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Abstract The Microbial Fuel Cell (MFC) is a contemporary technology that
employs electrogenic microorganisms as a catalyst to convert chemical energy
contained in the bonds of organic matter found in waste materials directly into elec-
tricity, without polluting the environment. An MFC is a bioelectrochemical system
with unique characteristics that may be utilised for a number of purposes, including
power generation, waste treatment and biosensors. Besides powering a wide range
of electrical equipment, its advancements in chemical, electrochemical and microbi-
ological characteristics have extended its applications in chemical generation, acid
and alkali production, bioremediation, water desalination and other fields. Except for
powering tiny sensor devices, MFCs encounter significant challenges in real-world
use as power producers. In recent years, there has been a lot of research done to
broaden the use of MFCs as biosensors. Unlike electrical applications, MFC biosen-
sors have a good chance of becoming practical tools in a variety of analytical applica-
tions. MFCs-based biosensors are gaining popularity in various fields due to their ease
of application and long-term viability in quality monitoring of the environment. This
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chapter examines the most recent advancements in MFC-based biosensors in terms
of their concepts, principles, design, operating mechanisms, power sources, power
generation process, along with their scope and benefits. We also highlight biosensing
applications in a variety of disciplines, with a focus on the detection of biochemical
oxygen demand (BOD), toxicity, microbial activity, biocorrosion-causing microbial
biofilms, volatile fatty acids, etc. A brief discussion of the problems and opportunities
of MFC-based biosensors is also included.

Keywords Biosensor - BOD - Detection - MFC + Environmental monitoring -
Toxicity

1 Introduction

The rise of the industrial revolution, urbanisation and a scarcity of crude oil have
prompted scientists to search for other energy sources. The development of ecolog-
ically friendly, sustainable and renewable energy supplies is required as a result
of the current energy crisis and global warming. Solar, wind, biomass and nuclear
energy are all examples of non-conventional, carbon-neutral energy sources that are
being researched and used to a large extent. Microbial fuel cells (MFCs) have arisen
as the next viable and environmentally benign energy source [116]. Exoelectrogenic
bacteria that function as substrate oxidation half-reaction catalysers in MFCs directly
transform the chemical energy available in an organic bioconvertible substrate into
electric energy [27]. It immediately transforms chemical energy contained in the
bonds of organic materials in wastes into electricity without polluting the environ-
ment [113, 116, 133]. MFCs may decrease environmental pollutants such as waste,
reduce atmospheric carbon dioxide, and offer a renewable source of electricity all at
the same time [41].

Electrode-reducing organisms are those that transport electrons from the cathode
to the anode. They can transmit electrons directly through their outer membrane
proteins, a mediator molecule in the solution or nanowires/pili overlaying the
bacterium’s outer surface. Electrode-oxidising organisms use electrons from the
cathode to convert CO,; to acetate, for example [41].

In MFCs, microorganisms release electrons via substrate oxidation in the anode
chamber, which are then transported to the cathode compartment via a conductive
substance. The electrons interact with O, at the cathode, and the protons are diffused
across a proton exchange membrane. MFCs require a constant flow of electrons in
the anode and a constant flow of electrons in the cathode. The difference between
the anode voltage and the substrate redox potential determines how much metabolic
energy bacteria can acquire [19]. The generated biofilm in the anodic chamber serves
as the bioreceptor in an MFC-based biosensor, while the anode serves as the trans-
ducer. The electron flow rate is affected by the anodic biofilm’s reaction to the
disturbance, which is translated into a quantifiable signal [43].
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Due to the vast range of applications, such as disease detection, health care, drug
delivery, food quality and water quality monitoring and environmental monitoring,
biosensor design and development has taken centre stage for researchers in recent
decades [112]. The MFC biosensors, which are based on the activity of microor-
ganisms in MFCs, have received much interest as a consequence of the fast devel-
opment of microbiology and have become an alternate tool for rapid, sensitive and
selective recognition of numerous analytes [44, 174]. It has evolved into one of the
most significant ecological monitoring techniques [47]. Because of its capacity to
self-regenerate and self-replicate, the whole-cell biosensor has a lot of potential for
making cost-effective and long-term environmental monitoring. It has the exclusive
capacity to provide bioavailability information, which is impossible to get using
any other analytical approach [47, 143, 174]. Fluorescent proteins, fluorescence
molecules and enzyme activity are commonly used as indicators in conventional
whole-cell biosensors. These marker molecules should be assessed utilising elec-
trically driven apparatus such as microscopes, spectrometers and other instruments
to get a quantitative signal [47, 174]. The biosensor’s response will then be repre-
sented by the equipment’s measured electrical output. Traditional biosensors require
an external power supply and expensive equipment, which severely limits their use in
distant and long-standing environmental monitoring when a sufficient power supply
and necessary analytical instruments are frequently unavailable.

MEFC technology is a unique way of utilising bacteria to generate bioelectricity
from organic waste and renewable biomass [97], which may be used directly in
biosensing. MFC-based biosensors have piqued interest currently owing to bene-
fits such as high stability, sensitivity and distant place applicability with no elec-
trical supply, regardless of their role in wastewater treatment or energy produc-
tion [10]. Because of its simplicity and long-term viability, MFC-based biosensors
have received much interest in recent decades, with applications ranging from water
quality monitoring (e.g. poisonous substance) to air quality monitoring (e.g. CO,)
[43]. These MFC biosensors can detect characteristics and events in their environ-
ment and transform that information into signals. One of the most potential usages of
MFC-allied technologies is the MFC-based biosensor, which has been investigated to
quantity arange of parameters such as biochemical oxygen demand (BOD), dissolved
oxygen (DO), chemical oxygen demand (COD), toxicants, microbial activity and
volatile fatty acids (VFAs), among others [43].

In this chapter, we summarise the fundamentals, design, power sources, mecha-
nism of electron transfer and operation of MFCs-based biosensors along with their
application in various fields focusing on BOD, COD, VFAs, DO, toxicants, microbial
activity, etc. Lastly, the further challenges and prospects of MFC-based biosensors
in real time and onsite monitoring are also discussed.
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2 Fundamentals, Configuration and Operation
of Biosensors

2.1 Basic Principle of MFCs as Biosensors

A biosensor comprises three functional elements. A biorecognition element, a trans-
ducer and an electrical device with an amplifier, CPU and display are among the
components [61]. The first part of the biosensor is the biological component, which
is responsible for sensing the analyte and producing a signal. The biological compo-
nent’s response is then transmuted into a measurable signal by the second unit, the
transducer, that is, the utmost important element in any sensing device. The detector,
which magnifies and analyses the signals prior to presenting them on an electronic
display device, is the biosensor’s third component [122]. The different phases of
a biosensor’s signal processing, from sensing to transduction to display, as well as
various types of bioreceptors and transducers, are depicted graphically in Fig. 1.

A biosensor is a system that joins a receptor and a transducer to transform
a biochemical response into an electrical signal. MFCs are devices that employ
metabolic activities of microorganisms to directly transform chemical energy in
organic materials into electricity. An MFC consists of two electrodes, an anode and
a cathode, that are connected by an electrolyte. An ion/proton exchange membrane
(PEM) separates the electrodes, which are linked via an exterior circuit that contains
an external load (Fig. 2). Anodophiles (electroactive bacteria) live as a biofilm on the
device’s anode, which functions as a bioreceptor. The anodophiles generate electrons,
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Fig.1 A schematic illustration of a typical biosensor, which includes a bioreceptor, transducer,
electrical system (amplifier followed by processor) and display (PC or printer), as well as numerous
types of bioreceptors and transducers. Reprinted from Ref. [112] with permission under Creative
Commons Attribution (CC BY) license
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Fig. 2 A two-compartment MFC’s operating principles. The anode’s electroactive biofilm degrades
an organic substrate, producing electrons, protons and CO,. The electrons are reduced by the cathode
after passing through an external circuit. Reprinted from Ref. [40] under the Creative Commons
Attribution License

protons and CO, by oxidising the biodegradable organic molecules in the feed solu-
tion. Electrons are extracellularly transported to the anode and travel via the exterior
circuit in the direction of the cathode in the absence of oxygen, generating electricity.
Water is formed when protons move via the PEM towards the cathode and combine
with electrons and an electron acceptor (typically oxygen). The current produced by
an MFC is directly proportional to the metabolic action of the electroactive biofilm
on the anode shell. Any disruptions in their metabolic routes result in a change in
the amount of power produced. This current variation may be linked to the precise
disturbance applied if operational factors like temperature, pH and conductivity of the
feeding fluid are maintained steady. The usage of MFCs as electrochemical microbial
biosensors is based on this principle [40].

