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Abstract: Electroactive microorganisms have received a lot of interest in the field of environmental
engineering and biotechnology because of their extracellular electron transfer (EET) capability of
energy recovery and environmental remediation. However, the low efficiency of EET remains a bar-
rier to its practical implementation. This review presents an introduction to EET, followed by ad-
dressing strategies for enhancing EET through different approaches including enhancing EET by
mediator materials, external electricity, photo, and magnetism as well as integrated strategies, that
is, the combination of multiple means to promote extracellular electron transport and improve the
performance of microbial electrochemical systems. Finally, the challenges, perspectives, and new
directions for EET enhancement will be discussed.
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1. Introduction

Extracellular electron transfer (EET) is a respiration process in which electroactive
microorganisms (EAMs) produce energy for their development and maintenance by
transporting electrons between cells and oxidized or reduced substances (Hernandez et
al. 2001, Kato 2015a, Xiao et al. 2017, Zhao et al. 2017). Thus, EET enables EAMs to
transport metabolically generated electrons to anodes for energy recovery or accept elec-
trons from cathodes to synthesize high-value chemicals and fuels (Wang et al. 2021a). The
use of EAMs for energy recovery and environmental remediation via their EET capabili-
ties has sparked a lot of interest in the fields of environmental engineering and biotech-
nology. Since fungi, bacteria (both gram-negative and gram-positive), and archaea have
all been found to be capable of acquiring and releasing electrons, EAMs are widely used
to build various bioelectrochemical systems (BESs, also known as microbial electrochem-
ical systems) for waste treatment, microbial degradation, seawater desalination, environ-
mental remediation, biosensing, and energy and resource recovery (Chiranjeevi and Patil
2020, Tucci et al. 2021, Wang et al. 2021c, Zhao et al. 2021). The EET-based energy harvest-
ing device known as a “microbial fuel cell” (MFC) is one of the most important BESs.
MFCs’ ability to convert organic waste into power and their efficacy in wastewater treat-
ment makes them a promising renewable energy source. MFCs can also be used as bio-
sensors in water to detect harmful substances and monitor water quality (Deng et al. 2018).

The EET process can be direct (DET) or indirect (IET) (Fig. 1). DET occurs through
direct physical contact (via an outer membrane electron conduit) while IET occurs through
electron shuttles (ESs, redox-active small molecules that can diffuse through the outer cel-
lular envelope) (Kato 2015b, Light et al. 2018, Marsili et al. 2008). Geobacter and Shewanella
have received the most attention in terms of EAM research, with extensive research into
their physiology, ecology, and EET mechanisms (Wang et al. 2021a). Shewanella oneidensis
MR-1 has the capability of both DET and IET. In MR-1, a metal reduction (Mtr) pathway
is essential for bi-directional electron transfer, during which OmcA, MtrC, MtrA, MtrB,
CymA, STC, and Fcc3 are among the proteins participating in DET, while IET occurs via
flavins which are used as ESs (Marsili et al. 2008). On the other hand, Geobacter
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Cytochrome

Electron shuttle

sulfurreducens can carry out DET with solid electron donors and acceptors, including met-
als, electrodes, and other cells, and it does this via conductive pili (e-pili) and c-type cyto-
chromes (Ueki 2021). There is no conflict between indirect and direct transport in EAMs,
and the two pathways are usually used simultaneously to transport electrons.
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Figure 1. Extracellular electron transport pathways in typical electroactive microorganisms. a: Direct
electron transfer mediated by cytochrome proteins; b: Direct electron transfer mediated via nan-
owires; c: Indirect electron transfer mediated via electron shuttles; d: Indirect electron transfer me-
diated via outer membrane vesicles (OMVs). OM: outer membrane; IM:inner membrane; PP:
periplasm.

Efficient EET is critical for BESs' long-term development, and EET's low efficiency is
currently a major impediment to the development of BESs (Deng et al. 2018, Min et al.
2017, Yong et al. 2014a, Yong et al. 2014b). Engineering methods for improving the inter-
action between EAMs and electrodes can offer promising prospects for the improvement
of EET efficiency of EAM. In light of recent research, this review discusses different strat-
egies for enhancing EET through various approaches, such as through mediator materials,
external electricity, photo, magnetism, and integrated strategies. Following that, we will
examine the key directions, challenges, and opportunities in EET research.

