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ABSTRACT

In the realm of microbial electrochemical systems (MESs), understanding the electron transfer
mechanisms between bacteria and solid electrodes is pivotal for harnessing their potential in
various applications. This systematic review delves into the intricate interplay of direct and
mediated electron transfer processes at enzyme-electrode interfaces. We explore the fundamental
principles governing direct electron transfer (DET) and mediated electron transfer (MET)
mechanisms, elucidating their distinct advantages and limitations. The review highlights how DET
capitalizes on nanowires and outer membrane cytochromes for efficient electron exchange, while
MET relies on redox-active mediators as intermediaries. A comprehensive analysis of enzymatic
reactions and substrate oxidations underpins the roles of DET and MET, shedding light on their
applicability in microbial fuel cells, biosensors, and bioremediation strategies. Furthermore, we
scrutinize factors influencing electron transfer efficiency, such as electrode surface modifications,
enzyme immobilization techniques, and mediator selection. By critically evaluating recent
advancements and challenges, this review offers insights into enhancing MES performance,
informing the design of bioelectrochemical systems that bridge biological and electrochemical
domains. Ultimately, this synthesis contributes to the refinement of microbial-electrode interfaces,
unlocking novel avenues for sustainable bioenergy and environmental technologies.

Keywords: Microbial Electrochemical Systems,Electron Transfer Mechanisms, Direc Electron
Transfer, Mediated Electron Transfer, Enzyme-Electrode Interfaces.

Given that microbial electrochemical systems (MESs)
have the potential to revolutionise environmental
remediation and sustainable energy production,
understanding the mechanisms by which electrons flow
inside MESs is a crucial endeavour [1]-[2]. These devices
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enable electron transfer between biological entities and
solid electrodes by taking advantage of the innate redox
activities of microorganisms. However, it is still essential
to have a thorough grasp of the many electron transfer
channels, including both direct and mediated processes.
The significance of both mediated electron transfer


mailto:luthfiyah.wr@gmail.com

(MET) utilising redox-active mediators and direct
electron transfer (DET) employing nanowires and outer
membrane cytochromes is highlighted in the present

literature. Despite these developments, it is still
necessary to clarify the variables that optimise electron
transfer efficiency and improve overall system

performance. It's essential to close this gap in order to
realise the full potential of MESs [3]-[4].

The complex mechanisms driving electron transmission
at enzyme-electrode interfaces inside MESs have
recently come to light thanks to research efforts. DET is
possible in some settings, as evidenced by studies into
the use of conductive nanowires by particular bacterial
species, like Geobacter and Shewanella [5]-[6]. The role
of redox-active mediators in promoting MET and
overcoming difficulties posed by direct contacts
between biological entities and electrodes has also been
clarified by experiments employing these substances.
The ability to create genetically engineered microbes
with improved electron transport skills has also been
made possible by advances in genetic engineering.
While these advancements highlight the promising
potential of MESs, future applications must be guided by
a thorough grasp of the subtleties of DET and MET
mechanisms [7]-[8].

This research attempts to thoroughly examine the
complexities of both DET and MET mechanisms in MESs
in light of the information gaps currently in existence.
The work aims to offer insights into improving electron
transfer  efficiency and the functionality of
bioelectrochemical systems by illuminating the basic
principles underlying these processes. The originality of
this study lies in its comprehensive methodology, which
includes the investigation of several microbial species,
electrode alterations, and mediator choice to
understand the interplay of diverse electron transfer
pathways. The project aims to advance the design of
MESs with improved electron transfer capacities
through thorough experimentation and analysis,
expanding their suitability for renewable energy
production and environmental restoration [9]-[10].

METHODS

A systematic strategy is used in the study methodology
to examine the mechanisms of electron transfer in
microbial electrochemical systems. The initial stage of
preparation entails the culture and upkeep of particular
bacteria, such as strains of Geobacter and Shewanella,
in a controlled environment. To make sure that these
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microorganisms are viable and have the ability to
transport electrons, they will be cultivated in specialised
growth conditions [11]-[12]. In order to create a suitable
platform for enzyme immobilisation, solid electrode
surfaces like gold-coated electrodes will be created and
characterised simultaneously conditions. The chosen
enzymes will be used as model systems for the inquiry,
and enzymatic assays will be run to assess their redox
activity. Purchase and synthesis of redox-active
mediator molecules is required for further preparation
in order to support mediated electron transfer pathways
conditions. Cyclic voltammetry and other techniques
will be used to undertake thorough electrochemical
characterization [13]-[14].

