Coated
Stainless Steel Felt as a High-Performance Anode for Bioelectrochemical Systems.
Bioresour. Technol. 2016, 211, 664-668.

317. Kannan, M. V.; Gnana Kumar, G., Current Status, Key Challenges and its Solutions
in the Design and Development of Graphene-Based ORR Catalysts for the Microbial Fuel
Cell Applications. Biosens. Bioelectron. 2016, 77, 1208-1220.

318. Liang, P.; Wang, H. Y.; Xia, X.; Huang, X.; Mo, Y. H.; Cao, X. X.; Fan, M. Z.,
Carbon Nanotube Powders as Electrode Modifier to Enhance the Activity of Anodic
Biofilm in Microbial Fuel Cells. Biosens. Bioelectron. 2011, 26, 3000-3004.

319. 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.

320. Gross, A. J.; Holzinger, M.; Cosnier, S., Buckypaper Bioelectrodes: Emerging
Materials for Implantable and Wearable Biofuel Cells. Energy Environ. Sci. 2018, 11,
1670-1687.

321. Gupta, S.; Murthy, C. N.; Prabha, C. R., Recent Advances in Carbon Nanotube
Based Electrochemical Biosensors. Int. J. Biol. Macromol. 2018, 108, 687-703.

322. Chen, X. F.; Cui, D.; Wang, X. J.; Wang, X. S.; Li, W. S., Porous Carbon with
Defined Pore Size as Anode of Microbial Fuel Cell. Biosens. Bioelectron. 2015, 69, 135-
141.

323.  Liu, J; Qiao, Y.; Guo, C. X.; Lim, S.; Song, H.; Li, C. M., Graphene/Carbon
Cloth Anode for High-Performance Mediatorless Microbial Fuel Cells. Bioresour. Technol.
2012, 114, 275-280.

324.  Yuan, H.; He, Z., Graphene-modified Electrodes for Enhancing the Performance of
Microbial Fuel Cells. Nanoscale 2015, 7, 7022-7029.

325. Laheddr, A. D.-O., S.; Lust, E.; Béguin, F., Ammonia Treatment of Activated
Carbon Powders for Supercapacitor Electrode Application. J. Electrochem. Soc. 2014, 161,
A568-A575.

326. Franzoi, A. C.; Vieira, I. C.; Dupont, J.; Scheeren, C. W.; de Oliveira, L. F.,
Biosensor for Luteolin Based on Silver or Gold Nanoparticles in Ionic Liquid and Laccase
Immobilized in Chitosan Modified with Cyanuric Chloride. Analyst 2009, 134,2320-2328.
327. Cavalcanti, I. T.; Silva, B. V.; Peres, N. G.; Moura, P.; Sotomayor, M. D.; Guedes,
M. L; Dutra, R. F., A Disposable Chitosan-Modified Carbon Fiber Electrode for Dengue
Virus Envelope Protein Detection. Talanta 2012, 91, 41-46.

328. Wang, L.; Zheng, Y. L.; Lu, X. P.; Li, Z.; Sun, L. L.; Song, Y. H., Dendritic
Copper-Cobalt Nanostructures/Reduced Graphene Oxide-Chitosan Modified Glassy
Carbon Electrode for Glucose Sensing. Sens. Actuators B Chem. 2014, 195, 1-7.



329. Xie, Y.; Ma, Z. K.; Song, H. H.; Stoll, Z. A.; Xu, P., Melamine Modified Carbon
Felts Anode with Enhanced Electrogenesis Capacity Toward Microbial Fuel Cells. J.
Energy Chem. 2017, 26, 81-86.

330. Zor, E.; Hatay Patir, I.; Bingol, H.; Ersoz, M., An Electrochemical Biosensor
Based on Human Serum Albumin/Graphene Oxide/3-aminopropyltriethoxysilane
Modified ITO Electrode for the Enantioselective Discrimination of D- and L-tryptophan.
Biosens. Bioelectron. 2013, 42, 321-325.

331. Ketep, S. F.; Bergel, A.; Calmet, A.; Erable, B., Stainless Steel Foam Increases
the Current Produced by Microbial Bioanodes in Bioelectrochemical Systems. Energy
Environ. Sci. 2014, 7, 1633-1637.

332. Manickam, S. S.; Karra, U.; Huang, L. W.; Bui, N. N.; Li, B. K.; McCutcheon,
J. R., Activated Carbon Nanofiber Anodes for Microbial Fuel Cells. Carbon 2013, 53, 19-
28.

333.  Wang, X.; Cheng, S. A.; Feng, Y.J.; Merrill, M. D.; Saito, T.; Logan, B. E., Use
of Carbon Mesh Anodes and the Effect of Different Pretreatment Methods on Power
Production in Microbial Fuel Cells. Environ. Sci. Technol. 2009, 43, 6870-6874.

334. Cheng, S. A.; Logan, B. E., Ammonia Treatment of Carbon Cloth Anodes to
Enhance Power Generation of Microbial Fuel Cells. Electrochem. Commun. 2007, 9, 492-
496.

335. Lai, B.;; Tang, X.; Li, H; Du, Z; Liu, X.; Zhang, Q., Power Production
Enhancement with a Polyaniline Modified Anode in Microbial Fuel Cells. Biosens.
Bioelectron. 2011, 28, 373-377.

336. Saito, T.; Mehanna, M.; Wang, X.; Cusick, R. D.; Feng, Y.; Hickner, M. A_;
Logan, B. E., Effect of Nitrogen Addition on the Performance of Microbial Fuel Cell
Anodes. Bioresour. Technol. 2011, 102, 395-398.

337.  Zhu, N.; Chen, X.; Zhang, T.; Wu, P.; Li, P.; Wu, J., Improved Performance of
Membrane Free Single-Chamber Air-cathode Microbial Fuel Cells with Nitric Acid and
Ethylenediamine Surface Modified Activated Carbon Fiber Felt Anodes. Bioresour.
Technol. 2011, 102, 422-426.

338.  Zhou, M. H.; Chi, M. L.; Wang, H. Y.; Jin, T., Anode Modification by
Electrochemical Oxidation: A New Practical Method to Improve the Performance of
Microbial Fuel Cells. Biochem. Eng. J. 2012, 60, 151-155.

339. Holzinger, M.; Le Goff, A.; Cosnier, S., Carbon Nanotube/Enzyme Biofuel Cells.
Electrochim. Acta 2012, 82, 179-190.

340. Yuan, M. W.; Minteer, S. D., Redox Polymers in Electrochemical Systems: From
Methods of Mediation to Energy Storage. Curr. Opin. Electrochem. 2019, 15, 1-6.

341. Yehezkeli, O.; Tel-Vered, R.; Wasserman, J.; Trifonov, A.; Michaeli, D.;
Nechushtai, R.; Willner, I., Integrated Photosystem II-Based Photo-Bioelectrochemical
Cells. Nat. Commun. 2012, 3, 742.

342. Aquino Neto, S.; Milton, R. D.; Hickey, D. P.; De Andrade, A. R.; Minteer, S.
D., Membraneless Enzymatic Ethanol/O; Fuel Cell: Transitioning from an Air-Breathing
Pt-Based Cathode to a Bilirubin Oxidase-Based Biocathode. J. Power Sources 2016, 324,
208-214.

343. Aquino Neto, S.; Minteer, S. D.; de Andrade, A. R., Developing Ethanol Bioanodes
using a Hydrophobically Modified Linear Polyethylenimine Hydrogel for Immobilizing an
Enzyme Cascade. J. Electroanal. Chem. 2018, 812, 153-158.



344. Arechederra, R. L.; Minteer, S. D., Complete Oxidation of Glycerol in an
Enzymatic Biofuel Cell. Fuel Cells 2009, 9, 63-69.

345. Arechederra, R. L.; Treu, B. L.; Minteer, S. D., Development of Glycerol/O>
Biofuel Cell. J. Power Sources 2007, 173, 156-161.

346. Franco, J. H.; Klunder, K. J.; Russell, V.; de Andrade, A. R.; Minteer, S. D.,
Hybrid Enzymatic and Organic Catalyst Cascade for Enhanced Complete Oxidation of
Ethanol in an Electrochemical Micro-reactor Device. Electrochim. Acta 2020, 331, 135254.
347. Franco, J. H.; Neto, S. A.; Hickey, D. P.; Minteer, S. D.; de Andrade, A. R,
Hybrid Catalyst Cascade Architecture Enhancement for Complete Ethanol
Electrochemical Oxidation. Biosens. Bioelectron. 2018, 121, 281-286.

348. Macazo, F. C.; Hickey, D. P.; Abdellaoui, S.; Sigman, M. S.; Minteer, S. D.,
Polymer-immobilized, Hybrid Multi-catalyst Architecture for Enhanced Electrochemical
Oxidation of Glycerol. ChemComm 2017, 53, 10310-10313.

349. Song, Y.; Wang, C., High-power Biofuel Cells Based on Three-dimensional
Reduced Graphene Oxide/Carbon Nanotube Micro-Arrays. Microsyst. Nanoeng. 2019, 5,
46.

350. Zebda, A.; Alcaraz, J. P.; Vadgama, P.; Shleev, S.; Minteer, S. D.; Boucher, F.;
Cinquin, P.; Martin, D. K., Challenges for Successful Implantation of Biofuel Cells.
Bioelectrochemistry 2018, 124, 57-72.

351. Sode, K.; Yamazaki, T.; Lee, I.; Hanashi, T.; Tsugawa, W., BioCapacitor: A
Novel Principle for Biosensors. Biosens. Bioelectron. 2016, 76, 20-28.

352. Hanashi, T.; Yamazaki, T.; Tsugawa, W.; Ferri, S.; Nakayama, D.; Tomiyama,
M.; Ikebukuro, K.; Sode, K., BioCapacitor-A Novel Category of Biosensor. Biosens.
Bioelectron. 2009, 24, 1837-1842.

353. Pankratov, D.; Blum, Z.; Suyatin, D. B.; Popov, V. O.; Shleev, S., Self-Charging
Electrochemical Biocapacitor. ChemElectroChem 2014, 1, 343-346.

354. Farzin, L.; Shamsipur, M.; Samandari, L.; Sheibani, S., Advances in the Design
of Nanomaterial-Based Electrochemical Affinity and Enzymatic Biosensors for Metabolic
Biomarkers: A Review. Microchim. Acta 2018, 185, 276.

355. Taleat, Z.; Khoshroo, A.; Mazloum-Ardakani, M., Screen-printed Electrodes for
Biosensing: A Review (2008-2013). Microchim. Acta 2014, 181, 865-891.

356. Trojanowicz, M., Determination of Pesticides Using Electrochemical Enzymatic
Biosensors. Electroanalysis 2002, 14, 1311-1328.

357. Marcus, R. A.; Sutin, N., Electron Transfers in Chemistry and Biology. Biochim.
Biophys. Acta 1985, 811, 265-322.

358. Marcus, R. A.; Sutin, N., Electron-Transfer Reactions with Unusual Activation
Parameters - Treatment of Reactions Accompanied by Large Entropy Decreases. Inorg.
Chem. 1975, 14, 213-216.

359. Bard, A. J.; Faulkner, L. R.; Leddy, J.; Zoski, C. G., Electrochemical Methods:
Fundamentals and Applications. Wiley New York: 1980; Vol. 2.

360. Minteer, S. D., Enzyme Stabilization and Immobilization. Springer: 2017.

361. Jesionowski, T.; Zdarta, J.; Krajewska, B., Enzyme Immobilization by Adsorption:
A Review. Adsorption 2014, 20, 801-821.

362. Mohamad, N. R.; Marzuki, N. H.; Buang, N. A.; Huyop, F.; Wahab, R. A., An
Overview of Technologies for Immobilization of Enzymes and Surface Analysis
Techniques for Immobilized Enzymes. Biotechnol. Biotechnol. Equip. 2015, 29, 205-220.



363. Datta, S.; Christena, L. R.; Rajaram, Y. R., Enzyme Immobilization: An Overview
on Techniques and Support Materials. 3 Biotech. 2013, 3, 1-9.

364. Van Nguyen, K.; Minteer, S. D., Investigating DNA Hydrogels as a New
Biomaterial for Enzyme Immobilization in Biobatteries. ChemComm 2015, 51, 13071-
13073.

365. Blanford, C. F.; Foster, C. E.; Heath, R. S.; Armstrong, F. A., Efficient
Electrocatalytic Oxygen Reduction by the ‘Blue' Copper Oxidase, Laccase, Directly
Attached to Chemically Modified Carbons. Faraday Discuss. 2008, 140, 319-335.

366. Meredith, M. T.; Minson, M.; Hickey, D.; Artyushkova, K.; Glatzhofer, D. T.;
Minteer, S. D., Anthracene-Modified Multi-Walled Carbon Nanotubes as Direct Electron
Transfer Scaffolds for Enzymatic Oxygen Reduction. ACS Catal. 2011, 1, 1683-1690.
367. Karaskiewicz, M.; Nazaruk, E.; Zelechowska, K.; Biernat, J. F.; Rogalski, J.;
Bilewicz, R., Fully Enzymatic Mediatorless Fuel Cell with Efficient Naphthylated Carbon
Nanotube—Laccase Composite Cathodes. Electrochem. Commun. 2012, 20, 124-127.

368. Xu, S.; Minteer, S. D., Investigating the Impact of Multi-Heme Pyrroloquinoline
Quinone-Aldehyde Dehydrogenase Orientation on Direct Bioelectrocatalysis via Site
Specific Enzyme Immobilization. ACS Catal. 2013, 3, 1756-1763.

369. Lee, H.; Lee, Y.S.; Lee, S. K.; Baek, S.; Choi, I. G.; Jang, J. H.; Chang, . S.,
Significant Enhancement of Direct Electric Communication Across Enzyme-Electrode
Interface via Nano-Patterning of Synthetic Glucose Dehydrogenase on Spatially Tunable
Gold Nanoparticle (AuNP)-Modified Electrode. Biosens. Bioelectron. 2019, 126, 170-177.
370. Ratautas, D.; Laurynénas, A.; Dagys, M.; Marcinkevi¢iené, L.; Meskys, R.;
Kulys, J., High Current, Low Redox Potential Mediatorless Bioanode Based on Gold
Nanoparticles and Glucose Dehydrogenase from Ewingella americana. Electrochim. Acta
2016, 199, 254-260.

371. Algov, I.; Grushka, J.; Zarivach, R.; Alfonta, L., Highly Efficient Flavin-Adenine
Dinucleotide Glucose Dehydrogenase Fused to a Minimal Cytochrome C Domain. J. Am.
Chem. Soc. 2017, 139, 17217-17220.

372. Lee,S.H.; Lee, K. S.; Sorcar, S.; Razzaq, A.; Grimes, C. A.; In, S. I., Wastewater
Treatment and Electricity Generation from a Sunlight-Powered Single Chamber Microbial
Fuel Cell. J. Photoch. Photobiol. A: Chemistry 2018, 358, 432-440.

373. Lim, K.; Sima, M.; Stewart, R. J.; Minteer, S. D., Direct Bioelectrocatalysis by
Redox Enzymes Immobilized in Electrostatically Condensed Oppositely Charged
Polyelectrolyte Electrode Coatings. Analyst 2020, 145, 1250-1257.

374. Xu, H.; Dai, H.; Chen, G., Direct Electrochemistry and Electrocatalysis of
Hemoglobin Protein Entrapped in Graphene and Chitosan Composite Film. Talanta 2010,
81,334-338.

375. Flexer, V.; Prévoteau, A.; Brun, N., Architectures of Enzyme Electrodes Using
Redox Mediators. Functional Electrodes For Enzymatic And Microbial Electrochemical
Systems 2017, 173.

376. Babanova, S.; Matanovic, I.; Chavez, M. S.; Atanassov, P., Role of Quinones in
Electron Transfer of PQQ-Glucose Dehydrogenase Anodes-Mediation or Orientation
Effect. J. Am. Chem. Soc. 2015, 137, 7754-7762.

377. Chen, H.; Cai, R.; Patel, J.; Dong, F.; Chen, H.; Minteer, S. D., Upgraded
Bioelectrocatalytic N-> Fixation: From N> to Chiral Amine Intermediates. J. Am. Chem.
Soc. 2019, 141, 4963-4971.



378. Abdellaoui, S.; Macazo, F. C.; Cai, R.; De Lacey, A. L.; Pita, M.; Minteer, S. D.,
Enzymatic Electrosynthesis of Alkanes by Bioelectrocatalytic Decarbonylation of Fatty
Aldehydes. Angew. Chem. Int. Ed. 2018, 57, 2404-2408.

379. Elouarzaki, K.; Cheng, D. J.; Fisher, A. C.; Lee, J. M., Coupling Orientation and
Mediation Strategies for Efficient Electron Transfer in Hybrid Biofuel Cells. Nat. Energy
2018, 3, 574-581.

380. Milton, R. D.; Hickey, D. P.; Abdellaoui, S.; Lim, K.; Wu, F.; Tan, B.; Minteer,
S. D., Rational Design of Quinones for High Power Density Biofuel Cells. Chem. Sci. 2015,
6, 4867-4875.

381. Quah, T.; Milton, R. D.; Abdellaoui, S.; Minteer, S. D., Bioelectrocatalytic
NAD'/NADH Inter-conversion: Transformation of an Enzymatic Fuel Cell into an
Enzymatic Redox Flow Battery. ChemComm 2017, 53, 8411-8414.

382. Milton, R. D.; Lim, K.; Hickey, D. P.; Minteer, S. D., Employing FAD-dependent
Glucose Dehydrogenase Within a Glucose/Oxygen Enzymatic Fuel Cell Operating in
Human Serum. Bioelectrochemistry 2015, 106, 56-63.

383. Li, H.; Buesen, D.; Dementin, S.; Leger, C.; Fourmond, V.; Plumere, N.,
Complete Protection of O2-Sensitive Catalysts in Thin Films. J. Am. Chem. Soc. 2019, 141,
16734-16742.

384. Oughli, A. A.; Ruff, A.; Boralugodage, N. P.; Rodriguez-Macia, P.; Plumere, N.;
Lubitz, W.; Shaw, W. J.; Schuhmann, W.; Rudiger, O., Dual Properties of a Hydrogen
Oxidation Ni-Catalyst Entrapped within a Polymer Promote Self-Defense against Oxygen.
Nat. Commun. 2018, 9, 864-870.

385. Oughli, A. A.; Velez, M.; Birrell, J. A.; Schuhmann, W.; Lubitz, W.; Plumere,
N.; Rudiger, O., Viologen-modified Electrodes for Protection of Hydrogenases From High
Potential Inactivation While Performing H> Oxidation at Low Overpotential. Dalton Trans.
2018, 47, 10685-10691.

386. Xu, L.; Armstrong, F. A., Pushing the Limits for Enzyme-Based Membrane-Less
Hydrogen Fuel Cells — Achieving Useful Power and Stability. RSC Adv. 2015, 5, 3649-
3656.

387. Szczesny,J.; Markovi¢, N.; Conzuelo, F.; Zacarias, S.; Pereira, I. A.; Lubitz, W_;
Plumeré, N.; Schuhmann, W.; Ruff, A., A Gas Breathing Hydrogen/Air Biofuel Cell
Comprising A Redox Polymer/Hydrogenase-Based Bioanode. Nat. Commun. 2018, 9, 1-9.
388. Ruff, A.; Szczesny, J.; Vega, M.; Zacarias, S.; Matias, P. M.; Gounel, S.; Mano,
N.; Pereira, I. A. C.; Schuhmann, W., Redox-Polymer-Wired [NiFeSe] Hydrogenase
Variants with Enhanced O Stability for Triple-Protected High-Current-Density Hz -
Oxidation Bioanodes. ChemSusChem 2020, 13, 1-10.

389. Guo, K.; Freguia, S.; Dennis, P. G.; Chen, X.; Donose, B. C.; Keller, J.; Gooding,
J. J.; Rabaey, K., 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.

390. Pham, V. T. H.; Truong, V. K.; Quinn, M. D. J.; Notley, S. M.; Guo, Y. C;
Baulin, V. A.; Al Kobaisi, M.; Crawford, R. J.; Ivanova, E. P., Graphene Induces
Formation of Pores That Kill Spherical and Rod-Shaped Bacteria. ACS Nano 2015, 9,
8458-8467.



391. Cheng, C.; Li, S.; Thomas, A.; Kotov, N. A.; Haag, R., Functional Graphene
Nanomaterials Based Architectures: Biointeractions, Fabrications, and Emerging
Biological Applications. Chem. Rev. 2017, 117, 1826-1914.

392. Hegab, H. M.; ElMekawy, A.; Zou, L. D.; Mulcahy, D.; Saint, C. P.; Ginic-
Markovic, M., The Controversial Antibacterial Activity of Graphene-Based Materials.
Carbon 2016, 105, 362-376.

393. Geim, A. K.; Novoselov, K. S., The Rise of Graphene. Nat. Mater. 2007, 6, 183-
191.

394. Bhardwaj, N.; Bhardwaj, S. K.; Mehta, J.; Mohanta, G. C.; Deep, A.,
Bacteriophage Immobilized Graphene Electrodes for Impedimetric Sensing of Bacteria
(Staphylococcus arlettae). Anal. Biochem. 2016, 505, 18-25.

395. Zhou, G. Z.; Wang, Z. F.; Li, W. Q.; Yao, Q.; Zhang, D. Y., Graphene-oxide
Modified Polyvinyl-Alcohol as Microbial Carrier to Improve High Salt Wastewater
Treatment. Mater. Lett. 2015, 156, 205-208.

396. ElMekawy, A.; Hegab, H. M.; Losic, D.; Saint, C. P.; Pant, D., Applications of
Graphene in Microbial Fuel Cells: The Gap between Promise and Reality. Renew. Sustain.
Energy Rev. 2017, 72, 1389-1403.

397. Gadipelli, S.; Guo, Z. X., Graphene-Based Materials: Synthesis and Gas Sorption,
Storage and Separation. Prog. Mater. Sci. 2015, 69, 1-60.

398. Zou, L.; Qiao, Y.; Wu, X. S.; Ma, C. X,; Li, X.; Li, C. M., Synergistic Effect of
Titanium Dioxide Nanocrystal/Reduced Graphene Oxide Hybrid on Enhancement of
Microbial Electrocatalysis. J. Power Sources 2015, 276, 208-214.

399. Mehdinia, A.; Ziaei, E.; Jabbari, A., Multi-walled Carbon Nanotube/SnO;
Nanocomposite: A Novel Anode Material for Microbial Fuel Cells. Electrochim. Acta 2014,
130, 512-518.

400. Zhu, Y. X Ji,J. Y. Ren, J. Y.; Yao, C.; Ge, L. Q., Conductive Multilayered
Polyelectrolyte Films Improved Performance in Microbial Fuel Cells (MFCs). Colloids
Surf. A Physicochem. Eng. Asp. 2014, 455, 92-96.

401. Zhou, S.; Tang, J.; Yuan, Y., Conduction-Band Edge Dependence of Carbon-
coated Hematite Stimulated Extracellular Electron Transfer of Shewanella oneidensis in
Bioelectrochemical Systems. Bioelectrochemistry 2015, 102, 29-34.

402. Luo, Z.; Yang, D.; Qi, G.; Yuwen, L.; Zhang, Y.; Weng, L.; Wang, L.; Huang,
W., Preparation of Highly Dispersed Reduced Graphene Oxide Decorated with Chitosan
Oligosaccharide as Electrode Material for Enhancing the Direct Electron Transfer of
Escherichia coli. ACS Appl. Mater. Interfaces 2015, 7, 8539-8544.

403. Cui, H. F.; Du, L.; Guo, P. B.; Zhu, B.; Luong, J. H. T., Controlled Modification
of Carbon Nanotubes and Polyaniline on Macroporous Graphite Felt for High-Performance
Microbial Fuel Cell Anode. J. Power Sources 2015, 283, 46-53.

404. Roh, S. H.; Woo, H. G., Carbon Nanotube Composite Electrode Coated with
Polypyrrole for Microbial Fuel Cell Application. J. Nanosci. Nanotechnol. 2015, 15, 484-
487.

405. Liu, X.; Wu, W. G.; Gu, Z. Z., Poly (3,4-ethylenedioxythiophene) Promotes Direct
Electron Transfer at the Interface between Shewanella loihica and the Anode in a Microbial
Fuel Cell. J. Power Sources 2015, 277, 110-115.



406. Hasan, K.; Patil, S. A.; Leech, D.; Hagerhall, C.; Gorton, L., Electrochemical
Communication between Microbial Cells and Electrodes via Osmium Redox Systems.
Biochem. Soc. Trans. 2012, 40, 1330-1335.

407. Timur, S.; Haghighi, B.; Tkac, J.; Pazarlioglu, N.; Telefoncu, A.; Gorton, L.,
Electrical Wiring of Pseudomonas putida and Pseudomonas fluorescens with Osmium
Redox Polymers. Bioelectrochemistry 2007, 71, 38-45.

408. Timur, S.; Anik, U.; Odaci, D.; Gorton, L., Development of a Microbial Biosensor
Based on Carbon Nanotube (CNT) Modified Electrodes. Electrochem. Commun. 2007, 9,
1810-1815.

409. Alferov, S.; Coman, V.; Gustavsson, T.; Reshetilov, A.; von Wachenfeldt, C.;
Hagerhall, C.; Gorton, L., Electrical Communication of Cytochrome Enriched Escherichia
coli JM109 Cells with Graphite Electrodes. Electrochim. Acta 2009, 54, 4979-4984.

410. Hasan, K.; Patil, S. A.; Gorecki, K.; Leech, D.; Hagerhall, C.; Gorton, L.,
Electrochemical Communication between Heterotrophically Grown Rhodobacter
capsulatus with Electrodes Mediated by an Osmium Redox Polymer. Bioelectrochemistry
2013, 93, 30-36.

411. Patil, S. A.; Hasan, K.; Leech, D.; Hagerhall, C.; Gorton, L., Improved Microbial
Electrocatalysis with Osmium Polymer Modified Electrodes. ChemComm 2012, 48,
10183-10185.

412. Dordick, J. S., Enzymatic Catalysis in Monophasic Organic-Solvents. Enzyme
Microb. Technol. 1989, 11, 194-211.

413. Rosell, C. M.; Terreni, M.; Fernandez-Lafuente, R.; Guisan, J. M., A Criterion for
the Selection of Monophasic Solvents for Enzymatic Synthesis. Enzyme Microb. Technol.
1998, 23, 64-69.

414. Chen, Q.; Hu, Y.; Zhao, W.; Zhu, C.; Zhu, B., Cloning, Expression, and
Characterization of a Novel (S)-Specific Alcohol Dehydrogenase from Lactobacillus kefir.
Appl. Biochem. Biotechnol. 2010, 160, 19-29.

