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Microbial electrochemical systems (MES) can be described as a combination of
technologies with the unique ability to use microorganisms to conduct the transformation
between chemical and electric energy. This property holds the promise to offer an
alternative to the use of fossil fuels in the generation of electricity and hazardous
compounds in the production of chemical products. In this review, the fundamental
aspects to describe the mechanisms involved in the MES microbe—electrode interaction
are presented. Furthermore, a detailed discussion on the current classification strategies
is performed including the techniques used at distinctive characterization levels. Also, the
implementation of a dual-iterative bibliographic analysis was conducted. The first iteration
of the bibliographic analysis was considered from a historical perspective, allowing one
to identify, in a systematic manner, the main research areas related to MES. In the second
iteration, the previously identified areas were surveyed in order to obtain a representative
sample for the analysis and identification of trends and main research objectives of MES
technologies. The MES areas that displayed the highest growth rate value are those
related to “wastewater,” “wastewater treatment,” and “extracellular electron transfer,”
while “system (configuration/application)” and “microbial fuel cell” reported the highest
number of related documents.

Keywords: microbial electrochemical system, characterization, classification, bibliographic analysis, review

INTRODUCTION

The ability of microorganisms to derive electricity from their vital activities was initially
described by English botanist Potter (1911). In this work, he measured the electric potential
of Saccharomyces cerevisiae and Escherichia coli, using a galvanic cell with platinum electrodes,
attributing his observations to the disintegration of organic compounds under proper
conditions. A similar principle was employed by Cohen (1931) to demonstrate that the
introduction of a suitable substance, such as potassium ferricyanide or benzoquinone, in a
bacterial electrical half-cell, would maintain a reduction-oxidation system on the medium,
thus producing an increase in the overall electrical capacity and intensity. Three decades
later, the works of Sisler (1961, 1962), Davis and Yarbrough (1962), and Davis (1963)
provided a proof of concept for the generation of electricity using different microorganisms.
These authors coincided that the reduction-oxidation potential was related to the enzymatic
activity of the culture, as a response to the interaction with the medium, this system
was denominated microbial fuel cell (MFC). Upon the premise of these works, the
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promise to exploit microorganisms as a viable source of electricity
gained academic, political, and economic interest.

However, it was not until the early 1990s that MFC
ensuing systems and technologies—usually referred to as bio-
electrochemical systems/technologies (BES/BET) or microbial
electrochemical systems/technologies (MES/MET)—achieved
public attention, boosting advances in the identification and
use of microorganisms, systems configuration, and material
science. While in this work, MES is used as the generic term
encompassing all of the above concepts, it is important to
establish that the notion of system is related to advances oriented
at an application-level perspective, and technology deals with
the development of tools directed to a domain not specific to a
knowledge area, with implications in the conception, evaluation,
and development of systems. In this sense, a technology can be
used in a broad definition spectrum, while a system is a specific
concept which is defined by a combination of technologies
characterized by the specific pursued application. Within the last
two decades, MES have experienced an exponential increase in
the amount of scientific publications, covering diverse domains
such as energy production, chemical synthesis/catalysis, water
treatment, sensors, among others. Despite current progress, MES
are still far-fetched from integration to real-life and commercial
application (Holtmann and Harnisch, 2018; Mohan et al,
2019). This is particularly challenging due to the complexity of
the multidisciplinary nature of the MES approach (Koch and
Harnisch, 2016b), requiring efforts on the standardization of
terms and characterization processes (Schroder et al., 2015).

From this perspective, the present review provides a
conceptual approach of (i) the mechanisms involved in MES,
(ii) classification and characterization techniques, (iii) current
trends in MES research, and (iv) future perspectives of
MES development.

MECHANISMS INVOLVED IN MES:
FUNDAMENTAL APPROACH

The underlying principle of MES relies in the ability of
microorganisms to perform the transformation between
chemical energy and electrical energy. In this transformation,
electrons are used as the exchange currency between the cell
and the electrical interface; this capability is derived from the
mechanisms involved in the respiration process. Microorganisms
have evolved different strategies to respond to the energetic
demands required for survival (Schoepp-Cothenet et al., 2013);
in aerobic respiration, microorganisms allow the access of
soluble molecules within the cell structure that act as electron
acceptor/donor (AD). Inside the cell, different electron transfer
chains interact at the ionic level to complete the biological
energetic cycle; moreover, some microorganisms are able to
exchange electrons with molecules that are non-permeable for
the cell membrane, thus, cannot be introduced into the cell,
through a process known as extracellular/external electron
transfer (EET) (White et al., 2016; Kumar et al., 2017).

From the perspective of electrochemistry, the interactions
between an electrode and a microorganism can be of either

capacitive (microorganism as a dielectric interface) or faradaic
(microorganism performs an EET process) nature; while
sole capacitive interactions are rarely studied in microbial
electrochemistry (although convenient for detection and
characterization of biological systems), the combination of
capacitive and faradaic interactions are used to define the
electron dynamics in MES. Usually, the rationale of the EET
processes involved in MES include exclusively the faradic
interactions; this is because the energetic overtake allowed
by the EET can be further used for degradation of substrate,
microbial electrocatalysis (MECat), or microbial electrosynthesis
(MESyn), to produce complex compounds through microbially
catalyzed reactions.

In MES, the electron transfer chains are extended outside
the cell boundaries to allow the discharge and uptake of
electrons to a conductive surface (electrode) (Lovley, 2012;
Kracke et al., 2015; Pankratova and Gorton, 2017). This process
can be analogously described to that of a galvanic cell: two
chambers separated by an ion-exchange membrane, in which
an electrochemical cell retrieves electrical energy from redox
reactions occurring through the electrode’s closed-loop system.
Microorganisms that are equipped with EET mechanisms,
coupled with their energetic cycle, are known as electroactive
(Koch and Harnisch, 2016b).

The EET mechanisms developed at the MES electrode-
microorganism interface (Figure 1) can be of anodic (substrate
oxidation) (Schroder, 2007) or cathodic (substrate reduction)
(Rosenbaum et al., 2011) nature. Anodic processes in MES, such
as the process executed in MFCs, have been largely recognized
due to the resultant electric output (Kumar et al, 2016).
Generally, in environments with lower availability of soluble
electron acceptors, microorganisms catalyze reactions toward the
anode by transferring the produced electrons to the electrode,
the positive electron flux generates a measurable electrical
current, these microorganisms are known as electricigens or
exoelectrogens (Kumar et al., 2016). In contrast, in the cathodic
processes, electrons are transferred in the direction of the
microorganism. In this case, microorganisms can be perceived
as to “feed” from electricity, which have gained them the name
electrotrophs (Lovley, 2011).

