Biofilms are three-dimensional, heterogeneous community of microbial cells enclosed in an exopolysaccharide matrix that can irreversibly attach to solid surfaces or living tissues.

Biofilm formation is of high importance in many useful applications such as biocatalysis, degradation of chemical contaminants in wastewater, microbial fuel cells and biosensors.

However, these biofilms may have serious implications on public health and environment.

For instance, they cause biofouling, microbially-induced corrosion, contamination of implanted medical devices, and are responsible for the persistent infections in human body resulting in death of millions of people every year. In fact, the biofilms are a mixture of heterogeneous communities of microbial cells surrounded by a condensed layer of exopolysaccharides matrix (EPSs), and are strongly adhered to living tissues or solid surfaces. In most biofilms, the living cells represent less than 10% of the total content in prevalence represented by the matrix (about 90%). In general, the biofilm matrices contain components such as polysaccharides, proteins and extracellular DNA, but their content is dependent on the bacterial species and the environmental conditions. Moreover, it provides high mechanical stability. The EPS environment mediates the cell-cell adhesion to the solid surfaces and forms a cohesive three-dimensional network that interconnects biofilm cells.

The process of biofilm formation is of high importance in many industrial applications such as the biodegradation of chemical contaminants in wastewater, biocatalysis, and microbial

fuel cells. However, other biofilms may have serious implications on public health and environment. Understanding of electron transfer in biofilm is of great importance regarding the mechanism of the biofilm formation and their properties and bio-electrochemistry is powerful method. This chapter highlights the biofilm formation, their properties as well the methods of characterization and detection. The bio-electrochemistry of biofilm and the electron transfer are discussed and their applications in biofuels cell as well biosensors devices are introduced. 

Chapter

5-Biofilm and electron transfer ability

Direct and mediated electron transfer

Microbial electron exchanges within a microbial community

Electron transfer via cable bacteria

6-Application of biofilm in Bioelectrochemistry

Microbial Fuel Cells

Electrochemical Biosensors

7-Conclusion

8-References

1-Introduction to Biofilm

Biofilms, as an expression, refers to a biofilm-encased community of microorganisms (bacteria, algae, fungi, or viruses), and can be described as a three-dimensional complex community of microbial cells that are irreversibly associated with inert or living solid surfaces and embedded in an exopolysaccharide (EPS) matrix formed of extracellular polymeric substances which is considered as a cross-linked polymer gel (Azeredo, Azevedo, Briandet, Cerca, Coenye, Costa, Desvaux, Di Bonaventura, Hébraud, & Jaglic, 2017; Alice E Barsoumian et al., 2015;[START_REF] Donlan | Biofilms: survival mechanisms of clinically relevant microorganisms[END_REF][START_REF] Ritenberg | Imaging Pseudomonas aeruginosa biofilm extracellular polymer scaffolds with amphiphilic carbon dots[END_REF][START_REF] Sultana | Electrochemical biofilm control: a review[END_REF]. The EPS provides a safeguarding barrier to the microbial communities from, antibiotics, and other toxic substances [START_REF] Donlan | Biofilms: survival mechanisms of clinically relevant microorganisms[END_REF][START_REF] Minaev | Electronic mechanisms of molecular oxygen activation[END_REF]. The EPS consists mainly of organic heterogeneous macromolecules including lipids, proteins, nucleic acids, and polysaccharides separated by water channels [START_REF] Beech | Exopolymers of sulphate-reducing bacteria Microbial extracellular polymeric substances[END_REF].

Typically, microorganisms in biofilms live in a home-made matrix of extracellular polymeric substances (EPS) (H. C. Flemming & J. Wingender, 2010). The EPS support the mechanical stability of biofilms, mediate cell adhesion to the solid surfaces and form a cohesive, threedimensional polymer network that interconnects biofilm cells. In most biofilms, living cells represent less than 10% of the total mass, whereas the rest of the matrix consists of water and secretions. The composition of biofilm matrices is dependent on the bacterial species and the environmental conditions, but in general, they contain components such as polysaccharides, proteins, and extracellular DNA [START_REF] Sutherland | The biofilm matrix – an immobilized but dynamic microbial environment[END_REF][START_REF] Whitchurch | Extracellular DNA required for bacterial biofilm formation[END_REF]. Water channels are essential for the persistence of biofilm formed, allowing the movement of nutrients and metabolic products to reach the biofilm community [START_REF] Donlan | Biofilms: survival mechanisms of clinically relevant microorganisms[END_REF][START_REF] Sousa | Mini-review: antimicrobial central venous cathetersrecent advances and strategies[END_REF].

Biofilms are sensitive to temperature, pH, salinity, humidity, nutrients, and osmolarity [START_REF] Kaali | Prevention of biofilm associated infections and degradation of polymeric materials used in biomedical applications[END_REF][START_REF] Magot | Microbiology of petroleum reservoirs[END_REF]. They can exist in human tissues such as heart valves, vaginal surfaces, and teeth (Hall- [START_REF] Hall-Stoodley | Bacterial biofilms: from the natural environment to infectious diseases[END_REF]. Biofilms are useful in electrical energy generation as in microbial fuel cells (MFC) [START_REF] Mahmoud | Assisting the biofilm formation of exoelectrogens using nanostructured microbial fuel cells[END_REF][START_REF] Mahmoud | Formation of electroactive biofilms derived by nanostructured anodes surfaces[END_REF][START_REF] Sedki | Online-monitoring of biofilm formation using nanostructured electrode surfaces[END_REF], bioremediation processes and wastewater treatment procedures [START_REF] Loman | Nature reviews[END_REF][START_REF] Singh | Biofilms: implications in bioremediation[END_REF]. While, the harmful impacts of biofilms on industrial activities are associated with the impairment of heat transfer efficiency, poor end-product quality due to the contamination with pathogenic microorganisms, localized corrosion among others [START_REF] Mattila-Sandholm | Biofilm formation in the industry: a review[END_REF][START_REF] Telegdi | Microbiologically influenced corrosion (MIC)[END_REF].