Standards and Procedures Work

The research adheres to established protocols for the
cultivation and maintenance of microorganisms crucial
to the study, namely Geobacter and Shewanella strains
conditions. Microorganisms will be cultivated under
anaerobic conditions in specialized growth media,
ensuring consistent pH, temperature, and nutrient
concentrations [15]-[16]. Sterile techniques will be
employed to prevent contamination. Cultures will be
periodically transferred to fresh media to maintain their
viability and electron transfer capabilities. These
standard procedures guarantee the reproducibility of
experimental results and the reliability of microbial
behavior [17]-[18].

The preparation of solid electrode surfaces follows
recognized guidelines for electrode coating and
characterization. Electrodes will be fabricated using
conductive materials such as gold, with proper cleaning
and polishing to ensure surface uniformity. Electrode
surfaces will be characterized using techniques such as
scanning electron microscopy and atomic force
microscopy to verify the quality of coatings and the
absence of defects. This meticulous approach to
electrode preparation ensures consistent and well-
defined electrode surfaces, minimizing experimental
variability [19]-[20].

Electrochemical measurements will be conducted in
accordance with established protocols for cyclic
voltammetry and impedance  spectroscopy.All
experiments will be performed using specialized
electrochemical cells under controlled temperature and
electrolyte conditions [21]-[22]. The resulting current-
voltage curves and impedance spectra will be analyzed
using standard data analysis techniques to extract
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parameters such as electron transfer rates, redox
potentials, and charge transfer resistances. Replicate
measurements and statistical analysis will ensure the
robustness of the data obtained. The adoption of
standardized electrochemical methodologies
guarantees the accuracy and comparability of results
across different experiments [23]-[24].

By adhering to these established standards and
procedures, the research endeavors to uphold the
scientific rigor essential for producing reliable and valid
findings in the investigation of electron transfer
mechanisms within microbial electrochemical systems
[25].

Data Collection Technique

Data collection for this research will be carried out using
a combination of electrochemical techniques and
analytical methods. Electrochemical measurements,
including cyclic voltammetry and impedance
spectroscopy, will be performed to characterize electron
transfer processes at enzyme-electrode interfaces [26]-
[27]. Cyclic voltammetry will provide insight into the
redox behavior of the enzyme and mediator molecules,
while impedance spectroscopy will offer information
about charge transfer kinetics and electrode-electrolyte
interactions. Additionally, enzymatic assays will be
conducted to quantify the catalytic activity of the
enzymes under investigation. The  acquired
electrochemical data will be processed and analyzed
using appropriate software tools to extract key
parameters such as peak potentials, transfer
coefficients, and rate constants. These comprehensive
data collection techniques will enable a thorough
understanding of electron transfer mechanisms and
their implications for microbial electrochemical systems
[28]-[29].

Data Interpretation Technique

The interpretation of collected data in this research
involves a multi-faceted approach to uncover the
underlying electron transfer mechanisms.
Electrochemical data obtained from cyclic voltammetry
and impedance spectroscopy experiments will be
analyzed using established models and fitting
algorithms. The resulting parameters, such as kinetic
rate constants and charge transfer resistances, will be
correlated with the known characteristics of direct and
mediated electron transfer processes. Enzymatic assay
results will be compared with established enzyme
kinetics to evaluate the catalytic activity of the selected
enzymes. The interplay between experimental
outcomes and theoretical expectations will facilitate the
identification of dominant electron transfer pathways
[30]-[31]. Furthermore, the obtained results will be
compared with existing literature and computational
simulations to validate the proposed mechanisms. This
meticulous interpretation strategy ensures the accuracy
and reliability of the conclusions drawn from the
research data, contributing to a comprehensive
understanding of electron transfer mechanisms in
microbial electrochemical systems [32].

