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Abstract
Natural living conductive biofilms transport electrons between electrodes and cells, as well as among cells fixed within the film, catalyzing an
array of reactions from acetate oxidation to CO2 reduction. Synthetic biology offers tools to modify or improve electron transport through
biofilms, creating a new class of engineered living conductive materials. Engineered living conductive materials could be used in a range
of applications for which traditional conducting polymers are not appropriate, including improved catalytic coatings for microbial fuel-cell elec-
trodes, self-powered sensors for austere environments, and next-generation living components of bioelectronic devices that interact with the
human microbiome.

Introduction
Microbial biofilms are able to naturally colonize electrodes and
form conductive matrices consisting of living cells and extra-
cellular polymeric substance (EPS) (proteins, sugars, DNA)
(for a review, see Ref. 1). This phenomenon is well-known
and the growth of such biofilms is standard lab practice for
research groups in the field of microbial electrochemistry and
electromicrobiology.[2] Since conductive biofilms have been
shown to possess the characteristics of redox conducting poly-
mers,[3] we can consider them as biologic materials in order to
create new molecules, sensors, and bio-derived materials.[4]

However, creation of these new materials requires the ability
to precisely engineer the living component. Synthetic biology
aims to confer design and engineering principles with living
organisms, an approach now being implemented to re-engineer
natural living conductive biofilms or engineer extracellular
electron transfer (EET) pathways into organisms that do not
naturally have them. Precise control over microbial EET
could enable the use of such materials to address long-standing
problems, such as corrosion and biofouling, as well as for new
applications such as sensing/reporting with electrical signals,[5]

increased conductivity for electronic applications,[6] and
improved catalysis for power and energy from microbial fuel
cells.

Although microbial electrochemical activity was first
observed over 100 years ago,[7] and rediscovered in the early
2000s where it grew into the field of microbial electrochemis-
try, the development of engineered conductive biofilms as liv-
ing materials has been hampered by the fact that many basic

research questions regarding the spatial assembly and organiza-
tion of electron-transfer mediators and components of EET
pathways of these systems remain unanswered. In developing
living conductive materials as a technology, we must define
the rules that govern our ability to intentionally connect cells
to electrodes and to each other. Synthetic biology offers rapidly
advancing tools in genetic engineering and, as we establish
these rules, we will be able to make fuller use of the entire tool-
kit. This includes our ability to successfully move electron
transport proteins from natural host organisms to those that
are genetically tractable or more operationally relevant, such
as those with a tolerance for high salinity or extreme pH.

Natural conductive biofilms consist of cells that self-“wire”
to electrodes and form protein or protein/small-molecule
conduits for electrons to travel directly between the cell and
electrode interface, as well as between cells. Our current knowl-
edge of these conduits, which are described briefly below,
forms the basis for creating engineered living conductive mate-
rials. Natural conductive films are able to self-replicate and self-
repair in order to maintain cellular energy flux and growth. This
self-repairing property has been exploited for persistent power
generation in microbial fuel cells.[8] Biofilms associated with
electrodes serve as living catalysts, mediating electron transfer
to and from the electrode surface to catalyze reactions such as
the oxidation of acetate (Geobacter sulfurreducens) or to gen-
erate energy and reductant for CO2 fixation (“Candidatus
Tenderia electrophaga”[9]). In anodic bioelectrochemical sys-
tems (BES), where electrons are transferred across the cell
membrane to a solid electron acceptor, EET pathways are fairly
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well-characterized for the gram-negative metal-reducing bacte-
ria, Shewanella oneidensis[10] and G. sulfurreducens,[11,12] and
in both cases include a number of multiheme c-type cyto-
chromes to shuttle the electrons from the inner membrane to
the outside of the cell. In G. sulfurreducens biofilms, which
can be up to tens of micrometers thick, immuno-gold label-
ing[13,14] and confocal resonance Raman microscopy of
c-type cytochromes[15] have shown that they are located on
the cell membrane and in the extracellular matrix outside of
the cell. This observation, as well as biofilm conductivity mea-
surements indicating redox hopping,[16,17] have substantiated
the hypothesis that c-type cytochromes are primarily responsi-
ble for electron transfer between cells and from cells to the elec-
trode[3,15] in living biofilms. Shewanella biofilms are thin and
interspersed with outer-membrane extensions (OME) decorated
with c-type cytochromes of the Mtr pathway,[10,18,19] which
have recently been shown to support a conductive matrix.[20]

In addition, Shewanella secretes redox-active flavins which
have a role in EET.[21] Conductivity measurements have also
been performed on mixed species anodic biofilms which exhib-
ited redox conductivity, however, the underlying mechanism
was not explored.[22] Many mixed species anodic biofilms are
enriched in Geobacter spp., all of which contain the genes
for c-type cytochromes, so it is often assumed that these are
the primary electron-transfer mediators.

Less is known about direct electron transfer in cathodic sys-
tems. Although direct electron transfer has been proposed as a
mechanism for acetogenic or methanogenic BES used for
microbial electrosynthesis,[23,24] it has been difficult to decou-
ple from the possibility that H2 generated at the electrode sur-
face is the electron-transfer mediator due to the negative
electrode potentials required to thermodynamically drive CO2

reduction. In one case, it has been demonstrated that
electrode-associated enzymes catalyze H2 and formate produc-
tion at the electrode which then serve as electron donors for
methanogenesis.[25] While acetogenic and methanogenic BES
are anaerobic, other cathodic organisms displaying electro-
chemical characteristics consistent with direct EET are aerobic.
Neutrophilic iron-oxidizing bacteria,[26] as well as certain
microbial communities enriched at the cathode of benthic
microbial fuel cells, use O2 as the terminal electron acceptor
and are proposed to fix CO2 autotrophically through the
Calvin–Benson cycle. One such community, Biocathode
MCL, has been extensively characterized by our group[27–29]