The discovery of biofilms was since 1683 when, the Dutch microbiologist Antonie van Leeuwenhoek observed and described microbial aggregates on his own mouth by using his primitive microscope. He saw aggregated biofilm in the "scurf of the teeth" and from "particles scraped off his tongue" [START_REF] Dobell | Antony Van Leeuwenhoek and his little animals[END_REF]. In 1933, Henrici studied the biofouling in fresh water by using direct microscopy and observed that the most part of water bacteria are not free floating organisms, but grow attached upon submerged surfaces. This is the first recorded evidence of a biofilm existence [START_REF] Henrici | Studies of freshwater bacteria: I. A direct microscopic technique[END_REF]. ZoBell & Allen studied the growth and adherence of bacteria on submerged glass slides in seawater [START_REF] Zobell | The significance of marine bacteria in the fouling of submerged surfaces[END_REF]. In 1981, dentists from the University of Lund, Sweden published the first two medical reports using the term of 'biofilm' (Jendresen & Glantz, 1981;[START_REF] Jendresen | Microtopography and clinical adhesiveness of an acid etched tooth surface: an in-vivo study[END_REF]. Subsequently, J. W. Costerton introduced the term of 'biofilm' growth to the field of Medical Microbiology in 1985 (J. [START_REF] Costerton | Structure and function of the cell envelope of gramnegative bacteria[END_REF][START_REF] Nickel | Tobramycin resistance of Pseudomonas aeruginosa cells growing as a biofilm on urinary catheter material[END_REF]. Due to the global concern, the first conference about biofilm was organized by J.W. Costerton in Snowbird, Utah, USA In 1996 [START_REF] Høiby | A personal history of research on microbial biofilms and biofilm infections[END_REF].

2-Bacterial biofilms

Bacterial communities exist in two various forms, planktonic state (free floating), or/and sessile state (adhered to a surface) [START_REF] Bjarnsholt | Introduction to biofilms Biofilm infections[END_REF]. Bacterial biofilms are communities of bacteria that attach and subsequently grow on surfaces of abiotic materials, as well as host tissues [START_REF] Hall-Stoodley | Evolving concepts in biofilm infections[END_REF][START_REF] Stoodley | Biofilms as complex differentiated communities[END_REF].

Bacterial biofilms are involved in various chronic infections in human tissues and indwelling medical devices in particular (stents, implants, and catheters) [START_REF] Sabir | Bacterial biofilmbased catheter-associated urinary tract infections: Causative pathogens and antibiotic resistance[END_REF]. Bacteria in biofilms also demonstrate coordinated behavior that culminates in the development of complex three-dimensional structures comprised of functionally heterogeneous bacterial communities on almost all solid surfaces [START_REF] Davies | A fatty acid messenger is responsible for inducing dispersion in microbial biofilms[END_REF]. In the biofilm matrix, bacterial behaviors are coordinated by cell-cell communication using secreted small molecules (quorum sensing molecules), which allow bacteria to sense and respond to the environment. Biofilms are more resistant to environmental stresses, such as metals toxicity, dehydration, and UV light exposure than the planktonic cells.

The biofilms are a mixture of heterogeneous communities of microbial cells surrounded by a condensed layer of exopolysaccharides matrix (EPSs), and are strongly adhered to living tissues or solid surfaces (H.-C. Flemming & J. Wingender, 2010;[START_REF] Saratale | A comprehensive overview on electro-active biofilms, role of exo-electrogens and their microbial niches in microbial fuel cells (MFCs)[END_REF]. In most biofilms, the living cells represent less than 10% of the total content in prevalence represented by the matrix (about 90%). In general, the biofilm matrices contain components such as polysaccharides, proteins, and extracellular DNA, but their content is dependent on the bacterial species and the environmental conditions (Azeredo, Azevedo, Briandet, Cerca, Coenye, Costa, Desvaux, Di Bonaventura, Hébraud, Jaglic, et al., 2017). Moreover, it provides high mechanical stability, the EPS environment mediates the cell-cell adhesion to the solid surfaces and forms a cohesive three-dimensional network that interconnects biofilm cells.

The process of biofilm formation is of high importance in many industrial applications such as the biodegradation of chemical contaminants in wastewater, biocatalysis, and microbial fuel cells. However, other biofilms may have serious implications on public health and the environment. Thus, the formation of biofilms is one of the major problems around environmental and biological surfaces and causes different challenges in various biomedical science fields [START_REF] Butler | Structural basis of Staphylococcus epidermidis biofilm formation: mechanisms and molecular interactions[END_REF][START_REF] Chaturongkasumrit | The effect of polyesterurethane belt surface roughness on Listeria monocytogenes biofilm formation and its cleaning efficiency[END_REF][START_REF] Srey | Biofilm formation in food industries: a food safety concern[END_REF]. For example, microbial contamination on metal implants and prosthetic biomedical devices causing biofilm formation can be life-threatening, leading to chronic infections, device failure, and high mortality rates [START_REF] Magana | Options and Limitations in Clinical Investigation of Bacterial Biofilms[END_REF]; S. Veerachamy, T. Yarlagadda, G. Manivasagam, & P. K. Yarlagadda, 2014).

