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Abstract

The sustainable development of human society in today’s high-tech world depends on some
form of eco-friendly energy source because existing technologies cannot keep up with the
rapid population expansion and the vast amounts of wastewater that result from human
activity. A green technology called a microbial fuel cell (MFC) focuses on using biode-
gradable trash as a substrate to harness the power of bacteria to produce bioenergy. Produc-
tion of bioenergy and wastewater treatment are the two main uses of MFC. MFCs have also
been used in biosensors, water desalination, polluted soil remediation, and the manufacture
of chemicals like methane and formate. MFC-based biosensors have gained a lot of atten-
tion in the last few decades due to their straightforward operating principle and long-term
viability, with a wide range of applications including bioenergy production, treatment of
industrial and domestic wastewater, biological oxygen demand, toxicity detection, micro-
bial activity detection, and air quality monitoring, etc. This review focuses on several MFC
types and their functions, including the detection of microbial activity.
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Introduction

Sensors are devices that detect signals and provide a way for these signals to be measured and
recorded. They have played a vital role in different sectors such as home, medicine, and auto-
mobiles. The commercial potential of using biological systems has led to increased research in
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the area of biosensors [1-4]. The development of biosensors has led to revolutionizing differ-
ent areas such as healthcare, agriculture, veterinary care, and pollution monitoring. A conven-
tional biosensor consists of a biological element, a transducer that converts the biochemical
signal to a quantifiable electrical signal. The biological element may be an enzyme, microbial
cell, or mammalian or plant tissues [5-9]. Microorganisms are ubiquitous, are able to adapt
to adverse conditions, and have the ability to degrade different metabolites. Microbial fuel
cells (MFCs) are bioelectrochemical systems that utilize microorganisms (mainly, electroac-
tive bacteria) to produce electricity. Insufficient non-renewable sources like oil paved way for
interest in renewable sources of energy. MFCs are ideal because they not only produce elec-
tricity with the help of electroactive bacteria, but they can also be used for wastewater treat-
ment, bioremediation, and toxicity detection [10—13]. Current research has been focused on
the use of these MFCs as biosensors for environmental monitoring, toxicity detection, etc.

The electroactive bacteria converted organic substances into carbon dioxide, electrons, and
protons, the anode which yields energy in MFCs. The process includes three main steps: the
first step involves degradation of the organic substrate into electrons by the electroactive bac-
teria. During the second step, the extracellular transfer of electrons is done by the electroactive
bacteria and transported to the anode [14—16]. For instance, direct transportation of electrons
via conductive pili is observed in the family Geobacteraceae, whereas, in Shewanella onei-
densis, electron transfer is mediated by cytochrome ¢ in the absence of oxygen in order to
convert lactate into acetate. These electrons are transported from the anode to the cathode
via an external circuit. The third step involves the oxygen reduction reaction (ORR), where
oxygen is converted into water, thereby resulting in the production of electricity. Moreover,
some microbes reduce CO, to CH, or C,H;0, in which acetyl-CoA is an intermediate, as
G. sulfurreducens produces succinate from fumarate by obtaining a negative charge. Surpris-
ingly, all the products and by-products which are produced in the anode chamber aid in the
simultaneous wastewater treatment and electricity production.

The development of MFC-based biosensors for BOD measurement requires a thorough
understanding of the chemical kinetics governing the biological oxygen demand (BOD) of
wastewater as well as a sharp understanding of these kinetics. MFC-type BOD sensors
have a number of benefits over conventional BOD detection techniques, such as a way for
online monitoring and real-time management of biological wastewater-treatment processes,
a quick measurement time, long-term stability, and a wide range of BOD concentrations
[17-21]. Additionally, MFC-based biosensors can also be used to detect toxic compounds in
wastewater.

A microbial fuel cell (MFC), a cutting-edge bio-electrochemical device, has new capabili-
ties such uses for biosensors, wastewater treatment, and energy generation. Recent advances
in the chemical, electrochemical, and microbiological aspects of MFC research have resulted
in its remarkable applications in the sensing sector (Table 1) [22-25]. Consequently, the
objective of this review was to present an overview of the most intriguing new applications
of MFEC:s in sensors, including providing the required electrical current and power for remote
sensors (energy supply device for sensors) and detecting pollutants, biochemical oxygen
demand (BOD), and specific DNA strands by MFCs without the need for an external analyti-
cal device (self-powered biosensors) (Figs. 1, 2, 3) [26].

Working of Microbial Fuel Cell

A fuel cell is a machine that uses fuel to create electricity chemically. The type of fuel cell
most frequently used to generate energy is a hydrogen fuel cell, which uses hydrogen. In
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Table 1 MFC-based biosensors’ analytical performance summary

