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Abstract: Extracellular electron transfer (EET) is a biological mechanism that plays a crucial role
in various bioelectrochemical systems (BESs) and has substantial implications for renewable en-
ergy production. By utilizing the metabolic capacities of exoelectrogens, BESs offer a viable and
environmentally friendly approach to electricity generation and chemical production; however, the
diminished effectiveness of EET remains a hindrance to their optimal application in practical contexts.
This paper examines the various strategies that have the potential to be employed to enhance the
efficiency of EET systems and explores the potential for the integration of BESs technology with
contemporary technologies, resulting in the development of an enhanced and sustainable system. It
also examines how quorum sensing, electrode modifications, electron shuttles, and mediators can aid
in improving EET performance. Many technological innovations, such as additive manufacturing,
the science of nanotechnology, the technique of genetic engineering, computational intelligence, and
other combinations of technologies that can be used to augment the efficacy of BESs are also discussed.
Our findings will help readers understand how BESs, though an evolving technology, can play an
important role in addressing our environmental concerns. Technical constraints are identified, and

future directions in the field of EET are suggested.

Keywords: extracellular electron transfer; electroactive microorganism; biotechnology; antibiotic
resistance; electron mediator; light; electricity; magnetism

1. Introduction

Microorganisms have devised specific processes to transmit electrons to minerals that
are located near the surface of the cell, and this process is termed extracellular electron
transfer (EET) [1]. The microbial EET process serves as a source of energy for the growth
and maintenance of microorganisms. These microorganisms capable of conducting the EET
process are referred to as electroactive microorganisms (EAMs) [2]. EAMs are now used
for many applications in many environmental biotechnologies such as energy recovery
and environmental remediation. For bioelectrochemical systems like microbial electrolysis
cells (MECs) and microbial fuel cells (MFCs), the power production, fuel generation rates,
and overall energy recovery from organic matter are all improved by increasing EET
efficiency [3]. In addition to the generation of bioelectricity, the biotransformation of
valuable chemicals, and the bioremediation of environmentally hazardous pollutants,
EAMs are now useful for biosensing and even biocomputing [4]. EET enhancement is
important in studying and harnessing microbe-metal interactions [5-9], but the complexity
of electron transfer mechanisms, the wide range of microbes in question, the influence of
environmental factors, and the scaling-up of EET processes are among the key challenges
that researchers and engineers face in this field [9,10]. Overcoming these challenges will
pave the way for the development of innovative applications for harnessing the potential
of EET.
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There are now several techniques used in environmental biotechnology to improve
EET. To improve the EET capabilities of EAMs like Shewanella or Geobacter species, genetic
engineering approaches can be used. This includes adding exogenous electron transfer
mediators or overexpressing crucial EET genes or pathways [3]. Biofilm growth can also
improve EET between microorganisms and electrodes. Optimizing growth conditions,
surface modification, and biofilm engineering approaches are methods to improve the
formation of biofilm [11,12]. Another method of improving EET is to optimize the material
of the electrode. EET can be enhanced by modifying the composition and surface features
of the electrodes [13-15]. This includes enhancing the contact between microbes and
electrodes by employing conductive materials, such as carbon nanotubes or conductive
polymers [2]. Redox mediators like riboflavin, neutral red, or anthraquinone derivatives
can improve EET by promoting electron transport between microorganisms and solid
surfaces or electron acceptors [16,17].

Electrochemical techniques are essential in studying the behavior of microorganisms
for various purposes. One popular electrochemical method for examining the redox behav-
ior of electroactive species in a system is cyclic voltammetry (CV). CV is used in bioelectro-
chemical systems to describe the electrochemical activity of redox-active mediators and
microorganisms involved in EET. CV offers insights into the kinetics and thermodynamics
of EET processes by assisting in determining the redox potentials of electron-donor and
electron-acceptor compounds. Chronocoulometry (CC) is an additional electrochemical
method utilized to quantify the overall electric charge that traversed an electrochemical cell
within a designated time interval. This method can be performed by imparting a constant
potential to the working electrode and measuring the resulting current as a function of time.
The term “chronocoulometry” is derived from the words “coulometry”, which quantifies
the amount of electricity (charge) exchanged within a system, and “chrono”, which denotes
time. Pyocyanin (PYO) is an identified redox mediator molecule produced by Pseudomonas
aeruginosa. The electrochemical technique utilizing CV and CC was employed in a recent
study [18], to facilitate the analysis of the adsorption process of PYO onto carbon-based
electrodes using glassy carbon. By utilizing these electrochemical methods in conjunction
with FT-IR analysis, the authors deduced that P. aeruginosa NEJO7R establishes electronic
communication with the electrode via PYO adsorption on the carbon surface. The research
endeavors to enhance the engagement between redox mediators, microorganisms, and
electrodes. This, in turn, may contribute to the advancement of microbial electrochem-
ical technologies that address ecological challenges including, but not limited to, waste
valorization, wastewater treatment, and renewable energy generation.

Gaining a comprehensive understanding of the electrochemical characteristics ex-
hibited by bio-anodes is crucial to enhancing the overall efficiency and effectiveness of
bioelectrochemical systems. Electrochemical impedance spectroscopy (EIS) is frequently
employed for the comprehensive investigation of these characteristics. In a study con-
ducted by Heijne et al. [19], the authors aimed to measure the properties of bio-anodes,
specifically biofilm capacitance, charge transfer, biofilm resistance, and diffusion resistance.
To ensure accurate measurements without the influence of electrode capacitance, the re-
searchers utilized Fluorinated Tin Oxide (FTO) as the electrode material for cultivating
the electroactive biofilm. FTO has favorable characteristics as an electrode material in
the electrochemical investigation of bio-anodes. This is primarily due to its exceptional
stability and significantly lower capacitance, which typically ranges in the tens of micro-
farads per square centimeter (1F cm™~2), in contrast to conventional carbon electrodes, such
as graphite plates, that possess a capacitance of approximately 1 millifarad per square
centimeter (~1 mF cm~2). The researchers conducted a study to observe the formation of
an electroactive biofilm on FTO (by the utilization of EIS and polarization experiments).
The findings of the study demonstrate that the capacitance of the biofilm exhibited a signif-
icant rise from an initial value of 2 uF cm ™2 to a final value of 450 uF cm 2 as the biofilm
developed. This observation suggests a correlation between the capacitance and both the
current and the total charge generated. The findings of the study additionally indicate that
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biofilm capacitance can serve as an indicator of the quantity of active biomass present in
bioelectrochemical systems.

Scanning electrochemical microscopy (SECM) is an additional method that enables
the visualization of electrochemical phenomena at the microscale. In the field of bio-
electrochemical systems, this technique can be employed to see and analyze the spatial
distribution of electroactive species as well as the level of microbial activity on electrode
surfaces. SECM offers valuable insights into the electrochemical activity of biofilms, en-
abling a deeper understanding of the variability in electron transport mechanisms across
microbial communities. The technique has also demonstrated its utility in various appli-
cations, including the evaluation of membrane permeability, neurotransmitter levels, and
intracellular parameters [20].

Furthermore, the utilization of potentiostatic and galvanostatic operation is an elec-
trochemical technique wherein the potential or current, accordingly, is regulated within
an electrochemical system. Within the field of bioelectrochemical systems, potentiostatic
and galvanostatic techniques are employed to manipulate the electrochemical conditions,
modulate the rate of electron transfer, and examine the reaction of microorganisms to
varying applied potentials or currents [21,22]. These electrochemical techniques play an
important role in the characterization, optimization, and understanding of the intricate
mechanisms associated with extracellular electron transfer in bioelectrochemical systems.
Their contributions are crucial in the advancement of microbial electrochemistry and the
pragmatic implementation of these systems in the fields of energy generation, wastewater
treatment, and environmental monitoring.

Over time, substantial advancements have been achieved in the understanding of the
mechanisms underlying microbial EET. Engineering techniques for enhancing the interac-
tion between EAMs and electrodes can present encouraging opportunities for enhancing
the EET efficiency of EAM. In light of recent research, this review gives a brief overview of
the mechanism of EET in microorganisms, and then the different ways the performance of
EET can be improved ranging from the use of quorum sensing, electrode modifications,
electron shuttles, and mediators, to the use of many technological innovations, such as ad-
ditive manufacturing, the science of nanotechnology, the technique of genetic engineering,
computational intelligence, and other combinations of technologies. Finally, suggestions
for prospective techniques that would enhance the effectiveness of EET are discussed.