Description of the steps of biofilm formation

The formation of biofilm involves various stages process. They are the initial attachment, microcolony formation, maturation and architecture, dispersal of biofilm from the surface (Büttner, Mack, & Rohde, 2015; J. W. [START_REF] Costerton | Bacterial biofilms in nature and disease[END_REF][START_REF] Gu | Patterned biofilm formation reveals a mechanism for structural heterogeneity in bacterial biofilms[END_REF][START_REF] Joo | Molecular basis of in vivo biofilm formation by bacterial pathogens[END_REF][START_REF] Klausen | Involvement of bacterial migration in the development of complex multicellular structures in Pseudomonas aeruginosa biofilms[END_REF][START_REF] Lewisoscar | Algal nanoparticles: synthesis and biotechnological potentials Algae-Organisms for Imminent Biotechnology: IntechOpen[END_REF][START_REF] Trulear | Dynamics of biofilm processes[END_REF]. Once the bacteria adhere to the surface, they can initiate this series of reactions that would result in biofilm formation. The different stages of biofilm formation are ordered in the following steps. Figure 1. Thus, biofilm formation is commonly considered to occur in four main phases: (1) microbial initial attachment to a surface, (2) microcolony formation, (3) biofilm development, and (4) dispersal (detachment) of living microbes to colonize new areas. Depending on the cell adherence mechanism, the first step "initial attachment" in the process can be either active or passive adhesion [START_REF] Dufour | Bacterial biofilm: structure, function, and antimicrobial resistance[END_REF][START_REF] O'toole | Biofilm formation as microbial development[END_REF][START_REF] Srey | Biofilm formation in food industries: a food safety concern[END_REF]. The microbial cells start to attach with the surface through their adhesive surface structures called appendages like Flagella and Pilli and promote to the "active adhesion".

This active attachment provides a binding force between the microbial cells and the surface of attachment. Flagella assist transfer to a specific attachment site and together with pili help to overcome the repulsive barriers encountered by the cell when it approaches the surface [START_REF] Berne | Adhesins involved in attachment to abiotic surfaces by Gram-negative bacteria[END_REF][START_REF] Chmielewski | Biofilm formation and control in food processing facilities[END_REF]. Flagella and pili can also play a role in surface recognizing by which microorganisms sense and respond to contact with the surface (O'Toole & Wong, 2016). In contrast, the "passive adhesion" is enabled by gravity, diffusion, and fluid dynamics [START_REF] Chmielewski | Biofilm formation and control in food processing facilities[END_REF]. Initial attachment (the first phase of biofilm formation) is a reversible stage due to weak interactions between the bacteria and surface, hence at this stage, living cells are still able to detach and return to the planktonic shape [START_REF] Butler | Structural basis of Staphylococcus epidermidis biofilm formation: mechanisms and molecular interactions[END_REF][START_REF] Floyd | Adhesion of bacteria to surfaces and biofilm formation on medical devices Biofilms and implantable medical devices[END_REF]Suganthan Veerachamy, Tejasri Yarlagadda, Geetha Manivasagam, & Prasad KDV Yarlagadda, 2014). Surface charges show a major contribution in cell surface interaction. Most microbial cells are negatively charged; therefore the adhesion may be disrupted by a negative charge of the surface, whereas an opposite effect can be observed with the positively charged surface [START_REF] Song | Effects of material properties on bacterial adhesion and biofilm formation[END_REF]. Moreover, the nature of the surfaces affect the attachment, a smooth surface provides a lower adhesion, while a rough surface provides a higher adhesion [START_REF] Garrett | Bacterial adhesion and biofilms on surfaces[END_REF]. Hydrophobic surfaces like plastics and Teflon have a significant role in strengthening the attachment of microbes, this is due to reducing the force of repulsion between the surface and the bacteria [START_REF] Kumar | Significance of microbial biofilms in food industry: a review[END_REF][START_REF] Tribedi | Cell surface hydrophobicity: a key component in the degradation of polyethylene succinate by P seudomonas sp. AKS 2[END_REF]. Post the attachment to surfaces, microbial cells start a new phase of multiplication, initiated through a particular chemical signaling within the EPS, leads to the formation of micro-colonies (J. W. [START_REF] Costerton | Bacterial biofilms: a common cause of persistent infections[END_REF][START_REF] Mckenney | The ica locus of Staphylococcus epidermidis encodes production of the capsular polysaccharide/adhesin[END_REF]. At this step, microorganisms display a coordinated behavior through cell-cell communication commonly known as quorum sensing (QS), which is important for monitoring virulence and biofilm formation along with the sporulation, factor secretion, competence (Tolker- [START_REF] Tolker-Nielsen | Biofilm development[END_REF]. Accordingly, the adhered microbial cells grow and mature by communicating with one another through the production of auto-inducer-signals which consequences in the expression of biofilm specific genes [START_REF] Gupta | Biofilm, pathogenesis and prevention-a journey to break the wall: a review[END_REF]. These autoinducer-signals facilitate quorum sensing molecules production [START_REF] Federle | Interspecies communication in bacteria[END_REF]. In this stage, cells start secretion of the EPS that surrounds the cells. Since EPS is the main material in the biofilm's three-dimensional structure, interstitial voids are then produced in the matrix. These channels are filled with water and act as a circulatory system, used to distribute important nutrients and remove waste products from the communities of microcolonies in the biofilm [START_REF] Parsek | Bacterial biofilms: an emerging link to disease pathogenesis[END_REF]. During their aggregation and accumulation, several layers of cell clusters are formed on the surface which get enclosed within the EPS where inter-cellular signaling and quorum sensing takes place [START_REF] Gupta | Biofilm, pathogenesis and prevention-a journey to break the wall: a review[END_REF]Suganthan Veerachamy et al., 2014). Thus, maturation is conducted by two steps (I) -involving intercell communication and the production of auto-inducer-signals. (II) -increasing the microcolony extent and thickness to value around 100 mm [START_REF] Paharik | The staphylococcal biofilm: adhesins, regulation, and host response[END_REF][START_REF] Wei | Molecular tweeting: Unveiling the social network behind heterogeneous bacteria populations[END_REF].

