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Recent Advances in the Direct
Electron Transfer-Enabled Enzymatic
Fuel Cells

Sooyoun Yu and Nosang V. Myung*

Department of Chemical and Biomolecular Engineering, University of Notre Dame, Notre Dame, IN, United States

Direct electron transfer (DET), which requires no mediator to shuttle electrons from
enzyme active site to the electrode surface, minimizes complexity caused by the mediator
and can further enable miniaturization for biocompatible and implantable devices.
However, because the redox cofactors are typically deeply embedded in the protein
matrix of the enzymes, electrons generated from oxidation reaction cannot easily transfer
to the electrode surface. In this review, methods to improve the DET rate for enhancement
of enzymatic fuel cell performances are summarized, with a focus on the more recent
works (past 10 years). Finally, progress on the application of DET-enabled EFC to some
biomedical and implantable devices are reported.
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INTRODUCTION

Since its first demonstration of concept by Yahiro et al. (1964), enzymatic fuel cell (EFC) has gained
much research interest as one of the environmentally friendly and renewable source of power
generation. Utilizing isolated enzymes from microorganisms as biocatalysts at either or both of
electrodes, EFC is particularly attractive as the substrate specificity of the biocatalysts essentially
removes the need for compartmentalization of each electrode, allowing for wider applications
via miniaturization. The biocatalyst at the anode catalyzes the oxidation reaction of a fuel, from
which electrons are released and then transferred to the electrode surface. The electrons then travel
through the circuit to the cathode, where they are consumed in the reduction reaction of an oxidant,
typically oxygen to produce water as byproduct. In an EFC, there are two possible electron transport
mechanisms from the redox center of the biocatalyst at the anode (i.e., bioanodic enzyme) to the
electrode surface: direct electron transfer (DET) and mediated electron transfer (MET). When an
electron generated from oxidation catalyzed by the redox center of a bioanodic enzyme travels
directly to the electrode surface and is collected as current, the enzyme is known to undergo DET;
when an additional component is utilized between the enzymatic catalyst and electrode surface to
act as a mediator to shuttle the electron, it is referred to as MET. Early works with EFC typically
involved electron mediators, such as hydroquinone, benzoquinone, and ferricyanide salt to obtain
current (Hunger et al., 1966; Davis and Yarbrough, 1967). Though first report of DET may date back
to as early as 1972 (Betso et al., 1972), it was not until 1978 when works by Berezin et al. pioneered
the DET mechanism to collect current with a laccase (Lc) directly adsorbed onto graphite electrodes
(Berezin et al., 1978).

Despite over a half of a century worth of research, there is yet to be a consensus on whether
DET or MET surpasses one another in terms of EFC performance. On one hand, MET-enabled
EFC theoretically provides higher current and power density as the mediator would minimize the
number of electrons that fail to reach the electrode due to its small tunneling distance (~10 A);
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on the other hand, DET-enabled EFC offers simpler
configuration and can bypass potential toxicity or low stability
of some mediators (Mazurenko et al., 2017a; Mani et al., 2018).
Furthermore, not using a mediator means the redox enzymes
can operate at a potential close to their natural standard redox
potentials, leading to lower chances of interfering reactions as
well as higher open-circuit potential and thus higher power
density (Kawai et al., 2014).

When evaluating the performance of EFC, several properties
are commonly characterized or quantified: power density,
current density, the amount of decay in power density over time,
and open-circuit potential (OCP). The power and current density
and the OCP correlate to the overall power output by the EFC,
while the time-dependent decay of the power density can be
translated into the stability of the EFC. While DET seems like
a more favorable method of electron transfer to optimize the
EFC performance, the small electron tunneling distance greatly
limits the type of oxidoreductases that can be used for this
configuration. Typically, the redox center is deeply embedded
within a protein matrix, the size of which often exceeds 10
A. In fact, only about a 100 of 1,700 known oxidoreductase
enzymes can facilitate DET (Shleev et al., 2016). In an effort
to not only increase this number but also enhance the fuel cell
performance utilizing DET, a number of components of EFC
could be improved: protein engineering to increase the efficiency
of the direct electron transfer; immobilization of the biocatalysts
on the electrode to decrease the tunneling distance and enhance
the stability; and use of functional nanomaterials as electrodes
to maximize enzyme loading while minimizing IR drop and
tunneling distance for efficient charge transfer.

Herein, methods to enhance the performance of DET-
enabled EFC that have recently been popular are summarized,
and the outlook on these EFCs, including their applications
are presented.

BIOCATALYST ENGINEERING

One of the major drawbacks of using native enzymes as
biocatalysts for EFCs is that some redox cofactors, molecules that
change their oxidation state during catalytic redox reaction of the
substrate, are deeply embedded inside the enzyme, and thus it is
difficult for the electrons generated from the oxidation reaction to
transfer successfully to the electrode surface (Hecht et al., 1993).
For many enzymes, this means the electrons must be able to travel
far beyond their 10-A limit to reach the electrode, and most, if
not all, of the electrons are not collected as current without any
modification on the enzymes.

Enzyme Choice and Protein Engineering

Glucose oxidase (GOx), one of the most extensively studied
oxidoreductase enzyme for catalysis of glucose oxidation, is
well-known for its flavin adenine dinucleotide (FAD) cofactor
embedded within the protein matrix as far as 15-26 A from the
surface (Luong et al., 2017). Due to the large depth in which the
FAD is located, some works have claimed that native GOx does
not undergo DET at all (Wilson, 2016; Bartlett and Al-lolage,
2018). In these works, the redox peaks at E® = —0.46V (vs.

Ag/AgCl) famously known to represent the GOx activity by the
redox of FAD/FADH, cofactor were argued to be inaccurate, as
their electroanalytical methods with various control experiments
suggested the redox peaks were due to the enzymatic activity of
the FAD cofactors that have denatured from GOx itself, rather
than the electroactivity.

Despite these claims, efforts toward DET-enabled GOx-based
EFC have continued. Furthermore, other enzyme catalysts for
both anode and cathode have been engineered and utilized
for enhancement of EFC performance. This section describes
various methods to modify or engineer enzymes for increasing
the stability of enzyme immobilization and decreasing enzyme-
to-electrode distance, thereby increasing the chance of DET for
higher power density.

One of the drawbacks of using native GOx as the anodic
biocatalyst is its sensitivity to oxygen. In addition to its primary
substrate, glucose, GOx also interacts with oxygen as a natural
electron acceptor and catalyzes its reduction to hydrogen
peroxide. This can not only result in a lower coulombic efficiency,
but also affect the cathode by depleting the available oxygen to be
reduced (Navaee and Salimi, 2018).

As one of the alternatives, FAD-dependent glucose
dehydrogenase (referred to as FAD-GDH) has been suggested
as a promising enzyme. GDH is available with three different
cofactors—pyrroloquinoline quinone (PQQ), nicotine adenine
dinucleotide (NAD), and FAD. Though GDH based on all
three cofactors have been utilized as anodic enzyme catalyst
for EFC applications (Saleh et al., 2011; Schubart et al., 2012;
Scherbahn et al, 2014), the low substrate selectivity and
poor thermal stability of PQQ-dependent GDH (Aiba et al,
2015) and denaturing of NAD cofactor suggest there are
room for improvement for them to be stronger candidates
for glucose-oxidizing enzyme for EFCs. FAD-GDH, on the
other hand, have been steadily used as an oxygen-insensitive
alternative, immobilized in various EFC setups. Desriani
et al. demonstrated FAD-GDH-based enzymatic fuel cell by
casting FAD-GDH/carbon ink mixture on carbon cloth to
fabricate the bioanode (Desriani et al., 2010). Combined with
the cathode functionalized with bilirubin oxidase (BOD),
the EFC produced up to 9.3 wW/cm? power density with
cellobiose as substrate. Muguruma et al. employed debundled
single-walled carbon nanotubes (SWNTs), which were small
enough in diameter (1.2nm) to be plugged into the grooves
of FAD-GDH to minimize the distance between enzyme
cofactor and the electrode. Glucose concentration-dependent
current response was only observed when debundled SWNTs
were utilized as opposed to SWNT aggregates or multi-
walled carbon nanotubes (MWNTs), despite the oxygen
insensitivity of FAD-GDH (Figure 1) (Muguruma et al., 2017).
Lee et al. studied the electrochemical behavior of FAD-GDH
via chronoamperometry. Not only was DET achieved, but also
the distance between enzyme cofactor and electrode surface
was controlled by different self-assembly monolayers (SAM)
to show its significance in enhancing the current response
(Lee et al., 2018). Furthermore, the chemisorption between the
thiol residue of SAM and gold electrode, combined with the
covalent bond between the amino groups of the FAD-GDH and
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FIGURE 1 | Schematic of possible DET route between FAD-GDH and
debundled SWNT. (A) and (B) show possible location of debundled SWNT in
the indentation of FAD-GDH; (C) compares the locations of MWNT, graphene,
and debundled SWNT with respect to the FAD-GDH; (D) visualizes the
reduced distance for electrons to travel from the FAD cofactor to the
debundled SWNT (Muguruma et al., 2017).

succinimide groups of SAM, strengthened the stability of enzyme
immobilization on the electrode surface for more efficient DET.

Another method to overcome the weak DET rate by GOx
is genetic modification for ready functionalization with metallic
nanomaterials or more intricate structure with supporting
materials. Prévoteau et al. demonstrated that deglycosylated
glucose oxidase exhibited more negative surface charge than
native GOx, which allowed for stronger electrostatic interaction
with positively charged hydrogels used to immobilize the
enzymes (Prévoteau et al., 2010). Electrodes functionalized with
deglycosylated GOx showed higher current density to fixed
amount of glucose than native GOx, which was attributed
to the smaller enzyme-electrode distance and higher enzyme
loading due to stronger attraction toward the hydrogel and
thus the electrode surface. Other enzymes such as cellobiose
dehydrogenase (CDH) was also deglycosylated to show up
to 65% higher current response in the presence of substrate
than the glycosylated enzymes (Ortiz et al.,, 2012). One of the
advantages that contributed to this increase was the smaller
hydrodynamic radius of the deglycosylated CDH, which allowed
for higher amount of enzymes to be packed on the electrode
surface. Holland et al. made direct mutations at various
locations of GOx to add a cysteine side chain, which revealed
a thiol group at a distance from 14 to 29 A from the FAD
cofactor. The thiol group attached to the GOx readily bound
to gold nanoparticles, which facilitated direct electron transfer

when functionalized onto electrode surface (Holland et al.,
2011). Electroanalytical methods on electrodes modified with
five mutated GOx showed only the enzyme with the thiol
group closest to the FAD exhibited electroactivity, reinforcing
the significance of minimizing enzyme-to-electrode distance
for efficient DET. Other enzymatic catalysts such as fructose
dehydrogenase (Hibino et al., 2017; Kaida et al., 2019), laccase
(Lalaoui et al., 2016a), and pyranose 2-oxidase (Spadiut et al.,
2009) have been modified for more stable immobilization as well
as enhanced enzymatic activity.

Orientation of Enzymes

Oxidoreductase enzymes are relatively large and measure few
nanometers in diameter; the redox center is typically embedded
within the protein matrix, at times tens of angstroms from
the surface of the enzyme, which is well over the maximum
electron tunneling distance of up to 20 A (Moser et al., 1992).
Because of this, it is essential to achieve favorable orientation
of the enzyme when immobilizing on the electrode; that is, in
a way that the redox cofactor is closest to the electrode surface
(Lopez et al., 2018). The difficulties associated with obtaining
such orientation, parameters that affect the orientation, and the
electrode properties that are affected by the enzyme orientation
are reviewed in great detail by Hitaishi et al. (2018). Thus, in
this review, several recent works that demonstrated fine tuning
of enzyme orientation by protein and electrode engineering for
more efficient direct electron transfer are presented.

The general idea behind achieving good orientation for DET is
to promote electrostatic interaction or covalent binding between
the enzyme and the electrode surface so that the cofactor
is located at a compatible distance from the electrode for
electron transfer. For example, gold nanoparticles immobilized
on highly oriented graphite electrode were functionalized
with aminophenyl groups, which allowed for covalent binding
between the nanoparticles and laccase enzyme. Two-step
immobilization was proposed for this work: (i) the amino groups
on the gold nanoparticles reacted with the oxidized sugar residues
on the L, while (ii) amide bonds were formed between carboxylic
groups of the enzyme and amino groups on the graphite electrode
(Gutiérrez-Sanchez et al., 2012). Lalaoui et al. modified a specific
location of laccase (Lc) with a pyrene molecule near the T1
copper redox center of the enzyme, so that when the pyrene
group on the Lc bound to the CNT-bound gold nanoparticle, the
redox center was closest to the electrode surface to maximize the
current density output (Figure 2) (Lalaoui et al., 2016a).