415. Chaudhari, R. V.; Torres, A.; Jin, X.; Subramaniam, B., Multiphase Catalytic
Hydrogenolysis/Hydrodeoxygenation Processes for Chemicals from Renewable
Feedstocks: Kinetics, Mechanism, and Reaction Engineering. Ind. Eng. Chem. Res 2013,
52, 15226-15243.

416. Gupta, R.; Bradoo, S.; Saxena, R. K., Aqueous Two-Phase Systems: An Attractive
Technology for Downstream Processing of Biomolecules. Curr. Sci. 1999, 77, 520-523.
417. Stampfer, W.; Kosjek, B.; Moitzi, C.; Kroutil, W.; Faber, K., Biocatalytic
Asymmetric Hydrogen Transfer. Angew. Chem. Int. Ed. 2002, 41, 1014-1017.

418. Hildebrand, F.; Lutz, S., Electroenzymatic Synthesis of Chiral Alcohols in an
Aqueous - Organic Two-Phase System. Tetrahedron: Asymmetry 2007, 18, 1187-1193.
419. Ruinatscha, R.; Dusny, C.; Buehler, K.; Schmid, A., Productive Asymmetric
Styrene Epoxidation Based on a Next Generation Electroenzymatic Methodology. Adv.
Synth. Catal. 2009, 351, 2505-2515.

420. Lim, D.; Kim, Y. H.; Joo, J. C.; Yoo, Y. J., Electroenzymatic Synthesis of (S)-
Styrene Oxide Employing Zinc Oxide/Carbon Black Composite Electrode. Enzyme Microb.
Technol. 2010, 47, 313-321.

421. Liao, L. C.; Ho, C. S.; Wu, W. T., Bioconversion with Whole Cell Penicillin
Acylase in Aqueous Two-Phase Systems. Process Biochem. 1999, 34, 417-420.



422. Adams, D.J.; Cole-Hamilton, D. J.; Hope, E. G.; Pogorzelec, P. J.; Stuart, A. M.,
Hydroformylation in Fluorous Solvents. J. Organomet. Chem. 2004, 689, 1413-1417.
423. Leitner, W., Recent Advances in Catalyst Immobilization Using Supercritical
Carbon Dioxide. Pure Appl. Chem. 2004, 76, 635-644.

424. Pfruender, H.; Amidjojo, M.; Kragl, U.; Weuster-Botz, D., Efficient Whole-Cell
Biotransformation in a Biphasic lonic Liquid/Water System. Angew. Chem. Int. Ed. 2004,
43,4529-4531.

425. Tsaoulidis, D.; Dore, V.; Angeli, P.; Plechkova, N. V.; Seddon, K. R., Flow
Patterns and Pressure Drop of Ionic Liquid-Water Two-Phase Flows in Microchannels. /nt.
J. Multiph. Flow 2013, 54, 1-10.

426. Brink, L. E.; Tramper, J., Optimization of Organic Solvent in Multiphase
Biocatalysis. Biotechnol. Bioeng. 1985, 27, 1258-1269.

427. Laane, C.; Boeren, S.; Vos, K.; Veeger, C., Rules for Optimization of Biocatalysis
in Organic Solvents. Biotechnol. Bioeng. 1987, 30, 81-87.

428. Bruce, L. J.; Daugulis, A. J., Solvent Selection Strategies for Extractive
Biocatalysis. Biotechnol. Prog. 1991, 7, 116-424.

429. Kollerup, F.; Daugulis, A. J., Screening and Identification of Extractive
Fermentation Solvents Using a Database. Can. J. Chem. Eng. 1985, 63, 919-927.

430. vander Padt, A.; Janssen, A.; Sewalt, J.; Van T Riet, K., Acylglycerol Equilibrium
in a Two-Phase System. Biocatalysis 1993, 7, 267-2717.

431. Liu, W. H.; Horng, W. C.; Tsai, M. S., Bioconversion of Cholesterol to Cholest-4-
en-3-one in Aqueous/Organic Solvent Two-Phase Reactors. Enzyme Microb. Technol.
1996, /8, 184-189.

432. Collins-Pavao, M.; Chin, C.-K.; Pedersen, H., Taxol Partitioning in Two-Phase
Plant Cell Cultures of Taxus brevifolia. J. Biotechnol. 1996, 49, 95-100.

433. Bare, G.; Delaunois, V.; RIkir, R.; Thonart, P., Bioconversion of Vanillin into
Vanillic Acid by Pseudomonas fluorescens Strain BTP9. Appl. Biochem. Biotechnol. 1994,
45,599-610.

434. Antonini, E.; Carrea, G.; Cremonesi, P., Enzyme Catalysed Reactions in Water-
Organic Solvent Two-Phase Systems. Enzyme Microb. Technol. 1981, 291-296.

435. Gauchot, V.; Kroutil, W.; Schmitzer, A. R., Highly Recyclable Chemo-
Biocatalyzed Cascade Reactions with Ionic Liquids: One-Pot Synthesis of Chiral Biaryl
Alcohols. Chem. Eur. J. 2010, 16, 6748-6751.

436. Yan, M. K., Y.; Baran, P. S., Synthetic Organic Electrochemical Methods Since
2000: On the Verge of a Renaissance. Chem. Rev. 2017, 117, 13230.

437. Mitsudo, K. F., S.; Fujita, T.; Mandai, H.; Suga, S.; Tanaka, H. , Recyclable
Palladium Catalyst in PEG/CH3CN Biphasic System for Electro-Oxidative Wacker-Type
Reaction. Electrochem. 2013, 81, 347-349.

438. Kitada, S. T., M.; Yamaguchi, Y.; Okada, Y.; Chiba, K. , Soluble-Support-Assisted
Electrochemical Reactions: Application to Anodic Disulfide Bond Formation. Org. Lett.
2012, 14, 5960.

439. Nagano, T. M., Y.; Kim, S.; Chiba, K. , Construction of Cycloalkane-Based
Thermomorphic (CBT) Electrolyte Solution Systems and Application for Anodic
Conversion of a Furan Derivative. Electrochem. 2008, 76, 874.



440. Takahashi, M. O., Y.; Kitano, Y.; Chiba, K., Phase-Transfer-Mediated
Electrochemical Reaction: Anodic Disulfide Bond Formation Under Biphasic Condition.
Tetrahedron Lett. 2014, 55, 3622.

441. Wadhawan, J. D. M., F.; Compton, R. G.; Bull, S. D.; Davies, S. G. , Sono-
emulsion Electrosynthesis: Electrode-Insensitive Kolbe Reactions. ChemComm 2001, 87-
88.

442. Joy, B. B., M.; Joseph Selvaraj, S., Electrocatalytic Oxidation of Benzaldehyde
Oxime Using Potassium Perchlorate in Biphasic Medium. Mater. Today 2017, 4, 12426.
443,  Christopher, C. L., S.; Kulandainathan, M. A.; Kulangiappar, K.; Raja, M. E.;
Xavier, N.; Raja, S., Electrochemical Selective Oxidation of Aromatic Alcohols with
Sodium Nitrate Mediator in Biphasic Medium at Ambient Temperature. Tetrahedron Lett.
2012, 52, 2802.

444. Wagoner, E. R.; Peters, D. G., Electrocatalytic Reduction of 1,1,2-Trichloro-1,2,2-
trifluoroethane (CFC-113) at Silver Cathodes in Organic and Organic-Aqueous Solvents.
J. Electrochem. Soc. 2013, 160, G135-G141.

445. Dong, F.; Chen, H.; Malapit, C. A.; Prater, M. B.; Li, M.; Yuan, M.; Lim, K ;
Minteer, S. D., Biphasic Bioelectrocatalytic Synthesis of Chiral f-Hydroxy Nitriles. J. Am.
Chem. Soc. 2020, 142, 8374-8382.

446. Dai, C.; Choi, S., Technology and Applications of Microbial Biosensor. Open J.
Appl. Sci. 2013, 02, 83-93.

447. Mohanty, S. P. K., E., Biosensors: A Tutorial Review. IEEE Potentials 2006, 25,
35-40.

448. D'Souza, S. F., Microbial Biosensors. Biosens. Bioelectron. 2001, 16, 337-353.
449.  Nurunnabi, M.; Cho, K. J.; Choi, J. S.; Huh, K. M.; Lee, Y. K., Targeted Near-IR
QDs-loaded Micelles for Cancer Therapy and Imaging. Biomaterials 2010, 31, 5436-5444.
450. Patel, S.; Nanda, R.; Sahoo, S.; Mohapatra, E., Biosensors in Health Care: The
Milestones Achieved in Their Development towards Lab-on-Chip-Analysis. Biochem. Res.
Int. 2016, 2016, 3130469.

451. Clark, L. C., Jr.; Lyons, C., Electrode Systems for Continuous Monitoring in
Cardiovascular Surgery. Ann. N.Y. Acad. Sci. 1962, 102, 29-45.

452.  Frost, M.; Meyerhoff, M. E., In vivo Chemical Sensors: Tackling Biocompatibility.
Anal. Chem. 2006, 78, 7370-7377.

453. Shin, J. H.; Marxer, S. M.; Schoenfisch, M. H., Nitric Oxide-Releasing Sol-Gel
Particle/Polyurethane Glucose Biosensors. Anal. Chem. 2004, 76, 4543-4549.

454. Oh, B.K.; Robbins, M. E.; Nablo, B. J.; Schoenfisch, M. H., Miniaturized Glucose
Biosensor Modified with a Nitric Oxide-Releasing Xerogel Microarray. Biosens.
Bioelectron. 2005, 21, 749-757.

455. Yan, Q.; Peng, B.; Su, G.; Cohan, B. E.; Major, T. C.; Meyerhoff, M. E.,
Measurement of Tear Glucose Levels with Amperometric Glucose Biosensor/Capillary
Tube Configuration. Anal. Chem. 2011, 83, 8341-8346.

456. Seshadri, D.R.; Li,R. T.; Voos, J. E.; Rowbottom, J. R.; Alfes, C. M.; Zorman,
C. A.; Drummond, C. K., Wearable Sensors for Monitoring the Physiological and
Biochemical Profile of the Athlete. NP.J Digit. Med. 2019, 2, 72.

457. Garcia-Carmona, L.; Martin, A.; Sempionatto, J. R.; Moreto, J. R.; Gonzalez, M.
C.; Wang, J.; Escarpa, A., Pacifier Biosensor: Toward Noninvasive Saliva Biomarker
Monitoring. Anal. Chem. 2019, 91, 13883-13891.



458. Ali, S. M.; [Ibupoto, Z. H.; Kashif, M.; Hashim, U.; Willander, M., A
Potentiometric Indirect Uric Acid Sensor Based on ZnO Nanoflakes and Immobilized
Uricase. Sensors (Basel) 2012, 12, 2787-97.

459. Zhang, F. W., X,; Ai, S.; Sun, Z.; Wan, Q.; Zhu, Z.; Xian, Y.; Jin, L.; Yamamoto,
K., Immobilization of Uricase on ZnO Nanorods for a Reagentless Uric Acid Biosensor.
Anal. Chim. Acta 2004, 519, 155-160.

460. Yang, Q.; Atanasov, P.; Wilkins, E., Needle-Type Lactate Biosensor. Biosens.
Bioelectron. 1999, 14, 203-210.

461. Mokwebo, K. V.; Oluwafemi, O. S.; Arotiba, O. A., An Electrochemical
Cholesterol Biosensor Based on A CdTe/CdSe/ZnSe Quantum Dots-Poly (Propylene
Imine) Dendrimer Nanocomposite Immobilisation Layer. Sensors (Basel) 2018, 18.

462. Sharma, D.; Lee, J.; Seo,J.; Shin, H., Development of a Sensitive Electrochemical
Enzymatic Reaction-Based Cholesterol Biosensor Using Nano-Sized Carbon Interdigitated
Electrodes Decorated with Gold Nanoparticles. Sensors (Basel) 2017, 17.

463. West, R. H.; Lu, H.; Shaw, K.; Chiel, H. J.; Kelley, T. J.; Burgess, J. D., Double
Potential Pulse Chronocoulometry for Detection of Plasma Membrane Cholesterol Efflux
at Disk Platinum Microelectrodes. J. Electrochem. Soc. 2014, 161, B111-B116.

464. Xu, H.; Zhou, S.; Jiang, D.; Chen, H. Y., Cholesterol Oxidase/Triton X-100 Parked
Microelectrodes for the Detection of Cholesterol in Plasma Membrane at Single Cells. Anal.
Chem. 2018, 90, 1054-1058.

465. Elliott, J.; Simoska, O.; Karasik, S.; Shear, J. B.; Stevenson, K. J., Transparent
Carbon Ultramicroelectrode Arrays for the Electrochemical Detection of a Bacterial
Warfare Toxin, Pyocyanin. Anal. Chem. 2017, 89, 6285-6289.

466. Simoska, O.; Sans, M.; Eberlin, L. S.; Shear, J. B.; Stevenson, K. J.,,
Electrochemical Monitoring of the Impact of Polymicrobial Infections on Pseudomonas
aeruginosa and Growth Dependent Medium. Biosens. Bioelectron. 2019, 142, 111538.
467. Khan, G. F.; Wernet, W., A Highly Sensitive Amperometric Creatinine Sensor.
Anal. Chim. Acta 1997, 351, 151-158.

468. Ramanavicius, A., Amperometric Biosensor for the Determination of Creatine.
Anal. Bioanal. Chem. 2007, 387, 1899-1906.

469. Palomar, Q.; Gondran, C.; Lellouche, J. P.; Cosnier, S.; Holzinger, M.,
Functionalized Tungsten Disulfide Nanotubes for Dopamine and Catechol Detection in a
Tyrosinase-Based Amperometric Biosensor Design. J. Mater. Chem. B 2020, 8, 3566-3573.
470. Fritea, L.; Tertis, M.; Cosnier, S.; Cristea, C.; Sandulescu, R., A Novel Reduced
Graphene Oxide/B-Cyclodextrin/Tyrosinase Biosensor for Dopamine Detection. Int. J.
Electrochem. Sci. 2015, 10, 7292 - 7302.

471. Elliott, J.; Duay, J.; Simoska, O.; Shear, J. B.; Stevenson, K. J., Gold Nanoparticle
Modified Transparent Carbon Ultramicroelectrode Arrays for the Selective and Sensitive
Electroanalytical Detection of Nitric Oxide. Anal. Chem. 2017, 89, 1267-1274.

472. Simoska, O.; Stevenson, K. J., Electrochemical Sensors for Rapid Diagnosis of
Pathogens in Real Time. Analyst 2019, 144, 6461-6478.

473. Sabu, C.; Henna, T. K.; Raphey, V. R.; Nivitha, K. P.; Pramod, K., Advanced
Biosensors for Glucose and Insulin. Biosens. Bioelectron. 2019, 141, 111201.

474. Wang, H.; Lang, Q.; Liang, B.; Liu, A., Electrochemical Glucose Biosensor Based
on Glucose Oxidase Displayed on Yeast Surface. Methods Mol. Biol. 2015, 1319, 233-243.



475. Yoo, E. H.; Lee, S. Y., Glucose Biosensors: An Overview of Use in Clinical
Practice. Sensors (Basel) 2010, 10, 4558-4576.

476. Conzuelo, F.; Gamella, M.; Campuzano, S.; Ruiz, M. A.; Reviejo, A. J;
Pingarron, J. M., An Integrated Amperometric Biosensor for the Determination of Lactose
in Milk and Dairy Products. J. Agric. Food Chem. 2010, 58, 7141-7148.

477. Eshkenazi, I.; Maltz, E.; Zion, B.; Rishpon, J., A Three-Cascaded-Enzymes
Biosensor to Determine Lactose Concentration in Raw Milk. J. Dairy Sci. 2000, 83, 1939-
1945.

478. Liu, F.; Kan, X. W., Dual-analyte Electrochemical Sensor for Fructose and Alizarin
Red S Specifically Sensitive Detection Based on Indicator Displacement Assay.
Electrochim. Acta 2019, 319, 286-292.

479. Vargas, E.; Gamella, M.; Campuzano, S.; Guzman-Vazquez de Prada, A.; Ruiz,
M. A.; Reviejo, A. J.; Pingarron, J. M., Development of an Integrated Electrochemical
Biosensor for Sucrose and its Implementation in a Continuous Flow System for the
Simultaneous Monitoring of Sucrose, Fructose and Glucose. Talanta 2013, 105, 93-100.
480. Chen, H.; Zuo, X.; Su, S.; Tang, Z.; Wu, A.; Song, S.; Zhang, D.; Fan, C., An
Electrochemical Sensor for Pesticide Assays Based on Carbon Nanotube-Enhanced
Acetycholinesterase Activity. Analyst 2008, 133, 1182-1186.

481. Nagabooshanam, S.; Roy, S.; Mathur, A.; Mukherjee, I.; Krishnamurthy, S.;
Bharadwaj, L. M., Electrochemical Micro Analytical Device Interfaced with Portable
Potentiostat for Rapid Detection of Chlorpyrifos using Acetylcholinesterase Conjugated
Metal Organic Framework Using Internet of Things. Sci. Rep. 2019, 9, 19862.

482. Campbell, A. S.; Kim, J.; Wang, J., Wearable Electrochemical Alcohol Biosensors.
Curr. Opin. Electrochem. 2018, 10, 126-135.

483. Della Pelle, F.; Compagnone, D., Nanomaterial-Based Sensing and Biosensing of
Phenolic Compounds and Related Antioxidant Capacity in Food. Sensors (Basel) 2018, 18.
484. Kozitsina, A. N.; Svalova, T. S.; Malysheva, N. N.; Okhokhonin, A. V.
Vidrevich, M. B.; Brainina, K. Z., Sensors Based on Bio and Biomimetic Receptors in
Medical Diagnostic, Environment, and Food Analysis. Biosensors (Basel) 2018, 8.

485. Sempionatto, J. R.; Brazaca, L. C.; Garcia-Carmona, L.; Bolat, G.; Campbell, A.
S.; Martin, A.; Tang, G.; Shah, R.; Mishra, R. K.; Kim, J.; Zucolotto, V.; Escarpa, A.;
Wang, J., Eyeglasses-Based Tear Biosensing System: Non-Invasive Detection of Alcohol,
Vitamins and Glucose. Biosens. Bioelectron. 2019, 137, 161-170.

486. Lansdorp, B.; Ramsay, W.; Hamidand, R.; Strenk, E., Wearable Enzymatic
Alcohol Biosensor. Sensors (Basel) 2019, 19.

487. Gong, J.; Wang, L.; Zhang, L., Electrochemical Biosensing of Methyl Parathion
Pesticide Based on Acetylcholinesterase Immobilized onto Au-Polypyrrole Interlaced
Network-Like Nanocomposite. Biosens. Bioelectron. 2009, 24, 2285-2288.

488. Liu, G.; Lin, Y., Biosensor Based on Self-Assembling Acetylcholinesterase on
Carbon Nanotubes for Flow Injection/Amperometric Detection of Organophosphate
Pesticides and Nerve Agents. Anal. Chem. 2006, 78, 835-843.

489. Stoytcheva, M., Enzyme vs. Bacterial Electrochemical Sensors for
Organophosphorus Pesticides Quantification. In Intelligent and Biosensors, Somerset, V.
S., Ed. IntechOpen: 2010.



490. Songa, E. A.; Arotiba, O. A.; Owino, J. H.; Jahed, N.; Baker, P. G.; Iwuoha, E.
L., Electrochemical Detection of Glyphosate Herbicide Using Horseradish Peroxidase
Immobilized on Sulfonated Polymer Matrix. Bioelectrochemistry 2009, 75, 117-123.

491. Bagal-Kestwal, D.; Karve, M. S.; Kakade, B.; Pillai, V. K., Invertase Inhibition
based Electrochemical Sensor for the Detection of Heavy Metal lons in Aqueous System:
Application of Ultra-Microelectrode to Enhance Sucrose Biosensor's Sensitivity. Biosens.
Bioelectron. 2008, 24, 657-664.

492. De Benedetto, G. E.; Di Masi, S.; Pennetta, A.; Malitesta, C., Response Surface
Methodology for the Optimisation of Electrochemical Biosensors for Heavy Metals
Detection. Biosensors (Basel) 2019, 9.

493. Thevenot, D. R.; Toth, K.; Durst, R. A.; Wilson, G. S., Electrochemical Biosensors:
Recommended Definitions and Classification. Biosens. Bioelectron. 2001, 16, 121-131.
494, Su, L.; Jia, W.; Hou, C.; Lei, Y., Microbial Biosensors: A Review. Biosens.
Bioelectron. 2011, 26, 1788-1799.

495. Blum, L. J. C., P. R., Biosensor Principles and Applications. In Bioprocess Technol.,
1991/01/01 ed.; Marcel Dekker: 1991; Vol. 15, pp 1-344.

496. Turner, A. P, Biosensors: Fundamentals and Applications - Historic Book. Biosens.
Bioelectron. 2015, 65, Al.

497. Fernandez, H.; Arevalo, F. J.; Granero, A. M.; Robledo, S. N.; Nieto, C. H. D.;
Riberi, W. I.; Zon, M. A., Electrochemical Biosensors for the Determination of Toxic
Substances Related to Food Safety Developed in South America: Mycotoxins and
Herbicides. Chemosensors 2017, 5, 23-43.

498. Rocchitta, G.; Spanu, A.; Babudieri, S.; Latte, G.; Madeddu, G.; Galleri, G.;
Nuvoli, S.; Bagella, P.; Demartis, M. I.; Fiore, V.; Manetti, R.; Serra, P. A., Enzyme
Biosensors for Biomedical Applications: Strategies for Safeguarding Analytical
Performances in Biological Fluids. Sensors (Basel) 2016, 16.

499. Wang, J., Electrochemical Glucose Biosensors. Chem. Rev. 2008, 108, 814-825.
500. Rocchitta, G.; Secchi, O.; Alvau, M. D.; Migheli, R.; Calia, G.; Bazzu, G.;
Farina, D.; Desole, M. S.; O'Neill, R. D.; Serra, P. A., Development and Characterization
of an Implantable Biosensor for Telemetric Monitoring of Ethanol in the Brain of Freely
Moving Rats. Anal. Chem. 2012, 84, 7072-7079.

501. Dzyadevych, S. V.; Arkhypova, V. N.; Soldatkin, A. P.; El'skaya, A. V.; Martelet,
C.; Jaffrezic-Renault, N., Amperometric Enzyme Biosensors: Past, Present and Future.
IRBM 2008, 29, 171-180.

502. Chaubey, A.; Malhotra, B. D., Mediated Biosensors. Biosens. Bioelectron. 2002,
17,441-456.

503. Prodromidis, M. I.; Karayannis, M. 1., Enzyme Based Amperometric Biosensors
for Food Analysis. Electroanalysis 2002, 14, 241-261.

504. Lim, J. W.; Ha, D.; Lee, J; Lee, S. K., Kim, T., Review of
Micro/Nanotechnologies for Microbial Biosensors. Front. Bioeng. Biotechnol. 2015, 3, 61.
505. Ispas, C. R.; Crivat, G.; Andreescu, S., Review: Recent Developments in Enzyme-
Based Biosensors for Biomedical Analysis. Anal. Lett. 2012, 45, 168-186.

506. Belkin, S., Microbial Whole-Cell Sensing Systems of Environmental Pollutants.
Curr. Opin. Microbiol. 2003, 6, 206-212.

507. Rensing, C.; Maier, R. M., Issues Underlying Use of Biosensors to Measure Metal
Bioavailability. Ecotoxicol. Environ. Saf. 2003, 56, 140-147.



508. Wang, C. F.; Sun, X. Y.; Su, M.; Wang, Y. P.; Lv, Y. K., Electrochemical
Biosensors Based on Antibody, Nucleic Acid and Enzyme Functionalized Graphene for
the Detection of Disease-Related Biomolecules. Analyst 2020, 145, 1550-1562.

509. Prieto-Simon, B.; Saint, C.; Voelcker, N. H., Electrochemical Biosensors Featuring
Oriented Antibody Immobilization via Electrografted and Self-Assembled Hydrazide
Chemistry. Anal. Chem. 2014, 86, 1422-9.

510. Cesewski, E.; Johnson, B. N., Electrochemical Biosensors for Pathogen Detection.
Biosens. Bioelectron. 2020, 159, 112214.

511. Florea, A.; Melinte, G.; Simon, I.; Cristea, C., Electrochemical Biosensors as
Potential Diagnostic Devices for Autoimmune Diseases. Biosensors (Basel) 2019, 9.

512. Pellitero, M. A.; Shaver, A.; Arroyo-Curras, N., Critical Review—Approaches for
the Electrochemical Interrogation of DNA-Based Sensors: A Critical Review. J.
Electrochem. Soc. 2020, 167, 037529.

513. Holzinger, M.; Le Goff, A.; Cosnier, S., Nanomaterials for Biosensing
Applications: A Review. Front. Chem. 2014, 2, 63.

514. Fritea, L.; Tertis, M.; Sandulescu, R.; Cristea, C., Chapter Eleven - Enzyme—
Graphene Platforms for Electrochemical Biosensor Design With Biomedical Applications.
In Methods in Enzymology, Kumar, C. V., Ed. Academic Press: 2018; Vol. 609, pp 293-
333.

515. Putzbach, W.; Ronkainen, N. J., Immobilization Techniques in the Fabrication of
Nanomaterial-Based Electrochemical Biosensors: A Review. Sensors (Basel) 2013, 13,
4811-4840.

516. Ramnani, P.; Saucedo, N. M.; Mulchandani, A., Carbon Nanomaterial-Based
Electrochemical Biosensors for Label-Free Sensing of Environmental Pollutants.
Chemosphere 2016, 143, 85-98.

517.  Chen, C.; Xie, Q.J.; Yang, D. W.; Xiao, H.L.; Fu, Y. C.; Tan, Y. M.; Yao, S.
Z., Recent Advances in Electrochemical Glucose Biosensors: A Review. RSC Adv. 2013,
3,4473-4491.

518. Campana, A. L.; Florez, S. L.; Noguera, M. J.; Fuentes, O. P.; Ruiz Puentes, P.;
Cruz, J. C.; Osma, J. F., Enzyme-Based Electrochemical Biosensors for Microfluidic
Platforms to Detect Pharmaceutical Residues in Wastewater. Biosensors (Basel) 2019, 9,
41.

519. El Harrad, L.; Bourais, I.; Mohammadi, H.; Amine, A., Recent Advances in
Electrochemical Biosensors Based on Enzyme Inhibition for Clinical and Pharmaceutical
Applications. Sensors (Basel) 2018, 18.

520. Ivanov, A.; Davletshina, R.; Sharafieva, I.; Evtugyn, G., Electrochemical
Biosensor Based on Polyelectrolyte Complexes for the Determination of Reversible
Inhibitors of Acetylcholinesterase. Talanta 2019, 194, 723-730.