In summary, the maturation stage involves EPS production, aggregation of cells, chemical interactions, quorum sensing, and formation of micro-and macro-colonies [START_REF] Eiff | Infections associated with medical devices[END_REF]. The last stage of biofilm formation is the cell dispersal or detachment. This process is essential for the spread of individual cells or cell clusters into new locations, from sessile into motile form [START_REF] Kaplan | Biofilm dispersal: mechanisms, clinical implications, and potential therapeutic uses[END_REF]. It is believed to occur in response to several mechanisms that promote cellular dispersion, such as, enzymes digestion of the extracellular matrix, sheer mechanical forces, accumulation of metabolites, the depletion of oxygen as well as some external forces [START_REF] Mcdougald | Should we stay or should we go: mechanisms and ecological consequences for biofilm dispersal[END_REF]. However, some types of bacteria do not produce extracellular polysaccharides and the bacterial cells disperse directly into the outer environment [START_REF] Baselga | Staphylococcus aureus capsule and slime as virulence factors in ruminant mastitis. A review[END_REF]. Detachment of microbial cells and movement to a new location support the spreading of chronic infections and other severities [START_REF] Otto | Staphylococcal infections: mechanisms of biofilm maturation and detachment as critical determinants of pathogenicity[END_REF]Suganthan Veerachamy et al., 2014). This process is often referred to metastatic seeding [START_REF] Bjarnsholt | The role of bacterial biofilms in chronic infections[END_REF][START_REF] Chao | Streptococcus pneumoniae biofilm formation and dispersion during colonization and disease[END_REF][START_REF] Eiff | Infections associated with medical devices[END_REF]. Interestingly, blocking the respiratory chain or the electron transfer chain of the living microorganisms leads to the prevention of biofilm formation, as has been studied on the Candida albicans [START_REF] Thibane | Effect of marine polyunsaturated fatty acids on biofilm formation of Candida albicans and Candida dubliniensis[END_REF]. In terms of that, reactive oxygen species (ROS) arises from blocking the classical respiratory pathways has harmful and damaging effects on the matrix of biofilms [START_REF] Liang | Transcriptional response of Candida albicans biofilms following exposure to 2-amino-nonyl-6-methoxyltetralin muriate[END_REF]. Eventually, a better understanding of microbial biofilm formation and its regulation is necessary to manage and/or to eliminate biofilm-related infections and of course will assist in providing effective anti-biofilm agents. 

4-Methods of biofilm assessment

The complex architecture dynamics of biofilms make challenges for routine measurements concerning the biofilm morphology, mass accumulation, number of viable cells, and other critical features. The assessments themselves are not the challenge, the lack of standardized protocols for evaluation is a big problem. Assessments can include determination of the total number of cells (dead vs alive), total organic carbon or the total dry mass of the whole biofilm matrix. Biofilm morphology analysis can involve two-dimensional surface structures illuminated over staining techniques and light microscopy or three-dimensional topographies revealed by confocal scanning laser microscopy (CSLM). Suitable choice of techniques is built on the information needed, availability of equipment, and the cost of reagents. In the following sections, we will review the most commonly used methods of biofilm identification and characterization, which we categorize them into direct methods and indirect methods.

Direct detection methods

Biofilm can be investigated and assessed by direct imaging techniques such as light microscope (LM), transmission electron microscope (TEM), scanning electron microscope (SEM), confocal laser scanning microscope (CLSM), and the fluorescent microscope. These imaging techniques are used to visualize 3D structures and check the formation and existence of biofilms [START_REF] Roy | Strategies for combating bacterial biofilms: A focus on anti-biofilm agents and their mechanisms of action[END_REF].

Light microscopy (LM)

Microscopic techniques are the most used for the study of microorganisms, among the oldest of these techniques is light microscopy [START_REF] Haguenau | Key events in the history of electron microscopy[END_REF][START_REF] Rasmussen | Picture control: The electron microscope and the transformation of biology in America, 1940-1960[END_REF]. LM is the simplest, easiest, convenient, and fastest method to observe the formation and semi quantitatively estimate the amount of biofilm formation adhered to surfaces (Azeredo, Azevedo, Briandet, Cerca, Coenye, Costa, Desvaux, Di Bonaventura, Hébraud, & Jaglic, 2017;[START_REF] Lewandowski | Imaging and characterizing biofilm components[END_REF]. The characterization of biofilm include morphology (colonized or planktonic forms), abundance, size, and motility can be provided by LM.

However, 3D characterization is not possible using the LM. Specific labels dyes can be used to provide fluorescent and epifluorescence which enhance the visualization of the recorded images [START_REF] Christensen | Methods for evaluating attached bacteria and biofilms Handbook of Bacterial Adhesion[END_REF]. LM has a lower resolution when compared to the advanced electron microscopic techniques.

Transmission electron microscope (TEM)

Transmission electron microscopy (TEM) has been used for the first time to study the naturally occurring microbial films in aquatic systems and employed to characterize slime films growing in contaminated streams [START_REF] Jones | Electron microscopic study of a slime layer[END_REF]. Basically, the TEM affords imaging with a very higher resolution of up to 0.2 nm for the surface analysis of microbial cells and the surrounding environment. The satisfactory resolution for most reported biofilm studies was ranged between 2 to 20 nm [START_REF] Egerton | Physical principles of electron microscopy[END_REF]. TEM performs a thin section of biofilm, so types of microorganisms present in biofilms, extracellular polymeric substance and conditioning film may be detected. Moreover, the high resolution allows the visualization of organelles specific to various types of microbes [START_REF] Hannig | Visualization of adherent micro-organisms using different techniques[END_REF]. Thus, cell walls and the presence of specific organelles such as flagella, pili, and cytoplasmic inclusions can be demonstrated. TEM will remain the most appropriate technique to analyze and understand microbiology and biofilm formation.

Scanning electron microscope (SEM)

Scanning electron microscopy (SEM) is one of the common electron microscopic techniques exploited in the biofilm 3D imaging since 1980s. The SEM was first served to characterize the growth of Sphaerotilus natans and its adherence to catheter lumen in a continuous flow recycle system [START_REF] Mccoy | Growth of sessile Sphaerotilus natans in a tubular recycle system[END_REF]. SEM can effectively visualize the surface of the biofilm with very high magnification and excellent resolution. In that way, a complete shape of the organisms composing the biofilm in addition to their arrangement to each other and their connection to the extracellular matrix can be easily analyzed. Before electron illumination, the outer layer of biofilm is sputtered with a very thin film of gold to facilitate visualization of the biological matrix [START_REF] Fassel | Evaluating adherent bacteria and biofilm using electron microscopy Handbook of Bacterial Adhesion[END_REF]. However, the harsh dehydration step of the target sample which leads to shrinkage is a drawback of the SEM.

