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ARTICLE INFO ABSTRACT
Keywords: Microbial electrochemical technologies (METs) are a group of innovative technologies that pro-
Bioelectrochemistry duce valuables like bioelectricity and biofuels with the simultaneous treatment of wastewater

Microbial electrochemical technology
Quorum quenching

Quorum sensing

Wastewater treatment

from microorganisms known as electroactive microorganisms. The electroactive microorganisms
are capable of transferring electrons to the anode of a MET through various metabolic pathways
such as direct (via cytochrome or pili) or indirect (through transporters) transfer. Though this
technology is promising, the inferior yield of valuables and the high cost of reactor fabrication are
presently impeding the large-scale application of this technology. Therefore, to overcome these
major bottlenecks, a lot of research has been dedicated to the application of bacterial signalling,
for instance, quorum sensing (QS) and quorum quenching (QQ) mechanisms in METs to improve
its efficacy in order to achieve a higher power density and to make it more cost-effective. The QS
circuit in bacteria produces auto-inducer signal molecules, which enhances the biofilm-forming
ability and regulates the bacterial attachment on the electrode of METs. On the other hand, the
QQ circuit can effectively function as an antifouling agent for the membranes used in METs and
microbial membrane bioreactors, which is imperative for their stable long-term operation. This
state-of-the-art review thus distinctly describes in detail the interaction between the QQ and QS
systems in bacteria employed in METs to generate value-added by-products, antifouling strate-
gies, and the recent applications of the signalling mechanisms in METs to improve their yield.
Further, the article also throws some light on the recent advancements and the challenges faced
while incorporating QS and QQ mechanisms in various types of METs. Thus, this review article
will help budding researchers in upscaling METs with the integration of the QS signalling
mechanism in METs.
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1. Introduction

Microbial electrochemical technologies (METs) are promising techniques for wastewater treatment with concomitant value-added
product recovery. The METs utilize microorganisms for catalysing different electrochemical reactions and thus can be characterized as
microbial fuel cell (MFC) for bioelectricity production, microbial electrolysis cell (MEC) for hydrogen production, microbial elec-
trosynthesis (MES) used for chemical recovery, microbial desalination cell for desalinization of saline water and microbial carbon
capture for carbon sequestration with bioenergy recovery [1]. The METs are unique and clean technologies which are a combination of
electrochemical and biological methods for wastewater treatment and concomitant energy recovery in terms of bioelectricity and
valuable products such as; hydrogen, acetate, hydrogen peroxide and methane etc [2]. In METs, the organic compounds present in the
wastewater act as the substrate for the anaerobic microbes present in the anodic chamber; on the other hand, in the cathodic chamber,
oxygen acts as the terminal electron acceptor in the oxygen reduction reaction. The working mechanism of METs is purely dependent
on the electroactive microorganisms formally termed as biocatalysts, which oxidizes the organic fraction of wastewater and generates
electrons and protons. These produced electrons and protons are then further utilized based on the type of MET reactor used, such as in
MFC; these protons and electrons are transferred through a proton exchange membrane (PEM) and an external circuit, respectively, to
the cathode, where the oxygen reduction reaction takes place leading to the production of energy in the form bioelectricity. Similarly,
for microbial carbon capture, oxygen required for the cathodic reaction is provided by the algal cells cultured in this chamber, thus
reducing the dependence on external aeration. Whereas in the case of MEC, exoelectrogens oxidize the organic matter present in
wastewater in the anodic chamber and produce COq, protons, and electrons [3]. Further, the electrons move to the cathodic chamber
via an external circuit and the proton passes through the PEM to the cathodic chamber and simultaneously gets reduced to form H;
(Fig. 1).

In recent times, METs have gained significant attention due to their promising applications for valuables recoveries such as
bioelectricity, biohydrogen, biomethane, commodity chemicals and biofuels. The METs are greener technologies for resource recovery
with concomitant wastewater treatment without the emission of any greenhouse gases and less sludge generation. However, the
inferior yield of resources and higher fabrication cost are the major setbacks for the METs, which limits these technologies to lab-scale
only. The word “quorum sensing” refers to sensing the environment by bacteria for an appropriate physiological response and gene
expression during transcription under a certain threshold cell density [4]. This is operated by signal molecules known as auto-inducers
(AI) produced by the bacteria and exchanged with the surrounding environment, when the cell density of autoinducers is high [5]. The
production of Als depends upon the bacterial cell density and is produced in direct proportion to the number of bacteria present in the
colony [6]. Numerous signal molecules, known as QS molecules (QSM), can be found within a bacterial population and these are
primarily categorized into four groups depending on the nature of Als, namely, i) Acyl-homoserine lactones (AHLs); ii) oligopeptides or
autoinducing peptides (AIP) iii) autoinducer-2 (AI-2) iv) Pseudomonas quinolone signal (PQS) and autoinducer-3 (AI-3). The mech-
anism of quorum sensing (QS), which is dependent upon the expression of genes, is controlled by transcription and is common in
homogeneous or heterogenous bacterial communities [7,8]. The QSMs contribute to a variety of physiological changes, like patho-
genicity, complex formation, symbiosis, competence, antibiotic synthesis, as well as the formation of biofilm.