[27]Parameter Anode Cathode Separator ~ Detection range Response time Ref
BOD AG AG PEM 0.34-9.6 mg/L 30-130 min [28]
GFG CC/Pt — 5-120 mg/L 132 min [29]
GF GF/Pt CEM 20-200 mg/L 5-36 min [30]
CcC CC/Pt SPEEK 0-650 mg/L 80 min [31]
GR CP PF 32-1280 mg/L 300-1200 min [32]
COD CF AC Ceramic 57.7-149.7 mg/L 3 min [33]
CcC ccC PEM 3-164 mg/L 2.8 min [34]
GG AC - 0-500 mg/L N/A [35]
VAFs CR CR — 0.5-2 mg/L. N/A [36]
CB TWWM/Pt  AEM 5 - 100 mg/L 60-240 min [37]
DO CP CP PEM 0- 8.8 mg/L <4 min [38]
GF GF — 0-9 mg/L N/A [39]
Ni2+ GP GP CEM 10 mg/L 30 min [40]
Pb%+ GF GF CEM 1-5 mg/L 20-120 min [41]
Hg* GF GF CEM 1-5 mg/L 20-120 min [41]
Levofloxacin SCE CC —_ 0.1-1000 mg/L 74 min [42]
SDS GP GP PEM 10-50 mg/L N/A [40]
p-Nitrophenol CF CF PEM 10-50 mg/L 27 min [43]
Formaldehyde GF CF CEM 0.0005-0.1% 10-240 min [44]
Microbial activity CP CP/Pt PEM 0—13 nmol/L < 186 min [45]

DO, dissolved oxygen; BOD, biochemical oxygen demand; COD, chemical oxygen demand; AG, activated
graphite; CB, carbon brush; CC, carbon cloth; CF, carbon fiber; CP, carbon paper; CR, carbon rod; GF,
graphite felt; GG, graphite gravel; GP, graphite plate; GR, graphite rod; SPEEK, sulfonated poly ether
ketone; AC, activated carbon; SCE, saturated calomel electrode; Pt, platinum; TWWM, titanium woven wire
mesh; ENIG, electro less nickel immersion gold; AEM, anion exchange membrane; CEM, cation exchange
membrane; PEM, proton exchange membrane; PF, porous filter; SDS, sodium dodecyl sulfate; N/A, not
available; VFA, volatile fatty acids

contrast to traditional biomass energy, which is mostly produced by burning the biomass
to produce heat, which is subsequently utilized to produce electricity, the microbial fuel
cell uses bacteria as a biocatalyst to convert biomass, such as sugars, to produce electric-
ity. When biomass is exposed to oxygen, it breaks down into carbon dioxide and water,
releasing energy that can be increased by combustion or by bacteria. Although biomass
cannot completely break down into carbon dioxide and water in anaerobic circumstances,
bacteria may nevertheless partially break down biomass in the absence of oxygen. Electro-
active bacteria, sometimes referred to as electrogens, are anaerobic microorganisms that
can break down biomass and generate carbon dioxide, hydrogen ions, and electrons. These
electrons can be used in MFCs to generate electricity with the goal of completing the reac-
tion between hydrogen ions and electrons joining with oxygen to form water in a separate
location. In order to prevent oxygen from harming bacteria or combining with hydrogens
and electrons without causing them to enter the circuit, it must be kept away from the bac-
terial area.

Two half-cells submerged in water make up an MFC. Electroactive bacteria consume
biomass, also known as the substrate, in the first half of the cell, where they produce hydro-
gen ions and electrons. The anode, the surface of an electrode, is where the bacteria are
found. The hydrogen ions move inside the cell and cross the membrane to enter the other
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Fig.1 Schematic diagrams of A a biosensor, B a dual-chamber microbial fuel cell (MFC), and C an MFC-
based biosensor
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half [46]. As the electrons are unable to migrate through the water, they must travel through
the electrode and further get transferred into the wire which connects them in an electric
load such as a light bulb. The overall reactions Egs. 1 and 2 can be observed as seen below
[47]:

At the anode:

C,H,0, + H,0 — CO,.H" +e~ (1
At the cathode:
0,.4H* + 4e~ - H,0 )

The membrane is a crucial component of the system since it is an ion exchange mem-
brane, allowing only specific ions to pass through. In this situation, hydrogen molecules
can flow through with ease but not oxygen molecules. This is necessary to allow hydrogen
ions or proton to move to the right compartment of the cell and to prevent oxygen from
entering the left cell.

MFC as Biosensor

MEFCs have certain limitations, which include activation, ohmic, and mass transfer losses
[48]. These losses prevent the output voltage from ever reaching the theoretical level. MFC
biosensors appear to be a superior solution for MFCs’ lack of power, making it simple
and affordable to remotely or in vivo monitor target reagents in marine ecosystems. The
electrical current generated by an MFC, in which charged particles are transported from
the biofilm to the oxidative electrode surface by direct electron transfer, i.e., nanowires or
cytochrome ¢ and mediated electron transfer, is directly related to the electrocatalytic bio-
chemical action of the evolved thermionic biofilm. Any changes to the metabolic activity
of bacteria can cause disruptions in the production of electricity. When functional param-
eters like temperature, pH, and feed conductivity are maintained constant, it will cap the
voltage [49]. The theory for employing MFCs as electrochemical biosensors is based on an
anode biofilm that functions as a receptor [50].

MECs could be used as biosensors to measure the amount of atmospheric carbon in
wastewater. A rapid change in the current generation will happen as a result of the presence
of anomalous materials in the input, on the other hand, if the MFC is frequently used in sat-
urated fuel conditions with all other factors, such as pH, temperature, salinity, and steady
potential of positive electrode constant. Mixed microbial cultures have been employed fre-
quently despite research on the use of pure cultures [51]. The use of heterogeneous micro-
bial culture ensures greater consistency and results in more effective MFC biosensors. The
electroactive biofilm is typically formed on the accessible surface of the positive anode,
allowing the MFC setup to physiologically monitor hazardous compounds in water [52].