Ma et al. engineered seven different mutants of cellobiose
dehydrogenase to vary the orientation at which the enzyme
was immobilized on the electrode surface. All enzymes but the
wild type one were covalently bound to either gold or glassy
carbon electrode, which was confirmed by surface plasmon
resonance and cyclic voltammetry. The orientation of the enzyme
immobilized on the electrode surface affected the mobility of
the cytochrome domain, which moves between closed and open
state to take the electron from the FAD cofactor to donate to
the electrode. In the presence and absence of a mediator, they
confirmed the enzyme cofactor-to-electrode distance controlled
by the enzyme orientation greatly affected the DET/MET ratio
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FIGURE 2 | Schematic representing direct bioelectrocatalysis of pyrene-modified laccase immobilized by B-cyclodextrin-modified gold nanoparticles bound to carbon
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FIGURE 3 | Schematic of proposed route of DET for GOx physisorbed with
multi-walled carbon nanotubes (Liu et al., 2018) (https://pubs.acs.org/doi/full/
10.1021/acsomega.7b01633. Further permissions related to the material
should be directed to ACS).
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(Ma et al.,, 2019). Though not employed in an enzymatic fuel
cell setup, they electrochemically demonstrated this effect with
increased current density in the presence of a substrate at a
fixed concentration when the enzyme was in a DET-favorable
orientation. Tasca et al. enhanced the direct electron transfer by
modifying single-walled carbon nanotubes with p-aminobenzoic
acid or p-phenylenediamine using aryl diazonium salts, and

cellobiose dehydrogenase (CDH) was immobilized onto these
surface-modified SWNTs as the bioanodic enzyme (Tasca et al.,
2011). The functional groups provided a positively or negatively
charged surface to increase the interaction between the enzyme
and the electrode as well as to facilitate specific orientation of the
enzyme. Tasca et al. further explained that at low pH (i.e., pH3.5),
which exhibits high surface concentration of negatively charged
amino acid residues, the protonated (i.e., positively charged) p-
phenylenediamine could create a less electrostatically repulsive
environment for CDH, thus enhancing the DET. This effort was
continued by the same group, and a similar bioanodic setup was
used to fabricate a third-generation biosensor to detect lactose
(Tasca et al., 2013).

BIOCATALYST IMMOBILIZATION
METHODS

Stability of enzymatic fuel cells can also be enhanced by securely
immobilizing the catalyst on the electrode surface (Bahar, 2019).
Without proper anchoring down or protection, biocatalysts
could easily denature and lose their activity or desorb from the
electrode surface. Several immobilization methods have been
developed based on covalent bonding, affinity of biocatalysts,
entrapment, crosslinking, and more. With the ample potential for
miniaturization for applications in biomedical, biocompatible,
and even implantable devices, it is critical to maximize the
stability of the biocatalysts and thus of the device performance.

Physisorption
Physisorption, typically done by dropcasting of enzyme solution
onto the electrode surface followed by air-drying, is by far the
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simplest and cheapest method to fabricate enzyme electrodes.
However, because the enzymes are immobilized by weak van
der Waals forces or hydrophobic-hydrophilic interactions, they
can easily desorb or leach off the electrode surface (Strack
et al.,, 2013; Narvéez Villarrubia et al., 2014). Because of this,
physisorption is often avoided, and rather, novel methods of
enzyme immobilization or development of composite electrode
materials are sought, and thus physisorption is only briefly
described in this review. However, there are still recent efforts to
improve the stability of physisorbed enzyme catalysts, including
composite materials to co-deposit with the enzyme solution. Das
et al. utilized composite electrode consisting of reduced graphene
oxide (rGO) and gold nanoparticles (AuNPs) to immobilize GOx,
which showed higher electron transfer rate than when rGO or
AuNPs were used individually. The improved performance of
laboratory scale fuel cell built from this bioanode was attributed
to the increase specific surface area and electronic conductivity
of rGO combined with better attachment between GOx and
AuNPs via sulfur-containing amino acids of the enzyme (Das
et al,, 2014). Liu et al. studied the effect of MWNTs on the DET
and electroactivity of GOx by co-depositing carbon nanotubes of
various numbers of layers for various electroanalytical methods,
which suggested that the electrons generated from GOx was
shuttled from outer to inner wall of the MWNTs (Figure 3) (Liu
et al., 2018).

Entrapment and Conducting Polymers
Organic molecules with metallic or semiconducting electrical
properties called conducting polymers can be an effective agent
to entrap the enzyme catalysts and help transfer electrons to
the electrodes. In addition to these benefits, polypyrrole (Ppy)
helps prevent some undesired reactions, explaining its continued
use since its implementation in EFC setups in 1986 (Umana
and Waller, 1986). Recently, more complex bioanode setups
with single- or multiwalled carbon nanotubes, nanocellulose,
graphene, or various Ppy nanostructures, immobilizing a wide
range of enzymes such as fructose dehydrogenase (Kizling et al.,
2015, 2016), glucose oxidase (Kim et al., 2009; Min et al., 2010;
Liu C. et al, 2011), and alcohol dehydrogenase (Gutiérrez-
Dominguez et al., 2013). Many works suggested the enhanced
power density was owed to the conductive polymer matrix
allowing for proper orientation of the enzymes, good mass
transport rates, and improved stability.

Polyethyleneimine (PEI) is also widely used to immobilize
enzymes while exhibiting water miscibility and high
biocompatibility as well as offering various surface chemistries
for stable binding to electrode surfaces or other nanomaterials
(Figure 4) (Christwardana et al, 2017; Sapountzi et al.,
2017; Tavahodi et al., 2017). PEI is typically used along
with carbon nanotubes (Christwardana et al., 2016, 2017)
or metallic nanoparticles (Zeng et al, 2015; Chung et al,
2017a; Christwardana et al., 2018) to increase the stability of
enzyme immobilization.

Polyaniline (PANI), discovered over 150 years ago, only
started gaining research interest until 1980s due to its
high electrical conductivity, and was first demonstrated for
its utility as enzymatic electrode in 1999 by immobilizing

lactate dehydrogenase on electrochemically prepared PANI film
(Gerard et al., 1999). Since then, PANI has been utilized as
composite materials or prepared as nanofibers (Kim et al,
2011, 2014; Mishra et al., 2017), mainly due to its multifaceted
functionality and biocompatibility (Yan et al., 2010). PANI
can be directly electrochemically polymerized or functionalized
onto various carbonaceous nanomaterials including graphene,
graphene oxide, or carbon nanotubes for enhanced electrical
conductivity and enzymatic activity (Schubart et al, 2012;
Kashyap et al., 2015; Kumar et al., 2016; Kang et al., 2017).

DNA as Scaffolds or Electron Acceptors
DNA has been employed as an effective method to immobilize
single or multiple enzymes in a specific order for efficient
cascade reactions. The terminals of the DNA can be modified
for strong covalent bonds onto the electrode surface for stable
anchoring of the enzyme catalysts. Xia et al. demonstrated a fully
assembled methanol enzymatic fuel cell by immobilizing alcohol
dehydrogenase and aldehyde dehydrogenase using zing-finger
protein (Xia L. et al., 2017). The cascade reaction catalyzed by
the two enzyme catalysts successfully hydrolyzed methanol to
produce power density of 24.5 wW/cm?. DNA nanostructures
have also been used to couple synergistic enzymatic reactions into
a cascade system (Miiller and Niemeyer, 2008; Conrado et al.,
2012; Fu et al., 2012), up to five enzymes for sequential hydrolysis
of cellulose (Figure 5) (Chen et al., 2017).

Other 3D structures utilizing DNA such as nano-chambers
(Linko et al., 2015) and nanocages (Zhao et al, 2016) were
fabricated for self-assembly of enzyme cascades by GOx and
horseradish peroxidase (HRP), which showed enhanced activity
compared to when the two enzymes were freely in solution.
Chakraborty et al. studied an oxygen-reducing cathode catalyzed
by bilirubin oxidase (BOD) (Chakraborty et al., 2015). They
used DNA as a template to fabricate gold nanoclusters (AuNC),
which enhanced the electron transfer, shown by 15mV lower
overpotential as well as 5.5 times higher current than when
typical plasmonic gold nanoparticle was used in the same
configuration. Furthermore, rolling circle amplification was
utilized to assemble multiple copies of the enzyme catalysts for
enhanced catalytic activity toward reactions that are otherwise
impossible to achieve with a single enzyme (Wilner et al., 2009;
Sun and Chen, 2016). Though some of these examples were not
readily applied to EFC setups, it is worth noting their potential
for future applications in EFC with enhanced catalytic activity
and stability.

NANOMATERIAL-BASED ELECTRODES

The high surface area-to-volume ratio and variability of physical
and chemical properties by precise control of morphologies
have made nanomaterials attractive and superior to their bulk
counterparts in numerous applications. Taking advantage of
such properties to increase not only the enzyme loading but
also protection around the enzyme catalysts can allow the
nanomaterial-based EFC electrodes to increase stability and
decrease the enzyme-to-electrode distance for more efficient
direct electron transfer (Mazurenko et al., 2018).
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FIGURE 4 | Schematic of (A) fabrication of various GOx-functionalized electrodes and their mechanism of immobilization; (B) comparison between native GOx and
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FIGURE 5 | Schematic of five-enzyme cascade system for hydrolysis of cellulose and glucose oxidation. Adapted from Chen et al. (2017).
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Carbonaceous Materials

Carbon-based nanomaterials exhibit high electrical conductivity
and good mechanical properties, as well as various physical
and electrical properties depending on the control of their
morphologies. Various carbonaceous materials such as carbon
fibers or papers (Xu and Minteer, 2012; Kuo et al., 2013),

carbon black (Kamitaka et al, 2007; Gupta et al, 2011;
Haneda et al., 2012; Xia et al, 2016a), carbon nanoparticles
(Selloum et al., 2014), graphene (Chen et al., 2012; Campbell
et al, 2015; Song et al,, 2015), graphite (Tasca et al., 2015;
Antiochia et al.,, 2019), and carbon nanotubes (Gao et al.,
2010; Ciaccafava et al, 2012; Agnes et al, 2013) have been
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employed as EFC electrode materials. For example, buckypaper
form of multiwalled carbon nanotubes (MWNTs) demonstrated
excellent potential as enzymatic electrode material by 68-fold
increase in current density from oxygen reduction reaction
catalyzed by laccase compared to as-prepared agglomerates of
MWNTs (Hussein et al.,, 2011). Hussein et al. attributed this
significant enhancement to reduced diffusional mass transfer
limitations and enhanced electrical conductivity when MWNTs
were dispersed into a buckypaper form, which also exhibited
highly mesoporous structures and good mechanical stability.
Filip et al. demonstrated a low-cost biofuel cell by integrating
carbon nanoparticle-nanotube composite-based bioanode and
biocathode containing fructose dehydrogenase and bilirubin
oxidase, respectively (Filip et al., 2013). In addition to combining
two different carbon nanostructures to achieve high surface
area as well as efficient interconnection for high electrical
conductivity, this work by Filip et al. further attributed the high
current density of the biocathode to the chitosan that acted
as a “glue” to hold Ketjen Black-CNT composite, facilitating
favorable orientation of the bilirubin oxidase for DET by
electrostatic interaction between the positively charged chitosan
and negatively charged enzyme as well as reducing charge
transfer resistance and overpotential for oxygen reduction.

First discovered by Ijima et al. in 1991 (Iijima, 1991),
carbon nanotubes (CNTs) now are one of the most widely used
nanomaterials for fabrication of enzyme electrodes, largely due to
high surface area-to-volume ratio and flexibility toward surface
chemistry manipulation to enhance enzyme immobilization
(Liu X. et al, 2011; Yan et al., 2011). For example, Zebda
et al. demonstrated mediatorless glucose/oxygen biofuel cell
based on GOx and Lc mechanically compressed with carbon
nanotubes into bioanode and biocathode, respectively (Zebda
et al,, 2011). The high porosity and electrical conductivity of
the CNT matrix contributed to good diffusion and electrical
connection for the enzymes. Zebda et al. also suggested that the
mechanical compression facilitated nanoscale proximity between
the enzymes and the three-dimensional electrode surface,
which attributed to the DET without any loss in enzymatic
activity. In fact, power density of 1 mW/cm? and open-circuit
voltage of 0.95V was largely retained for 1 month under
physiological conditions. Though carbon nanotubes are typically
physisorbed or compressed with enzyme catalyst of choice,
followed by coating of semi-permeable polymer like Nafion to
prevent desorption or leaching of the enzymes, more complex
setups have been reported to enhance the immobilization of
the enzyme as well as electron transfer by using electrode
materials of higher surface area and electrical conductivity.
Carbon-based electrode materials were chemically modified or
doped for increased enzyme loading and stability of enzyme
immobilization (Meredith et al., 2011; Karaskiewicz et al., 2012;
Wei et al., 2012; Giroud and Minteer, 2013), decorated with
metallic nanomaterials for covalent bonding of enzymes and
enhanced electron transfer (Naruse et al., 2011; Lalaoui et al.,
2016a), or combined with various carbonaceous nanomaterials
to form composite electrodes (Wu et al., 2013; Campbell et al.,
2015; Escalona-Villalpando et al., 2018). For example, carbon
nanotubes functionalized with naphthalene, an aromatic group

toward which laccase exhibited affinity due to its hydrophobic
pocket, were efficient electrode materials in not only ensuring
electrical wiring between enzyme cofactor and the electrode
surface but also increasing the amount of enzymes in favorable
orientation for DET (Karaskiewicz et al.,, 2012). Biofuel cell
assembled with this electrode exhibited power density of 131
WW/cm?, 80% of which were retained after 24h. Iron- and
nitrogen-codoped carbon nanotubes were used by Ji et al. to
enhance the overall catalytic activity of GOx-based bioanode by
catalyzing oxidation reaction of hydrogen peroxide, a byproduct
of glucose oxidation commonly known to inhibit enzyme activity
(Ji et al,, 2020). They also demonstrated their enzymatic fuel cell
based on this electrode with power density of 63 wW/cm?, and
~80% of the bioanodic current density of 347.1 pwA/cm? was
retained after 4 weeks.