Moreover, the bacterial QS mechanism is cellular communication between bacteria in response to extracellularly secreted Als.
Fundamental processes necessary for the survival of bacterial colonies viz; biofilm formation, antibiotic quorum quenching (QQ)
production, sporulating capacity, bioluminescence, activation of virulence genes, and competence regulation are controlled by the QS
mechanism [9,10]. The Als are signalling molecules which are produced intracellularly and secreted by the cells either by passive or
active transport. Usually, Als are present outside the cells at a concentration low enough to be detected by other bacterial cells [10]. At
low cell densities of microbial cells, the Als are low in number; however, at high cell densities, there are enough Als for the detection
and regulation of gene expression programs [11]. In this regard, the application of QS and QQ for improving the performance of METs
has gained considerable attention because of their ability to enhance the yield of valuables obtained through METs. Basically, the
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Fig. 1. Schematic of a microbial fuel cell.
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biofilm formation because of the attached growth on the electrode improves the performance of METs by reducing the losses associated
with electron transfer. However, excessive profuse biofilm formation on the surface of the electrode and PEM deteriorates the per-
formance of METs [12]. Therefore, the performance of MFC is dependent on the thickness of the biofilm; moreover, biofouling of
membranes also gets triggered due to the random bacterial growth on the membrane surface, which diminishes the performance of
membranes and results in the poor performance of the METs as well [13]. The optimal biofilm thickness on the surface of the anode and
prevention of membrane biofouling can be achieved by interfering with the QS communication, thus improving the overall efficacy of
the METs. Therefore, the inhibition of the autoinducer-mediated QS mechanism known as QQ can control the anodic biofilm as well as
membrane biofouling [14]. Hence, due to the controlled biofilm formation, the electron transfer becomes efficient, which ultimately
enhances the performance of METs.

The mechanism of QQ on the other hand, is a mechanism of inhibiting the QSMs through the production of various QQ molecules
(QQM). The QQMs are found in nature (i.e., bacteria, fungi, plants), like chemical Al analogues and enzymes isolated from micro-
organisms. Hence, bacteria can themselves monitor their population growth by bringing variations in the concentration of signal
molecules for upregulation or downregulation of a particular gene and the generated signals regulate the process of QS & QQ [15]. The
QQMs also inhibit biofilm-formation by regulating the expression of gene clusters (operons) in bacteria. The bacteria form biofilms as a
part of social behaviour to interact with each other via the QS-QQ signalling mechanisms and this aids in the exchange of nutrients and
gases, electrons, and protection from pathogenic attacks [12].

In wastewater treatment through METs, QQ and QS plays an important role as antifouling agent to prevent the pathogenicity of
biofilms, improving the longevity of the membrane [16]. The QSMs control cell-cell communication and aid in electron exchange in
METs via biofilm formation, whereas the QQMs regulate the thickness of biofilms to optimise effluent treatment and value-added
product recovery [17]. Bacterial biofilm formation in the anodic chamber of the MFC increases the rate of degradation of organics
and electron exchange, which is advantageous for METs [18]. However, thick anodic biofilms reduce electron transportation as the
bacteria in the inner layers do not have as much access to the substrate compared to the ones on the outer surface, accompanied by the
loss of substrate from the outer to inner layers of the biofilm [19]. It has also been observed that electron transportation is less efficient
in the inner biofilm layers [14]. Thick biofilm formation on the membrane, formally termed as membrane biofouling, also affects the
proton exchange via the ion exchange membrane used in METs, thus, interfering with bioelectricity production [14]. Therefore, anodic
biofilms with optimal thickness are prerequisites for the efficacious performance of METs.

Several biological or pharmacological approaches, including QQ and enzymatic processes, have proved to be effective for mem-
brane cleaning and preventing membrane biofouling [20]. Besides, silver nanoparticles and poly-sulphones have been able to mitigate
biofouling in METs [21]. It is widely known that the AHL-intervened QS plays a significant role in the formation of biofilm. As a result,
numerous techniques for AHL degradation have been developed to block this QS and biofouling is mitigated [22]. Biocides and other
antifouling agents have also been employed in the recent past to tackle biofouling in METs. Das et al. (2021) have shown that CuMnFe
composite in a 25 L pilot-scale MFC can be successfully used as an antifouling agent [23].

2. Importance of QS/QQ assistance in the application of METs

The QS is important in the formation of exo-polysaccharides (E-PS) and also in transforming the effluent into aerobic granules [24].
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In contrast, a larger accumulation of AHLs promotes granule formation, whereas lower amounts can cause granule breakdown and its
concomitant conversion into flocs [20]. Thus, by keeping a high concentration of QS signals and minimising the impact of QQ, the
efficacy of the METs can be improved (Fig. 2), for example, by preserving the stability of aerobic granules for stable wastewater
treatment [25].

Numerous activated sludges have been studied and found to contain both QS bacteria that produce AHLs, and QQ bacteria that
degrade AHLs [26,27]. This can be of keen interest for their plausible application in various types of METSs. In biological wastewater
treatment, AHL signals may be very helpful in detecting biofilm growth and maturation, microbial aggregation and stabilisation,
exoenzyme activity, granule formation, and stability of sludge structure. All bio-membrane procedures, often referred to as fixed-film
processes, rely on the adherence of microbial cells to form a biofilm on the inert support medium possessing a high specific surface area
for maximal biofilm growth thus enhancing the removal of dissolved and colloidal organic contaminants [28].