MFCs may even be employed as biosensors to monitor levels of emissions to the envi-
ronment. The intensity of the effluent and the coulombic efficiency are linked with each
other. As a result, it could be used to detect BOD (biological oxygen demand). BOD and
coulombic yield have a straight affiliation [53]. The power increases linearly as the BOD
levels increase. Because of their stability and precision, MFCs’ BOD sensors are more
trustworthy than conventional BOD sensors. Especially compared to certain other sensors,
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MFC-based BOD biosensors have a long durability (over 5 years) requiring no mainte-
nance [54].

Types of MFCs

An anode chamber, cathode chamber, membrane, and electrode assembly make up any
microbial fuel cell. The design and manner of functioning of microbial fuel cells were used
to classify them into their different types which are mentioned below.

Dual-Chambered MFCs

These consist of an anode and cathode chamber divided by a proton exchange mem-
brane or salt bridge. Microbes, media (glucose, acetate, etc.), and electrodes are the mate-
rials found in the anode chamber, and electrode, clean water, and oxygen are found in the
cathode chamber. Electrodes are primarily made of copper, stainless steel mesh, graphite,
carbon paper, graphite fiber brush, and carbon cloth [36, 52]. Nitrogen should be continu-
ally provided if the anaerobic state in the anode compartment is to be maintained. The H
type MFC is the most basic design in this category. The basic H type MFC was invented
by Logan et al. in 2004. Two 300-mL borosilicate glass bottles were used to create it. A
clamp method was used to join the two rooms by glass bridges. PEM is being used to
divide the two compartments (Nafion). Each anode and cathode electrode is composed of
2.5%4.5 cm carbon paper. The cathode, on the other hand, was imbued with a platinum
catalyst (0.35 mg/cm?). The microbes were cultured in mineral salts medium (MSM) and
kept at 4 °C for later use.

Single-Chambered MFCs

Only the anode compartment is present in single-chambered MFCs, while the cath-
ode is exposed to the environment. Since the cathode is immediately exposed to air, no
aeration or O, supply is required. The concept is straightforward, and it may be run in
batches or continuously. Because of the simplicity of the design, scaling it up is straightfor-
ward, and the design is cost effective [38]. A basic flat plate MFC was created by Min and
Logan in 2004. The MFC was made out of a non-conductive polycarbonate plate that was
15 cmXx 15 cmX 3 cm in size (L X B X H). The zigzag route, which has a total surface area
of about 55 cm? and a volume of around 22 cm?®, was designed for wastewater retention. A
screw and bolt method was used to secure the plates. The anode was porous carbon paper
with a 10 cm X 10 cm dimension, while the cathode was carbon cloth with the same surface
area treated with a platinum catalyst. The proton exchange membrane was made of Nafion,
and the electrodes interacted with the external circuit by copper wire [34].

The effluent is fed into the system from the base and the effluent is pushed out of the
system from the head in an up-flow MFC design that functions in a continuous mode [55].
Jang et al. built a standard up-flow MFC without a porous membrane in 2004 [39]. The
MEFC was produced of polyacrylic plastic and had a cylindrical shape with a maximum
height of 100 cm and a diameter of 10 cm. The anode was constructed of graphite felt
(196 g), while the cathode was made of the same material (53.3 g). A succession of layers
of glass beads and glass wool were utilized between the anode and cathode, and sampling
ports were placed along the reactor length. The anode had a total size of 465 cm?, while
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the cathode had an area of 89 cm?. The fuel (artificial wastewater containing glucose and
glutamate) was delivered from the bottom of the reactor at a rate of 0.28 mL/min, and the
effluent was removed from the top. The electrodes were connected to an external circuit
using platinum wire resistance 10 and aerators to aerate the cathode layer. The absence of a
proton exchange membrane is the primary benefit of this design, which may also be run in
continuous mode, lowering costs.

Stacked MFCs

A large number of MFCs are connected in series or parallel. Although numerous MFCs
are linked together, high output or current generation is possible. Aelterman et al. devel-
oped the stacked MFC in 2006, which consists of six separate continuous microbial fuel
cells stacked together. The anode and cathode were made of graphite granules [56]. Graph-
ite granules give the most surface area for microbes to transfer electrons, and a graphite
rod was utilized to link the external circuit to the microbes. One MFC unit has a volume
of 60 mL, while piled MFC has a volume of 360 mL [57]. Ultrex CMI7000 was the bio-
electrochemical membrane that separated the anode and cathode. Due to high quality and
improved chemical oxygen demand (COD) elimination, parallel cell linkages have been
found to function superior to series cell connections [40].

The MFC was made of paper, which was low cost, chemical free, and disposable. The
design was basic, consisting of an anode and a cathode. Four distinct pencil strokes were
used as electrodes to deposit graphite particles on the paper. As a PEM, parchment paper
was applied, which allows H+to flow through. To make it hydrophobic, the crayon was
added to the corners. The microorganisms, together with a few milliliters of the growth
medium, were put into the anode chamber. The electrons were absorbed by O, at the air
cathode. Shewanella oneidensis was the microbe employed in the paper MFC. The greatest
voltage and current produced, respectively, were determined to be 300 mV and 11 pA [41]

Microfluidic Microbial Fuel Cells (MMFCs)

