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Abstract
Bioelectrochemical technologies have an important and growing role in healthcare, with applications in sensing and diagnostics,

as well as the potential to be used as implantable power sources and be integrated with automated drug delivery systems.

Challenges associated with enzyme-based electrodes include low current density and short functional lifetimes. Protein engin-

eering is emerging as a powerful tool to overcome these issues. By taking advantage of the ability to precisely define protein

sequences, electrodes can be organized into high performing structures, and enable the next generation of medical devices.
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Motivation

Enzymatic bioelectrodes already play an important role in
the medical community, with the glucose sensor being the
most widely used bioelectrode. Approximately 25.8 million
people, or 8.3% of the U.S. population, are affected by dia-
betes.1 Diabetes is a metabolic disease where the patient
cannot make enough insulin or does not respond normally
to insulin, which causes blood glucose levels to be abnormal.
Currently, diabetic patients must employ a rigorous self-care
plan, which often includes self-monitoring of blood glucose
using an enzymatic bioelectrode for quantification of blood
glucose in blood samples. One study found that almost one-
third of patients do not perform these routine tests.2

Continuous monitoring and drug delivery systems are emer-
ging, but many of these devices still require significant user
input with sensor replacement, calibration, and pump man-
agement. Bioelectrochemistry can play a role in future tech-
nology, where sensors, power sources, and drug delivery can
all be safely implanted and automated, minimizing patient
input and giving tighter control over critical health param-
eters. In order for this vision to be realized for diabetic
patients, and other patients who need continuous monitoring
and delivery of therapeutics, stable, specific, and high-
performing enzymatic bioelectrodes need to be developed.

Introduction

Enzyme-based electrodes are increasingly important to the
medical community. Many thorough reviews have covered

enzyme-based electrodes generally,3 as well as specifically
for use as electrochemical sensors,4 and as implantable
power sources.5 The use of enzymes in medically relevant
electrochemical devices has many advantages because
enzymes are biocompatible, highly selective, and efficient
catalysts at physiological conditions. However, enzymes
have naturally poor conductivity and low-volumetric cata-
lytic activity, resulting in low current density. In the area of
fuel cells, low current density means less power can be gen-
erated for a given area, making miniaturization difficult. In
the area of sensors, many are amperometric, so low current
results in low sensitivity to analytes. Additionally, enzymes
often suffer from durability issues making implantation dif-
ficult and increasing user input and maintenance.

Nanomaterials and other ordered electrode materials
such as the use of graphene,6 carbon nanotubes,7 and
other mesoporous materials8 have significantly increased
electrode performance, thus proving that controlling the
electrode structure and microenvironment is critical. One
specific example directly compared the graphene
nanosheets with carbon nanotubes in a membraneless
enzymatic biofuel cell showing the use of graphene resulted
in 2�higher current density.9 Recently, proteins10 and
nucleic acids11 have emerged as a viable approach to engin-
eering electrode structure, particularly for multi-enzyme
cascades, with significant (5 to >50-fold) increases in yield
of the desired products12 and a 50–100% increase in current
density.13
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While all of the tools above are promising, this review
will specifically outline how protein engineering has been
employed to improve enzyme-based electrode perform-
ance. As shown in Figure 1, protein engineering strategies
for improving enzyme-based electrode performance are tai-
lored depending on the specific enzyme, reaction, and the
type of electron transport occurring in the electrode.
Electrons can be transported directly from the active
redox center to the electrode surface, known as direct elec-
tron transfer. This is highly desirable, but difficult, because
the active centers are often buried in the enzymes, and far
away from the surface of the electrode. Electrons can also be
transported via small chemical mediators which diffuse to
the redox centers. The potential challenges associated with
mediators are cost, toxicity, and practical management of
the mediator within the device.

General protein engineering approaches for enzyme-
based electrodes have included directed evolution and
rational design (Figure 2). Table 1 outlines strategies not

discussed in this review, with relevant references. Enzyme
modification has employed both strategies,14 resulting in
more active enzymes, enzymes with expanded reactive cap-
abilities or higher durability. More recently scaffolding tech-
niques have been employed to either decrease the distance
for direct electron transfer, manage mediators, or affect the
reactivity of the enzymes. Specifically, in this review, recent
rational protein engineering strategies for organizing, scaf-
folding, and metalizing electrode structure will be investi-
gated. The effects of these organized structures on current
density and durability will be discussed, since both param-
eters are important to the success of sensors and fuel cells.