2. Principles for enhancing EET

Microbial EET is highly related to transmembrane electron transport by cytochrome
protein channels, synthesis and transmission of ESs, and formation of electrode biofilm
(Shi et al. 2016). Engineering solutions for increasing EET capability, therefore, include
improving transmembrane electron transport via cytochrome protein channels, accelerat-
ing electron transport via ESs, and enhancing the microbe-electrode interface interaction
via biofilm development regulation (Surti et al. 2021, Xu et al. 2021, Yong et al. 2013).

Since some EAMs depend on cytochrome proteins for the passage of electrons out-
side the cell, increasing the expression of cytochrome proteins can break through the elec-
trical barrier caused by the cell membrane's lack of electrical conductivity. For example,
expressing the MtrCAB electron nanoconduit from S. oneidensis MR-1 with cymA (Vel-
lingiri et al. 2019) or the addition of riboflavin could encourage cell proliferation and EET
in Escherichia coli (Jensen et al. 2016).

While EET via cytochrome proteins usually requires direct contact between EAMs
and electron acceptor/donor, ESs can diffuse into a solution to enable long-range electron
transfer in biofilm, therefore promoting the synthesis and transmission of ESs can enhance
the EET. Flavins are widely used mediators for microbial EET (Light et al. 2018, Marsili et
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al. 2008), and MFCs with higher flavin concentrations showed an increase in current and
power output (Velasquez-Orta et al. 2010). EET can also be facilitated by using artificial
redox mediators such as methyl viologen, anthraquinone-2,6-disulfonate, and neutral red
(Rosenbaum et al. 2011, Wu et al. 2019). The transmission of ESs can be enhanced by porin
proteins acting as hydrophilic channels, such as the porin protein OprF of P. aeruginosa
(Yong et al. 2013), and the addition of certain substances perforating cells (Liu et al. 2012,
White et al. 2016, Zhao et al. 2021).

Microbes can create a structure known as biofilm, and the electron exchange at the
contact between a microbe and an electrode plays a crucial role in the production of the
various biofilms, which impacts the overall performance of BES. Biofilms can be managed
by increasing their thickness (Fig. 2) and conductivity using both synthetic biology and
materials engineering. Biofilm mass can be increased through biological methods includ-
ing the release of cyclic diguanosine monophosphate or signaling molecules from the
quorum sensing system by bacteria. Flagella are also widely expressed in electroactive
biofilms and their presence facilitated the development of thicker biofilms and acted as
scaffolds for the biofilm matrix, allowing for the orderly arrangement of more extracellu-
lar cytochromes, which accelerated the rate of electron diffusion within the biofilm (Liu et
al. 2019). Additionally, extracellular polymeric substances are essential to biofilm for-
mation and long-range EET (Saunders et al. 2020, Wang et al. 2015, Xiao et al. 2017). Ma-
terials engineering is another strategy that can be used to improve the thickness and con-
ductivity of biofilms via the use of conductive substances (Luckarift et al. 2010, Song et al.
2017) and electrode functionalization (Luo et al. 2020, Zou et al. 2019).
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Figure 2. [llustration of various strategies that are used to improve the EET ability of EAMs. OM:
outer membrane; IM:inner membrane; PP: periplasm.

3. Enhancing EET by mediator materials
3.1. Electron mediators

ESs are a class of chemicals that can participate in redox reactions as electron carriers.
According to the sources, it can be divided into endogenous electron mediator (produced
by microorganisms themselves) and exogenous electron mediator (derived from the nat-
ural environment or synthesized). The use of exogenous and endogenous mediators are
the two different ways through which mediated electron transfer might take place.

Endogenous ESs come directly from the microbial cell, for example, flavins from S.
oneidensis MR-1 (Marsili et al. 2008), 2-amino-3-carboxy-1,4-naphthoquinone released by
S. putrefaciens (Matsena and Chirwa 2022), and phenazines from Pseudomonas aeruginosa
(Chukwubuikem et al. 2021). Genetic engineering is the main method used to manipulate
the yields of endogenous ESs. For example, the expression of phzM in E. coli, a crucial gene
in the synthesis of phenazine, increased the phenazine yield and sequentially the power
density (Yong et al. 2011). Endogenous ESs usually are positively correlated with micro-
bial respiration and cell growth (Wu et al. 2020), engineering method aiming to increase
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the production of ESs therefore can promote biofilm formation and sequentially multiply
the EET efficiency.