In this regard, inventive QS-assisted biotechnological interventions can alleviate this ever-increasing environmental issue before it
worsens further. One such advancement is the emergence of METs for the environmentally friendly generation of valuables like
bioelectricity and biofuels. The most widespread type of MET is MFC which produces electricity by decomposing organic wastes,
domestic wastewater, and industrial wastewater [23]. The technology of MFC is clean, eco-friendly, renewable, robust and flexible, as
different types of waste material can be utilized as the substrate to generate bioelectricity [29]. This process is also termed as the
“waste-to-energy” concept [29,30]. By employing the QS-QQ method, which involves live bacteria as a catalyst to transfer electrons
from the wastes to the anode, the process of bio-generation of electricity in a MFC can be enhanced. The use of METs, especially MFCs
integrated with QS-QQ has been proven as a cutting-edge tool for bio-electricity and bio-hydrogen production [31]. Also, utilising solid
or liquid waste as feedstock integrated with microalgae [32] has the potential to revolutionise the industry [32-34] by treating
wastewater [35], creating biosensors [36], and bioremediation of contaminants [37].

Additional research and development in multi-purpose QS technology may enhance the transmission of electrons for the generation
of bioelectricity in METs in novel ways with the aid of these recent findings. The QS system may aid in the effective transmission of
electrons from the exoelectrogens to the anode of MFCs by producing the QS signal molecules [38,39]. These molecules are in charge of
bacterial-to-bacterial communication and carry chemical signals between cells. In the end, the anode area experiences excellent and
robust biofilm development, which is imperative for the efficacious performance of METs [40]. In membrane-based technologies,
biofouling is referred to as the undesired aggregation of microorganisms on the membrane surface, leading to inferior performance of
the membranes [41-43]. Even though the strategies to prevent biofouling have been extensively researched over the last two decades,
it remains a significant impediment towards the commercial scaled-up applications of membrane-based technologies [44]. Huang et al.
(2016) employed AHL-based QS and QQ to improve the efficiency of biological wastewater treatment and also improvement in the
organic matter removal efficiency was observed [15]. A very recent study by Giines & Taskan et al. (2022) to control biofouling in
membrane photobioreactor (MPBR) employing the QQ mechanism of immobilized Rhodococcus sp. BH4 has shown extremely
promising results [45]. In this research, biofouling was monitored according to changes in conditions such as extracellular polymeric
substances (EPS), transmembrane pressure cake-layer morphology, and microbial community on the membrane surface of MPBR [45].
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It was observed that transmembrane pressure in control MPBR showed 818 mbar while QQ-MPBR showed 448 mbar [45]. Therefore, it
can be concluded that QQ could productively reduce EPS from MPBRs and could also be employed in various METs.

3. Bacterial signalling mechanisms
3.1. Bacterial quorum sensing mechanism

The bacterial QS and QQ are intercellular mechanisms, which control the bacterial networks in their vicinity with the help of
synthesized diffusible signal molecules, that is Als. The QS systems in Gram positive bacteria are slightly different than the ones in
Gram negative bacteria (Fig. 3). The Als are sensed by cognate receptors; however, their location usually varies depending on the Gram
character of the bacterial strain. It is seen in Gram positive bacteria that a two-component QS signalling cascade takes place. The AIPs
are produced by acyl synthase as pro-AIPs and transported inside the cells as mature AIPs, followed by auto-phosphorylation of
histidine kinase receptor and relaying the signal (transfer of phosphate ion) to the response regulator, which aids in the expression of
the target gene.

It has been reported that the cognate receptors are present in the cytoplasm for Gram negative strains, whereas, in the case of Gram
positive strains, they are membrane-bound [10,46]. The Als, post-receptor binding, are responsible for activating cascades of
downstream signalling mechanisms as well as altering the gene expression in cells. The Gram positive bacteria use AIP and a
two-component signal transduction system for the QS mechanism [47].

These signalling components develop a feed-forward autoinduction loop, which has various roles, including the transition from low
cell densities to high cell densities state, and an increase in overall synchronicity amongst the bacterial population. The QS-system is
responsible for the competence behaviour and formation of biofilms in Streptococcus aureus [9,48]. The S. aureus accessory gene
regulator’s QS system has been characterised by various researchers, which gives us a clear idea about the receptor-ligand linkage in its
QS system. Another Gram positive strain, Bacillus cereus, takes a slightly modified approach to the QS mechanism, when compared to
S. aureus [48]. The Gram negative bacteria, in contrast, use the QS system similar to the marine bioluminescent bacterium Vibrio
fischeri. The bacteria use QS to activate the luciferase operon. The autoinducer signalling molecules used by Gram negative bacteria are
known as AHLs, which consist of homoserine lactones and acyl chains that contain 4 to 18 carbon atoms [49,50]. Pseudomonas aer-
uginosa is one such Gram negative bacterium which produces an array of virulence factors contributing to its pathogenicity.
P. aeruginosa uses two LuxI/LuxR QS circuits [51], where LasI is a homolog of LuxI synthesises 3-0xo-C12-homoserine (30C12HSL).
These circuits also help in biofilm formation for P. aeruginosa. The RhllI/RhIR circuit is involved in the treatment of municipal
wastewater by degrading phenolic compounds and also aids in the denitrification process [17,52]. Rhll/RhIR mutants in P. aeruginosa
were seen to lack the above-mentioned processes. Also, the LuxS-A1l, A3 and LuxR homolog SdiA in Escherichia coli and Salmonella sp.
Induce intercellular signalling mechanisms [53,54]. Bacterial strains such as Nitrosomonas europea, and Nitrobacter winogradskyi,
isolated from wastewater may have the ability to exhibit cross-interaction among QS signals, E-PS production and biomineralization to
reduce wastewater sludge [55,56]. The redox reactions of E-PS, which are responsible for bioremediation by bacteria, can also be
optimized through the heme-activation of E-PS [17,57]. The benefits of the QS mechanism and QQMs; therefore, make it an important
prerequisite in MFCs and have huge applications in METs.