Porous Nanostructure

The ultra-large surface area-to-volume ratio with fine-tunable
pore size, density, and overall nanostructure dimensions, porous
nanostructures have shown to be excellent candidates for
EFC electrode materials. Though enzymeless, catalytic glucose
oxidation by Rong et al. described the high porosity of the
polymer matrix employed around the gold nanoparticle catalyst
provided size-selective protection against larger molecules (Rong
et al., 2014). Similar to this work, enzymatic electrodes are also
fabricated based on porous structures in order to protect the
enzyme catalysts, while allowing more contact area to enhance
the DET rate. The significance of mesoporous electrodes (i.e.,
containing pores of diameter between 2 and 50 nm) is supported
by (i) the curvature effect (Sugimoto et al., 2016, 2017), in which
the current density largely increases as pore diameter approaches
that of a single enzyme; as well as (ii) the electrostatic interaction
between the enzyme and the electrode, where the surface charge
of the electrodes can promote the preferred orientation of the
enzymes so that the distance between the enzyme active site
and the electrode is minimized (Sugimoto et al., 2015; Lalaoui
et al., 2016b; Xia et al., 2016b; Xia H. et al., 2017). With these
in mind, meso- and microporous electrodes were fabricated
based on glassy carbon electrodes modified with Ketjen Black
and gold nanoparticles to improve the direct electron transfer
kinetics of several redox enzymes such as bilirubin oxidase,
hydrogenase, and formate dehydrogenase (Figure 6) (Sakai et al.,
2018). Based on the electrochemical behavior of these electrodes
characterized by cyclic voltammetry, combined with electrostatic
charge distribution visualized by PyMOL, it was suggested that
electrodes with controlled morphology such as mesoporous
structure was a predominant factor in facilitating DET of
the three enzymes. The mechanism of DET based on porous
electrodes and the optimum porous nanomaterial for DET were
mathematically modeled and experimentally validated by Do
etal. (2014) and Mazurenko et al. (2017b) respectively.

Various porous materials were utilized as electrodes to be
functionalized with enzyme catalysts. Wang et al. deposited
single-walled carbon nanotube on gold-coated porous silicon
substrates, onto which GOx and Lc were electrochemically
immobilized to fabricate bioanode and biocathode, respectively.
Enzymatic fuel cell built with these electrodes produced peak
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power density of 1.38 wW/cm? for up to 24 h (Wang et al., 2009a).
Though the power density output was not as high compared to
similar works, it was important to note that both membrane- and
mediator-free enzymatic fuel cell was demonstrated with glucose
at a near-physiological concentration for potential in biomedical
application. Improved peak power density and stability of up to
12 wW/cm? and 48 h, respectively, were later demonstrated by
the same setup and group later that year (Wang et al., 2009b). A
work by du Toit and Di Lorenzo demonstrated the feasibility of
highly porous gold electrodes for use in biofuel cell with GOx and
laccase as anodic and cathodic catalysts, respectively, producing
peak power density of 6 wW/cm? (Du Toit and Di Lorenzo,
2014), a comparable value to other miniature EFCs (Beneyton
et al., 2013; Falk et al., 2013). Their effort continued to develop
a flow-through glucose/oxygen fuel cell based on highly porous
gold electrodes for continuous power generation for up to 24h
(du Toit and Di Lorenzo, 2015). Salaj-Kosla et al. also utilized
nanoporous gold electrodes to immobilize bilirubin oxidase by
physisorption to produce catalytic current density of 0.8 mA/cm?
(Salaj-kosla et al., 2012). More recently, bioelectrocatalysis by
bilirubin oxidase was further improved by immobilizing it onto
porous gold (Takahashi et al., 2019a) and mesoporous carbon
electrodes (Takahashi et al., 2019b), which was attributed to
the appropriate pore size distribution as well as promotion of
favorable orientation of the enzyme for direct electron transfer.

Gold Nanoparticles

Due to their unique physical and electrical properties, gold
nanoparticles (AuNPs) are among popular materials with
which to functionalize EFC electrodes. In addition, the various
facile synthesis protocols and size control techniques make
AuNPs more attractive in enhancing the enzyme electrode

performance. AuNPs themselves can be modified with functional
groups such as thiols to covalently attach to electrode surface,
improving the stability when the enzymes are adsorbed onto
the AuNP functionalized electrodes, in which the AuNPs act
as electronic bridges between the enzyme active site and the
electrode surface. Monsalve et al. used a thiolated AuNPs
of various sizes to covalently bind to a hydrogenase for
bioanode fabrication, during which the smallest AuNPs were
found to exhibit the highest surface area, leading to a 170-
fold increase in current density from DET-based hydrogen
oxidation compared to using unmodified bulk gold electrode
(Monsalve et al., 2015). Combined with BOD-modified cathode,
the as-fabricated EFC produced power density of up to 0.25
mW/cm?. Ratautas et al. fabricated a bioanode with AuNP
modified with 4-aminothiophenol (4-ATP), which contained
oxidized derivatives that allowed for stable immobilization of
glucose dehydrogenase, and confirmed its mediator-free glucose
oxidation electrochemically (Ratautas et al., 2016). Biocathodes
based on AuNPs as electronic bridges for laccase were also
fabricated by Kang et al; laccase was immobilized onto
naphthalenethiol-modified AuNPs, which promoted the electron
transfer to the polyethyleneimine-carbon nanotube electrode
(Kang S. et al, 2018). The high-surface area electrode also
increased the enzyme loading, producing 13 wW/cm? power
density when put together into EFC. AuNPs were employed in
both anode and cathode for sugar/oxygen EFC with cellobiose
dehydrogenase and bilirubin oxidase as anodic and cathodic
catalyst, respectively; the EFC showed improved performance
than previously fabricated EFCs (i.e., power density of 15
wW/cm? in buffer and 3 wW/cm? in human blood), which
was attributed to the use of 3D AuNP-modified electrodes
(Wang et al., 2012). AuNPs are also used with other electrically
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conductive materials such as conducting polymers and carbon
nanotubes to further enhance the electrical properties for more
stable DET (Krikstolaityte et al., 2014; Tavahodi et al., 2017).

Recently, gold nanoparticle-carbon nanotube hybrid fibers
were utilized as electrode materials for high-performance
glucose/O, enzymatic fuel cell (Kwon et al., 2019). GOx, the
bioanodic enzyme of choice, and the gold nanoparticles were
alternately assembled layer by layer to combine covalent and
electrostatic bonding, leading to enhanced electron transfer and
stability. This highly electrically conductive material allowed
for fast electron transfer between the active site of GOx
and the electrode surface, exhibited by the small redox peak
separation of ~0.11V. Furthermore, the assembled enzymatic
fuel cell outputted power density and open-circuit voltage of
1.2 mW/cm? and 0.98 V, respectively. In the presence of a low
concentration of glucose to mimic the physiological conditions
(i.e., 10 mmol/L glucose), the EFC still exhibited 0.6 mW/cm?
of power density and 0.72V of open-circuit voltage, showing
great promise in the biomedical applications. The same layer-
by-layer assembly method was employed to fabricate GOx-
coated metallic cotton fiber as the bioanode, exhibiting excellent
electrical communication between the enzyme and the electrode
for enhanced electron transfer (Kwon et al., 2018). Combined
with the high conductivity of the cotton fibers (>2.1 x 10* S/cm),
the GOx/AuNP/metallic cotton fiber-based electrode showed
an impressive power density of 3.7 mW/cm? when assembled
into EFC.

RECENT PERFORMANCES OF
DET-ENABLED ANODES, CATHODES, AND
EFCs

Combining methods discussed in the previous sections,
recent studies have demonstrated enhanced performances
of electrodes and enzymatic fuel cells operating in direct
electron transfer. Studies worth highlighting are summarized
in Table 1.

Bioanode with one of the highest performances was
demonstrated by Gineityte et al; GDH was immobilized onto
cysteamine-modified gold nanoparticles, which was tethered to
polyaniline (Gineityte et al., 2019). The unique combination
of conductive polymer directly electropolymerized on the
electrode surface and positively charged monolayer of gold
nanoparticles attributed to the enhanced electron transfer
between the bioanodic enzyme and the electrode. This study
further demonstrated the bioanode performance in human blood
samples, in which the average current density was ~65% of
that in blood-mimicking buffer solution. One of the highest
power densities in an enzymatic fuel cell was reported by Chung
et al., who utilized a two-step crosslinking method to first form
a TPA/GOx composite and then immobilize onto PEI/CNT
electrode (Chung et al., 2017b). The large power density of
1,620 WW/cm? was attributed to the enhanced electron transfer
due to electron delocalization by m conjugation as well as the
enhanced stability of the enzyme. Because the GOx denaturation
was reduced by the strong chemical bonds immobilizing the

bioanodic enzyme on the electrode surface, the assembled
EFC retained ~75% of its power density for 4 weeks, which
highlighted the increased stability.

Some other methods that are interesting to note include
extending the EFC lifetime by functionalizing magnetic
nanoparticles with bioanodic enzymes to replenish the bioanode
with a fresh batch of biocatalysts (Herkendell et al., 2019).
Though power density of only 160 wW/cm? was reported for
this EFC, the idea of removing and reloading the biocatalysts by
a magnetically assisted methodology was unique, which showed
the EFC lifetime was extended from ~20 to 70 h.

RECENT PROGRESS IN BIOMEDICAL
APPLICATION OF DET-ENABLED EFC

Implantable devices powered by EFCs are increasingly attracting
research attention since high substrate specificity of enzyme
catalysts removes the need for compartments or membranes,
allowing for miniaturization. Furthermore, use of biocompatible
nanomaterials for electrodes has shown great potential in
implantable EFC devices. Though mediated electron transfer-
based EFCs have shown potential for implantable device
applications earlier and consistently grown (Mano et al., 2003,
2004; Miyake et al., 2011; Sales et al., 2013), DET-enabled EFCs
closely followed the trend. Starting from those fueled by clams
(Szczupak et al., 2012) and lobsters (MacVittie et al., 2013),
DET-driven EFCs were surgically implanted on an exposed
rat tissue (Castorena-Gonzalez et al, 2013) and finally in
the abdominal cavity of a rat to truly show the potential of
biocompatible, implantable EFC to power devices, which was
demonstrated by the powering of light-emitting diode (LED)
and a digital thermometer (Zebda et al., 2013). To accomplish
this, Zebda et al. wrapped the enzyme electrodes in silicone
bags, followed by a dialysis bag filled with sterile solution and
then an autoclaved commercial sleeve to avoid inflammation or
toxicity issue with the rat tissue. Halamkovd et al. demonstrated
a glucose/oxygen fuel cell based on PQQ-GDH noncovalently
bound to carbon nanotubes and Lc as bioanodic and biocathodic
catalyst, respectively, and generated maximum power density
of 30 wW/cm? and continuously operated as glucose was
regenerated by the snail’s feedings and relaxing (Figure 7)
(Halamkova et al., 2012).

The effort toward implantable EFC-powered devices for
humans have also been consistent. Bollella et al. demonstrated a
proof of concept with a FAD-based CDH and Lc as bioanodic and
biocathodic enzyme catalyst, respectively, immobilized on a gold
nanoparticle-functionalized graphene screen-printed electrode;
the EFC with both enzyme catalysts co-immobilized on the same
electrode showed power output of 1.10 wW/cm? and open-circuit
voltage of 0.41V in real human saliva samples, hinting at a
potential non-invasive autonomous biodevices (Bollella et al.,
2018). DET-enabled EFCs also exhibited stable operation in
other human liquids such as serum, saliva, and urine, ranging
in power density of 12-18 wW/cm? (Géobel et al., 2016).
Operation of mediatorless EFC utilizing various enzymes such
as PQQ-GDH and cellobiose dehydrogenase in real or synthetic
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TABLE 1 | Performances of electrodes and enzymatic fuel cells operating on direct electron transfer.