Since the biosynthesis of endogenous ESs consumes a mass of substrate and energy,
their concentration usually is at pM-level (Xiao et al. 2021) and exogenous ESs can be
added into BESs to further boost the EET process by facilitating long-distance EET be-
tween microorganisms and electron acceptors such as minerals or electrodes (Wu et al.
2020). Various soluble exogenous ESs have been examined including quinine, phenoxa-
zine, phenozine, thionine, and phenothiazine. Many MFCs using exogenous mediators,
however, harbor a lot of bacteria that are not intrinsically electroactive since they can use
the external mediator to transport electrons (Matsena and Chirwa 2022). Thus, the addi-
tion of exogenous ESs can markedly affect the microbial diversity in BESs.

3.2. Conductive materials

Solid mediators, including carbon and iron based-materials, can also be used to facil-
itate the EET process. Naturally, carbon-based materials have evolved into a fundamental
component of MFC anode materials and they include commercially available materials
such as carbon paper, carbon cloth, carbon felt, graphite rods, and flake graphite (Fan et
al. 2021). Due to the poor biofilm formation on the electrode surface under natural settings,
a series of electrode surface modifications are required to improve the interaction between
bacteria and electrodes. This is most commonly accomplished by using carbon nano-
materials as modifiers (Fig. 3).
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Figure 3. Schematic of the contributions of various kinds of carbon material-based anodes for en-
hanced MFC performance. EET, extracellular electron transfer; MFC, microbial fuel cell (Fan et al.
2021).

Graphene, carbon nanotubes, and their derivatives are examples of carbon nano-
materials (Wei et al. 2016). Graphene is one of the most significant examples of carbon
materials that has a large specific surface area and excellent conductivity, stability, and
biocompatibility, and is widely used for enhancing microbial EET (Chen et al. 2022,
Huang et al. 2011, Zhang et al. 2022, Zhang et al. 2011). N-modified carbon nanomaterials
were also directly used to promote the current output of BESs, and they can considerably
lower the thermodynamic and kinetic resistances to increase both the DET and IET of S.
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oneidensis MR-1 (Wang et al. 2020). Carbon nanotubes have a substantial specific surface
area, high mechanical strength, exceptional conductivity, and distinctive fiber structure,
and they are also another popular cluster as substrate materials for MFC anodes (Fan et
al. 2021, Peng et al. 2010, Zhang et al. 2017). Although carbon nanomaterials have been
demonstrated to be successful due to their enormous surface area (Fig. 3) and strong elec-
trical conductivity, investigations have revealed that they have some biological toxicity,
which may limit their application (Qiu et al. 2017, Wang et al. 2021b).

Also, some bacteria have been found to make use of iron-oxide minerals as (semi)con-
ductive conduits for extracellular electron transfer (EET) to distant, insoluble electron ac-
ceptors. In a study that investigated how (semi)conductive iron-oxide minerals alter the
EET pathway of Geobacter spp. (Kato et al. 2013), it was discovered that iron-oxide miner-
als increased current generation in Geobacter strains (Cheng et al. 2022) while having no
effect on another strain. Their findings raise the notion that natural (semi)conductive iron
oxide minerals provide Geobacter with energetic and ecological advantages, enabling their
growth and survival in the natural environment. In another study, metal-organic frame-
work-derived iron oxide-modified carbon fabric was made utilizing a simple hydrother-
mal roasting process to boost the extracellular electron transfer function of electricity-pro-
ducing microbes in geological environments. The addition of MIL-Fe20s and MIL-Fe3Os
nanoparticles were seen to aid the improvement of the anode's biocompatibility, facili-
tated electroactive microorganism's adherence to the anode, and encouraged the secretion
of additional EET-related proteins in addition to improving the anode's electrochemical
performance (Wang et al. 2022a).

4. Enhancing EET by external electricity or electric field

The electric field can enhance the activity of biological enzymes, encourage microbial
metabolism and growth, encourage the oxidation-reduction process of various microor-
ganisms, and enhance the biodegradation process. By changing the electrochemical pa-
rameters in BES, such as voltage and current, the microbial community can be regulated,
thereby enhancing the extracellular electron transport process of microorganisms.