2. Mechanism of Extracellular Electron Transport in Microorganisms
2.1. Direct Electron Transfer (DET)

Microorganisms can carry out EET in different ways as depicted in Figure 1. For
DET, electrons can move from the bacteria to electrodes independent of external medi-
ators. This method necessitates the proximity of microorganisms to the outer electron
recipient and entails the transfer of electrons via outer membrane proteins known as c-type
cytochromes [23,24]. The limited distance of electron transfer in DET is known to be a
contributing factor to the improved EET process. The transfer of electrons through the
cytochrome pathway has been extensively studied in Geobacter sulfurreducens. This has been
achieved through the use of mutant strains, wherein the gene responsible for encoding
cytochrome c proteins has been either overexpressed or deleted [25].

The DET process is not exhibited by all microorganisms; hence, there has been a focus
on investigating an alternative mechanism that is comparable but less comprehended,
referred to as microbial nanowires. This mechanism has been occasionally referred to as
a variant of DET. Nanowires are cellular membrane protrusions that bear a resemblance
to pili. Due to their relatively elevated conductivity, it is postulated that they facilitate
the conduction of electrons. Consequently, this confers an advantage to microorganisms
by enabling them to inhabit a location that is distanced from the metal oxide or electrode.
Additionally, this could facilitate inter-species electron transfer within a biofilm [23].
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Figure 1. Elucidating the extracellular electron transport pathways that are commonly observed in
electroactive microorganisms. (a) DET facilitated by cytochrome proteins, (b) the process of DET
facilitated through nanowires, (c) the mode of IET facilitated by electron shuttles, (d) the method
of indirect electron transfer facilitated through exterior vesicles of the membrane (OMVs). Outer
membrane (OM), interior membrane (IM), and periplasm (PP).

2.2. Indirect Electron Transfer (IET)

In IET, microorganisms can generate and secrete diminutive molecules that can un-
dergo redox cycling, thereby acting as an ES (Figure 1). They function as the final electron
acceptor and, upon reduction, are capable of transferring electrons to iron oxides, sub-
sequently undergoing reoxidation. This type of shuttle offers a means for an indirect
reduction process. The repetitive cycling of a solitary shuttle molecule can significantly
influence the turnover rate of the terminal oxidant, such as iron, within a specific situation.
Compounds such as humic compounds, quinones, phenazines, and molecules containing
thiols have the potential to fulfil this function [26-29]. Electron shuttles can be classified
into two distinct categories, specifically exogenous and endogenous, depending on their
presence in the environment or the inherent ability of the cell to produce them. Thionine is
the predominant exogenous mediator utilized, while other compounds such as quinine,
phenoxazine, phenazine, and phenothiazine have also been employed in this capacity.
On the other hand, endogenous mediators are released from cells in a reduced state and
undergo oxidation to enable electron transfer at the electrode. The mediators under consid-
eration in this category consist of flavin compounds produced by S. oneidensis MR-1 and
2-amino-3-carboxy-1,4-naphthoquinone, which is excreted by S. putrefaciens [24].

2.3. Factors Affecting EET Efficiency

EET is subject to the influence of multiple factors, encompassing temperature, pH
levels, the existence of electron acceptors and donors, redox potential, as well as the
properties of the electrode. Temperature affects the rate of chemical reactions and the
availability of electron transfer [30]. High temperatures can enhance EET efficiency by
increasing the rate of enzymatic reactions involved in electron transfer. The pH level is
an essential determinant that affects both the activity of enzymes involved in EET and the
proton gradient across cellular membranes. Enzymes involved in extracellular electron
transfer often exhibit pH-dependent activity, and an increase in pH can disrupt the proton
gradient and impede EET efficiency [31]. Electron acceptors and donors are also critical
factors in EET efficiency. Oxygen is a highly favorable electron recipient because of its strong
reduction potential and abundance in many natural environments [32]. In environments
with a limited availability of electron acceptors, microorganisms may employ alternative
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strategies for EET. Organic substances like sugars, fatty acids, alcohols, and hydrogen gas
are typical electron donors [33]. Redox potential is another crucial factor in EET processes.
Microorganisms can utilize various electron acceptors with different redox potentials, such
as solid metal oxides and metals like gold and platinum. The redox potential of these metal
oxides influences their ability to accept electrons from microbial donors [34]. Electrode
properties also play a significant role in EET efficiency. Conductive materials like graphite,
carbon nanotubes, and metals like gold and platinum are often employed as electrodes
because they possess strong electrical conductivity [35,36]. Biochar, a representative carbon-
based material, has also been shown to serve as an ES to mediate the DIET process of
Methanosarcina and Geobacter [37]. Thus, temperature, pH level, the presence of electron
acceptors and donors, redox potential, and the characteristics of the electrodes are a few
factors that generally affect the efficiency of EET.

3. Strategies for Enhancing EET in Environmental Biotechnology
3.1. Genetic Engineering Approaches

(a) Overexpression of key EET genes

Overexpression of specific EET genes can have a major impact on the efficiency and
effectiveness of EET processes. Microorganisms can improve their ability to transmit
electrons across cell membranes and interact with external electron acceptors or donors by
boosting the expression levels of essential genes [34]. This strategy has been extensively
studied and applied in various environmental biotechnology applications. MtrC, which
encodes a c-type cytochrome protein found in Shewanella species, is one example of a
critical gene involved in EET. The upregulation of cytochrome c, specifically CymA, in
the bacterium S. oneidensis MR-1, has resulted in an enhancement of both bioelectricity
production and cell proliferation within a microbial fuel cell [38]. To enhance the expression
of cytochrome c and optimize electron transition, Su et al. [39] employed error-prone PCR
to introduce random mutations into ccmH. Subsequently, they investigated the resulting
increment in cytochrome synthesis. The findings of the study demonstrated that the
introduction of the mutant ccmH gene significantly augmented the efficacy of the genetic
circuit responsible for regulating EET, resulting in a notable 77% rise in current. The
electron transfer process acquired by the metabolism of cells from the interior membrane
protein, which is the CymA, to terminal periplasmic reductases is of significant importance
in the chain of electron transport in S. oneidensis. When the CymA undergoes mutation,
there was an observed reduction in the current generation by around 80%. On the other
hand, MFCs that were inoculated with genetically modified strains that overexpress CymA
demonstrated an increased maximum power output of 0.13 mW and a higher specific
growth rate of 0.087 h~!. In comparison, the wild-type MFCs had an optimal energy output
of 0.11 mW and an increase of 0.043 h~! [38]. Enhancing EET can also be achieved by
strategically improving the network of periplasmic cytochromes. A diverse array of c-type
cytochromes is spatially scattered inside the periplasm, collectively establishing an intricate
network for electron transport. To simplify the pathway of electrons in the periplasm
and mitigate the possibility of the competitive response of MR-1, a study conducted
gene knockouts of the periplasmic cytochrome genes, which are nrfA, ccpA, napB, and
napA, and subsequently introduced the expression of cytochromes cctA at the respective
knockout locations. According to Delgado et al. [40], the findings of the study indicated
a positive correlation between the copy number of cctA and the EET rate. Moreover, it
was observed that the current exhibited a 23% rise in response to this relationship. Hence,
the simplification of the periplasmic cytochrome network has the potential to modify the
extracellular redox potential and expedite the process of electron transfer.

The overexpression of these key EET genes can be achieved through various genetic
engineering techniques, such as plasmid-based gene expression systems or genome editing
tools like CRISPR-Cas9 [41]. By manipulating the expression levels of these genes, it can be
possible to fine-tune the EET capabilities of microorganisms and optimize their performance
in environmental biotechnology applications.
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(b) Exogenous EET

Exogenous EET refers to the introduction of external electron transfer mediators or
genetically engineered microorganisms into an environment to enhance electron transfer
capabilities. This process can be introduced through various means, such as the addition
of redox-active compounds or the genetic modification of microorganisms to express spe-
cific EET-related proteins. The introduction of exogenous EET can have several benefits
in environmental biotechnology. Firstly, it can enhance the overall efficiency of electron
transfer processes. By introducing external electron transfer mediators, such as quinones
or conductive polymers, the rate and extent of electron transfer can be significantly im-
proved [41]. This enhancement may result in enhanced power production in microbial fuel
cells or faster breakdown rates in bioremediation applications. Secondly, exogenous EET
pathways can broaden the range of bacteria that can execute EET. Only a few microbes in
natural habitats have innate EET capabilities. By introducing exogenous EET, it becomes
possible to engineer non-electrogenic microorganisms to participate in EET processes [32].