The ionic interplay required for the EET process in MES has
been assumed to be guided by specialized redox molecules (Liu
et al., 2018). Whenever those molecules are directly bounded
with the cell structure, the process is considered as direct
electron transfer (DEET). In the case of attachment of the
molecules to the cell membrane (Figure 1A), the close contact
of the electrode and the cell is required. This limits the EET
to be performed only by the cells distributed directly on the
surface of the electrode; thus, the EET process cannot be
extended beyond the first layer of a (multilayered) cell aggregate,
a common situation in biofilms. Some microorganisms, such
as Shewanella oneidensis, have been observed to develop
membrane-attached appendages, these highly conductive pili-
like structures, known as nanowires (Reguera et al., 2005; Gorby
et al., 2006; El-Naggar et al., 2010), have been proposed to be
accountable for the electron transport along various cell lengths
(Figure 1B).
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FIGURE 1 | Schematic representation of the different mechanisms of EET in
MES. (A) Direct EET. (B) Nanowire (Direct) EET. (C) Mediated EET. (D) No EET.
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However, aggregation of cells over an electrode surface is not
always possible, in this case, the cells may secrete membrane-
soluble molecules that serve as electron shuttles (Glasser et al.,
2017), these molecules act as redox mediators between the cell
and the electrode, avoiding the need of a direct contact with the
electrode (Figure 1C); this process is known as indirect electron
transfer (IEET). Additionally, AD in MES can be produced
and recovered through redox processes originating in the
electrode; electroactive molecules, naturally present or artificially
introduced in the environment, are oxidized or reduced by
the electrode and can be used by the cell though respiration
or EET processes (Figure 1D). Similarly, the ionic interaction
between microorganisms and electrodes can be achieved by the
modification of environmental parameters, such as pH or oxygen
pressure, using redox reactions controlled by the electrode.

The internal machinery behind the EET mechanisms involved
in MES remains only partially understood. Most of current
knowledge on this phenomenon has been obtained from the
study of model organisms within the genus Shewanella and
Geobacter (Lovley, 2012; Liu et al., 2018). The role of different
complexes in EET, such as multi-heme cytochromes (Chong
et al., 2018), quinones (Newman and Kolter, 2000), and flavins
(Von Canstein et al., 2008), among others, has been extensively

studied; however, none of these mechanisms extensively explain
the intricate process of EET; the increasing diversity of
characterized microorganisms poses an enormous challenge, as
new processes can be discovered; thus, a definitive model of
electroactivity needs to be discussed (Koch and Harnisch, 2016b).
The following section provides an overview of different
classification approaches and highlights the complexity of the
concepts used to understand electroactivity in microorganisms.

CLASSIFICATION AND
CHARACTERIZATION OF MES: INDEXING
THE DEFINITION

The diversity of MES, in terms of applications and involved
disciplines, has propitiated the use of multiple characterization
parameters and motley terminologies (Schroder et al., 2015).
Counterintuitively, this multidimensional approach burdens
the determination of a generally accepted definition to
describe the sense of electroactivity in a microorganism
(Koch and Harnisch, 2016b).

Different strategies for classification of MES have been
proposed; for instance, Schroder et al. (2015) suggest a
designation relying upon the identification of the technology
in which a system is based (Figure2). The definition of
an electrochemical microbial technology (MET) implies the
functional (ionic) connection between microorganism and (at
least one) electrode. Two categories are recommended under
this classification, primary MET, in which the direct ionic
interaction is achieved, including both EET mechanisms DEET
and IEET; and secondary MET, which refers to MES that
allow a more indirect interaction, such as the modification of
environmental conditions. From a methodological ground, this
classification can be understood to be determined by the applied
electrode potential; for primary MET, the electrode potential
stands within the thermodynamic range of the microorganism,
contrary to secondary MET, which requires highly positive or
negative electrode potentials. The identification of potential
physiological windows are specific to each microorganism; for
that reason, the recognition of the proposed primary and
secondary MET as a classification, whereas methodologically well
founded, requires that the researcher would be able to identify,
almost unequivocally, the mechanism responsible for the EET
process, but with the risk of incurring in misclassification and
overestimation of the electrochemical properties.

From a methodological perspective, MES can be identified
based on the direction of the electron flux of the system
(Rosenbaum and Franks, 2014). Thus, MES that provide a
positive electron flux toward an electrode can be considered
as part of a power-producing system, in opposition to MES
that use energy to increase the performance of a catalytic
process, identified as a power-consuming system (Figure 3). A
further classification layer can be considered from the context
of the desired application objective (Figure 4), as proposed by
Mohan et al. (2019) and Bajracharya et al. (2016), for instance,
electrogenesis systems, termed microbial fuel cells (MFC), in
which microorganisms are used to generate electrical energy
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FIGURE 4 | Schematic organization of the MES classification based in the application objective and exemplary diagrams for each application.
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(Bagchi and Behera, 2019); microbial electrosynthesis (MESyn)
systems, in which microorganisms are used to promote the
conversion rates of diverse compounds by directly providing
them with electrical energy, such as electro-fermentation (EF)
systems (Kumar et al., 2018); microbial electrolysis system/cell
(MEC) (Kadier et al., 2019), in which microorganisms are used
to generate chemical products from their native state, generally
used as chemical or fuel, through an electrochemical process,
such as electro-hydrogenesis (production of hydrogen by an
electrochemical process) systems and electro-methanogenesis

(production of methane by an electrochemical process) systems;
microbial desalination system/cell (MDC) (Sharma et al., 2019),
in which salt molecules are separated from water, based in
the transfer of ionic species in proportion to current flux
either applied to or generated by the microorganism; and
bio-electrochemical treatment systems (Xu et al., 2016), in
which microorganisms are used to degrade organic/inorganic
compounds or to separate chemical species from water, this
reaction can be driven by an electrical energy input or can
provide energy as an output product of the process. In this
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sense, some MES could be assigned to diverse classification
categories; for example, it is usual that in MES that are designed
to generate electrical energy, parallel processes are expected to,
at the same time, recover value products (Mohanakrishna et al.,
2010; Bajracharya et al., 2016). In this case, the comparison with
systems designed for a single application might be undesirable, as
the focus of the system can be diverted to an efficiency discussion,
neglecting the contribution when multiple outcomes are possible.

Besides these functionality-driven parameters, a mechanistic
evaluation for characterization of MES should be considered
toward comparison and assessment of the different systems. To
this extent, the use of a common language framework is needed.
This issue was openly addressed by Schroder et al. (2015). In
that work, the authors recommended to limit the use of the
prefix bio to the broad group (field) comprising all aspects
where the interface of a biological element and conventional
electrochemistry is present, suggesting that, for every specific
biological component (subfield), the prefix bio should be avoided
and, in turn, the identifier of the component should be used
(e.g., tissue electrochemistry, enzyme electrochemistry, microbial
electrochemistry, etc.). Following this recommendation, the
subfield of microbial electrochemistry is referred to describe the
study of the fundamental interactions between microorganisms
and electrodes. In a strict sense, every term derived from a specific
subfield should be designated using the identifier assigned to
the specific subfield; for instance, systems subordinated to the
subfield of microbial electrochemistry ought to be referred
to as microbial electrochemical systems (MES); similarly, the
production and degradation of products subordinated to an
electrochemical reaction driven by microorganisms should be,
respectively, addressed as microbial electrosynthesis (MESyn)
and microbial electrocatalysis (MECat). Here, further caution
should be considered, as the acronym MES is also used in
different reports to refer to microbial electrosynthesis; thus,
we recommend the use of the proposed acronyms MESyn and
MECat to identify such processes.