521. Kurbanoglu, S.; Ozkan, S. A.; Merkoci, A., Nanomaterials-Based Enzyme
Electrochemical Biosensors Operating through Inhibition for Biosensing Applications.
Biosens. Bioelectron. 2017, 89, 886-898.

522. Vandeput, M.; Parsajoo, C.; Vanheuverzwijn, J.; Patris, S.; Yardim, Y.; le Jeune,
A.; Sarakbi, A.; Mertens, D.; Kauffmann, J. M., Flow-through Enzyme Immobilized
Amperometric Detector for the Rapid Screening of Acetylcholinesterase Inhibitors by
Flow Injection Analysis. J. Pharm. Biomed. Anal. 2015, 102, 267-275.



523. Cai, W.; Xie, S.; Zhang, J.; Tang, D.; Tang, Y., An Electrochemical Impedance
Biosensor for Hg(*") Detection Based on DNA Hydrogel by Coupling with DNAzyme-
Assisted Target Recycling and Hybridization Chain Reaction. Biosens. Bioelectron. 2017,
98, 466-472.

524. Chan, D.; Barsan, M. M.; Korpan, Y.; Brett, C. M. A., L-Lactate Selective
Impedimetric Bienzymatic Biosensor Based on Lactate Dehydrogenase and Pyruvate
Oxidase. Electrochim. Acta 2017, 231, 209-215.

525. Melnik, E.; Muschlin, I.; Wildauer, A.; Raskovic, M.; Schotter, J.; Heilmann,
M.; Ide, D.; Borinski, M.; Lieberzeit, P.; Kataeva, N.; Mutinati, G. C.; Heer, R.;
Hainberger, R., Towards Recycled Paper Based Impedance Biosensor with Wireless
Readout. Proceedings 2017, 1.

526. Mintz Hemed, N.; Convertino, A.; Shacham-Diamand, Y., Alkaline Phosphatase
Detection using Electrochemical Impedance of Anti-Alkaline Phosphatase Antibody
(Ab354) Functionalized Silicon-Nanowire-Forest in Phosphate Buffer Solution. Sens.
Actuators B Chem. 2018, 259, 809-815.

527. Soares, I. P.; da Silva, A. G.; Alves, R. D.; Correa, R. A. M. D.; Ferreira, L. F.;
Franco, D. L., Electrochemical Enzymatic Biosensor for Tyramine Based on Polymeric
Matrix Derived from 4-Mercaptophenylacetic Acid. J. Solid State Electrochem. 2019, 23,
985-995.

528. Sundararam, M.; Janakiraman, K.; Kumar, A. S.; Lakshminarayanan, V.;
Sankaran, K., AC Impedance Measurement for the Enzyme Kinetics of Urea-Urease
System: A Model for Impedimetric Biosensor. B. Mater. Sci. 2020, 43, 77.

529. Wang, T.; Zhou, Y.; Lei, C.; Luo, J.; Xie, S.; Pu, H., Magnetic Impedance
Biosensor: A Review. Biosens. Bioelectron. 2017, 90, 418-435.

530. Grawe, G.F.; de Oliveira, T. R.; de Andrade Narciso, E.; Moccelini, S. K.; Terezo,
A. J.; Soares, M. A.; Castilho, M., Electrochemical Biosensor for Carbofuran Pesticide
Based on Esterases from Eupenicillium shearii FREI-39 Endophytic Fungus. Biosens.
Bioelectron. 2015, 63, 407-413.

531. Arduini, F.; Cinti, S.; Caratelli, V.; Amendola, L.; Palleschi, G.; Moscone, D.,
Origami Multiple Paper-Based Electrochemical Biosensors for Pesticide Detection.
Biosens. Bioelectron. 2019, 126, 346-354.

532. Ersboll, A. K.; Monrad, M.; Sorensen, M.; Baastrup, R.; Hansen, B.; Bach, F.
W.; Tjonneland, A.; Overvad, K.; Raaschou-Nielsen, O., Low-Level Exposure to Arsenic
in Drinking Water and Incidence Rate of Stroke: A Cohort Study in Denmark. Environ. Int.
2018, 120, 72-80.

533. Monrad, M.; Ersboll, A. K.; Sorensen, M.; Baastrup, R.; Hansen, B.;
Gammelmark, A.; Tjonneland, A.; Overvad, K.; Raaschou-Nielsen, O., Low-level
Arsenic in Drinking Water and Risk of Incident Myocardial Infarction: A Cohort Study.
Environ. Res. 2017, 154, 318-324.

534. Roh, T.; Lynch, C. F.; Weyer, P.; Wang, K.; Kelly, K. M.; Ludewig, G., Low-
level Arsenic Exposure from Drinking Water is Associated with Prostate Cancer in lowa.
Environ. Res. 2017, 159, 338-343.

535.  Wang, T.; Milton, R. D.; Abdellaoui, S.; Hickey, D. P.; Minteer, S. D., Laccase
Inhibition by Arsenite/Arsenate: Determination of Inhibition Mechanism and Preliminary
Application to a Self-Powered Biosensor. Anal. Chem. 2016, 88, 3243-3248.



536. Anku, W. W.; Mamo, M. A.; Govender, P. P., Phenolic Compounds in Water:
Sources, Reactivity, Toxicity and Treatment Methods. Phenolic Compounds-Natural
Sources, Importance and Applications 2017, 420-443.

537. Wee, Y.; Park, S.; Kwon, Y. H.; Ju, Y.; Yeon, K. M.; Kim, J., Tyrosinase-
Immobilized CNT-Based Biosensor for Highly-Sensitive Detection of Phenolic
Compounds. Biosens. Bioelectron. 2019, 132, 279-285.

538. Zehani, N.; Fortgang, P.; Saddek Lachgar, M.; Baraket, A.; Arab, M.;
Dzyadevych, S. V.; Kherrat, R.; Jaffrezic-Renault, N., Highly Sensitive Electrochemical
Biosensor for Bisphenol: A Detection Based on a Diazonium-Functionalized Boron-Doped
Diamond Electrode Modified with a Multi-Walled Carbon Nanotube-Tyrosinase Hybrid
Film. Biosens. Bioelectron. 2015, 74, 830-835.

539. Rahemi, V.; Trashin, S.; Hafideddine, Z.; Meynen, V.; Van Doorslaer; De Wael,
K., Enzymatic Sensor for Phenols Based on Titanium Dioxide Generating Surface
Confined ROS after Treatment with H>O,. Sens. Actuators B Chem. 2019, 283, 343-348.
540. Nazari, M.; Kashanian, S.; Rafipour, R., Laccase Immobilization on the Electrode
Surface to Design a Biosensor for the Detection of Phenolic Compound such as Catechol.
Spectrochim. Acta A 2015, 145, 130-138.

541. Gonzalez-Rivera, J. C.; Osma, J. F., Fabrication of an Amperometric Flow-
Injection Microfluidic Biosensor Based on Laccase for in situ Determination of Phenolic
Compounds. Biomed Res. Int. 2015, 2015, 845261.

542. Kohori, N. A.; da Silva, M. K. L.; Cesarino, 1., Evaluation of Graphene Oxide and
Reduced Graphene Oxide in the Immobilization of Laccase Enzyme and its Application in
the Determination of Dopamine. J. Solid State Electrochem. 2018, 22, 141-148.

543. Li,Z.K.; Zheng, Y.J.; Gao, T.T.; Liu, Z. H.; Zhang, J.; Zhou, G. W., Fabrication
of Biosensor Based on Core-Shell and Large Void Structured Magnetic Mesoporous
Microspheres Immobilized with Laccase for Dopamine Detection. J. Mater. Sci. 2018, 53,
7996-8008.

544. Maleki, N.; Kashanian, S.; Maleki, E.; Nazari, M., A Novel Enzyme Based
Biosensor for Catechol Detection in Water Samples using Artificial Neural Network.
Biochem. Eng. J. 2017, 128, 1-11.

545. Molinnus, D.; Sorich, M.; Bartz, A.; Siegert, P.; Willenberg, H. S.; Lisdat, F.;
Poghossian, A.; Keusgen, M.; Schoning, M. J., Towards an Adrenaline Biosensor Based
on Substrate Recycling Amplification in Combination with an Enzyme Logic Gate. Sens.
Actuators B Chem. 2016, 237, 190-195.

546. Rubio-Govea, R.; Hickey, D. P.; Garcia-Morales, R.; Rodriguez-Delgado, M.;
Dominguez-Rovira, M. A.; Minteer, S. D.; Ornelas-Soto, N.; Garcia-Garcia, A., MoS>
Nanostructured Materials for Electrode Modification in the Development of a Laccase-
Based Amperometric Biosensor for Non-Invasive Dopamine Detection. Microchem. J.
2020, 7155, 104792.

547. Silva, T. R.; Vieira, I. C., A Biosensor Based on Gold Nanoparticles Stabilized in
Poly(allylamine hydrochloride) and Decorated with Laccase for Determination of
Dopamine. Analyst 2016, 141, 216-224.

548. Molinnus, D.; Hardt, G.; Siegert, P.; Willenberg, H. S.; Poghossian, A.; Keusgen,
M.; Schoning, M. J., Detection of Adrenaline in Blood Plasma as Biomarker for Adrenal
Venous Sampling. Electroanalysis 2018, 30, 937-942.



549. Lopez, J. C.; Zon, M. A.; Fernandez, H.; Granero, A. M., Development of an
Enzymatic Biosensor to Determine Eugenol in Dental Samples. Talanta 2020, 210, 120647.
550. RoyChoudhury, S.; Umasankar, Y.; Hutcheson, J. D.; Lev-Tov, H. A.; Kirsner,
R. S.; Bhansali, S., Uricase Based Enzymatic Biosensor for Non-Invasive Detection of Uric
Acid by Entrapment in PVA-SbQ Polymer Matrix. Electroanalysis 2018, 30, 2374-2385.

551. Guo, J.; Yuan, C.; Yan, Q.; Duan, Q.; Li, X.; Yi, G., An Electrochemical
Biosensor for MicroRNA-196a Detection Based on Cyclic Enzymatic Signal
Amplification and Template-free DNA Extension Reaction with the Adsorption of
Methylene Blue. Biosens. Bioelectron. 2018, 105, 103-108.

552. Kirishnan, S. K.; Prokhorov, E.; Bahena, D.; Esparza, R.; Meyyappan, M.,
Chitosan-Covered Pd@Pt Core-shell Nanocubes for Direct Electron Transfer in
Electrochemical Enzymatic Glucose Biosensor. ACS Omega 2017, 2, 1896-1904.

553.  Moreno-Guzman, M.; Garcia-Carmona, L.; Molinero-Fernandez, A.; Cava, F.;
Lopez Gil, M. A.; Escarpa, A., Bi-enzymatic Biosensor for On-Site, Fast and Reliable
Electrochemical Detection of Relevant D-Amino Acids in Bacterial Samples. Sens.
Actuators B Chem. 2017, 242, 95-101.

554. Polcari, D.; Perry, S. C.; Pollegioni, L.; Geissler, M.; Mauzeroll, J., Localized
Detection of D-Serine by Using an Enzymatic Amperometric Biosensor and Scanning
Electrochemical Microscopy. ChemElectroChem 2017, 4, 920-926.

555. Lee, I.; Loew, N.; Tsugawa, W.; Ikebukuro, K.; Sode, K., Development of a
Third-Generation Glucose Sensor Based on the Open Circuit Potential for Continuous
Glucose Monitoring. Biosens. Bioelectron. 2019, 124-125, 216-223.

556. Mohan, A. M. V.; Windmiller, J. R.;; Mishra, R. K.; Wang, J., Continuous
Minimally-invasive Alcohol Monitoring Using Microneedle Sensor Arrays. Biosens.
Bioelectron. 2017, 91, 574-579.

557. Ribet, F.; Stemme, G.; Roxhed, N., Ultra-Miniaturization of a Planar
Amperometric Sensor Targeting Continuous Intradermal Glucose Monitoring. Biosens.
Bioelectron. 2017, 90, 577-583.

558.  Zhou, J.; Qiu, X. X.; Su, K. Q.; Xu, G. X.; Wang, P., Disposable Poly (o-
aminophenol)-Carbon Nanotubes Modified Screen Print Electrode-Based Enzyme Sensor
for Electrochemical Detection of Marine Toxin Okadaic Acid. Sens. Actuators B Chem.
2016, 235, 170-178.

559. del Torno-de Roman, L.; Asuncién Alonso-Lomillo, M.; Dominguez-Renedo, O.;
Julia Arcos-Martinez, M., Tyrosinase Based Biosensor for the Electrochemical
Determination of Sulfamethoxazole. Sens. Actuators B Chem. 2016, 227, 48-53.

560. Kurbanoglu, S.; Mayorga-Martinez, C. C.; Medina-Sanchez, M.; Rivas, L.;
Ozkan, S. A.; Merkoci, A., Antithyroid Drug Detection Using an Enzyme Cascade
Blocking in a Nanoparticle-Based Lab-on-a-Chip System. Biosens. Bioelectron. 2015, 67,
670-676.

561. Alvau, M. D.; Tartaggia, S.; Meneghello, A.; Casetta, B.; Calia, G.; Serra, P. A;
Polo, F.; Toffoli, G., Enzyme-Based Electrochemical Biosensor for Therapeutic Drug
Monitoring of Anticancer Drug Irinotecan. Anal. Chem. 2018, 90, 6012-6019.

562. De Wael, K.; De Belder, S.; Pilehvar, S.; Van Steenberge, G.; Herrebout, W.;
Heering, H. A., Enzyme-Gelatin Electrochemical Biosensors: Scaling Down. Biosensors
(Basel) 2012, 2, 101-113.



563. Garcia, L. F.; Benjamin, S. R.; Antunes, R. S.; Lopes, F. M.; Somerset, V. S.;
Gil, E. S., Solanum Melongena Polyphenol Oxidase Biosensor for the Electrochemical
Analysis of Paracetamol. Prep. Biochem. Biotech. 2016, 46, 850-855.

564. Frangu, A.; Pravcova, K.; Silarova, P.; Arbneshi, T.; Sys, M., Flow Injection
Tyrosinase Biosensor for Direct Determination of Acetaminophen in Human Urine. 4nal.
Bioanal. Chem. 2019, 411, 2415-2424.

565. Kumar-Krishnan, S.; Guadalupe-Ferreira Garcia, M.; Prokhorov, E.; Estevez-
Gonzalez, M.; Perez, R.; Esparza, R.; Meyyappan, M., Synthesis of Gold Nanoparticles
Supported on Functionalized Nanosilica using Deep Eutectic Solvent for an
Electrochemical Enzymatic Glucose Biosensor. J. Mater. Chem. B 2017, 5, 7072-7081.
566. Lamas-Ardisana, P. J.; Martinez-Paredes, G.; Anorga, L.; Grande, H. J., Glucose
Biosensor Based on Disposable Electrochemical Paper-Based Transducers Fully
Fabricated by Screen-Printing. Biosens. Bioelectron. 2018, 109, 8-12.

567. Lee,L.; Loew, N.; Tsugawa, W.; Lin, C. E.; Probst, D.; La Belle, J. T.; Sode, K.,
The Electrochemical Behavior of a FAD Dependent Glucose Dehydrogenase with Direct
Electron Transfer Subunit by Immobilization on Self-Assembled Monolayers.
Bioelectrochemistry 2018, 121, 1-6.

568. Kuretake, T.; Kawahara, S.; Motooka, M.; Uno, S., An Electrochemical Gas
Biosensor Based on Enzymes Immobilized on Chromatography Paper for Ethanol Vapor
Detection. Sensors (Basel) 2017, 17.

569. Verma, S.; Choudhary, J.; Singh, K. P.; Chandra, P.; Singh, S. P., Uricase Grafted
Nanoconducting Matrix Based Electrochemical Biosensor for Ultrafast Uric Acid
Detection in Human Serum Samples. Int. J. Biol. Macromol. 2019, 130, 333-341.

570. Farthing, D. E.; Farthing, C. A.; Xi, L., Inosine and Hypoxanthine as Novel
Biomarkers for Cardiac Ischemia: From Bench to Point-of-Care. Exp. Biol. Med.
(Maywood) 2015, 240, 821-831.

571.  Si, Y.; Park,J. W.; Jung, S.; Hwang, G. S.; Goh, E.; Lee, H. J., Layer-by-layer
Electrochemical  Biosensors  Configuring  Xanthine Oxidase and  Carbon
Nanotubes/Graphene Complexes for Hypoxanthine and Uric Acid in Human Serum
Solutions. Biosens. Bioelectron. 2018, 121, 265-271.

572.  Zhou, H.; Yang, C.; Chen, H.; Li, X.; Li, Y.; Fan, X., A Simple G-quadruplex
Molecular Beacon-based Biosensor for Highly Selective Detection of microRNA. Biosens.
Bioelectron. 2017, 87, 552-557.

573. Mandli, J.; Mohammadi, H.; Amine, A., Electrochemical DNA Sandwich
Biosensor Based on Enzyme Amplified microRNA-21 Detection and Gold Nanoparticles.
Bioelectrochemistry 2017, 116, 17-23.

574. Hirst, N. A.; Hazelwood, L. D.; Jayne, D. G.; Millner, P. A., An Amperometric
Lactate Biosensor Using H>O> Reduction via a Prussian Blue Impregnated
Poly(ethyleneimine) Surface on Screen Printed Carbon Electrodes to Detect Anastomotic
Leak and Sepsis. Biosens. Bioelectron. 2013, 186, 674-680.

575. Pita, M.; Gutierrez-Sanchez, C.; Toscano, M. D.; Shleev, S.; De Lacey, A. L.,
Oxygen Biosensor Based on Bilirubin Oxidase Immobilized on a Nanostructured Gold
Electrode. Bioelectrochemistry 2013, 94, 69-74.

576. Jia, X.; Dong, S.; Wang, E., Engineering the Bioelectrochemical Interface Using
Functional Nanomaterials and Microchip Technique Toward Sensitive and Portable
Electrochemical Biosensors. Biosens. Bioelectron. 2016, 76, 80-90.



577. Zhang, C.; Wang, X.; Hou, M.; Li, X.; Wu, X.; Ge, J., Immobilization on Metal-
Organic Framework Engenders High Sensitivity for Enzymatic Electrochemical Detection.
ACS Appl. Mater. Interfaces 2017, 9, 13831-13836.

578. Maiga, M.; Yazgan, I.; Kariuki, V. M.; Demirkol, D. O.; Sadik, O. A.; Timur, S.,
Brilliant Green Sequestered Poly(amic) acid Film for Dual-Mode Detection: Fluorescence
and Electrochemical Enzymatic Biosensor. Sens. Actuators B Chem. 2018, 256, 71-78.
579. Oja, S. M.; Feldman, B.; Eshoo, M. W., Method for Low Nanomolar Concentration
Analyte Sensing Using Electrochemical Enzymatic Biosensors. Anal. Chem. 2018, 90,
1536-1541.

580. Nigam, V. K.; Arfi, T.; Kumar, V.; Shukla, P., Bioengineering of Nitrilases
Towards Its Use as Green Catalyst: Applications and Perspectives. Indian J. Microbiol.
2017, 57, 131-138.

581. Rigoldi, F.; Donini, S.; Redaelli, A.; Parisini, E.; Gautieri, A., Review:
Engineering of Thermostable Enzymes for Industrial Applications. APL Bioeng. 2018, 2,
011501.

582. Sharma, S.; Vaid, S.; Bhat, B.; Singh, S.; Bajaj, B. K., Chapter 17 - Thermostable
Enzymes for Industrial Biotechnology. In Advances in Enzyme Technology, Singh, R. S.;
Singhania, R. R.; Pandey, A.; Larroche, C., Eds. Elsevier: 2019; pp 469-495.

583. Gui, Q.; Lawson, T.; Shan, S.; Yan, L.; Liu, Y., The Application of Whole Cell-
Based Biosensors for Use in Environmental Analysis and in Medical Diagnostics. Sensors
(Basel) 2017, 17.

584. Zhang, F.; Keasling, J., Biosensors and Their Applications in Microbial Metabolic
Engineering. Trends Microbiol. 2011, 19, 323-329.

585. Jouanneau, S.; Durand, M. J.; Courcoux, P.; Blusseau, T.; Thouand, G.,
Improvement of the Identification of Four Heavy Metals in Environmental Samples by
Using Predictive Decision Tree Models Coupled with a Set of Five Bioluminescent
Bacteria. Environ. Sci. Technol. 2011, 45, 2925-2931.

586. Kim, M.; Lim,J. W.; Kim, H. J.; Lee, S. K.; Lee, S. J.; Kim, T., Chemostat-like
Microfluidic Platform for Highly Sensitive Detection of Heavy Metal lons Using Microbial
Biosensors. Biosens. Bioelectron. 2015, 65, 257-264.

587. Xu, X.; Ying, Y. B., Microbial Biosensors for Environmental Monitoring and Food
Analysis. Food Rev. Int. 2011, 27, 300-329.

588. Reshetilov, A. N., Microbial, Enzymatic, and Immune Biosensors for Ecological
Monitoring and Control of Biotechnological Processes. Prikl. Biokhim. Mikrobiol. 2005,
41, 504-513.

589. Reshetilov, A. N.; Donova, M. V.; Dovbnya, D. V.; Boronin, A. M.; Leathers, T.
D.; Greene, R. V., FET-Microbial Sensor for Xylose Detection Based on Gluconobacter
oxydans Cells. Biosens. Bioelectron. 1996, 11, 401-408.

590. Reshetilov, A. N.; Iliasov, P. V.; Donova, M. V.; Dovbnya, D. V.; Boronin, A.
M.; Leathers, T. D.; Greene, R. V., Evaluation of a Gluconobacter oxydans Whole Cell
Biosensor for Amperometric Detection of Xylose. Biosens. Bioelectron. 1997, 12,241-247.
591. Aller, A. J.; Castro, M. A., Live Bacterial Cells as Analytical Tools for Speciation
Analysis: Hypothetical or Practical? TrAC - Trend. Anal. Chem. 2006, 25, 887-898.

592. Reshetilov, A. N.; Efremov, D. A.; Iliasov, P. V.; Boronin, A. M.; Kukushskin,
N. L; Greene, R. V.; Leathers, T. D., Effects of High Oxygen Concentrations on Microbial



Biosensor Signals. Hyperoxygenation by Means of Perfluorodecalin. Biosens. Bioelectron.
1998, 13, 795-799.

593. Chang, H. J.; Voyvodic, P. L.; Zuniga, A.; Bonnet, J., Microbially Derived
Biosensors for Diagnosis, Monitoring and Epidemiology. Microb. Biotechnol. 2017, 10,
1031-1035.

594. Divies, C., [Remarks on Ethanol Oxidation by an "Acetobacter xylinum" Microbial
Electrode (author's transl)]. Ann. Microbiol. (Paris) 1975, 126, 175-186.

595. Singh, J.; Mittal, S. K., Chlorella sp Based Biosensor for Selective Determination
of Mercury in Presence of Silver lons. Sens. Actuators B Chem. 2012, 165, 48-52.

596. Alpat, S.; Alpat, S. K.; Cadirci, B. H.; Yasa, I.; Telefoncu, A., A Novel Microbial
Biosensor Based on Circinella sp.-Modified Carbon Paste Electrode and its Voltammetric
Application. Sens. Actuators B Chem. 2008, 134, 175-181.

597. Zaib, M.; Saeed, A.; Hussain, [.; Athar, M. M.; Igbal, M., Voltammetric Detection
of As(IIT) with Porphyridium cruentum Based Modified Carbon Paste Electrode Biosensor.
Biosens. Bioelectron. 2014, 62, 242-248.

598.  Yuce, M.; Nazir, H.; Donmez, G., Using of Rhizopus arrhizus as a Sensor
Modifying Component for Determination of Pb(II) in Aqueous Media by Voltammetry.
Bioresour. Technol. 2010, 101, 7551-7555.

599. Yuce, M.; Nazir, H.; Donmez, G., Utilization of Heat-Dried Pseudomonas
aeruginosa Biomass for Voltammetric Determination of Pb(Il). Nat. Biotechnol. 2011, 28,
356-361.

600. Chee, G. J., A Novel Whole-Cell Biosensor for the Determination of
Trichloroethylene. Sens. Actuators B Chem. 2016, 237, 836-840.

601. Hnaien, M.; Bourigua, S.; Bessueille, F.; Bausells, J.; Errachid, A.; Lagarde, F.;
Jaffrezic-Renault, N., Impedimetric Microbial Biosensor Based on Single Wall Carbon
Nanotube Modified Microelectrodes for Trichloroethylene Detection. Electrochim. Acta
2011, 56, 10353-10358.

602. Valach, M.; Katrlik, J.; Sturdik, E.; Gemeiner, P., Ethanol Gluconobacter
Biosensor Designed for Flow Injection Analysis Application in Ethanol Fermentation Off-
line Monitoring. Sens. Actuators B Chem. 2009, 138, 581-586.

603. Akyilmaz, E.; Dinckaya, E., An Amperometric Microbial Biosensor Development
Based on Candida tropicalis Yeast Cells for Sensitive Determination of Ethanol. Biosens.
Bioelectron. 2005, 20, 1263-1272.

604. Wen, G. M.; Shuang, S. M.; Dong, C.; Choi, M. M. F., An Ethanol Biosensor
Based on a Bacterial Cell-Immobilized Eggshell Membrane. Chin. Chem. Lett. 2012, 23,
481-483.

605. Babu, V.R.; Patra, S.; Karanth, N. G.; Kumar, M. A.; Thakur, M. S., Development
of a Biosensor for Caffeine. Anal. Chim. Acta 2007, 582, 329-334.

606. Li, L.; Liang, B.; Li, F.; Shi, J; Mascini, M.; Lang, Q.; Liu, A., Co-
immobilization of Glucose Oxidase and Xylose Dehydrogenase Displayed Whole Cell on
Multiwalled Carbon Nanotube Nanocomposite Films Modified Electrode for Simultaneous
Voltammetric Detection of D-glucose and D-xylose. Biosens. Bioelectron. 2013, 42, 156-
162.

607. Akyilmaz, E.; Guvenc, C.; Koylu, H., A Novel Microbial Biosensor System Based
on C. tropicalis Yeast Cells for Selective Determination of L-Ascorbic Acid.
Bioelectrochemistry 2020, 132, 107420.



608. Tuncagil, S.; Odaci, D.; Yidiz, E.; Timur, S.; Toppare, L., Design of a Microbial
Sensor Using Conducting Polymer of 4-(2,5-di(thiophen-2-yl)-1H-pyrrole-1-1)
Benzenamine. Sens. Actuators B Chem. 2009, 137, 42-47.

609. Cevik, E.; Cerit, A.; Tombuloglu, H.; Sabit, H.; Yildiz, H. B., Electrochemical
Glucose Biosensors: Whole Cell Microbial and Enzymatic Determination Based on 10-
(4H-Dithieno[3,2-b:2',3'-d]Pyrrol-4-yl)Decan-1-Amine  Interfaced Glassy Carbon
Electrodes. Anal. Lett. 2018, 52, 1138-1152.