MEC:s are electrochemical systems that employ the redox metabolic processes of
microbes to produce electricity. If the microorganisms in the anodic compartment
are biologically active and there is a useable carbon supply, they produce a voltage
discrepancy between the anode and the cathode, ensuring an electron flow driving
force. This is the property that makes MFCs suitable for biosensor functions [32,
70, 82]. The anode compartment microorganisms function as biocatalysts, while the
electrodes and PEM serve as transducers. Two essential ideas underpin the prac-
tical uses of MFC-based biosensors. The objective in the first circumstance is to
find contaminated microbes. As a result, a sample’s sterility may be continuously
monitored and reported. A positive signal (electron production) is generated when a
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contaminating microbe appears, but no signal is observed in a sterile sample. In the
second example, biosensing may be used to monitor the presence or appearance of
a target chemical when a specific bacteria strain is employed as an essential element
of a system that is sensitive to that chemical [40] by measuring the strength of the
electrical signal generated during microorganism metabolism.

2.2 Design and Configuration

Electrodes, their connections, cells and a salt bridge are the fundamental components
of MFCs. An ion exchange membrane replaces the salt bridge in a PEM in MFC.
The system’s efficiency and mobility have been improved by improving its handling,
cost and power generation. A two-chamber MFC typically comprises an anode and a
cathode compartment divided by a PEM, as illustrated in Fig. 3, but exposure of the
cathode element directly to the open air removes the requirement for the cathodic
portion in a single chamber. A two-chamber MFC, on the other hand, works in the
water-cathode mode, while a single-chamber MFC works in the air-cathode mode.
The main benefit of the two-chamber MFC over the one chamber is that the cathode’s
functioning may be increased by regulating purging pure O,, improving the flow
rate, changing pH and supplying electron mediators to the cathode, resulting in total
MEFC performance improvement. Almost all current configurations are based on three
primary configurations, which will be offered greater attention since they are critical
to the MFC-based biosensor’s history [55]. Customising the reactor configurations
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Fig. 3 Design architecture and basic components of the double-chamber MFCs-based biosensor.
Reprinted from Ref. [46] with permission. Copyright (2020) Elsevier
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can enhance the performance of MFCs. The success of microbial fuel cell (MFC)-
based biosensors is determined on the assemble and configuration of the fuel cell.

MFCs are systems that transform biochemical energy directly into electricity
employing microorganisms as catalysts. The single-chamber MFCs [94] which have
developed from the original double-chamber layout in an effort to abolish a membrane
are primarily made up of anodic chambers [26]. The single-chamber devices may
also yield the best results. A basic MFC model can be single or double chambered
depending on how the anode and cathode chambers are assembled. Aside from these
two fundamental concepts, numerous design and structural changes have been done
to improve the MFC prototype [119]. They are categorised into two forms based on
their configuration: single-chamber MFCs and double-chamber MFCs.

Double-Chambered MFCs: In principle, a PEM separates the anodic and
cathodic chambers of a double-chambered MFC, allowing proton movement from
the anode towards the cathode while inhibiting O, passage into the anode. As a
result, this arrangement is widely utilised to treat waste and create electricity at the
same time, which is useful in biosensing. Both the anode and the cathode are distinct
compartments that are linked by a PEM which serves primarily as a proton transmis-
sion channel to complete the circuit between the two compartments [13, 176] (Fig. 3).
This completes the reaction and inhibits the diffusion of O, or any other oxidants
from the cathode chamber. Double-chambered MFCs provide energy power output
in a batch manner with a chemically specified medium such as an organic substrate
solution [55] and can be used in biosensing.

Single-Chambered MFCs: The idea behind the construction of a single-
chambered MFC, in which the anodic compartment is connected to a porous air
exposed cathode, and they are separated from one another a PEM or by a gas diffu-
sion layer, allowing passive O, transport to the cathode. To complete the circuit,
electrons are delivered to the porous cathode across an electrically conducting wire.
Because the use of O, as a last electron acceptor eliminates the requirement to aerate
the cathode, single-chamber MFCs with an air-cathode assemblage have been devel-
oped. Researchers are interested in this sort of MFC arrangement (Fig. 4) because
of numerous advantages, including lower internal resistance, simplicity of opera-
tion, increased O, reduction amount on the cathode, improved proton circulation
and decreased electrode spacing. This arrangement is more flexible since it requires
less frequent regular change of oxidative medium and aeration [55].

Electroactive microorganisms are introduced into the anodic chamber, where they
oxidise organic molecules to make electrons and protons. The anode captures elec-
trons, which are subsequently sent through an exterior circuit to the cathode. To
maintain charge balance, protons and other positive ion like K*, Na* transfer to the
cathode via the PEM [73]. Finally, oxygen serves as an electron acceptor, allowing
electrons and protons to merge to produce water [15, 183].

Although lot of variations are available, there are mainly three groups of micro-
bial biosensors categorised based on signal transducers: electrochemical, optical
and MFCs [166]. The alter in electric potential, current and conductivity induced by
microbial-analyte interaction is exploited by electrochemical transducers. Biosensors
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Fig. 4 Design the architecture and basic components of an MFCs-based single-chambered
biosensor. Reprinted from Ref. [84] with permission. Copyright (2018) Elsevier

can be classified as potentiometric, amperometric or conductometric. The potentio-
metric transducer was developed by Mulchandani [111]. Ion selective electrodes are
used in these transducers to convert the biochemical signal into an electrical signal.
These are less sensitive, make greater relative errors and have a poor linear connec-
tion between the exported signal and the detected analyte concentration [166]. On the
other hand, Amperometric microbial biosensors function at a set voltage in relation
to a reference electrode, and the equivalent current is produced as a result of the
oxidation or reduction of electroactive compounds on the electrode’s surface [166].
This arrangement has been depicted by Yong et al. [173], Anu Prathap et al. [12] and
Wang et al. [158], conductometric biosensors, as the name implies, measure changes
in medium conductivity induced by the target analyte. Despite the fact that conduc-
tance quantification is highly sensitive, solution conductance detection is deemed
nonspecific [166].

Sensor devices that employ optical principles such as bioluminescence,
colorimetry and fluorescence to convert a biochemical interface into an appropriate
output signal are known as optical biosensors [166]. The expression of biolumines-
cence and fluorescence in the target organism is possible thanks to genetic engi-
neering. In biosensing, scientists explore the use of luciferase [29, 114, 142] and
green fluorescent protein (GFP) applications [75, 159].
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2.3 Operation/Working Mechanism

In 1910, Potter reported, ‘the disintegration of organic compounds by microorgan-
isms is accompanied by the liberation of electrical energy’ [126]. Microbes perform
metabolic processes (catabolism and anabolism) either in the accessibility of O,
(aerobic) or in the inaccessibility of O, (anaerobic). Microbes use the accessible
substrate (fermentation) by producing reducing equivalents [electrons (e~ )/protons
(H*] in the form of redox carriers, regardless of their metabolism. During respiration,
these redox carriers assist in the generation of energy.

The chemical energy of decomposable organic compounds can be directly trans-
formed into electrical energy in MFCs thanks to the metabolism of exoelectro-
genic bacteria. The power produced can be quantified and/or used to build MFC-
based biosensors for detecting decomposable organic compounds and/or hazardous
compounds in water or wastewater [150]. The MFC works by oxidising organic
materials using microorganisms as a biocatalyst [106]. In principle, bioelectro-
chemical systems may be used in self-contained effluent treatment amenities to
convert wastewater, including organic materials, into electricity. Actually, bioelectro-
chemical systems can reduce the energy consumption of activated sludge treatment
processes [50, 51] while simultaneously detecting them using MFC-based biosen-
sors. The scientific idea is very appealing, and many research studies have been
carried out in this area.

Unlike traditional sensors, bacteria in an MFC-based biosensor can sense the
analyte and then respond to its output electric current, where the detection and elec-
trical signal conversion steps are combined and can be accomplished in single phase
without the use of a signal transducer or an outside energy source. The MFC-based
biosensor’s most intriguing feature is that it does not require a transducer to transform
the output to an electric signal since the assessed signal is available as an electrical
current. These distinct properties help to create disposable and portable biosensors
that precisely suit the needs of long-term and distant sensing [148].

Microorganisms oxidise the substrate in the anode compartment of a conventional
MEFC, generating electrons that are then carried by the anode electrode across the
exterior cable. The protons flow across the PEM while the electrons flow to the
cathode. In the cathode, protons and electrons interact with O, to produce water
[113]. Considering acetate as an organic substrate, the subsequent reaction occurs in
MEFC.

Anode half-cell reaction (in the presence of microbes):

CH3COO™ + 4H,0 — 2CO;, + 9H' + 8¢~ (1)
After that, the generated electrons reduce electron acceptors such as O, at the
cathode.

Cathode half-cell reaction:

20, + 8H' + 8¢~ — 4H,0 2)
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There are several essential considerations for using an MFC as a biosensor that
may differ from those for using it to generate energy. When the goal is to produce
electricity, the attention is on improving fuel efficacy and current production, but
when the goal is to employ the MFC as a biosensor, the aim will be on more sensitive
recognition of the target chemicals [95]. The variation in electric signal per unit of
change in analyte content concentration is defined as sensitivity, which is generally
controlled by the anode’s surface area (Eq. 3) [45].