Therefore, the characterization of MES can be derived
from system-level performance indicators, classically defined by
parameters such as current density, exchange current density,
resistance, capacitance, impedance, etc. In MES, these parameters
are influenced by the interaction area between microorganisms
and electrodes, conventionally addressed by using geometric
factors. However, special attention should be taken when
using more complex 3D structures, such as porous electrodes,
conductive fabrics, and machined microstructures (Mof3 et al.,
2019b); the specific structure of the electrodes can potentially
increase the contact area available for the electrochemical
interaction (Champigneux et al, 2018); thus, an appropriate
methodology should be used to assess and calculate correction
factors based on the topology of the electrode (Sharma et al.,
2014). This representation requires that the characterized system
supports the effective attachment of bacteria to the electrode
and is prone to neglect the effects of multilayer aggregation;
moreover, it needs prior knowledge of the electrochemical
microorganism-electrode electron transfer mechanisms.

From this perspective, a system-level approach toward
characterization and classification of MES is advantageous

from an instrumentation viewpoint and, in principle, could
be extrapolated to a cell-level perspective. Furthermore, the
characterization involved in the system-level approach can be
useful to assess application-specific characteristics, which can
be used for economic feasibility studies (Zhang and Angelidaki,
2016), as the recent work presented by Trapero et al. (2017).
However, the electrochemical behavior displayed by a single
cell can differ considerably within MES, depending on factors
such as the distance of the microorganism to the electrode
(electron transfer mechanism), environmental parameters (e.g.,
temperature, salinity, pH), formation of biofilm, among others,
as well as specific system characteristics, such as materials,
architecture, and configuration. This could cause one to ignore
important mechanisms of EET, for example, layered aggregation
of cells or early substrate depletion, moreover, when the different
aspects regarding system performance and intrinsic microbial
metabolism are considered.

In the opinion of Koch and Harnisch (2016b), a proper
description would be determined by individual characterization
of cells. Howbeit this approach has been demonstrated to
be achievable by a few works (Jiang et al., 2010; Liu et al,
2010; Mclean et al., 2010; Gross and El-Naggar, 2015), the
technical challenges to replicate these experiences are a major
pitfall. As a rationale to that limitation, Koch and Harnisch
(2016b) considered the use of production rates, associated to the
electron flux in MES, to offer a suitable strategy to approach
a basic set of characteristics to report in a MES setting, for
instance, electron per time unit (current density), and product
or cell yield per electron. These characteristics can be related
(although not necessarily linked) to the electroactivity of a given
microorganism. Furthermore, the authors highlighted that such
measurements might lean on the interests of the researcher;
thus, different parameters would fit the needs of different fields
and would not represent the univocal identification of a species
as electroactive.

Given this complex scenario on the current discussion toward
an unambiguous definition of electroactivity in microorganisms,
it might be considered that efforts to establish a rule of thumb
to classify MES are, to some extent, futile. Rather, a synergistic
approach should be considered, which, far from determining
if a microorganism is electroactive—or not—should provide an
indexed structure of characteristics to evaluate the properties
of the different interactions involved in a MES setup that
could account for the divergence of the multiple disciplinary
approaches (Koch and Harnisch, 2016b).

To this extent, a correct identification of the microorganisms
that are used in any MES setup must be performed. Different
methods are currently used in systems biology to identify and
classify microbial samples using well-established parameters. For
instance, specific characteristics, such as the cell wall physical and
chemical composition, biofilm structure, organelle identification,
and viability assessment, can be evaluated by diverse staining
methods. Furthermore, the determination of molecular markers
and genetic structures of microorganisms can be achieved using
diverse DNA/RNA sequencing techniques, which allows high-
throughput identification and analysis of complex data, as well as
to gauge information from highly diverse microbial populations,
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for example, the phylogenetical relatedness of a multi-sample
population (Logan et al., 2019).

The identification of characterization techniques for MES
can be hierarchically identified by the resolution of the
applied measurement, this model was proposed by Harnisch
and Rabaey (2012) for the study of methods to characterize
electrochemically active biofilms. In MES, the lowermost layer
is determined by the basic molecular interaction, that is,
characterization at a molecular-level resolution (Figure 5A); the
functional and structural characterization of these molecular
naturally produced compounds can help to determine possible
mechanisms of EET in different microorganisms (Millo, 2012).
However, available research is currently mostly limited to
outer membrane cytochromes (Urban and Klingenberg, 1969;
Hartshorne et al., 2007; Schuetz et al., 2009; Fonseca et al., 2019).
Further characterization can be identified by the interactions
and evaluation at the cell-level resolution (Figure 5B), which can
be considered as the most accurate descriptive standard (Koch
and Harnisch, 2016b). Despite this property, only few works
have been able to effectively achieve this measurement resolution
(Jiang et al., 2010; Liu et al., 2010; Mclean et al., 2010; Ryu et al.,
2010; Gross and El-Naggar, 2015), which prompts researchers to
question the technical advantages of this approach.

An alternative to single-cell characterization can be suggested
as an aggregation- or community-level characterization
(Figure 5C); in this case, performance parameters, describing
electron transfer mechanisms, are recommended to be calculated
according to topological properties of the electrodes (Sharma
et al.,, 2014; Champigneux et al.,, 2018; Mof3 et al., 2019b). To
complete this concept, it should be acknowledged that not every
MES setup, or every microorganism, is able to aggregate on an
electrode surface; consequently, a surrogate to consider is the
cell density indicator per volume unit. At the uppermost layer

of the resolution identification, it would be reasonable to locate
the system-level characterization (Figure 5D), in reference to
system specific parameters, such as loading rates, conversion
efficiency, production capacity, among others. Arguably, system-
level characterization has been disregarded in the light of its
inconvenience to assess the numerous interactions involved in
MES; however, from an engineering perspective, characterization
of system specific parameters allows a more pragmatic insight
toward the evaluation of a real-life implementation, alleviating
efforts toward economic and life cycle assessment exercises.
Furthermore, some considerations are yet to be established in
MES environments, such as the limiting growth rate of bacteria
(Mof} et al., 2019a), for instance, due to nutrient availability or
growth-limiting factors such as quorum-sensing mechanisms.
From a technical context, different methods can be used
in the characterization of MES (Ikeda and Kano, 2001; Logan
et al., 2006; Sadik et al, 2009; Harnisch and Rabaey, 2012;
Sharma et al,, 2014; Sydow et al., 2014; Zhi et al., 2014; Schroder
et al.,, 2015; Mozneb et al., 2019; Saito et al., 2019); some of
these methods use techniques that allow the characterization at
multiple resolution levels and can be considered as transversal, as
identified in Table 1; these techniques are related but not limited
to microorganism identification (Logan et al.,, 2019), imaging
characterization (Hernandez et al., 2019), and electrochemical
evaluation (Saito et al., 2019). Therefore, the specific strategy
considered for the evaluation of MES at the different resolution
levels might be approached from the perspective of the
combination of such techniques; currently, different strategies
have been used to evaluate specific characteristics of MES at
the each of the proposed levels (Table2); in most of the
used strategies, different methods are employed to achieve the
assessment of the parameters of interest. Some systems are used
to monitor the development between two different levels (Mclean
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TABLE 1 | Level-transversal techniques for the characterization of MES.