Microbial fuel cells (MFCs) are bioelectrochemical technologies that use microbial
metabolism to transform the chemical energy of organic substrates into electrical energy.
Microfluidic MFCs (MMFCs) have been created recently for biosensors, colony screening,
or micro-power sources. The mass transfer of the reactants and the product is improved in
mMFC due to a drop in the characteristic scale, which also lowers the buildup of hydro-
gen ions on the anode side and strengthens the reaction kinetics. High surface area to vol-
ume ratio and rapid reactant response are two characteristics of the downsized MFCs. The
physical separator is replaced in this device by a constrained anolyte-catholyte mixing area
in the center of the microchannel. The internal resistance is significantly reduced and the
power density is drastically increased when the separator between the anode and cathode
is removed. They are miniaturistic cell which work on the carbon—neutral policy of not
increasing carbon emissions but fulfilling the reduction process from the first step. MMFCs
utilize self-assembling bacteria as an inoculum for the anodic compartment for catalyzing
all the substrates present out there and producing ions and other metabolites. The electrons
migrate to the load while the positive ions migrates into the cathodic chamber for the redox
reaction [58—61]. In the beginning, non-polymeric materials like silicon and glass were uti-
lized as the building blocks for creating microfluidic devices. Glass materials were chosen
because of their excellent biocompatibility and outstanding resistance to high temperatures
and solvents. The non-optical transparency of silicon, the high cost of production, and the
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intricacy of micromachining with silicon and glass were the main causes of the constraints.
A wide range of mechanical and chemical properties, biocompatibility, affordability, trans-
parency, durability, design freedom, and low cost have all contributed to the polymeric or
plastic materials’ significant rise in popularity in recent years.

Based on different forms like macro, meso, and micro, MFCs are of several types. One
of the well-performing MFCs is micro-MFC or microfluidic MFC comprising a volume
of 1-200 pL including electrodes, membrane, fluid delivery system, biochip, and other
integrations [62]. MMFCs have small dimensions that is why they are very compatible
and reliable and this quality can be increased by some microfabrication techniques like
photolithography and soft-photolithography. Remarkably, their tiny typical length provides
significant benefits over other-sized MFCs, such as a high surface area-to-volume (SAV)
ratio, fast reaction to reactants, and accurate programming [47, 63]. Microfluidic MFCs
also serve as a laboratory tool to influence the production of large-scale MFCs due to their
expedited inoculation technique and reduced labor participation [64]. Some investigators
have used a micro-MFC to investigate a novel electro catalyst [65] and confirm its poten-
tial applicability in MFC. Because of the nature of the laminar flow, blending different
fluids is mostly restricted to a small junction and is governed by diffusion rather than tur-
bulence. The resulting mixing interface may abolish the membrane in typical MFCs [66,
67]. Lee et al. [54] proposed and Li et al. [68] developed the co-laminar MFC based on
this approach. In conventional MFC, a physical separator separates the two compartments,
allowing hydrogen ions and certain other cations to easily flow between them. Exoelectro-
gens, generally Geobacter and Shewanella species, or other sludge-derived mixed bacteria,
are injected into the anode [69-74]. The metabolic activity of the microbiomes catalyzes
the oxidation of organic compounds in the electrode material. Direct transfer, conductive
pili, and electron shuttles are three methods for donating electrons from the outer surface
to the anode surface [75—77]. The negative ions are then fed to the cathode through a load
resistance. Oxidants (such as oxygen, ferricyanide, or permanganate) can devour protons
and electrons transported to the cathode. Conventional MFCs show great reactor chamber
capacities ranging from a few liters to several liters [78—83]. Some researchers have begun
to reduce storage capacity from liters to milliliters or sub-milliliters in order to obtain
information on the observable interaction between microbial colonization and power pro-
duction. When all of the reaction components are constrained to a micro-scale space, a new
form of the microfuel cell, known as micro- or microfluidic MFCs, is created. Often, these
micro-MFCs are essentially calibrated macro-scale MFCs with two-chamber structures
and a proton exchange membrane (PEM). Commonly available components such as plastic
tubes [84, 85] and polymer sheets [86] are preferred in these circumstances. To swiftly
create the appropriate designs for the MFCs generated by photolithography, several read-
ily nanostructured and affordable polymers such as PDMS (polydimethylsiloxane), PTFE
(polytetrafluoroethylene), and rubber [87-92] are used. Aside from its expertise among
device makers, photolithography is used for electrode manufacturing because the electrode
form and size may be regulated by creating the photomask structures.

Pathogenic Bacteria

The fecal contamination is indicated by the presence of Escherichia coli; a statistically
valid amount of E. coli might be regarded a crucial element for ensuring human safety.
MECs can also be optimized as a sensor for sensing the presence of E. coli by detecting
the enzymes present in it like -D-galactosidase (GAL) and b-p-glucuronidase (GUS)[93].
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The reagent used for GAL detection is 4-aminophenyl-b-p galactopyranoside and for the
sensing of GUS, 4-nitrophenyl b-p-glucuronide and 8-hydroxyquinoline glucuronide are
utilized. All these reagents come into action by the hydrolysis reaction followed by the
electrochemical activation along with oxidation reaction in anode chamber [41].