and has been demonstrated to create a conductive biofilm
matrix containing c-type cytochromes and other redox-active
proteins as the primary redox mediators.[17] The most highly
active member of the Biocathode MCL community,
“Candidatus Tenderia electrophaga” contains a proposed direct
EET pathway similar to that of some neutrophilic, autotrophic
iron-oxidizing bacteria, although the strain has not yet been cul-
tivated in isolation. Proteins that participate in direct EET in the
examples given above reside in the cell membrane, or in the
extracellular matrix surrounding the cell, and make direct con-
tact with the electrode surface. We can use synthetic biology to

re-engineer these pathways in native and non-native host organ-
isms through the use of protein engineering,[30] precise control
over transcription using genetic circuits,[31] and the use of data
generated from metabolic modeling and functional genome
analysis of electroactive bacteria to inform machine learning—
which could lead to rational design of electron transport path-
ways. Throughout the rest of this prospective, we will outline
key areas we have identified that could transform our ability to
create engineered living conductive materials using synthetic
biology, including membrane shaping and abiotic/biotic surface
modifications that more precisely align cells with the electrode
interface, as well as better tools to measure this interaction
using a more high-throughput approach to evaluate organisms
genetically modified to carry out direct EET on an electrode.

The abiotic/biotic interface
In order to engineer direct electron transfer to an electrode, we
must first consider the connection between the cell and the elec-
trode itself. BES are used to grow and assay the electrochemical
activity of natural and engineered bacteria using biologically
compatible electrode materials. Labs performing microbial
electrochemistry use a somewhat shotgun approach to BES
design because the contribution from all components of the
reactor cannot be fully controlled (pH changes, gas concentra-
tions, small molecules produced by intact or lysed cells, and
chemical changes to the composition of the medium due to bio-
logical or electrochemical activation). These variations can
make it difficult to fully characterize BES—establishing a list
of defined mediators and understanding the details of the elec-
trode surface and the biologic interface has been challenging
even in the best studied electrochemically active microorgan-
isms. Here we describe what is known and should be consid-
ered for BES design moving forward.

Electrode surface composition and cell
attachment
Promotion of cell attachment and biofilm formation at the elec-
trode may be two of the most important parameters for increas-
ing current through higher electron-transfer rates.[30] Typically,
carbon-based electrodes, such as carbon cloth or graphite cou-
pons, are used to evaluate natural EET. In order to obtain max-
imum current and achieve a high efficiency, the electrode
should be porous with a high-surface area to allow for maxi-
mum colonization and biofilm production (biocompatibility),
while also exhibiting high electrical conductivity and low sus-
ceptibility to corrosion. Individual labs typically focus on one
specific organism, and a universal high-efficiency electrode
material is yet to be discovered. Given the variability in electro-
chemically active organisms, a universal electrode configura-
tion may not exist.

Surface modifications involving metal oxides or conducting
polymers have been incorporated in order to enhance bacterial
adhesion or increased EET. In addition, nanostructures, geom-
etries, particle sizes, and chemical composition all affect cur-
rent production,[30] although the mechanism is not always
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understood. Electrodes coated with metals or metal-based
nanoparticles, including gold, palladium, osmium, and nickel,
result in increased electron transfer. Nakamura et al.[31]

increased current production for Shewanella loihica PV-4
over 300-fold compared to an unmodified biofilm by adding
α-Fe2O3 nanocolloids to a growing, anaerobic culture, which
enhanced biofilm formation and enabled long-distance electron
transfer through a conductive network of bacterial cells con-
nected by nanocolloids. A recent review offers a detailed com-
parison of nanostructured electrode materials.[32] Although
they produce lower current densities due to their smooth sur-
faces, electrodes made out of gold- or indium tin oxide-coated
glass can also support growth of conductive biofilms. Synthetic
biology may have a role to play in increasing the rate of EET
via modifications to cell surface attachment: several studies
have shown that genetic changes can increase biofilm forma-
tion and current output in S. oneidensis. Kouzuma et al.[33]

demonstrated that, in a library of random S. oneidensismutants,
those with higher current production also had thicker biofilms,
while Liu et al.[34] were able to boost current production
2.8-fold by increasing the production of the biofilm-promoting
molecule bis-(3′–5′)-cyclic dimeric guanosine monophosphate
(cyclic-di-GMP). It is interesting to note, however, that a recent
effort to engineer S. oneidensis to bind gold electrodes,[35] as
well as a study in which Escherichia coli expressing the S. onei-
densis Mtr pathway were immobilized at the electrode through
the expression of mannose binding proteins,[36] led to increased
cell binding but decreased current production relative to the
non-binding strains. These studies highlight the complexity
of engineering cell–surface interactions. Once these hurdles
are overcome, surface attached cells could be programed to
organize with more efficient architectures for substrate and
product diffusion which could alleviate mass transport limita-
tions to the electrode surface. One way this may be achieved
would be for cells to produce nanostructures themselves by
coordinating cell-produced nanoparticles and polysaccharides
in a directed way.

An additional aspect of BES design that requires consider-
ation for engineering living conductive materials are the pH,
temperature, nutrient concentration, and physical arrangement
of the electrodes. The former are important from the physiolog-
ical perspective of the cell, while the latter can impact the
overall performance of the BES. Not discussed here, but
worth mentioning, is the opportunity to design biologically pro-
duced membrane materials to act as separators in microbial fuel
cells.