Al

Sensitivity = ﬁ
Cc X

3)

Here, the difference in the current output is AI (LA), while the unit difference in
the analyte content is Ac (mmol/l) and the surface area of the electrode is A (cm?).
As a result, better sensitivities are linked to differences in current per unit change in
target concentration. The biosensor should also generate a consistent and continuous
current output, referred to as the baseline [147]. As a result, it is critical to keep a
monitor on the anode’s overpotential and the feed pH in the MFC. Anode voltages
between —0.4 and —0.35 V versus the Ag/AgCl reference electrode give the best
steady output current density, according to prior research. In the long-term proce-
dure, the MFC biosensor stability must be confirmed. The outputs of MFC biosen-
sors should be reproducible regardless of operating factors including temperature,
pH and conductivity of liquid samples [2]. Furthermore, in order to attain 95% of the
steady-state current, the response time must be very fast. Following the fermenta-
tion/toxic response, the needed recovery period from the employed disturbance must
be minimal, and the starting baseline current need to be entirely restored.

To comprehend the outputs of an MFC biosensor, the use of artificial neural
networks (ANNs) was recommended. ANNSs are a type of mathematical prototype
utilised to assess complex nonlinear connections between input and output records.
In a batch mode MFC, ANN was able to properly identify butyrate, acetate, glucose
and corn starch [54]. This model provides an effective method for determining target
analytes from MFC signal responses. The advantages of MFCs over other sorts of
biosensors are due to their mechanical and electrical simplicity of operation and
construction. Because the pollutant, which runs in the feeding stream, is immedi-
ately recognised by a defined current variation through the system, no extra trans-
ducers are necessary to transform the biochemical/organic reaction into a signal.
MEFC biosensors have been in continuous operation onsite, providing real-time moni-
toring. Furthermore, the MFCs’ electrical power output makes them excellent for use
as sustaining devices. They may be suitable for use in locations where there are no
available energy sources [103].
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3 Microbial Fuel Cells as Biosensors

The biosensors we have observed so far necessitate the use of a transducer that can
convert bacterial analyte contact into a measurable signal. This necessitates expensive
electrical equipment and external power supply, limiting the use of these biosensors
in distant regions where external power is scarce. As a result, MFC-based biosensors
have piqued the scientific community’s interest as a viable alternative to conventional
biosensors. MFCs were first conceived as a method of obtaining energy from the
metabolic processes of anaerobic bacteria that oxidise organic molecules. However,
because the MFCs’ power output is so low, significant research has been done in
recent years to identify alternate applications for the MFCs. Biosensing in environ-
mental monitoring is one such potential application that has been thoroughly investi-
gated. MFC-based biosensors might be utilised as self-powered portable biosensors
with a lot of applications in long-standing and remote environmental monitoring
[148].

The chemical energy of biodegradable compounds may be directly transformed
into electricity in MFCs thanks to the metabolism of exoelectrogenic microbes. The
produced electricity may be employed directly to build MFC-based biosensors for the
identification and monitoring of biodegradable organic components available in the
target samples [150]. The alternative perspective is that any toxicant in the feedstock
solution would impact microbial metabolic activity, and thus substrate intake rate,
which is directly linked to an MFC’s current output. As a result, any variation in
the availability and content of toxicants in flowing water can be easily identified by
observing perturbations in the electric current produced by MFCs [141, 146], saving
time and money over traditional methods [63]. MFCs that produce an electrical signal
in reaction to any input analyte can be utilised as a biosensing application in this case.

The biologically energetic anaerobic bacterial species in the anodic compartment
functions as a biocatalyst in MFCs, acting as the biosensor’s biological detection
element. In the presence of a metabolizable organic nutrient source, these anaerobic
microbes produce a detectable voltage difference between the electrodes, resulting
in an electron flow [108, 109]. There is a difference in current production based on
the interaction with the analyte. MFCs that will be utilised as biosensors are based
on this fluctuation in output current. The current generated in MFCs can function
as a transducer element [154], which is measurable and depends on the electron
transmission kinetics of the microbes, in addition to the analyte concentration [105].
This property of MFC-based biosensors, where the assessment and signal detection
stages are combined, reduces the need for a transducer for signal conversion [148],
thus enhancing the benefits of using MFC as a biosensorics. Aside from the fact
that an MFC biosensor does not require a separate sensing element and transducer,
these systems have the extra benefit of allowing for online monitoring in both the
laboratory and field settings because they can be used in flow-through and assay
formats [136]. Furthermore, their improved stability and sensitivity, as well as their
capacity to detect a wide range of chemicals, make them excellent biosensors [169].
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4 Selection of Microorganisms for MFCs-Based Biosensors

Most microbes are incapable to deliver enough electrons outside of cells to
generate efficient current because their exterior layers consist of nonconducting lipid
membranes, lipopolysaccharides and peptidoglycans that impede electron transmis-
sion to the anode [101]. A critical stage in the development of a microorganism-based
biosensor is the assortment of an appropriate microbe for detecting contaminants and
their effects in the environment, as well as its inclusion into a suitable transducer.
The most often utilised microorganisms for biosensors are bacteria and yeast [166].
To provide cost-effective detection, the selected microorganism ought to be vigorous
and capable of precise pollutant detection at low concentrations. Whole-cell biosen-
sors [12, 29, 89] and MFCs [45, 89, 140] biosensors have recently received a lot of
interest.

The recent discovery of a MFC that is capable of generating electricity from
organic materials trapped in sediments has shown that generating reasonable amounts
of electricity for biosensing in distant locations is possible. Microorganisms that
totally oxidise organic substances to CO, with direct electron transmit to electrodes
have been discovered. This means that biosensing might benefit from self-sustaining
MFC:s that can efficiently transform a huge variety of waste organic substances or
recyclable biomass to electricity [98].

Some bacterial species such as Shewanella spp. [155] and Clostridium
butyricumcan [121] have been demonstrated to be capable of self-mediating extra-
cellular electron transfer utilising their own metabolites. In the meantime, direct elec-
tron transfer involving electroactive redox enzymes (cytochromes) has been found in
several bacterial species, including Shewanella oneidensis [96], Shewanella putre-
faciens [T], Rhodoferax ferrireducens [33], Geobacter sulfurreducens [21] and the
oxygenic phototrophic cyanobacterium Synechocystis sp. PCC 6803 [58]. Exoelec-
trogens are bacteria that have developed electrically conducting molecular pili to
enable direct electron transmission. S. oneidensis and G. sulfurreducens are two
examples. S. oneidensis may also perform mediated electron transfer utilising a self-
produced mediator, in addition to direct electron transfer. Exoelectrogens in MFCs are
considered to actively utilise electrodes to preserve electrochemical energy needed
for their development, ensuring elevated levels of fuel oxidation and electron transfer
for electrical energy production [101].

In MFCs, a wide variety of microorganisms have been used as electron donors
and acceptors. They include Phormidium sp., Chlorella vulgaris, Saccharomyces
cerevisiae, Leptothrix discophora, Scenedesmus armatus, Rhodispirullum rubrum,
Thiobacillus ferrooxidance, Desulfovibrio desulfuricans, Pseudomonas fluroscens,
Geobacter metallireducens and some anaerobic bacteria [10, 71]. Genetic engi-
neering has also grown in importance. We can modify microorganisms to enhance
analyte detection systems or express them in different ones [111]. DNA segments
coding for detecting mechanisms may be isolated and introduced into prototype
organisms such as S. cerevisiae and Escherichia coli, which have optimal growth
conditions. To get the highest expected signal detection, the organism and detecting
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configuration should be correctly integrated. Some of the species listed above have
been genetically modified to generate considerably more current and long-term
biomass production than their wild-type strains.

5 Power Sources of MFCs-Based Biosensors

Electrochemical batteries (e.g. lithium batteries) power the majority of commercial
sensor and biosensor devices, which have a reduced and comparatively short life
cycle and must be recharged or replaced on a regular basis [6]. To find out effective
and self-renewable power supplies to generate adequate power for distant devices
when battery substitution is neither possible nor accessible is a hot topic these days
[48]. In this perspective, self-renewable MFCs seem to be a viable long-term energy
source for remote monitoring biosensors and sensors. In distant sensors, supplanting
traditional batteries with MFC power sources reduces operational costs and reduces
environmental concerns significantly [63].

The MFC is a device in which microbes use organic substances as a nutrition
supply, produce electrons/energy from the assimilation of organic compounds by
microorganisms’ metabolic activity and discharge those electrons to an electrode,
which generates electricity [17, 62, 132]. An MFC is an electrochemical bioreactor
that uses the unique characteristics of the colony of bacteria located within the MFC
chamber to produce electrical energy. An MFC is made up of a pair of conductive
electrodes with a bacterial habitat between them. The electrogenic bacteria employed
determine the cell’s specific voltage potential and maximum output power [28, 94].
The bacteria that inhabit the MFC release electrons as a result of their metabolism of
organic substances available in the environment, and the amount of power provided
is dependent on the colony’s health and organic nutrient sources. It is essential to
consider the MFC’s influencing elements in order to get desired results. Microor-
ganisms and their metabolism; substrates and their concentration; electrode element
and electrode shape, membrane type;; mechanism of electron transfer in an anodic
compartment; functioning parameters such as pH, temperature and salt concentra-
tion; cathodic compartment’s electron acceptor and geometric layout of the MFC are
the most vital parameters among the numerous factors affecting MFC performance
in biosensing [5]. For the power supply of low-power embedded systems, MFC is a
viable option to other fuel cells [22, 99] or accumulator technologies [125].