Volatile Fatty Acids

Volatile fatty acid contents are exploited to assess the effectiveness of a variety of bio-
processes, including anaerobic digestion [94]. Esters of propionic acid, ethanoate, and
butyric acid are the most readily accessible VFAs and hence have a significant impact on
bioprocess performance [94]. The development of a simple and inexpensive sensor, such
as an MFC, to recognize tiny-chain VFAs would enable its use in this critical bioprocess
[95]. However, the use of MFCs as detectors needs the presence of dependable microbio-
logical catalysts in the anolyte. Electricity-inducing polymer and/or carbon composite elec-
trodes were used to increase sensor signal stability with respect to time, reliability, and
reaction time to detect changes in acetate, propionate, and butyrate concentrations [96].
Deactivation of negatively charged microbes on the anode carbon-based electrode has been
improved by modifying its interface with nanostructured polymeric films such as polypy-
role and polyacrylamide [97]. Furthermore, the remodelling of the anodic electrode with
these polymers can boost the current output, voltage production, stability, and success rate
of the sensor’s response. When compared with fresh electrodes, the greatest accomplish-
ments were gained in sensitivity, stability, and predictability, which was attributable to the
use of favorable poly pyrrole functionalization. The presence of these organic compounds
in aqueous solutions at concentrations ranging from 0 to 60 mg L™! can produce the very
same indications [98].

MFC-Based Biosensor for BOD Detection

The biological oxygen demand (BOD) of wastewater effluents is used to estimate the short-
term influence on receiving water oxygen levels. The decrease of BOD is used to assess
the efficacy of wastewater treatment systems. Ordinarily, a testing method is used which
takes 5 days (BODSY), and is performed for the estimation of standardized BOD, which
is examined by the quantity of the oxygen used by microbes present in the given sample
after 5 days of incubating the sample at 20 °C for 120 h [99]. As this approach takes a lot
of time and is labor strenuous, it is vital to design an alternate method for monitoring BOD
on site that is quick and convenient. Karube et al. [100] presented the utilization of MFC
as a BOD sensor for the first time ever. Clostridium butryicum bacteria were grown on the
anodic compartment electrode and a linear connection across MFC current output as BOD
concentration was deleted, confirming the practicality of the MFC-based biosensors. Fol-
lowing that, different types of MFC-based biosensors were described, as well as the uses of
various microorganisms were seen [101, 102] and they used arbiters to encourage exchange
of electron from the microbial fuel cell to the cathode, but some of the sensors were shown
to be suffering from the insecurity over the operation for longer term.

As a result, Chang et al. [30] demonstrated that a conciliator-free MFC could also be
utilized to repeatedly quantify BOD in the wastewater for real-time observation. Fur-
thermore, a biosensor which was based on the MFC was found to be stable for a term
of 5 years [103], which was substantially longer than earlier described BOD biosensors
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which were found to be stable for only 7 to 141 days [104]. This revealed the benefit of
MFC-based biosensors throughout lengthy periods of operation. MFC-based biosensors,
as opposed to traditional biosensors, directly employ output signals, or the measured
current or voltage [105], allowing them to be interpreted and presented in a much easier
way. Moreover, because of their potential to self-generate electric power, they may be
built and utilized for distant places [106].

Environmental Parameters

Some parameters that probably can affect the functioning of the MFC-based biosen-
sors for BOD monitoring such as conductivity of the electrolyte, temperature, pH [107],
and composition of water as well as the feeding rates [30, 108]. Peixoto et al. [107]
investigated the outcome of changing environment on biosensor efficiency utilizing the
household wastewater by a BOD% of 144 mg/L. When the temperature was raised by
1 °C ranging from 11 to 30 °C, the current density output rose by 66 mA/m?. During
this study, changing the conductivity of the electrolyte (i.e., domestic wastewater) had
a comparable effect: increasing the conductivity from 1.1 to 7.51 mS/cm increased the
current output from 199 to 316 mA/m?. Furthermore, maximal current density (288 mA/
mz) was obtained at pH 7.0, but either acidic or alkaline conditions decreased current
density (186 mA/m? at pH 6.0 and 184 mA/m? at pH 8.0). Chang et al. [30] investigated
the impact of anode and cathode feeding rates on sensor performance. The anode was
fed man-made wastewater (BOD% of 102.4 mg/L); the current was increased to 5.2 mA
as the rate of feeding rose from 0.48 to 1.08 mL/min (the flow rate of cathode was found
to be 5 mL/min). The oxygen in the chamber which comprises a cathode was supplied
by supplying tap water which was air-saturated. When the cathodic flow rate was found
to be 5, 10, and 15 mL/min (the feeding rate of anode was 1.37 mL/min), the maximal
current observed was 5.3, 5.7, and 5.9 mA, respectively, suggesting the restriction of
electron acceptor (oxygen) at a very high rate of fuel feeding. Furthermore, the influ-
ent’s effects with different fuels and some ions that were coexisting on the establishment
of valid calibration curves between output signals and BOD content were investigated
[108]. Monosaccharides were found to be a superior fuel for power generation than
methionine, phenylalanine, and ethanol. This study also discovered that Cu?*, Mn>",
Fe>* and Zn** (below 5 mg/L) had no influence on MFC performance; however, Cré*
(above 3 mg/L) reduced current density by 5 to 7%.