Bioanodic enzyme/ Biocathodic enzyme/ Fuel/oxidant Electrode/cell Power density OCP [V] Lifetime [h] % current or  References
material material current density [WW/cm?] power density
[nA/cm?] retained during
lifetime
CDH/SWNT/GC - Lactose/- 500 - - 50 85 Tasca et al., 2011
CDH/graphite - Lactose/- 4.79 - - - - Ortiz et al., 2012
CDH/SWNT/GC - Lactose/- 500 - - 288 50 Tasca et al., 2013
- Lc/CNT/Ta -/Op 840 - - 168 75 Singh et al., 2020
GOx/hydroquinone/SWNT/Au  Lc/SWNT/Au Glucose/O2 - 240 0.52 - - Bojorquez-Vazquez et al.,
2018
Py, Ox/CAT/GC Py> Ox/HRP/CNT-CMF-CC Ho/glucose - 530 1.15 10 50 Ruff et al., 2018
GDH/PANI/AUNP/Au - Glucose/- 1,000 - - 24 79 Gineityte et al., 2019
GOx/NQ/MWNT HRP/MWNT Glucose/H>0, - 700 0.6 - - Abreu et al., 2018
GOx/TPA/PEI/CNT P/C Glucose/Oz 78.6 1,620 - 672 75.8 Chung et al., 2017b
GOx/PANI/GC Lc/PANI/GC Glucose/Oz - 1,120 0.78 336 82.9 Kang Z. et al., 2018
FAD-GDH/Th-AuNP/CNT/GC ~ BOD/GR/CNT/GC Glucose/Oz 925 269 0.71 - - Navaee and Salimi, 2018
GOx/Naph-SH/AgNP/PEI/CNT  Pt/C Glucose/Os - 1,460 - 840 83 Christwardana et al., 2018
GOx/graphene - Glucose/Os - 164 0.44 168 60 Babadi et al., 2019
GOx/PVP-RPPy/NiF Lc/PVP-RPPy/NiF Glucose/O, - 350 1.16 336 82 Kang et al., 2019
Zn BOD/MWNT/rGO/PG -/Og 650 775 1.68 - - Torrinha et al., 2020
- MoBOD/MWNT -/Os 4,000 - - 24 73 Gentil et al., 2018
GDH/GO/GC Lc/AuNP/Au Glucose/O2 1,100 400 0.86 576 93 Maleki et al., 2019

CDH, cellobiose dehydrogenase; SWNT, single-walled carbon nanotube; GC, glassy carbon; GOx, glucose oxidase; Py,Ox, pyranose oxidase; CAT, catalase; GDH, glucose dehydrogenase; PANI, polyaniline; NP, nanoparticles; NQ,
naphthoquinone; MWNT, multi-walled carbon nanotube; TPA, terephthalaldehyde; PEI, polyethyleneimine; CNT, carbon nanotube; FAD-GDH, flavin adenine dinucleotide-dependent GDH; Th, thionine; Naph-SH, naphthalene-thiol;
PVP-RPPy, polyvinylpyrrolidone-rectangular polypyrrole; GO, graphene oxide; Lc, laccase; HRF, horseradish peroxidase; CMF, carbon microfibers; CC, carbon cloth; BOD, bilirubin oxidase; rGO, reduced raphene oxide; PG, pencil
graphite; MoBOD, BOD from Magnaporthe orizae.
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FIGURE 7 | Schematic of enzymatic fuel cell using live snail. Figures are from work by Halamkova et al. (2012).

human tear was observed, giving possibility of EFCs powering
“smart” contact lenses (Falk et al.,, 2012; Reid et al., 2015).
Other electrochemical devices for transdermal biosensing were
reviewed by Tasca et al. (2019); minimally invasive diagnostic
devices have gained some momentum, leading to microneedle-
based biosensors penetrating the skin at the dermis (ie., 1-
2,000 pm) level to detect analytes in human body such as glucose,
lactate, potassium ions, and glutamate.

Pankratov et al. utilized transparent, flexible substrate upon
which CDH and BOx were immobilized was used to produce
maximum of 0.6 pW/cm? and maintain ~80% of the initial
power density after 12h of operation (Pankratov et al., 2015).
The use of the transparent substrate and the minimal impact on
the transparency upon enzyme immobilization, combined with
relatively stable operation of the EFC, suggests its potential as
a power source for smart contact lenses. The low power output
of the implantable DET-enabled EFC in human physiological
fluids [compared to ~40 |WW/cm? achieved by Milton et al. via
mediated glucose oxidation in human serum at 21 °C (Milton
et al, 2015)] was primarily attributed to the extremely low
glucose concentration, but given that some cases of MET-
based EFC was able to show higher power outputs, there are
certainly more optimization and improvements needed before
implementing DET-based EFCs to power implantable devices.

CONCLUSIONS AND OUTLOOK

In addition to being a method of green energy production,
enzymatic fuel cells offer many advantages such as potential for

REFERENCES

Abreu, C., Nedellec, Y., Ondel, O., Buret, F., Cosnier, S., Le Goff, A., et al. (2018).
Glucose oxidase bioanodes for glucose conversion and H,O, production for

miniaturization and flexibility of fuels. With proper engineering
of various components of the EFC, scientific community
has come a long way in enhancing the EFC performance
including power density and open circuit potential in a push
toward real-life applications, especially in the biomedical field.
Both biocatalysts and electrodes were engineered to promote
higher catalytic activity, more efficient electron transfer, and
faster current collection to maximize power generation. Some
engineering methods have been employed to prolong the
activity of the biocatalysts and therefore the stability of the
EFC performance.

Even though many potential applications have been explored,
some of which were very promising, EFCs still suffer greatly
from lack of long-term stability and low power density with
fuel concentrations as low as physiological conditions. However,
the ongoing debate on whether or not MET is better than
DET or vice versa may be the bottleneck that takes away the
focus from realization of EFCs in real-life applications. More
research based on fundamentals of enzymatic and electroactivity
of the biocatalysts may be necessary to undeniably support or
refute the direct electron transfer of some popular enzymes like
glucose oxidase.

AUTHOR CONTRIBUTIONS

SY prepared the manuscript and obtained permission to reuse
figures from appropriate parties. All authors contributed to the
article and approved the submitted version.

horseradish peroxidase biocathodes in a F1 Ow through glucose biofuel cell

design. J. Power Sources 392, 176-180. doi: 10.1016/j.jpowsour.2018.04.104
Agnés, C., Reuillard, B., Le Goff, A., Holzinger, M. and Cosnier, S.

(2013). A double-walled carbon nanotube-based glucose/H,0O, biofuel cell

Frontiers in Chemistry | www.frontiersin.org

11

February 2021 | Volume 8 | Article 620153


https://doi.org/10.1016/j.jpowsour.2018.04.104
https://www.frontiersin.org/journals/chemistry
https://www.frontiersin.org
https://www.frontiersin.org/journals/chemistry#articles

Yu and Myung

Direct Electron Transfer Enabled EFCs

operating under physiological conditions. Electrochem. Commun. 34, 105-108.
doi: 10.1016/j.elecom.2013.05.018

Aiba, H., Nishiya, Y., Azuma, M., Yokooji, Y., Atomi, H., and Imanaka,
T. (2015). Characterization of a thermostable glucose dehydrogenase
with strict substrate specificity from a hyperthermophilic archaeon
thermoproteus Sp. GDH-1. Biosci. Biotechnol. Biochem. 79, 1094-1102.
doi: 10.1080/09168451.2015.1018120

Antiochia, R., Oyarzun, D., Sanchez, J., and Tasca, F. (2019). Comparison of
direct and mediated electron transfer for bilirubin oxidase from myrothecium
verrucaria. Reduction reaction. Catalysts 9:121056. doi: 10.3390/catal9121056

Babadi, A. A., Wan-Mohtar, W. A. A. Q. I, Chang, J. S., Ilham, Z., Jamaludin, A.
A., Zamiri, G., et al. (2019). High-performance enzymatic biofuel cell based
on three-dimensional graphene. Int. J. Hydrogen Energy 44, 30367-30374.
doi: 10.1016/j.ijhydene.2019.09.185

Bahar, T. (2019). Stability improvement by crosslinking of previously immobilized
glucose oxidase on carbon nanotube-based bioanode. Turkish J. Chem. 43,
1570-1579. doi: 10.3906/kim-1905-35

Bartlett, P. N., and Al-lolage, F. A. (2018). There is no evidence to support
literature claims of direct electron transfer (DET) for native glucose oxidase
(GOx) at carbon nanotubes or graphene. J. Electroanal. Chem. 819, 26-37.
doi: 10.1016/j.jelechem.2017.06.021

Beneyton, T., Wijaya, I. P. M., Salem, C., Griffiths, A. D., and Taly, V. (2013).
Membraneless glucose/O, microfluidic biofuel cells using covalently bound
enzymes. Chem. Commun. 49, 1094-1096. doi: 10.1039/c2cc37906f

Berezin, I. V., Bogdanovskaya, V. A., Varfolomeev, S. D., Tarasevich, M. R., and
Yaropolov, A. 1. (1978). Dokl. Akad. Nauk SSSR 240, 615-618.

Betso, S. R., Klapper, M. H., and Anderson, L. B. (1972). Electrochemical
studies of heme proteins. Coulometric, polarographic, and combined
spectroelectrochemical methods for reduction of the heme prosthetic group in
cytochrome C. J. Am. Chem. Soc. 94, 8197-8204. doi: 10.1021/ja00778a042

Bojorquez-Vazquez, L. A., Cano-Castillo, U., and Vazquez-Duhalt, R. (2018).
Membrane-less enzymatic fuel cell operated under acidic conditions. J.
Electroanal. Chem. 830-831, 56-62. doi: 10.1016/j.jelechem.2018.10.027

Bollella, P., Fusco, G., Stevar, D., Gorton, L., Ludwig, R., Ma, S., et al. (2018).
A glucose/oxygen enzymatic fuel cell based on gold nanoparticles modified
graphene screen-printed electrode. Proof-of-concept in human Saliva. Sensors
Actuat. B Chem. 256, 921-930. doi: 10.1016/j.snb.2017.10.025

Campbell, A. S., Jeong, Y. J., Geier, S. M., Koepsel, R. R., Russell, A. J., and
Islam, M. F. (2015). Membrane/mediator-free rechargeable enzymatic biofuel
cell utilizing graphene/single-wall carbon nanotube cogel electrodes. ACS Appl.
Mater. Interfaces 7, 4056-4065. doi: 10.1021/am507801x

Castorena-Gonzalez, J. A., Foote, C., MacVittie, K., Haldmek, J., Halamkova, L.,
Martinez-Lemus, L. A., et al. (2013). Biofuel cell operating in vivo in rat.
Electroanalysis 25, 1579-1584. doi: 10.1002/elan.201300136

Chakraborty, S., Babanova, S., Rocha, R. C., Desireddy, A., Artyushkova, K,
Boncella, A. E., et al. (2015). A hybrid DNA-templated gold nanocluster for
enhanced enzymatic reduction of oxygen. J. Am. Chem. Soc. 137, 11678-11687.
doi: 10.1021/jacs.5b05338

Chen, J., Zheng, X., Miao, F., Zhang, J., Cui, X., and Zhen, W. (2012).
Engineering graphene/carbon nanotube hybrid for direct electron transfer
of glucose oxidase and glucose biosensor. J. Appl. Electrochem. 42, 875-881.
doi: 10.1007/s10800-012-0461-x

Chen, Q., Yu, S., Myung, N., and Chen, W. (2017). DNA-guided assembly of a five-
component enzyme cascade for enhanced conversion of cellulose to gluconic
acid and H,O,. J. Biotechnol. 263, 30-35. doi: 10.1016/j.jbiotec.2017.10.006

Christwardana, M., Chung, Y., and Kwon, Y. (2017). A new biocatalyst
employing pyrenecarboxaldehyde as an anodic catalyst for enhancing the
performance and stability of an enzymatic biofuel cell. NPG Asia Mater. 9, 1-9.
doi: 10.1038/am.2017.75

Christwardana, M., Kim, D. H., Chung, Y. and Kwon, Y. (2018). A
hybrid biocatalyst consisting of silver nanoparticle and naphthalenethiol
self-assembled monolayer prepared for anchoring glucose oxidase and
its use for an enzymatic biofuel cell. Appl. Surf. Sci. 429, 180-186.
doi: 10.1016/j.apsusc.2017.07.023

Christwardana, M., Kim, K. J., and Kwon, Y. (2016). Fabrication of
mediatorless/membraneless  glucose/oxygen based biofuel using
biocatalysts including glucose oxidase and laccase enzymes. Sci. Rep. 6,
1-10. doi: 10.1038/srep30128

cell

Chung, Y., Ahn, Y., Kim, D. H., and Kwon, Y. (2017a). Amide group anchored
glucose oxidase based anodic catalysts for high performance enzymatic biofuel
cell. J. Power Sources 337, 152-158. doi: 10.1016/j.jpowsour.2016.10.092

Chung, Y., Christwardana, M., Tannia, D. C., Kim, K. J., and Kwon, Y. (2017b).
Biocatalyst including porous enzyme cluster composite immobilized by two-
step crosslinking and its utilization as enzymatic biofuel cell. J. Power Sources
360, 172-179. doi: 10.1016/j.jpowsour.2017.06.012

Ciaccafava, A., Poulpiquet, A., De Techer, V., Giudici-orticoni, M. T., Tingry, S.,
Innocent, C., et al. (2012). Electrochemistry communications an innovative
powerful and mediatorless H,/O; biofuel cell based on an outstanding
bioanode. Electrochem. Commun. 23, 25-28. doi: 10.1016/j.elecom.2012.
06.035

Conrado, R. J., Wu, G. C., Boock, J. T., Xu, H., Chen, S. Y., Lebar, T., et al. (2012).
DNA-guided assembly of biosynthetic pathways promotes improved catalytic
efficiency. Nucl. Acids Res. 40, 1879-1889. doi: 10.1093/nar/gkr888

Das, D., Ghosh, S., and Basumallick, I. (2014). Electrochemical studies on
glucose oxidation in an enzymatic fuel cell with enzyme immobilized
on to reduced graphene oxide surface. Electroanalysis 26, 2408-2418.
doi: 10.1002/elan.201400245

Davis, J., and Yarbrough, H. (1967). Microbial oxygenated fuel cell. U.S. Patent
3,331,848.