The hydrolysis of complex substrate such as proteins, carbohydrates and lipids
in the anaerobic digestion chamber begins with the conversion of these molecules
to hydrolysates which consists of amino acids, sugar and long-chain fatty acids.
Hydrolytic microorganisms are the ones liable for this process. Hydrolysate conver-
sion to simple organic acids, CO, and H; is the next step in anaerobic digestion,
which is carried out by acidogens or fermentative bacteria. In the third phase of anaer-
obic digestion, acetogenic bacteria convert simple organic acids to acetate, carbon
dioxide and hydrogen. The last phase in the anaerobic digestion method is the conver-
sion of acetate to HO, CO, and electrons, which is carried out by electrogens, but
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acetoclastic methanogens can also convert acetate to methane and carbon dioxide.
Furthermore, a kind of methanogen known as hydrogenotrophic methanogens may
use electrogens to convert protons and carbon dioxide into methane [14, 18]. Figure 5.
depicts the successive power-generating procedures. The electrons produced by this
process are used in both the power production and biosensing processes.

For the bacteria to operate and release the charges/electrons that the cathode
needs to complete the electricity generation, the anode must be placed in an oxygen-
poor layer. The cathode, on the other hand, is positioned on top of the media or
aeration chamber because it must exchange oxygen with the environment while
combining positive charges and receiving electrons from an external circuit. This
process produces water as a by-product. As far as bacteria absorb nutrients from the
medium, this process works [23].

6 Mechanism of Electron Transfer in MFCs

Electrons must be transferred from interior microbial cell membrane to the outer
surface for MFC to operate, as electrodes cannot penetrate cell membranes because
they are solid things. This can be accomplished by (a) utilising electrons that leave
the cell membrane via membrane-attached redox enzymes or (b) transferring reduced
substances physically. The process of electron transport to the electrode, however,
leads it towards redox-active units capable of creating electric connections between
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the bacterial cell and the electrode [113]. Microorganisms can transport electrons to
the electrodes via two major processes (Fig. 6).

6.1 Direct Electron Transfer

In the first kind of MFC, the bacterium directly transmits electrons from its membrane
to the electrode, bypassing any intermediary fermentation product [88]. This is
known as a direct transfer. Because these microorganisms are the catalysts in electron
transfer, these MFCs need the use of a highly active microbial consortia, which can
be mixed cultures. The transfer is facilitated by cytochrome proteins adsorbed on the
bacterial cell wall. This kind of bacterium includes Rhodoferax ferrireducens [92]
and Geobacter sulfurreducens [21].

The direct electron transfer method is based on the capability of several microbes,
sometimes recognised as exoelectrogens, to carry electrons generated by organic
matter oxidation directly to the anode. Bacterial membrane-bound-redox-active
proteins (for example, c-type cytochromes and multi-heme proteins) and pili are
both involved in this process [118]. The direct transfer of electrons produced during
consumption from electroactive bacteria to the anode is the most significant process
(Fig. 1). It was initially hypothesised that microorganisms might transport electrons
to an electrode surface when cultures of Shewanella putrefaciens generated elec-
trical energy while metabolising lactate [117]. Shewanella putrefaciens MR-1, a
metal-reducing bacterium, was shown to pose cytochromes in its external surface.
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These transport proteins (cytochromes) were able to produce anodic current in the
absence of terminal electron acceptors in anaerobic settings. In Shewanella, it was
also revealed that external membrane cytochromes play a role in electron shuttle
reduction [157].

A variety of exoelectrogens have been described to use direct electron transfer
pathways to transport electrons to the anode, although Geobacter sulfurreducens
has been the most thoroughly investigated in this respect, owing to its genome being
sequenced. Around 110 genes in the G. sulfurreducens genome are thought to encode
for type-c cytochromes, which are supposed to perform a key function in extracellular
electron transport mechanism [4]. A research found that a mediatorless MFC injected
with Desulfovibrio desulfuricans and supplied with electrochemically cured graphite
felt electrodes had the maximum current density of 233 mA/m?. D. desulfuricans
cytochrome-c was implicated in the effective transport of electrons to the electrode
surface [68].

In single-layer biofilms, most of the cells are in tight proximity to electrodes
and are therefore engaged in current generation directly. Because just a few cells
may directly reach electrode surfaces in multiple layer biofilms, long-array electron
transport techniques such as nanowire/pili are utilised. The thick pili network has
metal-like conduction, which is responsible for conductive biofilms’ high current
production. Various bacteria, including G. sulfurreducens, generate conductive pili.
The pili such as type-IV are nanowires engaged in the transfer of electrons between
chambers in the biofilm and to the electrode’s surface. Charge transmission from cell
to cell through pili was recently demonstrated by electrostatic force microscopy to
be comparable to that of carbon nanotubes [4].

In the case of heterogeneous cultures, exoelectrogens employ direct inter-
species electron transfer for intermediate electron transmission. Direct interspecies
electron transmission is facilitated by pilus and pilus-linked c-type cytochrome
OmcS. Earlier transcriptomic and genetic investigations showed that G. sulfurre-
ducens and G. metallireducens developed conductive aggregates when metabolising
ethanol, and that the aggregates exchanged electrons during syntrophic interaction
[34]. Tetrathiobacter, Clostridium, Aeromonas and Desulfovibrio anolyte commu-
nities were investigated for bioelectricity production. Proteobacteria and Firmi-
cutes have a syntrophic relationship, according to community analysis. Fermen-
tation and ferredoxin-facilitated electron transport to the electrode were both aided
by Clostridium. Sulphate-reducing—sulphur-oxidising bacteria such as Aeromonas,
Desulfovibrio and Tetrathiobacter transport electrons directly to the electrode [81].

6.2 Indirect Electron Transfer

Soluble molecules are used to mediate electron transport in indirect electron transfer.
Artificial exogenous redox mediators and soluble electron shuttles produced by
microbes are the two most common types of mediated electron transfer [25].
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6.2.1 Using Artificial Exogenous Redox Mediators

A fermentative microbe generates alcohols, carbon dioxide, hydrogen or ammonia as
by-products in an indirect MFC or mediator-based MFC. Electrons produced during
substrate catabolism are utilised in anaerobic circumstances to reduce transitional
products like protons or acid to make hydrogen or alcohol, correspondingly. As a
result, the fermentative bacteria are unable to give electrons to the anode directly. An
external mediator that can shuttle within the cell membrane and the anode is necessary
to use this bacterium on the anode. Some typical exogenous electron mediators shut-
tling within the anode and the cell membrane of fermentative bacteria are thionine,
benzylviologen, 2-hydroxy-1,4-naphthoquinone and 2,6-dichlorophenolindophenol
[87] (Fig. 6).

Because of the numerous drawbacks involved with this strategy, it has been widely
abandoned. Cohen suggested the use of inorganic or organic compounds such as
benzoquinone or potassium ferricyanide to assist electron transport from cells to
electrodes to solve the low current production problem in 1930 [42]. Benetto and
his co-workers revived this technique in the 1980s, and it gained a lot of popu-
larity. Because of their potential as mediators, a wide variety of molecules based on
phenoxazine, quinones, phenazines and phenothiazine were chosen [113, 120].

Artificial mediators have a number of drawbacks, including low current densi-
ties (10-100 wA/cm?) and the requirement for frequent supplements, which is both
ecologically and technologically impractical. As a result of these drawbacks, this
technique has mostly been abandoned. Artificial mediators are no longer required
for mediated electron transfer using natural electron shuttles and direct electron
transfer processes, according to most experts [25].

Soluble electron shuttles secreted by microorganisms

Bacteria without pili can generate electricity by secreting secondary metabolites
such as pyocyanins, flavins and quinones, which function as endogenous soluble
electron shuttles. These electron shuttles communicate with cytochromes to trans-
port electrons to the electrode. G. sulfurreducens secretes riboflavin, which forms a
connection with OM c-Cysts and therefore performs an essential part in the extracel-
lular electron transfer mechanism [100]. Pseoudomonas aeruginosa strain KRPI was
previously reported to generate phenazine-1-carboxamide and pyocyanin to transport
electrons through the cell membrane. A glycolipid surfactant named Sophorolipid
was recently introduced to the system, which improved the penetrability of the cell
membrane and boosted pyocyanin synthesis. As a result, compared to the control,
power output rose fourfold [138].

Microorganisms such as Lactobacillus, Enterococcus and Pseudomonas aerugi-
nosa have been found to produce electron shuttles (i.e. phenazines by Pseudomonas
aeruginosa) that aid in electron transport to the anode. Shewanella oneidensis has
been found to use an electron shuttle-like mechanism to reduce extracellular Fe**
[130]. The production of natural mediators such as riboflavin and pyocyanin is an
energy-requiring process that bacteria do when they are stressed (Fig. 6).
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MEC has also employed thicker cell walls including microorganisms such as
gram-positive bacteria like Bacillus sp. and yeast like Pichia stipitis. To discover
key mediators in extracellular electron transport, researchers studied exoelectro-
genic Bacillus sp. WS-XY 1 and P. stipitis. Both bacteria employ flavins to mediate
extracellular electron transport, according to the findings [34, 113].