Confocal laser scanning microscopy (CLSM)

With the evolution of molecular techniques for the study of microbial communities in the 1980s and 1990s, confocal laser screening microscopy (CLSM) was rapidly developed and considered as a tool to visualize the biofilm three-dimensional (3D) morphology and physiology [START_REF] Franklin | New technologies for studying biofilms[END_REF][START_REF] Shunmugaperumal | Biofilm eradication and prevention: a pharmaceutical approach to medical device infections[END_REF]. The CLSM can easily identify both biofilms components and localized microorganisms in the depth of thick samples. To facilitate visualization of the biofilm with CLSM, certain protocols were optimized for the biofilm formation using fluorescent protein (e.g. green fluorescent protein (GFP)), which is fluorescent protein expressed by localized microbes within the biofilm matrix microorganisms [START_REF] Shunmugaperumal | Biofilm eradication and prevention: a pharmaceutical approach to medical device infections[END_REF].

Fluorescent in situ hybridization (FISH)

The fluorescent in situ hybridization (FISH) technique has a powerful impact act to quickly identify the heterogeneous complex structure biofilm community. Thus, phylogenetic identification could be conducted without the need to amplify their genes or to do further cultivation [START_REF] Delong | Phylogenetic stains: ribosomal RNA-based probes for the identification of single cells[END_REF]. On the other hand, The FISH affords rapid quantitative information about the abundance of microbial groups without PCR [START_REF] Delong | Phylogenetic stains: ribosomal RNA-based probes for the identification of single cells[END_REF]. FISH is relied on the identification of microorganisms using short (15 to 20 nucleotides) rRNA-complementary fluorescently labeled oligonucleotide probes (species, genes or group specific) that penetrate microbial cells, bind to RNA, and emit illuminated UV light [START_REF] Kempf | Fluorescent in situ hybridization allows rapid identification of microorganisms in blood cultures[END_REF]. The probe must be designed to label the conserved region of only a single species.

Indirect detection methods

The direct methods determination of biofilm could be obtained by colorimetric method using various assay that involves various dyes that could attach the biofilm and gives a visible color observed by naked eyes. Most used are, Tube method, Microtiter plate assay and Congo Red Agar. This method gives indication of the presence of biofilm, however to determine the nature of the biofilm formed advanced molecular techniques should be used such as polymerase chain reaction (PCR).

Tube method (TM)

Among the common biofilm producers, TM was described by Christensen et al., 1982 for reliable qualitative detection of biofilm producing microorganisms [START_REF] Christensen | Adherence of coagulase-negative staphylococci to plastic tissue culture plates: a quantitative model for the adherence of staphylococci to medical devices[END_REF].

TM is a qualitative detection method it consists of observing biofilm lined on bottom and walls of tube marked with a dye. How the TM assay takes place? Microbial or clinical isolates is incubated during 24 h at 37°C in a polystyrene test tube which contained trypticase soy broth (TSB) as culture media. Planktonic cells are them removed or discharged from tube by washing thoroughly with phosphate-buffered saline (PBS). Then the biofilms produced on the walls of the test tube are labeled for 1 h with dye Safranin. Then, the dye -stained polystyrene test tube is rinsed twice with PBS to release excess or remained stain and let to dry. Eventually, the occurrence of visible film lined the walls, on the bottom of the tube designates biofilm construction. The quantity of biofilm formation was elucidated according to the results of the control strain and graded visually as absent, moderate, and strong biofilm formation respectively [START_REF] Christensen | Adherence of coagulase-negative staphylococci to plastic tissue culture plates: a quantitative model for the adherence of staphylococci to medical devices[END_REF].

Microtiter plate assay (MPA)

The Microtiter plate method is a qualitative assay able to detect the biofilm formation. It allows the observation of bacterial adherence to the surface. In this method, culture was incubated for 24 hours in 37 o C. Biofilms made of microorganisms were attached on plate binded with sodium acetate which stained by crystal violet dye, allowing the visualization of the biofilm [START_REF] Stepanović | Quantification of biofilm in microtiter plates: overview of testing conditions and practical recommendations for assessment of biofilm production by staphylococci[END_REF]. The advantages of MPA method are the simplicity, adaptability to small or large numbers of samples, the use of basic lab materials, and the variety of samples that can be tested in a single assay. The microtiter plate assay is predominantly useful for examining the early stages in biofilm formation, such as initial surface attachment [START_REF] Redelman | Inquiry-based examination of chemical disruption of bacterial biofilms[END_REF]. The use of MPA is not limited to a certain protocol, or using a specific dye for spectrophotometric determination. But, it can be considered as a routine lab tool.

Congo Red Agar (CRA)

Qualitative assessment of biofilm could be conducted using the CRA that is which was described by Freeman in 1989 [START_REF] Freeman | New method for detecting slime production by coagulase negative staphylococci[END_REF]. In this regards, a color change of colonies inoculated on CRA medium is obtained and proportioned to the cell dentistry exited in the biofilm matrix. A mixture of Congo red dye (0.8 g/l), sucrose (36 g/l)

and Brain heart infusion (37 g/l) is the main composition of the CRA. Under anaerobic conditions and incubation at 37°C for 24 hours, the morphological characterization of stained colonies, that have undergone different colors, is differentiated as biofilm producers. Black colonies with a dry crystalline consistency indicated strong biofilm formation, whereas, black colonies with dry crystalline consistency indicate strong biofilm formation. Red colonies with occasional darkening at the center of the colonies are non-biofilm producers [START_REF] Freeman | New method for detecting slime production by coagulase negative staphylococci[END_REF].

Polymerase Chain Reaction (PCR)

Polymerase Chain Reaction (PCR), is a method widely used to study the biofilm, allowing the detection of genes associated with biofilm and individuate microbial colonization.