Undefined electron-transfer mediators at the
electrode surface
We have defined electron-transfer mediators in this review as
proteins fixed in the cell membrane or in the immediate extra-
cellular matrix. It is well-known that many bacteria also pro-
duce a variety of soluble mediators that can facilitate electron
transfer between the cell and abiotic surface, such as flavins,
phenazines, and hydrogenases (though not covered here, recent

overviews of soluble redox mediators can be found in Liu
et al.[37]). In addition to organic (produced by the bacteria)
and metal (trace elements in the medium) mediators, redox-
active sulfur can potentially cycle between solid and soluble
states, effectively trapping it within the biofilm. Initial metage-
nomics and metatranscriptomics analyses of a recently-
characterized reversible BES[38] suggest that sulfur species
may be acting as intermediaries between cells and the electrode,
in both oxidizing and reducing functions (Mickol et al., 2019;
in preparation). Both sulfate-reducing[39,40] and sulfur-
oxidizing[41] microorganisms are found in BES, suggesting
that sulfur species may operate as electron-transfer mediators.
Much of what we know regarding the redox potential of natural
electron-transfer mediators is based on voltammetric tech-
niques which have limitations in sensitivity depending on the
electrode and potentiostat used. Additionally, voltammetry can-
not provide absolute identification of a redox species without
control experiments, which are difficult to achieve if redox-active
moieties can be produced through biologic transformations inher-
ent to the BES. The potential for microbial transformation of trace
elements or metabolic products into redox-active moieties should
be considered when designing engineered living conductive
materials. In some cases, if such transformations can be
elucidated, they may be exploited for biofilm functionalization.

Role of extracellular polymeric substances
and broader environment
Bacterial cells are surrounded by the EPS, a network of cell-
secreted polymers composed of polysaccharides, proteins,
DNA, and redox-active moieties. The EPS contributes to bio-
film formation, protects the cell from the environment,[42]

and, as has been demonstrated for G. sulfurreducens,[13,14] con-
tains EET mediators. The overall role of the EPS in EET has
been difficult to decipher due to limitations in our ability to sep-
arate out the contribution of each component listed above.
Rollefson et al.[43] demonstrated that the G. sulfurreducens
xap gene cluster is required to create an EPS rich in c-type cyto-
chromes where it acts as a scaffold for electron-transfer media-
tors enabling long-range electron transport. Xiao et al.[42]

performed electrochemical characterization of S. oneidensis
MR-1 containing naturally-produced concentrations of EPS
and under conditions where EPS was depleted. Maximum cur-
rent achieved was 40–90% higher in EPS-depleted cultures and
differential pulse voltammetry showed that the EPS layer may
shield cell-associated cytochromes from direct contact with the
electrode, indicating the EPS may be insulating in Shewanella.
Whether the native EPS aids or inhibits the conductivity of a
biofilm therefore appears to be organism-specific and
dependent on the presence of extracellular redox-active
moieties.

These results suggest that the composition of the EPS could
be tuned to be more or less conductive. There are, of course,
tradeoffs when considering engineered modifications to the
EPS. For example, EPS-depleted cells are more susceptible to
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disruption and surface proteins could be more susceptible to
inactivation.[42]

Making connections—membrane shaping
Thus far, we have considered the role of the extracellular space
between the electrode and the cell. However, the cell membrane
is the connection between the energy generating processes of
the cell and the extracellular matrix and its architecture has
an unknown impact on direct EET.

In living organisms, electron-transfer reactions are mediated
by proteins embedded in complex membrane structures, from
the folds of mitochondrial cristae,[44] to cyanobacterial thyla-
koid membranes,[45] and even to structures that extend out
from the cell in the case of S. oneidensis.[18,19] The membrane
compartmentalizes electron-transfer proteins into hydrophilic
and hydrophobic fractions, where soluble mediators carry
charge from the hydrophilic fraction to transmembrane com-
plexes. In thylakoid membranes and mitochondrial cristae,
membrane curvature is suspected to influence the rate of
diffusion-limited electron-transfer reactions by affecting
the localization of soluble and membrane-bound cyto-
chromes.[46–48] Recently, cristae membrane morphology has
shown to have a direct impact on mitochondrial respiratory
function, where increased curvature, and by extension,
increased inner membrane surface area, were associated with
higher respiratory efficiency.[49] Both mitochondrial cristae
and thylakoid membrane structures display localized regions
of tightly packed electron-transfer protein clustering,[46] sug-
gesting that compartmentalization of electron-transfer pro-
teins/complexes through membrane curvature formation is a
common feature of bioenergetic membranes and may improve
electron-transfer efficiency.

In bacteria that form living conductive biofilms, OMEs
could impact the spatial arrangement of EET protein conduits
altering the rate of EET with the extracellular environment or
periplasmic mediators. S. oneidensis OMEs are comprised of
the outer membrane and periplasm, and progress from elon-
gated vesicle chains into narrow tubules decorated with
membrane-bound EET proteins.[18,19] Although the contribu-
tion of these OMEs to the overall conductivity of S. oneidensis
biofilms is not known, reductase activity from proteins of the
Mtr pathway has been observed suggesting they are still able
to facilitate EET. A qualitatively similar membrane structure
has been observed in cultures of sulfate-reducing bacteria,
which have been shown to produce conductive nanofilaments
when no soluble electron acceptor was added.[50]

Although the genetic basis of OME biogenesis in
Shewanella is currently not known, identification of membrane
sculpting proteins could be used to initiate OME formation.
Control over membrane shape could enable directed biofilm
structural control through the use of optimized small-molecule
sensors[51] for tunable protein expression. Additionally, cell–
cell or cell–electrode membrane contact could be designed
for programed self-healing in engineered living conductive
materials. For example, a sudden shift in the biofilm redox

gradient could be sensed (described below) and trigger expres-
sion of membrane extension-promoting proteins, signaling
cells to reestablish a membrane tether to neighboring cells.