The processes by which electrically active bacteria get electrons from the cathode
are far less well understood than the processes by which similar bacteria get electrons
from the anode. Nonetheless, it has been proven that bacteria get electrons from the
cathode via a different process than electron transport to the anode. The S. oneidensis
MR-1 employed riboflavin as an endogenous electron shuttle to transmit electrons
to Cr(VI) inside the cathode (in the existence of lactate in aerobic states) [163]. Two
methods have been documented for accepting electrons from the cathode: direct
and indirect electron transfer. Electroactive microbes are in direct bodily interaction
with the surface of the cathode in direct electron transfer, and electrons are accepted
utilising OM c-Cysts. Indirect electron transfer, on the other hand, happens through
soluble electron shuttle mediators, in which an oxidised mediator molecule is reduced
to the cathode surface. Furthermore, electrons are transported to the bacteria via
reduced mediator molecules [80]. A gene involved in electron transport from the
cathode has been identified. A research found that the GSU2374 gene was expressed
in cathodic biofilm. This gene is thought to code for a monohaem-c-type cytochrome
(PccH). Moreover, mutation analysis has shown that biofilms that lack this gene
are unable to absorb electrons from the cathode. Despite this, biofilms continue
to contribute electrons when employed on the anode, indicating the gene’s critical
function in electron transfer mechanism from the cathode to the microorganisms
[131].

7 Merits and Scopes of MFCs Biosensors

Enzymes are the most often utilised biological sensing component in biosensor
manufacturing. Due to the time-consuming, labour-intensive and expensive process
of enzyme purification, purified enzymes are not a good alternative for biosensor
development. In a traditional biosensor, several enzymes are required to produce
the detectable product of the cofactor/coenzyme, whereas microorganisms (MFCs)
provide an excellent alternative. Because the cell has a high number of enzymes and
co-factors, it can digest and detect huge amounts of substances, but this might impair
selectivity. MFCs may be readily controlled and altered to consume/degrade novel
substrates under culture conditions. Furthermore, advances in recombinant DNA
technology have opened up more options for modifying microorganisms to increase
enzyme performance, making microbes an effective biosensing element [85].

MEFC has the potential to be used for sustainable effluent treatment, as well as
concurrent power generation from renewable biomass and biosensing. MFC can cope
with a wide range of waste streams, including industrial, agricultural and municipal
wastewaters [30, 78]. The current generation now includes stackable MFCs. Erable
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et al. [52] conducted research throughout the world to enhance the energy density
of MFCs and get them more cost-effective to deploy on a broad scale. MFC may be
utilised for a range of applications besides to wastewater treatment, such as BOD
biosensors and bacterial account. As a BOD and toxicity detection biosensor, MFC
enhanced with electrochemically active microbes have been employed. Toxic chem-
icals including arsenic, cadmium, lead, chromium (VI), mercury, surfactant, cyanide
and organophosphorus compounds induce changes in the electric current signals of
MFCs, making toxicity in the water simpler to detect. Current generation was shown
to be relational to the concentration of hazardous and biodegradable waste at low
concentrations. To examine the condition of wastewater, hazardous chemicals in the
aqueous system might be combined with BOD measurements [110]. Sediment-based
MFCs have recently showed potential in the management of artificial wetlands. The
current generated by the sediment MFC may be stored in capacitors and then utilised
to power remote sensors via a power management system. The underwater monitoring
devices were designed to be powered by a solid-phase MFC. Low-power biomed-
ical devices implanted in people have also been found to benefit from MFCs for
supplying long-term, steady power [16]. The Saccharomyces cerevisiae-biocatalysed
micro-MFCs may generate energy from glucose in the bloodstream. This MFC can
be used to track food spoiling. As a result, the current generation has been revealed
to be rising at a faster rate with an escalating extent of contamination. This type of
technology might potentially be useful for quickly detecting and counting bacteria
in contaminated food [30].

Finally, the most significant benefit of an MFC is that it is able to produce burning
and pollution-free electricity directly from biomass organic substance, which may be
used in the sensing process. Microorganisms use enzymatic processes to transform
the energy held in chemical bonds in organic compounds into bioelectrical energy
in an MFC. As a result, MFC energy production is linked to bacteria’s regular life
activities [101].

8 Analytical Applications of MFC-Based Biosensors

Various variables, such as organic chemical modes, pH, temperature, toxicants,
inhibitors and concentration, have an impact on MFC voltage and power output.
This implies that, in addition to acting as a backup power supply for remote sensors,
MFCs may also be employed as biosensors to find a variety of factors [169] described
below. The capacity of MFCs to produce electrical current, as well as their ability to
facilitate on the spot and real-time checking of different analytes, might allow them
to function as efficient biosensors. We recapped the most recent advancements in
numerous biosensor applications utilising MFCs including analysing BOD, detection
of toxicants and DO, monitoring microbial activity, detection of microbial biofilms
and VFA, which are very significant factors for usable water.
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8.1 BOD Detection

The quantity of DO required by aerobic bio-organisms to break down organic
substances accessible in a given water sample at a particular temperature during
a certain period is referred to as BOD. Because it serves as an indicator for evalu-
ating the effect of discharged waste on the ecosystem, BOD is an important water
quality metric [79]. The greater the BOD number, the more organic matter or food
available for oxygen-consuming bacteria. Unfavourable circumstances arise when
the amount of DO intake by bacteria surpasses the amount of DO supply by aquatic
organisms or diffused from the air. Reduction of DO puts aquatic creatures under
stress, putting the habitat unfit for existence. Furthermore, severe depletion might
result in hypoxia or anoxia. BOD is also widely utilised in wastewater treatment,
where the breakdown of organic waste by microbes is a typical treatment method.
In general, for direct environmental wastewater discharge, the maximum permitted
concentration is approximately 10 mg/L BOD, whereas for sewer system discharge,
the maximum allowable concentration is around 300 mg/L. BOD [129].

The amount of biodegradable material in water, or BOD, is a common element in
managing and evaluating the operation of a wastewater treatment facility. The conven-
tional method of determining BOD takes 5—7 days and should only be done by profes-
sionals. Because this approach is labour-intensive and time-consuming, an alternate
method for monitoring BOD onsite that is quick and easy is required. For the first time
[69], suggested the usage of MFCs as a BOD sensor. The bacterium, Clostridium
butyricum, was immobilised on the electrode surface in the anodic compartment,
and a linear correlation was detected within current output from the MFC and BOD
concentration, indicating that MFC-based BOD biosensors are feasible.

Following then, some kinds of MFC-based BOD sensors were described, as well as
numerous microorganisms were employed [149, 172]. MFCs with electron mediators
were also investigated as BOD biosensors [152], with the mediators assisting electron
transfer from the microbial cells towards the electrode, however these biosensors
were unstable over time due to the toxicity of the mediators to microbes. Chang et al.
[31] demonstrated that a mediatorless MFC may be utilised to constantly assess the
BOD of effluent for real-time examining using a mediatorless MFC. Furthermore,
an MFC-based biosensor was described to have functioned in a stable manner for
over 5 years [72], which was far longer than formerly stated BOD biosensors (7—
140 days) [91]. This proved the benefits of MFC-based biosensors in the long run.
Unlike traditional sensors, MFC-based biosensors directly employ the quantified
voltage or current as output signals, making them easier to process and display. They
may also be developed and used in distant places due to their capacity to generate
electricity on their own [43].

Microbial decomposition of organic substances and their transformation into an
electrical current were used to develop MFC-based BOD sensors [107]. One of
these BOD biosensors was made as a low-cost, single-compartment MFC utilising
anodic organic substrate and activated slurry, and its viability as an actual BOD
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monitoring device was confirmed [168]. When combined with synthetic wastew-
ater, this system showed a constant voltage after 132 min, causing in a BOD rate of
200 mg/L. The response signal was observed to be enhanced and related to the trend
of the increase in BOD content from 5 to 200 mg/L. After the BOD concentration
exceeded 120 mg/L, the response signal remained constant. To address several of the
constraints of the MFC-based BOD biosensor, a novel arrangement with enhanced
features was designed, which used an exterior voltage to surmount internal resistance
and permit microorganisms to amplify electricity generation [107]. This configu-
ration was membrane-free to avoid pH fluctuations that would limit the sensor’s
applicability to low alkaline effluents. During a 20 h reaction period, BOD levels
ranging from 32 to 1280 mg/L showed a linear relationship with charge. The sensing
ability was lowered to a level of BOD of up to 320 mg/L when the response period
was cut to 5 h. The need of exterior voltage equipment for MFC biosensors limits
their use to remote monitoring in far-flung locales. Auto-generated power floating
biosensors for actual water condition checking were developed as a result, removing
the requirement for external power and allowing maintenance to be incorporated into
other settings [123].