3.2. Bacterial QQ mechanism

The discovery of Al analogues has led to several studies that have come up with the concept of a QQ system, which interferes with
the QS circuit [58-60]. These studies testify to the major breakthrough in microbial-host interaction to control microbial pathogenesis
and diseases caused by them. The QQ mechanism interferes with the QS circuit by inhibiting any of the four main QS stages as follows:
i) inhibiting the production of autoinducers, ii) inhibiting the transport of autoinducers, iii) degradation of autoinducers by physical

Table 1
Commonly found quorum quenching enzymes in bacteria.
Enzyme Mechanism Quenching enzyme Examples References
target
AHL Lactonase Hydrolysis of AHL-lactone bonds AHL PON1 (mammalian liver) [71]
QsdR1 (Rhizobium sp. NGR234) [72]
QsdA (Rhodococcus erythropolis) [73]
AhIS (Solibacillus silvestris) [741
Moml (Pectobacterium carotovorum) [75]
AHL-acylase Deacylation, hydrolysis in amide-bond of AHLs ~ AHL QuiP (Pseudomonas aeruginosa PAO1) [76]
AiiD (Ralstonia sp. HI12B) [771
AiiO (Ochrobactrum sp. A44) [78]
AhIM (Streptomyces sp. M664) [79]
AHL-oxidase Catalysis of acyl-chain oxidation AHL CYP102A1 (Bacillus megaterium) [80]
AHL-reductase Conversion of 3-oxo-substituted-AHLto 3- AHL BpiB09 [81]
hydroxyl substituted AHLs
Quinolone Catalysis of PQS conversion to N-octanoyl- Quinolones 2-alkyl-3-hydroxy-4(1H)-quinolone 2,4-dioxyge- [82]
dioxygenase anthranilic acid and CO nase (Arthrobacter sp.)
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and/or chemical means, and iv) preventing the recognition of autoinducers by the receptors via competitive inhibition. The QQ
mechanism does not put the bacteria under selective stress like pH, temperature, moisture, or nutrient, nor does it kill the cells;
therefore, it is an effective biological control to prevent bacterial growth [59,61]. The components of QQ activities are divided into two
main categories, small molecule QS inhibitors (QSIs) and macromolecular QQ substances [9,11,62]. The first group structurally
mimics the QS signals, such as furanone (mostly halogenated), synthetic molecules of AIPs and AHL, and flavonoids [63]. These QSIs
block the binding of signals to the receptors and reduce the receptor concentration. Naringenin, a plant flavonoid, replaces odDHL by
binding to LasR, reduces biofilm formation, and decreases pyocyanin, elastase and virulence factor expression in P. aeruginosa [64,65].
Chatterjee et al. (2017) have reported that Lactobacillus sp. produces 3-benzene lactic acid, a QSI which binds to the receptors PhIR and
PgsR more efficiently than the P. aeruginosa’s receptors [66]. The second group belongs to the enzyme inhibitors like triclosan and
closantel [11]. Enoyl-ACP catalyses AHL biosynthesis and aids in the formation of an essential intermediate, and triclosan blocks the
action of enoyl-ACP, whereas the histidine kinase is blocked by closantel [11,63,67]. Natural compounds like trans-cinnamaldehyde
and salicylic acid inhibit QS virulence genes and biofilm formation in P. aeruginosa [68]. MacQ, an AHL-acylase isolated from Acid-
ovorax sp. MR-S7 interfere with many AHLs, and disrupts acyl chains of C6-C14 carbon [69]. While the small molecule QSIs mainly
involve in inhibiting enzyme complex formation or reducing the receptor concentration to quench the QS circuit via competitive
inhibition, the macromolecular substances degrade the enzymes in the QS pathways, especially AHL signal pathways, including
enzymatic hydrolysis [61,63,70]. The AHL degrading enzymes are differentiated into the following types: AHL lactonase, AHL acylase,
and AHL oxidoreductase [59] and a few others (Table 1 and 2).

In wastewater sludge, there is the presence of both QS and QQ bacterial colonies and there is the possibility of an interaction. For
example, Song et al. (2014) investigated the induction of f-galactosidase by Agrobacterium tumefaciens [89]. When the activated sludge
was incubated with AHL for a period of 6 h, they noted a minimal induction of the enzyme when compared to the absence of AHL. Also,
they were able to isolate Bacillus thuringiensis from the sludge. Bacillus thuringiensis is known to possess the aiiA gene, which encodes a
lactone-degrading enzyme [89,90]. Therefore, it can be inferred that QS inhibitors were present in the activated sludge, which could
breakdown the AHLs and inactivate the gene expressing f-galactosidase in A. tumefaciens. However, more detailed research on the
direct role of QQ circuits pertaining to the treatment of wastewater is required to comment on the interaction between the QS-QQ
mechanisms.