Besides the very high specificity, and sensitivity of PCR, the automatization is advantages when compared to conventional culture-based detection methods. Several basic steps, such sample preparation, enrichment media, selection of PCR primers, adjustment of reaction time and temperature, must be conducted to obtain reliable PCR results.

Electrochemical methods

The various mentioned methods allow the characterization of the various properties of biofilm related to nature the morphology, molecular structure. Electrical behavior of biofilm is also needed to understand the electron exchange properties and the mechanism of electrical communication between the various components in the biofilm and the surrounding environment. Bio-electrochemistry is a powerful method that leads to explain and follow the electron transfer mechanism in biofilm. Thus, electrochemical characterization techniques such as voltammetry, potentiometry, Amperometry, and electrochemical impedance spectroscopy (EIS) are an alternative to microscopy, culture-based and molecular techniques for detection of microbial biofilm [START_REF] Janknecht | Online biofilm monitoring[END_REF][START_REF] Nivens | Continuous nondestructive monitoring of microbial biofilms: a review of analytical techniques[END_REF][START_REF] Xu | Sensing the unreachable: challenges and opportunities in biofilm detection[END_REF]. Electrochemical monitoring is based on electrical changes or signals generated by electrochemical setup upon microbial cell adhesion or accumulation during the biofilm growth and microbial metabolism. Electrochemical techniques have been defined as simple, easy to use, portable, cost effective, and disposable, all these are features that make them ideal for point-of-care devices [START_REF] Karunakaran | Biosensors and bioelectronics[END_REF]. Electrochemical sensing is made possible a typical three-electrode electrochemical cell consists of a working, a counter (CE), and a reference electrode. In these cases, the working electrode serves as a surface on which the biofilm formation takes place.

Electrochemical techniques can characterize surface modifications upon biofilm growth by evaluating the electroactive area, the presence of electroactive microbial strains or evaluating the rate of electrons exchange between biofilm and electrode. Cyclic Voltammetry (CV) is the most common, simple, fast technique for acquiring qualitative and quantitative information on biological and microbial redox reactions. The kinetics of heterogeneous electron transfer reactions, the thermodynamics of redox processes, and coupled chemical reactions or adsorption processes can be accomplished by the CV (R. Y. A. [START_REF] Hassan | Monitoring of microbial cell viability using nanostructured electrodes modified with Graphene/Alumina nanocomposite[END_REF][START_REF] Sedki | Online-monitoring of biofilm formation using nanostructured electrode surfaces[END_REF].

The understanding of such properties could be exploited in various applications and devices such as biofuel cell or biosensors.

Biofilm and electron transfer ability

Direct and mediated electron transfer

Bioelectrochemical systems (BESs) are promising fast expanding technologies that exploit microbial living systems, materials sciences, and electrochemistry to advance energy, environmental and sensing strategies [START_REF] Selim | Bioelectrochemical Systems for Measuring Microbial Cellular Functions[END_REF]. Accordingly, the BESs use the powerful catalytic activity of metabolically active cells to collect electrons from the biodegradable organic compounds that exist in their outer medium or close averment.

Hence, interaction(s) between living cells (electron donor) and solid conductive surfaces (anodes as electron acceptors) are implemented (D. Z. [START_REF] Khater | Development of bioelectrochemical system for monitoring the biodegradation performance of activated sludge[END_REF]. A critical requirement for constructing a bio-electrochemical system is to sustain and enable direct electron transfer (DTE) between the afforded biofilm to the anode surface.

Consequently, BESs can rely on: (i) extracellular electron transfer (i.e. microbial electrocatalytic performance providing extracellular electron transfer) or, (ii) indirect communications through secreted metabolites, and quorum sensing molecules or any natural electrochemical active compounds produced by the inner-electrochemical microorganisms (R. Y. [START_REF] Hassan | Direct electrochemical determination of Candida albicans activity[END_REF].

The main pillars for BESs constructions include the type of microorganisms used to construct the system, the bio-anode surface and its configuration, and the electrochemical reactor and its dimensions [START_REF] Alfadaly | Microbial Sensing and Removal of Heavy Metals: Bioelectrochemical Detection and Removal of Chromium(VI) and Cadmium(II)[END_REF][START_REF] Hassan | Microbial Electrochemical Systems: Principles, Construction and Biosensing Applications[END_REF]Rehab H. Mahmoud et al., 2020). In the BESs, microbial electron transport chain (METC) is considered as the essential partition [START_REF] Wesolowski | Sensing of oxygen in microtiter plates: a novel tool for screening drugs against pathogenic yeasts[END_REF]. Therefore, the electron transfer from viable-cells to anodes is exploited in microbial diagnoses for the rapid detection of pathogens [START_REF] Cui | Inhibition of Respiration of <span class="named-content genus-species" id="namedcontent-1">Candida albicans</span> by Small Molecules Increases Phagocytosis Efficacy by Macrophages[END_REF][START_REF] Hassan | Direct Determination of Bacterial Cell Viability Using Carbon Nanotubes Modified Screen-printed Electrodes[END_REF]Rehab H Mahmoud et al., 2020), or, for bioelectricity generation using microbial fuel cells (MFCs) [START_REF] Katuri | Microbial analysis of anodic biofilm in a microbial fuel cell using slaughterhouse wastewater[END_REF][START_REF] Ng | Electron transport phenomena of electroactive bacteria in microbial fuel cells: a review of Proteus hauseri[END_REF].

In terms of electron transfer, electroactive microbes can deliver their intracellular electrons directly (i.e. without any electron shuttles) to the electrode to produce electrochemical signals microbes [START_REF] Potter | Electrical effects accompanying the decomposition of organic compounds[END_REF]. His finding was confirmed by the development of a stack of microbial fuel cells delivering 35 V [START_REF] Cohen | The bacterial culture as an electrical half-cell[END_REF].