Method

Objective

Techniques (e.g.)

Exemplary studies

Identification

2(3)4)

To describe specific features of an isolated microorganism, or
differential features of microorganisms present in a microbial
consortium

The fractional characterization of the microorganism, e.g., protein
expression or genetic identifiers, permit to gather information to
perform relational studies and to consider modification procedures
aiming to investigate the functional role of specific cellular metabolisms

- Gram staining

Viability tests

DNA/RNA sequencing
(RT/qRT) PCR

Differential medium culture

Logan et al., 2019

Lyautey et al., 2011
Holmes et al., 2006

Koch and Harnisch, 2016a
Parot et al., 2009

Imaging

M)

To represent structural, organizational, and surface/topological
properties of a sample

The possible resolution levels allow one to spatially determine
interactions and to evaluate the existence of specialized structures,
such as nanowires and biofilms

- Microscopy:
- Optical
- Atomic force
- Scanning electrode
- Transmission electron

Magnetic resonance imaging

Jiang et al., 2010
Mclean et al., 2010
Jiang et al., 2013
Hernandez et al., 2019

Electrochemical

M)

To evaluate the extent of electron transfer mechanisms and dynamics
in a controlled environment at the electrode interface boundary

The identification of the mechanisms involved at the different resolution
levels might provide diverse information. Characterization should
consider the effects of system parameters, such as electrode material

and architecture of the experimental setup

- Polarization: Logan et al., 2006

- Potentiostatic lkeda and Kano, 2001

- Galvanostatic Saito et al., 2019

- Potentiodynamic Patil et al., 2012

- Petentiostatic Harnisch and Freguia, 2012
- Voltammetry: Babauta et al., 2012

- Cyclic voltammetry

- Square wave voltammetry

- Linear sweep voltammetry

- differential pulse voltammetry
- Electrochemical impedance
spectroscopy
Current interrupt

The characterization level related to the different methods is identified: (1) Molecule level, (2) Cell level, (3) Aggregation level, and (4) System level.

et al., 2010), while others are specific at the different resolution
levels and might require special conditions for measurement.

In conclusion, the discussion toward a univocal definition
of electroactivity, or even a basic set of characteristics, remains
an unsolved issue. It must be emphasized that there is not a
definitive classification procedure; however, the identification
of the resolution characterization level might serve to denote
specific features of diverse experimental and real-life application
setups (Figure5). The basic mechanistic implications of
electroactivity in microorganisms can be typified under the
parameters provided at the higher-resolution levels, i.e.,
molecule, cell, and aggregation level; such definitions need
yet to be adopted by researchers. Current advances toward
high-resolution systems have appeared as a promising alternative
to identify microbe-specific properties; however, different
aspects must be carefully evaluated at every experimental stage
(Logan, 2012; Thomas, 2015). Furthermore, a basic revision
of parameters for an appropriate report methodology must be
considered (Harnisch and Rabaey, 2012; Sharma et al., 2014;
Schroder et al.,, 2015; Koch and Harnisch, 2016b). Contrary to
some of these opinions, reporting on the overall consumption or
generation of energy and products of a MES setup might be useful
as a basis for the technical evaluation of real-life applications, and
can be subsumed within the last two levels of the characterization
resolution identification, i.e., aggregation and system levels;
however, such parameters do not suffice to explain specific
characteristics of the EET mechanism of a microorganism;

thus, generalizations derived from these levels should
be avoided.

From this standpoint, additionally to a proper identification of
the microorganism, or microorganism consortia, that is used in
any individual work, researchers can profit from characterization
systems that allow rapid and facile evaluation of microorganisms,
and such systems should comply with specifications for
the assessment of parameters at the cell or aggregation
characterization resolution levels, such as electrochemical
reaction or production rates, and, most importantly, ensure
comparable environments for microorganisms that thrive in
similar environmental conditions. Such a system not only
would provide insights into the behavior of microorganisms
at the electrode-microorganism interface but also will allow
one to interpret the results of specific system and molecule
resolution level parameters, as it would allow one to contrast
the contribution of the microorganism and the individual
properties of the system design or molecule interactions to the

electrochemical reaction.

CURRENT TRENDS: BIBLIOGRAPHIC
ANALYSIS FROM A HISTORICAL GROUND

The diversification of MES and related technologies can be
approached through an analysis of the historical evolution
of scientific publications; to this end, a bibliometric mapping
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TABLE 2 | Strategies used for characterization at different resolution levels.

Characterization
level

Objective of the study (Selected)

Strategies

References

Molecule Identification of electron shuttles molecules involved - Isolation from wastewater Von Canstein et al., 2008
in EET process (Flavin mononucleotide and riboflavin, - 16S rRNA gene sequencing
Sheranella species) - PCR-DNA amplification and cloning
- Decolorization test and isolation of redox mediators
- Identification and quantification of molecules
Spectrometric and voltammetric characterization of - Protein purification (MtrC) Hartshorne et al., 2007
c-type cytochrome purified from S. oneidensis - Probing of c-type cytochrome presence by staining method
- UV-vis spectropotentiometric titration characterization
(500-600 nm)
- Electron paramagnetic resonance spectrometry (X-band)
- Sedimentation equilibrium analysis.
- Protein film voltammetry
Exploration of changes induced by molecular factors - Purification of STC from Shewanella selected species (S. Fonseca et al., 2019
in the electron transfer mechanisms of S. oneidensis oneidensis, S. algae, and S. frigidmarina)
using small tetraheme cytochrome ¢ (STC) orthologs - Construction of S. oneidensis mutants
- Characterization of S. algae STC by nuclear magnetic
resonance, cyclic voltammetry and crystallography
(Orthologs proteins were compared with previous studies)
- Decolorization examination test for EET
Cell Platform to investigate EET using transparent - Perfusion chamber (continuous feed) Jiang et al., 2010
nanostructures to retain bacterial single cells - Physical trapping of single cell
(S. oneidensis) - Chrono-amperometric monitoring
- Cyclic voltammetry
- Optical microscopy
Evaluation of EET characteristics by the direct - Bacterial enrichment culture Liu et al., 2010
attachment a bacterial single cell to a microelectrode - Optical trapping of single cell and 3D manipulation
(S. oneidensis) - Chrono-amperometric monitoring
- Cyclic voltammetry
Integrated system for manipulation, visualization and - Perfusion chamber (continuous feed) Gross and El-Naggar,
electrochemical measurement of a bacterial single - Optical trapping of single cell and 3D manipulation 2015
cell (S. oneidensis) - Chrono-amperometric monitoring
- Cyclic voltammetry
- Optical microscopy
Aggregation Characterization of electron transfer develops from - Flow cell modified with electrodes Mclean et al., 2010
single cell to biofilm on a per-cell basis (S. oneidensis) - Microscopy (epifluorescent, confocal, scanning electron)
- Electrochemical impedance spectrometry
Phylogenetic identification of electroactive - Phylogenetic molecular analysis (16S/18S) Logan et al., 2019
microorganisms - Power density analysis
- Applied potential/current density analysis
Evaluation of electrochemical characteristics of - Bacteria enrichment culture Hernandez et al., 2019
confined bacteria in a non-fluidic microsystem - Physical confinement of bacteria
- Cyclic voltammetry
- Electrochemical impedance spectrometry
- Optical microscopy (automated monitoring)
Characterization of simultaneous spatial imaging - Bacterial enrichment culture Bellin et al., 2016
electrochemical redox reactions (P aeruginosa) - Spatially distributed square wave voltammetry
System Economical assessment of MFC in a juice - Theoretical analysis Trapero et al., 2017