610. Akyilmaz, E.; Turemis, M.; Yasa, 1., Voltammetric Determination of Epinephrine
by White Rot Fungi (Phanerochaete chrysosporium ME446) Cells Based Microbial
Biosensor. Biosens. Bioelectron. 2011, 26, 2590-2594.

611. Smutok, O.; Dmytruk, K.; Gonchar, M.; Sibirny, A.; Schuhmann, W.,
Permeabilized Cells of Flavocytochrome B2 Over-Producing Recombinant Yeast
Hansenula polymorpha as Biological Recognition Element in Amperometric Lactate
Biosensors. Biosens. Bioelectron. 2007, 23, 599-605.

612. Holzmeister, P.; Acuna, G. P.; Grohmann, D.; Tinnefeld, P., Breaking the
Concentration Limit of Optical Single-molecule Detection. Chem. Soc. Rev. 2014, 43,
1014-28.

613. Gooding, J. J.; Gaus, K., Single-Molecule Sensors: Challenges and Opportunities
for Quantitative Analysis. Angew. Chem. Int. Ed. 2016, 55, 11354-11366.

614. Yu,R.J; Ying, Y. L.; Gao,R.;Long, Y. T., Confined Nanopipette Sensing: From
Single Molecules, Single Nanoparticles, to Single Cells. Angew. Chem. Int. Ed. 2019, 58,
3706-3714.

615. Lu, S. M.; Peng, Y.Y.; Ying, Y. L.; Long, Y. T., Electrochemical Sensing at a
Confined Space. Anal. Chem. 2020, 92, 5621-5644.

616. Ying, Y.L.; Gao,R.; Hu, Y. X.; Long, Y. T., Electrochemical Confinement Effects
for Innovating New Nanopore Sensing Mechanisms. Small Methods 2018, 2, 1700390.
617. Ying, Y. L.; Long, Y. T., Nanopore-Based Single-biomolecule Interfaces: From
Information to Knowledge. J. Am. Chem. Soc. 2019, 141, 15720-15729.

618. Venkatesan, B. M.; Bashir, R., Nanopore Sensors for Nucleic Acid Analysis. Nat.
Nanotechnol. 2011, 6, 615-24.

619. Deamer, D.; Akeson, M.; Branton, D., Three Decades of Nanopore Sequencing.
Nat. Biotechnol. 2016, 34, 518-524.

620. Ying, Y. L.; Zhang, J.; Gao, R.; Long, Y. T., Nanopore-Based Sequencing and
Detection of Nucleic Acids. Angew. Chem. Int. Ed. 2013, 52, 13154-61.

621. Ying, Y.-L.; Cao, C.; Hu, Y.-X,; Long, Y.-T., A Single Biomolecule Interface for
Advancing the Sensitivity, Selectivity and Accuracy of Sensors. Nat. Sci. Rev. 2018, 5, 450.
622. Shi, W.; Friedman, A. K.; Baker, L. A., Nanopore Sensing. Anal. Chem. 2017, 89,
157-188.

623. Zhang,J.; Zhou, J.; Pan, R.; Jiang, D.; Burgess, J. D.; Chen, H. Y., New Frontiers
and Challenges for Single-Cell Electrochemical Analysis. ACS Sens. 2018, 3, 242-250.
624. Nascimento, R. A.; Ozel, R. E.;; Mak, W. H.; Mulato, M.; Singaram, B.;
Pourmand, N., Single Cell "Glucose Nanosensor" Verifies Elevated Glucose Levels in
Individual Cancer Cells. Nano Lett. 2016, 16, 1194-200.

625. Song, J.; Xu, C. H.; Huang, S. Z.; Lei, W.; Ruan, Y. F.; Lu, H.J.; Zhao, W_;
Xu, J. J.; Chen, H. Y., Ultrasmall Nanopipette: Toward Continuous Monitoring of Redox
Metabolism at Subcellular Level. Angew. Chem. Int. Ed. 2018, 57, 13226-13230.



626. Ying, Y. L.; Hu, Y. X.; Gao, R;; Yu, R.J.; Gu, Z; Lee, L. P.; Long, Y. T.,
Asymmetric Nanopore Electrode-Based Amplification for Electron Transfer Imaging in
Live Cells. J. Am. Chem. Soc. 2018, 140, 5385-5392.

627. Liu,S.C.; Li,M. X,; Li,M.Y.; Wang, Y.Q.; Ying, Y.L.; Wan, Y. J.; Long, Y.
T., Measuring a Frequency Spectrum for Single-Molecule Interactions with a Confined
Nanopore. Faraday Discuss. 2018, 210, 87-99.

628. Li,M.-Y.; Ying, Y.-L.; Fu, X.-X.; Yu,J.; Liu, S.-C.; Wang, Y.-Q.; Li, S.; Cao,
C.; Wan, Y.-J.,; Long, Y.-T., Resolving the Dynamic Non-Covalent Interaction inside
Protein Channel by Single-Molecule Interaction Spectrum. ChemRxiv. Preprint 2018.
629. Carrette, L.; Friedrich, K. A.; Stimming, U., Fuel Cells - Fundamentals and
Applications. Fuel Cells 2001, 1, 5-39.

630. Calabrese Barton, S.; Gallaway, J.; Atanassov, P., Enzymatic Biofuel Cells for
Implantable and Microscale Devices. Chem. Rev. 2004, 104, 4867-4886.

631. Meredith, M. T.; Minteer, S. D., Biofuel Cells: Enhanced Enzymatic
Bioelectrocatalysis. Annu. Rev. Anal. Chem. 2012, 5, 157-179.

632. Zhu, Z. G.; Wang, Y. R.; Minteer, S. D.; Zhang, Y. H. P., Maltodextrin-Powered
Enzymatic Fuel Cell Through a Non-Natural Enzymatic Pathway. J. Power Sources 2011,
196, 7505-7509.

633. Leech, D.; Kavanagh, P.; Schuhmann, W., Enzymatic Fuel Cells: Recent Progress.
Electrochim. Acta 2012, 84, 223-234.

634. Reid, R. C.; Minteer, S. D.; Gale, B. K., Contact Lens Biofuel Cell Tested in a
Synthetic Tear Solution. Biosens. Bioelectron. 2015, 68, 142-148.

635. Xiao, X.; Xia, H. Q.; Wu, R.; Bai, L.; Yan, L.; Magner, E.; Cosnier, S.; Lojou,
E.; Zhu, Z.; Liu, A., Tackling the Challenges of Enzymatic (Bio)Fuel Cells. Chem. Rev.
2019, 119, 9509-9558.

636. Cass, A. E.; Davis, G.; Francis, G. D.; Hill, H. A.; Aston, W. J.; Higgins, L. J.;
Plotkin, E. V.; Scott, L. D.; Turner, A. P., Ferrocene-mediated Enzyme Electrode for
Amperometric Determination of Glucose. Anal. Chem. 1984, 56, 667-671.

637. Sales, F. C.; lost, R. M.; Martins, M. V.; Almeida, M. C.; Crespilho, F. N., An
Intravenous Implantable Glucose/Dioxygen Biofuel Cell with Modified Flexible Carbon
Fiber Electrodes. Lab Chip 2013, 13, 468-74.

638. Sakai, H.; Nakagawa, T.; Tokita, Y.; Hatazawa, T.; lkeda, T.; Tsujimura, S.;
Kano, K., A High-power Glucose/Oxygen Biofuel Cell Operating under Quiescent
Conditions. Energy Environ. Sci. 2009, 2, 133-138.

639. Moehlenbrock, M. J.; Minteer, S. D., Extended Lifetime Biofuel Cells. Chem Soc
Rev 2008, 37, 1188-96.

640. Shim, J.; Kim, G. Y.; Moon, S. H., Covalent Co-Immobilization of Glucose
Oxidase and Ferrocenedicarboxylic Acid for an Enzymatic Biofuel Cell. J. Electroanal.
Chem. 2011, 653, 14-20.

641. Gonzalez-Guerrero, M. J.; Del Campo, F. J.; Esquivel, J. P.; Leech, D.; Sabate,
N., Paper-Based Microfluidic Biofuel Cell Operating under Glucose Concentrations within
Physiological Range. Biosens. Bioelectron. 2017, 90, 475-480.

642. Al-Lolage, F. A.; Meneghello, M.; Ma, S.; Ludwig, R.; Bartlett, P. N., A Flexible
Method for the Stable, Covalent Immobilization of Enzymes at Electrode Surfaces.
ChemElectroChem 2017, 4, 1528-1534.



643. Ruff, A.; Pinyou, P.; Nolten, M.; Conzuelo, F.; Schuhmann, W., A Self-Powered
Ethanol Biosensor. ChemElectroChem 2017, 4, 890—-897.

644. Miyake, T.; Yoshino, S.; Yamada, T.; Hata, K.; Nishizawa, M., Self-Regulating
Enzyme-Nanotube Ensemble Films and Their Application as Flexible Electrodes for
Biofuel Cells. J. Am. Chem. Soc. 2011, 133, 5129-5134.

645. Peterbauer, C. K., Pyranose Dehydrogenases: Rare Enzymes for Electrochemistry
and Biocatalysis. Bioelectrochemistry 2020, 132, 107399.

646. Xu, L.; Armstrong, F. A., Optimizing the Power of Enzyme-based Membrane-less
Hydrogen Fuel Cells for Hydrogen-rich H»-air Mixtures. Energy Environ. Sci. 2013, 6,
2166-2171.

647. Mazurenko, I.; Monsalve, K.; Infossi, P.; Guidici-Orticoni, M.-T.; Topin, F.;
Mano, N.; Lojou, E., Impact of Substrate Diffusion and Enzyme Distribution in 3D-Porous
Electrodes: A Combined Electrochemical and Modelling Study of a Thermostable H»/O>
Enzymatic Fuel Cell. Energy Environ. Sci. 2017, 10, 1966-1982.

648. Cracknell, J. A.; Vincent, K. A.; Armstrong, F. A., Enzymes as Working or
Inspirational Electrocatalysts for Fuel Cells and Electrolysis. Chem Rev 2008, 108, 2439-
2461.

649. Coman, V.; Ludwig, R.; Harreither, W.; Haltrich, D.; Gorton, L.; Ruzgas, T.;
Shleev, S., A Direct Electron Transfer-Based Glucose/Oxygen Biofuel Cell Operating in
Human Serum. Fuel Cells 2010, 10, 9-16.

650. Ortiz, R.; Rahman, M.; Zangrilli, B.; Sygmund, C.; Micheelsen, P. O.; Silow,
M.; Toscano, M. D.; Ludwig, R.; Gorton, L., Engineering of Cellobiose Dehydrogenases
for Improved Glucose Sensitivity and Reduced Maltose Affinity. ChemElectroChem 2017,
4, 846-855.

651. Yoshida, H.; Sakai, G.; Mori, K.; Kojima, K.; Kamitori, S.; Sode, K., Structural
Analysis of Fungus-derived FAD Glucose Dehydrogenase. Sci. Rep. 2015, 5, 13498.

652. Du Toit, H.; Di Lorenzo, M., Glucose Oxidase Directly Immobilized onto Highly
Porous Gold Electrodes for Sensing and Fuel Cell Applications. Electrochim. Acta 2014,
138, 86-92.

653. Le Goff, A.; Holzinger, M.; Cosnier, S., Recent Progress in Oxygen-reducing
Laccase Biocathodes for Enzymatic Biofuel Cells. Cell. Mol. Life Sci. 2015, 72, 941-952.
654. Mano, N.; de Poulpiquet, A., O> Reduction in Enzymatic Biofuel Cells. Chem. Rev.
2018, 718, 2392-2468.

655. Elouarzaki, K.; Bourourou, M.; Holzinger, M.; Le Goff, A.; Marks, R. S.; Cosnier,
S., Freestanding HRP—GOx Redox Buckypaper as an Oxygen-Reducing Biocathode for
Biofuel Cell Applications. Energy Environ. Sci. 2015, 8, 2069-2074.

656. Abreu, C.; Nedellec, Y.; Ondel, O.; Buret, F.; Cosnier, S.; Le Goff, A.; Holzinger,
M., Glucose Oxidase Bioanodes for Glucose Conversion and H>O, Production for
Horseradish Peroxidase Biocathodes in a Flow Through Glucose Biofuel Cell Design. J.
Power Sources 2018, 392, 176-180.

657. Cooney, M. J.; Svoboda, V.; Lau, C.; Martin, G.; Minteer, S. D., Enzyme
Catalysed Biofuel Cells. 2008 2008, /, 320-337.

658. Xu, S.; Minteer, S. D., Enzymatic Biofuel Cell for Oxidation of Glucose to COx.
ACS Catal. 2012, 2, 91-94.



659. Germain, M. N.; Arechederra, R. L.; Minteer, S. D., Nitroaromatic Actuation of
Mitochondrial Bioelectrocatalysis for Self-Powered Explosive Sensors. J. Am. Chem. Soc.
2008, /30, 15272-15273.

660. Arechederra, M. N.; Fischer, C. N.; Wetzel, D. J.; Minteer, S. D., Evaluation of
the Electron Transport Chain Inhibition and Uncoupling of Mitochondrial
Bioelectrocatalysis with Antibiotics and Nitro-Based Compounds. Electrochim. Acta 2010,
56, 938-944.

661. Arechederra, R. L.; Boehm, K.; Minteer, S. D., Mitochondrial Bioelectrocatalysis
for Biofuel Cell Applications. Electrochim. Acta 2009, 54, 7268-7273.

662. Arechederra, R. L.; Waheed, A.; Sly, W. S.; Minteer, S. D., Electrically Wired
Mitochondrial Electrodes for Measuring Mitochondrial Function for Drug Screening.
Analyst 2011, 136, 3747-3752.

663. Maltzman, S. L.; Minteer, S. D., Mitochondrial-Based Voltammetric Sensor for
Pesticides. Anal. Methods 2012, 4, 1202-1206.

664. Wang, T.; Reid, R. C.; Minteer, S. D., A Paper-Based Mitochondrial
Electrochemical Biosensor for Pesticide Detection. Electroanalysis 2016, 28, 854-859.
665. Bosire, E. M.; Blank, L. M.; Rosenbaum, M. A., Strain- and Substrate-dependent
Redox Mediator and Electricity Production by Pseudomonas aeruginosa. Appl. Environ.
Microbiol. 2016, 82, 5026-5038.

666. Angelaalincy, M. J.; Krishnaraj, R. N.; Shakambari, G.; Ashokkumar, B.;
Kathiresan, S.; Varalakshmi, P., Biofilm Engineering Approaches for Improving the
Performance of Microbial Fuel Cells and Bioelectrochemical Systems. Front. Energy Res.
2018, 6.

667. Bosire, E. M.; Rosenbaum, M. A., Electrochemical Potential Influences Phenazine
Production, Electron Transfer and Consequently Electric Current Generation by
Pseudomonas aeruginosa. Front. Microbiol. 2017, 8, 892.

668. Deng,F.; Sun,J.; Hu, Y. Y.; Chen,J.F.; Li,S. Z.; Chen, J.; Zhang, Y. P., Biofilm
Evolution and Viability During in situ Preparation of a Graphene/Exoelectrogen
Composite Biofilm Electrode for a High-Performance Microbial Fuel Cell. RSC Adv. 2017,
7,42172-42179.

669. Logan, B. E.; Hamelers, B.; Rozendal, R.; Schroder, U.; Keller, J.; Freguia, S.;
Aclterman, P.; Verstracte, W.; Rabaey, K., Microbial Fuel Cells: Methodology and
Technology. Environ. Sci. Technol. 2006, 40, 5181-5192.

670. Martinez, C. M.; Alvarez, L. H., Application of Redox Mediators in
Bioelectrochemical Systems. Biotechnol. Adv. 2018, 36, 1412-1423.

671. Speers, A. M.; Reguera, G., Electron Donors Supporting Growth and
Electroactivity of Geobacter sulfurreducens Anode Biofilms. Appl. Environ. Microbiol.
2012, 78, 437-444.

672. Do, M. H.; Ngo, H. H.; Guo, W. S.; Liu, Y.; Chang, S. W.; Nguyen, D. D.;
Nghiem, L. D.; Ni, B. J., Challenges in the Application of Microbial Fuel Cells to
Wastewater Treatment and Energy Production: A Mini-review. Sci.Total Environ. 2018,
639, 910-920.

673. Fan, L.-p.; Xue, S., Overview on Electricigens for Microbial Fuel Cell. Open
Biotechnol. J. 2016, 10, 398-406.



674. He, L.; Du, P; Chen, Y. Z.; Lu, H. W.; Cheng, X.; Chang, B.; Wang, Z.,
Advances in Microbial Fuel Cells for Wastewater Treatment. Renew. Sust. Energ. Rev.
2017, 71, 388-403.

675. Mateo, S.; Canizares, P.; Fernandez-Morales, F. J.; Rodrigo, M. A., A Critical
View of Microbial Fuel Cells: What Is the Next Stage? ChemSusChem 2018, 11, 4183-
4192.

676. Daverey, A.; Pandey, D.; Verma, P.; Verma, S.; Shah, V.; Dutta, K ;
Arunachalam, K., Recent Advances in Energy Efficient Biological Treatment of Municipal
Wastewater. Bioresource Tech. Rep. 2019, 7.

677. Liang, P.; Duan, R.; Jiang, Y.; Zhang, X.; Qiu, Y.; Huang, X., One-year Operation
of 1000-L Modularized Microbial Fuel Cell for Municipal Wastewater Treatment. Water
Res. 2018, 141, 1-8.

678. Sahu, O., Sustainable and Clean Treatment of Industrial Wastewater with Microbial
Fuel Cell. Results Eng. 2019, 4.

679. Kim, T.; An,J.; Jang, J. K.; Chang, I. S., Determination of Optimum Electrical
Connection Mode for Multi-Electrode-Embedded Microbial Fuel Cells Coupled with
Anaerobic Digester for Enhancement of Swine Wastewater Treatment Efficiency and
Energy Recovery. Bioresour. Technol. 2020, 297, 122464.

680. Yu, D.; Bai, L.; Zhai, J.; Wang, Y.; Dong, S., Toxicity Detection in Water
Containing Heavy Metal Ions with a Self-Powered Microbial Fuel Cell-Based Biosensor.
Talanta 2017, 168, 210-216.

681. Dannys, E. G., T.; Wettlaufer, A.; Madhurnathakam, C. M. R.; Elkamel, A.,
Wastewater Treatment with Microbial Fuel Cells: A Design and Feasibility Study for
Scale-Up in Microbreweries. J. Bioprocess Biotech. 2016, 6, 1000267-1000273.

682. Choudhury, P.; Prasad Uday, U. S.; Bandyopadhyay, T. K.; Ray, R. N.; Bhunia,
B., Performance Improvement of Microbial Fuel Cell (MFC) Using Suitable Electrode and
Bioengineered Organisms: A Review. Bioengineered 2017, 8, 471-487.

683. Jo, J.; Price-Whelan, A.; Cornell, W. C.; Dietrich, L. E. P., Interdependency of
Respiratory Metabolism and Phenazine-Associated Physiology in Pseudomonas
aeruginosa PA14. J. Bacteriol. 2020, 202.

684. Inoue, K.; Qian, X.; Morgado, L.; Kim, B. C.; Mester, T.; Izallalen, M.;
Salgueiro, C. A.; Lovley, D. R., Purification and Characterization of OmcZ, an Outer-
Surface, Octaheme c-Type Cytochrome Essential for Optimal Current Production by
Geobacter sulfurreducens. Appl. Environ. Microbiol. 2010, 76, 3999-4007.

685. Shi, L.; Richardson, D. J.; Wang, Z.; Kerisit, S. N.; Rosso, K. M.; Zachara, J.
M.; Fredrickson, J. K., The Roles of Outer Membrane Cytochromes of Shewanella and
Geobacter in Extracellular Electron Transfer. Environ. Microbiol. Rep. 2009, 1, 220-227.
686. Ueki, T.; Walker, D. J. F.; Woodard, T. L.; Nevin, K. P.; Nonnenmann, S. S.;
Lovley, D. R., An Escherichia coli Chassis for Production of Electrically Conductive
Protein Nanowires. ACS Synth. Biol. 2020, 9, 647-654.

687. Park, D. H.; Zeikus, J. G., Electricity Generation in Microbial Fuel Cells Using
Neutral Red as an Electronophore. Appl. Environ. Microbiol. 2000, 66, 1292-1297.

688. Park, D. H.; Zeikus, J. G., Improved Fuel Cell and Electrode Designs for Producing
Electricity from Microbial Degradation. Biotechnol. Bioeng. 2003, 81, 348-355.



689. Grattieri, M.; Rhodes, Z.; Hickey, D. P.; Beaver, K.; Minteer, S. D.,
Understanding Biophotocurrent Generation in Photosynthetic Purple Bacteria. ACS Catal.
2018, 9, 867-873.

690. Han, T. H.; Cho, M. H.; Lee, J., Indole Oxidation Enhances Electricity Production
in an E. coli-catalyzed Microbial Fuel Cell. Biotechnol. Bioprocess Eng. 2014, 19, 126-
131.

691. Velasquez-Orta, S. B.; Head, I. M.; Curtis, T. P.; Scott, K.; Lloyd, J. R.; von
Canstein, H., The Effect of Flavin Electron Shuttles in Microbial Fuel Cells Current
Production. Appl. Microbiol. Biotechnol. 2010, 85, 1373-1381.

692. Pierson, L. S., 3rd; Pierson, E. A., Metabolism and Function of Phenazines in
Bacteria: Impacts on the Behavior of Bacteria in the Environment and Biotechnological
Processes. Appl. Environ. Microbiol. 2010, 86, 1659-1670.

693. Ali, N.; Anam, M.; Yousaf, S.; Maleeha, S.; Bangash, Z., Characterization of the
Electric Current Generation Potential of the Pseudomonas aeruginosa Using Glucose,
Fructose, and Sucrose in Double Chamber Microbial Fuel Cell. Iran. J. Biotechnol. 2017,
15,216-223.

694. Islam, M. A. E., B.; Cheng, C. K.; Yousuf; A.; Khan, M. M. R., An Insight of
Synergy between Pseudomonas aeruginosa and Klebsiella variicola in a Microbial Fuel
Cell. ACS Sustainable Chem. Eng. 2019, 6, 4130-4137.

695. Le Borgne, S.; Paniagua, D.; Vazquez-Duhalt, R., Biodegradation of Organic
Pollutants by Halophilic Bacteria and Archaea. J. Mol. Microbiol. Biotechnol. 2008, 15,
74-92.

696. Gaftney, E. M.; Grattieri, M.; Beaver, K.; Pham, J.; McCartney, C.; Minteer, S.
D., Unveiling Salinity Effects on Photo-Bioelectrocatalysis Through Combination of
Bioinformatics and Electrochemistry. Electrochim. Acta 2020, 337, 135731.

697. Gratzel, M., Photoelectrochemical Cells. Nature 2001, 414, 338-344.

698. Kabir, E.; Kumar, P.; Kumar, S.; Adelodun, A. A.; Kim, K. H., Solar Energy:
Potential and Future Prospects. Renew. Sust. Energ. Rev. 2018, 82, 894-900.

699. Chen, C.Y.; Wang, M.; Li,J. Y.; Pootrakulchote, N.; Alibabaei, L.; Ngoc-le, C.
H.; Decoppet, J. D.; Tsai, J. H.; Gratzel, C.; Wu, C. G.; Zakeeruddin, S. M.; Gratzel,
M., Highly Efficient Light-harvesting Ruthenium Sensitizer for Thin-Film Dye-Sensitized
Solar Cells. ACS Nano 2009, 3, 3103-3109.

700. Wu, W.; Xu, X.; Yang, H.; Hua, J.; Zhang, X.; Zhang, L.; Long, Y.; Tian, H.,
D-n—M-n—A Structured Platinum Acetylide Sensitizer for Dye-Sensitized Solar Cells. J.
Mater. Chem. 2011, 21, 10666-10671.

701. Mozaffari, S.; Nateghi, M. R.; Zarandi, M. B., An Overview of the Challenges in
the Commercialization of Dye Sensitized Solar Cells. Renew. Sust. Energ. Rev. 2017, 71,
675-686.

702.  White, J. L.; Baruch, M. F.; Pander Iii, J. E.; Hu, Y.; Fortmeyer, I. C.; Park, J.
E.; Zhang, T.; Liao, K.; Gu,J.; Yan, Y.; Shaw, T. W.; Abelev, E.; Bocarsly, A. B.,
Light-Driven Heterogeneous Reduction of Carbon Dioxide: Photocatalysts and
Photoelectrodes. Chem. Rev. 2015, 115, 12888-12935.

703. Li, J. T.,; Wu, N. Q. Semiconductor-Based Photocatalysts and
Photoelectrochemical Cells for Solar Fuel Generation: A Review. Catal. Sci. Technol. 2015,
5,1360-1384.



704. Kornienko, N.; Zhang, J. Z.; Sakimoto, K. K.; Yang, P.; Reisner, E., Interfacing
Nature's Catalytic Machinery with Synthetic Materials for Semi-artificial Photosynthesis.
Nat. Nanotechnol. 2018, 13, 890-899.

705. Zhang, X. B.; Xiao, X. X.; Zhu, B. T.; Zhao, C. G.; Yang, S. P.; Fu, Q. M.,
Enhancing Natural BChl A Adsorption Capacity and Photoelectric Performance of BChl
A-Based DSSC by Improving TiO2 Photoanode. Int. J. Electrochem. Sci 2018, 13, 6598-
6607.

706.  Grattieri, M., Purple Bacteria Photo-Bioelectrochemistry: Enthralling Challenges
and Opportunities. Photochem. Photobiol. Sci. 2020, 19, 424-435.

707.  Guo, K. W., Chapter 15 - Biofuel Cells With Enzymes as a Catalyst. In New and
Future Developments in Microbial Biotechnology and Bioengineering, Srivastava, N.;
Srivastava, M.; Mishra, P. K.; Ramteke, P. W_; Singh, R. L., Eds. Elsevier: 2019; pp 261-
282.

708. Sahoo, P. C.; Pant, D.; Kumar, M.; Puri, S. K.; Ramakumar, S. S. V., Material-
Microbe Interfaces for Solar-Driven CO; Bioelectrosynthesis. Trends Biotechnol. 2020.
709. Cestellos-Blanco, S.; Zhang, H.; Kim, J. M.; Shen, Y. X.; Yang, P. D.,
Photosynthetic Semiconductor Biohybrids for Solar-Driven Biocatalysis. Nat. Catal. 2020,
3,245-255.