Electron-transfer conduits, potential
sensors, and chassis strains
As discussed above, the cell membrane is the point of contact
between the metabolic processes of the cell and the extracellu-
lar environment. Our current state of understanding of bacterial
EET is that electron-transfer conduits made of c-type cyto-
chromes reside within the outer membrane of gram-negative
bacteria and can make direct contact with the electrode and to
redox mediators of neighboring cells, creating a living conduc-
tive material. One of these pathways has been heterologously
expressed in E. coli (described below), demonstrating that
they are portable and that the tools of synthetic biology could
be used to design and engineer living conductive materials.
In addition to EET conduits, membrane-bound sensors that
can detect a change in the surface potential of the electrode
may exist although none have been demonstrated to date.
Here, we describe our current understanding of engineering
EET pathways into non-native hosts for both anodic (outward)
EET and cathodic (inward) EET, as well as the potential to
develop electrode surface potential sensors that can directly
actuate cellular response to a change in applied potential at
the electrode.

Controlling EET pathways with synthetic
biology
The transfer of functional EET pathways to heterologous hosts
presents significant challenges. Although there are common
themes emerging in the various EET pathways studied
(Fig. 1), these pathways often consist of proteins and com-
plexes that have multiple cofactors, must be localized correctly,
operate in complexes and pathways that depend on the proper
protein ratios, and are all too often insufficiently understood
to rapidly and reliably port to new organisms. To date, the pri-
mary EET pathway used for engineering has been the anodic
Mtr pathway from S. oneidensis MR-1 which allows for extra-
cellular respiration of metals. The Mtr pathway is the best stud-
ied of the EET pathways, with the primary components known:
electrons travel through a tetraheme cytochrome in the inner
membrane (CymA), via a small tetraheme cytochrome in the
periplasm (CctA) to the outer membrane, where they pass
through a multiheme cytochrome-porin complex (MtrCAB)
to the extracellular space, where they are transferred to a
solid or soluble electron acceptor.[52,53] Some success has
been shown both in control of the Mtr pathway in its native
host[54] as well as in E. coli.[55] However, though successful,
the work in E. coli shows that transferring this pathway to a het-
erologous host is not trivial. The system requires a great deal of
optimization,[56–58] at least in E. coli: separate expression of the
E. coli’s cytochrome c maturation pathway proteins, the addi-
tion of a cytochrome c maturation protein from the
Shewanella pathway, and specific ratios of the proteins from
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the Mtr pathway, are all required for maximum current produc-
tion. Even when optimized this system does not form a stable
BES; the cells must be grown and induced, then added to the
electrochemical reactor at high density. Our own work has
shown that transferring the pathway into a new host
(Marinobacter in this case) produces inconsistent results
(Fig. 2)—suggesting that significant optimization will be
required for each new host organism. These difficulties are
not too surprising, considering the complexity of the proteins
themselves. Four of the five proteins required are multiheme
c-type cytochromes, which require specialized machinery to
correctly process; the overexpression of five EET proteins, as
well as the heme maturation pathway, can reasonably be
expected to come at a metabolic cost. Additionally, the
MtrCAB conduit must not only be correctly localized to the
periplasm for cytochrome maturation, but must further be tar-
geted to the outer membrane, using localization signals that
are not well understood and may or may not be easily transfer-
able between bacterial species. Given these complications, suc-
cessfully transferring the Mtr pathway as an efficient pathway
for electron flow in heterologous hosts is a significant
challenge.

Although the Mtr pathway is the best studied of the anodic
EET pathways, it is not the only one. The mechanisms of elec-
tron transfer in Geobacter have also been extensively investi-
gated[11,14,59,60] and recently have proven somewhat similar
to those in Shewanella, featuring several multiheme cyto-
chromes and an outer-membrane porin which, though not
homologous to those in Shewanella, appear to operate in a sim-
ilar fashion—indicating the possible significance of porin–

cytochrome complexes for EET across multiple species.[53,61]

The barriers to successful deployment of the Mtr pathway in
heterologous organisms also exist for the Geobacter pathways:
multiheme cytochromes which must be correctly processed and
localized. However, the ease with which E. coli, at least,
expresses various multiheme cytochromes varies depending
on the specific protein for reasons that are not entirely under-
stood.[62] It is therefore possible that the use of the Geobacter
EET pathway may prove easier, at least for some hosts. Thus
far, no studies have been published using the Geobacter
proteins in heterologous expression systems to recapitulate
EET to an electrode. This may, in part, be due to the fact that
the function of the many multiheme proteins present in
Geobacter have proven to be redundant with a definitive outer-
membrane EET conduit not suggested until recently.[11]

On the cathodic side, the known pathways can be divided
into two general categories: those that include outer-membrane
multiheme cytochromes (similar to the anodic pathways), and
those that use Cyc2, a small monoheme cytochrome that in a
number of iron-oxidizing microbes is fused to an outer-
membrane porin.[63] Homologs of this protein have been
found in a number of iron oxidizers, both acidophilic and neu-
trophilic (Chan, unpublished[64]). There are examples of iron-
oxidizing bacteria with these pathways able to produce cathodic
current on electrodes, suggesting that these pathways too can
operate with solid substrates.[26,65] While the smaller size of
the monoheme protein may make it easier to express in heter-
ologous hosts, the downstream portion of the pathway is con-
siderably more complicated. Recent proteomic analysis of the
neutrophilic microaerobic iron oxidizer Mariprofundus