On the other hand, electrochemically inactive biofilms could be integrated with electrode surfaces via extracellular electron receptors/transmitters, or electron mediators Metabolically active microbes can directly communicate with the anode over the formation of electroactive biofilms. (Alice E. Barsoumian et al., 2015). In the microbial electrochemical systems, different biofilms could be characterized as electrochemically active or inactive [START_REF] Halan | Biofilms as living catalysts in continuous chemical syntheses[END_REF]. The electrochemically active biofilms are characterized as a microbial community of electrochemical active microorganisms interacting directly with conductive surfaces to transfer extracellular electrons [START_REF] Babauta | Electrochemically active biofilms: facts and fiction. A review[END_REF][START_REF] Erable | Application of electroactive biofilms[END_REF][START_REF] Prévoteau | Electroactive biofilms for sensing: reflections and perspectives[END_REF]. Therefore, physical connections through the microbial appendages, microbial nanowires, and natural cyt-c in certain microorganisms such as Geobacter sulfurreducens, Shewanella oneidensis, and Thiobacillus denitrificans are discovered [START_REF] Reguera | Biofilm and Nanowire Production Leads to Increased Current in <em>Geobacter sulfurreducens</em&gt[END_REF][START_REF] Zhou | Regulation of biofilm formation by BpfA, BpfD, and BpfG in Shewanella oneidensis[END_REF].

Bioelectrochemical examination of the biofilm formation at modified electrode surfaces was conducted to understand the impact of the electrode constituents on the biofilm development [START_REF] Cornejo | Surface Modification for Enhanced Biofilm Formation and Electron Transport in Shewanella Anodes[END_REF]Rehab H Mahmoud et al., 2020) and to monitor a modification in the biofilm structures under different stresses through direct measurements of electron exchanges. The morphological characterization using microscopic techniques is generally associated to confirm the electrochemical process. For example, Sedki et al., demonstrated the effect of various nano-structured electrodes formed with reduced graphene oxide (rGO), and hyperbranched chitosan to assess the influence of the electrode materials on biofilm progression of P. aeruginosa along with monitoring its electrochemical/morphological changes under different stresses 

Microbial electron exchanges within a microbial community

Microbial community in a mixed culture can gain their bioenergy from exchangeable electron transfer with each other [START_REF] Schink | Syntrophism among prokaryotes[END_REF][START_REF] Stams | Electron transfer in syntrophic communities of anaerobic bacteria and archaea[END_REF]. This kind of reaction is known as a syntrophic whereas an indirect mechanism is preferred, relying on hydrogen or format as an electron transfer molecules Figure 3. As an example, fermenting microorganisms produce hydrogen from organic materials and archaea uptake the hydrogen for the production of bio-methane. In some methanogenic communities, formate instead of hydrogen is acting as electron transporter, while also syntrophic interactions with both formate and H 2 -mediated IET have been reported [START_REF] Dong | Evidence for H2 and formate formation during syntrophic butyrate and propionate degradation[END_REF]. 

Electron transfer via cable bacteria

Sulfide bio-oxidation in the marine sediments (anoxic zone) is found to be coupled to the reduction of oxygen at the sediment surface. This kind of redox reaction is disconnected by a centimeter-distance in the zone which depleted both compounds [START_REF] Nielsen | Electric currents couple spatially separated biogeochemical processes in marine sediment[END_REF][START_REF] Risgaard-Petersen | Sulfur, iron-, and calcium cycling associated with natural electric currents running through marine sediment[END_REF].

These discoveries directed to the research attention to think about the existence of generation of bio/or natural electric currents that could be involved in the oxidation-reduction reaction taking place in marine sediment [START_REF] Nielsen | Electric currents couple spatially separated biogeochemical processes in marine sediment[END_REF].

To that end, cable bacteria (CB) are explored. CB are universally happening multicellular filamentous bacteria that are electrochemically active or electrically conductive. The CB can transfer electrons from oxidation of sulfide (on one-side) to reduce oxygen (on the other-side) over centimeter distances. Different than any other microorganisms known, The CB can divide the central energy-conserving redox reactions into 2-half reactions that happen in different cells as long as the several centimeters apart. The evolutionary origin, molecular foundation, and genomic root of this exceptional metabolism were explored by Kasper U.

Kjeldsen [START_REF] Kjeldsen | On the evolution and physiology of cable bacteria[END_REF][START_REF] Pfeffer | Filamentous bacteria transport electrons over centimetre distances[END_REF].

Application of biofilm in Bioelectrochemistry

Microbial Fuel Cells

A biofuel cell is a type of electrochemical cells, consisting of one or two chambers that are separated by an ion exchange membrane or a diaphragm [START_REF] Rabaey | Microbial ecology meets electrochemistry: electricity-driven and driving communities[END_REF]. The anode collects electrons from an oxidation reaction occurred by the attached microbes, while the cathode conveys electrons for the oxygen reduction reaction (ORR). Anode and cathode are typically made of conductive materials such as steel or carbon-based materials [START_REF] Barrière | Covalent modification of graphitic carbon substrates by nonelectrochemical methods[END_REF][START_REF] Guo | Engineering electrodes for microbial electrocatalysis[END_REF][START_REF] Rinaldi | Engineering materials and biology to boost performance of microbial fuel cells: a critical review[END_REF].

Microbial fuel cells (MFCs) are common microbial electrochemical systems that exploit the activity of living-microorganisms to convert chemical energy through the oxidation of organic substrates to electricity [START_REF] Dolch | Characterization of microbial current production as a function of microbe-electrodeinteraction[END_REF]. Typical MFCs consist of an anode and a cathode both of which are incubated with a liquid culture of living microbes (electrogenic or electroactive organisms). For the anodic reaction, living cells consume the degradable organic substrate (electron donors) that are transferred from the bulk solution and through the cellular metabolism to the anode surface [START_REF] Santoro | Microbial fuel cells: From fundamentals to applications. A review[END_REF].