Upper Limit of Measurement

Not only do operational parameters influence the functioning of MFC-based BOD sensors,
but also somehow the upper limit of the linear range is also limited by the capacity of
the electrochemically active biofilm [109]. Several attempts have been devoted to raise the
top boundary. Modin et al. [32] built a customized membrane-less single-chamber MFC
for BOD monitoring (Fig. 2). The supplied voltage provided extra driving power for elec-
tron transfer from microbes to the anode, whereas the membrane-less arrangement reduced
anolyte pH reduction that could disrupt metabolic activity on the anode. The holding dura-
tion was also raised from 5 to 20 h, resulting in an increase in the upper limit of linear
range from 320 to 1280 mg/L. Another method for improving the upper boundary was to
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connect multi-stage MFCs in series [110]. By standardizing the total current output against
BOD3 concentrations, the three-stage MFC array increased the linear range (R=0.97) to
720 mg/L at a flow rate of 0.52 mL/min, whereas the single MFC design only had a linear
range of 340 mg/L.

Oxygen Diffusion

The current output of a MFC was found to be reduced in the presence of other electron
acceptors such as oxygen and nitrate as they were found to be competing with anode for
the electrons from biofilm [111]. This effect might be eliminated by using inhibitors of ter-
minal oxidase and nitrate reductase, such as azide and cyanide [112]. They did, although,
have “side effects” on cellular metabolism [113, 114], which might interfere with extracel-
lular electron transport. Furthermore, as these compounds are hazardous to mammalian
cells, the effluents must be treated before being released into the environment.

MFC-Based Biosensors for Toxicity Detection

Industrial revolution not only enhances the development of our society but also introduces
heaps of toxic compounds into the ecosystem [115]. Loads of them are harmful to mankind
along with living creatures; hence, detection is mandatory. Orthodox handling includes ex
situ chemical examination via physio-chemical techniques, for instance high-pressure lig-
uid chromatography, gas chromatography-mass spectrometry, and liquid chromatography-
mass spectrometry [116]. All such procedures require a lot of time; therefore, instantaneous
detection is important for bona fide functioning of the biosensors. MFC-based biosensors
are conceivably a mindful strategy perhaps of pernicious consequence of the bioaccumula-
tions. The presence of virulent substances can hinder the pursuit of electrogens, hence dis-
turbing the ionic flow induced by MFCs [41]. More toxins lead to the decrement of ionic
flow; consequently, several sensors formed the basis of the relation of toxic substances and
volume of reduced current [117]. Toxic sensors are basically coming in usage for dem-
onstrating if the flock of toxic substances in the discharge surpasses the utmost permitted
magnitude. Hence, finding out the linear order is not the focus here; preferably, detection
of pollutants limit is the ultimate goal in toxicity tests. Toxicity biosensors are generally
classified into four classes based on the type of target of pollutants, i.e., heavy metals bio-
sensors, antibiotics biosensors, organic toxicants biosensors, and acidic toxicity biosensors.

Heavy Metals

One of the remarkable properties of heavy metals is their long half-life which makes them
barely degradable by microorganisms. Heavy metals sometimes cause health issues as they
are carried in through the food chain inside the body but are also crucial for maintaining
health [118]. Heavy metal particles can hinder respiration process in several microorgan-
isms [119], which leads the ionic outflow of MFCs. Metal ions like Cu**, Hg**, Zn**,
Cd**, Pb**, and Cr’+ were experimented in a dual-chambered MFC apparatus and their
inhibition rate on outflow of ions was observed as 12.56%, 13.99%, 8.81%, 9.29%, 5.29%,
and 1.95%, respectively [120]. Xu et al. [121] developed a MFC-based sensor on a flat
membrane for improvising the stability and sensitivity of MFC-based biosensors. They
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tested the system with Cr®" and Ni**. They started by reducing voltage from 180 to 40 mV
in 40 min by adding 10 mg/L Cr®*; upon adding 20 mg/L of Cr®*, it turned to 50 mV in
6 min. Later, the MFC-based biosensor was tested with 20 mg/L of Ni** into the anolyte
which results in a slight drop of voltage to 150 from 180 mV in the duration of 180 min.
A rapid drop of voltage in the same range values was observed upon the addition of higher
concentrations of Ni** [120]. Theoretically, heavy metal ions compete with electrons at the
anode in the MFC, which in return transfers less negative ions to the other chamber. Under
anaerobic conditions, Cr6+-reducing anaerobes reduce Cr®* to act as terminal electron
acceptors [122]. Therefore, the voltage of the cells will reduce with increase in concentra-
tion of Cr®" in Cr®-reducing anaerobes—based MFC. On this basis, an experiment using
Ochrabactrum anthropi YC152 was done, in which the result shows that the biosensor can
detect quantification in Cr®" between the range 0.0125 and 5 mg/L [123]. Furthermore,
Wu et al. developed a similar system but by utilizing Exiguobacterium aeutuarii YC211
which ranges 2.5-60 mg/L [124]. A relation between the ions and MFC outflow was shown
by Tran et al. [125]. Tran et al. inoculated ion-oxidizing bacteria, i.e., consortia, in the
anode to develop an MFC-deployed sensor, and a relation between Fe?* and ion output was
observed in the range of 3-20 mM. Lately, Zhao et al. [126] developed a MFC to scan Cr®*
in industrial wastewater over a range of 0.2-0.7 mg/L, which was the best allowed range by
Chinese National Standard. MFC was utilized to detect Cu*" accumulated on the surface of
cathode over a concentration range of 5-160 mg/L [127]. Presently, this research is focused
on developing MFC-based sensors which are used to observe the heavy metal ions in tap
water [128]. For detecting toxicity in tap water, O,-reducing microbial cathodes were used.