710. Liu, C.; Gallagher, J. J.; Sakimoto, K. K.; Nichols, E. M.; Chang, C. J.; Chang,
M. C.; Yang, P., Nanowire-Bacteria Hybrids for Unassisted Solar Carbon Dioxide Fixation
to Value-Added Chemicals. Nano Lett. 2015, 15, 3634-3639.

711. Nishio, K.; Hashimoto, K.; Watanabe, K., Light/Electricity Conversion by Defined
Cocultures of Chlamydomonas and Geobacter. J. Biosci. Bioeng. 2013, 115, 412-417.
712.  Liu, L.; Choi, S., Self-Sustaining, Solar-Driven Bioelectricity Generation in Micro-
Sized Microbial Fuel Cell Using Co-Culture of Heterotrophic and Photosynthetic Bacteria.
J. Power Sources 2017, 348, 138-144.

713.  Jones, A. K.; Bayer, T.; Bibby, T.; Cronin, L.; Golbeck, J.; Kramer, D. M.;
Matsumura, 1., Plug and Play Photosynthesis. Chem. Ind. 2012, 76, 42-45.

714. Xiao, L.; Young, E. B.; Grothjan,J. J.; Lyon, S.; Zhang, H. S.; He, Z., Wastewater
Treatment and Microbial Communities in an Integrated Photo-Bioelectrochemical System
Affected by Different Wastewater Algal Inocula. Algal Res. 2015, 12, 446-454.

715.  Wei, X. J.; Lee, H.; Choi, S., Biopower Generation in a Microfluidic Bio-Solar
Panel. Sens. Actuators B Chem. 2016, 228, 151-155.

716. Bombelli, P.; Muller, T.; Herling, T. W.; Howe, C. J.; Knowles, T. P., A High
Power-Density, Mediator-Free, Microfluidic Biophotovoltaic Device for Cyanobacterial
Cells. Adv. Energy Mater. 2015, 5, 1-6.

717. Sawa, M.; Fantuzzi, A.; Bombelli, P.; Howe, C. J.; Hellgardt, K.; Nixon, P. J.,
Electricity Generation from Digitally Printed Cyanobacteria. Nat. Commun. 2017, 8, 1327.
718.  Wey, L. T.; Bombelli, P.; Chen, X.; Lawrence, J. M.; Rabideau, C. M.; Rowden,
S.J.L.; Zhang, J. Z.; Howe, C. J., The Development of Biophotovoltaic Systems for Power
Generation and Biological Analysis. ChemElectroChem 2019, 6, 5375-5386.

719.  Kim, M. J.; Bai, S.J.; Youn, J. R.; Song, Y. S., Anomalous Power Enhancement
of Biophotovoltaic Cell. J. Power Sources 2019, 412,301-310.

720. Tschortner, J.; Lai, B.; Kromer, J. O., Biophotovoltaics: Green Power Generation
From Sunlight and Water. Front. Microbiol. 2019, 10, 866.



721. Joshi, S.; Cook, E.; Mannoor, M. S., Bacterial Nanobionics via 3D Printing. Nano
Lett. 2018, 18, 7448-7456.

722. Gul, M. M.; Ahmad, K. S., Bioelectrochemical systems: Sustainable Bio-energy
Powerhouses. Biosens. Bioelectron. 2019, 142, 111576.

723. Al-Mamun, A.; Ahmad, W.; Baawain, M. S.; Khadem, M.; Dhar, B. R., A Review
of Microbial Desalination Cell Technology: Configurations, Optimization and
Applications. J. Clean. Prod. 2018, 183, 458-480.

724. Zhang, L. L.; Alvarez-Martos, 1.; Vakurov, A.; Ferapontova, E. E., Seawater
Operating Bio-Photovoltaic Cells Coupling Semiconductor Photoanodes and Enzymatic
Biocathodes. Sustain. Energy Fuels 2017, 1, 842-850.

725. Liang, Y. X.; Feng, H.J.; Shen, D.S.; Li,N.; Long, Y.Y.; Zhou, Y. Y.; Gu, Y.;
Ying, X. B.; Dai, Q. Z., A High-Performance Photo-Microbial Desalination Cell.
Electrochim. Acta 2016, 202, 197-202.

726. McCormick, A.J.; Bombelli, P.; Bradley, R. W.; Thorne, R.; Wenzel, T.; Howe,
C. J., Biophotovoltaics: Oxygenic Photosynthetic Organisms in the World of
Bioelectrochemical Systems. Energy Environ. Sci. 2015, 8, 1092-1109.

727. Sharma, K.; Sharma, V.; Sharma, S. S., Dye-Sensitized Solar Cells: Fundamentals
and Current Status. Nanoscale Res. Lett. 2018, 13, 381.

728. Hug, H.; Bader, M.; Mair, P.; Glatzel, T., Biophotovoltaics: Natural Pigments in
Dye-sensitized Solar Cells. Applied Energy 2014, 115, 216-225.

729.  Ehling-Schulz, M.; Scherer, S., UV Protection in Cyanobacteria. Eur. J. Phycol.
1999, 34, 329-338.

730. DiCapua, C.; Bortolotti, A.; Farias, M. E.; Cortez, N., UV-Resistant Acinetobacter
sp. Isolates from Andean Wetlands Display High Catalase Activity. FEMS Microbiol. Lett.
2011, 317, 181-189.

731. Ordenes-Aenishanslins, N.; Anziani-Ostuni, G.; Vargas-Reyes, M.; Alarcon, J.;
Tello, A.; Perez-Donoso, J. M., Pigments from UV-Resistant Antarctic Bacteria as
Photosensitizers in Dye Sensitized Solar Cells. J. Photochem. Photobiol. B. 2016, 162,
707-714.

732. Santos, A. L.; Gomes, N. C.; Henriques, I.; Almeida, A.; Correia, A.; Cunha, A.,
Contribution of Reactive Oxygen Species to UV-B-induced Damage in Bacteria. J.
Photochem. Photobiol. B. 2012, 117, 40-46.

733. Silva, C.; Santos, A.; Salazar, R.; Lamilla, C.; Pavez, B.; Meza, P.; Hunter, R.;
Barrientos, L., Evaluation of Dye Sensitized Solar Cells Based on a Pigment Obtained from
Antarctic Streptomyces fildesensis. Sol. Energy 2019, 181, 379-385.

734.  Mohammadpour, R.; Janfaza, S., Efficient Nanostructured Biophotovoltaic Cell
Based on Bacteriorhodopsin as Biophotosensitizer. ACS Sustain. Chem. Eng. 2015, 3, 809-
813.

735. Deepankumar, K.; George, A.; Priya, G. K.; Ilamaran, M.; Kamini, N. R.; Senthil,
T. S.; Easwaramoorthi, S.; Ayyadurai, N., Next Generation Designed Protein as a
Photosensitizer for Biophotovoltaics Prepared by Expanding the Genetic Code. ACS
Sustain. Chem. Eng. 2017, 5, 72-77.

736. Verma, D. K.; Baral, I.; Kumar, A.; Prasad, S. E.; Thakur, K. G., Discovery of
Bacteriorhodopsins in Haloarchaeal Species Isolated from Indian Solar Salterns:
Deciphering the Role of the N-Terminal Residues in Protein Folding and Functional
Expression. Microb. Biotechnol. 2019, 12, 434-446.



737. Srivastava, S. K.; Piwek, P.; Ayakar, S. R.; Bonakdarpour, A.; Wilkinson, D. P.;
Yadav, V. G., A Biogenic Photovoltaic Material. Small 2018, 14, e1800729.

738. Jarvi, S.; Suorsa, M.; Aro, E. M., Photosystem II Repair in Plant Chloroplasts--
Regulation, Assisting Proteins and Shared Components with Photosystem II Biogenesis.
Biochim. Biophys. Acta 2015, 1847, 900-909.

739. Bhardwaj, R.; Pan, R. L.; Gross, E. L., Solar-Energy Conversion by Chloroplast
Photoelectrochemical Cells. Nature 1981, 289, 396-398.

740. Okano, M.; Ilida, T.; Shinohara, H.; Kobayashi, H.; Mitamura, T., Water
Photolysis by a Photoelectrochemical Cell Using an Immobilized Chloroplasts Methyl
Viologen System. Agric. Biol. Chem. 1984, 48, 1977-1983.

741. Ryu, W.; Bai, S.J.; Park, J. S.; Huang, Z.; Moseley, J.; Fabian, T.; Fasching, R.
J.; Grossman, A. R.; Prinz, F. B., Direct Extraction of Photosynthetic Electrons from
Single Algal Cells by Nanoprobing System. Nano Lett. 2010, 10, 1137-1143.

742. Amao, Y.; Tadokoro, A.; Nakamura, M.; Shuto, N.; Kuroki, A., Artificial
Photosynthesis by Using Chloroplasts from Spinach Adsorbed on a Nanocrystalline TiO:
Electrode for Photovoltaic Conversion. Res. Chem. Intermed. 2014, 40, 3257-3265.

743. Hasan, K.; Milton, R. D.; Grattieri, M.; Wang, T.; Stephanz, M.; Minteer, S. D.,
Photobioelectrocatalysis of Intact Chloroplasts for Solar Energy Conversion. ACS Catal.
2017, 7,2257-2265.

744. Evans, R. M.; Ash, P. A.; Beaton, S. E.; Brooke, E. J.; Vincent, K. A.; Carr, S.
B.; Armstrong, F. A., Mechanistic Exploitation of A Self-Repairing, Blocked Proton
Transfer Pathway in An Oz-Tolerant [NiFe]-Hydrogenase. J. Am. Chem. Soc. 2018, 140,
10208-10220.

745.  Orain, C.; Saujet, L.; Gauquelin, C.; Soucaille, P.; Meynial-Salles, 1.; Baffert,
C.; Fourmond, V.; Bottin, H.; Léger, C., Electrochemical Measurements of the Kinetics
of Inhibition of Two FeFe Hydrogenases by O2 Demonstrate that the Reaction Is Partly
Reversible. J. Am. Chem. Soc. 2015, 137, 12580-12587.

746. Megarity, C. F.; Esselborn, J.; Hexter, S. V.; Wittkamp, F.; Apfel, U.-P.; Happe,
T.; Armstrong, F. A., Electrochemical Investigations of the Mechanism of Assembly of the
Active-Site H-Cluster of [FeFe]-Hydrogenases. J. Am. Chem. Soc. 2016, 138, 15227-
15233.

747. Pershad, H. R.; Duff, J. L.; Heering, H. A.; Duin, E. C.; Albracht, S. P;
Armstrong, F. A., Catalytic Electron Transport in Chromatium vinosum [NiFe]-
Hydrogenase: Application of Voltammetry in Detecting Redox-Active Centers and
Establishing that Hydrogen Oxidation Is Very Fast Even at Potentials Close to the
Reversible H/H, Value. Biochemistry 1999, 38, 8992-8999.

748. Ceccaldi, P.; Etienne, E.; Dementin, S.; Guigliarelli, B.; Léger, C.; Burlat, B.,
Mechanism of Inhibition of NiFe Hydrogenase by Nitric Oxide. Biochim. Biophys. Acta,
Bioenerg. 2016, 1857, 454-461.

749.  Vincent, K. A.; Armstrong, F. A., Investigating Metalloenzyme Reactions Using
Electrochemical Sweeps and Steps: Fine Control and Measurements with Reactants
Ranging from Ions to Gases. lnorg. Chem. 2005, 44, 798-809.

750. Robinson, W. E.; Bassegoda, A.; Reisner, E.; Hirst, J., Oxidation-State-Dependent
Binding Properties of the Active Site in a Mo-Containing Formate Dehydrogenase. J. Am.
Chem. Soc. 2017, 139, 9927-9936.



751.  Fourmond, V.; Burlat, B.; Dementin, S.; Sabaty, M.; Arnoux, P.; Etienne, E. m.;
Guigliarelli, B.; Bertrand, P.; Pignol, D.; Léger, C., Dependence of Catalytic Activity on
Driving Force in Solution Assays and Protein Film Voltammetry: Insights From the
Comparison of Nitrate Reductase Mutants. Biochemistry 2010, 49, 2424-2432.

752. Manesis, A. C.; Shafaat, H. S., Electrochemical, Spectroscopic, and Density
Functional Theory Characterization of Redox Activity in Nickel-substituted Azurin: A
Model for Acetyl-coA Synthase. Inorg. Chem. 2015, 54, 7959-7967.

753. Elliott, S. J.; Bradley, A. L.; Arciero, D. M.; Hooper, A. B., Protonation and
Inhibition of Nitrosomonas europaea Cytochrome ¢ Peroxidase Observed with Protein
Film Voltammetry. J. Inorg. Biochem. 2007, 101, 173-179.

754. Léger, C.; Bertrand, P., Direct Electrochemistry of Redox Enzymes as A Tool for
Mechanistic Studies. Chem. Rev. 2008, 108, 2379-2438.

755. Armstrong, F. A., Recent Developments in Dynamic Electrochemical Studies of
Adsorbed Enzymes and Their Active Sites. Curr. Opin. Chem. Biol. 2005, 9, 110-117.
756.  Hirst, J., Elucidating the Mechanisms of Coupled Electron Transfer and Catalytic
Reactions by Protein Film Voltammetry. Biochim. Biophys. Acta 2006, 1757, 225-239.
757. Armstrong, F. A.; Belsey, N. A.; Cracknell, J. A.; Goldet, G.; Parkin, A.; Reisner,
E.; Vincent, K. A.; Wait, A. F., Dynamic Electrochemical Investigations of Hydrogen
Oxidation and Production by Enzymes and Implications for Future Technology. Chem. Soc.
Rev. 2009, 38, 36-51.

758.  Fourmond, V.; Léger, C., An Introduction to Electrochemical Methods for the
Functional Analysis of Metalloproteins. In Practical Approaches to Biological Inorganic
Chemistry, Elsevier: Amsterdam, 2020; pp 325-373.

759. Spatzal, T.; Aksoyoglu, M.; Zhang, L.; Andrade, S. L.; Schleicher, E.; Weber,
S.; Rees, D. C.; Einsle, O., Evidence for Interstitial Carbon in Nitrogenase FeMo Cofactor.
Science 2011, 334, 940.

760. Howard, J. B.; Rees, D. C., Structural Basis of Biological Nitrogen Fixation. Chem
Rev 1996, 96, 2965-2982.

761. Lanzilotta, W. N.; Christiansen, J.; Dean, D. R.; Seefeldt, L. C., Evidence for
Coupled Electron and Proton Transfer in the [§Fe-7S] Cluster of Nitrogenase. Biochemistry
1998, 37, 11376-84.

762. Abad, J. M.; Gass, M.; Bleloch, A.; Schiffrin, D. J., Direct Electron Transfer to a
Metalloenzyme Redox Center Coordinated to a Monolayer-Protected Cluster. J. Am. Chem.
Soc. 2009, 131, 10229-10265.

763. Wu, R. R;; Ma, C. L.; Zhu, Z. G., Enzymatic Electrosynthesis as an Emerging
Electrochemical Synthesis Platform. Curr. Opin. Electrochem. 2020, 19, 1-7.

764. Lee, H.-S.; Vermaas, W. F.; Rittmann, B. E., Biological Hydrogen Production:
Prospects and Challenges. Trends Biotechnol. 2010, 28, 262-271.

765. Peters,J. W.; Schut, G.J.; Boyd, E. S.; Mulder, D. W.; Shepard, E. M.; Broderick,
J. B.; King, P. W.; Adams, M. W., [FeFe]-and [NiFe]-Hydrogenase Diversity, Mechanism,
and Maturation. Biochim. Biophys. Acta, Mol. Cell Res. 2015, 1853, 1350-1369.

766. Flanagan, L. A.; Parkin, A., Electrochemical Insights into the Mechanism of NiFe
Membrane-Bound Hydrogenases. Biochem. Soc. Trans. 2016, 44, 315-328.

767. Fourmond, V.; Greco, C.; Sybirna, K.; Baffert, C.; Wang, P.-H.; Ezanno, P.;
Montefiori, M.; Bruschi, M.; Meynial-Salles, I.; Soucaille, P., The Oxidative Inactivation
of FeFe Hydrogenase Reveals the Flexibility of the H-cluster. Nat. Chem. 2014, 6, 336.



768. Kubas, A.; Orain, C.; De Sancho, D.; Saujet, L.; Sensi, M.; Gauquelin, C.;
Meynial-Salles, I.; Soucaille, P.; Bottin, H.; Baffert, C., Mechanism of O, Diffusion and
Reduction in FeFe Hydrogenases. Nat. Chem. 2017, 9, 88-95.

769. Zacarias, S.; Temporao, A.; Barrio, M. d.; Fourmond, V.; Léger, C.; Matias, P.
M.; Pereira, I. A., A Hydrophilic Channel is Involved in Oxidative Inactivation of a
[NiFeSe] Hydrogenase. ACS Catal. 2019, 9, 8509-8519.

770. Ceccaldi, P.; Marques, M. C.; Fourmond, V.; Pereira, I. C.; Léger, C., Oxidative
Inactivation of NiFeSe Hydrogenase. ChemComm 2015, 51, 14223-14226.

771.  Ash, P. A.; Liu,J.; Coutard, N.; Heidary, N.; Horch, M.; Gudim, I.; Simler, T.;
Zebger, 1.; Lenz, O.; Vincent, K. A., Electrochemical and Infrared Spectroscopic Studies
Provide Insight into Reactions of the NiFe Regulatory Hydrogenase from Ralstonia
eutropha with Oz and CO. J. Phys. Chem. B 2015, 119, 13807-13815.

772.  Fritsch, J.; Scheerer, P.; Frielingsdorf, S.; Kroschinsky, S.; Friedrich, B.; Lenz,
O.; Spahn, C. M., The Crystal Structure of an Oxygen-Tolerant Hydrogenase Uncovers a
Novel Iron-Sulphur Centre. Nature 2011, 479, 249-252.

773.  Volbeda, A.; Darnault, C.; Parkin, A.; Sargent, F.; Armstrong, F. A.; Fontecilla-
Camps, J. C., Crystal Structure of the Oz-Tolerant Membrane-Bound Hydrogenase 1 from
Escherichia coli in Complex with its Cognate Cytochrome B. Structure 2013, 21, 184-190.
774. Del Barrio, M.; Guendon, C.; Kpebe, A.; Baffert, C.; Fourmond, V.; Brugna,
M.; Léger, C., Valine-to-cysteine Mutation Further Increases the Oxygen Tolerance of
Escherichia coli NiFe Hydrogenase Hyd-1. ACS Catal. 2019, 9, 4084-4088.

775. Huang, G.-F.; Wu, X.-B.; Bai, L.-P.; Liu, K.; Jiang, L.-J.; Long, M.-N.; Chen,
Q.-X., Improved Oz-Tolerance in Variants of A Hz-evolving [NiFe]-Hydrogenase from
Klebsiella oxytoca HP1. FEBS Lett. 2015, 589, 910-918.

776. Abou Hamdan, A.; Liebgott, P.-P.; Fourmond, V.; Gutiérrez-Sanz, O.; De Lacey,
A. L.; Infossi, P.; Rousset, M.; Dementin, S.; Léger, C., Relation between Anaerobic
Inactivation and Oxygen Tolerance in a Large Series of NiFe Hydrogenase Mutants. Proc.
Natl. Acad. Sci. 2012, 109, 19916-19921.

777.  Plumere, N.; Rudiger, O.; Oughli, A. A.; Williams, R.; Vivekananthan, J.; Poller,
S.; Schuhmann, W.; Lubitz, W., A Redox Hydrogel Protects Hydrogenase from High-
Potential Deactivation and Oxygen Damage. Nat. Chem. 2014, 6, 822-827.

778. Fourmond, V.; Stapf, S.; Li, H.; Buesen, D.; Birrell, J.; Riidiger, O.; Lubitz, W.;
Schuhmann, W.; Plumer¢, N.; Léger, C., Mechanism of Protection of Catalysts Supported
in Redox Hydrogel Films. J. Am. Chem. Soc. 2015, 137, 5494-5505.

779. Oughli, A. A.; Conzuelo, F.; Winkler, M.; Happe, T.; Lubitz, W.; Schuhmann,
W.; Ridiger, O.; Plumeré, N., A Redox Hydrogel Protects the O>-Sensitive [FeFe]-
Hydrogenase from Chlamydomonas reinhardtii from Oxidative Damage. Angew. Chem.
Int. Ed. 2015, 54, 12329-12333.

780. Morra, S.; Valetti, F.; Sarasso, V.; Castrignano, S.; Sadeghi, S. J.; Gilardi, G.,
Hydrogen Production at High Faradaic Efficiency by a Bio-Electrode Based on TiO:
Adsorption of a New [FeFe]-Hydrogenase from Clostridium perfringens.
Bioelectrochemistry 2015, 106, 258-262.

781. McDonald, T. J.; Svedruzic, D.; Kim, Y.-H.; Blackburn, J. L.; Zhang, S.; King,
P. W.; Heben, M. J., Wiring-up Hydrogenase with Single-Walled Carbon Nanotubes. Nano
Lett. 2007, 7, 3528-3534.



782. Hambourger, M.; Gervaldo, M.; Svedruzic, D.; King, P. W.; Gust, D.; Ghirardi,
M.; Moore, A. L.; Moore, T. A., [FeFe]-Hydrogenase-Catalyzed H> Production in a
Photoelectrochemical Biofuel Cell. J. Am. Chem. Soc. 2008, 130, 2015-2022.

783. Morra, S.; Valetti, F.; Sadeghi, S. J.; King, P. W.; Meyer, T.; Gilardi, G., Direct
Electrochemistry of an [FeFe]-Hydrogenase on a TiO; Electrode. ChemComm 2011, 47,
10566-10568.

784. Wilker, M. B.; Shinopoulos, K. E.; Brown, K. A.; Mulder, D. W.; King, P. W_;
Dukovic, G., Electron Transfer Kinetics in CdS Nanorod—[FeFe]-Hydrogenase Complexes
and Implications for Photochemical H> Generation. J. Am. Chem. Soc. 2014, 136, 4316-
4324,

785. Qian, D.-J.; Nakamura, C.; Wenk, S.; Wakayama, T.; Zorin, N.; Miyake, J.,
Electrochemical Hydrogen Evolution by use of a Glass Carbon Electrode Sandwiched with
Clay, Poly(butylviologen) and Hydrogenase. Mater. Lett. 2003, 57, 1130-1134.

786. Ruth, J. C.; Milton, R. D.; Gu, W.; Spormann, A. M., Enhanced Electrosynthetic
Hydrogen Evolution by Hydrogenases Embedded in a Redox-Active Hydrogel. Chem. Eur.
J. 2020, 26, 7323 —7329.

787. Lee, C.Y.; Park, H. S.; Fontecilla-Camps, J. C.; Reisner, E., Photoelectrochemical
H> Evolution with a Hydrogenase Immobilized on a TiO-Protected Silicon Electrode.
Angew. Chem. Int. Ed. 2016, 55, 5971-5974.

788. Edwardes Moore, E.; Andrei, V.; Zacarias, S. n.; Pereira, I. A.; Reisner, E.,
Integration of a Hydrogenase in a Lead Halide Perovskite Photoelectrode for Tandem Solar
Water Splitting. ACS Energy Lett. 2019, 5, 232-237.

789. Mersch, D.; Lee, C.-Y.; Zhang, J. Z.; Brinkert, K.; Fontecilla-Camps, J. C.;
Rutherford, A. W.; Reisner, E., Wiring of Photosystem II to Hydrogenase for
Photoelectrochemical Water Splitting. J. Am. Chem. Soc. 2015, 137, 8541-8549.

790. Nam, D. H.; Zhang, J. Z.; Andrei, V.; Kornienko, N.; Heidary, N.; Wagner, A.;
Nakanishi, K.; Sokol, K. P.; Slater, B.; Zebger, 1., Solar Water Splitting with a
Hydrogenase Integrated in Photoelectrochemical Tandem Cells. Angew. Chem. Int. Ed.
2018, 57, 10595-10599.

791. Sokol, K. P.; Robinson, W. E.; Warnan, J.; Kornienko, N.; Nowaczyk, M. M.;
Ruff, A.; Zhang, J. Z.; Reisner, E., Bias-Free Photoelectrochemical Water splitting With
Photosystem II on a Dye-Sensitized Photoanode Wired to Hydrogenase. Nat. Energy 2018,
3,944-951.

792. Jia, H. P.; Quadrelli, E. A., Mechanistic Aspects of Dinitrogen Cleavage and
Hydrogenation to Produce Ammonia in Catalysis and Organometallic Chemistry:
Relevance of Metal Hydride Bonds and Dihydrogen. Chem. Soc. Rev. 2014, 43, 547-564.
793. Cherkasov, N.; Ibhadon, A. O.; Fitzpatrick, P., A Review of the Existing and
Alternative Methods for Greener Nitrogen Fixation. Chem. Eng. Process 2015, 90, 24-33.
794. Chen, J. G.; Crooks, R. M.; Seefeldt, L. C.; Bren, K. L.; Bullock, R. M.;
Darensbourg, M. Y.; Holland, P. L.; Hoffman, B.; Janik, M. J.; Jones, A. K.; Kanatzidis,
M. G.; King, P.; Lancaster, K. M.; Lymar, S. V.; Pfromm, P.; Schneider, W. F.; Schrock,
R. R., Beyond Fossil Fuel-Driven Nitrogen Transformations. Science 2018, 360, eaar6611.
795. Foster, S. L.; Bakovic, S. I. P.; Duda, R. D.; Maheshwari, S.; Milton, R. D.;
Minteer, S. D.; Janik, M. J.; Renner, J. N.; Greenlee, L. F., Catalysts for Nitrogen
Reduction to Ammonia. Nat. Catal. 2018, 1, 490-500.



796. Balaraman, E.; Srimani, D.; Diskin-Posner, Y.; Milstein, D., Direct Synthesis of
Secondary Amines From Alcohols and Ammonia Catalyzed by a Ruthenium Pincer
Complex. Catal. Lett. 2015, 145, 139-144.

797. Chen, H.; Prater, M. B.; Cai, R.; Dong, F.; Chen, H.; Minteer, S. D.,
Bioelectrocatalytic Conversion from N> to Chiral Amino Acids in a Ho/Alpha-Keto Acid
Enzymatic Fuel Cell. J. Am. Chem. Soc. 2020, 142, 4028-4036.

798. Blackford, J. C.; Gilbert, F. J., pH Variability and CO> Induced Acidification in the
North Sea. J. Marine Syst. 2007, 64, 229-241.

799. Finn, C.; Schnittger, S.; Yellowlees, L. J.; Love, J. B., Molecular Approaches to
the Electrochemical Reduction of Carbon Dioxide. ChemComm 2012, 48, 1392-1399.
800. Schlager, S.; Fuchsbauer, A.; Haberbauer, M.; Neugebauer, H.; Sariciftci, N. S.,
Carbon Dioxide Conversion to Synthetic Fuels using Biocatalytic Electrodes. J. Mater.
Chem. A 2017, 5, 2429-2443.