4. Application of bacterial signalling mechanisms in METs

The METs are promising techniques that combine the principles of electrochemistry with biotechnology to recover value-added
products along with concomitant wastewater remediation [91]. However, high fabrication costs and inferior yield of resources are
the major setbacks towards the commercialization of METs [12,92]. To overcome these bottlenecks, researchers investigated the
application of QS to accelerate intercellular interaction to enhance the efficiency of METs [12]. In this regard, numerous investigations
were conducted on the application of QS in METs, which are presented in the subsequent sections.

4.1. Application of QS in MFCs to improve power generation

The MFCs are bio-electrochemical devices, which exemplify the environment-friendly production of bioelectricity along with
wastewater treatment by converting the chemical energy present in the chemical bonds of organic matter present in wastewater with
the help of catalytic activities of microorganisms [93]. A typical MFC consists of two chambers, specifically anodic and cathodic
chambers, which are separated by a PEM [94]. Both anodic and cathodic chambers house two electrodes named anode and cathode,

Table 2
Development in different types of QS/QQ molecule in the field of METs.
Organism Type of MET Function of Major QS/QQ molecules QS/QQ regulated activities Energy production Reference
the molecule produced
Pseudomonas MFC Electron Overexpression of phzM- Not available Enhanced power [83]
aeruginosa shuttle pyocyanins production output up to 166.68
|.1W/cm2
Rhodococcus sp. Dual chamber QQ molecule AHL-degrading bacteria Inhibits biofilm formation Maximum power [84]
MFC density of 1924
mW/m?
Pseudomonas P. aeruginosa- QS signal Pyocyanin Formation of mature biofilm Maximum current [85]
aeruginosa inoculated MFC and enhancement of electron density of 99.80
transportation pA/cm?
Pseudomonas Dual chamber QS signal 2-heptyl-3,4- Production of redox mediator =~ Maximum current [86]
aeruginosa MFC dihydroxyquinoline phenazines density of 0.5 pA/
inhibitor PqsE cm?
Escherichia coli Mediator less Electron Not available Direct transportation of Maximum power [87]
MFC shuttle electrons density of 600 mW/
m2
Mixed consortium  H-type two- Synthetic QSM homologous molecule  Enhancement in electrons Maximum power [88]
of electrogens  chamber MES redox transportation density of 14.5 A/
m2
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respectively, which are connected via an external circuit that completes the transfer of electrons from the anode to the cathode [95]. A
MFC contains microorganisms that can produce electrons from organic matter by intercellular metabolism and then transfer these
electrons to the anode [96]. However, the transferring of intercellular electrons from the cell membrane is difficult due to the insu-
lation of the cell membrane [97]. For the efficient transfer of electrons from the planktonic electrogenic cells to the electrode, electron
shuttles are required, which can be produced by the microbes or can be added exogenously [12]. To avoid the exogenous addition of
electron shuttles, mature biofilm development is imperative, as attached microbes generally don’t require shuttles to transfer electrons
to the electrode [98].

In this regard, QS is advantageous for developing mature exo-electrogenic biofilm, as it is imperative for the efficacious perfor-
mance of MFCs. However, too thick biofilm can reduce the conductivity of biofilm, leading to inferior power generation, so it’s
important to control the thickness of biofilm. In this regard, an investigation conducted by Taskan and Tagkan, (2021) revealed that QS
can be employed to control biofilm thickness. The MFC with the anodic biofilm thickness of 26 pm cultured with 40 mg Rhodococcus sp.
BH, immobilized in sodium alginate beads exhibited the maximum power density of 1924 mW,/m? which was 2.8 times higher than
the control MFC (683 mW/mz) comprising of beads devoid of microbes [84]. The thickness of the biofilm was reduced with the
addition of Rhodococcus sp. BH, in the anodic chamber, which resulted in the controlled and active biofilm formation that produced
more redox compounds and subsequently led to the increase in power generation [84]. Furthermore, another investigation by Cheng,
Xu [99] revealed that QS signals positively affect the power output of a MFC, chlortetracycline degradation, and the structure of
electroactive biofilms. The MFCs with QS molecules butanoyl homoserine lactone and PQS showed an increment in the power output
by 21.57% and 13.73%, respectively, compared to MFC without QS molecules. Moreover, MFCs with butanoyl homoserine lactone and
PQS experienced an augmentation in the chlortetracycline degradation efficiency by 56.53% and 50.04%, respectively, which can be
attributed to the thicker biofilm formation, enhanced bacterial activities and higher biomass concentration [99].

Similarly, in another investigation conducted by Monzon, Yang [100], it was observed that the voltage generation reached 0.3 V
with the addition of quinolone, in comparison to the control operated without the addition of quinolone, which had a mean value of
0.1 V corresponding to the external resistance of 510 Q. The MFC with quinolone, the QS molecule, demonstrated a higher voltage due
to the increase in electron donor concentration in the medium [100]. Furthermore, a research conducted by Yong et al. (2014) revealed
that with the overexpression of phzm (methyltransferase encoding gene) for a MFC inoculated with the Pseudomonas aeruginosa-phzm
produced a four-fold higher power density of 166.68 tW/cm? corresponding to the current density of 487.97 pA/cm? whereas, MFC
inoculated with P. aeruginosa PAO1 exhibited a power density of 42.53 pW/cm? corresponding to the current density of 142.31
HA/ em?, which can be ascribed to the overexpression of phzm resulting in the higher power production [101]. For the efficient power
production, improvement in extra cellular electron transfer for the exoelectrogens can be proven as a forerunner in the way towards
the development of MFC technology. In this context, a superficial resolution-contrast mixed bacterial MFC was developed to validate
the redox-mediated output current. Besides, in this investigation, phenazine-1-carboxylic acid, 2,4-diacetyl phloroglucinol, 10-done,
trimipramine and 1-hydroxyanthracene-9 were found to be promising redox mediators that aided in the transfer of electrons [102].
Therefore, from these investigations, it is apparent that QS mechanisms can be employed to improve the overall performance of MFC
and specifically can be instrumental in enhancing its power generation. Further, the QS mechanism can also be applied for the
development of stable biofilm, lowering the internal resistance and for manufacturing efficient biosensors and thus, could aid in taking
this pioneering technology to the real field for pragmatic applications.