Antibiotics

Antibiotics is a savior for this world. However, improper disposal of antibiotics into the
water interferes with the essential progression, causing safety health issues to living beings
[129]. So, there is an urgent need to trace and manage them. Nowadays, antibiotics are
being detected in wastewater with the help of emerging real-time technology, i.e., MFC.
Wu et al. [130] developed a single-compartment MFC with water-based carbon cloth as
an anode to detect tobramycin. No effect was detected with concentrations of 0.1, 0.24,
and 0.47 g/L, but when the concentration reached 0.93 g/L a notable drop of current was
detected. Voltage output was dropped to half after addition of tobramycin. This experi-
ment showed the validity of the MFC-based sensors for antibiotics detection. Furthermore,
Schneider et al. [131] developed an approach by f-lactam antibiotics examination by min-
iaturizing MFC into a cabinet. Escherichia coli strain ATCC 25,922 and Staphylococcus
aureus strain ATCC 29,213 with ten non-identical f-lactam antibiotics (penicillin, ampi-
cillin, cefoxitin, ticarcillin, cefazolin, cefuroxime, cefoperazone, cefepime, cefaclor, and
imipenem) were tested at individual concentrations ranging from 1 to 75 pg/mL; voltage
changes could be measured within 4 h after injecting the cell suspensions in the MFC,
whereas Kirby-Bauer disc dissemination requires 24-28 h. Levofloxacin was detected in
a single-chamber MFC by sensing up to 1000 pg/L, obtaining a concentration range of
0.1-100 pg/L [132].

Organic Toxicants

Wastewater consists of many toxic compounds like carbons, polyenyls, phosphates, etc.,
which have adverse effects to the environment [111,112,]. Kim et al. [41] tested the toxicity
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of diazinon and PCBs in dual-chamber MFC which results in inhibition ratios of 61%
and 38%, respectively. Yang et al. [133] developed a one-chambered microsized MFC for
observing methanediol in water, which was integrated by a thin-film trap to prevent tiny air
bubbles from interfering sensors. When formaldehyde of concentration ranging from 0.001
to 0.1% is introduced into the medium, a decrease in the voltage was observed. A single-
unit paper MFC was also developed for detection of organic contaminants in wastewater
[79]. In this, carbon-based electrodes were imprinted on a single sheet of paper, while
the anode was immerged in fluid and cathode lasted in air itself [134]. The use of vellum
here is undisguisable while it acted as a separator between the two electrodes and also as a
mediator for mass transferring in the influence of capillary force. In a study, formaldehyde
was observed as it was inducing a drop in current output with its addition of 0.1%. Addi-
tionally, it was found that two MFCs can be impressed on a single paper which could be
connected in parallel. Chen et al. [27] set up a two-compartment MFC by utilizing p-nitro-
phenol (PNP) as a substrate. The reactor was infused with Pseudomonas montelli LZU by
giving aerobic conditions to the anode. Under the optimum conditions, the voltage of cell
increased with the increase in PNP concentration, giving the linear relation of maximum
voltages and PNP’s concentration range of 16 +5 to 44 +4.5 mg/L.

Toxicants

Online monitoring of various toxicants from home or industrial wastewaters is essential for
the safe cyclic use of water resources. The current generation of chemical detection sensors
is complex and expensive to operate. MFCs can offer this issue a minimal maintenance,
long-term stable solution. The activity of electrogenic microorganisms in biofilms can be
impacted by toxic components, which adds to an abrupt change (either rise or fall) in volt-
age. MFC-based toxicity biosensors can be categorized into two primary groups: organic
matter biosensors and heavy metals biosensors, depending on the type of substrates being
monitored. However, since toxin biosensors frequently exhibit overlapping functions and
properties, the criteria used to construct this classification are frequently confusing.

Acidic Toxicity

Acidic toxicity in wastewater leads to changes in the pH of the water, which might be
responsible for the slow microbial activity in the wastewater. This might affect the self-
purification system of water bodies [112]. Shen et al. [135] developed a single-compart-
ment gas-phase cathode MFC and operated in continuous batch mode. The alkalinity was
reduced by adding HCI to the influent. When the pH was maintained at 3—4, voltage output
also reduced but recuperated by decreasing the HCI, although maintaining the influent’s
pH to 2 reflected depletions in the output voltage, which resulted in irreversible damage
to the biofilm under low pH. Jiang et al. [136] designed a cathode-comprised MFC sensor
series to determine the intoxications. The series was operated in continuous mode. When
array reached equilibrium, acidity was increased by anolyte. As the basicity was decreased
from 6 to 4, voltage amplitude reduced to 0 from 200 mV. However, this process provides
capability to access the pH in liquid phase which was deployed by the difference in cell
voltages. It was observed that, along with the acidic toxicity in water, degradation of water
bodies because of exalation was also reported. In MFC, nitrogen-fixing bacteria [137] can
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provide power by mortifying the excretes of rhizo deposits. Li et al. [138] designed a MFC
to utilize acidic rain degradation by concentrated sulfuric acid and nitric acid to restore
acid rain. Instantaneous voltage drops were obtained within 2 min of stimulated acidic rain
sprinkled on greens, which had a better compatibility with the changes in rhizospheric bio-
logical concentrations.