Desriani, Hanashi, T., Yamazaki, T., Tsugawa, W, and Sode, K. (2010). Enzyme fuel
cell for cellulolytic sugar conversion employing FAD glucose dehydrogenase
and carbon cloth electrode based on direct electron transfer principle. Open
Electrochem. J. 2, 6-10. doi: 10.2174/1876505X01002010006

Do, T. Q. N., Varni¢i¢, M., Hanke-Rauschenbach, R., Vidakovi¢-Koch, T.,
and Sundmacher, K. (2014). Mathematical modeling of a porous enzymatic
electrode with direct electron transfer mechanism. Electrochim. Acta 137,
616-626. doi: 10.1016/j.electacta.2014.06.031

Du Toit, H., and Di Lorenzo, M. (2014). Glucose oxidase directly immobilized onto
highly porous gold electrodes for sensing and fuel cell applications. Electrochim.
Acta 138, 86-92. doi: 10.1016/j.electacta.2014.06.074

du Toit, H.,, and Di Lorenzo, M. (2015). Continuous power generation
from glucose with two different miniature flow-through enzymatic
biofuel cells. Biosens. Bioelectron. 69, 199-205. doi: 10.1016/j.bios.2015.
02.036

Escalona-Villalpando, R. A., Martinez-Maciel, A. C., Espinosa-Angeles, J. C.,
Ortiz-Ortega, E., Arjona, N., Arriaga, L. G, et al. (2018). Evaluation of
hybrid and enzymatic nanofluidic fuel cells using 3D carbon structures.
Int. J. Hydrogen Energy 43, 11847-11852. doi: 10.1016/j.ijhydene.2018.
04.016

Falk, M., Andoralov, V., Blum, Z., Sotres, J., Suyatin, D. B., Ruzgas, T., et al. (2012).
Biofuel cell as a power source for electronic contact lenses. Biosens. Bioelectron.
37, 38-45. doi: 10.1016/j.bi0s.2012.04.030

Falk, M., Andoralov, V., Silow, M., Toscano, M. D., and Shleev, S. (2013). Miniature
biofuel cell as a potential power source for glucose-sensing contact lenses. Anal.
Chem. 85, 6342-6348. doi: 10.1021/ac4006793

Filip, J., Seféovitova, J., and Gemeiner, P., Tkac, J. (2013). Electrochemistry of
bilirubin oxidase and its use in preparation of a low cost enzymatic biofuel
cell based on a renewable composite binder chitosan. Electrochim. Acta 87,
366-374. doi: 10.1016/j.electacta.2012.09.054

Fu, J., Liu, M., Liu, Y., Woodbury, N. W.,, and Yan, H. (2012). Interenzyme
substrate diffusion for an enzyme cascade organized on spatially
addressable DNA nanostructures. J. Am. Chem. Soc. 134, 5516-5519.
doi: 10.1021/ja300897h

Gao, F., Viry, L., Maugey, M., Poulin, P., and Mano, N. (2010). Engineering
hybrid nanotube wires for high-power biofuel cells. Nat. Commun. 1:1000.
doi: 10.1038/ncomms1000

Gentil, S., Carriere, M., Cosnier, S., Gounel, S., Mano, N., and Le Goff, A.
(2018). Direct electrochemistry of bilirubin oxidase from magnaporthe orizae
on covalently-functionalized MWCNT for the design of. Chem. A Eur. ]. 24,
8404-8408. doi: 10.1002/chem.201800774

Gerard, M., Ramanathan, K., Chaubey, A., and Malhotra, B. D. (1999).
Immobilization ~ of  lactate  dehydrogenase electrochemically
prepared polyaniline films. Electroanalysis 11, 450-452.
doi: 10.1002/(SICI)1521-4109(199905)11:6<450::AID-ELAN450>3.0.CO;2-R

Gineityte, J., Meskys, R., Dagys, M., and Ratautas, D. (2019). Highly
efficient  direct electron transfer bioanode  containing  glucose

on

Frontiers in Chemistry | www.frontiersin.org

12

February 2021 | Volume 8 | Article 620153


https://doi.org/10.1016/j.elecom.2013.05.018
https://doi.org/10.1080/09168451.2015.1018120
https://doi.org/10.3390/catal9121056
https://doi.org/10.1016/j.ijhydene.2019.09.185
https://doi.org/10.3906/kim-1905-35
https://doi.org/10.1016/j.jelechem.2017.06.021
https://doi.org/10.1039/c2cc37906f
https://doi.org/10.1021/ja00778a042
https://doi.org/10.1016/j.jelechem.2018.10.027
https://doi.org/10.1016/j.snb.2017.10.025
https://doi.org/10.1021/am507801x
https://doi.org/10.1002/elan.201300136
https://doi.org/10.1021/jacs.5b05338
https://doi.org/10.1007/s10800-012-0461-x
https://doi.org/10.1016/j.jbiotec.2017.10.006
https://doi.org/10.1038/am.2017.75
https://doi.org/10.1016/j.apsusc.2017.07.023
https://doi.org/10.1038/srep30128
https://doi.org/10.1016/j.jpowsour.2016.10.092
https://doi.org/10.1016/j.jpowsour.2017.06.012
https://doi.org/10.1016/j.elecom.2012.06.035
https://doi.org/10.1093/nar/gkr888
https://doi.org/10.1002/elan.201400245
https://doi.org/10.2174/1876505X01002010006
https://doi.org/10.1016/j.electacta.2014.06.031
https://doi.org/10.1016/j.electacta.2014.06.074
https://doi.org/10.1016/j.bios.2015.02.036
https://doi.org/10.1016/j.ijhydene.2018.04.016
https://doi.org/10.1016/j.bios.2012.04.030
https://doi.org/10.1021/ac4006793
https://doi.org/10.1016/j.electacta.2012.09.054
https://doi.org/10.1021/ja300897h
https://doi.org/10.1038/ncomms1000
https://doi.org/10.1002/chem.201800774
https://doi.org/10.1002/(SICI)1521-4109(199905)11:6<450::AID-ELAN450>3.0.CO;2-R
https://www.frontiersin.org/journals/chemistry
https://www.frontiersin.org
https://www.frontiersin.org/journals/chemistry#articles

Yu and Myung

Direct Electron Transfer Enabled EFCs

dehydrogenase operating in human blood. J. Power Sources 441:227163.
doi: 10.1016/j.jpowsour.2019.227163

Giroud, F., and Minteer, S. D. (2013). Anthracene-modified pyrenes immobilized
on carbon nanotubes for direct electroreduction of O, by laccase. Electrochem.
Commun. 34, 157-160. doi: 10.1016/j.elecom.2013.06.006

Gobel, G., Beltran, M. L., Mundhenk, J., Heinlein, T., Schneider, J., and Lisdat, F.
(2016). Operation of a carbon nanotube-based glucose/oxygen biofuel cell in
human body liquids — performance factors and characteristics. Electrochim.
Acta 218, 278-284. doi: 10.1016/j.electacta.2016.09.128

Gupta, G., Lau, C., Branch, B., Rajendran, V., Ivnitski, D., and Atanassov, P.
(2011). Direct bio-electrocatalysis by multi-copper oxidases : gas-diffusion
laccase-catalyzed cathodes for biofuel cells. Electrochim. Acta 56, 10767-10771.
doi: 10.1016/j.electacta.2011.01.089

Gutiérrez-Dominguez, D. E., Pacheco-Catalan, D. E., Patifio-Diaz, R., Canto-
Canché, B., and Smit, M. A. (2013). Development of alcohol dehydrogenase-
polypyrrole electrodes by adsorption and crosslinking for ethanol oxidation.
Int. ]. Hydrogen Energy 38, 12610-12616. doi: 10.1016/j.ijhydene.2012.11.086

Gutiérrez-Sanchez, C., Pita, M., Vaz-Dominguez, C., Shleev, S., and De Lacey, A. L.
(2012). Gold nanoparticles as electronic bridges for laccase-based biocathodes.
J. Am. Chem. Soc. 134, 17212-17220. doi: 10.1021/ja307308;

Halamkova, L., Haldmek, J., Bocharova, V., Szczupak, A., Alfonta, L., and Katz, E.
(2012). Implanted biofuel cell operating in a living snail. J. Am. Chem. Soc. 134,
5040-5043. doi: 10.1021/ja211714w

Haneda, K., Yoshino, S., Ofuji, T., Miyake, T., and Nishizawa, M. (2012).
Sheet-shaped biofuel cell constructed from enzyme-modified nanoengineered
carbon fabric. Electrochim. Acta 82, 175-178. doi: 10.1016/j.electacta.2012.
01.112

Hecht, H. J., Kalisz, H. M., Hendle, J., Schmid, R. D., and Schomburg, D. (1993).
Crystal structure of glucose oxidase from aspergillus niger refined at 2.3 A
reslution. J. Mol. Biol. 229, 153-172. doi: 10.1006/jmbi.1993.1015

Herkendell, K., Stemmer, A., and Tel-Vered, R. (2019). Extending the operational
lifetimes of all-direct electron transfer enzymatic biofuel cells by magnetically
assembling and exchanging the active biocatalyst layers on stationary
electrodes. Nano Res. 12, 767-775. doi: 10.1007/s12274-019-2285-z

Hibino, Y., Kawali, S., Kitazumi, Y., Shirai, O., and Kano, K. (2017). Construction
of a protein-engineered variant of D -fructose dehydrogenase for direct
electron transfer-type bioelectrocatalysis. Electrochem. Commun. 77, 112-115.
doi: 10.1016/j.elecom.2017.03.005

Hitaishi, V. P., Clement, R., Bourassin, N., Baaden, M., de Poulpiquet, A,
Sacquin-Mora, S., et al. (2018). Controlling redox enzyme orientation at planar
electrodes. Catalysts 8, 1-38. doi: 10.3390/catal8050192

Holland, J. T., Lau, C,, Brozik, S., Atanassov, P., and Banta, S. (2011). Engineering
of glucose oxidase for direct electron transfer via site-specific gold nanoparticle
conjugation. J. Am. Chem. Soc. 133, 19262-19265. doi: 10.1021/ja2071237

Hunger, H., Branch, L., and Perry, J. (1966). Biochemical Fuel Cell.

Hussein, L., Rubenwolf, S., von Stetten, F., Urban, G., Zengerle, R., Krueger,
M, et al. (2011). A highly efficient buckypaper-based electrode material for
mediatorless laccase-catalyzed dioxygen reduction. Biosens. Bioelectron. 26,
4133-4138. doi: 10.1016/j.bios.2011.04.008

Tijima, S. (1991). Helical microtubules of graphitic carbon. Nature 354, 56-58.
doi: 10.1038/354056a0

Ji, J., Woo, J., Chung, Y., Joo, S. H., and Kwon, Y. (2020). Dual catalytic
functions of biomimetic, atomically dispersed iron-nitrogen doped carbon
catalysts for efficient enzymatic biofuel cells. Chem. Eng. J. 381:122679.
doi: 10.1016/j.cej.2019.122679

Kaida, Y., Hibino, Y., Kitazumi, Y., Shirai, O., and Kano, K. (2019). Ultimate
downsizing of D -fructose dehydrogenase for improving the performance
of direct electron transfer-type bioelectrocatalysis. Electrochem. Commun. 98,
101-105. doi: 10.1016/j.elecom.2018.12.001

Kamitaka, Y., Tsujimura, S., Setoyama, N., Kajino, T., and Kano, K.
(2007). Fructose/dioxygen biofuel cell based on direct electron transfer-
type bioelectrocatalysis. Phys. Chem. Chem. Phys. 9, 1793-1801.
doi: 10.1039/b617650j

Kang, S., Yoo, K. S, Chung, Y., and Kwon, Y. (2018). Cathodic biocatalyst
consisting of laccase and gold nanoparticle for improving oxygen reduction
reaction rate and enzymatic biofuel cell performance. J. Ind. Eng. Chem. 62,
329-332. doi: 10.1016/j.jiec.2018.01.011

Kang, Z., Jiao, K., Cheng, J., Peng, R, Jiao, S., and Hu, Z. (2018). A novel three-
dimensional carbonized PANI 1600 @ CNTs network for enhanced enzymatic
biofuel cell. Biosens. Bioelectron. 101, 60-65. doi: 10.1016/j.bios.2017.10.008

Kang, Z., Jiao, K., Xu, X,, Peng, R,, Jiao, S., and Hu, Z. (2017). Graphene oxide-
supported carbon nanofiber-like network derived from polyaniline: a novel
composite for enhanced glucose oxidase bioelectrode performance. Biosens.
Bioelectron. 96, 367-372. doi: 10.1016/j.bios.2017.05.025