4.2. Employment of QS mechanism to ameliorate the yield of valuables in microbial electrolysis cells

The MECs are derivatives of MFCs, where the degradation of organic matter along with the concurrent recovery of valuables like
hydrogen and methane can be accomplished with the application of minimal imposed potential [103,104]. For H, evolution, mixed
microbial communities are mostly used to inoculate cathodic biofilms because they exhibit better results in comparison to pure cul-
tures [105]. However, in these mixed cultures, hydrogen scavengers like methanogens and homo-acetogens are omnipresent and in
turn, it affects the electrons and protons recovery, which leads to the reduction in hydrogen yield [106]. Thus to overcome this
bottleneck of inferior hydrogen yield, membrane-bound hydrogenases are employed and the efficiency of this functioning depends on
the electrode potential [105]. Also, the electron transfer process in MECs is reliant on electroactive bacterial metabolism, where direct
or indirect extracellular electron transfer takes place between the cells to electrodes [7]. However, poor electron transmission efficacy
amid anode and biofilm is one of the major setbacks of MEC technology [93].

In this regard, to improve the efficiency of MECs, researchers employed QS and it showed an enhancement in the overall per-
formance of a MEC along with the improvement in the extracellular electron transfer efficiency from electrogenic cells to the electrode
[38]. In this veneration, a research conducted by Cai et al. (2016) revealed that with the addition of AHLs, hydrogen yield was
increased by 5.57%, 38.68%, and 81.82%, corresponding to the external cell voltage of 0.8 V, 0.6 V and 0.4 V, respectively, which
designated the positive effect of AHLs addition [106]. In addition to the hydrogen yield, coulombic efficiency and electron recovery
efficiency were also significantly improved by the addition of AHLs. This enhancement in the hydrogen yield and efficiency can be
credited to the change in microbial structure with the increase in the percentage of Gamma-proteobacter and scarcer hydrogen foragers
with the addition of AHLs [106]. Similarly, in another examination conducted by Liu et al. (2015), it was demonstrated that the
hydrogen yield (3.8 & 0.2 mol H; per mol of acetate) was amplified by 29% in MEC with the dosage of 10 pM 30-HSL due to the
accumulation of AHLs over the control MEC operated without 30C6-HSL. Thus, the investigation indicated that the application of the
short-length AHLs might be beneficial in developing mature anodic biofilms, which in turn improves the performance of MECs [38].

Furthermore, another experiment conducted by Liu et al. (2021) exposed that hydrogen yield for a MEC fed with waste activated
sludge (WMEC) was 3.5 mg/g volatile suspended solid (VSS), while the same for the MEC fed with raw waste activated sludge (RMEC)
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was only 1.9 mg/g VSS. However, with the addition of AHL, hydrogen yield was greatly enhanced, which was noted to be 4.3 and 3.0
mg/g VSS for WMEC and RMEC, respectively [107]. The improvement in the hydrogen yield and electricity recovery can be attributed
to the efficacious electron transfer between electrodes and biofilm due to effective AHL regulation (Liu et al., 2021). In one more recent
investigation, Nie and co-researchers revealed that QS molecule 3-0x0-C12-HSL ameliorated the N2O recovery from incineration
leachate in MEC and exhibited 80.35% enhancement in the removal efficiency of nitrate, when compared to the control MEC (67.07%),
which was operated without QS molecules. The improvement in the removal efficiency of nitrite can be accredited to the increase in
biomass through the early activated QS mechanism due to the dosage of 3-0xo0-C12-homoserine lactone [108]. In a demonstration by
Yang, Zhou [109], it was also observed that QS autoinducers contributed to microbial extracellular electron transfer by P. aeruginosa
PAOL. In this investigation, three MECs were inoculated with three different mutant cultures of P. aeruginosa, individually, which
showed an increase in the current generation in all the MECs due to the overproduction of PQS. Therefore, from the presented ven-
erations, it is evident that the QS mechanism can be employed to improve hydrogen yield and electricity recovery. Furthermore, it can
be influential in enhancing the extracellular electron transfer from electrogens to the electrode, which ultimately results in the
improvement in the overall efficiency of MECs.

4.3. Other applications

Many other investigations were successfully conducted by researchers on the application of QS in other different derivatives of
METs, suggesting that QS can be targeted for the manipulation of genes for the enhancement of wastewater treatment and resource
recovery in METs [98]. In this regard, an illustration by Pan et al. (2020) revealed that when AHLs (N-hexanoyl-L.-homoserine lactone,
C6HSL and 3-OX0O-C12- HSL) were applied in a MFC employed for toxicity sensing and higher sensing linearity was observed for a
broader range of Pb2* concentration. In addition, these MFC sensors were able to recover full voltage (405 &+ 10 mV) even after shock
loading of 10 mg/L of Cu®>*. Whereas the control MFC operated without AHLs failed to recover its initial maximum voltage of 250 + 10
mV, which indicated the role of QS in maintaining the stable performance of MFCs [110].