801. Yuan, M.; Kummer, M. J.; Minteer, S. D., Strategies for Bioelectrochemical CO,
Reduction. Chem. Eur. J. 2019, 25, 14258-14266.

802. Hartmann, T.; Schrapers, P.; Utesch, T.; Nimtz, M.; Rippers, Y.; Dau, H.;
Mroginski, M. A.; Haumann, M.; Leimkuhler, S., The Molybdenum Active Site of
Formate Dehydrogenase is Capable of Catalyzing C-H Bond Cleavage and Oxygen Atom
Transfer Reactions. Biochemistry 2016, 55, 2381-23809.

803. Jayathilake, B. S.; Bhattacharya, S.; Vaidehi, N.; Narayanan, S. R., Efficient and
Selective Electrochemically Driven Enzyme-Catalyzed Reduction of Carbon Dioxide to
Formate using Formate Dehydrogenase and an Artificial Cofactor. Acc. Chem. Res. 2019,
52, 676-685.

804. Maia, L. B.; Moura, I.; Moura, J. J. G., Molybdenum- and Tungsten-Containing
Formate Dehydrogenases: Aiming to Inspire a Catalyst for Carbon Dioxide Utilization.
Inorg. Chim. Acta 2017, 455, 350-363.

805. Kim, S.; Kim, M. K.; Lee, S. H.; Yoon, S.; Jung, K. D., Conversion of CO, to
Formate in an Electroenzymatic Cell using Candida boidinii Formate Dehydrogenase. J.
Mol. Catal. B Enzym. 2014, 102, 9-15.

806. Sakai, K.; Kitazumi, Y.; Shirai, O.; Takagi, K.; Kano, K., Efficient
Bioelectrocatalytic CO, Reduction on Gas-Diffusion-Type Biocathode with Tungsten-
Containing Formate Dehydrogenase. Electrochem. Commun. 2016, 73, 85-88.

807. Srikanth, S.; Maesen, M.; Dominguez-Benetton, X.; Vanbroekhoven, K.; Pant,
D., Enzymatic Electrosynthesis of Formate Through CO> Sequestration/Reduction in a
Bioelectrochemical System (BES). Bioresour. Technol. 2014, 165, 350-354.

808. Choi, E. G.; Yeon, Y.J.; Min, K.; Kim, Y. H., Communication-CO; Reduction to
Formate: An Electro-Enzymatic Approach Using a Formate Dehydrogenase from
Rhodobacter capsulatus. J. Electrochem. Soc. 2018, 165, H446-H448.

809. Lee,S.Y.; Lim,S.Y.; Seo, D.; Lee, J. Y.; Chung, T. D., Light-Driven Highly
Selective Conversion of CO; to Formate by Electrosynthesized Enzyme/Cofactor Thin
Film Electrode. Adv. Energy Mater. 2016, 6, 1502207.

810. Sakai, K.; Kitazumi, Y.; Shirai, O.; Takagi, K.; Kano, K., Direct Electron
Transfer-Type Four-Way Bioelectrocatalysis of COz/Formate and NAD*/NADH Redox
Couples by Tungsten-Containing Formate Dehydrogenase Adsorbed on Gold
Nanoparticle-Embedded Mesoporous Carbon Electrodes Modified with 4-
Mercaptopyridine. Electrochem. Commun. 2017, 84, 75-79.



811. Reda, T.; Plugge, C. M.; Abram, N. J.; Hirst, J., Reversible Interconversion of
Carbon Dioxide and Formate by an Electroactive Enzyme. Proc. Natl. Acad. Sci. U.S.A.
2008, 705, 10654-10658.

812. Hu, B.; Harris, D. F.; Dean, D. R.; Liu, T. L.; Yang, Z. Y.; Seefeldt, L. C.,
Electrocatalytic CO2 Reduction Catalyzed by Nitrogenase MoFe and FeFe Proteins.
Bioelectrochemistry 2018, 120, 104-109.

813. Zhao, F. H.; Li, H.; Jiang, Y. J.; Wang, X. C.; Mu, X. D., Co-Immobilization of
Multi-Enzyme on Control-Reduced Graphene Oxide by Non-covalent Bonds: An Artificial
Biocatalytic System for the One-Pot Production of Gluconic Acid from Starch. Green
Chem. 2014, 16, 2558-2565.

814. Singh, R. K.; Singh, R.; Sivakumar, D.; Kondaveeti, S.; Kim, T.; Li, J. L.; Sung,
B. H.; Cho, B. K.; Kim, D. R.; Kim, S. C.; Kalia, V. C.; Zhang, Y. H. P. J.; Zhao, H.
M.; Kang, Y. C.; Lee, J. K., Insights into Cell-free Conversion of CO; to Chemicals by a
Multienzyme Cascade Reaction. ACS Catal. 2018, 8, 11085-11093.

815. Kuwabata, S.; Tsuda, R.; Yoneyama, H., Electrochemical Conversion of Carbon-
Dioxide to Methanol with the Assistance of Formate Dehydrogenase and Methanol
Dehydrogenase as Biocatalysts. J. Am. Chem. Soc. 1994, 116, 5437-5443.

816. Ji, X.; Su,Z.; Wang, P.; Ma, G.; Zhang, S., Integration of Artificial Photosynthesis
System for Enhanced Electronic Energy-Transfer Efficacy: A Case Study for Solar-Energy
Driven Bioconversion of Carbon Dioxide to Methanol. Small 2016, 12, 4753-4762.

817. Kuk, S. K.; Singh, R. K.; Nam, D. H.; Singh, R.; Lee, J. K.; Park, C. B,,
Photoelectrochemical Reduction of Carbon Dioxide to Methanol through a Highly
Efficient Enzyme Cascade. Angew. Chem. Int. Ed. 2017, 56, 3827-3832.

818. Schmitz, L. M.; Rosenthal, K.; Liitz, S., Enzyme-Based Electrobiotechnological
Synthesis. In Bioelectrosynthesis, Springer: Berlin, 2017; pp 87-134.

819. Kim, Y. H.; Yoo, Y. J., Regeneration of the Nicotinamide Cofactor using a
Mediator-free Electrochemical Method with a Tin Oxide Electrode. Enzyme Microb.
Technol. 2009, 44, 129-134.

820. van der Donk, W. A.; Zhao, H., Recent Developments in Pyridine Nucleotide
Regeneration. Curr. Opin. Biotech. 2003, 14, 421-426.

821. Ali, L; Gill, A.; Omanovic, S., Direct Electrochemical Regeneration of the
Enzymatic Cofactor 1,4-NADH Employing Nano-Patterned Glassy Carbon/Pt and Glassy
Carbon/Ni Electrodes. Chem. Eng. J. 2012, 188, 173-180.

822. Zhang, L.; Vila, N.; Kohring, G. W.; Walcarius, A.; Etienne, M., Covalent
Immobilization of (2,2'-Bipyridyl) (Pentamethylcyclopentadienyl)-Rhodium Complex on
a Porous Carbon Electrode for Efficient Electrocatalytic NADH Regeneration. ACS Catal.
2017, 7,4386-4394.

823. Bormann, S.; van Schie, M. M. C. H.; De Almeida, T. P.; Zhang, W.Y.; Stockl,
M.; Ulber, R.; Hollmann, F.; Holtmann, D., H O, Production at Low Overpotentials for
Electroenzymatic Halogenation Reactions. ChemSusChem 2019, 12, 4759-4763.

824. Choi, D. S.; Ni, Y.; Fernandez-Fueyo, E.; Lee, M.; Hollmann, F.; Park, C. B.,
Photoelectroenzymatic Oxyfunctionalization on Flavin-hybridized Carbon Nanotube
Electrode Platform. ACS Catal. 2017, 7, 1563-1567.

825. Betori, R. C.; May, C. M.; Scheidt, K. A., Combined Photoredox/Enzymatic C-H
Benzylic Hydroxylations. Angew. Chem. Int. Ed. 2019, 58, 16490-16494.



826. Kamata, K.; Yonehara, K.; Nakagawa, Y.; Uehara, K.; Mizuno, N., Efficient
Stereo- and Regioselective Hydroxylation of Alkanes Catalysed by a Bulky
Polyoxometalate. Nat. Chem. 2010, 2, 478-483.

827. Kille, S.; Zilly, F. E.; Acevedo, J. P.; Reetz, M. T., Regio- and Stereoselectivity
of P450-Catalysed Hydroxylation of Steroids Controlled by Laboratory Evolution. Nat.
Chem. 2011, 3, 738-743.

828. Getrey, L.; Krieg, T.; Hollmann, F.; Schrader, J.; Holtmann, D., Enzymatic
Halogenation of the Phenolic Monoterpenes Thymol and Carvacrol with Chloroperoxidase.
Green Chem. 2014, 16, 1104-1108.

829. Zhang, W.Y.; Fernandez-Fueyo, E.; Ni, Y.; van Schie, M.; Gacs, J.; Renirie, R.;
Wever, R.; Mutti, F. G.; Rother, D.; Alcalde, M.; Hollmann, F., Selective Aerobic
Oxidation Reactions using a Combination of Photocatalytic Water Oxidation and
Enzymatic Oxyfunctionalizations. Nat. Catal. 2018, 1, 55-62.

830. Estabrook, R. W.; Faulkner, K. M.; Shet, M. S.; Fisher, C. W., Application of
Electrochemistry for P450-Catalyzed Reactions. In Methods in enzymology, Elsevier:
Amsterdam, 1996; Vol. 272, pp 44-51.

831. Faulkner, K. M.; Shet, M. S.; Fisher, C. W.; Estabrook, R. W, Electrocatalytically
Driven Omega-Hydroxylation of Fatty-Acids Using Cytochrome-P450 4al. Proc. Natl.
Acad. Sci. U.S.A. 1995, 92, 7705-7709.

832. Sugihara, N.; Ogoma, Y.; Abe, K.; Kondo, Y.; Akaike, T., Immobilization of
Cytochrome P-450 and Electrochemical Control of its Activity. Polym. Adv. Technol. 1998,
9,307-313.

833. Udit, A. K.; Amold, F. H.; Gray, H. B., Cobaltocene-Mediated Catalytic
Monooxygenation Using Holo and Heme Domain Cytochrome P450 BM3. J. Inorg.
Biochem. 2004, 98, 1547-1550.

834. Reipa, V.; Mayhew, M. P.; Vilker, V. L., A Direct Electrode-Driven P450 Cycle
for Biocatalysis. Proc. Natl. Acad. Sci. U.S.A. 1997, 94, 13554-13558.

835.  Yuan, M.; Abdellaoui, S.; Chen, H.; Kummer, M. J.; Malapit, C. A.; You, C,;
Minteer, S. D., Selective Electroenzymatic Oxyfunctionalization by Alkane
Monooxygenase in a Biofuel Cell. Angew. Chem. Int. Ed. 2020.

836. Wang, Y.; Lan, D.; Durrani, R.; Hollmann, F., Peroxygenases en route to
Becoming Dream Catalysts. What Are the Opportunities and Challenges? Curr. Opin.
Chem. Biol. 2017, 37, 1-9.

837. Holtmann, D.; Hollmann, F., The Oxygen Dilemma: A Severe Challenge for the
Application of Monooxygenases? ChemBioChem 2016, 17, 1391-1398.

838. Horst, A.; Bormann, S.; Meyer, J.; Steinhagen, M.; Ludwig, R.; Drews, A.;
Ansorge-Schumacher, M.; Holtmann, D., Electro-Enzymatic Hydroxylation of
Ethylbenzene by the Evolved Unspecific Peroxygenase of Agrocybe aegerita.J. Mol. Catal.
B Enzym. 2016, 133, S137-S142.

839. Choi, D. S.; Lee, H.; Tieves, F.; Lee, Y. W.; Son, E. J.; Zhang, W. Y.; Shin, B;
Hohmann, F.; Park, C. B., Bias-Free in situ H>O, Generation in a Photovoltaic-
Photoelectrochemical Tandem Cell for Biocatalytic Oxyfunctionalization. ACS Catal.
2019, 9, 10562-10566.

840. Fernandez-Fueyo, E.; Younes, S. H.; Rootselaar, S. v.; Aben, R. W.; Renirie, R.;
Wever, R.; Holtmann, D.; Rutjes, F. P.; Hollmann, F., A Biocatalytic Aza-achmatowicz
Reaction. ACS Catal. 2016, 6, 5904-5907.



841. Ema, T.; Yagasaki, H.; Okita, N.; Nishikawa, K.; Korenaga, T.; Sakai, T.,
Asymmetric Reduction of a Variety of Ketones with a Recombinant Carbonyl Reductase:
Identification of the Gene Encoding a Versatile Biocatalyst. Tetrahedron: Asymmetry 2005,
16, 1075-1078.

842. Goldberg, K.; Schroer, K.; Lutz, S.; Liese, A., Biocatalytic Ketone Reduction - A
Powerful Tool for the Production of Chiral Alcohols - Part I: Processes with Isolated
Enzymes. Appl. Microbiol. Biotechnol. 2007, 76, 237-248.

843. Stewart, J. D., Dehydrogenases and Transaminases in Asymmetric Synthesis. Curr.
Opin. Chem. Biol. 2001, 5, 120-129.

844. Delecouls-Servat, K.; Basseguy, R.; Bergel, A., Membrane Electrochemical
Reactor (MER): Application to NADH Regeneration for ADH-catalysed Synthesis. Chem.
Eng. Sci. 2002, 57, 4633-4642.

845. Delecouls-Servat, K.;  Basseguy, R.; Bergel, A., Designing Membrane
Electrochemical Reactors for Oxidoreductase-catalysed Synthesis. Bioelectrochemistry
2002, 55, 93-95.

846. Steckhan, E., Electroenzymatic Synthesis. In Electrochemistry V, Springer: Berlin,
1994; pp 83-111.

847. Kang, Y. W.; Kang, C.; Hong, J. S.; Yun, S. E., Optimization of the Mediated
Electrocatalytic Reduction of NAD" by Cyclic Voltammetry and Construction of
Electrochemically Driven Enzyme Bioreactor. Biotechnol. Lett. 2001, 23, 599-604.

848. Kashiwagi, Y.; Yanagisawa, Y.; Shibayama, N.; Nakahara, K.; Kurashima, F.;
Anzai, J.; Osa, T., Preparative, Electroenzymatic Reduction of Ketones on an All
Components-Immobilized Graphite Felt Electrode. Electrochim. Acta 1997, 42, 2267-2270.
849. Kim, M. H.; Yun, S. E., Construction of an Electro-enzymatic Bioreactor for the
Production of (R)-Mandelate from Benzoylformate. Biotechnol. Lett. 2004, 26, 21-26.
850. Mueller, M., Chemoenzymatic Synthesis of Building Blocks for Statin Side Chains.
Angew. Chem. Int. Ed. 2005, 44, 362-365.

851. Min, K.; Park, D. H.; Yoo, Y. J., Electroenzymatic Synthesis of I-DOPA. J.
Biotechnol. 2010, 146, 40-44.

852. Rahman, S. F.; Gobikrishnan, S.; Indrawan, N.; Park, S. H.; Park, J. H.; Min, K_;
Yoo, Y. J.; Park, D. H., A Study on the Electrochemical Synthesis of L-DOPA Using
Oxidoreductase Enzymes: Optimization of an Electrochemical Process. J. Microbiol.
Biotechnol. 2012, 22, 1446-1451.

853. Wu, R. R;; Zhu, Z. G., Self-powered Enzymatic Electrosynthesis of L-3,4-
Dihydroxyphenylalanine in a Hybrid Bioelectrochemical System. ACS Sustain. Chem. Eng.
2018, 6, 12593-12597.

854. Tripathi, R. P.; Verma, S. S.; Pandey, J.; Tiwari, V. K., Recent Development on
Catalytic Reductive Amination and Applications. Curr. Org. Chem. 2008, 12, 1093-1115.
855. Cantet, J.; Bergel, A.; Comtat, M., Coupling of the Electroenzymatic Reduction of
NAD* with a Synthesis Reaction. Enzyme Microb. Technol. 1996, 18, 72-79.

856. Schulz, M.; Leichmann, H.; Gunther, H.; Simon, H., Electromicrobial
Regeneration of Pyridine-nucleotides and Other Preparative Redox Transformations with
Clostridium thermoaceticum. Appl. Microbiol. Biotechnol. 1995, 42, 916-922.

857. Wu, F; Yu, P; Yang, X. T.; Han, Z. J.; Wang, M.; Mao, L. Q., Exploring
Ferredoxin-dependent Glutamate Synthase as an Enzymatic Bioelectrocatalyst. J. Am.
Chem. Soc. 2018, 140, 12700-12704.



858. Lee, Y. W.; Boonmongkolras, P.; Son, E. J.; Kim, J.; Lee, S. H.; Kuk, S. K.; Ko,
J. W.; Shin, B.; Park, C. B., Unbiased Biocatalytic Solar-to-Chemical Conversion by
FeOOH/BiVOu/Perovskite Tandem Structure. Nat. Commun. 2018, 9, 4208.

859. Otto, K.; Hofstetter, K.; Rothlisberger, M.; Witholt, B.; Schmid, A., Biochemical
Characterization of StyAB from Pseudomonas sp Strain VLB120 as a Two-Component
Flavin-Diffusible Monooxygenase. J. Bacteriol. 2004, 186, 5292-5302.

860. Hollmann, F.; Hofstetter, K.; Habicher, T.; Hauer, B.; Schmid, A., Direct
Electrochemical Regeneration of Monooxygenase Subunits for Biocatalytic Asymmetric
Epoxidation. J. Am. Chem. Soc. 2005, 127, 6540-6541.

861. Ruinatscha, R.; Buehler, K.; Schmid, A., Development of a High Performance
Electrochemical Cofactor Regeneration Module and its Application to the Continuous
Reduction of FAD. J. Mol. Catal. B Enzym. 2014, 103, 100-105.

862. Toogood, H. S.; Knaus, T.; Scrutton, N. S., Alternative Hydride Sources for Ene-
Reductases: Current Trends. ChemCatChem 2014, 6, 951-954.

863. Simon, H.; Gunther, H.; Bader, J.; Tischer, W., Electro-Enzymatic and Electro-
Microbial Stereospecific Reductions. Angew. Chem. Int. Ed. 1981, 20, 861-863.

864. Thanos, L. C. G.; Simon, H., Electro-Enzymatic Viologen-Mediated Stereospecific
Reduction of 2-Enoates with Free and Immobilized Enoate Reductase on Cellulose Filters
or Modified Carbon Electrodes. J. Biotechnol. 1987, 6, 13-29.

865. Son, E. J.; Lee, S. H.; Kuk, S. K.; Pesic, M.; Choi, D. S.; Ko, J. W.; Kim, K.;
Hollmann, F.; Park, C. B., Carbon Nanotube-graphitic Carbon Nitride Hybrid Films for
Flavoenzyme-catalyzed Photoelectrochemical Cells. Adv. Funct. Mater. 2018, 28,
1705232.

866. Roy, S.; Schievano, A.; Pant, D., Electro-stimulated Microbial Factory for Value
Added Product Synthesis. Bioresour. Technol. 2016, 213, 129-139.

867. Lewis, N. S.; Nocera, D. G., Powering the Planet: Chemical Challenges in Solar
Energy Utilization. Proc. Natl. Acad. Sci. U. S. A. 2006, 103, 15729-15735.

868. Marshall, C. W.; Ross, D. E.; Handley, K. M.; Weisenhorn, P. B.; Edirisinghe,
J.N.; Henry, C. S.; Gilbert, J. A.; May, H. D.; Norman, R. S., Metabolic Reconstruction
and Modeling Microbial Electrosynthesis. Sci. Rep. 2017, 7, 8391.

869. Kumar, G.; Saratale, R. G.; Kadier, A.; Sivagurunathan, P.; Zhen, G.; Kim, S.
H.; Saratale, G. D., A review on Bio-electrochemical Systems (BESs) for the Syngas and
Value-added Biochemicals Production. Chemosphere 2017, 177, 84-92.

870. Bajracharya, S.; Vanbroekhoven, K.; Buisman, C. J.; Pant, D.; Strik, D. P.,
Application of Gas Diffusion Biocathode in Microbial Electrosynthesis from Carbon
Dioxide. Environ. Sci. Pollut. Res. 2016, 23, 22292-22308.

871. Ganigue, R.; Puig, S.; Batlle-Vilanova, P.; Balaguer, M. D.; Colprim, J.,
Microbial Electrosynthesis of Butyrate from Carbon Dioxide. ChemComm 20185, 51, 3235-
3238.

872. Jourdin, L.; Raes, S. M. T.; Buisman, C. J. N.; Strik, D. P. B. T. B., Critical Biofilm
Growth throughout Unmodified Carbon Felts Allows Continuous Bioelectrochemical
Chain Elongation from CO; up to Caproate at High Current Density. Front. Energy Res.
2018, 6, 7.

873. Sciarria, T. P.; Batlle-Vilanova, P.; Colombo, B.; Scaglia, B.; Balaguer, M. D.;
Colprim, J.; Puig, S.; Adani, F., Bio-Electrorecycling of Carbon Dioxide into Bioplastics.
Green Chem. 2018, 20, 4058-4066.



874. Bian, B.; Bajracharya, S.; Xu, J.; Pant, D.; Saikaly, P. E., Microbial
Electrosynthesis from CO;: Challenges, Opportunities and Perspectives in the Context of
Circular Bioeconomy. Bioresour. Technol. 2020, 302, 122863.

875. Tatsumi, H.; Takagi, K.; Fujita, M.; Kano, K.; Ikeda, T., Electrochemical Study
of Reversible Hydrogenase Reaction of Desulfovibrio vulgaris Cells with Methyl Viologen
as an Electron Carrier. Anal. Chem. 1999, 71, 1753-1759.

876. Lojou, E.; Durand, M.; Dolla, A.; Bianco, P., Hydrogenase Activity Control at
Desulfovibrio Vulgaris Cell-coated Carbon Electrodes: Biochemical and Chemical Factors
Influencing the Mediated Bioelectrocatalysis. Electroanalysis 2002, 14, 913-922.

877. Villano, M.; De Bonis, L.; Rossetti, S.; Aulenta, F.; Majone, M.,
Bioelectrochemical Hydrogen Production with Hydrogenophilic Dechlorinating Bacteria
as Electrocatalytic Agents. Bioresour. Technol. 2011, 102, 3193-3199.

878. Kadier, A.; Simayi, Y.; Kalil, M. S.; Abdeshahian, P.; Hamid, A. A., A Review
of the Substrates used in Microbial Electrolysis Cells (MECs) for Producing Sustainable
and Clean Hydrogen Gas. Renew. Energy 2014, 71, 466-472.

879. Ditzig, J.; Liu, H.; Logan, B. E., Production of Hydrogen from Domestic
Wastewater using a Bioelectrochemically Assisted Microbial Reactor (BEAMR). Int. J.
Hydrog. Energy 2007, 32, 2296-2304.

880. Wagner, R. C.; Regan, J. M.; Oh, S.-E.; Zuo, Y.; Logan, B. E., Hydrogen and
Methane Production from Swine Wastewater using Microbial Electrolysis Cells. Water Res.
2009, 43, 1480-1488.

881. Lu, L.; Ren, N.; Xing, D.; Logan, B. E., Hydrogen Production with Effluent from
an Ethanol-H>-Co-Producing Fermentation Reactor using a Single-chamber Microbial
Electrolysis Cell. Biosens. Bioelectron. 2009, 24, 3055-3060.

882. Tenca, A.; Cusick, R. D.; Schievano, A.; Oberti, R.; Logan, B. E., Evaluation of
Low Cost Cathode Materials for Treatment of Industrial and Food Processing Wastewater
using Microbial Electrolysis Cells. Int. J. Hydrog. Energy 2013, 38, 1859-1865.

883. Cusick, R. D.; Bryan, B.; Parker, D. S.; Merrill, M. D.; Mehanna, M.; Kiely, P.
D.; Liu, G.; Logan, B. E., Performance of a Pilot-Scale Continuous Flow Microbial
Electrolysis Cell Fed Winery Wastewater. Appl. Microbiol. Biotechnol. 2011, 89, 2053-
2063.

884. Carmona-Martinez, A. A.; Trably, E.; Milferstedt, K.; Lacroix, R.; Etcheverry,
L.; Bernet, N., Long-Term Continuous Production of H»> in a Microbial Electrolysis Cell
(MEC) Treating Saline Wastewater. Water Res. 2015, 81, 149-156.

885. Montpart, N.; Rago, L.; Baeza, J. A.; Guisasola, A., Hydrogen Production in
Single Chamber Microbial Electrolysis Cells with Different Complex Substrates. Water
Res. 2015, 68, 601-615.

886. Leddy, J.; Paschkewitz, T. M. Ammonia Production Using Bioelectrocatalytical
Devices. 2016.

887. Liu, C.; Sakimoto, K. K.; Colon, B. C.; Silver, P. A.; Nocera, D. G., Ambient
Nitrogen Reduction Cycle using a Hybrid Inorganic-Biological System. Proc. Natl. Acad.
Sci. U.S.A. 2017, 114, 6450-6455.

888. Zhang, Z.; Song, Y.; Zheng, S.; Zhen, G.; Lu, X.; Kobayashi, T.; Xu, K;
Bakonyi, P., Electro-conversion of Carbon Dioxide (CO:) to Low-Carbon Methane by
Bioelectromethanogenesis Process in Microbial Electrolysis Cells: The Current Status and
Future Perspective. Bioresour. Technol. 2019, 339-349.



889. Cheng, S. A.; Xing, D. F.; Call, D. F.; Logan, B. E., Direct Biological Conversion
of Electrical Current into Methane by Electromethanogenesis. Environ. Sci. Technol. 2009,
43,3953-3958.

890. Lovley, D. R., Powering Microbes with Electricity: Direct Electron Transfer from
Electrodes to Microbes. Environ. Microbiol. Rep. 2011, 3, 27-35.

891. Lohner, S. T.; Deutzmann, J. S.; Logan, B. E.; Leigh, J.; Spormann, A. M.,
Hydrogenase-independent Uptake and Metabolism of Electrons by the Archaeon
Methanococcus maripaludis. ISME J. 2014, 8, 1673-1681.

892. Fu, Q.; Kuramochi, Y.; Fukushima, N.; Maeda, H.; Sato, K.; Kobayashi, H.,
Bioelectrochemical Analyses of the Development of a Thermophilic Biocathode
Catalyzing Electromethanogenesis. Environ. Sci. Technol. 2015, 49, 1225-1232.

893. Zhen, G.; Kobayashi, T.; Lu, X.; Xu, K., Understanding Methane
Bioelectrosynthesis from Carbon Dioxide in a Two-chamber Microbial Electrolysis Cells
(MECs) Containing a Carbon Biocathode. Bioresour. Technol. 2015, 186, 141-148.