Kang, Z., Zhang, Y. P. ], and Zhu, Z. (2019). A shriveled rectangular carbon tube
with the concave surface for high- performance enzymatic glucose/O, biofuel
cells. Biosens. Bioelectron. 132, 76-83. doi: 10.1016/j.bi0s.2019.02.044

Karaskiewicz, M., Nazaruk, E., Zelechowska, K., Biernat, J. F., and Rogalski,
J., Bilewicz, R. (2012). Fully enzymatic mediatorless fuel cell with efficient
naphthylated carbon nanotube - laccase composite cathodes. Electrochem.
Commun. 20, 124-127. doi: 10.1016/j.elecom.2012.04.011

Kashyap, D., Kim, C., Kim, S. Y., Kim, Y. H,, Kim, G. M., Dwivedi, P. K,
et al. (2015). Multi walled carbon nanotube and polyaniline coated pencil
graphite based bio-cathode for enzymatic biofuel cell. Int. J. Hydrogen Energy
40, 9515-9522. doi: 10.1016/j.ijhydene.2015.05.120

Kawai, S., Yakushi, T., Matsushita, K., Kitazumi, Y., Shirai, O., and Kano, K.
(2014). The electron transfer pathway in direct electrochemical communication
of fructose dehydrogenase with electrodes. Electrochem. Commun. 38, 28-31.
doi: 10.1016/j.elecom.2013.10.024

Kim, H., Lee, I, Kwon, Y., Kim, B. C,, Ha, S., Lee, J., et al. (2011). Immobilization of
glucose oxidase into polyaniline nanofiber matrix for biofuel cell applications.
Biosens. Bioelectron. 26, 3908-3913. doi: 10.1016/j.bios.2011.03.008

Kim, J., Kim, S. I, and Yoo, K. H. (2009). Polypyrrole nanowire-based enzymatic
biofuel cells. Biosens. Bioelectron. 25, 350-355. doi: 10.1016/.bios.2009.07.020

Kim, R. E., Hong, S. G., Ha, S, and Kim, J. (2014). Enzyme adsorption,
precipitation and crosslinking of glucose oxidase and laccase on polyaniline
nanofibers for highly stable enzymatic biofuel cells. Enzyme Microb. Technol.
66, 35-41. doi: 10.1016/j.enzmictec.2014.08.001

Kizling, M., Stolarczyk, K., Kiat, J. S. S., Tammela, P., Wang, Z., Nyholm,
L., et al. (2015). Pseudocapacitive polypyrrole-nanocellulose composite
for sugar-air enzymatic fuel cells. Electrochem. Commun. 50, 55-59.
doi: 10.1016/j.elecom.2014.11.008

Kizling, M., Stolarczyk, K., Tammela, P., Wang, Z., Nyholm, L., Golimowski, J.,
et al. (2016). Bioelectrodes based on pseudocapacitive cellulose/polypyrrole
composite improve performance of biofuel cell. Bioelectrochemistry 112,
184-190. doi: 10.1016/j.bioelechem.2016.01.004

Krikstolaityte, V., Lamberg, P., Toscano, M. D., Silow, M., Eicher-Lorka, O.,
Ramanavicius, A., et al. (2014). Mediatorless carbohydrate/oxygen biofuel
cells with improved cellobiose dehydrogenase based bioanode. Fuel Cells 14,
792-800. doi: 10.1002/fuce.201400003

Kumar, R., Bhuvana, T., Mishra, G., and Sharma, A. (2016). A polyaniline
wrapped aminated graphene composite on nickel foam as three-dimensional
electrodes for enzymatic microfuel cells. RSC Adv. 6, 73496-73505.
doi: 10.1039/C6RA08195A

Kuo, C. H., Huang, W. H,, Lee, C. K,, Liu, Y. C,, Chang, C. M., Yang, H,, et al.
(2013). Biofuel cells composed by using glucose oxidase on chitosan coated
carbon fiber cloth. Int. J. Electrochem. Sci. 8, 9242-9255.

Kwon, C. H., Ko, Y., Shin, D, Kwon, M., Park, J., Bae, W. K, et al.
(2018). High-power hybrid biofuel cells using layer-by-layer assembled
glucose oxidase-coated metallic cotton fibers. Nat. Commun. 9:5.
doi: 10.1038/541467-018-06994-5

Kwon, C. H,, Ko, Y., Shin, D,, Lee, S. W., and Cho, J. (2019). Highly conductive
electrocatalytic gold nanoparticle-assembled carbon fiber electrode for high-
performance glucose-based biofuel cells. J. Mater. Chem. A 7, 13495-13505.
doi: 10.1039/C8TA12342]

Lalaoui, N., Holzinger, M., Le Goff, A., and Cosnier, S. (2016b). Diazonium
functionalisation of carbon nanotubes for specific orientation of multicopper
oxidases: controlling electron entry points and oxygen diffusion to the enzyme.
Chem. A Eur. J. 22, 10494-10500. doi: 10.1002/chem.201601377

Lalaoui, N., Rousselot-Pailley, P., Robert, V., Mekmouche, Y., Villalonga, R.,
Holzinger, M., et al. (2016a). Direct electron transfer between a site-
specific pyrene-modified laccase and carbon nanotube/gold nanoparticle
supramolecular assemblies for bioelectrocatalytic dioxygen reduction. ACS
Catal. 6, 1894-1900. doi: 10.1021/acscatal.5b02442

Frontiers in Chemistry | www.frontiersin.org

February 2021 | Volume 8 | Article 620153


https://doi.org/10.1016/j.jpowsour.2019.227163
https://doi.org/10.1016/j.elecom.2013.06.006
https://doi.org/10.1016/j.electacta.2016.09.128
https://doi.org/10.1016/j.electacta.2011.01.089
https://doi.org/10.1016/j.ijhydene.2012.11.086
https://doi.org/10.1021/ja307308j
https://doi.org/10.1021/ja211714w
https://doi.org/10.1016/j.electacta.2012.01.112
https://doi.org/10.1006/jmbi.1993.1015
https://doi.org/10.1007/s12274-019-2285-z
https://doi.org/10.1016/j.elecom.2017.03.005
https://doi.org/10.3390/catal8050192
https://doi.org/10.1021/ja2071237
https://doi.org/10.1016/j.bios.2011.04.008
https://doi.org/10.1038/354056a0
https://doi.org/10.1016/j.cej.2019.122679
https://doi.org/10.1016/j.elecom.2018.12.001
https://doi.org/10.1039/b617650j
https://doi.org/10.1016/j.jiec.2018.01.011
https://doi.org/10.1016/j.bios.2017.10.008
https://doi.org/10.1016/j.bios.2017.05.025
https://doi.org/10.1016/j.bios.2019.02.044
https://doi.org/10.1016/j.elecom.2012.04.011
https://doi.org/10.1016/j.ijhydene.2015.05.120
https://doi.org/10.1016/j.elecom.2013.10.024
https://doi.org/10.1016/j.bios.2011.03.008
https://doi.org/10.1016/j.bios.2009.07.020
https://doi.org/10.1016/j.enzmictec.2014.08.001
https://doi.org/10.1016/j.elecom.2014.11.008
https://doi.org/10.1016/j.bioelechem.2016.01.004
https://doi.org/10.1002/fuce.201400003
https://doi.org/10.1039/C6RA08195A
https://doi.org/10.1038/s41467-018-06994-5
https://doi.org/10.1039/C8TA12342J
https://doi.org/10.1002/chem.201601377
https://doi.org/10.1021/acscatal.5b02442
https://www.frontiersin.org/journals/chemistry
https://www.frontiersin.org
https://www.frontiersin.org/journals/chemistry#articles

Yu and Myung

Direct Electron Transfer Enabled EFCs

Lee, I, Loew, N., Tsugawa, W., Lin, C. E. Probst, D., La Belle, J. T,
et al. (2018). The electrochemical behavior of a FAD dependent
glucose dehydrogenase with direct electron transfer subunit by
immobilization on self-assembled monolayers. Bioelectrochemistry 121,
1-6. doi: 10.1016/j.bioelechem.2017.12.008

Linko, V., Eerikdinen, M., and Kostiainen, M. A. (2015). A modular DNA
origami-based enzyme cascade nanoreactor. Chem. Commun. 51, 5351-5354.
doi: 10.1039/C4CC08472A

Liu, C,, Chen, Z., and Li, C. Z. (2011). Surface engineering of graphene-enzyme
nanocomposites for miniaturized biofuel cell. IEEE Trans. Nanotechnol. 10,
59-62. doi: 10.1109/TNANO.2010.2050147

Liu, X., Tao, H., Yang, K., Zhang, S, Lee, S. T, and Liu, Z. (2011).
Optimization of surface chemistry on single-walled carbon nanotubes
for in vivo photothermal ablation of tumors. Biomaterials 32, 144-151.
doi: 10.1016/j.biomaterials.2010.08.096

Liu, Y., Zhang, J., Cheng, Y., and Jiang, S. P. (2018). Effect of carbon nanotubes
on direct electron transfer and electrocatalytic activity of immobilized glucose
oxidase. ACS Omega 3, 667-676. doi: 10.1021/acsomega.7b01633

Lopez, F., Siepenkoetter, T., Xiao, X., Magner, E., Schuhmann, W., and Salaj-Kosla,
U. (2018). Potential pulse-assisted immobilization of myrothecium verrucaria
bilirubin oxidase at planar and nanoporous gold electrodes. J. Electroanal.
Chem. 812, 194-198. doi: 10.1016/j.jelechem.2017.12.023

Luong, J. H. T. Glennon, J. D., Gedanken, A., and Vashist, S. K.
(2017). Achievement and assessment of direct electron transfer of
glucose oxidase in electrochemical biosensing using carbon nanotubes,
graphene, and their nanocomposites. Microchim. Acta 184, 369-388.
doi: 10.1007/s00604-016-2049-3

Ma, S., Laurent, C. V. F. P, Meneghello, M., Tuoriniemi, J., Oostenbrink,
C., Gorton, L., et al. (2019). Direct electron-transfer anisotropy of a site-
specifically immobilized cellobiose dehydrogenase. ACS Catal. 9, 7607-7615.
doi: 10.1021/acscatal.9b02014

MacVittie, K., Halamek, J., Halamkov4, L., Southcott, M., Jemison, W. D., Lobel, R.,
et al. (2013). From “Cyborg” lobsters to a pacemaker powered by implantable
biofuel cells. Energy Environ. Sci. 6, 81-86. doi: 10.1039/C2EE23209]

Maleki, N., Kashanian, S., Nazari, M., and Shahabadi, N. (2019). A novel and
enhanced membrane-free performance of glucose/O, biofuel cell, integrated
with biocompatible laccase nanoflower biocathode and glucose. IEEE Sens. J.
19, 11988-11994. doi: 10.1109/JSEN.2019.2937814

Mani, P., Kumar, V. T. F., Keshavarz, T., Sainathan Chandra, T., and Kyazze,
G. (2018). The role of natural laccase redox mediators in simultaneous dye
decolorization and power production in microbial fuel cells. Energies 11, 1-12.
doi: 10.3390/en11123455

Mano, N., Mao, F.,, and Heller, A. (2003). Characteristics of a miniature
compartment-less glucose-O, biofuel cell and its operation in a living plant.
J. Am. Chem. Soc. 125, 6588-6594. doi: 10.1021/ja0346328

Mano, N., Mao, F., and Heller, A. (2004). A miniature membrane-less biofuel
cell operating at +0.60 V under physiological conditions. ChemBioChem 5,
1703-1705. doi: 10.1002/cbic.200400275

Mazurenko, I, Clément, R., Byrne-Kodjabachian, D., de Poulpiquet, A., Tsujimura,
S., and Lojou, E. (2018). Pore size effect of MgO-templated carbon on
enzymatic H, oxidation by the hyperthermophilic hydrogenase from aquifex
aeolicus. J. Electroanal. Chem. 812, 221-226. doi: 10.1016/j.jelechem.2017.
12.041

Mazurenko, I., Monsalve, K., Infossi, P., Giudici-Orticoni, M. T, Topin, F., Mano,
N., et al. (2017b). 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. 10, 1966-1982.
doi: 10.1039/C7EE01830D

Mazurenko, I, Wang, X., De Poulpiquet, A., and Lojou, E. (2017a). H,/O,
enzymatic fuel cells: from proof-of-concept to powerful devices. Sustain. Energy
Fuels 1, 1475-1501. doi: 10.1039/C7SE00180K

Meredith, M. T., Minson, M., Hickey, D., Artyushkova, K., Glatzhofer, D. T., and
Minteer, S. D. (2011). Anthracene-modified multi-walled carbon nanotubes as
direct electron transfer scaffolds for enzymatic oxygen reduction. ACS Catal. 1,
1683-1690. doi: 10.1021/cs200475q

Milton, R. D., Lim, K., Hickey, D. P., and Minteer, S. D. (2015). Employing
FAD-dependent glucose dehydrogenase within a glucose/oxygen enzymatic

fuel cell operating in human serum. Bioelectrochemistry 106, 56-63.
doi: 10.1016/j.bioelechem.2015.04.005