Similarly, another experiment conducted by Zhou et al. (2022) highlighted the use of C6HSL as a QS regulator in MES, a type of
MET and a maximum acetate production of 1.13 + 0.17 mM/day from CO; reduction was observed with the increment of 94.8%
compared to the control operated without C6HSL (0.58 + 0.24 mM/day). In addition, higher electrochemical activity and lower
charge transfer resistance were also noted for the biocathode and the Faradic efficiency of the MES was enhanced by 71.7%, which can
be credited to the presence of more mature cathodic biofilm [111]. Similarly, in a research, Venkataraman and co-researchers
demonstrated that in a MEC, anode-respiring P. aeruginosa act as a toxicity sensor directly by the production of electron shuttling
QSM phenazine for sensing impurities [112]. Furthermore, genetically engineered bacterial strain A. tumefaciens A136 cultured with
Luria broth in the presence of antibiotics, namely spectinomycin and tetracycline, also worked as a biosensor using QQ activity to
detect a wide range of AHL compounds [113]. Moreover, for the rapid detection of acid toxicity, a single chamber MFC-based toxicity
sensor using QS regulated microbial consortium was used, which sensed 80% inhibition to HCl acid after 4 h of acidic exposure [114].
Therefore, these investigations emphasise on the fact that QS-facilitated biofilm has substantial applications in the field of toxicity
sensing through METs.

Majorly, attached growth takes place on the electrode surface of METs; however, planktonic cells are also present in the biotic
chamber of a MET. Further, attached growth on the electrode surface can reduce the losses of electrons in parasitic reactions, which
leads to the amelioration in the efficacy of METs and diminishes the losses allied with the transfer of electrons [93]. The performance of
a MFC is dependent on the thickness of the biofilm because electrons are generated by electrogenic bacteria via the biodegradation of
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organic fraction present in the anodic chamber and concurrently, these electrons are transported to the anode directly or indirectly to
produce bioelectricity in the MFCs [115]. However, excessive development of biofilm on the electrode surface and PEM, termed as
biofouling, deteriorates the performance of METs [116]. In this regard, bacterial signalling has also been proven as an effective tool in
regulating and preventing membrane biofouling. Thus, to prevent excessive biofilm development, researchers practised inhibition
strategies against bacterial communication via blocking the QS network with the help of (i) preventing the production of QSM through
their degradation, (ii) reducing the QS activity of the receptor protein, (iii) copying the QSM mainly by exercising artificial compounds
like the sensing molecules [12].

In this context, a demonstration explained the degradation of organic fraction present in the anodic chamber of MFC and MEC,
which enhanced bacterial growth and led to the formation of thicker biofilm over the electrode and membrane over time [116]. The
thickness of anodic biofilm and the density of biofilm formed on the membrane greatly inhibits the transportation of electrons and
protons, respectively. Moreover, poor electron transfer in the interior part of the biofilm compared to the outermost layer because of
lesser diffusion of electron mediators leads to the inferior performance of METs [117]. In this regard, researchers found that maximum
power recovery can only be achieved with the optimal biofilm thickness [12]. The interfering of QS communication can be used to
achieve the optimal biofilm thickness on the surface of the electrode and to prevent biofilm formation on the membrane surface.
Therefore, to control the excessive growth of anodic biofilm and to prevent membrane biofouling, autoinducer-mediated QS strategy, i.
e., the QQ mechanism can be employed for the efficient operation of this technology [118]. Bacterial signalling overlays the path to
enhance sluggish extracellular electron transfer rate and restricted metabolic capacity of innate electroactive microbes; or to facilitate
communication between the electroactive and non-electroactive microbiome [105,119]. Therefore, it is evident that with the appli-
cation of QS, the performance of different types of METs can be enhanced and could prove to be instrumental in the steady transition of
these inventive technologies from the lab-scale to the commercial scale (Fig. 4).

5. Recent advancements

The QS-QQ mechanisms work in tandem with METs to treat wastewater and generate valuables. As QS signals are known to be
generated by over 70 distinct species, it is clear that QSMs and QQMs are pivotal in the molecular mechanism systems present in
multiple microorganisms [120]. These molecules control pathogenesis and regulate contaminant clearance in addition to bacterial
aggregation [121]. In addition to these functions, they also assist in the formation of an optimal biofilm on the anodic surface and
enhance bioelectricity production in METs. However, one of the major disadvantages of METs is high fabrication costs and low power
yield, which can be circumnavigated through the application of synthetic mediators. Commonly used synthetic mediators are quinone,
thionine, and methylene blue, which help to induce faster electron transportation between the biofilm and the anode of MET. Since
there is a threat of synthetic redox mediators to inhibit the growth of the bacteria, scientists have proposed the use of QSMs-QQMs to
solve the problem. As mentioned earlier, AHL structure, composition, and degradation are necessary for the QQ function and sub-
sequently for wastewater treatment. Therefore, in this context, the following questions yet remain unanswered: a) What threshold
concentration of AHLs is needed for a single or multiple species biofilm to form? b) What roles do bacteria that produce and quench
AHL play in multi-species biofilms? c) Does the establishment of multi-species biofilms include interactions between AHLs and other
factors, such as E-PS? Therefore, studies specifically addressing the ecological role of QQ and its impact on QS signalling are essential.
In other words, E-PS, AHLs, or both might be responsible for the formation of the biofilm. For example, Tagskan and Taskan [84] worked
with 20 mg/L of Rhodococcus sp., an AHL-degrading bacteria, to reduce the biofilm thickness in the anodic chamber of MFCs. The
bacterial strain was immobilized on sodium alginate and finally the set-up exhibited a power output of 1924 mW,/m?. The output was
almost twice of what was achieved with the free strain.