Electrical energy or valuable compounds can be produced in BESs directly from
waste biomass when electrons produced by their metabolisms are pumped via an artificial
circuit by the redox potential gradient or external power, and EAMs can be selected by
electric field intensity from a mixed inoculum (Du et al. 2018). Typically, BESs being con-
trolled by a potentiostat can be used to ensure efficient EET process and system perfor-
mance. The system consists of a working electrode and a counter electrode which aids the
production of a gradient electric field in the same reactor. The working electrode’s set po-
tential can also maintain ideal cathodic potentials to, for instance, enable a bioelectro-
chemical electron-accepting reaction and promote the biofilm formation on the electrode
surface (Goud and Mohan 2013, Liu et al. 2008, Torres et al. 2009). As a result, an external
electricity-supported BES can be thought of as a specific example of a microbial electro-
lytic cell in which the working electrode is controlled under advantageous electrochemical
circumstances while an external power input aids in driving the reaction (Rosenbaum et
al. 2011).

It was discovered that the biomass produced by bacteria was the same for each elec-
tron respired by bacteria exposed to different redox potentials, indicating that the anodic
potential did not affect the metabolic efficiency of Geobacter sulfurreducens (Bosch et al.
2014). However, some studies pointed out that setting different anode potentials of the
BES will provide different thermodynamic energy to the microorganisms, which may re-
spond to the anode potential and make adaptive metabolic adjustments (Busalmen et al.
2008, Torres et al. 2009). In a study, it was found that different anode potentials (0, -200
mV, and -400 mV) affect the maximum power density of the reactor, and in this experi-
ment -200 mV was used as the optimal anode potential to maintain bacterial activity and
growth with enhanced current and power generation (Aelterman et al. 2008). Therefore it
may be necessary to find the appropriate redox potential for different culture systems.
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The enrichment or development of electrotrophs at the cathode of BESs has also been
accomplished using this electrochemical strategy, for example, an obligatory Fe(II)-oxi-
dizing autotroph Mariprofundus ferrooxydans PV-1 at a poised cathode (Summers et al.
2013). Additionally, it provides a novel method for enriching electrotrophs that are chal-
lenging to cultivate (Jangir et al. 2019) and a precise means to look into, support, and track
certain bioremediation and bioproduction processes (Nancharaiah et al. 2015). At fixed
cathode potentials, the removal of other contaminants such as nitrates, uranium, and tet-
rachloroethene has been documented using several Geobacter species (Strycharz et al.
2008), and it has also been proved that H2 can be produced from waste and that CO:z can
be converted into several other compounds (Aryal et al. 2017). With this strategy of using
an external power source, the power supply, therefore, is not the main source of electrons,
but rather it simply overcomes cathodic reaction overpotentials by raising the potential
difference between the two electrodes.

5. Enhancing EET by photo

Recently, some progress has been made in the investigation of electron transfer be-
tween semiconducting minerals and microorganisms under solar illumination, as well as
the development of a solar-assisted microbial photoelectrochemical system. Under the
light, semiconductor minerals will generate photo-generated electron and hole pairs,
which will impact the extracellular electron transfer mechanism of microorganisms. Light
can excite crystalline Fe(IlI) oxide, a common electron acceptor for EAMs in nature, allow-
ing photocatalysis and microbial culture-mediated photocurrent production in the ab-
sence of soluble ESs.

Non-photosynthetic microbes can utilise photogenerated electrons, which are pro-
duced when semiconductor materials absorb light energy, and this is in addition to ob-
taining electrons from reducing substances in an oxidizing environment. Photogenerated
electrons are delivered to microorganism outer membrane proteins via the conduction
band of semiconductor minerals, increasing microorganism metabolism and proliferation.
Research has proved that photogenerated electrons produced by semiconductor minerals
including metal oxides and metal sulfides activated by visible light accelerated the growth
of both chemoautotrophic and heterotrophic microorganisms (Zhang et al. 2020). In addi-
tion, there can be a combination of electrons generated by microorganisms with photo-
generated holes produced by semiconductor minerals, thus enhancing the separation of
photogenerated electrons and holes in semiconductor minerals. Photo-generated elec-
trons are also transmitted to external circuits, which improves electron transfer between
semiconductors and microorganisms.

Figure 4 depicts the mechanism diagram of the electron transfer process. Ren et al.
built a bioelectrochemical system with a photoanode composed of sodalite and Pseudo-
monas aeruginosa (PAO1). In their study, electrochemically prepared birnessite electrodes
demonstrated a photoactive mineral response to visible light. When exposed to light, the
hematite electrode submerged in live cell culture was able to generate 240% greater pho-
tocurrent density than that in the abiotic control of the medium, indicating that hematite
and PAOL are involved in a photo-enhanced extracellular electron transfer process. The
findings added to the understanding of the relationship between microorganism EET and
photocatalysis of semiconducting minerals in a natural environment and may open up
new avenues for the future design of sunlight-powered bioelectronic devices. Photocatal-
ysis and photoelectrocatalysis based on semiconductors are promising technologies for
harvesting solar energy through pollutant degradation, hydrogen production, and CO:
fixation, and thus serve the same purposes as MFCs (Du et al. 2017b).