Figure 1. General configuration of various electron conduits. Cytochromes are shown in red/pink/orange, membrane porins are shown in blue, and proteins that
vary depending on the pathway are shown in purple. The green boxes denote variable and poorly understood acceptors. Anodic conduits (left) in both Shewanella
and Geobacter consist of a cytochrome in the inner membrane that accepts electrons from the quinone pool, and transfers them to a soluble periplasmic
cytochrome, which transfers them to a multiprotein cytochrome/porin complex. The number of proteins in the complex is variable depending on the organisms and
specific conduit. Some cathodic organisms use a similar outer-membrane complex (middle), with a multiheme cytochrome and porin, though whether all the
components of these complexes have been identified is unclear. From there, the electrons pass to a soluble membrane carrier, which can be a cytochrome, iron
sulfur protein, or copper containing protein. Finally, a potentially more widespread system consists of a fused monoheme porin protein (right), which also makes use
of a soluble electron carrier to deliver electrons to the inner membrane. The path that electrons take once they leave the outer-membrane mediator varies among
organisms, and is in many cases incompletely understood.
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ferrooxydans showed additional inner membrane and periplas-
mic components, some of them with no homology to known
enzymes.[66] Additionally, putative cathodic EET conduits
have been identified from “Ca. Tenderia electrophaga” with
similarity to those described for iron-oxidizing bacteria;[27–29]

however, this pathway has yet to be experimentally validated.
Since many of the organisms in question are lithotrophs, sur-
viving on an electron donor more oxidized than the organic car-
bon fixed by the cell, a bifurcation is required, in which
electrons traveling to oxygen or nitrate provide energy for a
reverse electron-transfer chain. The extent to which the
autotroph-based oxidation pathways can be repurposed in het-
erotrophs remains to be seen.

Cellular sensing of the electrode potential
Microorganisms sense and respond to the redox state of their
environment via redox sensors; proteins that when oxidized
or reduced produce a cellular response through mechanisms
such as transcription or taxis. Microbial redox sensors charac-
terized to date are either integral to the plasma membrane
(with either periplasmic or cytoplasmic sensing domains) or

are located in the cytosol (Fig. 3). The sensing domain interacts
with redox-active small molecules (e.g., pyridine nucleotides
(NAD(H), NADP(H)), quinones, oxygen, hydrogen peroxide,
and superoxide) via cofactors such as iron–sulfur clusters,
hemes, protein thiols, and flavins (FAD, FMN).[67] As
described below, these sensors can be either one- or two-
component systems that interact with DNA directly to elicit a
response or transmit a signal to downstream protein partners.
To date, no redox sensor has been described that can detect
the potential of an electrode or other extracellular electron
acceptors through direct electron transfer from an EET conduit.
All characterized redox sensors depend on soluble mediators as
a proxy for the redox state of the cell and periplasm.

One-component systems are protein complexes with signal
input and output domains that actuate a downstream response
directly.[68] Two of the most well-studied cytosolic one-
component redox sensors from E. coli are SoxR and FNR,
both of which are broadly conserved across bacteria. SoxR
and FNR are transcriptional activators that contain iron–sulfur
clusters affected by the oxidation state of molecules in the cyto-
sol. SoxR exists as a DNA-binding dimer, regardless of the oxi-
dation state of the iron; however, for transcription to be
initiated, the [2Fe–2S] cluster must be oxidized[69] by small
redox-active molecules, such as phenazines.[70] The feasibility
of using SoxR for redox control of cellular activity using an
electrode has recently been explored.[71] A plasmid containing
the genes for either fluorescence or bacterial taxis were put
under the control of the PsoxS promoter and the gene for
SoxR was introduced into E. coli. Through redox cycling
with the electrode, the cell-permeable redox-active mediator
ferricyanide could control the oxidation state of the phenazine
pyocyanin, which can oxidize or reduce SoxR, controlling fluo-
rescence or taxis. While an interesting first step toward elec-
trode control of cellular activity, this approach ultimately
relies on a small-molecule mediator that may be dependent
on cell permeability and/or diffusion, and may have numerous
non-specific interactions within the cell.

FNR uses a [4Fe–4S] cluster to regulate the cellular meta-
bolic response to oxidizing or reducing conditions.[72] In the
presence of oxygen, the labile [4Fe–4S] first degrades to a
[2Fe–2S] cluster, which upon further exposure to oxygen is
completely lost from the protein; both of these degradation
events lead to loss of DNA binding activity and the silencing
of various genes for anaerobic growth.[73] While the SoxR
redox reaction is reversible, it is likely that both the [2Fe–
2S]-containing and fully apo FNR require iron–sulfur cluster
assembly proteins to reset the activator. The sensitivity of the
FNR cluster to oxygen, as well as the need for additional pro-
teins for reversibility, may limit an FNR potential sensor to use
in anaerobic environments if it could be specifically wired to an
EET pathway.

In two-component systems, the sensor domain receives an
input signal and a catalytic domain becomes activated, which
in turn activates a partner protein responsible for inducing the
downstream cellular response. There are many examples of

Figure 2. Iron reduction in wild-type versus engineered Marinobacter
atlanticus CP1 cells.M. atlanticus CP1 was engineered to contain the MtrCAB
operon under isopropyl β-D-1-thiogalactopyranoside (IPTG) induction in
single copy on the chromosome, and CymA and CctA under 2,4-
diacetylphloroglucinol (DAPG) induction on a plasmid. Cells were pre-grown
in artificial seawater medium with 50 mM lactate, and diluted 1:5 into fresh
medium with 50 mM lactate, 10 μM IPTG, and 250 nM DAPG in balch tubes
with 1 mM iron(III)-citrate. The tubes were stoppered and incubated at the
indicated temperatures for 48 h. The wild-type control was grown at 30 °C;
wild-type cultures at 25 °C showed similar levels of iron reduction. Although
in some experiments (induced 30 °C) showed increased iron reduction over
the wild type, repeat experiments (induced 25 °C, induced 30 °C repeat)
showed lower iron reduction that the wild-type strain, despite having similar
cell densities at the end of the experiments. These results suggest that the
conditions required for successful expression and operation of the Mtr
pathway in Marinobacter is so delicate that slight variations between
experiments are enough to upset the balance, and indicates that we have not
yet determined the optimal requirements for expression of the Mtr pathway in
Marinobacter.
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redox-active two-component systems, four of which are briefly
described here for their possible use in electrode-potential
sensing.