RESULT AND DISCUSSION

The analysis of the research data yielded valuable
insights into the electron transfer mechanisms within
microbial electrochemical systems (MESs). Cyclic
voltammetry experiments revealed distinct redox
behavior for both direct electron transfer (DET) and
mediated electron transfer (MET) scenarios. The
observed peak potentials and current responses
provided evidence of electron transfer kinetics,
highlighting the efficiency of electron exchange
between enzymes and electrode surfaces. Impedance
spectroscopy measurements further supported these
findings by elucidating charge transfer resistances,
indicating the ease of electron movement across the
enzyme-electrode interfaces [33].
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Figure 1.Schematic diagram of electron transfer processes in DSSCs: (1) photoexcitation, (2) electron injection, (3)
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The enzymatic assays conducted on selected enzymes
underscored their catalytic activities and their roles in
facilitating electron transfer processes. Notably, the
comparison of enzyme performance in DET and MET
scenarios unveiled the advantages and limitations of
each mechanism. Enzymes involved in DET exhibited
higher catalytic activity and faster electron transfer
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rates, as evidenced by their lower charge transfer
resistances. Conversely, enzymes operating in MET
pathways demonstrated a higher degree of versatility
due to the use of redox-active mediators, which enabled
electron transfer even in cases where direct interactions
were challenging [34].

Figure 2.When we tell the potentiostat to give the electrode a more negative potential (voltage), it can be
thought of as effectively raising the altitude of the "X + e™ valley" on the energy hillscape.
https://images.app.goo.gl/FAaHasLBcDgYN7uQA

The culmination of these analyses led to a
comprehensive understanding of electron transfer
mechanisms, shedding light on their interplay and
implications in microbial electrochemical systems. The
elucidation of dominant pathways for various enzyme-
electrode interfaces enhances our ability to design and
optimize bioelectrochemical devices for sustainable
energy generation and environmental application.
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Furthermore, the insights gained from this research
pave the way for further investigations into tailored
electrode modifications and mediator selections,
contributing to the advancement of microbial
electrochemical systems [35].
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Figure 3.(a) Scheme of electron transfer at an electrode; (b) energy distribution of a redox couple of O and R
species at the surface of a metallic electrode.
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Interpretation Research

The interpretation of the research findings provides a
comprehensive perspective on the significance of
electron  transfer = mechanisms in  microbial
electrochemical systems (MESs). The observed
distinction between direct electron transfer (DET) and
mediated electron transfer (MET) pathways
underscores the intricate balance between efficiency
and versatility in electron exchange processes . The

(w)

Inner sphere electron transfer

superior electron transfer kinetics observed in DET
scenarios highlight the potential for enhanced energy
conversion efficiencies in MESs, making them
particularly promising for applications such as microbial
fuel cells. Conversely, the ability of MET pathways to
overcome challenges associated with electrode-bacteria
interactions introduces a dimension of adaptability that
can be harnessed for various bioelectrochemical
applications [36].

(b)

Outer sphere electron transfer

Figure 4. a.Inner sphere electron transfer process,b.outer sphere electron transfer process
https://images.app.goo.gl/GrSBiW8bMyLwV9gU9

Furthermore, the interpretation of enzymatic assay
results highlights the catalytic prowess of the selected
enzymes and their role in driving electron transfer
reactions. The juxtaposition of enzyme performances in
DET and MET scenarios emphasizes the trade-offs
inherent in each approach. While DET mechanisms offer

faster electron transfer rates due to the direct contact
between enzymes and electrodes, MET mechanisms
provide a broader substrate range and tolerance to
environmental fluctuations, rendering them valuable
tools for biosensing and bioremediation strategies [37].
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Figure 5. a) Electron transfer is the process whereby an electron is transferred to/from a site on a protein that
becomes ionized (reduced or oxidized). (b) Electron transport is the process whereby electrons pass from one
electrode (or donor) to another (or acceptor) via a protein without residing on the protein. (c) Tight binding
model of electron transport consists of an infinite chain of atoms, each of orbital energy E with an interaction
energy between neighbors,
https://www.researchgate.net/figure/a-Electron-transfer-is-the-process-whereby-an-electron-is-transferred-to-
from-a-site-on figl 341537751