Research carried out in 1993 was the pioneering study to make use of artificial soluble
redox mediators as a strategy for harnessing the antioxidant potential of viable bacteria [42].
Methylene blue, a redox dye created by German chemist Heinrich Caro in 1876 [43], was
one of the first mediators to be employed. According to Arup [44], Neisser and Wechsberg
made the initial suggestion that methylene blue could be a valuable tool for determining
the bacterial load in milk in 1900. A recent study by Liu et al. [45] employed methylene
blue (MB) as a transitory intermediate to augment EET between exoelectrogenic anaerobic
granular sludge (EGS) and electrodes. The study revealed that the optimum electricity
of MB-EGS (8.88 mA) exhibited a statistically substantial rise compared to that of EGS
alone (1.34 mA). Currently, in addition to methylene blue, other mediators such as thionine,
neutral red, and 2,6-dichlorophenol [46] are also being employed.

3.2. Biofilm Formation and Optimization
(a) Biofilm matrix engineering

The spatial arrangement of microbial cells and their relationship within the surround-
ing environment can be impacted by the manipulation of the biofilm matrix composition
and structure. This, in turn, can improve the accessibility of substrates and facilitate ef-
ficient electron transfer. The manipulation of EPS, which are a significant component of
the biofilm matrix, is one strategy in biofilm matrix engineering. EPS components are
influential in determining the physical properties of the matrix and are significant in facili-
tating electron transfer mechanisms [47]. By manipulating EPS composition, it is possible
to engineer biofilms with enhanced capacity to transfer electrons. For example, increasing
the production of conductive polymers within the EPS can promote DET between microbial
cells and solid surfaces or electrodes. Conductive polymers, such as extracellular electron
shuttles or conductive nanomaterials, can serve as conduits for long-range electron transfer
within the biofilm. Polypyrrole is an example of a conductive polymer and it has been used
and coated with Shewanella oneidensis MR-1 as an anode in MFCs, Ref. [48] the research on
this shows that the polypyrrole-coated MR-1/carbon cloth anode attained a power density
of 147.9 mW/cm? and was 14.1-fold greater than that of the original strain. Furthermore,
in the case of Shewanella, it was discovered that the optimum energy output is obtained
once the biofilm reaches a thickness ranging from 5 to 7 micrometers [49]. Additionally,
studies have demonstrated that the implementation of controlled micro and nano porosity
configurations increases current density. Another strategy in biofilm matrix engineering
is to engineer biofilms with optimized spatial organization to improve mass transport
and substrate availability. Materials engineering is another technique for increasing the
thickness and conductivity of biofilms through the use of conductive substances [48,50]
and electrode functionalization [51,52].
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(b) Quorum sensing manipulation for biofilm development

The process of quorum sensing (QS) serves as a means of communication between
bacterial cells, enabling them to detect and respond to autoinducers to modulate their
activities and effectively adapt to environmental fluctuations [53]. The signaling molecules
involved in quorum sensing (QS) exhibit variations between Gram-positive and Gram-
negative bacteria [54]. These molecules can broadly be classified into three categories, as
described in [55]. (i) LuxI/R-type signaling systems: these are a class of signaling systems
that are characterized by the presence of LuxIl and LuxR proteins. N-acyl-homoserine
lactones (AHLs) are involved in quorum sensing in the majority of bacteria species that are
Gram-negative. AHLs are produced by the enzyme LuxI and are released through a specific
transport mechanism following intracellular accumulation. Their concentration reaches
a specific level before they engage with LuxR, subsequently initiating the activation of
downstream genes. (ii) Small-molecule peptide-based signaling molecules: Gram-positive
bacteria mostly utilize oligopeptide-based quorum sensing (QS) mechanisms, wherein
modified small-molecule peptides, namely anti-inducing peptides (AIPs), serve as the
messenger molecules. (iii) LuxS/AI-2 type receptor molecules: these molecules primarily
function to facilitate signal transmission between two distinct genera. In general, quorum
sensing (QS) systems have a significant impact on cellular motility, chemotaxis, and the
production of biofilms.

Research has provided empirical evidence regarding the effects of QS on BESs. Ac-
cording to the findings of Venkataraman et al. [56], the activity of quorum sensing (QS)
was found to have an impact on the electrical generation of Pseudomonas aeruginosa through
the regulation of phenazine synthesis. Based on this observation, various researchers
have endeavored to enhance existing output using genetic modification of the quorum
sensing (QS) system. In their study, Yong et al. [57] conducted an experiment where they
upregulated the rhl QS cassette of Pseudomonas aeruginosa. This resulted in an increase of
around 1.6-fold of the optimal power generated compared to the wild-type. One study
also incorporated an artificial PqsE gene into a 2-heptyl-3,4-dihydroxyquinoline QS system
negative mutant of P. aeruginosa and this genetic modification resulted in a significant
five-fold enhancement in the maximum current density compared to the original strain [58].
Another study confirmed that external QS signals can stimulate QS and subsequently
improve the electrical performance of MFCs that was established using the extremophile
Halanaerobium praevalens [59]. A study by Chen et al. [60] which investigated the impact
of AHLSs on the behavior of mixed-culture electroactive bacteria (EABs), found that both
intrinsic and extrinsic acylhomoserine lactones functioned as regulators enhancing the
electrochemical activities of EAMs [60]. The utilization of synthetic biology techniques
allows for the design and fabrication of synthetic QS systems. These engineered systems
can be tailored to specific environmental biotechnology applications, enabling precise
control over biofilm development and electron transfer processes. QS circuits in Escherichia
coli have also been successfully engineered to enhance current generation in MFCs [61].

Enhancing electron transfer in environmental biotechnology through quorum sensing
manipulation offers several advantages. Firstly, it can improve the efficiency and perfor-
mance of microbial processes by promoting biofilm formation, which provides a stable
and protected environment for microbial communities. Biofilms offer an increased area
of contact that promotes the adhesion of microorganisms and facilitates the exchange
of electrons between cells and electrodes or other electron acceptors/donors. Secondly,
quorum sensing manipulation can enable the development of biofilms with desired char-
acteristics, such as increased thickness or specific microbial compositions. This control
over biofilm properties allows for the optimization of electron transfer rates and overall
process performance. Lastly, manipulating quorum sensing pathways can also help miti-
gate issues associated with biofouling. The term “biofouling” pertains to the undesired
buildup of microorganisms on various surfaces, leading to potential disruptions in electron
transfer mechanisms. By understanding and manipulating quorum sensing mechanisms, it
is possible to prevent or control biofouling by promoting the growth of desirable biofilms
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while inhibiting the growth of undesirable ones. It is imperative to highlight the substantial
distinctions between QS signaling molecules and electron shuttling molecules. Electron
shuttles serve as redox mediators, facilitating the transfer of electrons between bacteria and
electrodes. On the other hand, QS signals possess the capability to regulate the production
of electron shuttling molecules but cannot function as redox shuttles themselves.

3.3. Electron Shuttles and Mediators

(a) Use of natural or synthetic compounds as electron shuttles

One class of electron shuttles commonly used in environmental biotechnology is
quinones. Quinones are naturally occurring compounds that possess redox-active prop-
erties. They can undergo reversible two-electron transfers, wherein they can accept elec-
trons from microbial cells and subsequently donate them to electrodes or other acceptors.
Quinones can be found in various environmental matrices, including soils, sediments,
and wastewater. Examples of natural quinones are humic substances [30]. In addition to
natural quinones, synthetic quinones have also been developed for use as electron shut-
tles. These synthetic compounds are often designed to have specific redox potentials and
electron transfer kinetics, allowing for tailored electron transfer processes. For example,
anthraquinone derivatives such as 2,6-anthraquinone disulfonate and 9,10-anthraquinone-
2,7-disulfonate have been widely used as synthetic electron shuttles. These compounds
have shown significant promise in enhancing the efficiency of microbial fuel cells by fa-
cilitating electron transfer and decreasing the overpotential required for electron transfer.
The possibility of humic substances functioning as a terminal electron acceptor in the
respiration by microbes has been explored by Lovley et al. [62]. Additionally, their re-
search also investigated the ability of humic substances to act as electron carriers between
microorganisms that reduce Fe (III) and Fe (III) oxides that are insoluble. The findings
indicated that the utilization of Fe (III) oxide with low crystallinity as the electron acceptor
for the proliferation of G. metallireducens was significantly enhanced by the introduction
of a minimal concentration of 100 uM of the humic analogue, specifically anthraquinone-
2,6-disulfonate. Therefore, the incorporation of humic substances can be employed to
augment the facilitation of electron transfer between microorganisms that reduce Fe (III)
and Fe (III) oxides. This approach holds potential as a viable technique to promote the
restoration of soils and sediments that have been contaminated with organic or metallic
pollutants [63]. Similarly, the impact of 14 ESs on EET in Shewanella oneidensis MR-1 was
investigated by Xu et al. [64]. The results revealed that anthraquinone-2-sulfonate (AQS)
exhibited the most significant effects, as it resulted in the highest cathodic current density,
total charge production, and formation of reduction products. Thus, it can be inferred that
the presence of AQS, functioning as electron shuttles, significantly contributed to enhancing
the efficiency of EET between the electrode and microorganisms.