The sensor histidine kinase ArcB contains an N-terminal
transmembrane domain as well as a sensor domain and catalytic
signal transducing domain that both reside in the cytosol.[74]

ArcB relies on the reduction of intermolecular disulfide
bonds to activate the catalytic domain.[75] The ArcB redox-
active cysteine residues do not respond to oxidants such as
O2 or H2O2, but can be oxidized or reduced by the quinone
pool,[76] although exactly which quinones is still debated.
Although not by any means a direct electron-transfer sensor,
the ability to monitor the oxidation state of the quinone pool
might be useful in conjunction with the EET conduits described
above. As the conduits are generally between the quinone pool
and the electrode, a change in electrode potential could quickly
lead to a reduction or oxidation of the quinone pool, and trans-
lated to further cellular responses via ArcB. The putative two-
component redox sensors GSU0935 and GSU0582 from
G. sulfurreducens, and DcrA from Desulfovibrio vulgaris, con-
tain N-terminal periplasmic sensor domains with a covalently

bound heme, a transmembrane domain, and a catalytic domain
responsible for transmitting the signal to partner proteins. A
change in oxidation state and coordination of the bound
heme is believed to result in a conformational change that acti-
vates or deactivates the catalytic domain.[77,78] Although the
sensor domains of these proteins have been fairly well charac-
terized in vitro the redox inputs that actuate the signaling cas-
cade are unknown.

If candidate electrode-potential sensors can be identified,
similar technical issues to those described above for the intro-
duction of EET pathways to heterologous hosts could arise.
For example, one- and two-component sensor proteins must
be correctly processed and localized, the cofactors must be cor-
rectly inserted in the proteins, and the full functional require-
ments of the sensing system are not always known. It may be
possible through protein engineering to direct electrons from
inward EET pathways to these sensors. Some progress in engi-
neering two-component systems has already been made; the
modular nature of two-component systems has allowed for
the construction of several chimeric proteins boasting the sen-
sor domain from a sensor histidine kinase or chemotaxis protein

Figure 3. Cells can detect redox changes using both one- and two-component systems via sensor domains residing in either the intracellular or periplasmic
space. These sensor domains contain redox-active moieties such as hemes, disulfide bond-forming cysteine residues, and iron–sulfur clusters that are sensitive
to a variety of oxidizing and reducing agents. The reduced (left) and oxidized (right) forms of these redox-active moieties are shown in the inset. The loss of the
iron–sulfur cluster is indicated by the unligated protein cysteine residues. In many cases, the identities of the physiological oxidizing and reducing agents are
unknown. Some of the known redox molecules are depicted: quinones residing in the intracellular membrane are shown in green, redox-active small molecules
such as pyocyanin are shown in blue, and reactive oxygen species such as molecular oxygen and hydrogen peroxide are shown in purple and pink, respectively.
Although many of these sensors exist as dimers, they are depicted here as monomers for simplicity. Sensor domains are indicated by pink stars, transmembrane
domains by green oblongs, signal transducing catalytic domains by blue trapezoids, and DNA binding domains by orange ovals. Partner proteins of
two-component systems are not shown.
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and the catalytic domain from a well-characterized sensor his-
tidine kinase.[79,80] Ultimately, electrode-potential sensors
would not only allow for direct abiotic surface potential sens-
ing, but allow cells to feel the surface potential of neighboring
cells, or OMEs as described above, based on the oxidation state
of outer-membrane proteins.

Choosing the right chassis
When using synthetic biology to develop electronic materials
and functions, it is important to choose the right organism to
serve as the framework (known as a chassis). To achieve this,
several routes are available: (1) use a well-studied laboratory
strain (such as E. coli laboratory strains) as the chassis, and
engineer to express the electroactive proteins in the correct
ratio, as well as any supporting proteins required, (2) isolate a
genetically tractable organism from the target environment,
and engineer it to express electro-active and support proteins,
(3) isolate an organism from the target environment with the
desired electrochemical capability, and engineer to replace
key components of the electron-transfer pathway with a protein
controlled by the desired stimulus, or (4) target DNA directly to
microorganisms in the environment for in situ engineering.

As described above, expressing a functional electron-
transfer pathway in a heterologous host organism is a non-
trivial process, whether that organism is a well-studied lab
strain or a new isolate, and may never work satisfactorily in
some model organisms. Choosing the best chassis is therefore
a balance between finding an organism that can survive and
thrive in the environment it will be deployed in and one that
can successfully perform the functions desired. Added to this
is the requirement for genetic tractability, since without the
option to deliver DNA, and a library of genetic parts that will
work in the target organism, control of an organism through
genetic engineering is impossible. A well-studied laboratory
strain usually has the advantage of well-developed genetic
tools, while a new isolate has the advantage of thriving in the
target environment.

In many instances, if the organism in question is wide-
spread, easy to isolate, and amenable to genome editing, a
good solution may be to isolate a strain from the desired
environment, delete the native pathway, then re-insert the
genes under the appropriate control. For example, if an
organism with the Mtr pathway that functions under external
control in the Atlantic Ocean is desired, it may be possible to
isolate a Shewanella strain from the Atlantic, delete its native
Mtr pathway, then add back a plasmid with the Mtr genes
under a promoter that allows it to perform the desired function.
While this route is not without obstacles, it is likely in many
cases that adapting a new strain of a well-characterized species
or genus to genetic alteration may be easier than adapting an
organism to host a pathway for which it is not naturally suited.
Several strains of electrochemically active bacteria have
proven amenable to this approach: as mentioned above,
Shewanella is genetically tractable, as are some strains of
Geobacter. Several iron-oxidizing bacteria have also proven

amenable to gene editing: Rhodopseudomonas palustris[81]

and Acidithiobacillus ferrooxidans[82] in particular.
The final option, in situ engineering, is an intriguing but

extremely challenging possibility. While some progress has
been made in techniques to deliver DNA to environmental iso-
lates[83] and microbial communities with high specificity and
efficiency,[84] the targeting of DNA to an uncultivated organ-
ism remains difficult.