Self-assembling protein systems

Self-assembling protein scaffolds for enzymatic electrodes
have the potential to be promising, because enzymes are
maintained in a native solution-like environment. In add-
ition, using self-assembly as a strategy could reduce
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Figure 1 Protein engineering is a promising tool for addressing the challenges associated with enzyme-based electrodes. (A color version of this figure is available in

the online journal.)
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Figure 2 Protein engineering approaches for enzyme-based electrodes. Topics in grey are covered in this mini-review
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electrode processing steps and could be envisioned as a
potential mechanism for electrode replacement. This sec-
tion will highlight some self-assembling protein systems
used to organize electrode structures.

In 2008, a bioelectrocatalytic hydrogel was designed
which self-assembled from bi-functional protein building
blocks.15 Two engineered protein building blocks were
used. One was a metallopolypeptide and consisted of phys-
ical crosslinking functionality and an electron conducting
functionality for transferring the electrons between the
enzyme and the electrode. The physical crosslinking
occurred via coil–coil association of lucine zipper a-helices,
a previously developed system dubbed HSH. In this
system, HSH corresponds to the domains such that
H represents two a-helices separated by S, a random coil
domain. The electron conducting functionality occurred via
attachment of osmium bis-bipyridine to strategically placed
histidine residues in the HSH-derived polypeptide. The
osmium acts as a redox mediator in the hydrogel. The
second protein building block used was a modified
enzyme, a polyphenol oxidase or small laccase (SLAC),
with an H and S domain. Thus, it had duel functionality
with enzymatic activity as well as ability to crosslink via the
a-helices. The laccase catalyzes the reduction of dioxygen to
water and therefore has applications as an oxygen sensor or
as a catalyst for fuel cell cathodes.

Rheology confirmed the formation of hydrogels and
three modes of crosslinking were identified which included
coil–coil formation, dimer formation of the laccase
enzymes, and osmium-mediated associations. A mixed
hydrogel of the two proteins was deposited on glassy
carbon electrodes and electrochemically characterized as a
cathode for oxygen reduction. The mixed gel showed cata-
lytic current, while no current was observed when nitrogen
gas was used, or when an osmium-free protein was used.
This showed that the system supported enzyme activity, as
well as functional mediators. Importantly, this study estab-
lished proof-of-concept for this system as a tool for elec-
trode design. The system was recently extended to
support a synthetic metabolic pathway involving a cascade
of three NAD(H)-dependent dehydrogenase enzymes.16

This system consisted of three components, two tetrameric
enzymes and one dimeric, each expressed with a physical
crosslinking functionality facilitated through an H and S

domain. When the enzymes were incorporated together in
this system, they facilitated the complete oxidation of
methanol to carbon dioxide in a biobattery. The device
achieved current densities equivalent to other similar sys-
tems in literature, with the potential to be further optimized
and tuned because of the precise molecular control of engin-
eered proteins. One of the advantages of the protein hydro-
gel that became apparent in this biobattery was that the
ability to load high concentrations of enzymes improves
bioelectrode performance. The hydrogel also has the advan-
tage of maintaining the enzymes in a hydrated state, similar
to the native environment where the enzymes are active.

Recently, another two-component self-assembling pro-
tein hydrogel system was developed and demonstrated
using SLAC.17 This system is different in that mediators
were not used and direct electron transfer was observed.
Also, each building block contained a physical crosslinking
functionality derived from a subunit of the system
called CutA, a small (12 kDa) trimeric protein with high-
temperature stability (up to 150�C). Each building block
also contained either a sequence derived from PDZ, a struc-
tural domain found in signaling proteins which facilitates
protein–protein recognition, or a peptide ligand which
recognizes and binds to the PDZ domain. The two function-
alities encourage two forms of interaction in the base hydro-
gel. The PDZ interaction with the peptide ligand could
also be reinforced with a disulfide bond. One more form
of interaction was inserted into the system, by incorporat-
ing a peptide docking station into the components.
This docking station allows the hydrogel to be functiona-
lized with docking protein tagged proteins, like SLAC.
The hydrogel was mixed with carboxylated multi-walled
carbon nanotubes, and the catalytic current generated
exceeded that of the previous example with the mediator,
and was comparable to other equivalent direct electron
transfer examples in literature.