The phenazines, which serve as the major mediators in Pseudomonas aeruginosa, have
a vital function in promoting effective EET. The gene known as phzM, which encodes
for methyltransferase, has been found to have the ability to augment the synthesis of
PYO. Overexpression of this gene in Pseudomonas aeruginosa has been observed to lead to
a 1.6-times boost in the production of PYO, and a four-time increment in the optimal en-
ergy production [65]. Feng et al. [66] incorporated synthesis-related genes associated with
phenazine-1-carboxylic acid (PCA) from Pseudomonas aeruginosa into Escherichia coli. The
endogenous PCA led to an improvement in EET efficiency. This enhancement resulted in an
optimal power generation of 249 mA /m? for MFCs, which was found to be twice as high as
that observed in the original strain. Consequently, the incorporation of exogenous electron
shuttles into non-electroactive microorganisms has been shown to significantly enhance
electron exchange efficiency and enhance the performance of MFCs. Furthermore, the inter-
actions between electron shuttles and microorganisms or other components of the system
must be thoroughly studied to understand their impact on overall performance. Further
research and development in this field will likely lead to the discovery of new and improved
electron shuttles, enabling even greater advancements in environmental biotechnology.
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(b) The use of conductive nanowires

E-pili or conductive nanowires serve as effective pathways for long-distance electron
transfer, facilitating intercellular aggregation and the production of EABs. Advancements
in protein design have facilitated the simplification of the fabrication process for synthetic
nanowires. A study was conducted to provide a regulatory framework for the fabrication
of very stable nanowires. This was achieved by developing protein templates through
the utilization of specifically designed linker proteins. Chen et al. [67] employed yPFD (a
helical protein produced by the microorganism Methanocaldococcus jannaschi), as a nanoma-
terial scaffold to facilitate the localization and alignment of cytochromes, resulting in the
construction of a nanowire structure within G. sulfurreducens. This methodology not only
contributes to the existing conventional techniques for constructing nanowires but also en-
ables the manipulation of nanowire structures, hence broadening the potential applications
of natural bioelectrical materials. In recent years, there has been a lot of focus on promoting
the synthesis and assembly of e-pili in addition to changing their structure to increase their
electrical conductivity. In a study, the nanowire-related genes omcS and omcB in S. oneidensis
were modified using genome editing (iEditing), the modified strain was expressed and
the growth was assessed. The data showed an increase in cytochrome content and an
improvement in EET efficiency, as evidenced by a peak power generation of 310 mA/m? in
the modified strain compared to wild-type [68]. Furthermore, the application of peptides
in modifying pilin monomers can enhance the adherence of fimbriae, facilitate the develop-
ment of electrically conductive nanowire structures known as pilis, and ultimately enhance
the possible utilization of biomaterials. To enhance the adaptability of the e-pili surface
for improved sensing capabilities or enhanced compatibility with different substances,
a study has devised a strategy involving the integration of a concise peptide tag at the
carboxyl-terminal of pilA [69]. This modification facilitated the formation of a conductive
nanowire structure that exhibited targeted adhesion properties while preserving its ability
to conduct electricity. The gene segments that have been produced consist of pilA-6His
and pilA-HA. These fragments gave rise to conductive pili that possess a “His-tag” and a
peptide “HA-tag”. These tags are located on the external surface of the pili and can bind
to metals and antibodies that are specific to them. This approach exhibits considerable
promise for application in the development of innovative materials and products. Although
there has been significant research conducted on the characteristics and functionalization of
conducting nanowires for almost two decades, the number of innovative electronic devices
utilizing these nanowires remains extremely limited. The complexity and time-consuming
nature of producing conductive nanowires, along with the early stage of their integration
into circuits, account for this phenomenon. Hence, it is imperative to employ a straight-
forward bottom-up methodology that encompasses dependable nanowire biogenesis and
enables the regulated production of nanowire electronics.

3.4. Electrode Modifications and Design

Numerous measures have been implemented to augment the efficacy of EET by opti-
mizing electrode materials, operating parameters, and components of MFCs. Additionally,
the introduction of metal ions, including Cu®*, Cd?* and Ca?* has been explored as a
potential strategy [25]. Surface functionalization of electrode materials can enhance EET
by increasing surface area, facilitating electron transfer between microbes and electrodes,
and enhancing electrical conductivity [70]. This can be achieved through the utilization
of molecules that are redox-active or electron shuttles. The utilization of carbon nano-
materials, including graphene, carbon nanotubes, and their composites with non-carbon
materials, has been investigated as a means of reducing charge transfer resistance. A posi-
tive correlation exists between the geometric surface area of an electrode and its potential
to accommodate a microbial colony, which in turn may lead to increased power output
(Figure 2a) [71]. However, materials such as felt, veils, or foam electrodes have micro and
nano-size geometries, which include the presence of pores. According to existing research,
it has been demonstrated that current generation output is dependent upon both the area
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of the electrode and on pore size [49]. The selection of the type and shape of material to use
for the electrodes in MFCs varies according to the volume of the MFC. Commonly used
electrode materials are made from carbon. The fabrication of microscale electrodes involves
the application or deposition of a thin layer of metal or carbon conductive material to
achieve a significant increase in surface area. The utilization of a carbon veil as an electrode
material in larger-scale electrodes offers several advantages. Firstly, it provides an ample
number of tiny pores that facilitate excellent porosity, allowing for the effective transfer
of nutrients by advective transport via perfusion. Secondly, the thread continuity of the
carbon veil leads to lower resistance compared to carbon felt or other carbon materials with
discontinuous strands [71] (Figure 2b).

a
Lowest resistance [ Intermediate resistance Moderately high Highest resistance
(Good feature) resistance (Poor feature)
Intermediate SA:V
Lowest SA:V Low biofilm numbers High SA:V High SA:V

(Poor feature) Permeable between planes High biofilm numbers High biofilm numbers

Low biofilm numbers Highly permeable Permeable
Non-permeable
(Poor feature)

Carbon veil consists
of continuous fibres
in both the weft and
the weave directions

Carbon mat or felt
consists of a
compression of short
stranded fibres

Figure 2. The structure of MFC carbon electrodes: (a) ordinary electrodes made from carbon with
identical geometric macro size, and (b) a comparison between carbon veil and carbon felt (or mat)
electrodes. V denotes the ratio of surface area to volume [71].

Additionally, conductive polymers or nanomaterials can improve electrode conduc-
tivity and promote direct contact between microorganisms and electrode surfaces. It has
also been established that nanostructured electrodes can also improve conductivity, al-
lowing faster and more efficient electron transfer along the electrode surface [72]. These
electrodes offer unique properties that promote specific interactions with microorganisms
or biomolecules, further enhancing their affinity towards target species involved in EET
processes. Nanostructured electrodes have shown promise in applications like MFCs and
biosensors, where they enhance sensitivity and selectivity by providing a larger surface
area for biomolecular recognition and improving electron transfer efficiency.

3.5. External Electricity or Electric Field

EET can be enhanced through the supply of external resistance. The rate of transfer of
electrons amongst microorganisms and the electrode or electron acceptor can be regulated
by adding external resistance to the circuit of a bioelectrochemical system. The resistance
value affects the kinetics of EET by controlling the flow of electrons through the circuit.
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While reduced resistance enables faster transfer rates, higher resistance delays the transfer
of electrons [73]. In bioelectrochemical systems, external resistance enables the optimization
of energy harvesting. It is possible to balance the electron transfer rate with the system’s
aims for power output or energy recovery by altering the resistance. This optimization
guarantees the effective use of available electron donors, maximizing the capacity for
energy production or storage [74].