Regardless of the host or strategy chosen, it is important to
keep in mind that the genetic changes we make to living bacte-
ria are self-propagating and, if they take root in the broader
environment, are difficult or impossible to eradicate. It is thus
important, when engineering microorganisms for specific pur-
poses, to include safeguards against their release into the
broader environment. Such safeguards include, in addition to
physical barriers, genetic barriers, such as auxotrophies, to
reduce the likelihood of persistence in the environment, kill
switches to actively kill the microorganisms under certain con-
ditions, and separation of genetic components to reduce the
likelihood of horizontal gene transfer. For further exploration
of this topic, see Wright et al.[85]

Modeling the redox state of a biofilm
Biofilms are not a static material, but rather dynamic living
systems sustained by hundreds to thousands of different bio-
chemical reactions. In order to design and build a living con-
ductive material using the tools of synthetic biology, an
integrated model is needed that connects the metabolic pro-
cesses of the host cell and EET. Blindly modifying host native
EET pathways, or inserting non-native pathways, will create
unpredictable metabolisms and the resulting phenotypes may
be highly context specific as pointed out by TerAvest and
Ajo-Franklin.[53] Computational models that include redox bal-
ance, ion-motive force, thermodynamics, and kinetics are
required to predict the direction of electrons from anodic or
cathodic EET and can aid in the design of combinatorial
logic circuits using an automated approach.[86–88] Just as flux
balance models are used in metabolic engineering to direct car-
bon toward the desired products, the flux of electrons coming to
or from electrodes to cells, as well as those traveling through
the biofilm matrix, should also be predicted for rational engi-
neering of living conductive biofilms.

Numerous confounding variables need to be taken into
account in order to create a model that most accurately predicts
electron flux within a single cell at the electrode surface or
within the biofilm matrix. Gibbs free energy (ΔG) of the
reactions occurring within the biofilm is calculated solely
from the difference in redox potential of the initial and terminal
reactions at standard temperature and pressure (ΔE0′), energy
conservation, and therefore burden on the proton motive
force and adenosine triphosphate synthesis will not be accu-
rately predicted. Other factors including local concentrations
of electron donors or acceptors, pH, and ion gradients must
be taken into account to prevent an electron imbalance,
which could ultimately impede EET.[89] Furthermore, in

512▪ MRS COMMUNICATIONS • VOLUME 9 • ISSUE 2 • www.mrs.org/mrc



order to extrapolate to EET occurring through the biofilm
matrix, it is essential to predict whether electrons transported
between cells will cycle through energy metabolism, or
whether the cell is only acting as an electron-transfer media-
tor.[90] Attempts to genetically modify G. sulfurreducens to
produce more anodic current based on constraint-based, in sil-
ico modeling have been preliminarily successful,[91] showing
that is it possible to model and engineer the respiratory rate
for EET. For electrons entering central metabolism from
cathodic EET, modeling will be critical to understand how to
drive specific reactions using the electrode potential, an exam-
ple of which has been borne out recently by modeling product
formation during electrofermentation.[92] In this case, the
energy demand (electron balance) of the metabolic pathways
chosen to convert substrate to product resulted in either an elec-
tron surplus or deficit. Whether it was a surplus or deficit
depended not on the degree of reduction of the product itself,
but on the by-products of the chosen pathway, which could
be mitigated by the electrode potential. An integrated model
that takes all of these variables into account will aid in the
design of systems with minimal cross-talk between essential

endogenous pathways of the host cell and EET pathways that
impart functionality onto the engineered material.

For cells undergoing EET to an electrode or to another cell
the efficiency, energy yield, and rate of reactions in each cell
also depends upon the local concentration of substrates within
the biofilm.[93,94] Fig. 4 shows some of the variables that can
influence the energetic yield of a reaction in an electrode bio-
film, many of which are well covered by a number of recent
reviews.[95,96] Local concentration gradients can be affected
by diffusion limits of substrates, products, and ions through
the biofilm matrix and can drive the thermodynamics of a reac-
tion far enough to reverse the direction under standard condi-
tions. Modeling will help to establish which of these
variables will need to be considered for designing a living
material under the physiological conditions in which it is
expected to be deployed.

High-throughput microbial
electrochemistry
Heterologous expression of non-native electron transport path-
ways in new chassis, or the redesign of these pathways or

Figure 4. Possible components of a bioelectronic system that may contribute to the efficiency of EET. To the best of our knowledge, no model has taken into
account all of these components, although they have been considered separately. The importance of each component varies, with some likely having little impact
on the overall performance of the model. Electron-transfer reactions are shown by red arrows, ion translocation by blue arrows, and chemical reactions by black
arrows. ET, electron transfer.
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metabolisms in their native host, requires many iterations to
optimize the desired functionality. Although not discussed
above, the possibility for further optimization of engineered
EET pathways through directed evolution will also require a
parallelized culturing approach where cell growth is dependent
on interactions with an electrode. High-throughput characteri-
zation and testing techniques must be developed to keep pace
with the speed that EET pathway variants may be produced.
In the case of engineered living conductive materials, the mea-
sured signal output is current from a complex protein system
that enables electronic/ionic communication between living
cells and a surface. High-throughput screening platforms to
measure direct EET must take into account that: (i) the engi-
neered organisms must be attached to a solid surface for the
output to be detected, (ii) the output depends on the surface
potential, and (iii) the biofilm system has significant mass trans-
port limitations compared to a well-mixed batch reactor system
(e.g. shaking culture flask) and may require continuous replen-
ishment of medium. Expertise in microbiology, electrochemis-
try, and other fields, such as electronic engineering and
microfluidics, will be required to develop new tools and
adapt the existing tools to overcome these challenges.