processing plant

Measurement of in vivo capacitance of G.
sulfurreducens as an environmentally sustainable
alternative for energy storage

Evaluation of long-term anode performance during
the biofilm formation process on macro-scale
bioreactors (mixed microbial culture, dominated by
Geobacter)

Materials economic evaluation
Power density production estimation

MFC direct bacterial growth

Mutant construction

Electrochemical impedance spectrometry
Cyclic voltammetry
Chrono-amperometric monitoring

Direct growth at reactor
Chrono-amperometric measurement
Optical microscopy

Confocal laser microscopy

Malvankar et al., 2012

MoB et al., 2019a

Frontiers in Environmental Science | www.frontiersin.org

May 2020 | Volume 8 | Article 44


https://www.frontiersin.org/journals/environmental-science
https://www.frontiersin.org
https://www.frontiersin.org/journals/environmental-science#articles

Hernandez and Osma

MES: History, Characterization and Future

biofilm
wastewater
5%

biosensor
5%

extracellular electron transfer
5%

wastewater treatment
7%

bioelectrochemical system
11%

renewable energy
4%

FIGURE 6 | Summary of the occurrence of the most common author keywords derived from works citing the work of Potter (1911).

microbial fuel cell
59%

method based on co-occurrence of keywords (Noyons, 1999)
was performed and analyzed for the present systematic review.
Bibliometrics is a set of quantitative tools to describe different
attributes of a (usually large) collection of bibliographic
data (i.e., information about authors, organizations, countries,
documents, sources, references and keywords) (Noyons, 1999).
This collection of data is generally correlated; that is, two different
documents can share various attributes; for instance, references,
authors, or keywords, which are individually referred to as
nodes. The connection of multiple nodes can be represented
as a network, which, in turn, can be interpreted as a domain
map to identify related works in relevant research areas
(Borner et al., 2005).

Bibliometric analysis of MES (Wang et al, 2015) and
MFC-related technologies (Md Khudzari et al., 2018) have
been previously conducted. In both of these works, different
perspectives of main bibliographic characteristics of academic
publications were used to describe the status of MES research,
providing information about leading journals productivity, as
well as country and institution of MES research activities and
collaborations; furthermore, the authors of these publications
provided an overview of MES relevant technologies. These works
can be considered complementary to each other, as they use
different databases to retrieve information (i.e., Web of Science
and Scopus).

The limitation of these preceding studies can be considered
from the perspective of the methodology used for the
identification of research topics, which is usually dependent on
the researcher expertise and not a systematic approach. For
this reason, in this work, we propose the evaluation of up-
to-date publications based on the derived documents from the
seminal publication on microbial electroactivity of Potter (1911)

to establish a syntactic approach in order to describe current
trends of MES.

To this extent, a bibliometric analysis was performed based on
publications listed as directly citing the work of Potter, consigned
in the Web of Science (WoS) core collection database. Data
identified as author keyword was extracted from 329 documents.
The different variants of source keywords were merged in order
to avoid duplicity derived from plural forms and equivalent terms
(e.g., microbial fuel cell = [microbial fuel cells, MFC, MFCs,
microbial fuel cell (MFC), microbial fuel cells (MFC)]); in this
way, 457 individual keywords were identified from the initial
607 excerpted (The complete dataset can be found in Table 1 of
the Supplementary Material). The most frequent keywords were
selected based on the occurrence of each, that is, the number
of documents in which each word was used; keywords with
more than 10 occurrences are summarized in Figure 6, which
represented 25% of the total keyword occurrences of the surveyed
documents (main keywords).

On the other hand, 62% of the identified keywords, with
9 or less occurrences each, were grouped in 11 different
categories (category keywords), as shown in Table3. The
remaining 12% of keywords were related to other terms that
were not directly connected to the electrochemical processes
(e.g., mathematical model, challenges, low cost, etc.). This initial
approach allows one to identify that current efforts toward
water resources care and protection are among one of the
most important topics in MES research, further analysis can be
found in Table1 of the Supplementary Material; additionally,
fundamental studies oriented to the study of the fundamental
processes involved in the bio-electrochemical interaction of
bacteria remain occupying a pivotal role in MES research efforts.
The integrative nature of current research activities can be
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TABLE 3 | Categories related to the author keywords derived from works citing the work of Potter (1911) and the related keywords included in each category.

Category

Keywords

Synthesis/Catalysis
14%

Microbial electrolysis cell, biocatalysis, anaerobic digestion, bioelectrocatalysis, bioelectrosynthesis, oxygen reduction, biogas, biohydrogen,
biomass, nutrient, bioelectrical reactor, electrohydrogenesis, formaldehyde, glucose, glucose oxidase, hydrogen, lignocellulosic biomass,
pre-digester, acetate, ammonium abstraction, anaerobic oxidation, aryl diazonium, bilirubin oxidase, blood glucose, catalysts, cathode
catalyst, catholyte, catholyte production, cellobiose dehydrogenase, congo-red, electrocatalysis, electro-fermentation, electromethanogenesis,
electroosmotic drag, electrosynthesis, electrotrophic methanogen, fenton oxidation, ferricyanide, formate, formate dehydrogenase, humic acid,
hydroxylation, in situ hydrogen peroxide, iron phthalocyanine, lactate, lignocellulosic biorefinery, methane oxidation, methane production,
methanosarcina, methanothrix, methylene blue, molybdenum disulfide, natural rubber, nicotinic acid, nitrogen, osmium redox polymer, oxygen
reduction reaction, p-fluoronitrobenzene, polydiallyldimethylammonium chloride, pulp and paper, quaternary dabco-polysulphone, selenium,
solar hydrogen, waste biorefinery