Several studies have been conducted to examine the effect of external resistance on EET.
One study employed a highly varied mixed culture MFC [75] to investigate the effects of
different resistance loads on biofilm formation and power output. The researchers noticed
that a low resistance load resulted in the formation of thinner biofilms, accompanied by
increased current production. Conversely, electrodes subjected to high external resistance
loads exhibited the formation of thicker biofilms, but with lower power output. The
influence of biofilm permeability and external resistance on MFC current production,
microorganism growth, and the transfer of electrons from the redox mediator to the anode
was investigated by Cai et al. [76]. Their findings show that lower external resistances
resulted in improved MFC performance. MFCs with lower external resistance produced
more extracellular mediators in addition to building biofilm with more exoelectrogens.
Similarly, it was discovered that a larger external electrical load may severely restrict the
flow of electrons between the electrodes [73] and is thus generally unfavorable for MFC
power generation. The influence of external resistance on cellular performance was also
investigated by Rossi and Logan [77], and it was discovered that modifying the external
resistance during the acclimation of MFCs can significantly affect the performance of the
anode, and this impact is observed in terms of charge transfer, diffusion, and the overall
resistance of the anode. In the majority of cases, a load below 1 k() was identified as
the most appropriate choice of external resistance [78]. Therefore it was suggested that
future investigations aiming to optimize system performance in terms of power production
should consider experimenting within this range of load values [78].

3.6. Enhancing EET by Photo

The EET process in bioelectrochemical systems can be enhanced by the use of light,
particularly photosynthesis and photovoltaic activities. Photosynthetic bacteria can trans-
mit electrons directly to the electrode surface, enabling effective EET. Advancements in
electron transfer phenomena have resulted in the development of photoelectrochemical
systems with microbial characteristics and solar energy support. Nevertheless, the limited
current density observed in photo-bioelectrochemical cells (PBEC) imposes constraints
on their progress and real-world implementation. These studies [79,80] have shown that
the introduction of OmcS from Geobacter into genetically altered Synechococcus elongatus
PCC7942 led to an increased capacity for EET. This enhancement in EET capacity led to a
substantial rise in photocurrent generation at the anode of the PBEC system, about nine-fold
greater than the control group. This methodology did not merely enhance the generation of
photocurrent in cyanobacteria but additionally, it expedited the advancement of photosyn-
thetic MFC technology. Solar light has been demonstrated to stimulate non-phototrophic
bacteria’s metabolic and development activities through the photocatalytic activity of semi-
conducting minerals [81] and bacteria that do not rely on photosynthesis are capable of
converting carbon dioxide into acetate by employing cadmium sulfide nanoparticles in the
presence of light [82].

Hematite, a prevalent mineral found in natural environments, has been employed
as a photoanode. Analysis of the methods by which semiconducting minerals and mi-
croorganisms transport electrons when exposed to solar radiation has advanced in current
research. Photo generation is the process by which semiconductor minerals produce elec-
tron and hole pairs when exposed to light. The extracellular electron transport pathway of
microorganisms may be impacted by this event. Crystalline Fe (IIT) oxide is known to be
excited by light and is frequently used as an electron acceptor in the natural environment
by extracellular electron transfer microbial systems.
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The potential of visible light excitation for outer membrane c-type cytochromes in
dissimilatory metal-reducing bacteria was investigated by Zhang et al. [83] and the impact
of excited c-type cytochromes on the EET process between bacteria and semi-conductive
electron acceptors using a TiO,-coated electrode was demonstrated. According to the
study, the EET rate to TiO, was observed to exhibit a significant increase of more than
eight-fold upon exposure to visible light. Similarly, the interaction between a hematite
photoelectrode and P. aeruginosa PAO1 when subjected to visible light irradiation was
studied by Ren et al. [84] as depicted in Figure 3.
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Figure 3. An illustration of the electron transfer mechanism between hematite and PAO1 when
exposed to visible light [84].

According to this study, the photocurrent density at the hematite electrode was 240%
higher in the presence of light. This showed that light enhanced the transfer of electrons
from hematite to PAO1, and also suggests that the microorganism Pseudomonas aeruginosa
PAOQL1 also played a crucial role in this process. Likewise, the extent to which visible light
affected electron transport between birnessite photoanodes and Pseudomonas aeruginosa
PAOL1 was investigated by Ren et al. [85]. The photocurrent density of the electrochemical
system consisting of light, birnessite, and PAO1 was 279.57 pA /cm? under circumstances
of light illumination and positive bias. This number was 322% and 170% higher than the
photocurrent densities reported in the abiotic control and dead culture, respectively. These
data suggest that birnessite and Pseudomonas have a photo-enhanced electrochemical inter-
action and the study exhibited a rapid light-induced EET process between the bacterium
Pseudomonas aeruginosa PAO1 and the semiconducting material birnessite. The findings of
the study also contributed to the enhancement of our comprehension regarding the correla-
tion between the EET exhibited by microorganisms and the photocatalytic properties of
semiconducting minerals within their natural habitat. Also, the findings have the potential
to pave the way for the future creation of bioelectronic devices that harness solar energy.

Furthermore, the marine euphotic zone, focusing on semiconducting minerals and
microbial communities was also investigated by Liu et al. [86]. They found that semi-
conducting minerals can interact with electroactive microorganisms, enhancing electron
transfer. However, current research on the interplay between light, semiconducting min-
erals, and microbes is limited, mainly focusing on bacteria and solar irradiation. Further
research is needed to understand the electron transfer phenomenon between microorgan-
isms and mineral photocatalysis.
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3.7. Enhancing EET by Magnetism

The application of magnetism can serve to augment the effectiveness of EET. Magnetic
nanoparticles, such as magnetite (Fe304) or maghemite (y-Fe;O3), can function as electron
mediators in EET processes. Numerous scholars have employed the implementation of
a magnetic field to enhance the efficiency of EET between the EABbeing applied and the
surface of the electron acceptor.

The possibility of magnetic effects as a cost-effective technique for increasing the
performance of MFCs using a magnetic field with an intensity of 100 mT was investigated
by Velasquez-Orta et al. [87]. The absence of air in the MFC system resulted in a more
significant loss in potential. The use of a magnet may be advantageous in instances when
air supply is not feasible or when there is a need to reduce costs associated with air supply.
A magnetic field with 100 mT intensity was used by Tong et al. [88] to reduce the startup
time of a one-chamber MFC supplied with mixed wastewater from six days to two days.

Likewise, an enhancement in the performance of MECs through the utilization of
magnetite nanoparticles (Figure 4) was reported by Wang et al. [89].
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Figure 4. Conceptual depiction of an electron transfer pathway established by magnetite nanoparti-
cles, facilitating the ease of electron movement between microorganisms and electrodes [90].

The observation suggests that magnetite nanoparticles possess the ability to function
as electron conductors, allowing for the flow of electrons from the surface of the anode to
facilitate reduction reactions over significant distances. The performance of three different
configurations of MFCs inoculated with a pure culture of Shewanella oneidensis was evalu-
ated by Li et al. [91]. The findings of the study demonstrated that all three configurations
exhibited a substantial voltage output when subjected to magnetic fields. The observed
increase in efficiency can be attributed to an elevation in the mediator’s discharge and the
catalytic activity of S. oneidensis. This led to a more rapid transfer of electrons and a reduc-
tion in the loss of activation energy. It was also found that the utilization of a magnetic field
has the potential to diminish the resistance encountered during electron transport to the
anode [92]. Consequently, this reduces the internal resistance of MFCs, ultimately resulting
in an improvement in their overall performance. Among the three different intensities of
magnetic fields (MF) examined by Yin et al. [92] only the 200 mT intensity demonstrated an
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outstanding ability to enhance electricity generation. As a result, insufficient or excessive
levels of intensity can lead to outcomes that are inconsistent with the intended objectives.
It was found that the application of an appropriate static magnetic field can augment the
extracellular electron transfer mechanism in microorganisms, resulting in an elevation of
the maximum voltage output [93].

Excessive field strength may impede microbial growth and result in unfavorable
consequences. The optimal magnetic field strength range that promotes the proliferation of
EAMs and consequently amplifies the power generation of MFCs remains undetermined
and requires additional investigation. Therefore, it is imperative to conduct a multi-omic
approach in investigating the molecular regulation of genes and proteins related to EET to
comprehend the mechanism behind the stimulation of EET by the magnetic field [94].