There have been relatively few studies devoted to the interactions of the light-semi-
conducting minerals-microorganism system, and the numbered studies have primarily
focused on the model bacteria Geobacter and Shewanella, with other microorganisms being
overlooked. Until now, the mechanisms governing EET between bacteria and semicon-
ducting minerals under solar irradiation had not been thoroughly studied. More research


https://doi.org/10.20944/preprints202306.1117.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 15 June 2023 d0i:10.20944/preprints202306.1117.v1

is needed to fully comprehend the EET process between microorganisms and mineral
photocatalysis under solar illumination.
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Figure 4. Schematic diagram of the electron transferring process between hematite and PAO1 under
visible light irradiation (Ren et al. 2017).

6. Enhancing EET by magnetism

The growth of microorganisms is affected by a magnetic field (Moore 1979). Magnetic
fields are a low-cost and convenient method of changing microbial activity. Modulating
the extracellular electron transfer process of microorganisms by adding a weak magnetic
field is also an important strategy.

Static magnetic fields can promote the production of more extracellular polymers by
microorganisms, facilitating the formation of anodic biofilms and thus their extracellular
electron transfer processes (Zhao et al. 2016), and are most often used in microbial elec-
trochemical systems. Static electromagnetic fields significantly increased the power pro-
duction of MFC. Li et al. found that the application of a static magnetic field of 100 mT
promoted the electrochemical activity of microorganisms, which in turn increased the
maximum voltage of the MFC system by 20-27% (Li et al. 2011). The field strength of the
static magnetic field is the most important parameter, which affects the electrochemical
activity of microorganisms. A static magnetic field of appropriate strength promotes the
extracellular electron transfer process of microorganisms and increases the output of the
maximum voltage (Zhao et al. 2016) whereas, when the field strength is too high it can be
harmful to microbial growth and have negative effects (Zhao et al. 2016). However, the
appropriate range of magnetic field strengths that favor the enrichment of EAMs and thus
enhance MFC power generation has not yet been determined and needs further study.
Moreover, in the future, molecular regulation of EET-related genes and proteins will need
to be researched utilizing a multi-omic technique to elucidate the mechanism of EET stim-
ulation by the magnetic field (Zhou et al. 2019).

In addition, magnets can also play a role in facilitating extracellular electron transfer
processes in microbial electrochemical systems with magnetic fields.

Due to the superparamagnetic properties of magnets, low mass transfer resistance,
and selective separation of immobilized biomolecules and bacteria using magnetic fields,
magnetite is now used for a wide range of applications. Magnetite (FesO4) is an electrically
conductive magnetite mineral that can be used to facilitate the EET of Fe(Ill)-reducing
microorganisms (Fig. 5). Its nanoparticle can facilitate interspecies electron transfer of
EAMs and then allow them to establish a cooperative metabolism, for example, G. sul-
furreducens and Thiobacillus denitrificans (Zhou et al. 2017). The combination of a magnetic
field and FesOs can change microbial metabolism and protein expression to enhance the
EET process in BESs for electro-biosynthesis (Hou et al. 2021) and biodegradation (Zhou
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et al. 2019). The use of magnets as electrode materials appears to be a potential strategy
for facilitating EET transmission. However, to build magnetic BESs with low internal re-
sistance, more research into low-resistance magnetic materials with good conductivity is
required.
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Figure 5. Pulse Electromagnetic Fields (Zhou et al. 2017).

7. Integrated strategies for enhancing EET

The EET process of microorganisms can be enhanced using mediator material, elec-
tricity, light, and a magnetic field. At present, research has also focused on the combina-
tion of multiple means to promote extracellular electron transport and improve the per-
formance of microbial electrochemical systems.