894. Moreno, R.; San-Martin, M. 1.; Escapa, A.; Moran, A., Domestic Wastewater
Treatment in Parallel with Methane Production in a Microbial Electrolysis Cell. Renew.
Energy 2016, 93, 442-448.

895. Ren, G.; Chen, P.; Yu, J; Liu, J; Ye, J.; Zhou, S., Recyclable Magnetite-
Enhanced Electromethanogenesis for Biomethane Production from Wastewater. Water Res.
2019, 766, 115095.

896. Ishii, S.; Imachi, H.; Kawano, K.; Murai, D.; Ogawara, M.; Uemastu, K.;
Nealson, K. H.; Inagaki, F., Bioelectrochemical Stimulation of Electromethanogenesis at
a Seawater-Based Subsurface Aquifer in a Natural Gas Field. Front. Energy Res. 2019, 6,
144.

897. Marshall, C. W.; Ross, D. E.; Fichot, E. B.; Norman, R. S.; May, H. D.,
Electrosynthesis of Commodity Chemicals by an Autotrophic Microbial Community. Appl.
Environ. Microbiol. 2012, 78, 8412-8420.

898. Alqgahtani, M. F.; Katuri, K. P.; Bajracharya, S.; Yu, Y.L.; Lai, Z. P.; Saikaly, P.
E., Porous Hollow Fiber Nickel Electrodes for Effective Supply and Reduction of Carbon
Dioxide to Methane through Microbial Electrosynthesis. Adv. Funct. Mater. 2018, 28,
1804860.

899. Baek, G.; Kim, J.; Lee, S.; Lee, C., Development of Biocathode During Repeated
Cycles of Bioelectrochemical Conversion of Carbon Dioxide to Methane. Bioresour.
Technol. 2017, 241, 1201-1207.

900. May, H.D.; Evans, P. J.; LaBelle, E. V., The Bioelectrosynthesis of Acetate. Curr.
Opin. Biotech. 2016, 42, 225-233.

901. Nevin, K. P.; Hensley, S. A.; Franks, A. E.; Summers, Z. M.; Ou, J. H.; Woodard,
T. L.; Snoeyenbos-West, O. L.; Lovley, D. R., Electrosynthesis of Organic Compounds
from Carbon Dioxide is Catalyzed by a Diversity of Acetogenic Microorganisms. Appl.
Environ. Microbiol. 2011, 77, 2882-2886.

902. Jiang, Y.; May, H. D.; Lu, L.; Liang, P.; Huang, X.; Ren, Z. J., Carbon Dioxide
and Organic Waste Valorization by Microbial Electrosynthesis and Electro-Fermentation.
Water Res. 2019, 149, 42-55.

903. LaBelle, E. V.; Marshall, C. W.; Gilbert, J. A.; May, H. D., Influence of Acidic
pH on Hydrogen and Acetate Production by an Electrosynthetic Microbiome. PLoS One
2014, 9, €109935.



904. LaBelle, E. V.; May, H. D., Energy Efficiency and Productivity Enhancement of
Microbial Electrosynthesis of Acetate. Front. Microbiol. 2017, 8, 756.

905. Blanchet, E.; Duquenne, F.; Rafrafi, Y.; Etcheverry, L.; Erable, B.; Bergel, A.,
Importance of the Hydrogen Route in Up-Scaling Electrosynthesis for Microbial CO;
Reduction. Energy Environ. Sci. 2015, 8, 3731-3744.

906. Deutzmann, J. S.; Spormann, A. M., Enhanced Microbial Electrosynthesis by
Using Defined Co-Cultures. ISME J. 2017, 11, 704-714.

907. Kracke, F.; Wong, A. B.; Maegaard, K.; Deutzmann, J. S.; Hubert, M. A.; Hahn,
C.; Jaramillo, T. F.; Spormann, A. M., Robust and Biocompatible Catalysts for Efficient
Hydrogen-Driven Microbial Electrosynthesis. Commun. Chem. 2019, 2, 1-9.

908. Rodrigues, R. M.; Guan, X.; Iniguez, J. A.; Estabrook, D. A.; Chapman, J. O.;
Huang, S. Y.; Sletten, E. M.; Liu, C., Perfluorocarbon Nanoemulsion Promotes the
Delivery of Reducing Equivalents for Electricity-Driven Microbial CO; Reduction. Nat.
Catal. 2019, 2, 407-414.

909. Su, Y.D.; Cestellos-Blanco, S.; Kim, J. M.; Shen, Y. X.; Kong, Q.; Lu, D. L;
Liu, C.; Zhang, H.; Cao, Y. H.; Yang, P. D., Close-Packed Nanowire-Bacteria Hybrids
for Efficient Solar-Driven CO; Fixation. Joule 2020, 4, 800-811.

910. LaBelle, E. V.; Marshall, C. W.; May, H. D., Microbiome for the Electrosynthesis
of Chemicals from Carbon Dioxide. Acc. Chem. Res. 2020, 53, 62-71.

911. Choi, O.; Sang, B. I., Extracellular Electron Transfer from Cathode to Microbes:
Application for Biofuel Production. Biotechnol. Biofuels 2016, 9, 11.

912. Prevoteau, A.; Carvajal-Arroyo, J. M.; Ganigue, R.; Rabaey, K., Microbial
Electrosynthesis from COz: Forever a Promise? Curr. Opin. Biotech. 2020, 62, 48-57.
913. Bajracharya, S.; Srikanth, S.; Mohanakrishna, G.; Zacharia, R.; Strik, D. P. B. T.
B.; Pant, D., Biotransformation of Carbon Dioxide in Bioelectrochemical Systems: State
of the Art and Future Prospects. J. Power Sources 2017, 356, 256-273.

914. Igarashi, K.; Kato, S., Extracellular Electron Transfer in Acetogenic Bacteria and
its Application for Conversion of Carbon Dioxide into Organic Compounds. Appl.
Microbiol. Biotechnol. 2017, 101, 6301-6307.

915.  Christodoulou, X.; Okoroafor, T.; Parry, S.; Velasquez-Orta, S. B., The Use of
Carbon Dioxide in Microbial Electrosynthesis: Advancements, Sustainability and
Economic Feasibility. J. CO; Util. 2017, 18, 390-399.

916. Moscoviz, R.; Toledo-Alarcon, J.; Trably, E.; Bernet, N., Electro-Fermentation:
How To Drive Fermentation Using Electrochemical Systems. Trends Biotechnol. 2016, 34,
856-865.

917. Zabed, H.; Sahu, J. N.; Suely, A.; Boyce, A. N.; Faruq, G., Bioethanol Production
from Renewable Sources: Current Perspectives and Technological Progress. Renew. Sust.
Energ. Rev. 2017, 71, 475-501.

918. Birjandi, N.; Younesi, H.; Ghoreyshi, A. A.; Rahimnejad, M., Electricity
Generation, Ethanol Fermentation and Enhanced Glucose Degradation in a Bio-Electro-
Fenton System Driven by a Microbial Fuel Cell. J. Chem. Technol. Biotechnol. 2016, 91,
1868-1876.

919. Liu, H.; Song, T.; Fei, K.; Wang, H.; Xie, J., Microbial Electrosynthesis of
Organic Chemicals from CO2 by Clostridium scatologenes ATCC 25775T. Bioresour.
Bioprocess. 2018, 5, 7.



920. Ammam, F.; Tremblay, P. L.; Lizak, D. M.; Zhang, T., Effect of Tungstate on
Acetate and Ethanol Production by the Electrosynthetic Bacterium Sporomusa ovata.
Biotechnol. Biofuels 2016, 9, 163-173.

921. Harrington, T. D.; Mohamed, A.; Tran, V. N.; Biria, S.; Gargouri, M.; Park, J.
J.; Gang, D. R.; Beyenal, H., Neutral Red-Mediated Microbial Electrosynthesis by
Escherichia coli, Klebsiella pneumoniae, and Zymomonas mobilis. Bioresour. Technol.
2015, 195, 57-65.

922. Arends, J. B. A.; Patil, S. A.; Roume, H.; Rabaey, K., Continuous Long-Term
Electricity-Driven Bioproduction of Carboxylates and Isopropanol from CO> with a Mixed
Microbial Community. J. CO> Util. 2017, 20, 141-149.

923. Srikanth, S.; Singh, D.; Vanbroekhoven, K.; Pant, D.; Kumar, M.; Puri, S. K;
Ramakumar, S. S. V., Electro-Biocatalytic Conversion of Carbon Dioxide to Alcohols
Using Gas Diffusion Electrode. Bioresour. Technol. 2018, 265, 45-51.

924. Vassilev, I.; Hernandez, P. A.; Batlle-Vilanova, P.; Freguia, S.; Kromer, J. O.;
Keller, J.; Ledezma, P.; Virdis, B., Microbial Electrosynthesis of Isobutyric, Butyric,
Caproic Acids, and Corresponding Alcohols from Carbon Dioxide. ACS Sustain. Chem.
Eng. 2018, 6, 8485-8493.

925.  Zhao, C.; Zhao, Q.; Li, Y.; Zhang, Y., Engineering Redox Homeostasis to Develop
Efficient Alcohol-Producing Microbial Cell Factories. Microb. Cell Fact. 2017, 16, 115.
926. Rosenbaum, M. A.; Berger, C.; Schmitz, S.; Uhlig, R., Microbial Electrosynthesis
I: Pure and Defined Mixed Culture Engineering. In Bioelectrosynthesis, Harnisch, F.;
Holtmann, D., Eds. Springer International Publishing: Cham, 2019; pp 181-202.

927. Liao, J. C.; Mi, L.; Pontrelli, S.; Luo, S., Fuelling the Future: Microbial
Engineering for the Production of Sustainable Biofuels. Nat. Rev. Microbiol. 2016, 14,
288-304.

928. Gavilanes, J.; Noori, M. T.; Min, B., Enhancing Bio-alcohol Production from
Volatile Fatty Acids by Suppressing Methanogenic Activity in Single Chamber Microbial
Electrosynthesis Cells (SCMECs). Bioresour. Technol. Rep. 2019, 7, 100292.

929. Molenaar, S. D.; Saha, P.; Mol, A. R.; Sleutels, T. H.; Ter Heijne, A.; Buisman,
C. J., Competition between Methanogens and Acetogens in Biocathodes: A Comparison
between Potentiostatic and Galvanostatic Control. Int. J. Mol. Sci. 2017, 18.

930. Saini, M.; Hong Chen, M.; Chiang, C. J.; Chao, Y. P., Potential Production
Platform of n-Butanol in Escherichia coli. Metab. Eng. 2015, 27, 76-82.

931. Sun, L.; Yang, F.; Sun, H.; Zhu, T.; Li, X.; Li, Y.; Xu, Z.; Zhang, Y., Synthetic
Pathway Optimization for Improved 1,2,4-Butanetriol Production. J. Ind. Microbio. Biot.
2016, 43, 67-78.

932. Ohtake, T.; Pontrelli, S.; Lavina, W. A.; Liao, J. C.; Putri, S. P.; Fukusaki, E.,
Metabolomics-Driven Approach to Solving a CoA Imbalance for Improved 1-Butanol
Production in Escherichia coli. Metab. Eng. 2017, 41, 135-143.

933. Zou, L.; Huang, Y. H.; Long, Z. E.; Qiao, Y., On-going Applications of
Shewanella species in Microbial Electrochemical System for Bioenergy, Bioremediation
and Biosensing. W. J. Microbi. Biot. 2018, 35, 9.

934. He,A.Y.; Yin, C. Y.; Xu, H.; Kong, X. P.; Xue,J. W.; Zhu, J.; Jiang, M.; Wu,
H., Enhanced Butanol Production in a Microbial Electrolysis Cell by Clostridium
beijerinckii 1B4. Bioprocess Biosyst. Eng. 2016, 39, 245-254.



935. Bajracharya, S.; Yuliasni, R.; Vanbroekhoven, K.; Buisman, C. J.; Strik, D. P;
Pant, D., Long-term Operation of Microbial Electrosynthesis Cell Reducing CO> to Multi-
Carbon Chemicals with a Mixed Culture Avoiding Methanogenesis. Bioelectrochemistry
2017, 113, 26-34.

936. Andersen, R. L.; Jensen, K. M.; Mikkelsen, M. J., Continuous Ethanol
Fermentation of Pretreated Lignocellulosic Biomasses, Waste Biomasses, Molasses and
Syrup Using the Anaerobic, Thermophilic Bacterium 7Thermoanaerobacter italicus
Pentocrobe 411. PLoS One 2015, 10, e0136060-e0136076.

937. Baumann, [.; Westermann, P., Microbial Production of Short Chain Fatty Acids
from Lignocellulosic Biomass: Current Processes and Market. Biomed. Res. Int. 2016,
2016, 8469357-8469372.

938. Lee, W.S.; Chua, A.S. M.; Yeoh, H. K.; Ngoh, G. C., A Review of the Production
and Applications of Waste-Derived Volatile Fatty Acids. Chem. Eng. J. 2014, 235, 83-99.
939. Volker, A. R.; Gogerty, D. S.; Bartholomay, C.; Hennen-Bierwagen, T.; Zhu, H.;
Bobik, T. A., Fermentative Production of Short-Chain Fatty Acids in Escherichia coli.
Microbiology 2014, 160, 1513-1522.

940. Bhatia, S. K.; Bhatia, R. K.; Yang, Y. H., Biosynthesis of Polyesters and Polyamide
Building Blocks using Microbial Fermentation and Biotransformation. Rev. Environ. Sci.
Biotechnol. 2016, 15, 639-663.

941. Schonicke, P. S., R.; Hamann, R.; Kamm, B. , Microbial Life on Green Biomass
and Their Use for Production of Platform Chemicals. In Microorganisms in biorefineries,
Kamm, B., Ed. Springer: Berlin, 2015; pp 21-49.

942. van Lingen, H. J.; Plugge, C. M.; Fadel, J. G.; Kebreab, E.; Bannink, A.; Dijkstra,
J., Thermodynamic Driving Force of Hydrogen on Rumen Microbial Metabolism: A
Theoretical Investigation. PLoS One 2016, 11, ¢0161362.

943. Ehsanipour, M.; Suko, A. V.; Bura, R., Fermentation of Lignocellulosic Sugars to
Acetic Acid by Moorella thermoacetica. J. Ind. Microbiol. Biotechnol. 2016, 43, 807-816.
944. Liang, Z. X.; Li, L.; Li, S.; Cai, Y. H.; Yang, S. T.; Wang, J. F., Enhanced
Propionic Acid Production from Jerusalem Artichoke Hydrolysate by Immobilized
Propionibacterium acidipropionici in a Fibrous-Bed Bioreactor. Bioprocess Biosyst. Eng.
2012, 35, 915-921.

945. Nayak, J.; Pal, P., Transforming Waste Cheese-Whey into Acetic Acid through a
Continuous Membrane-Integrated Hybrid Process. Ind. Eng. Chem. Res. 2013, 52, 2977-
2984.

946. Wei, D.; Liu, X.; Yang, S. T., Butyric Acid Production from Sugarcane Bagasse
Hydrolysate by Clostridium tyrobutyricum Immobilized in a Fibrous-Bed Bioreactor.
Bioresour. Technol. 2013, 129, 553-560.

947. Coral, J.; Karp, S. G.; Porto de Souza Vandenberghe, L.; Parada, J. L.; Pandey,
A.; Soccol, C. R., Batch Fermentation Model of Propionic Acid Production by
Propionibacterium acidipropionici in Different Carbon Sources. Appl. Biochem.
Biotechnol. 2008, 151, 333-341.

948. Wu, Q. L.; Guo, W. Q.; Yang, S. S.; Luo, H. C.; Peng, S. M.; Ren, N. Q.,
Enhancement of Volatile Fatty Acid Production Using Semi-Continuous Anaerobic Food
Waste Fermentation without pH Control. RSC Adv. 2015, 5, 103876-103883.

949. Zhu, Y.; Li, J; Tan, M.; Liu, L.; Jiang, L.; Sun, J.; Lee, P.; Du, G.; Chen, J.,
Optimization and Scale-Up of Propionic Acid Production by Propionic Acid-Tolerant



Propionibacterium acidipropionici with Glycerol as the Carbon Source. Bioresour.
Technol. 2010, 101, 8902-8906.

950. Zhu, Y.; Yang, S. T., Effect of pH on Metabolic Pathway Shift in Fermentation of
Xylose by Clostridium tyrobutyricum. J. Biotechnol. 2004, 110, 143-157.

951. Feng, X. H.; Chen, F.; Xu, H.; Wu, B.; Yao, J.; Ying, H. J.; Ouyang, P. K,
Propionic Acid Fermentation by Propionibacterium freudenreichii CCTCC M207015 in a
Multi-point Fibrous-bed Bioreactor. Bioprocess Biosyst. Eng. 2010, 33, 1077-1085.

952. Pal, P.; Nayak, J., Acetic Acid Production and Purification: Critical Review
Towards Process Intensification. Sep. Purif. Rev. 2017, 46, 44-61.

953. Sim, J. H.; Kamaruddin, A. H., Optimization of Acetic Acid Production from
Synthesis Gas by Chemolithotrophic Bacterium-Clostridium aceticum Using Statistical
Approach. Bioresour. Technol. 2008, 99, 2724-2735.

954. Kadere, T. M., T.; Oniango, R.; Kutima, P.; Njoroge, S., Isolation and Identification
of the Genera Acetobacter and Gluconobacter in Coconut Toddy (mnazi). Afr. J.
Biotechnol. 2008, 7, 2963-2971.

955. Ravinder, T.; Ramesh, B.; Seenayya, G.; Reddy, G., Fermentative Production of
Acetic Acid from Various Pure and Natural Cellulosic Materials by Clostridium
lentocellum SG6. W. J. Microbi. Biot. 2000, 16, 507-512.

956. Mounir, M.; Shafiei, R.; Zarmehrkhorshid, R.; Hamouda, A.; Ismaili Alaoui, M.;
Thonart, P., Simultaneous Production of Acetic and Gluconic Acids by a Thermotolerant
Acetobacter Strain During Acetous Fermentation in a Bioreactor. J. Biosci. Bioeng. 2016,
121,166-171.

957. Nakano, S.; Fukaya, M.; Horinouchi, S., Putative ABC Transporter Responsible
for Acetic Acid Resistance in Acetobacter aceti. Appl. Environ. Microbiol. 2006, 72, 497-
505.

958.  Wu, X.; Yao, H.; Cao, L.; Zheng, Z.; Chen, X.; Zhang, M.; Wei, Z.; Cheng, J.;
Jiang, S.; Pan, L.; Li, X., Improving Acetic Acid Production by Over-expressing PQQ-
ADH in Acetobacter pasteurianus. Front. Microbiol. 2017, 8, 1713.

959. Modestra, J. A.; Mohan, S. V., Microbial Electrosynthesis of Carboxylic Acids
through CO> Reduction with Selectively Enriched Biocatalyst: Microbial Dynamics. J.
CO; Util. 2017, 20, 190-199.

960. Quesada-Chanto, A. A., A. S.; Wagner, F., Microbial Production of Propionic Acid
and Vitamin B12 Using Molasses or Sugar. Appl. Microbiol. Biotechnol. 1994, 41, 378-
383.

961. Wang, P.; Jiao, Y.; Liu, S., Novel Fermentation Process Strengthening Strategy for
Production of Propionic Acid and Vitamin B12 by Propionibacterium freudenreichii. J.
Ind. Microbio. Biot. 2014, 41, 1811-1815.

962. Baroi, G. N.; Baumann, I.; Westermann, P.; Gavala, H. N., Butyric Acid
Fermentation from Pretreated and Hydrolysed Wheat Straw by an Adapted Clostridium
tyrobutyricum Strain. Microb. Biotechnol. 2015, 8, 874-882.

963. Bhatia, S. K.; Yang, Y. H., Microbial Production of Volatile Fatty Acids: Current
Status and Future Perspectives. Rev. Environ. Sci. Biotechnol. 2017, 16, 327-345.

964. Jiang, L.; Wang, J.; Liang, S.; Wang, X.; Cen, P.; Xu, Z., Butyric Acid
Fermentation in a Fibrous Bed Bioreactor with Immobilized Clostridium tyrobutyricum
from Cane Molasses. Bioresour. Technol. 2009, 100, 3403-3409.



965. Dwidar, M.; Kim, S.; Jeon, B. S.; Um, Y.; Mitchell, R. J.; Sang, B. I., Co-
culturing a Novel Bacillus Strain with Clostridium tyrobutyricum ATCC 25755 to Produce
Butyric Acid from Sucrose. Biotechnol. Biofuels 2013, 6, 35.

966. Pandit, A. V., Mahadevan, R., In silico Characterization of Microbial
Electrosynthesis for Metabolic Engineering of Biochemicals. Microb. Cell Fact. 2011, 10,
76.

967. Wu, Z.; Wang, J.; Liu, J.; Wang, Y.; Bi, C.; Zhang, X., Engineering an
Electroactive Escherichia coli for the Microbial Electrosynthesis of Succinate from
Glucose and COz. Microb. Cell Fact. 2019, 18, 15.

968. Sturm-Richter, K.; Golitsch, F.; Sturm, G.; Kipf, E.; Dittrich, A.; Beblawy, S.;
Kerzenmacher, S.; Gescher, J., Unbalanced Fermentation of Glycerol in Escherichia coli
via Heterologous Production of an Electron Transport Chain and Electrode Interaction in
Microbial Electrochemical Cells. Bioresour. Technol. 2015, 186, 89-96.

969. Zhang,Z.; Li,F.; Cao,Y.; Tian, Y.; Li,J.; Zong, Y.; Song, H., Electricity-Driven
7o-Hydroxylation of a Steroid Catalyzed by a Cytochrome P450 Monooxygenase in
Engineered Yeast. Catal. Sci. Technol. 2019, 9, 4877-4887.

970. Stoytcheva, M.; Zlatev, R.; Magnin, J. P.; Ovalle, M.; Valdez, B., Leptospirillum
ferrooxidans Based Fe?* Sensor. Biosens. Bioelectron. 2009, 25, 482-487.

971. Grieshaber, D.; MacKenzie, R.; Voros, J.; Reimhult, E., Electrochemical
Biosensors - Sensor Principles and Architectures. Sensors (Basel) 2008, 8, 1400-1458.
972. McDonnell, J. M., Surface Plasmon Resonance: Towards an Understanding of the
Mechanisms of Biological Molecular Recognition. Curr. Opin. Chem. Biol. 2001, 5, 572-
7.

973. Daboss, S.; Lin, J.; Godejohann, M.; Kranz, C., Redox Switchable Polydopamine-
Modified AFM-SECM Probes: A Probe for Electrochemical Force Spectroscopy. 4Anal,
Chem. 2020, 92, 8404-8413.

974. Zhen, G.; Eggli, V.; Voros, J.; Zammaretti, P.; Textor, M.; Glockshuber, R.;
Kuennemann, E., Immobilization of the Enzyme Beta-Lactamase on Biotin-Derivatized
Poly(L-lysine)-g-poly(ethylene glycol)-Coated Sensor Chips: A Study on Oriented
Attachment and Surface Activity by Enzyme Kinetics and in situ Optical Sensing.
Langmuir 2004, 20, 10464-73.

975. Duay, J.; Elliott, J.; Shear, J. B.; Stevenson, K. J., Transparent Carbon
Ultramicroelectrode Arrays: Figures of Merit for Quantitative Spectroelectrochemistry for
Biogenic Analysis of Reactive Oxygen Species. Anal. Chem. 2015, 87, 10109-10116.
976. Eltzov, E.; Cosnier, S.; Marks, R. S., Biosensors Based on Combined Optical and
Electrochemical Transduction for Molecular Diagnostics. Expert Rev. Mol. Diagn. 2011,
11,533-46.

977. Duay, J.; Goran, J. M.; Stevenson, K. J., Facile Fabrication of Carbon Ultramicro-
to Nanoelectrode Arrays with Tunable Voltammetric Response. Anal. Chem. 2014, 86,
11528-11532.

978. Compton, R. G.; Wildgoose, G. G.; Rees, N. V.; Streeter, I.; Baron, R., Design,
Fabrication, Characterisation and Application of Nanoelectrode Arrays. Chem. Phys. Lett.
2008, 459, 1-17.

979. Vagin, M. Y.; Sekretaryova, A. N.; Reategui, R. S.; Lundstrom, I.; Winquist, F.;
Eriksson, M., Arrays of Screen-Printed Graphite Microband Electrodes as a Versatile
Electroanalysis Platform. ChemElectroChem 2014, 1, 755-762.



980. Popovtzer, R.; Neufeld, T.; Biran, D.; Ron, E. Z.; Rishpon, J.; Shacham-Diamand,
Y., Novel Integrated Electrochemical Nano-Biochip for Toxicity Detection in Water. Nano
Lett. 2005, 5, 1023-1027.

981. Popovtzer, R.; Natan, A.; Shacham-Diamand, Y., Mathematical Model of Whole
Cell Based Bio-Chip: An Electrochemical Biosensor for Water Toxicity Detection. J.
Electroanal. Chem. 2007, 602, 17-23.

982. Ben-Yoav, H.; Biran, A.; Pedahzur, R.; Belkin, S.; Buchinger, S.; Reifferscheid,
G.; Shacham-Diamand, Y., A Whole Cell Electrochemical Biosensor for Water
Genotoxicity Bio-Detection. Electrochim. Acta 2009, 54, 6113-6118.

983.  Alonso-Lomillo, M. A.; Dominguez-Renedo, O.; Arcos-Martinez, M. J., Screen-
Printed Biosensors in Microbiology: A Review. Talanta 2010, 82, 1629-36.

984. Hua, Q. T.; Ruecha, N.; Hiruta, Y.; Citterio, D., Disposable Electrochemical
Biosensor Based on Surface-Modified Screen-Printed Electrodes for Organophosphorus
Pesticide Analysis. Anal. Methods 2019, 11, 3439-3445.

985. Lin, Z.; Takahashi, Y.; Kitagawa, Y.; Umemura, T.; Shiku, H.; Matsue, T., An
Addressable Microelectrode Array for Electrochemical Detection. Anal. Chem. 2008, 80,
6830-6833.

986. Taurino, I.; Magrez, A.; Matteini, F.; Cavallini, A.; Forro, L.; De Micheli, G.;
Carrara, S., High-Performance Multipanel Biosensors Based on a Selective Integration of
Nanographite Petals. Nano Lett. 2014, 14, 3180-3184.

987. Arumugam, P. U.; Chen, H.; Siddiqui, S.; Weinrich, J. A.; Jejelowo, A.; Li, J.;
Meyyappan, M., Wafer-Scale Fabrication of Patterned Carbon Nanofiber Nanoelectrode
Arrays: A Route for Development of Multiplexed, Ultrasensitive Disposable Biosensors.
Biosens. Bioelectron. 2009, 24, 2818-2824.