Another emerging technology is self-assembling pep-
tide systems. In one study, ionic-complementary peptides
were used to modify highly ordered pyrolytic graphite
(HOPG).18 Atomic force microscopy indicated that
the self-assembled peptide layer supported native glucose
oxidase, whereas the glucose oxidase adsorbed to the
unmodified HOPG appeared to be denatured. Comparing
the anodic current between the two samples revealed the

Table 1 Related reviews on topics not extensively covered

Topic Approaches Reviews

Engineering enzymes Rational design: Truncation or amino acid substitution for improved activity, durability or charge

transfer, amino acid additions or changes for oriented immobilization and/or metal binding, com-

putational modeling

Directed evolution: Selection of variants for new or improved activity or greater durability/tolerance

10, 14, 30

Peptide sensors Selective binding of chemical species (using phage display or rational design), peptide ligands for

detection of cell receptors, use of restriction sites in peptides, antimicrobial peptides for bacterial

detection, utilizing redox activity of amino acids

19, 31

Multi-enzyme scaffolds Orienting enzymes and spacing enzymes for complex cascade reactions 15, 32

Protein templates for

inorganic structures

Destructible protein scaffolds used as templates for ordered structures (e.g. nanoparticles, nano-

tubes, nanowires) featuring sequences which have an affinity for chemical species

10a, 19a, 21, 28
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peptide-modified surface had higher response. These data
suggest that protein systems can improve electrochemical
device performance by providing a more enzyme-friendly
microenvironment. Another prevalent self-assembly pep-
tide system, which has been extensively reviewed,19 is a
diphenylalanine (FF) peptide inspired by motifs found in
Alzheimer’s b-amyloid proteins. This peptide can form
nanotubes and other structures in aqueous solution,
which can give them remarkable electronic and electro-
chemical properties. They have been used in combination
with enzymes (e.g. glucose oxidase, microperoxidase-11,
NADH) and have shown improved performance because
of the non-mediated electron transfer.

Comparing the current density in these studies, we find
a direct comparison can be made between the two systems
which used SLAC. In the first system, mediators were used
and a current density of 12mA/cm2 at 0.2 V versus the
standard hydrogen electrode (SHE) was achieved.15 In the
second SLAC system, direct electron transfer occurred with
current density measured over the course of seven days.17

An increase in current was observed between 2 and 3 days
from�39.5 to�51.8 mA/cm2, attributed to possible swelling
of the hydrogel and influx of the reactant, and a decrease in
current was observed, stabilizing to about �36.5 mA/cm2 at
0.2 V versus SHE. While many factors can contribute to
observed current densities in a device, it is worth noting
that equivalent and even higher current densities could be
achieved without the use of mediators. In the second SLAC
system, the authors attribute the decrease in current density
to enzyme leaching. This is corroborated by erosion studies
on the same hydrogels, showing the effect of pH, tempera-
ture, and concentration. Loss from the hydrogels began to
stabilize after seven days showing good temperature stabil-
ity and stability within a pH range of 6–8. Studies such as
these and longer duration electrochemical tests will be help-
ful in designing future protein scaffolds for electrochemical
devices.

While durability was not characterized, the maximum
current density in the biobattery example was
577� 26 mA/cm2, much higher than the previously dis-
cussed examples. This supports the notion that none of
these hydrogel systems were fully optimized, meaning
they could be tuned for optimum pore structure, mechan-
ical properties, or enzyme loading. Protein engineering will
likely be an important tool in understanding the effect of
these properties on device performance, because it allows
such precise control over molecular architecture.