BOD sensors, on the other hand, are employed in the early detection of feed water
condition. This technique is valuable for detecting the beginning of biofouling in
reverse osmosis (RO) membranes used in saltwater purification [128].

Biofouling is one of the most severe troubles in desalination techniques, since it
causes serious problems such as flux loss, short membrane lifetime and increased
energy usage. Before starting the RO process, recent biofouling detection methods
measure the silt total direct cell quantification [64], density index [9] and the biofilm
growth rate [77].

As a result, detecting assimilable organic carbon (AOC) in the feed flow of RO
plants is a useful method for estimating possible biofouling. AOC monitoring marine
MFC biosensors was built, injected with a marine sediment bacterial strain, and exam-
ined for 36 days. In the range of 0—150 pwmol/L (0-3600 pg/L) of AOC, the results
indicated a linear connection between electrochemical signals and acetate concen-
tration. Nonetheless, at high acetate concentrations ranging from 150 to 450 pumol/L
(3600-10,800 wg/L) of AOC, this biosensor revealed a deviating linear relationship
[49].

8.2 Toxicity Detection

The industrial revolution advances civilization, but it also introduces a plethora of
new-to-nature compounds into the environment including water [ 124]. Many of them
are hazardous to both people and other living things. The detection of toxicity in
water is a key criterion in identifying the measures that must be taken to provide
safe, high-quality water for human, animal and agricultural use. Off-site chemical
analysis utilising physicochemical techniques such as high-performance liquid chro-
matography, gas chromatography-mass spectrometry and mass spectrometry is a
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traditional strategy [38, 61]. These techniques are often slow and ineffective for
real-time detection. MFC-based biosensors are an excellent option since they are
directly based on the toxicants’ biotoxicity impacts. The composition of wastewater
can be quite complicated, and a wide range of poisonous substance may be avail-
able. Compounds that can change the pH of wastewater, such as acid mine drainage,
where the pH can be down to 2.4, inorganic and organic compounds with extremely
severe toxic properties, phenolic compounds, heavy metals and so on, are all poten-
tial toxicants [141]. Toxic contaminants can block the action of electrogens, causing
the current produced by MFCs to be interrupted [74]. The current diminishes the
more poisonous the chemical is to the bacteria. As a result, multiple toxicity sensors
may be developed based on the connection between hazardous chemicals and current
decrease amplitude [169]. Toxicity sensors are primarily utilised to evaluate if the
concentration of hazardous chemicals in an effluent surpasses the regulatory highest
concentration limit. As a result, the emphasis of MFC biosensor for toxicity testing
is based on the detection limit of the contaminants rather than the linear range as in
BOD. The detection threshold of MFC-based toxicity biosensors is yet far away from
the World Health Organization’s water quality standard (tens to hundreds of times
higher) [67]. Heavy metals sensors, antibiotics detection sensors, organic toxicants
sensors and acidic toxicity sensors are the four main types of MFC-based toxicity
biosensors depending on the target pollutants.

Heavy metals detection

Pollution containing heavy metals has the potential to harm human health as well as
the environment. Heavy metals, such as mercury and arsenic, for example, produce
significant toxicity in the neurons and endocrine system, as well as heart problems,
skin damage and cancer [61]. Heavy metallic elements have a lengthy half-life (ten to
hundreds of years) and are difficult for microbes to eliminate or decrease. They will
also accumulate in the human body as they go up the food chain, and once certain
concentrations are reached, they may cause health issues, despite the fact that some
of them are necessary for human health [151].

Heavy metal ions can limit microorganisms’ respiration activities [57], which is
the basis for affecting the current generation of MFCs. Six heavy metals such as
Hg?*, Cu?*, Zn**, Cd**, Cr** and Pb’*ions (2 mg/L) were evaluated in a double
compartment MFC arrangement, and their resistant rates on current output were
12.56%, 13.99%, 8.81%, 9.29%, 5.59% and 1.95%, respectively [175]. Zhiheng
[167] proposed a flat membrane-based MFC biosensor and verified it with two
different ions (Ni** and Cr®") to increase the sensitivity and stability of MFC-based
biosensors. After adding 10 mg/L Cr®* for 40 min, the voltage dropped to 40 mV
from 180 mV, and after adding 20 mg/L Cr®*, the voltage dropped to 50 mV in 6 min.
Injecting Ni?* (20 mg/L) into the anolyte, on the other hand, only caused in a modest
voltage decrease from 180 to 150 mV after 180 min. With a higher concentration
(50 mg/L Ni**), the voltage decrease occurred faster (45 min), but the change was
in the same range.

Heavy metallic ions can compete for electrons with the anode in the anodic
compartment, resulting in a small number of electrons being transported to the
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cathode in some MFCs designed for specific target compounds. Cr®* is a terminal
electron acceptor that may be reduced by Cré*-reducing anaerobes in anaerobic
circumstances [37]. When an MFC is made utilising Cr%*-reducing anaerobes, the
cell voltage is anticipated to drop as the Cr®" concentration rises. The Cr®*-reducing
bacterium Ochrobactrum anthropi YC152 was injected into an MFC for the determi-
nation of Cr* as proof of concept (Guey-Horng [156]). The outcomes showed that the
proposed biosensor can detect Cr®* in the scale of 0.0125-5 mg/L quantitatively. Wu
et al. established a comparable method utilising Exiguobacterium aestuarii YC211,
a Cr®-reducing bacteria with a linear range of 2.5-60 mg/L [160].

In contrast to the negative effects, there was also a positive connection between
ions and MFC outputs. Iron-oxidising bacteria were a good example. Iron-oxidising
bacterial consortia can employ iron (II) as the only electron source in the Anolyte. To
build an MFC-based biosensor [153], injected this particular bacterial community
onto the anode. Within the concentration range of 3-20 mM, a linear relationship
between current output and Fe?* was found.

Rather than detecting heavy metallic ions through their biological effects on elec-
trogens, the biosensor may be constructed by using them as MFC cathode electron
acceptors. In MFC sensors, the abiotic cathode-sensing element has recently been
explored to detect heavy metallic ions (e.g. Cu?*, Cr%"). Shuai Zhao et al. [182]
applied a sediment MFC (SMFC) to watch Cr* in industrial effluent and found that
Cr% was decreased at the cathode. The linear response scale was 0.2-0.7 mg/L, which
was significant for Crb* detection limit. The Cu?*, which acts as an electron acceptor
and is finally accumulated on the surface of cathode as Cu (0), was also measured
using the SMFC [161]. The voltage increases and the Cu®* intensity (5-160 mg/L)
was found to have a linear relationship (R* = 0.87).

Heavy metallic ions in tap water are now monitored using MFC-based biosensors.
In order to detect toxic shocks in tap water, an MFC biosensor based on O,-reducing
bacterial cathodes was developed [127]. The detection limits for three heavy metallic
ions (Cr%*, Hg?* and Pb?*) were found to be in the range of 1-10 mg/L.

Antibiotics detection

Antibiotics are utilised in animal production, as a preventative measure in animal
feed, and as therapeutic medicines. Only a tiny percentage of antibiotics consumed
by fauna are metabolised, allowing a large part to accumulate in tissues or be excreted
and released into the environment. Antibiotics in the environment may lead to antibi-
otic resistance, with the risk of transmission to humans via the food chain [61]. Antibi-
otics have saved millions of lives, but their inappropriate management and release
into the environment has disrupted the normal evolution process, posing several
safety concerns for microbial ecosystems and, as a result, humans [59]. Tracing and
controlling antibiotic discharge and distribution has become a critical issue for future
generations. MFC is one of the real-time techniques for detecting antibiotics in the
field, among all the antibiotic sensors.

To detect tobramycin, Wenguo [ 162] built a single-chamber MFC with hydrophilic
carbon fabric as the anode. There were no discernible effects at concentrations of
0.10,0.24 and 0.47 g/L.. However, as the concentration reached 0.93 g/L or above, the
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current production dropped significantly. After the addition of tobramycin, less than
half of the initial current production could be preserved. Interestingly, depending
on the tobramycin concentration, the current might be restored after hundreds of
hours. Owing to the ‘self-healing’ nature of the electroactive biofilms in MFCs, this
occurrence indicates the stability of MFC-based sensors for tobramycin (and perhaps
other antibiotics) detection over long-term operation.

Schneider et al. [135] used tiny MFCs in a panel system to develop a rapid
method to B-lactam antibiotics analysis. Two model bacteria, E. coli strain ATCC
25,922 and S. aureus strain ATCC 29,213, were employed to test hypothesis proof,
and 10 separate B-lactam antibiotics (cefoxitin, ampicillin, cefazolin, cefoperazone,
cefepime, cefuroxime, imipenem, ticarcillin and penicillin) were tested at concen-
trations varying from 1 to 75 wg/mL. 2—4 h after introducing the cell mix solution
into the MFCs, the antibiologic effects of these drugs could be evaluated in terms
of changes in cell voltage output, whereas the standard Kirby—Bauer disc diffusion
technique for antibiotic testing needs 24—48 h.