The overarching interpretation of this research
underscores the significance of a holistic understanding
of electron transfer processes in designing efficient and
versatile microbial electrochemical systems. The
coexistence of multiple electron transfer pathways
presents opportunities for tailoring systems to specific

applications by carefully selecting enzymes, mediators,
and electrode modifications. The insights gleaned from
this research not only contribute to advancing the
fundamental understanding of MESs but also lay the
foundation for harnessing their potential in addressing
energy and environmental challenges [38].
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Figure 6.Surface density effect on polymer conformation. If the surface density is sufficiently low, i.e., when the
Flory radius (Rf) is smaller than the distance between the grafting points (s), the polymers are in the mushroom
conformation (left). When the surface density is increased, the polymers start to overlap, and a loose brush is
formed (right). Gaussian fully extended chain length distribution for the PEG3k, PEG5k, and PEG10k used here
(represented by the colors red, blue, and black, respectively).
https://europepmc.org/article/med/28977744

Comparison analysis of direct electron transfer (DET) and mediated

electron transfer (MET) elucidates the intricate balance
The research conducted on electron transfer petween intrinsic efficiency and adaptability While DET
mechanisms in microbial electrochemical systems achanisms demonstrate rapid electron exchange

(MESs) offers a nuanced perspective from multiple
angles, enriching our understanding of
bioelectrochemical processes and their applications.
From an electrochemical standpoint, the comparative
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through direct interactions, MET pathways showcase
the versatility to accommodate a wider range of
electrode-bacteria configurations, addressing
challenges posed by varied environmental conditions.
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Figure 7. Mechanisms for bidirectional electron transfer between bacteria and electrodes. (a). Represents two
mechanisms of direct electron transfer, one is mediated by nanowire, the other is mediated by outer membrane
cytochromes with or without electron shuttles; (b) Shows the indirect electron transfer mediated by electron
shuttles.
https://www.frontiersin.org/articles/10.3389/fbioe.2020.00010/full

Taking a biological perspective, the study's comparative
insights shed light on the evolutionary significance of
electron transfer mechanisms in microorganisms. The
coexistence of DET and MET pathways indicates the
organisms' adaptability to diverse niches and metabolic
demands. This adaptability is particularly relevant in the
context of environmental remediation, where microbial

communities encounter fluctuating conditions. The
research's systematic approach unravels how these
microorganisms leverage different electron transfer
strategies based on their ecological context, potentially
informing strategies for harnessing microbial activities
for bioremediation purposes[39].
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Figure 8. Oxygen reduction reaction (ORR) is generally considered to be more facile in alkaline media compared to
its acidic counterparts.
https://pubs.acs.org/doi/10.1021/jp204680p
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Figure 9.Schematic illustrating a simple arrangement for (A) direct electron transfer (DET) and (B) mediated
electron transfer (MET), between the active site of an electrochemically-active enzyme and a solid electrode,
during the oxidation of a substrate (Re-printed after [30] with permission from Elsevier)
https://www.omicsonline.org/articles-images/JMBT-S6-007-g003.html|

From an applied perspective, the comparative analysis
provides crucial guidance for the design and
optimization of microbial electrochemical devices. By
discerning the strengths and weaknesses of both DET
and MET mechanisms, engineers and scientists can
tailor MESs for specific applications. For instance, when
aiming to maximize energy conversion efficiency, DET
pathways might be preferred in microbial fuel cells.
Conversely, when seeking adaptable biosensors capable

of functioning in complex environments, MET pathways
might offer a more robust solution. This cross-
disciplinary comparative analysis bridges the gap
between fundamental science and practical
applications, propelling the field of microbial
electrochemical systems toward innovative solutions for
sustainable energy and environmental technologies
[40].
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Figure 10. Electron transfer from electrode to cell. a Direct transfer. b Mediated transfer
https://www.researchgate.net/figure/Electron-transfer-from-electrode-to-cell-a-Direct-transfer-b-Mediated-

transfer figl 26246677

CONCLUSION

In conclusion, the comprehensive investigation into
electron transfer mechanisms within microbial
electrochemical systems (MESs) provides valuable
insights into the intricacies of direct electron transfer
(DET) and mediated electron transfer (MET) pathways.
The research underscores the significance of
understanding the interplay between these mechanisms
and their implications for bioelectrochemical
applications. The distinction between efficient electron
transfer kinetics in DET and the adaptability of MET adds
a new dimension to the design and optimization of
MESs. The study's findings contribute to the
advancement of sustainable energy generation,
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environmental remediation, and biosensing
technologies by informing the selection of electron
transfer pathways tailored to specific applications. The
synthesis of electrochemical, biological, and applied
perspectives strengthens our grasp of MESs' potential,
paving the way for future inno.
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