988. Ng, A. M.; Kenry; Teck Lim, C.; Low, H. Y.; Loh, K. P., Highly Sensitive
Reduced Graphene Oxide Microelectrode Array Sensor. Biosens. Bioelectron. 2015, 635,
265-273.

989. Ross, B.; Cammann, K., Biosensor on the Base of Polypyrrole Modified
Ultramicroelectrode Arrays. Talanta 1994, 41, 977-983.

990. Buk, V.; Pemble, M. E., A Highly Sensitive Glucose Biosensor Based on a Micro
Disk Array Electrode Design Modified with Carbon Quantum Dots and Gold Nanoparticles.
Electrochim. Acta 2019, 298, 97-105.

991. Muiioz, J.; Pumera, M., 3D-printed Biosensors for Electrochemical and Optical
Applications. 7rAC - Trend. Anal. Chem. 2020, 128.

992. Cardoso, R. M.; Kalinke, C.; Rocha, R. G.; Dos Santos, P. L.; Rocha, D. P.;
Oliveira, P. R.; Janegitz, B. C.; Bonacin, J. A.; Richter, E. M.; Munoz, R. A. A., Additive-
Manufactured (3D-Printed) Electrochemical Sensors: A Critical Review. Anal. Chim. Acta
2020, /118, 73-91.

993. Zhang, C.; Bills, B. J.; Manicke, N. E., Rapid Prototyping Using 3D Printing in
Bioanalytical Research. Bioanalysis 2017, 9, 329-331.

994. Richter, E. M.; Rocha, D. P.; Cardoso, R. M.; Keefe, E. M.; Foster, C. W.; Munoz,
R. A. A.; Banks, C. E., Complete Additively Manufactured (3D-Printed) Electrochemical
Sensing Platform. Anal. Chem. 2019, 91, 12844-12851.

995. Hamzah, H. H.; Shafiee, S. A.; Abdalla, A.; Patel, B. A., 3D Printable Conductive
Materials for the Fabrication of Electrochemical Sensors: A Mini Review. Electrochem.
Commun. 2018, 96, 27-31.



996. Dong, Y.; Min, X.; Kim, W. S., A 3D-Printed Integrated PCB-Based
Electrochemical Sensor System. /IEEE Sensor 2018, 18, 2959-2966.

997. Nesaei, S.; Song, Y.; Wang, Y.; Ruan, X.; Du, D.; Gozen, A.; Lin, Y., Micro
Additive Manufacturing of Glucose Biosensors: A Feasibility Study. Anal Chim Acta 2018,
1043, 142-149.

998. Katseli, V.; Economou, A.; Kokkinos, C., Single-step Fabrication of an Integrated
3D-printed Device for Electrochemical Sensing Applications. Electrochem. Commun.
2019, /03, 100-103.

999. Comer, J. P., Semiquantitative Specific Test Paper for Glucose in Urine. Anal.
Chem. 1956, 28, 1748-1750.

1000. Yetisen, A. K.; Akram, M. S.; Lowe, C. R., Paper-Based Microfluidic Point-of-
Care Diagnostic Devices. Lab Chip 2013, 13,2210-2251.

1001. Maxwell, E. J.; Mazzeo, A. D.; Whitesides, G. M., Paper-Based Electroanalytical
Devices for Accessible Diagnostic Testing. MRS Bull. 2013, 38, 309-314.

1002. Apilux, A.; Dungchai, W.; Siangproh, W.; Praphairaksit, N.; Henry, C. S.;
Chailapakul, O., Lab-on-Paper with Dual Electrochemical/Colorimetric Detection for
Simultaneous Determination of Gold and Iron. Anal. Chem. 2010, 82, 1727-1732.

1003. Dungchai, W.; Chailapakul, O.; Henry, C. S., Electrochemical Detection for Paper-
Based Microfluidics. Anal. Chem. 2009, 81, 5821-5826.

1004. Lu, Y.; Shi, W.; Qin, J.; Lin, B., Fabrication and Characterization of Paper-Based
Microfluidics Prepared in Nitrocellulose Membrane by Wax Printing. Anal. Chem. 2010,
82, 329-335.

1005. Nie, Z.; Nijhuis, C. A.; Gong, J.; Chen, X.; Kumachev, A.; Martinez, A. W.;
Narovlyansky, M.; Whitesides, G. M., Electrochemical Sensing in Paper-Based
Microfluidic Devices. Lab Chip 2010, 10, 477-483.

1006. Noiphung, J.; Songjaroen, T.; Dungchai, W.; Henry, C. S.; Chailapakul, O.;
Laiwattanapaisal, W., Electrochemical Detection of Glucose from Whole Blood Using
Paper-Based Microfluidic Devices. Anal. Chim. Acta 2013, 788, 39-45.

1007. Songjaroen, T.; Dungchai, W.; Chailapakul, O.; Laiwattanapaisal, W., Novel,
Simple and Low-cost Alternative Method for Fabrication of Paper-Based Microfluidics by
Wax Dipping. Talanta 2011, 85, 2587-2593.

1008. Dungchai, W.; Chailapakul, O.; Henry, C. S., A Low-cost, Simple, and Rapid
Fabrication Method for Paper-Based Microfluidics Using Wax Screen-printing. Analyst
2011, 136, 77-82.

1009. Arduini, F.; Cinti, S.; Scognamiglio, V.; Moscone, D., Nanomaterials in
Electrochemical Biosensors for Pesticide Detection: Advances and Challenges in Food
Analysis. Microchim. Acta 2016, 183, 2063-2083.

1010. Arduini, F.; Cinti, S.; Scognamiglio, V.; Moscone, D.; Palleschi, G., How Cutting-
edge Technologies Impact the Design of Electrochemical (Bio)sensors for Environmental
Analysis. A Review. Anal. Chim. Acta 2017, 959, 15-42.

1011. Cinti, S.; Arduini, F., Graphene-Based Screen-Printed Electrochemical
(Bio)sensors and Their Applications: Efforts and Criticisms. Biosens. Bioelectron. 2017,
89, 107-122.

1012. Wang, J., Nanomaterial-Based Electrochemical Biosensors. Analyst 2005, 130,
421-426.



1013. Ruecha, N.; Rangkupan, R.; Rodthongkum, N.; Chailapakul, O., Novel Paper-
Based Cholesterol Biosensor Using Graphene/Polyvinylpyrrolidone/Polyaniline
Nanocomposite. Biosens. Bioelectron. 2014, 52, 13-19.

1014. Sun, X.; Wang, H.; Jian, Y.; Lan, F.; Zhang, L.; Liu, H.; Ge, S.; Yu, J.,
Ultrasensitive Microfluidic Paper-based Electrochemical/Visual Biosensor Based on
Spherical-like Cerium Dioxide Catalyst for miR-21 Detection. Biosens. Bioelectron. 2018,
105, 218-225.

1015. Cao, L.; Han, G. C.; Xiao, H.; Chen, Z.; Fang, C., A Novel 3D Paper-Based
Microfluidic Electrochemical Glucose Biosensor Based on rGO-TEPA/PB Sensitive Film.
Anal. Chim. Acta 2020, 1096, 34-43.

1016. Mohammadifar, M.; Tahernia, M.; Choi, S., An Equipment-Free, Paper-Based
Electrochemical Sensor for Visual Monitoring of Glucose Levels in Urine. SLAS Technol.
2019, 24, 499-505.

1017. Bandodkar, A. J.; Wang, J., Non-invasive Wearable Electrochemical Sensors: A
Review. Trends Biotechnol. 2014, 32, 363-371.

1018. Kim, J.; Jeerapan, I.; Sempionatto, J. R.; Barfidokht, A.; Mishra, R. K.; Campbell,
A. S.; Hubble, L. J.; Wang, J., Wearable Bioelectronics: Enzyme-Based Body-Worn
Electronic Devices. Acc. Chem. Res. 2018, 51, 2820-2828.

1019. Lee, H.; Hong, Y. J.; Baik, S.; Hyeon, T.; Kim, D. H., Enzyme-based Glucose
Sensor: From Invasive to Wearable Device. Adv. Healthc. Mater. 2018, 7, ¢1701150.
1020. Windmiller, J. R. W., J., Wearable Electrochemical Sensors and Biosensors: A
Review. Electroanalysis 2012, 25, 29-46.

1021. Bandodkar, A. J.; Jia, W. Z.; Wang, J., Tattoo-Based Wearable Electrochemical
Devices: A Review. Electroanalysis 2015, 27, 562-572.

1022. Choudhary, T.; Rajamanickam, G. P.; Dendukuri, D., Woven Electrochemical
Fabric-Based Test Sensors (WEFTS): A New Class of Multiplexed Electrochemical
Sensors. Lab Chip 2015, 15, 2064-2072.

1023. Kim, J.; Valdes-Ramirez, G.; Bandodkar, A. J.; Jia, W.; Martinez, A. G.; Ramirez,
J.; Mercier, P.; Wang, J., Noninvasive Mouthguard Biosensor for Continuous Salivary
Monitoring of Metabolites. Analyst 2014, 139, 1632-1636.

1024. Jia, W.; Bandodkar, A. J.; Valdes-Ramirez, G.; Windmiller, J. R.; Yang, Z.;
Ramirez, J.; Chan, G.; Wang, J., Electrochemical Tattoo Biosensors for Real-Time
Noninvasive Lactate Monitoring in Human Perspiration. Anal. Chem. 2013, 85, 6553-6560.
1025. La Belle, J. T.; Adams, A.; Lin, C. E.; Engelschall, E.; Pratt, B.; Cook, C. B.,
Self-monitoring of Tear Glucose: The Development of a Tear Based Glucose Sensor as an
Alternative to Self-Monitoring of Blood Glucose. ChemComm 2016, 52, 9197-9204.
1026. Reid, R. C.; Jones, S. R.; Hickey, D. P.; Minteer, S. D.; Gale, B. K., Modeling
Carbon Nanotube Connectivity and Surface Activity in a Contact Lens Biofuel Cell.
Electrochim. Acta 2016, 203, 30-40.

1027. Mishra, R. K.; Martin, A.; Nakagawa, T.; Barfidokht, A.; Lu, X.; Sempionatto,
J.R.; Lyu, K. M.; Karajic, A.; Musameh, M. M.; Kyratzis, I. L.; Wang, J., Detection of
Vapor-Phase Organophosphate Threats using Wearable Conformable Integrated
Epidermal and Textile Wireless Biosensor Systems. Biosens. Bioelectron. 2018, 101, 227-
234.

1028. Mishra, R. K.; Hubble, L. J.; Martin, A.; Kumar, R.; Barfidokht, A.; Kim, J.;
Musameh, M. M.; Kyratzis, I. L.; Wang, J., Wearable Flexible and Stretchable Glove



Biosensor for On-site Detection of Organophosphorus Chemical Threats. ACS Sens. 2017,
2,553-561.

1029. Bandodkar, A. J.; Jia, W.; Yardimci, C.; Wang, X.; Ramirez, J.; Wang, J., Tattoo-
Based Noninvasive Glucose Monitoring: A Proof-of-Concept Study. Anal. Chem. 2015,
87, 394-398.

1030. Arakawa, T.; Kuroki, Y.; Nitta, H.; Chouhan, P.; Toma, K.; Sawada, S.;
Takeuchi, S.; Sekita, T.; Akiyoshi, K.; Minakuchi, S.; Mitsubayashi, K., Mouthguard
Biosensor with Telemetry System for Monitoring of Saliva Glucose: A Novel Cavitas
Sensor. Biosens. Bioelectron. 2016, 84, 106-111.

1031. Bandodkar, A.J.; Imani, S.; Nunez-Flores, R.; Kumar, R.; Wang, C.; Mohan, A.
M. V.; Wang, J.; Mercier, P. P., Reusable Electrochemical Glucose Sensors Integrated into
a Smartphone Platform. Biosens. Bioelectron. 2018, 101, 181-187.

1032. Cho, E.; Mohammadifar, M.; Choi, S. In 4 Self-powered Sensor Patch for Glucose
Monitoring in Sweat, 2017 IEEE 30th International Conference on Micro Electro
Mechanical Systems (MEMS), 22-26 Jan. 2017; 2017; pp 366-369.

1033. RoyChoudhury, S.; Umasankar, Y.; Jaller, J.; Herskovitz, I.; Mervis, J.; Darwin,
E.; Hirt, P. A.; Borda, L. J.; Lev-Tov, H. A.; Kirsner, R.; Bhansali, S., Continuous
Monitoring of Wound Healing Using a Wearable Enzymatic Uric Acid Biosensor. J.
Electrochem. Soc. 2018, 165, B3168-B3175.

1034. Kim, J.; Jeerapan, I.; Imani, S.; Cho, T. N.; Bandodkar, A.; Cinti, S.; Mercier,
P. P.; Wang, J., Noninvasive Alcohol Monitoring Using a Wearable Tattoo-based
Iontophoretic-biosensing System. ACS Sens. 2016, 1, 1011-1019.

1035. Kim, J.; Sempionatto, J. R.; Imani, S.; Hartel, M. C.; Barfidokht, A.; Tang, G.;
Campbell, A. S.; Mercier, P. P.; Wang, J., Simultaneous Monitoring of Sweat and
Interstitial Fluid Using a Single Wearable Biosensor Platform. Adv. Sci. (Weinh) 2018, 5,
1800880.

1036. Gaffney, E. M.; Lim, K.; Minteer, S. D., Breath Biosensing: Using Electrochemical
Enzymatic Sensors for Detection of Biomarkers in Human Breath. Curr. Opin.
Electrochem. 2020, 23, 26-30.

1037. Motooka, M.; Uno, S., Improvement in Limit of Detection of Enzymatic Biogas
Sensor Utilizing Chromatography Paper for Breath Analysis. Sensors (Basel) 2018, 18.
1038. Nguyen, H. H.; Lee, S. H.; Lee, U. J.; Fermin, C. D.; Kim, M., Immobilized
Enzymes in Biosensor Applications. Materials (Basel) 2019, 12.

1039. Katz, E.; Buckmann, A. F.; Willner, L., Self-Powered Enzyme-Based Biosensors.
J. Am. Chem. Soc. 2001, 123, 10752-10753.

1040. Meredith, M. T.; Minteer, S. D., Inhibition and Activation of Glucose Oxidase
Bioanodes for Use in a Self-Powered EDTA Sensor. Anal. Chem. 2011, 83, 5436-5441.
1041. Krikstolaityte, V.; Oztekin, Y.; Kuliesius, J.; Ramanaviciene, A.; Yazicigil, Z.;
Ersoz, M.; Okumus, A.; Kausaite-Minkstimiene, A.; Kilic, Z.; Solak, A. O.;
Makaraviciute, A.; Ramanavicius, A., Biofuel Cell Based on Anode and Cathode Modified
by Glucose Oxidase. Electroanalysis 2013, 25, 2677-2683.

1042. 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.
1043. Majdecka, D.; Draminska, S.; Janusek, D.; Krysinski, P.; Bilewicz, R., A Self-
powered Biosensing Device with an Integrated Hybrid Biofuel Cell for Intermittent
Monitoring of Analytes. Biosens. Bioelectron. 2018, 102, 383-388.



1044. Nasar, A.; Perveen, R., Applications of Enzymatic Biofuel Cells in Bioelectronic
Devices - A Review. Int. J. Hydrog. Energy 2019, 44, 15287-15312.

1045. Janecek, S., Strategies for Obtaining Stable Enzymes. Process Biochem. 1993, 28,
435-445.

1046. Gu,Z.Y.; Park,J.; Raiff, A.; Wei, Z. W.; Zhou, H. C., Metal-organic Frameworks
as Biomimetic Catalysts. ChemCatChem 2014, 6, 67-75.

1047. Najafpour, M. M.; Ehrenberg, T.; Wiechen, M.; Kurz, P., Calcium Manganese (I11)
Oxides (CaMn204- x H20) as Biomimetic Oxygen-Evolving Catalysts. Angew. Chem. Int.
Ed. 2010, 49, 2233-2237.

1048. Hinnemann, B.; Moses, P. G.; Bonde, J.; Jorgensen, K. P.; Nielsen, J. H.; Horch,
S.;  Chorkendorff, I.; Nerskov, J. K., Biomimetic Hydrogen Evolution: MoS;
Nanoparticles as Catalyst for Hydrogen Evolution. J. Am. Chem. Soc. 2005, 127, 5308-
5309.

1049. Mateo, C.; Palomo, J. M.; Fernandez-Lorente, G.; Guisan, J. M.; Fernandez-
Lafuente, R., Improvement of Enzyme Activity, Stability and Selectivity via
Immobilization Techniques. Enzyme Microb. Technol. 2007, 40, 1451-1463.

1050. Babanova, S.; Jones, J.; Phadke, S.; Lu, M.; Angulo, C.; Garcia, J.; Carpenter,
K.; Cortese, R.; Chen, S.; Phan, T.; Bretschger, O., Continuous Flow, Large-Scale,
Microbial Fuel Cell System for the Sustained Treatment of Swine Waste. Water Environ.
Res. 2020, 92, 60-72.

1051. Ieropoulos, I. A.; Stinchcombe, A.; Gajda, I.; Forbes, S.; Merino-Jimenez, 1.;
Pasternak, G.; Sanchez-Herranz, D.; Greenman, J., Pee Power Urinal - Microbial Fuel Cell
Technology Field Trials in the Context of Sanitation. Environ. Sci.. Water Res. Technol.
2016, 2, 336-343.

1052. Schievano, A.; Colombo, A.; Grattieri, M.; Trasatti, S. P.; Liberale, A.;
Tremolada, P.; Pino, C.; Cristiani, P., Floating Microbial Fuel Cells as Energy Harvesters
for Signal Transmission from Natural Water Bodies. J. Power Sources 2017, 340, 80-88.
1053. Walter, X. A.; Stinchcombe, A.; Greenman, J.; leropoulos, 1., Urine Transduction
to Usable Energy: A Modular MFC Approach for Smartphone and Remote System
Charging. Appl. Energy 2017, 192, 575-581.

1054. Santoro, C.; Abad, F. B.; Serov, A.; Kodali, M.; Howe, K. J.; Soavi, F.;
Atanassov, P., Supercapacitive Microbial Desalination Cells: New Class of Power
Generating Devices for Reduction of Salinity Content. Appl. Energy 2017, 208, 25-36.
1055. Santoro, C.; Talarposhti, M. R.; Kodali, M.; Gokhale, R.; Serov, A.; Merino-
Jimenez, 1.; leropoulos, I.; Atanassov, P., Microbial Desalination Cells with Efficient
Platinum-Group-Metal-Free Cathode Catalysts. ChemElectroChem 2017, 4, 3322-3330.
1056. Alkotaini, B.; Tinucci, S. L.; Robertson, S. J.; Hasan, K.; Minteer, S. D.; Grattieri,
M., Alginate-encapsulated Bacteria for the Treatment of Hypersaline Solutions in
Microbial Fuel Cells. ChemBioChem 2018, 19, 1162-1169.

1057. Grattieri, M.; Minteer, S. D., Microbial Fuel Cells in Saline and Hypersaline
Environments: Advancements, Challenges and Future Perspectives. Bioelectrochemistry
2018, 120, 127-137.

1058. Grattieri, M.; Suvira, M.; Hasan, K.; Minteer, S. D., Halotolerant Extremophile
Bacteria from the Great Salt Lake for Recycling Pollutants in Microbial Fuel Cells. J.
Power Sources 2017, 356, 310-318.



1059. Rousseau, R.; Santaella, C.; Bonnafous, A.; Achouak, W.; Godon, J. J.; Delia,
M. L.; Bergel, A., Halotolerant Bioanodes: The Applied Potential Modulates the
Electrochemical Characteristics, the Biofilm Structure and the Ratio of the Two Dominant
Genera. Bioelectrochemistry 2016, 112, 24-32.

1060. Chouler, J.; Cruz-lzquierdo, A.; Rengaraj, S.; Scott, J. L.; Di Lorenzo, M., A
Screen-printed Paper Microbial Fuel Cell Biosensor for Detection of Toxic Compounds in
Water. Biosens. Bioelectron. 2018, 102, 49-56.

1061. Xu, Z.; Liu, Y.; Williams, I.; Li, Y.; Qian, F.; Zhang, H.; Cai, D.; Wang, L.;
Li, B., Disposable Self-Support Paper-Based Multi-Anode Microbial Fuel Cell (PMMFC)
Integrated with Power Management System (PMS) as the Real Time “Shock" Biosensor
for Wastewater. Biosens. Bioelectron. 2016, 85, 232-239.

1062. Lazzarini Behrmann, I. C.; Grattieri, M.; Minteer, S. D.; Ramirez, S. A.; Vullo,
D. L., Online Self-Powered Cr(VI) Monitoring with Autochthonous Pseudomonas and a
Bio-inspired Redox Polymer. Anal. Bioanal. Chem. 2020.

1063. Santoro, C.; Walter, X. A.; Soavi, F.; Greenman, J.; Ieropoulos, I., Self-stratified
and Self-powered Micro-Supercapacitor Integrated into a Microbial Fuel Cell Operating in
Human Urine. Electrochim. Acta 2019, 307, 241-252.

1064. Soavi, F.; Santoro, C., Supercapacitive Operational Mode in Microbial Fuel Cell.
Curr. Opin. Electrochem. 2020, 22, 1-8.

1065. Li, Y.; Wu, Y.; Liu, B.; Luan, H.; Vadas, T.; Guo, W.; Ding, J.; Li, B., Self-
sustained Reduction of Multiple Metals in a Microbial Fuel Cell-Microbial Electrolysis
Cell Hybrid System. Bioresour. Technol. 2015, 192, 238-46.

1066. Liu,Y.C.; Atanassov, P., Charge Transfer at Biotic/Abiotic Interfaces in Biological
Electrocatalysis. Curr. Opin. Electrochem. 2020, 19, 175-183.

1067. Gaffney, E. M.; Grattieri, M.; Rhodes, Z.; Minteer, S. D., Editors' Choice-Review-
Exploration of Computational Approaches for Understanding Microbial Electrochemical
Systems: Opportunities and Future Directions. J. Electrochem. Soc. 2020, 167, 065502.
1068. Koch, C.; Korth, B.; Harnisch, F., Microbial Ecology-Based Engineering of
Microbial Electrochemical Technologies. Microb. Biotechnol. 2018, 11, 22-38.

1069. Huang, L. F.; Lin,J. Y.; Pan, K. Y.; Huang, C. K.; Chuy, Y. K., Overexpressing
Ferredoxins in Chlamydomonas reinhardtii Increase Starch and Oil Yields and Enhance
Electric Power Production in a Photo Microbial Fuel Cell. Int. J. Mol. Sci. 2015, 16, 19308-
19325.

1070. Wang, B.; Wang, J.; Zhang, W.; Meldrum, D. R., Application of Synthetic Biology
in Cyanobacteria and Algae. Front. Microbiol. 2012, 3, 344.

1071. Duan, S. N.; Dall'Agnese, C.; Chen, G.; Wang, X. F.; Tamiaki, H.; Yamamoto,
Y.; Ikeuchi, T.; Sasaki, S., Bilayer Chlorophyll-Based Biosolar Cells Inspired from the Z-
Scheme Process of Oxygenic Photosynthesis. ACS Energy Lett. 2018, 3, 1708-1712.
1072. Zhao, W. J.; Dall'Agnese, C.; Duan, S. N.; Sanchira, Y.; Wei, Y. J.; Tamiaki,
H.; Sasaki, S.; Wang, X. F., Trilayer Chlorophyll-based Cascade Biosolar Cells. 4ACS
Energy Lett. 2019, 4, 384-389.

1073. Chenault, H. K.; Whitesides, G. M., Regeneration of Nicotinamide Cofactors for
Use in Organic-Synthesis. Appl. Biochem. Biotechnol. 1987, 14, 147-197.

1074. Knaus, T.; Paul, C. E.; Levy, C. W.; de Vries, S.; Mutti, F. G.; Hollmann, F.;
Scrutton, N. S., Better than Nature: Nicotinamide Biomimetics That Outperform Natural
Coenzymes. J. Am. Chem. Soc. 2016, 138, 1033-1039.



1075. Song, H.; Ma, C.; Zhou, W.; You, C.; Zhang, Y. P. J.; Zhu, Z., Construction of
Enzyme-cofactor/Mediator Conjugates for Enhanced in vitro Bioelectricity Generation.
Bioconjug. Chem. 2018, 29, 3993-3998.

1076. Huang, R.; Chen, H.; Zhou, W.; Ma, C.; Zhang, Y. P., Engineering a Thermostable
Highly Active Glucose 6-Phosphate Dehydrogenase and its Application to Hydrogen
Production in vitro. Appl. Microbiol. Biotechnol. 2018, 102, 3203-3215.

1077. Khalil, A. S.; Collins, J. J., Synthetic Biology: Applications Come of Age. Nat. Rev.
Genet. 2010, 11, 367-379.

1078. Shi, T.; Han, P.; You, C.; Zhang, Y. P. J., An in vitro Synthetic Biology Platform
for Emerging Industrial Biomanufacturing: Bottom-up Pathway Design. Syst. Synth. Biol.
2018, 3, 186-195.

1079. Zhang, Y. H., Production of Biofuels and Biochemicals by in vitro Synthetic
Biosystems: Opportunities and Challenges. Biotechnol. Adv. 2015, 33, 1467-1483.

1080. Zhang, Y. H. P., Simpler Is Better: High-Yield and Potential Low-Cost Biofuels
Production through Cell-Free Synthetic Pathway Biotransformation (SyPaB). ACS Catal.
2011, 7, 998-1009.

1081. Wang, L.; Ji, D. B.; Liu, Y. X.; Wang, Q.; Wang, X. Y.; Zhou, Y. J. J.; Zhang,
Y. X.; Liu, W. J; Zhao, Z. B. K., Synthetic Cofactor-linked Metabolic Circuits for
Selective Energy Transfer. ACS Catal. 2017, 7, 1977-1983.

1082. Huang, R.; Chen, H.; Upp, D. M.; Lewis, J. C.; Zhang, Y. H. P. J., A High-
Throughput Method for Directed Evolution of NAD(P)"-dependent Dehydrogenases for
the Reduction of Biomimetic Nicotinamide Analogues. ACS Catal. 2019, 9, 11709-11719.
1083. Selberg, J.; Gomez, M.; Rolandi, M., The Potential for Convergence between
Synthetic Biology and Bioelectronics. Cell Syst. 2018, 7, 231-244.

1084. Saha-Shah, A.; Weber, A. E.; Karty, J. A.; Ray, S. J.; Hieftje, G. M.; Baker, L.
A., Nanopipettes: Probes for Local Sample Analysis. Chem. Sci. 2015, 6, 3334-3341.