A single-chamber MFC was utilised to test another frequently used antibiotic,
levofloxacin [177]. The MFC biosensor can identify levofloxacin at up to 1000 pg/L
using sodium acetate as the energy source in the anode. In the range of 0.1-
100 Lg/L, a linear association (R? = 0.924) was found between current yield and
levofloxacin antibiotic concentration. Furthermore, this MFC has been operational
for over 14 months and continues to generate a consistent electrical production, illus-
trating the benefits of MFC-based biosensors for antibiotic detection in enduring
usage.

Organic Toxicants detection

Organic toxicants in water, such as polycyclic aromatic hydrocarbons, organic
phosphate compounds, organic nitrogen compounds and polychlorinated biphenyls
(PCBs), can induce eutrophication and have negative consequences for public safety
[83, 137, 170]. Kim et al. [74] used a double-chamber MFC to investigate the toxicity
of diazinon and PCBs, finding inhibition of 61% and 38%, respectively, for diazinon
and PCBs (1 mg/L). Weiyang Yang et al. [171] established a special micro-sized
MEFC for formaldehyde detection in water. A solid-state thin film Ag/AgCl reference
electrode and a microscale air bubble trap were used in this micro-sized system to
maintain an optimum anodic potential and counteract microscale air bubbles from
accessing the MFC biosensor. The current dropped proportionately to the concentra-
tion of formaldehyde in the medium, which ranged from 0.001 to 0.10%, whereas the
anode voltage was held constant at 0.20 V versus the reference electrode. A single-
element paper MFC has recently been developed and tested for chemical detection in
the water phase [39]. During the procedure, the recyclable carbon-based electrodes
were imprinted on a single sheet of paper, with the anode merging into the liquid state
and the cathode remaining in the gas phase. Because of the capillary force generated
by the paper material, the paper basement served as both a divider between elec-
trodes and a bridge for mass transfer. The addition of 0.1% (v/v) formaldehyde to the
existing output resulted in an abrupt decrease in the current production. Furthermore,
two MFCs may be printed on a single sheet of paper and linked in parallel by folding
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them back to back. The current output of the stacked MFCs was entirely dropped in
115 min, contrasted to 175 min for the single paper MFC, indicating that they were
more sensitive to formaldehyde shock.

In contrast to the inhibitory impacts, Zhengjun [36] developed a double-chamber
MEC utilising p-nitrophenol (PNP) as the only substrate that exhibits stimulatory
effects. The anodic chamber was kept in an aerobic state by inoculating the reactor
with an aerobic bacterium, Pseudomonas monteilii LZU-3. The cell voltage improved
at higher PNP concentrations when the optimum operating parameters were used
(pH of 7.8, external resistance of 1000 W and temperature of 30 °C). The PNP
concentrations in the range of 16-44 mg/L. were found to have the highest linear
voltage relationship (R? = 0.98). Even when PNP was combined with other aromatic
molecules (5 mg/L of toluene, nitrobenzene and 2-nitrophenol), a linear relationship
between PNP concentrations (9-36 mg/L) and cell voltage could be seen.

Acidic Toxicity detection

Acidic toxicity is of particular importance to be checked online, since numerous
forms of hazardous chemicals in wastewater, such as mine drainage, induce a rapid
shift in pH [148]. A low pH value inhibits microbial growth and activity and inhibits
the growth of other aquatic plants and animals, reducing the water body’s capacity
to self-purify and deteriorating the water quality. A single-compartment air-cathode
MFC was constructed and functioned in a continuous batch method by Yu et al.
[141]. HCI was used to change the pH of the influent (i.e. the electrolyte in the
working compartment). When the pH was kept within 3—4, the output voltage dropped
quickly and then retrieved after the addition of HCl was stopped. Altering the pH
of the influent to a value of 2, on the other hand, resulted in a voltage output crisis,
which was most likely triggered by the total destruction of electrochemically active
biofilm in high acidic circumstances. To detect acidic toxicity, [66] built a cathode
shared MFC sensor arrangement. Because the cathode performance fluctuation was
minimised, the detection credibility of this sensor assembly operating in non-stop
mode might be guaranteed. After the MFC array attained a steady state, acidified
anolyte was used to provide an acidic toxicity shock. The voltage dropped from 200
to 0 mV very quickly when the pH was lowered from 6 to 4. The threshold value of
pH may vary depending on the biofilm composition, nonetheless, this phenomenon
allows for a possible method of obtaining the pH in water, based on the disruption
of MFC cell voltage.

Acid rain impact was also reported to be observed, likewise, to checking acidic
toxicity in water. Rhizosphere microorganisms in plant MFCs (PMFCs) may produce
electrical current by decomposing the organic defaecates of the rhizodeposits, thus
any variations in the bioavailable substrate concentration could impact the electrical
current [134]. Tian [86] used a mixture of concentrated HNO3 and H,SOy solution to
imitate acid rain and built PMFCs to assess acid rain damage. Artificial acid rain might
harm rice plant leaves, lowering photosynthetic activity, which is linked to rhizo-
spheric electrochemical activity. After pretended acid rain was sprayed on the leaves
of plant, immediate and reproducible current decrease was recorded within 2 min,
which was in good agreement with variations in rhizospheric organic concentration.
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8.3 DO Detection

In natural waterways, oxygen is required for a variety of chemical, biological and
metabolic processes. DO is without a doubt one of the most important and broadly
used indicators of water quality [180]. The levels of DO in aquatic settings provide
an essential quality indicator for biochemical and biological activities. To detect
DO in water, various physical, chemical and electrochemical techniques have been
developed [35]. Though electrochemical techniques are widely utilised due to their
ease of application and high sensitivity, the biological applications of these tech-
nologies have been studied in a few research. The development of a submergible
MEC biosensor for online and in situ quantification of DO in aquatic environments
was one of the first efforts to employ a bioelectrochemical sensor for DO [180]. The
sensor was powered using domestic effluent as a substrate. The functioning of the
sensor was evaluated using tap water as a control at various DO concentrations. When
employing an external resistance of 1000, the sensor produced a current intensity in
the range of 5-60—462-20 mA/m?; as a result, it linearly rose with the increase of DO
intensity up to 8.80 mg/L, with a reaction time of below 4 min for each measurement
[49].

The quantity of dissolved oxygen (DO) in water is an important indication and
a frequent criterion in water management [102]. Its fluctuations, for example, have
been found to correlate the amount of organic contaminants flowing into a freshwater
lake [11]. It also offers crucial information on biological and metabolic processes in
the water ecosystem, and the DO level acts as a natural selecting pressure for various
microbe lifestyles. Because Clark-type oxygen sensors are substantially influenced
by ambient factors such as pressure, reliable DO measurement in the field is difficult
[102]. MFCs are an alternate method for measuring DO. MFC-based biosensors are
more robust against external conditions than Clark-type oxygen electrodes and can
enable actual checking in the field. The cathode behaviour is the core concept of
MFC-based DO measurement. The cathode efficiency is a performance limitation
for MFCs [181] but oxygen, as the ultimate electron acceptor, has a substantial
impact on the cathodic reduction rate and therefore the current output. Oh et al.
[115] discovered a Monod-like kinetic connection between DO levels and current
density, with a 1.74 mg/L half saturated DO value.

The ability to measure DO online can be useful for understanding the aquatic
ecology. Periodic oxygen stratification has been discovered in several shallow fresh-
water nutrient enriched lakes in recent years, which ultimately leads to the creation
of a lake’s ‘dead zone’ [139, 179]. Monitoring DO levels in a lake can act as a
primary warning system for the possibility of a ‘dead zone’. Song et al. developed
a sediment-based multiple cathode MFC system for this purpose, which incorpo-
rates several cathodes positioned at various depths of water for in situ, non-stop and
online monitoring of DO intensities and lake deepness [144, 145]. In the range of
0.0-9.0 mg/L, there was a direct connection (R% = 0.9576) between voltage and DO
[144, 145].
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8.4 Microbial Activity Detection

Because the presence of Escherichia coli indicates faecal contamination, a precise
quantification of E. coli can be regarded critical for detecting faecal contamina-
tion and safeguarding community health. An MFC was employed as an E. coli
sensor, with specified E. coli enzymes, for instance, $-d-glucuronidase (GUS) and
B-d-galactosidase (GAL) serving as biological monitoring components [76]. The
GUS was measured using 4-nitrophenyl-B-d glucuronide and 8-hydroxyquinoline
glucuronide as substrates, whereas GAL was measured using 4-aminophenyl p-d-
galactopyranoside as a substrate. The detection process of these compounds is based
on GUS or GAL hydrolysis, followed by electrochemical activation and an oxidation
phase in the MFC’s anode compartment. As the E. coli concentration approached
the threshold level, the power produced by the MFC reactor increased dramatically
[49].