Min, K, Ryu, J. H, and Yoo, Y. J. (2010). Mediator-free glucose/O,
biofuel cell based on a 3-dimensional glucose oxidase/swnt/polypyrrole
composite  electrode.  Biotechnol.  Bioprocess Eng. 15, 371-375.
doi: 10.1007/s12257-009-3034-z

Mishra, P., Lakshmi, G. B. V. S., Mishra, S., Avasthi, D. K., Swart, H. C., Turner,
A. P. F, et al. (2017). Electrocatalytic biofuel cell based on highly efficient
metal-polymer nano-architectured bioelectrodes. Nano Energy 39, 601-607.
doi: 10.1016/j.nanoen.2017.06.023

Miyake, T., Haneda, K., Nagai, N., Yatagawa, Y., Onami, H., Yoshino, S,
et al. (2011). Enzymatic biofuel cells designed for direct power generation
from biofluids in living organisms. Energy Environ. Sci. 4, 5008-5012.
doi: 10.1039/c1ee02200h

Monsalve, K., Roger, M., Gutierrez-Sanchez, C., Ilbert, M., Nitsche, S., Byrne-
Kodjabachian, D., et al. (2015). Hydrogen bioelectrooxidation on gold
nanoparticle-based electrodes modified by aquifex aeolicus hydrogenase:
application to hydrogen/oxygen enzymatic biofuel cells. Bioelectrochemistry
106, 47-55. doi: 10.1016/j.bioelechem.2015.04.010

Moser, C. C., Keske, J. M., Warncke, K., Farid, R. S., and Dutton, P.
L. (1992). Nature of biological electron transfer. Nature 355, 796-802.
doi: 10.1038/355796a0

Muguruma, H., Iwasa, H., Hidaka, H., Hiratsuka, A., and Uzawa, H. (2017).
Mediatorless direct electron transfer between flavin adenine dinucleotide-
dependent glucose dehydrogenase and single-walled carbon nanotubes. ACS
Catal. 7, 725-734. doi: 10.1021/acscatal.6b02470

Miiller, J., and Niemeyer, C. M. (2008). DNA-directed assembly of artificial
multienzyme complexes. Biochem. Biophys. Res. Commun. 377, 62-67.
doi: 10.1016/j.bbrc.2008.09.078

Naruse, J., Hoa, L. Q., Sugano, Y., Ikeuchi, T., Yoshikawa, H., Saito, M.,
et al. (2011). Development of biofuel cells based on gold nanoparticle
decorated multi-walled carbon nanotubes. Biosens. Bioelectron. 30, 204-210.
doi: 10.1016/j.bios.2011.09.012

Narvaez Villarrubia, C. W., Lau, C,, Ciniciato, G. P. M. K,, Garcia, S. O., Sibbett, S.
S., Petsev, D. N, et al. (2014). Practical electricity generation from a paper based
biofuel cell powered by glucose in ubiquitous liquids. Electrochem. Commun.
45, 44-47. doi: 10.1016/j.elecom.2014.05.010

Navaee, A., and Salimi, A. (2018). FAD-based glucose dehydrogenase immobilized
on thionine/AuNPs frameworks grafted on amino-CNTs: development of high
power glucose biofuel cell and biosensor. J. Electroanal. Chem. 815, 105-113.
doi: 10.1016/j.jelechem.2018.02.064

Ortiz, R, Matsumura, H., Tasca, F., Zahma, K., Samejima, M., Igarashi, K.,
et al. (2012). Effect of deglycosylation of cellobiose dehydrogenases on the
enhancement of direct electron transfer with electrodes. Anal. Chem. 5,
10315-10323. doi: 10.1021/ac3022899

Pankratov, D., Sundberg, R., Sotres, J., Maximov, L, Graczyk, M., Suyatin, D.
B., et al. (2015). Transparent and flexible, nanostructured and mediatorless
glucose/oxygen enzymatic fuel cells. J. Power Sources 294, 501-506.
doi: 10.1016/j.jpowsour.2015.06.041

Prévoteau, A., Courjean, O., and Mano, N. (2010). Deglycosylation of glucose
oxidase to improve biosensors and biofuel cells. Electrochem. Commun. 12,
213-215. doi: 10.1016/j.elecom.2009.11.027

Ratautas, D., Laurynenas, A., Dagys, M., Marcinkevi¢iene, L., Meskys, R., and
Kulys, J. (2016). High current, low redox potential mediatorless bioanode based
on gold nanoparticles and glucose dehydrogenase from Ewingella Americana.
Electrochim. Acta 199, 254-260. doi: 10.1016/j.electacta.2016.03.087

Reid, R. C.,, Minteer, S. D., and Gale, B. K. (2015). Contact lens biofuel
cell tested in a synthetic tear solution. Biosens. Bioelectron. 68, 142-148.
doi: 10.1016/j.bios.2014.12.034

Rong, Y., Malpass-Evans, R., Carta, M., Mckeown, N. B., Attard, G. A,
and Marken, F. (2014). Intrinsically porous polymer protects catalytic gold
particles for enzymeless glucose oxidation. Electroanalysis 26, 904-909.
doi: 10.1002/elan.201400085

Ruff, A., Szczesny, J., Markovic, N., Conzuelo, F., Zacarias, S., Pereira, I. A.
C., et al. (2018). A fully protected hydrogenase/polymer-based bioanode
for high-performance hydrogen/glucose biofuel cells. Nat. Commun. 9:3675.
doi: 10.1038/s41467-018-06106-3

Frontiers in Chemistry | www.frontiersin.org

February 2021 | Volume 8 | Article 620153


https://doi.org/10.1016/j.bioelechem.2017.12.008
https://doi.org/10.1039/C4CC08472A
https://doi.org/10.1109/TNANO.2010.2050147
https://doi.org/10.1016/j.biomaterials.2010.08.096
https://doi.org/10.1021/acsomega.7b01633
https://doi.org/10.1016/j.jelechem.2017.12.023
https://doi.org/10.1007/s00604-016-2049-3
https://doi.org/10.1021/acscatal.9b02014
https://doi.org/10.1039/C2EE23209J
https://doi.org/10.1109/JSEN.2019.2937814
https://doi.org/10.3390/en11123455
https://doi.org/10.1021/ja0346328
https://doi.org/10.1002/cbic.200400275
https://doi.org/10.1016/j.jelechem.2017.12.041
https://doi.org/10.1039/C7EE01830D
https://doi.org/10.1039/C7SE00180K
https://doi.org/10.1021/cs200475q
https://doi.org/10.1016/j.bioelechem.2015.04.005
https://doi.org/10.1007/s12257-009-3034-z
https://doi.org/10.1016/j.nanoen.2017.06.023
https://doi.org/10.1039/c1ee02200h
https://doi.org/10.1016/j.bioelechem.2015.04.010
https://doi.org/10.1038/355796a0
https://doi.org/10.1021/acscatal.6b02470
https://doi.org/10.1016/j.bbrc.2008.09.078
https://doi.org/10.1016/j.bios.2011.09.012
https://doi.org/10.1016/j.elecom.2014.05.010
https://doi.org/10.1016/j.jelechem.2018.02.064
https://doi.org/10.1021/ac3022899
https://doi.org/10.1016/j.jpowsour.2015.06.041
https://doi.org/10.1016/j.elecom.2009.11.027
https://doi.org/10.1016/j.electacta.2016.03.087
https://doi.org/10.1016/j.bios.2014.12.034
https://doi.org/10.1002/elan.201400085
https://doi.org/10.1038/s41467-018-06106-3
https://www.frontiersin.org/journals/chemistry
https://www.frontiersin.org
https://www.frontiersin.org/journals/chemistry#articles

Yu and Myung

Direct Electron Transfer Enabled EFCs

Sakai, K., Xia, H., Kitazumi, Y., Shirai, O., and Kano, K. (2018). Assembly of direct-
electron-transfer-type bioelectrodes with high performance. Electrochim. Acta
271, 305-311. doi: 10.1016/j.electacta.2018.03.163

Salaj-kosla, U., Poller, S., Beyl, Y., Scanlon, M. D., Beloshapkin, S., Shleev, S., et al.
(2012). Direct electron transfer of bilirubin oxidase (Myrothecium Verrucaria)
at an unmodified nanoporous gold biocathode. Electrochem. Commun. 16,
92-95. doi: 10.1016/j.elecom.2011.12.007

Saleh, F. S., Mao, L., and Ohsaka, T. (2011). Development of a dehydrogenase-
based glucose anode using a molecular assembly composed of nile blue
and functionalized SWCNTs and its applications to a glucose sensor
and glucose/O;, biofuel cell. Semsors Actuat. B Chem. 152, 130-135.
doi: 10.1016/j.snb.2010.07.054

Sales, F. C. P. F, Jost, R. M., Martins, M. V. A, Almeida, M. C, and
Crespilho, F. N. (2013). An intravenous implantable glucose/dioxygen biofuel
cell with modified flexible carbon fiber electrodes. Lab Chip 13, 468-474.
doi: 10.1039/C2LC41007A

Sapountzi, E., Braiek, M., Vocanson, F., Chateaux, J. F., Jaffrezic-Renault, N.,
and Lagarde, F. (2017). Gold nanoparticles assembly on electrospun poly(vinyl
alcohol)/poly(ethyleneimine)/glucose oxidase nanofibers for ultrasensitive
electrochemical glucose biosensing. Sensors Actuat. B Chem. 238, 392-401.
doi: 10.1016/j.snb.2016.07.062

Scherbahn, V., Putze, M. T., Dietzel, B., Heinlein, T., Schneider, J. J.,
and Lisdat, F. (2014). Biofuel cells based on direct enzyme-electrode
contacts using PQQ-dependent glucose dehydrogenase/bilirubin oxidase and
modified carbon nanotube materials. Biosens. Bioelectron. 61, 631-638.
doi: 10.1016/j.bios.2014.05.027

Schubart, I. W., Gobel, G., and Lisdat, F. (2012). A pyrroloquinolinequinone-
dependent glucose dehydrogenase (PQQ-GDH)-electrode with direct electron
transfer based on polyaniline modified carbon nanotubes for biofuel cell
application. Electrochim. Acta 82, 224-232. doi: 10.1016/j.electacta.2012.
03.128

Selloum, D., Tingry, S., Techer, V., Renaud, L., Innocent, C., and Zouaoui,
A. (2014). Optimized electrode arrangement and activation of bioelectrodes
activity by carbon nanoparticles for efficient ethanol microfluidic biofuel cells.
J. Power Sources 269, 834-840. doi: 10.1016/j.jpowsour.2014.07.052

Shleev, S., Andoralov, V., Pankratov, D., Falk, M., Aleksejeva, O., and Blum,
Z. (2016). Oxygen electroreduction vs. bioelectroreduction: direct electron
transfer approach. Electroanalysis 28, 2270-2287. doi: 10.1002/elan.201600280

Singh, M., Nolan, H., Tabrizian, M., and Cosnier, S. (2020). Functionalization
of contacted carbon nanotube forests by dip coating for high-performance
biocathodes. ChemElectroChem 7, 4685-4689. doi: 10.1002/celc.202001334

Song, Y., Chen, C., and Wang, C. (2015). Graphene/enzyme-encrusted three-
dimensional carbon micropillar arrays for mediatorless micro-biofuel cells.
Nanoscale 7, 7084-7090. doi: 10.1039/C4NR06856D

Spadiut, O., Pisanelli, I., Maischberger, T., Peterbauer, C., Gorton, L., Chaiyen, P.,
et al. (2009). Engineering of pyranose 2-oxidase: improvement for biofuel cell
and food applications through semi-rational protein design. J. Biotechnol. 139,
250-257. doi: 10.1016/j.jbiotec.2008.11.004

Strack, G., Luckarift, H. R, Sizemore, S. R., Nichols, R. K., Farrington, K. E., Wu, P.
K., etal. (2013). Power generation from a hybrid biological fuel cell in seawater.
Bioresour. Technol. 128, 222-228. doi: 10.1016/j.biortech.2012.10.104

Sugimoto, Y., Kitazumi, Y., Shirai, O., and Kano, K. (2017). Effects of mesoporous
structures on direct electron transfer-type bioelectrocatalysis: facts and
simulation on a three-dimensional model of random orientation of enzymes.
Electrochemistry 85, 82-87. doi: 10.5796/electrochemistry.85.82

Sugimoto, Y., Kitazumi, Y., Tsujimura, S., Shirai, O., Yamamoto, M., and
Kano, K. (2015). Electrostatic interaction between an enzyme and
electrodes in the electric double layer examined in a view of direct
electron transfer-type bioelectrocatalysis. Biosens. Bioelectron. 63, 138-144.
doi: 10.1016/j.bios.2014.07.025

Sugimoto, Y., Takeuchi, R, Kitazumi, Y., Shirai, O., and Kano, K. (2016).
Significance of mesoporous electrodes for noncatalytic faradaic process of
randomly oriented redox proteins. J. Phys. Chem. C 120, 26270-26277.
doi: 10.1021/acs.jpcc.6b07413