A powerful enhancement technique is the simultaneous addition of various mediator
materials to encourage EET in microbial electrochemical systems. According to studies, a
constructed wetland-microbial fuel cell (CW-MEFC) filled with manganese ore and acti-
vated carbon granules can boost the biochemistry of N-transformations under anoxic con-
ditions. The paper also underlines how speeding up electron transmission may help with
energy production and pollution reduction (Wang et al. 2022b). Furthermore, EET can be
supported by the simultaneous coupling of mediator material strengthening and light en-
hancement. It has been shown that the nanomaterial carbon dots (CDs) can be internalized
into Shewanella xiamenensis, and CDs not only enhance the electrical conductivity of cells
but also promote the secretion of a large number of flavin-like electron shuttles to facilitate
the EET process. Moreover, under light conditions, internalized CDs can further facilitate
the EET process by coupling light enhancement means by allowing photogenerated elec-
tron transfer to cellular metabolism. (Liu et al. 2020).

Some studies couple the biological anode with the photoanode to improve the power
output of the optocoupled system by constructing a hybrid photoelectrochemical and mi-
crobial electrochemical system (HPMFC) that uses both solar and biological energy (Du
et al. 2017a). By combining visible light, the energy source for the biocathode reaction
activation can successfully lower the cathode reaction barrier. Through the voltage differ-
ence between the anode and the cathode, the biocathode can facilitate the separation of
photogenerated hole/electron pairs (Tong et al. 2022).

Synthetic biology is a research field that blends the investigative aspect of biology
with the constructive nature of engineering, to promote extremely effective EET of elec-
troactive cells. Broadening the spectrum of feedstocks, improving intracellular electron
generation, improving conductive cytochrome systems, promoting the synthesis and se-
cretion of electron shuttles, and generating conductive biofilms are some of the recent
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developments in synthetic biology techniques (Li et al. 2018). At present, a large number
of studies have combined synthetic biology with mediator material enhancement, light
enhancement, and other means to promote EET. In one study, a light-driven proton pump
(proteorhodopsin) was expressed heterologously to increase the substrate (lactate) uptake
rate of S. oneidensis. This increased the consumption of lactate at an accelerated rate upon
illumination, resulting in an increase in current production by 250%, in comparison to the
wild-type S. oneidensis MR-1 (Johnson et al. 2010). According to a research that modified
E. coli to undertake EET by introducing a Pseudomonas phenazine-1-carboxylic acid bio-
synthetic route, findings show that the introduction of this self-excreted electron shuttle
into E. coli increased the generation of phenazine-1-carboxylic acid, which improved the
EET efficiency of microbial fuel cells (Feng et al. 2020). Additionally, Osmium-based pol-
ymers (OBP) have demonstrated efficacy in enabling direct EET in organisms that would
not otherwise be able to do so by embellishing electrode surfaces and allowing electrons
to pass along redox-active osmium units inside the polymer structure (Myers et al.
2022).To demonstrate this, the gram-positive bacterium Enterococcus faecalis was investi-
gated to see if it could interact electrochemically with electrodes, and maximum current
density was reached in experiments utilizing the redox polymer, but control experiments
lacking the redox polymer showed no current response (Pankratova et al. 2017). Despite
these advancements in synthetic biology, there are still huge knowledge gaps when it
comes to creating novel gene editing tools and systematically comprehending the molec-
ular pathways behind EET and this has limited the ability to further design exoelectrogens
and apply BES in practical settings.

8. Conclusion

This paper summarises the various principles of strategies used to enhance the effi-
ciency of the microbial extracellular electron transfer process from the perspective of en-
hancement by mediator materials, enhancement by external electricity or electric field,
enhancement by photo, enhancement by magnetism, and the combination of various other
strategies. For example, as regards enhancement by mediator materials, the most signifi-
cant issue with the use of exogenous mediators is the requisite for continuous dosing,
which raises treatment costs and elevates the risk of secondary contamination (Ren et al.
2022). As a result, many researches are still ongoing on how to ensure that exogenous
redox mediators are improved with better performance. For enhancement via an electric
field, determining the regulation of external resistance should be part of case-specific mi-
crobial fuel cell optimization (Kook et al. 2021).

As for EET enhancement by light, more study is needed to adapt it to practical sew-
age treatment and build a system for efficient pollutant removal and bioelectricity recov-
ery (Zhang et al. 2020). Although the magnetic field has tremendous promise, there is a
need to develop low-cost and powerful magnetic materials, future research should con-
centrate on understanding how the electrogenic activity of microbes and the magnetic
field effect interact. (Al-Mayyahi et al. 2023). According to this paper, the current research
focus in this field includes whether there is a synergistic effect of multiple enhancement
methods, mechanisms, etc; key issues with the different enhancement strategies, and the
use of these various enhancement strategies to solve engineering problems.
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