Metalized protein engineered systems

By organizing enzymes near metal nanoparticles, the
effective surface area of the electrode can be increased. In
addition, orienting conductive surfaces near the active cen-
ters of enzymes can result in lower tunneling distances.
Finally, depending on the electrocatalytic moieties and the
metal nanoparticles, hybrid bioelectrocatalysis may occur
where both the enzyme and the metal nanoparticle are cat-
alyzing redox reactions.20 Therefore, a range of metal nano-
particles can be utilized, including gold, which is the most
common because it is highly conductive and biocompatible

and therefore suitable for use with proteins. However, it
should be noted that more active materials such as metal
oxides, palladium, and platinum have also been utilized.
This section outlines protein engineering tools to organize
enzyme-based electrode structure through metallization.
Strategies not discussed here include modifying enzymes
with metal-binding sequences, using directed evolution to
develop metal-binding motifs, and using proteins as
destructible templates for inorganic structures.21

Additionally, peptides and biomolecular catalysts as sen-
sors are not covered since this review is aimed at covering
strategies for enzyme-based electrodes.

One protein engineering strategy is to genetically modify
the enzymes to place them in close proximity to nanoparti-
cles. While not extensively reviewed here, a few examples
are outlined. In one simple example of metallization, a glu-
cose oxidase enzyme was modified to display a free thiol
group near the active site.22 Maleimide-modified gold
nanoparticles could then be attached to the enzyme via
covalent linkage between the thiol group and the malei-
mide group. This protein engineering strategy decreased
the catalytic activity of the enzyme, but, enabled direct elec-
trical communication from the enzyme to the nanoparticles
and thus the electrode surface. A few recent examples
include the strategy of genetically engineering the enzyme
to express a metal-binding peptide (e.g. gold, ZnO and
TiO2), immobilizing the enzymes near a conductive elec-
trode surface.23

Metalized peptides have also been used without mod-
ifying the enzymes. Efficient electron transfer was shown
using a metallized peptide linked to a gold nanoparticle
and the enzyme NADH peroxidase.24 The system consisted
of the enzyme joined to a leucine zipper with strategically
introduced histidine residues as metal-binding sites. Cobalt
was incorporated into this design. This cobalt-binding pep-
tide was attached to a gold nanoparticle and the whole
assembly was immobilized onto a gold electrode for char-
acterization. The results suggested electrons are conducted
through the cobalt chain, and the electron transfer rate was
enhanced by the assembly. In another similar study, the
assembly was linked to a carbon nanotube array electrode,
and it was proposed that the linker also serves to separate
the enzyme from the surface of the carbon nanotubes, pre-
venting unwanted denaturation.25

Attempts have been made to utilize protein engineering
to organize metal structures while simultaneously linking
enzymes to these structures. In one example, glucose oxi-
dase was fused to a ring-shaped protein with a functional
domain that binds gold nanoparticles in the inner pore via
adsorption.26 The ring-shaped protein can self-assemble
into three-dimensional (3D) nanostructures. The design
has the advantage of building layers of electrically con-
nected enzymes off of the electrode surface. The 3D organ-
ization that took place on the surface facilitated electronic
wiring between multiple functional enzymes.

Recently, a ‘‘nanomesh’’ was constructed using bacterio-
phages in a glucose oxidase fuel cell.27 The bacteriophages
featured an amine-rich shaft, for binding carboxylic acid-
functionalized gold nanoparticles via a covalent bond. The
glucose oxidase co-factor, flavin adenine dinucleotide (FAD),
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was covalently bound to the gold nanoparticles, which
linked the glucose oxidase to the nanomesh. The phage
was engineered to express proteins with a high histidine
content, allowing the nanomesh to be anchored to a flat
gold electrode. The performance of this electrode was com-
pared to relevant glucose oxidase direct electron transfer
examples, and it was found that the mesh contributed to
higher enzyme surface coverage and current densities.

Conclusions and outlook

Self-assembled protein networks and metallization strate-
gies are promising techniques to increase enzyme-based
electrode performance and durability, protecting enzymes
from denaturation and bringing conductive and reactive
elements in close proximity to their active sites. Scientists
and engineers have only begun to explore protein engineer-
ing tools to control electrode structures. Many peptide tools
for metallization28 and hydrogel systems29 exist, allowing
great flexibility in the control of properties for enzyme-
based electrodes. Understanding and controlling param-
eters such as pore structure, metallization, mechanical
properties, hydrophobicity/hydrophilicity, and spatial
organization will lead to long-lasting, specific, and minia-
turized electrochemical devices.
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