System
(Configuration/
Application)
12%

Electrode, biocathode, stack Configuration/Application, cathode, scale-up, air cathode, anode, microbial fuel cell stack, plant microbial fuel
cell, bioelectronics, photosynthetic microbial fuel cell, polarization, reactor Configuration/Application, anaerobic anode, applications, applied
voltage, artificial photosynthesis, bed electrode, bioassay, bioelectrochemical membrane reactor, bioelectrochemical reactor, bioelectrode,
biohybrid systems, biometric mixer, cascade stacks, ceramic microbial fuel cells, compost fermentation, dark fermentation, direct biomass fuel
cell, dye sensitized solar cell, dynamic electrical reConfiguration/Application, electrical current selection, fluidized bed electrode, green
chemistry, mediatorless cathode, medical equipments, membrane bioreactor, mfc-pec-hybrid, microbial fuel cell modeling, microbial fuel cell
practical applications, microbial fuel cell scale up, oil refinery, operational conditions, partially submerged cathodes, photo electrochemical cell,
photoelectrode, photo-reactor, photosynthetic cathode, practical implementation, salt bridge, scalability, synthetic biology

System
(Materials/Fabrication)
1%

Ceramic membrane, graphene, nanotechnology, proton exchange membrane, 3d printing, carbon, electrode material, immobilization, nafion,
carbon nanotube, carbon nanotubes, electrode Fabrication, membrane, microfabrication, additional electrodes, alloy mesh composite carbon
cloth, anion exchange ionomer, anode Fabrication, bioelectric interface, carbon xerogel, cation exchange membrane, ceramic and composite
anode materials, ceramic and composite cathode materials, ceramic and composite separating membrane, chitosan, cloth-electrode
assembly, components, cu-b alloy, dimensionally stable anode (dsa), double chamber, electrode connection, electrode surface Fabrication,
electron-conducting redox polymers, gelatin, graphene suspension, graphite, membrane electrode assembly, membrane fouling,
membraneless, membraneless mfcs, micro porous layer, microbial fuel cell anode, microbial fuel cell cathode, micropillar electrode, modified
carbon fibers, modified electrodes, nano-biological Fabrication, nanoparticles fe and fe-co, oxygen electrode, polydimethylsiloxane (pdms),
porous anode, porous electrode, semi-permeable membrane, separator, stainless steel mesh electrode, thin films, three-dimensional electrode

Energy
generation
10%

Bioelectricity, bioenergy, power density, electricity generation, energy production, electricity, power generation, current production, energy,
power management, power output, capacitor charging, current, current density, direct energy conversion, electrofuels, energy conversion,
energy management, energy potential, energy recovery, energy transfer, green energy, maximum power transfer, microbial fuel cell power
density, output voltage, over potential, phone-charging system, portable power source, power devices, power performance, single chambered
microbial fuel cell, terrestrial microbial fuel cell

Mechanisms

Electron transfer, exoelectrogen, electron transport, direct electron transfer, redox mediator, cytochrome, cytochrome ¢, mediated electron

(Electron transfer, nanowire, electricigen, ion transport, mediators, redox reactions, thermodynamics, bioelectrogenesis, cathode reaction mechanisms,

Transfer) charge transfer, dehydrogenases, direct interspecies electron transfer, electrical double-layer, electrochemical oxidation, electron transfer

9% mediators, e-pili, flavins, gibbs free energy minimization, mass transfer, mediator, metabolic pathway, organometallic complexes, osmium
redox system, pili, polyoxometalates, redox potential

Bacteria Shewanella, geobacter, escherichia coli, bacteria, electroactive bacteria, pseudomonas, enterococcus faecalis, gram-positive bacteria,

(keyword/strains)
7%

acetogenic bacteria, extremophile, ferric reducing bacteria, gluconobacter oxydans, haloferax volcanii, heterotrophic bacteria,
hyperthermophile, natrialba magadii, photosynthetic bacteria, prosthecochloris, pyrococcus furiosus

Analysis tools

Electrochemistry, bioelectrochemistry, coulombic efficiency, 454 sequencing, chemical oxygen demand, internal resistance, molecular

7% techniques, pyrosequencing, anode potential, atp yield, bioanode current distribution, biological oxigen demand, biometric flow channel,
colorimetry, community Analysis tools, cyclic voltammetry, electrical conductivity, electrochemical impedance spectroscopy,
electromicrobiology, ex vivo situations, flow cytometry, fluidic conductance, ir spectroscopy, microbial bioelectrochemical systems, microbial
electrochemical system, ohmic resistance, raman spectroscopy, respirometry, response surface methodology, spatial models, temperature,
temperature sensor, total organic carbon (toc)

Other Microorganism, microbial community, electroactive microorganisms, microalgae, rhizosphere, yeast, algae, electrotrophic microorganisms,

microorganisms microbiome, mixed culture, archaea, bryophyte microbial fuel cell, fungi, inocula source, methanogenic archaea, microbial metabolism,

5% microbiology, mitroalgae-microbial fuel cells, pure cultures, saccharomyces cerevisiae, source inoculum

Environmental

Remediation, resource recovery, biodegradation, carbon dioxide capturing, heavy metals, pollutants, toxicity, water quality, carbon-neutral

5% energy, contaminants, desalination, environmental engineering, metal, non-precious metal catalysts, renewable, salinity, treatment of wetlands,
waste, waste handling, wastewater sludge, wastewater species

Other Enzymatic biofuel cell, enzyme, enzyme electrodes, enzyme immobilization, bioenzyme, enzyme catalysis, human plasma, 1929 cell line,

biomolecules muscle precursor cells, muscle regeneration

2%

Biofilm Electroactive biofilm, anodic biofilm formation, artificial biofim, extracellular polymeric substance (eps)

1%
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recognized from Table 3, in which very well-defined roles are
related to the identified categories.

Further analysis of the identified keywords was conducted
to establish prevailing research areas; for this purpose, the
association strength of each keyword was evaluated, using
proprietary software VOSViewer (Centre for Science and
Technology Studies, Leiden University, The Netherlands) (Van
Eck and Waltman, 2007, 2010). Figure 7 illustrates the resulting
concept map to visualize the association relationships between
main keywords and category keywords. In this map, four
different clusters were identified.

Keywords arranged in the first cluster can be correlated
to descriptors of architectural characteristics and application-
oriented research works of MES; in a broad sense, this
cluster can be directly associated to properties measurable
using a system-level characterization approach. The second
cluster can be identified with parameters attributed to cell and
aggregation characterization resolution levels; in other words,
it can be assumed that these works were designed to describe
basic mechanisms of the cellular structure and physiology of
microorganisms. Moreover, although different microbial species
have been recognized as important targets in MES (Logan et al,,
2019), items identified in this cluster are focused in the study
of bacteria. The third cluster gathers documents represented by

keywords specific to environmental applications, thus relevant
to the resolution of system-level characterization. However,
characterization strategies at the cell and aggregation resolution
level were used in various studies; in consequence, another layer
could be added, related to environmental interaction, viz., the
symbiotic behavior of microorganisms, at different levels, with
host ecosystems. Finally, the fourth cluster can be described by
approaches pertaining to subcellular properties, which can be
evaluated using molecule-level characterization strategies.

The cluster analysis suggests that the identified keywords
represent multiple technical and methodological approaches and,
thus, could be further used to trace the main research trends
involved in MES; under this premise, a new bibliographic survey
was performed using the WoS core collection.