Microorganism screening and phenotyping using traditional microbiological
methods are quantitative but labour-intensive and time-consuming. MFC was recom-
mended in this context as a quick and simple way to get first-hand information about
the microbe and its overall lifestyle [3]. The process is based on microbial metabolic
activity (and hence electron output to anode) that is uniquely influenced by the
surrounding environmental conditions. Miller and Oremland [104] reported a study
that used arsenate’s ability to function as an anode for electrons to predict the exis-
tence of arsenate-respiring microbes in soda lakes. Abrevaya et al. [1] presented
another hypothetical application: using MFC to identify live (micro) organisms on
distant planets, provided they might likewise export electrons throughout their life
process. An MFC has been demonstrated to be a suitable technique for bioprocess
monitoring in more practical terms. Zhidan Liu et al. [93] used a flow-cell MFC to
track anaerobic digestor functioning and discovered that current production varia-
tions were connected to fluctuations in working indicators such as pH, gas flow rate
and COD. Furthermore, MFC current density was linear for acetate intensity up to
20 mM, according to Zhidan Liu et al. [93], with very little interference from other
volatile fatty acids available in the anaerobic digestor. These findings suggested that
an MFC-based biosensor might be used to monitor the anaerobic digestor’s metabolic
turnover rates of organic molecules.

8.5 Monitoring of the Corrosive Biofilms

In several industries, such as the gas and oil industry and water utilities, microbio-
logically induced corrosion (MIC) is a key concern [165]. According to [8], MIC
is responsible for 20% of all corrosion damage. Microbial biofilms, particularly
anaerobic bacteria, are the major source of MIC owing to their metabolic activity or
metabolites. Most anaerobic MIC attacks fall into one of two categories: respiration
or fermentation. Microorganisms that undertake anaerobic respiration are included
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in Type-I MIC. Sulphate is the terminal electron acceptor in respiration of Sulphate-
Reducing Bactria (SRB). As electron donors, organic compounds such as volatile
fatty acids are frequently employed. Type-II MIC is characterised by the secretion
of caustic metabolic products such as organic acids. Because biocorrosion is usually
accompanied by a low pH, it is easy to detect. Because oxygen is cut off to prevent
extreme corrosion of carbon steel, gas and oil pipelines are always maintained anaer-
obic. The cathodic biofilm is fed by electrons from a solid-state anode. If a corrosive
biofilm is formed to the cathode, such as SRB biofilm, the electrogenic biofilm will
transport the biofilm to the cytol of sessile cells, reducing sulphate levels [164].

The ability to recognise corrosive biofilms is critical when deciding whether
to employ biocides or mechanical pigs to combat them. Available biofilm sensors
measure electrical resistance variations across a biofilm by applying an external elec-
trical field. This, however, disrupts the biofilm metabolism. In addition, because these
sensors cannot tell the difference between a mineral layer and a biofilm, a passive
sensor that does not require an exterior voltage is preferred to avoid misleading
findings [169].

Electrogenicity was presented by Gu [60] as a sign of the existence of a corrosive
biofilm and their potential to attack metal. The cathodic biofilm is fed by electrons
from a solid-state anode. If a corrosive biofilm attaches to the cathode, like an SRB
biofilm, the electrogenic biofilm will transport the biofilm to the cytol of sessile cells,
reducing sulphate [164]. After calibration, the open-circuit voltage can be utilised
to determine if nitrate reduction, sulphate reduction or other chemical reactions are
happening at the cathode. The capacity of the cathodic biofilm to transfer extracellular
electrons, which is a deadlock for an electrogenic biofilm to biocorrode, is measured
by closed-circuit current flow [178].

8.6 Volatile Fatty Acids (VFA) Detection

VFAs must be monitored closely in anaerobic digesters since their aggregation can
cause pH decrease and reactor failure. VFAs are often tested offline using high-
pressure liquid chromatography or gas chromatography, for example, pH titration
[53] and headspace gas chromatography [20] are two online methods that can identify
specific VFAs but need costly equipment.

VFA sensors have also been studied using microbial electrochemical systems.
Acetate is a frequent substrate in MFC research, and biological anodes have already
been demonstrated to convert other VFAs into electrical current [56, 90]. MFCs
were enhanced with butyrate propionate and acetate, by Kaur et al. [70]. They used
cyclic voltammetry to examine the response and discovered correlation between peak
current and VFA concentration. Surprisingly, MFCs enhanced in acetate and propi-
onate only responded electrochemically when fed with their respective substrates,
but MFCs enriched in butyrate responded to all substrates. This implies that acetate
or propionate-specific microbial electrochemical biosensors could be possible to
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develop. This is especially important since the ratio of propionate to acetate concen-
tration is a critical process parameter whose rapid shift can serve as an early warning
sign of anaerobic digester problems. It should be emphasised that in an anaerobic
digester, maintaining electroactive microbial populations specialised to acetate or
propionate is likely to be challenging. Using membranes that prevent pre-enriched
biofilms from invasion by other species while allowing substrate transfer might be a
strategy to preserve the biosensor’s substrate specificity.

9 Challenges and Perspectives

The MFC-based biosensor has gained increasing attention as an analytical technique
due to the use of whole cells and self-powering capability. Significant advances
have been achieved in the field, particularly in the detection of toxicity and BOD.
However, several issues must be resolved before it can be considered a mature sensing
technology that is recognised by scientific communities and stakeholders.

First, additional research into the stability of MFC-based biosensors is urgently
needed, as it is frequently ignored. MFC employs a self-renewable catalyst in the
form of microorganisms. During long-term operation, bacteria can grow quickly in
response to ecological alterations. As a result, the biosensors’ sensitivity, selectivity
and repeatability may be compromised.

The limit of detection of MFC-based biosensors, particularly for toxicity measure-
ment, is generally much lower than the World Health Organization’s water quality
standard. A promising method for improving MFC-based biosensors could be to
screen bacteria with a high extracellular electron transfer rate. Creating geneti-
cally modified microbes might potentially be an option for improving biosensor
performance. The discovery of electrogenic genes linked to electron transport and
metabolism broadens the possibilities of MFC-based biosensors, allowing them to
be used for different types of applications.

Furthermore, because water quality has a significant impact on the electric signal
yield of MFC-based biosensors, intervention of signal may emerge, particularly in
intricate aquatic settings. A change in BOD, for example, can mute the signal for toxic
substances. Jiang et al. [65] investigated the impact of background organic material
content on the functioning of MFC-based toxicity biosensors in a systematic way.
They evaluated the signal output of two MFC biosensors with low and high organic
material contents to a pre-made response chart to produce qualitative distinctions in
order to prevent signal intervention in the collective shock of toxicity and BOD. To
prevent the mutual shock of toxicity and BOD, Jiang et al. [66] used biocathode for
toxicity examining. Majority of MFC-based toxicity biosensors can only measure
overall toxicity, and just a few research looked at the toxicity of a specific agent. Pseu-
domonas monteilii LZU-3, used to detect PNP, is an example of a pure cultivated
or genetically modified bacterium that may be utilised in MFC-based biosensors for
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specialised monitoring [36]. A multi-chamber MFC biosensor with distinct electro-
genic microorganisms inoculated in each chamber was also constructed to detect
distinct target toxic materials in the same flow [24].

Many recent research has focused on MFC system assimilation, such as the
combination of multiple anode or cathode or multiple cell MFCs, combined with
other chemical or physical processes, and extending MFCs with other biological
methods to increase the operating performance of MFC. When compared to a single
anode/cathode, these configurations can achieve better power density [46]. However,
improving the selectivity of MFC-based biosensors remains a major issue. As aresult,
additional research using molecular biology or other contemporary approaches is
needed to improve specificity and sensitivity.

10 Conclusions

Microbial fuel cells (MFCs) have appeared as the next viable and environmentally
benign energy source and, over the last two decades, MFC-based biosensors have
advanced at a breakneck pace as an analytical tool. MFCs-based biosensors are
gaining popularity in various fields due to their ease of application and long-term
viability in quality monitoring of the environment. These biosensors are often low
cost, self-powered and capable of real-time remote monitoring. It also offers distinct
advantages in many applications, including ease of fabrication, ease of operation,
economical and in situ monitoring. MFC-based biosensors may become recognised
as standard techniques. These biosensors are built on the activity of microbes in
MFCs. They can transmit electrons directly through their outer membrane proteins
or pili overlaying the bacterium’s outer surface. MFC technology is a unique way of
utilising bacteria to generate bioelectricity from organic waste and renewable biomass
using the redox metabolic processes of microorganisms. They can detect character-
istics and events in their environment and transform that information into signals.
MFC-based biosensors have a lot of possibility for monitoring BOD, hazardous
chemicals, DO, corrosive biofilm presence and corrosivity, microbial activity anal-
ysis, VFA and anaerobic digester performance or as an energy source for other
Sensors.

The capacity of MFCs to produce electrical current, as well as their ability to
facilitate on the spot and real-time testing of different analytes, might allow them to
function as efficient sensors. But till there are limitations and lots of scope available
for further development to make them viable and perfect for analytical applications.
A better understanding of biofilm characteristics and organism genetic manipulation
might lead to novel ways to enhance the performance of MFC-based biosensors.
Some of them may see actual deployment in the near future. Majority of biosensors
function well in the lab but need to be tweaked for use in the field.
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