The effects of different magnetic field intensities on both attractive and repulsive fields
were investigated by Tao and Zhou [95] and the findings demonstrated that the utilization
of magnetic fields with intensities of 50 and 100 mT led to an augmentation in electricity
generation and a faster initiation of the process, particularly when employing the 50-mT
magnetic field intensity. Conversely, the overall performance was adversely affected when
the magnetic field intensity was increased to 200 mT. The resultant findings indicated
that consistent with prior research, the operation of MFCs is negatively impacted by MFs
at elevated intensities. The appropriate selection of MF intensity may have a gradual
impact on the electrochemical performance of BESs. Nonetheless, such an effect must be
maintained over an extended duration. To assess the impact, four distinct intensities of MF
specifically, 20, 120, 220, and 360 mT were investigated by Zhao et al. [93]. The findings
of the study demonstrated a notable enhancement in electricity generation and overall
efficiency across various levels of intensity, with the most optimal performance observed
at an intensity of 220 mT. An in-depth analysis of biofilm development also unveiled a
noticeable disparity in the adhesion of microorganisms onto the carbon-felt surface used.
Their findings illustrated that the presence of biofilm is significantly reduced at 360 mT
compared to the control and bare carbon felt. This suggests that elevated intensities may
have a detrimental effect on the formation of biofilm.

The utilization of an external magnetic field and an applied potential in MES exhibited
a mutually beneficial effect in stimulating EPS secretion and promoting the proliferation
of EAB on the surface of the electrode. Microalgae was employed in a biocathode as a
means to address the issue of membrane resistance resulting from catholyte accumula-
tion [96]. From the study, the utilization of a magnetic field with an intensity of 200 mT
resulted in a greater biomass concentration and led to enhanced cell performance through
expedited oxygen reduction reactions. The aforementioned observation suggests that
the utilization of MF exhibits a considerable capacity and is appropriate for augmenting
bioelectrochemical reactions.

3.8. Integrated Strategies for Enhancing EET

Presently, there is a growing interest among researchers in investigating the integration
of different modalities to enhance EET and improve the performance of MES. Here we
present the various contemporary technologies that can be integrated with BESs to enhance
its efficiency.

a. Additive manufacturing (AM): AM, commonly referred to as 3D printing, is a rapidly
advancing technological innovation that has made significant contributions to MFC
technology in recent times.

A study by Calignano et al. [97] (Figure 5) explored the limits of AM technology in
the creation of a powering device that is entirely based on AM. The study focused
on utilizing low-density and open porosities to accommodate microorganisms, as
well as developing systems that are easily fueled continually and operate securely.
A maximum energy recovery of approximately 3 kWh m~2 per day was achieved,
which is capable of supplying power to sensing devices and low-energy electronic
gadgets. This facilitates data conveyance and analysis from remote and challenging
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situations. AM facilitates the design for the assembly of MFCs, thereby mitigating
mistakes as a result of human intervention and expediting the installation procedure.
In a study by Zawadzki et al. [98], AM techniques were also employed to construct
an MFC with the incorporation of an exchangeable membrane slot. This enabled
them to examine the effects of different separator membranes. The utilization of AM
in the production of tango membranes has demonstrated promising prospects for
membrane manufacturing and power-generating capabilities. However, it is worth
noting that the power output achieved (0.92 uW) by this method was relatively low
in comparison to the conventional cation exchange membrane technology (11.39 uW).
Similarly, Slate [99] investigated enhancing the power outputs of MFCs with the
integration of graphene into electrodes fabricated using 3D printing technology. The
electrodes underwent an evaluation to assess their electrical efficiency, chemistry, and
appearance, thereby showcasing the prospective application of AM in the production
of MFCs. Furthermore, AM technology, such as inkjet printing, was used in a study
by Sawa et al. [100]. The research showcased the practicability of employing a readily
available commercial inkjet printer for the production of a thin-film paper-based bio-
photovoltaic cell. This cell comprised a layer of cyanobacterial cells positioned above
a conducting surface composed of carbon nanotubes. The researchers discovered that
the printed cyanobacteria can produce a continuous electrical current for a duration
exceeding 100 h. This phenomenon occurs both in the absence of light, functioning as
a “solar bio-battery”, and in the presence of light, functioning as a “bio-solar-panel”.
These findings suggest its possible use in low-power devices. The utilization of the
inkjet printing technique facilitated precise positioning of the cyanobacteria onto the
anode surface, hence facilitating the proximity of the printed cathode. The printing
technique was optimized to achieve ideal biofilm layer thicknesses to maximize
power generation. The aforementioned authors were pioneers in employing an
inkjet printer to print photosynthetic microorganisms, specifically cyanobacteria,
onto a bio-photovoltaic (BPV) cell. Consequently, AM offers the potential to utilize
diverse materials and 3D printing techniques to develop a comprehensive MFC
tailored to different applications. This helps to expedite the optimization process of
individual MFC components, leading to enhanced effectiveness and ease in reactor
design and consequently, the system will experience functional improvements. AM
has the potential to significantly impact the field of biological power generation de-
vices due to its advantages such as decreased lead time, enhanced design flexibility,
cost-effectiveness, and expedited prototyping capabilities. In addition, AM offers
a shorter route from the research laboratory to large-scale production. Ultimately,
the advancements offered by AM can be effectively implemented in several other
bioelectronic systems, including biological sensors, implantable biomedical devices,
and biocomputing systems [101].

Artificial Intelligence (AI) and Machine Learning: Numerous research investigations
have been undertaken to examine the performance of mathematical models in the
field of artificial intelligence (AI). These studies include the works of [102-105]. A
study by de Ramon-Fernande et al. [106] employed an artificial neural network
(ANN) computational model to investigate the relationship between power output
and flow rate in a ceramic MFC that was supplied with human excreta, specifically
urine. The training, comparison, precision forecasting, and time to convergence
assessment were performed using three algorithms: the quasi-Newton technique, the
Levenberg-Marquardt algorithm, and the conjugate gradient method, all of which
are of third order. The Levenberg-Marquardt algorithm had superior performance in
comparison with alternative models in terms of precision, with an R-value of 95%.
Additionally, it exhibited faster convergence, with a time of 7.8 s. The findings of
the study demonstrate that the use of an ANN computational model is both helpful
and accurate for predicting energy requirements in ceramic MFCs when subjected
to varying flow rates. Additionally, the feasibility of adopting this model for energy
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forecasting in ceramic MFCs is established. Lesnik and Liu [107] also implemented
the utilization of artificial neural network (ANN) models to forecast the biofilm
communities and reactor performance of MFCs. The research observed that ANN
models that integrated biotic interactions demonstrated superior accuracy in pre-
dicting reactor performance outcomes compared to models that did not incorporate
such interactions. This finding suggests that data mining and machine-learning
techniques can effectively forecast the behavior of microbial communities and the
performance of bioelectrochemical systems. In another study by Zhang et al. [108], a
four-input ANN model was effectively utilized to accurately forecast the levels of
glycerol, 1,3-PDO, and biomass. The proposed model exhibits applicability not only
in the realm of software for online measurement of glycerol and 1,3-PDO during the
industrialization process but also offers valuable insights for other fermentation pro-
cesses. In BESs, substrate prediction can also be carried out with Al-based techniques.
In a study by Cai et al. [109], six machine learning algorithms were trained and
it was discovered that feed substrates could be predicted using information about
the microbial community. These algorithms included logistic regression multiclass
(GLMNET), random forest (RF), the scalable tree boosting system (XGBOOST), the
neural network (NNET), k-nearest neighbor (KNN), and the support vector machine
with radial kernel (SVM). The NNET method demonstrated the highest accuracy
(93 £ 6%), allowing for the distinction between various feed substrates [110]. Sim-
ilarly, a study by Leropoulos et al. [111] applied automation by utilizing a robotic
platform known as EcoBot. This platform was developed using artificial intelligence
techniques derived from artificial evolution. The concept aimed to leverage the
use of robots in facilitating evolutionary processes to create functional ecosystems
that establish symbiotic relationships between living organisms and artificial life
chemistries. This results in an enhancement of energy generation in MFCs. The
conversion of a robot platform, derived from an open-source 3D printer, enables its
utilization for liquid management and real-time monitoring of experimental out-
comes. The outcomes derived from these illustrative instances demonstrate that
artificial intelligence has the potential to enhance and evaluate the performance
of MFCs. Furthermore, genetic programming (GP) is an additional technique that
makes it possible to optimize the Al model’s structure by minimizing errors through
the use of algorithms like cross-validation and the Kennard-Stone algorithm [110].
To incorporate novel components into bacterial cells, one can use the de novo protein
design technique. The assembly of peptides into protein structure is connected to
the design architecture of de novo and the bundling of x-helices into metal-binding
proteins is one way to accomplish this. Short gene fragments are integrated into
the genes of E. coli in bacterial surface display systems and LamB, OmpA, Lpp-
OmpA, and PhoE coli OM proteins coordinate protein integration into the outer
membrane cells [112]. Similarly, genetically modifying E. coli was used to facilitate
EET by introducing a biosynthetic pathway for Pseudomonas phenazine-1-carboxylic
acid [113]. The findings of the study demonstrated that the implementation of
this electrochemical system resulted in a notable augmentation in the synthesis of
phenazine-1-carboxylic acid, consequently improving the EET efficiency of MFCs.
Another versatile algorithm for flexible diagnosis and control is fuzzy logic (FL). This
technique is capable of observing data and forecasting system outputs logically. FL
is frequently used as an intermediate step to streamline data processing and lessen
the negative impact on model accuracy [114].