Sun, Q., and Chen, W. (2016). HaloTag mediated artificial cellulosome assembly
on a rolling circle amplification DNA template for efficient cellulose hydrolysis.
Chem. Commun. 52, 6701-6704. doi: 10.1039/C6CC02035F

Szczupak, A., Halamek, J., Haldmkova, L., Bocharova, V., Alfonta, L., and Katz, E.
(2012). Living battery - biofuel cells operating in vivo in clams. Energy Environ.
Sci. 5, 8891-8895. doi: 10.1039/c2ee21626d

Takahashi, Y., Kitazumi, Y., Shirai, O., and Kano, K. (2019b). Improved direct
electron transfer-type bioelectrocatalysis of bilirubin oxidase using thiol-
modified gold nanoparticles on mesoporous carbon electrode. J. Electroanal.
Chem. 832, 158-164. doi: 10.1016/j.jelechem.2018.10.048

Takahashi, Y., Wanibuchi, M., Kitazumi, Y., Shirai, O., and Kano, K.
(2019a). Improved direct electron transfer-type bioelectrocatalysis of bilirubin
oxidase using porous gold electrodes. J. Electroanal. Chem. 843, 47-53.
doi: 10.1016/j.jelechem.2019.05.007

Tasca, F., Farias, D., Castro, C., and Acuna-rougier, C. (2015). Bilirubin oxidase
from myrothecium verrucaria physically absorbed on graphite electrodes.
Insights into the alternative resting form and the sources of activity loss. PLoS
ONE 2015:132181. doi: 10.1371/journal.pone.0132181

Tasca, F., Harreither, W., Ludwig, R., Gooding, J. J., and Gorton, L. (2011).
Cellobiose dehydrogenase aryl diazonium modified single walled carbon
nanotubes: enhanced direct electron transfer through a positively charged
surface. Anal. Chem. 83, 3042-3049. doi: 10.1021/ac103250b

Tasca, F., Ludwig, R., Gorton, L., and Antiochia, R. (2013). Determination
of lactose by a novel third generation biosensor based on a cellobiose
dehydrogenase and aryl diazonium modified single wall carbon nanotubes
electrode. Sensors Actuat. B. Chem. 177, 64-69. doi: 10.1016/j.snb.2012.10.114

Tasca, F., Tortolini, C., Bollella, P., and Antiochia, R. (2019). Microneedle-based
electrochemical devices for transdermal biosensing : a review. Curr. Opin.
Electrochem. 16, 42-49. doi: 10.1016/j.coelec.2019.04.003

Tavahodi, M., Ortiz, R., Schulz, C., Ekhtiari, A., Ludwig, R., Haghighi, B., et al.
(2017). Direct electron transfer of cellobiose dehydrogenase on positively
charged polyethyleneimine gold nanoparticles. Chempluschem 82, 546-552.
doi: 10.1002/cplu.201600453

Torrinha, A., Jiyane, N., Sabela, M., Bisetty, K., Montenegro, M. C. B. S. M., and
Araujo, A. N. (2020). Nanostructured pencil graphite electrodes for application
as high power biocathodes in miniaturized biofuel cells and bio-batteries. Sci.
Rep. 10:7. doi: 10.1038/541598-020-73635-7

Umafa, M. and Waller, J. (1986). Protein-modified electrodes. The
glucose oxidase/polypyrrole system. Amnal. Chem. 58, 2979-2983.
doi: 10.1021/ac00127a018

Wang, S. C., Patlolla, A., and Igbai, Z. (2009b). Carbon nanotube-based,
membrane-less and mediator-free enzymatic biofuel cells. ECS 19, 55-60.
doi: 10.1149/1.3236794

Wang, S. C., Yang, F., Silva, M., Zarow, A., Wang, Y., and Igbal, Z.
(2009a). Membrane-less and mediator-free enzymatic biofuel cell using
carbon nanotube/porous silicon electrodes. Electrochem. Commun. 11, 34-37.
doi: 10.1016/j.elecom.2008.10.019

Wang, X., Falk, M., Ortiz, R, Matsumura, H., Bobacka, J., Ludwig, R,
et al. (2012). Mediatorless sugar/oxygen enzymatic fuel cells based on
gold nanoparticle-modified electrodes. Biosens. Bioelectron. 31, 219-225.
doi: 10.1016/j.bios.2011.10.020

Wei, W, Li, P, Li, Y., Cao, X,, and Liu, S. (2012). Nitrogen-doped carbon
nanotubes enhanced laccase enzymatic reactivity towards oxygen reduction
and its application in biofuel cell. Electrochem. Commun. 22, 181-184.
doi: 10.1016/j.elecom.2012.06.021

Wilner, O. I, Shimron, S., Weizmann, Y., Wang, Z. G., and Willner, L
(2009). Self-assembly of enzymes on DNA scaffolds: en route to biocatalytic
cascades and the synthesis of metallic nanowires. Nano Lett. 9, 2040-2043.
doi: 10.1021/n1900302z

Wilson, G. S. (2016). Native glucose oxidase does not undergo direct electron
transfer. Biosens. Bioelectr. 83, vii-viii. doi: 10.1016/j.bi0s.2016.04.083

Wu, X. E.,, Guo, Y. Z., Chen, M. Y., and Chen, X. D. (2013). Fabrication of
flexible and disposable enzymatic biofuel cells. Electrochim. Acta 98, 20-24.
doi: 10.1016/j.electacta.2013.03.024

Xia, H., Kitazumi, Y., Shirai, O., Ozawa, H., Onizuka, M., Komukai, T., et al.
(2017). Factors affecting the interaction between carbon nanotubes and redox
enzymes in direct electron transfer-type bioelectrocatalysis. Bioelectrochemistry
118, 70-74. doi: 10.1016/j.bioelechem.2017.07.003

Xia, H.-q., Kitazumi, Y., Shirai, O., and Kano, K. (2016b). Enhanced direct electron
transfer-type bioelectrocatalysis of bilirubin oxidase on negatively charged

Frontiers in Chemistry | www.frontiersin.org

February 2021 | Volume 8 | Article 620153


https://doi.org/10.1016/j.electacta.2018.03.163
https://doi.org/10.1016/j.elecom.2011.12.007
https://doi.org/10.1016/j.snb.2010.07.054
https://doi.org/10.1039/C2LC41007A
https://doi.org/10.1016/j.snb.2016.07.062
https://doi.org/10.1016/j.bios.2014.05.027
https://doi.org/10.1016/j.electacta.2012.03.128
https://doi.org/10.1016/j.jpowsour.2014.07.052
https://doi.org/10.1002/elan.201600280
https://doi.org/10.1002/celc.202001334
https://doi.org/10.1039/C4NR06856D
https://doi.org/10.1016/j.jbiotec.2008.11.004
https://doi.org/10.1016/j.biortech.2012.10.104
https://doi.org/10.5796/electrochemistry.85.82
https://doi.org/10.1016/j.bios.2014.07.025
https://doi.org/10.1021/acs.jpcc.6b07413
https://doi.org/10.1039/C6CC02035F
https://doi.org/10.1039/c2ee21626d
https://doi.org/10.1016/j.jelechem.2018.10.048
https://doi.org/10.1016/j.jelechem.2019.05.007
https://doi.org/10.1371/journal.pone.0132181
https://doi.org/10.1021/ac103250b
https://doi.org/10.1016/j.snb.2012.10.114
https://doi.org/10.1016/j.coelec.2019.04.003
https://doi.org/10.1002/cplu.201600453
https://doi.org/10.1038/s41598-020-73635-7
https://doi.org/10.1021/ac00127a018
https://doi.org/10.1149/1.3236794
https://doi.org/10.1016/j.elecom.2008.10.019
https://doi.org/10.1016/j.bios.2011.10.020
https://doi.org/10.1016/j.elecom.2012.06.021
https://doi.org/10.1021/nl900302z
https://doi.org/10.1016/j.bios.2016.04.083
https://doi.org/10.1016/j.electacta.2013.03.024
https://doi.org/10.1016/j.bioelechem.2017.07.003
https://www.frontiersin.org/journals/chemistry
https://www.frontiersin.org
https://www.frontiersin.org/journals/chemistry#articles

Yu and Myung

Direct Electron Transfer Enabled EFCs

aromatic compound-modified carbon electrode. J. Electroanal. Chem. 763,
104-109. doi: 10.1016/j.jelechem.2015.12.043

Xia, H.-q., So, K., Kitazumi, Y., Shirai, O., Nishikawa, K., Higuchi, Y., et al. (2016a).
Dual gas-difftusion membrane- and mediatorless dihydrogen/air-breathing
biofuel cell operating at room temperature. J. Power Sources 335, 105-112.
doi: 10.1016/j.jpowsour.2016.10.030

Xia, L., Van Nguyen, K., Holade, Y., Han, H., Dooley, K., Atanassov, P., et al. (2017).
Improving the performance of methanol biofuel cells utilizing an enzyme
cascade bioanode with DNA-bridged substrate channeling. ACS Energy Lett.
2, 1435-1438. doi: 10.1021/acsenergylett.7b00134

Xu, S., and Minteer, S. D. (2012). Enzymatic biofuel cell for oxidation of glucose to
CO,. ACS Catal. 2, 91-94. doi: 10.1021/cs200523s

Yahiro, A. T, Lee, S. M., and Kimble, D. O. (1964). Bioelectrochemistry.
1.  Enzyme utilizing bio-fuel cell studies. BBA 88, 375-383.
doi: 10.1016/0926-6577(64)90192-5

Yan, L., Zhao, F., Li, S., Hu, Z., and Zhao, Y. (2011). Low-toxic and
safe nanomaterials by surface-chemical design, carbon
fullerenes, metallofullerenes, and graphenes. Nanoscale
doi: 10.1039/CONR00647E

Yan, X., Chen, J., Yang, J., Xue, Q. and Miele, P. (2010). Fabrication of
free-standing, electrochemically active, and biocompatible graphene oxide-
polyaniline and graphene-polyaniline hybrid papers. ACS Appl. Mater.
Interfaces 2, 2521-2529. doi: 10.1021/am100293r

Zebda, S, Alcaraz, J. P, Holzinger, M., Le Goff, A,
Gondran, et al. (2013). Single glucose biofuel cells implanted

nanotubes,

3, 362-382.

A., Cosnier,
C.,

in rats electronic  devices. Sci. 1-5. doi:
srep01516

Zebda, A., Gondran, C., Le Goff, A., Holzinger, M., Cinquin, P., and Cosnier,
S. X. (2011). Mediatorless high-power glucose biofuel cells based on
compressed carbon nanotube-enzyme electrodes. Nat. Commun. 2:1365.
doi: 10.1038/ncomms1365

Zeng, T., Pankratov, D., Falk, M., Leimkiihler, S., Shleev, S., and Wollenberger,
U. (2015). Miniature direct electron transfer based sulphite/oxygen
enzymatic fuel cells. Biosens. Bioelectron. 66, 39-42. doi: 10.1016/j.bios.2014.
10.080

Zhao, Z., Fu, ]., Dhakal, S., Johnson-Buck, A., Liu, M., Zhang, T., et al. (2016).
Nanocaged enzymes with enhanced catalytic activity and increased stability
against protease digestion. Nat. Commun. 7:10619. doi: 10.1038/ncomms
10619

power Rep. 3, 10.1038/

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Copyright © 2021 Yu and Myung. This is an open-access article distributed under the
terms of the Creative Commons Attribution License (CC BY). The use, distribution
or reproduction in other forums is permitted, provided the original author(s) and
the copyright owner(s) are credited and that the original publication in this journal
is cited, in accordance with accepted academic practice. No use, distribution or
reproduction is permitted which does not comply with these terms.

Frontiers in Chemistry | www.frontiersin.org

16

February 2021 | Volume 8 | Article 620153


https://doi.org/10.1016/j.jelechem.2015.12.043
https://doi.org/10.1016/j.jpowsour.2016.10.030
https://doi.org/10.1021/acsenergylett.7b00134
https://doi.org/10.1021/cs200523s
https://doi.org/10.1016/0926-6577(64)90192-5
https://doi.org/10.1039/C0NR00647E
https://doi.org/10.1021/am100293r
https://doi.org/10.1038/srep01516
https://doi.org/10.1038/ncomms1365
https://doi.org/10.1016/j.bios.2014.10.080
https://doi.org/10.1038/ncomms10619
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/chemistry
https://www.frontiersin.org
https://www.frontiersin.org/journals/chemistry#articles

	Recent Advances in the Direct Electron Transfer-Enabled Enzymatic Fuel Cells
	Introduction
	Biocatalyst Engineering
	Enzyme Choice and Protein Engineering
	Orientation of Enzymes

	Biocatalyst Immobilization Methods
	Physisorption
	Entrapment and Conducting Polymers
	DNA as Scaffolds or Electron Acceptors

	Nanomaterial-Based Electrodes
	Carbonaceous Materials
	Porous Nanostructure
	Gold Nanoparticles

	Recent Performances of DET-Enabled Anodes, Cathodes, and EFCs
	Recent Progress in Biomedical Application of DET-Enabled EFC
	Conclusions and Outlook
	Author Contributions
	References