The main factors causing membrane biofouling in microbial bioreactors include sewage settleability and size of its organic or
inorganic matter, mixed liquor flowability and zeta potential, microbial species present in the inoculum, and the characteristics and
function of its EPS [122]. For the creation and use of biological-based antifouling approaches, it is envisaged that understanding and
defining the interplay between three properties of enzymatic QQ, biofouling components, and biofouling control effectiveness is a
prerequisite [15]. Rahimnejad et al. (2015) demonstrated that METs have the potential to remove chemical oxygen demand (COD) by
about 90% with more than 80% coulombic efficiency. At the same time, the digestion of 1 kg COD anaerobically can lead to the
generation of 4.16 kWh of useable electrical power [123]. However, the METs need to have similar rates of waste to energy conversion
to be considered a superior alternative to other membrane bioreactors to treat wastewater with concomitant generation of power
[124]. Another study employed an anode with QS modification for better interaction of electrons with the anode. Two compounds,
namely, tryptophol and phenyl ethanol, were used as QSM, which yielded power densities of 156.57 mW/m? and 159.46 mW/m?,
respectively [125]. Also, some bacteria were able to produce biofilms on anodes and generate about 82% bio-hydrogen in MEC [106].
So, it has been proposed that other bio-hydrogen-producing bacterial strains like Klebsiella sp., Bacillus sp., Streptococcus sp., and
Clostridium sp., will be able to form thick anodic biofilms in METs [106,126].

Moreover, a number of large-scale piloting of MFCs have also been done by some research groups, which a few years ago was a
difficult feat to achieve. Firstly, Das et al. (2020) operated a cylindrical MFC for about 140 days using sewage sludge slurry as the
substrate [127]. CuZn and platinum carbon Pt/C were used as cathode catalysts and it yielded power densities of 75.1 mW/m? and
110.6 mW/m? [127]. The MFC could also successfully remove COD by 87% and 90% simultaneously [127]. Secondly, another catalyst,
Cug.sMng sFe204 was used in a 25 L MFC, which could generate a power density of 7.74 mW/ m? [23]. Finally, household sewage was
treated by a 720 L MFC employing Cog 5Zng sFe204 and SnsCug4 as cathode and goethite as anode [128]. The MFC generated a power
of 61 mW with COD removal of about 78.4% [128].

Now that the scalability of MFCs has been improved significantly, the other major drawbacks in the operation of METs are the low
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yield of value-added products and bio-electricity and the high cost of MET fabrication [127,128]. In this regard, an exploration
revealed that the present maximum power density an MFC can produce is 20 W/m®, which is not sufficient for practical applications
and it would only become beneficial if the power density rises to at least 500 W/m? [129]. Moreover, the cost of catalysts and
membranes required to fabricate scaled-up MFCs is considerably higher in comparison to conventional technologies [130]. Hence,
efforts are needed to reduce the capital cost of MFCs so that this novel technology can fulfil its enormous potential at the field-scale as
well. Also, the QS-QQ signalling pathways are complicated as the isolation of QSMs and QQMs from bacteria and their extraction is a
long process [7]. Moreover, it has been observed that overexpression of certain QSMs can disrupt the function of other QSMs;
therefore, the choice of QSM to be used is of utmost importance in METs [131]. Studies have reported that QQ-induced enzymes like
homoserine acylase, PvdQ, are able to inhibit thick biofilm formation on the electrodes [132], which again is a significant finding to
realize the maximum efficiency of METs. The advent of QSM and QQM homologues has proven to be more stable and feasible in terms
of wastewater remediation and higher power output. Techniques such as genetic engineering, immobilization and microbial symbiosis
can jointly improve the current problems [12,133]. The final perspective towards the improvement of METs by QSMs and QQMs,
therefore, needs more in-depth inquiry to enable future development in the systematic operation and commercialization of METs.

6. Conclusion

The METs are an innovative set of technologies for concomitant wastewater treatment with valuable resource recovery. However,
high fabrication cost and lower yield is the major obstacle to the way of commercialization of the METs. In this regard, QSM and QQM
secreted by different bacterial strains can be employed to improve the yield of valuables through METs. The QSMs enhance the
interaction of electron-carriers within the anodic chamber in METs and the QQMs, in turn, salvage the detrimental effects of the thick
bacterial biofilms on the electrodes. Moreover, because of their networking nature, QSM is proven as an efficient tool for the devel-
opment of firm biofilm, which results in the improvement in valuables recovered through METs. Furthermore, QQM has also gained
considerable attention among the scientific community for its property of preventing the biofouling of membranes in METs without
causing any disturbance to the beneficial microbes. Hence, the QS-QQ signalling mechanism is a viable approach for enhancing the
efficacy of METs in terms of valuable resource recovery with concomitant wastewater treatment.
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