Hybrid Systems: The hybrid technique is another system which integrates two
treatment systems, resulting in the enhanced performance efficiency of the overall
system. It was noted that the implementation of a constructed wetland (CW)-MFC
containing activated carbon granules and manganese ore can enhance the biochemical
processes involved in N-transformations in the absence of oxygen [115].
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Figure 5. Three distinct additive manufacturing processes are employed in the fabrication process of
revolutionary microbial fuel cells (MFCs). (a) In Selective Laser Melting (SLM) technology the 3D
object which is to be fabricated is divided into layers of a predetermined thickness of 30 pm and there-
after, transferred to the SLM machine. The process begins with the application of a layer of powdered
material onto the building platform and the powders are fully melted along the designated path
corresponding to the initial section of the component. The substrate platform thereafter undergoes a
reduction in layer thickness along the z-axis, followed by the application of a new coating, and this
iterative process continues until the whole part is complete. (b) Fused Deposition Modelling (FDM)
technology operates by sequentially constructing parts in a layered manner (bottom-to-up approach),
wherein a thermoplastic filament is heated and extruded. The thermoplastic material is subjected
to heat within the 3D printer, causing it to transition into a partially liquid state. Subsequently, this
semi-liquid material is deposited along the extrusion path in the form of ultra fine beads. (c) The
bacteria is then sprayed using an Anest-Iwata spray gun. An airbrush connected to nitrogen gas is
used to directly spray five milliliters of inoculum, or approximately 10% of the anodic solution, onto
the 3D anode surface of the Al structure. The inoculum is then preserved at 4 °C in a liquid medium
until the MFC assembly. (d) MFC assembly [97].

The plant-microbial fuel cell (Plant-MFC) is also an emerging technology that can ef-
fectively harness solar energy to generate bioelectricity through the symbiotic link between
plants and microorganisms in the rhizosphere region. Table 1 shows the different plants
that have been utilized in Plant-MFCs and the maximum power density obtained in the
different scenarios.

Table 1. Power density obtained in different plant-microbial fuel cells.

Reactor Configuration Plant Maximum Power Generated Ref.
Plant-MFC Glyceria maxima 67 mW/m? [116]
Plant-MFC O. sativa 330 mW/m? [117]
Plant-MFC Spartina anglica 100 mW /m? [118]
Plant-MFC S. anglica 222 mW/m? [119]
Plant-MFC Arundinella anomala 222 mW/m? [119]
Plant-MFC Echinorriea crassipes 224.93 mA/m? [120]
Plant-MFC Pennisetum setaceum 8.84 mW/m? [121]
Plant-MFC Ipomoea aquatica 105 mA /m? [122]
Plant-MFC Cyperus involucratus 5.99 mW /m? [123]
Plant-MFC S. anglica 240 mW /m? [124]
Plant-MFC Typha latifolia 6.12 mW/m? [125]
Plant-MFC O. sativa 140 mW /m? [126]
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Additionally, the efficacy of EET can be augmented through the concurrent integration
of mediator material reinforcement and light amplification. Research has demonstrated that
Shewanella xiamenensis is capable of internalizing carbon dots at the nanoscale level [127].
Carbon dots have been found to not only augment the electrical conductivity of cells but
also stimulate the secretion of a significant quantity of flavin-like ESs, thereby facilitating the
process of EET [128]. In addition, internalized carbon dots can augment the process of EET
under illumination by enabling light-enhancing mechanisms that promote electron transfer
to cellular metabolism [129]. Certain investigations have combined the biological anode
and photoanode to increase the power generation of the photocoupled system [130]. This
has been achieved by creating a hybrid photoelectrochemical and microbial electrochemical
system that harnesses both solar and biological energy. The cathode reaction barrier can be
effectively reduced by the activation of the biocathode reaction through the amalgamation of
visible light as an energy source. The biocathode can use the difference in voltage between
the anode and the cathode to make it easier to separate photogenerated hole/electron
pairs [131]. The study conducted by [132], involved the design and testing of an air-
cathode MFC-adsorption hybrid system, which utilized an earthen pot. The purpose
of the system was to achieve simultaneous wastewater treatment and energy recovery.
The design exhibited notable attributes including a low internal resistance of 29.3 (2,
making it cost-effective andthus resulting in efficient wastewater treatment and power
generation. It achieved a power output of 55 mW /m? while maintaining an average
current of 2.13 & 0.4 mA. A comparison was made between the performance of the MFC-
adsorption hybrid system and the standalone adsorption system. The results indicated that
the integrated system exhibited significant removal of contaminants.

The field of synthetic biology has also been seen to integrate biology with engineering
to advance the efficient EET of electroactive cells. Recent advancements in synthetic biology
techniques include expanding the range of feedstocks, enhancing intracellular electron
generation, improving conductive cytochrome systems, stimulating the production and
release of ESs, and creating conductive biofilms [61]. Numerous research endeavors have
integrated synthetic biology with mediator material augmentation, light amplification,
and other modalities to facilitate EET. Proteorhodopsin has been utilized to augment the
efficacy of substrate absorption, specifically lactate, in S. oneidensis [133]. The study found
that upon illumination, there was an acceleration in the consumption of lactate, and this
led to a 250% increase in current production when compared to the wild strain of MR-1.

In addition, the efficacy of Osmium-based polymers has been substantiated in pro-
moting direct extracellular electron transfer (EET) in organisms that do not possess the
intrinsic capability to engage in such processes. This accomplishment which has been
documented by Myers et al. [134] is accomplished by altering the surfaces of electrodes
and integrating redox-active osmium components into the polymer’s framework. To elu-
cidate this phenomenon, the Gram-positive bacterium Enterococcus faecalis was used by
Pankratova et al. [135] to examine its electrochemical interaction with electrodes. The find-
ings of the study revealed that the experiments employing the redox polymer demonstrated
the highest current density. Conversely, the control experiments conducted without the
redox polymer did not manifest any discernible current response. The increasing interest in
hybrid systems originates from the numerous issues encountered with standalone MFC sys-
tems. The development of a hybrid MFC system has become possible due to technological
advancements and the combination of diverse technological innovations. A hybrid MFC
system can be constructed through the incorporation of biological, chemical, and physical
elements to meet the requirements of various applications, including power production,
wastewater management, separation of chemicals, and desalination.

In conclusion, the integration of BESs with other contemporary technologies offers a
multitude of benefits including enhanced energy efficiency, improved operational perfor-
mance, cost savings, and sustainability.
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4. Challenges and Future Directions

Challenges associated with the diminished effectiveness of EET in practical contexts

include the following:

a.

Diversity of microorganisms: The effectiveness of electrochemically active micro-
bial communities in BESs can be impacted by their diverse features [136]. The
coexistence of diverse species can lead to competition for resources and electron
donors/acceptors, impacting the efficiency of EET. Syntrophic interactions between
different species can also affect EET efficacy. Changes in microbial diversity result-
ing from variations in environmental circumstances or disturbances, such as pH,
temperature, and oxygen levels, can induce modifications in EET. The structure and
composition of biofilms on electrode surfaces can also be influenced by microbial
diversity. Different microbial species use different methods for electron transfer, and
the effectiveness and kinetics of EET can be influenced by the presence of different
microbial species that possess unique electron transfer mechanisms. A diverse micro-
bial community can also display a broad spectrum of redox potentials, potentially
causing inefficiencies if there is a lack of alignment between the electron donor and
acceptor potentials.