We propose that an electrochemical system for high-
throughput microbial electrochemistry: (i) leverages microflui-
dic techniques to small test volumes in a continuous flow
configuration, (ii) utilizes a three-electrode system to provide
control over the surface potential of the electrode and a readout
of the electrochemical response, (iii) incorporates sensitive
electronic components to enable single- or few-cell measure-
ments to decouple the need for cell growth from the testing
of the engineered genetic circuit, and (iv) enables the capture
of individual variants after testing. Some examples exist that
incorporate (i) and (ii) above. High-throughput two-electrode
microbial fuel cells were developed to increase the rate of iso-
lation and enrichment of electrogenic organisms.[97,98] These
systems ranged from ∼0.5 mL to 1.5 μL and were either oper-
ated in batch or continuous flow, but did not contain a built-in
reference electrode for control over the electrode potential,
which is required to precisely and quantitatively gate EET. In
other studies, G. sulfurreducens was grown in a 0.3–24 μL
flow cell chamber in either a two- or three-electrode configura-
tion,[99,100] but only a single organism could be tested at a time
in these setups. When microfluidics and nanoliter scale reaction
volumes are used for microbial electrochemistry, initial electro-
chemical characterization on previously characterized strains,
such as G. sulfurreducens, should be carried out to determine
optimal flow rates and inoculation conditions before testing
engineered strains. As a proof of concept, we replicated the cur-
rent output of a biocathodic community (MCL)[17] typically
observed from 200 mL batch reactors in a continuous flow sys-
tem that supports simultaneous testing of up to eight conductive
biofilms in 0.5 μL chambers, each with a three-electrode system
(Fig. 5). These initial results indicate that it is possible to scale
down the size of the reaction volume 400,000× and still achieve
a comparable biofilm output.

Throughput in the abovementioned devices could be dra-
matically improved if cells do not need to be grown for long
periods of time before a detectable signal is produced.
Improvements in the sensitivity of electrochemical instrumen-
tation has enabled detection of electrochemical processes
with a high femtoamp (fA) to low picoamp (pA) output.[101,102]

Sensitivity in this current range should allow resolution of cur-
rent output from single to tens of cells (∼0.4 pA/cell; assuming
a per cell output of electrons of ∼2 × 106 electrons/s/cell[103])
instead of 106 cells in some cases,[100] which should be detect-
able shortly after inoculation. Signal to noise can also be
improved by the use of small electrodes where capacitive cur-
rent will not obscure biologic signal at the electrode surface.
Techniques which utilize signatures other than current output
may also be leveraged for detection of EET at the single or
few cell levels. For example, Raman[15] and nano-Auger[104]

spectroscopies have been used to characterize biotic/abiotic
interactions, including redox gradients within electroactive
cells and localized microbially-induced pitting corrosion pro-
cesses, with sub-cellular resolution. Additionally, electrochem-
ical surface plasmon resonance imaging, an extremely sensitive
surface analysis technique with resolution limited by the num-
ber of pixels in the detector, has been correlated with current
production from a G. sulfurreducens biofilm.[105] If further
developed into a high-throughput platform, such measurement

Figure 5. Comparison of representative chronoamperometry data from mL-
and nL-scale electrochemical reactors with different electrode materials using
the well-characterized Biocathode MCL as a model conductive biofilm. The
nL-scale flow cell has a similar electrochemical profile to the larger reactors,
indicating that testing engineered electroactive organisms at small volumes is
a viable strategy for high-throughput characterization. All tests were run at
30 °C with artificial seawater as the electrolyte.[9] The traces labeled Au-200
mL and Graphite-200 mL were operated in batch mode with a stir bar rotating
at 200 rpm, while the Au-500 nL trace was operated in continuous flowmode
at a flow rate of 40 μL/h. The working electrode potential of the batch reactors
was set to 0.1 V versus Ag/AgCl, while the continuous flow reactor was set to
−0.2 V versus Au quasi-reference electrode. The Au quasi-reference
electrode potential was calibrated to the Ag/AgCl scale using a soluble redox
shuttle, ferrocene methanol (E0′ = 0.23 V versus Ag/AgCl in artificial
seawater).
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could complement or replace three-electrode measurements.
Ideally, any high-throughput platform will also enable cell-
sorting for variant selection.[106]

Conclusion
The development of living conductive materials by leveraging
the tools of synthetic biology and electromicrobiology is still in
its infancy, and opens the door to improved applications for
microbial EET, such as new catalytic coatings for electrodes
of microbial fuel cells, as well as new applications in bioelec-
tronics. Here, we have touched on the state of knowledge
regarding natural living conductive biofilms and the challenges
associated with designing and engineering them into functional
living conductive materials. It is clear that a great deal of
research and development remains before a living conductive
material can approach the reliability and control currently avail-
able in conducting polymers. However, living organisms are
capable of growth, self-repair, and a dizzying array of chemical
reactions—in many cases with rates and specificities human
chemists can only dream of. If we can harness these properties
in organisms capable of wiring to electronic devices, this bio-
logic–machine interface could have functionalities difficult or
impossible to achieve with current technology—self healing
coatings for machines and vehicles, sensitive and specific sen-
sors that can report directly to a computer, and electronics that
can “adapt”, in real time, to changing conditions.
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