Using the advanced search tool, provided by Clarivative
analytics and available at the WoS Web page, a new iteration
for the identification of relevant works was conducted. The
main dataset was built with documents published before
October 2019. The search query for this dataset identified
3,332 different documents labeled with the topic field tag bio-
electrochemical systems/technologies or microbial electrochemical
systems/technologies; acronyms were not considered for this
selection. Deriving out of the main dataset, 17 different
search result sets were created, based upon each of the
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TABLE 4 | Publication results for the different search query strings used in this study.

Set#  Query string Results
1 TS=(((“bio” AND “electro*chemical”) AND (“system*” OR “technolog*”)) OR ((“microbial” AND “electro*chemical”’) AND (“system*” OR “technolog*”))) 3,332
2 #1 AND TS = (“CONFIGURATION*" OR “APPLICATION*") 1,213
3 #1 AND TS = (“MICROBIAL FUEL CELL*" OR “MFC”) 1,165
4 #1 AND TS = (“BACTERI*) 981
5 #1 AND TS = (“MATERIAL*” OR “*FABRICATION”) 928
6 #1 AND TS = (“ANALYSIS*) 751
7 #1 AND TS = (“‘BIO$SENSOR” OR “SENSOR”) 640
8 #1 AND TS = (“BIOS$FILM*") 634
9 #1 AND TS = (“SYNTHESIS” OR “*CATALYSIS") 515
10 #1 AND TS = (“MOLECUL*") 424
11 #1 AND TS = (“ELECTRON TRANSFER” NOT (“EXTRACELLULAR” OR “EXTERNAL”) 417
12 #1 AND TS = (“WASTE*WATER TREATMENT”) 352
13 #1 AND TS = (“ENVIRONMENTAL”) 317
14 #1 AND TS = ((“EXTRA$CELLULAR" OR “EXTERNAL") AND “ELECTRON TRANSFER”) OR “EET") 295
15 #1 AND TS = (“MICROORGANISM*") NOT TS=(“BACTERI*") 203
16 #1 AND TS = (“WASTE*WATER” NOT “TREATMENT”) 131
17 #1 AND TS = (“RENEWABLE ENERG"") 75
18 #1 AND TS = (“ENERGY GENERATION”) 65

The main dataset of the search is No. 1.

identified keywords; each of the search query strings and
the resulting number of documents are presented in Table 4.
It is important to clarify that the number of publications
in this study is only representative, although exhaustive;
thus, it cannot be claimed that every publication related
to MES is included, as some works might have been
excluded due to the fact that some relevant works do
not use the terms bio-electrochemical systems/technologies
specifically as a topic tag identifier or are not included in the
WoS database.

From the outcome of this survey, it can be observed
that the query used to generate the dataset for system
(configuration/application) returned the highest number of
related documents, with 1,213 associated results, followed by
microbial fuel cell (1,165), bacteria (keyword/strains) (981),
and system (material/fabrication) (928). Figure 8 shows the
cumulative number of publications per year during the interval
between 1998 and 2018. Based on this information, it is
clear that the number of publications per year, related to
MES, exhibits a continuously increasing trend. The number of
accumulated publications in 2018 was 60-fold the reported for
1998; furthermore, only in the last 4-year period, from 2014 to
2018, does the surveyed number of publications produced match
all the works published before 2014.

Interestingly, the growth trends observed for the different
areas revealed appealing information about the evolution of
research interests during the given period; for instance, the
accumulated number of publications for microbial fuel cell
features a prominent growth rate in comparison with its
counterparts. This demeanor can be numerically evaluated by
calculating the ratio of the publications for a given period,
for example, for a research area with slow growth rate,

such as other microorganisms, the number of accumulated
publications for 2008 was 25, and completed a total of
203 accumulated publications for 2018, compared to 31
publications for microbial fuel cell in 2008 and 987 in 2018;
the growth rates for other microorganisms in this case is
8.12, contrasting with the growth rate of 31.84 for microbial
fuel cell during the same period. The publication growth rate
between 2008 and 2018 for the documents with the tag bio-
electrochemical systems/technologies or microbial electrochemical
systems/technologies subsumed in the main dataset is equal to
8.35, while for system (configuration/application) 9.14, bacteria
(keyword/strains) 8.26, system (materials/fabrication) 10, analysis
tools 7.58, biosensor 5.36, biofilm 12.36, synthesis/catalysis
14.79, other biomolecules 6.31, electron transfer 8.43, wastewater
treatment 36.5, environmental 9.1, extracellular electron transfer
34.71, wastewater 38.33, renewable energy 11, and energy
generation 13.5. Another interesting feature can be noticed when
comparing the growth rate of system (configuration/application),
which yielded the highest amount of documents accumulated
in one area, with that of microbial fuel cell; the lower value
of the former and the high number of found documents
indicate that this research area can be considered as less
active than the latter. These publication dynamics can also
be noticed in other areas, such as analysis tools and bacteria
(keyword/strains); for these cases, some level of research maturity
can be assumed; consequently, despite the importance of such
areas on the field, they are not expected to attract considerable
new research. Another case that is especially considered is the
area biosensor, which displayed the lowest growth rate; this
indicates a low interest, which can be assumed to be related
to the non-competitive results compared to well-established
sensing technologies.
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On the other hand, areas that displayed a very high growth
rate value and a low accumulated publication number, i.e.,
wastewater, wastewater treatment, and extracellular electron
transfer, can be assumed to be in a nascent stage; this means that
they are expected to gather increasing attention in the next years.
Complimentarily, areas with a very low number of publications
and a relatively high growth rate, such as energy generation and
renewable energy, are yet to be evaluated and cannot be assumed
as nascent; this is due to the fact that the number of publications
is not representative and the present trend can probably change.
In Figure 9, the distribution of the yearly relative frequency of
these publications per research area is represented as a percentual
equivalent of the total amount of publications for each year,
showing the specific trends in the evolution of research interests
during the last two decades (Detailed analysis can be found in
Table 2 of the Supplementary Material).

Within this context, it can be affirmed that MES is composed
of a dynamic set of research areas that continue attracting
attention from diverse fields. During the last decade, MES have
transformed from the concept related to the development of
biological batteries, to a complex group of technologies that

integrates advanced methods in biology, chemistry, materials
science, and engineering with the potential to radically change
the traditional production industry.

Current trends in MES are oriented following two main
objectives; the first objective is related to the management,
treatment, and exploitation of wastewater and water resources
affected by pollution. In this manner, characterization at the
system-level resolution can provide valuable insights into the
economic viability to integrate different technologies in real-life
scenarios (Trapero et al., 2017; Batlle-Vilanova et al., 2019); such
efforts will be of vital importance to validate the competitiveness
of MES to stakeholders from the public and private sector,
and such validation will be crucial toward the advancement
of technology directed to complete the necessary readiness
level to be qualified for use in an operational environment
(Holtmann and Harnisch, 2018). The second objective is
associated with the development of strategies and tools designed
to understand and characterize the fundamental functioning
of the processes involved in the microbial electron transfer
mechanisms; this competence is the basis to accomplish some
long-awaited purposes, such as the efficient, clean production of
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energy, and to conceive thoughtful methodologies to envision
new applications.