Scaling up: While laboratory-scale studies have demonstrated the potential of BESs
for various applications, scaling up these systems for practical implementation poses
significant challenges [137], including the design and arrangement of electrodes,
achieving uniform current distribution, and integrating nanostructured materials
like carbon nanotubes or graphene into larger systems. Ensuring biofilm stability and
uniformity across larger electrode surfaces is crucial for efficient performance. Addi-
tionally, expanding EET operations requires supplementary energy inputs, ensuring
equilibrium between input and output, and considering the financial implications of
implementing the technology. Adherence to environmental and safety regulations is
also essential for real-world implementation, as the size of systems increases.
Substrate availability and selectivity: The efficacy of EET processes is contingent
upon the presence of appropriate electron acceptors or donors within the surround-
ing environment [138]. Furthermore, the selection and accessibility of acceptable
substrates for bioelectrochemical systems may be constrained. Numerous systems
are dependent on intricate organic substrates or wastewater, the accessibility and
economic viability of which may not be generally prevalent. In the context of biore-
mediation applications, the utilization of EET by microorganisms to break down
pollutants relies heavily on the presence of electron acceptors, specifically metal
oxides or electrodes, which play a vital role in supporting and maintaining microbial
activity. The presence of a limited amount of substrate can result in partial degrada-
tion of pollutants, hence diminishing the overall efficiency of remediation processes.
Likewise, within MFCs, the process of microbial oxidation of organic materials to
produce electricity via EET can be hindered by inadequate substrate availability,
resulting in diminished power generation and compromised overall MFC efficiency.
Additionally, there is the possibility of substrate competition, when microorganisms
exhibit a preference for other pathways instead of EET, resulting in a decrease in the
efficiency of electron transfer.

Biofouling and system stability: The occurrence of biofouling results in the devel-
opment of insulating layers on the surfaces of electrodes [139], and this can impede
electron transmission between microbes and electrodes. Consequently, this results
in instability in bioelectrochemical systems due to variations in biofilm thickness,
microbial composition, and detachment-reattachment dynamics. Biofouling can also
deteriorate electrode materials, necessitating frequent replacements. Effective man-
agement and prevention of biofouling often require increased maintenance efforts,
which can be costly and result in logistical complexities in the practical implementa-
tion of BESs.
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Integration with renewable energy systems: Renewable energy sources, like solar
or wind power, can be integrated with bioelectrochemical systems to improve their
overall sustainability and energy efficiency [140]. Nevertheless, there are obstacles to
overcome concerning power management, system integration, and the optimization
of the synergy between the various components. Numerous forms of renewable
energy, including wind and solar, are intermittent by nature. The intermittent nature
of this power supply may result in variations in its accessibility, which may have
an impact on the reliability and consistency of EET operations. It can be difficult to
deal with the intermittent character of renewable energy sources with the continuous
operation necessary for specific EET applications. An additional obstacle that may
arise is the efficacy of transforming renewable energy into electrical power, which is
subsequently employed in EET processes. It is essential to maximize overall efficiency
by minimizing losses at each stage of the system and optimizing energy conversion
processes. Unanticipated obstacles, such as fluctuations in microbial community
dynamics or severe weather conditions, may affect the dependability and stability
of the integrated system. Therefore, it is crucial that the stability and resilience of
long-term practical implementation of integrated EET and renewable energy systems
can be guaranteed.

The abovementioned factors can contribute to the complexity of EET making it challeng-

ing to fully adopt in practical contexts. However, viable solutions to the challenges include:

a.

Leverage advanced molecular techniques for microbial community analysis and
engineering: Advanced molecular techniques, including metagenomics, metatran-
scriptomics, and metaproteomics, offer the opportunity to thoroughly analyze the
composition, functional capabilities, and activity of microbial communities in var-
ious ecological settings [141]. Through the implementation of these techniques, it
becomes feasible to discern crucial microbial participants engaged in EET and attain
a deeper understanding of their metabolic pathways, processes of electron transfer,
and interconnections within intricate ecological systems. In addition, the utilization
of sophisticated molecular techniques enables precise modification of microbial com-
munities to enhance the efficiency of EET. This may encompass the engineering of
crucial EET-related genes in dominant or electrochemically active microorganisms,
including the creation of synthetic microbial communities with predetermined func-
tions in electron transfer mechanisms. The utilization of molecular tools enables the
development of customized strategies to address the adverse effects of microbial
diversity on EET applications.

Development of advanced electrode materials and reactor designs: It is possible to
create electrodes that possess improved conductivity and surface characteristics that
enable efficient long-distance electron transmission in larger-scale systems. Further-
more, the use of innovative reactor designs that enhance mass transport and promote
biofilm development [142] can play a significant role in addressing the obstacles
related to the scaling up of EET processes.

Utilizing a wide range of substrates: Various microbes possess unique metabolic
capacities. The provision of varied substrates will promote the proliferation of a
heterogeneous microbial community, characterized by distinct enzymatic activities
and pathways involved in EET. The adaptability of these entities enables them to
adjust to varying circumstances and guarantees uninterrupted electron transport,
even in situations when there is a scarcity of particular substrates. This phenomenon
may also serve to bolster the stability and structure of biofilms, as a well-organized
biofilm can improve the effectiveness of EET mechanisms by creating a conducive
environment for microbial adhesion and electron transfer.

Managing and controlling biofouling: The modification of surfaces involved in
EET systems has the potential to mitigate the occurrence of biofouling. One such
approach is the utilization of electrode materials possessing anti-fouling capabil-
ities [139]. As biofouling is frequently driven by biofilm production, techniques
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aiming at stimulating the formation of conductive biofilms through the selection of
electrode materials that enable the growth of conductive biofilms can be beneficial.
Furthermore, efforts for controlling biofilm thickness and composition will aid in
maintaining a balance between the advantages of biofilm-mediated electron transfer
and the possible disadvantages of excessive biofilm growth.

e. Introduction of energy storage and hybrid systems and smart grid technologies:
Energy storage technologies, such as batteries and pumped hydro storage [140],
can efficiently store surplus energy created during periods of high production and
subsequently release it during periods of low output. By incorporating these storage
devices with sustainable energy sources, the variations in power availability can
be alleviated, hence offering a more uniform and reliable power provision for EET
operations. Moreover, the integration of various renewable energy sources or the
fusion of renewable energy with conventional power sources gives rise to hybrid
systems. This strategy effectively broadens the range of energy sources utilized
and reduces the impact of intermittent energy supply. Furthermore, the integration
of smart grid technologies facilitates enhanced control and allocation of electrical
power resources. These systems possess the potential to effectively manage the
equilibrium between supply and demand by dynamically adjusting to variations in
the availability of renewable energy sources.

BESs have garnered considerable interest in recent years as a developing technology
capable of mitigating a range of environmental issues. This technology possesses the capac-
ity to fundamentally transform how we react to environmental concerns, encompassing
waste management, energy generation, resource retrieval, and pollution mitigation. Within
the domain of wastewater treatment, BESs assume a pivotal and transformational function.
Conventional treatment methodologies frequently entail substantial energy use, as such
BESs provide a viable and sustainable solution by utilizing the energy generated through
microbial metabolisms to facilitate electrochemical reactions, hence promoting energy
efficiency and cost-effectiveness in the treatment of wastewater. BESs play a significant
role in the retrieval of valuable resources from waste streams. Through the utilization of
the metabolic processes of microbes, BESs facilitate the harnessing of energy in the form
of electricity, as well as the conversion of organic substances into valuable outputs like
methane or hydrogen. This is consistent with the ideas of a circular economy, wherein
waste is transformed into a valuable resource. In the global pursuit of carbon emissions
reduction, BESs present a viable and sustainable pathway. They enable the processing of
organic waste while minimizing dependence on energy sources derived from fossil fuels.
The decrease in the carbon footprint holds significant importance within the framework
of addressing climate change and transitioning towards more environmentally friendly
energy alternatives. BESs also play a significant role in the field of bioremediation by
augmenting the process of pollutant breakdown. The microorganisms present in BESs
have a high level of efficacy in the degradation of pollutants found in soil or water, hence
providing a sustainable and environmentally conscious approach to remediation purposes.
These findings have significant implications for the mitigation of problems such as soil
pollution, oil spills, and several other types of environmental contamination. BESs also
have the potential to function as effective platforms for the monitoring of water quality.
The feasibility of real-time monitoring of water parameters is enhanced by the integration
of microbial sensors into electrochemical systems. This is crucial for early detection of
contaminants and ensuring the safe use of water resources. BESs play a crucial role in
facilitating the advancement of integrating renewable energy sources and one example
involves the integration of BES technology with solar panels or wind turbines, resulting in
hybrid systems that effectively utilize both microbiological and conventional renewable
energy sources to ensure continuous power output.

Although the potential of this technology is evident and ongoing research in this
domain is advancing at a rapid pace, significant strides need to be made before this
technology can be implemented effectively. Frequent and current reviews about these
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subjects will be important to enhance comprehension and facilitate swift progress in the
field of technology. Continued monitoring and assessment of the feasibility of various
process configurations should be conducted by continued life cycle assessment (LCA)
and technoeconomic studies. Despite being viewed as a technology that is still in the
process of development, MFCs are expected to have a significant impact in addressing our
environmental concerns.
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