Toxicity Sensors

Toxic chemical detection is frequently carried out with the aid of chemical analysis tools like
GC, GC-MS, HPLC, and LC-MS. However, they are either unsuitable for on-site real-time
monitoring or too expensive. MFC-based sensors can fill the gap by offering a straightforward,
quick, accurate, and low-maintenance approach. Biofilms are hindered in their ability by toxic
chemicals. The impact of a harmful material is demonstrated using an inhibition rate (). I can
be determined using the subsequent equation:

I0\%) = |CY yr = CY x| /CY o X 100

The current output of the MFC is integrated over time to determine the coulombic yield
(CY). The CYs of the MFC reactor supplied with normal wastewater and toxic wastewater,
respectively, are CY . and CY,,. The electrogenic biofilm covering the anode is impeded
in its ability to oxidize the organic matter in the effluent when a toxin is present in the efflu-
ent to the MFC reactor. Less electrons are captured, and as a result, the biofilm transfers less
electrons to the anode. A decrease in the observed current output reflects this. Because the rate
of inhibition or the fall in current output is correlated with the concentrations of the harmful
compounds, MFC-based toxicity biosensors may therefore be standardized to produce quanti-
tative data.

Using MFC-based sensors to find harmful substances offers numerous benefits over con-
ventional techniques. There are still some issues, though, like the non-specificity of the sub-
stances involved and the demand for microorganisms with high enough biological activity.
Additionally, their low sensitivity, which requires tuning in terms of control modes and flow
configurations, is the principal drawback restricting their utilization.

Microbial Activity Detection

Ancient techniques for detecting microorganisms and phenotyping are assessable but labori-
ous. To overcome the limitations, use of MFCs was preferable and can also be used to store
the original data or characteristics of microorganisms [139]. Miller et al. used MFC for detect-
ing arsenate-respiring microbes in soda lakes [140]. One more speculative implementation to
utilize MFC to detect microbes in other planets is by presuming that they must retain elec-
trons during in their living [141]. Liu et al. [142] developed a flow-cell MFC for detecting
the oxygen less digestor behavior and noticed the voltage changes corresponded to changes in
functional restrictions, i.e., pH, airflow, and COD up to straight 6 months. Besides these, Sun
et al. [110] also suggested that voltage amplitude of MFC was directly related to ethanoate
concentration up to 20 mM and only slight disturbances can be measured from other vaporous
fatty acids residing in the anaerobic digestor. These experiments compiled the possibility to
design a MFC-based sensor to scan the metabolic yielding rates of organic compounds in an
anaerobic digestor. It may be possible to manufacture a MFC-based biosensor for detecting the
metabolic yielding rates of natural components in an anaerobic digestor.

@ Springer



Applied Biochemistry and Biotechnology (2023) 195:3508-3531 3523

Challenges and Future Perspective

MFC-based biosensors rapidly gained attention worldwide as they are a kind of self-pow-
ered, as well as eco-friendly, devices using whole cells. A lot of progress has been done
in many fields but most of the research is focused on BOD and toxicity detection. How-
ever, according to scientific communities, some minor issues need to be addressed before
MEFC is confirmed as mature sensing technology [143]. First, it is important to check the
stability of MFC-based biosensors. Due to the self-renewable nature of bacteria, it is used
as a biocatalyst. However, because bacteria may develop quickly in response to environ-
mental changes over time, the biosensor’s sensitivity, selectivity, and reproducibility will
be affected in the end [144]. Additionally, screening of bacteria with high extracellular
electron transfer is a promising technique for improving this biosensor. Also, to enhance
biosensor performance, it is required to construct genetically engineered microorganisms.
Electrogenic genes linked to electron transport and metabolic pathways have been discov-
ered, which not only improves the current applications of MFC-based biosensors, but also
increases their use for various types of study.

Although numerous studies have been conducted to study the function of MFC-based
biosensors in actual effluents, it is critical to investigate the sensorial behavior of MFC
in real-world contexts since long-term operation may modify the characteristics of this
system. Furthermore, MFC biosensors must be capable of detecting harmful chemicals in
a variety of conditions while also providing a reliable output signal [145]. Assessing the
mix and dynamic fluctuations of microbial assemblages under diverse substrates is impor-
tant for mixed cultures, which could lower perceived risk and expedite acceptance of this
technology.

Several studies have been conducted to improve the effectiveness of MFC-based bio-
sensors; however, these efforts have primarily concentrated on one section of the reactor.
It should be noted that MFC operates as a system, so partial performance may not be sig-
nificantly affected by other components, and an overall strategy should be used to build
an MFC-based biosensor. We believe that microbial biosensors will have a promising and
bright future with current breakthroughs in microbial biosensors and progress in modern
biotechnology.

Conclusion

Over the past two decades, the development of MFC as an analytical tool has been remark-
ably rapid. In addition to measuring BOD, it can now also detect toxicity, detect DO, ana-
lyze microbiological activity, and act as a power supply for other sensors. It has special
benefits in various applications, including straightforward construction, low cost, and in-
place monitoring. Commercially available MFC-based biosensors include some. MFC-
based biosensors may someday be accepted as standard procedures due to advancements in
materials and microbiology, particularly electrogenic bacteria. By electrochemically cover-
ing electrodes of BFCs with conducting polymers like PPy or PANI or blends of conduct-
ing polymers with chitosan or hydrogels, the biocompatibility problems of the implantable
MFCs could be alleviated. By selecting the best chemical and electrochemical settings for
efficient electrode modifications to stop inflammatory reactions when in contact with bio-
logical tissues, it is simple to manage the various properties of the layers formed.
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