FUTURE PERSPECTIVES OF MES
DEVELOPMENT

The current advances in MES provide adequate
phenomenological evidence of the capacity of some
microorganisms to energetically interphase their environment
using a multiplicity of mechanisms (Lovley, 2012; Kracke et al.,
2015; Pankratova and Gorton, 2017). Although only few model
microorganisms have been studied in detail (Lovley, 2012; Liu
et al.,, 2018), it has been suggested that microbial electroactivity
can be a more widespread characteristic than predicted (Cournet
et al., 2010; Koch and Harnisch, 2016a). Furthermore, recent
advances had demonstrated that it is possible to engineer

microorganisms to develop electron transfer conduits (Zhang
et al., 2019a); however, there is still a lack of fundamental
knowledge to model these capacities into applications beyond
the lab bench (Koch and Harnisch, 2016b).

The analysis of the dynamics in the different research area
interest evolution revealed that, although MFC technologies
are considered as the harbinger of current research efforts
in MES, there is a strong interest to unveil the processes
that underlie behind the electron transfer mechanisms that
govern the microbe-electrode interactions in MES. The existing
characterization strategies provide fundamental tools to describe
such interactions, ranging from system-level resolution to
aggregation-, cell- and molecule-level detailed characterization.

While empirical studies can be conducted to evaluate
the suitability of microorganisms and microbial consortia
for the transformation of products, either by synthesis
of compounds or by production of energy, there is no
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standard methodology to address the fundamental questions
of the EET capacity of microbial cells. The improvement
in the design and use of advanced strategies of current
technologies, such as nano-manipulation and fabrication,
altogether with judicious multidisciplinary work, might open
new possibilities for harvesting microorganisms to power
MES progress.

The compelling interest in new MES applications anticipates
a major role of these technologies for alleviating the current
global ecological pressure. Furthermore, the commission of MES
technologies, for relevant operational applications, will provide
invaluable tools to breach economic and social disparities,
serving as a foundation for sustainable industrial processes.
Recent reports indicate the economic competitiveness of MES
when compared with other industrial systems (Trapero et al,
2017; Batlle-Vilanova et al, 2019). In order to satisfy these
demands, an integrated effort of research and industrial
endeavors is required. This is challenging, due to a lack of
assertive communication between current capacities of MES and
a better understanding of them by stakeholders and industrial
partners. MES research should also consider that, for the system
to achieve a wider impact, the definition of standard terminology
is required; by achieving this fundamental consensus, it would be
easier to transfer the studied phenomenon of electron transfer to
practical applications.

Currently, the achievements in microbial electrochemistry
have allowed researchers to dramatically expand the performance
of MES in terms of energy generation capacity, with a recorded
range maxima between 15 and 17 W/m? (Logan et al., 2019)
for pure cultures, as well as recovery and synthesis of value
products (heavy metals, nutrients, industrial chemicals, and
gaseous fuels) (Jadhav et al,, 2017; Kumar et al,, 2018), with
realistic economic potential (Harnisch et al., 2015); different
reaction pathways have been described, which can contribute
to the development of ecologically sustainable production and
treatment of industrial compounds (Harnisch and Urban, 2018;
Srikanth et al., 2018); this allows one to profile MES as an
important alternative for future technologies, with advantages
that can be well-regarded for stakeholders that include the
diminishing of overall production and operational costs,
associated with lower chemicals and energy consumption, and
the reduction of the environmental impact and carbon footprint
(Trapero et al., 2017).

Some of the advances that are expected in the following
years pertain to the domain of wastewater treatment (Velvizhi,
2019) and hybrid systems for value product recuperation and
energy production (Zhang et al., 2019b); novel technological
approaches, such as microbial electro-Fenton systems (Hassan
et al., 2019), have already proven enhanced efficiency for the
treatment and removal of persistent organic pollutants from
various wastewater effluents. The achievement of useful power
densities has also been established by means of stack architectures
(various MFCs connected in series or parallel) (Zhuang et al,,
2012) as well as new architectures for generation and storage
of energy (Fischer et al, 2018) that could compete within a

segment of the power generation market, such as the generation
of energy to charge personal electronic devices (e.g., cellphones
or tablets). Recent advances in the development of low-cost
tools (Nejatimoharrami et al., 2017; Segura and Osma, 2017)
might accelerate the development of systems directed to evaluate,
monitor, detect, and harvest the power of microorganisms.

Despite these achievements, some technical challenges are
still required to be fulfilled in order to guide MES into
a commercial application. Microbial resistance to antibiotics
during exposure of microorganisms to pharmaceutical and
medical wastewaters has not been thoughtfully investigated (Guo
et al., 2018). Research in MES should be compelled to explore
the advantages of different system architectures (Chen et al,
2019) and the use of cheaper materials (Palanisamy et al., 2019;
Pareek and Mohan, 2019), as well as to continue the efforts for
microorganism identification and characterization (Logan and
Regan, 2006). Furthermore, as discussed in this work, systems
that allow rapid and facile evaluation of microorganisms with
comparable conditions will provide long-required tools to assess
the contribution of each of the MES components in the overall
system performance.

The future developments in MES demand advancement in
the negotiation of a universal unified language. This approach
would allow the mitigation of the effects of the use of confusing
terminology, which would ultimately allow researchers to focus
in specific design and experimentation tasks. Future applications
of MES will include well-characterized components and
properties; such descriptors will allow the systematic assessment
to boost applications, wiring technologies for wastewater
treatment, bioproduction, bioremediation, bioelectricity,
and biocomputing.
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GLOSSARY OF TERMS

Microbial electrochemical systems (MES): Combination
of technologies, configurations, and materials that use
microorganisms to mediate electricity driven processes to
transform between chemical energy and electrical energy.
Microbial electrochemical technologies (MET): Group of tools,
techniques, and methods that individually contribute to evaluate
or harness the electrochemical contribution of microorganisms
at the electron-exchange interface with electronic devices in
which a functional (ionic) connection is present.

Microbial fuel cell (MFC): Device to produce an electron flux
in an electric circuit from the chemical reactions mediated
by microorganisms.

Bio-electrochemical systems (BES): Combination of
technologies, configurations, and materials that use a biological
component to mediate electricity driven processes to transform
between chemical energy and electrical energy.

Bio-electrochemical technologies (BET): Group of tools,
techniques, and methods that individually contribute to
evaluate or harness the electrochemical contribution of
biological components at the electron-exchange interface with
electronic devices.

Microbial electro-synthesis (MESyn): Process in which
microorganisms are used to produce or mediate the reactions
required to obtain chemical compounds.

Microbial electro-catalysis (MECat): Process in which a
chemical reaction rate is increased by microbial-driven processes
used for the degradation of substrates.

Electron acceptor/donor (AD): Ions or molecules
that act as oxidizing/reducing agents in an
electrochemical reaction.

External/extracellular electron transfer (EET): Process

by which some microorganisms can exchange electrons
with solid substrates that are not soluble to the microbial
cell membrane.
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