Two different designs (i.e., single or double-chambers) of MFCs have been used, illustrated in Figure 4. In the double-chambers, an anaerobic anode chamber and an aerobic cathode chamber, are generally separated by a Proton Exchange Membrane (PEM) such as sulfonated poly-(ether-ether-ketone) (SPEEK) as a kind of the non-fluorinated membranes or the Nafion as the most common PEM used [START_REF] Shabani | A critical review on recent proton exchange membranes applied in microbial fuel cells for renewable energy recovery[END_REF]. Under limited oxygen conditions (hypoxic environment), the anodic inhalation is followed by biofilm formation at the solid electrode [START_REF] Pasternak | Dynamic evolution of anodic biofilm when maturing under different external resistive loads in microbial fuel cells. Electrochemical perspective[END_REF]. A mixed/raw microbial culture or single microbial standard bacterial strain can be used to setup a MFC with high performance (Dena Z. [START_REF] Khater | Exploring the Bioelectrochemical Characteristics of Activated Sludge Using Cyclic Voltammetry[END_REF][START_REF] Yi | Comparative analysis of microbial fuel cell based biosensors developed with a mixed culture and Shewanella loihica PV-4 and underlying biological mechanism[END_REF]. Regulator factors, biofilm structure adaptation, and/or the type of the microbial community have a great impact on the electrochemical characteristics. The number and dimensions of the biofilm pores affect the transfer of metabolites to the electrode surface while the transfer of protons, substrate, and metabolites between the electrode surface and the bulk solution affect the current generation [START_REF] Katuri | Electroactive biofilms on surface functionalized anodes: the anode respiring behavior of a novel electroactive bacterium, <em>Desulfuromonas acetexigens&lt[END_REF]. The current generated by MFCs arises from the transfer of electrons received by the anode when live-bacteria oxidize organic materials, which are then transferred to the cathode via the external circuit, as shown in Figure 4. Typically, MFCs are classified into two types depending on how extracellular electrons are delivered from the attached microorganisms to the anode; (i) Mediator-based MFCs, in which electro-active secreted metabolites, or artificial redox compounds are used to shuttle the electrons (T. Li et al., 2020); (ii) mediated-less fuel cells does not require the addition of electroactive metabolites to transfer the electrons, but it relies mainly on the presence of electro-active organisms such as Shewanella [START_REF] Jain | Electron transfer mechanism in Shewanella loihica PV-4 biofilms formed at graphite electrode[END_REF][START_REF] Nourbakhsh | Nickel oxide/carbon nanotube/polyaniline nanocomposite as bifunctional anode catalyst for high-performance Shewanella-based dualchamber microbial fuel cell[END_REF], Rhodoferax [START_REF] Liu | Improving energy accumulation of microbial fuel cells by metabolism regulation using Rhodoferax ferrireducens as biocatalyst[END_REF] and Geobacteraceae [START_REF] Holmes | Potential role of a novel psychrotolerant member of the family Geobacteraceae, Geopsychrobacter electrodiphilus gen. nov., sp. nov., in electricity production by a marine sediment fuel cell[END_REF].

These organisms transfer electrons directly to the anode via molecular nanowires and electrochemically active redox enzymes in their outer membrane.

Wastewater treatments coupled with clean energy production are the most important practical applications of the MFCs [START_REF] Logan | Exoelectrogenic bacteria that power microbial fuel cells[END_REF]. The power generated by MFCs depends on various factors such as the electron transfer rate from the bacteria to anode, the diffusion of substrate into the biofilm, the ohmic resistance of the electrolyte, and the electrochemical kinetics. The maximum power generated by the MFC also depends on the total internal resistance of the system [START_REF] Cao | Electricigens in the anode of microbial fuel cells: pure cultures versus mixed communities[END_REF][START_REF] Dessie | Review on manganese oxide based biocatalyst in microbial fuel cell: Nanocomposite approach[END_REF]. The reviews of the basic MFCs technology, challenges, and applications can be found in several articles (W.-W. [START_REF] Li | Towards sustainable wastewater treatment by using microbial fuel cells-centered technologies[END_REF][START_REF] Wei | Recent progress in electrodes for microbial fuel cells[END_REF]. 

Electrochemical Biosensors

The use of biofilm in electrochemical biosensors was exploited for various detection approaches. The electrochemical biosensor systems are depending on the conductivity of biofilm and their electron transfer ability and redox mediator could be employed. Biofilm providing direct electron transfer called electroactive biofilms where any redox mediators are needed are preferred in sensing applications [START_REF] Prévoteau | Electroactive biofilms for sensing: reflections and perspectives[END_REF].

Electrochemical biosensors based on biofilms are generally used in enzymatic detection approach exploiting catalytic reaction towards substrates. The detection is based on the use of a microorganism as catalyst which contains different enzymes, able to (co) metabolize a broad range of substrates via multiple reaction pathways. However, the biosensor based on catalytic biofilms have less selectivity and are not designed to detect specific substrates but is attractive for monitoring a range of substrates. Thus the proteins present in biofilm could make chemical reaction and produce electrochemical signal. The successive enzymatic reaction in the cell improves the electron transfer and the electrochemical response is higher compared to single enzymatic biosensor. In addition, the biosensors provide high stability and low cost compared to enzymatic biosensors which need various step of purification and suffer from low stability in complex media. The electron transfer could be obtained by redox mediator or directly by electroactive biofilm when direct electron transfer could be obtained.

Biosensors based on biofilm could be used in various sensing applications. For example, biosensors based on microbial biofilm were used for detection of biodegradable organic compounds and monitor waste water. They have been also reported to efficiently monitor various compounds. such as carbohydrates, organic or amino acids, alcohols and phenols, hydrocarbons, peptides, vitamins, antibiotics, and organic or inorganic N-, S-, or Pcompounds [START_REF] Riedel | Microbial sensors: fundamentals and application for process control[END_REF][START_REF] Su | Review: Microbial biosensors[END_REF].

Microbial biosensors have also been developed for the online monitoring of the dynamic changes and cellular responses to the toxic heavy metal ions. For example, the Rhizobium-MAP7 showed high efficiency for removal of ions of heavy metals by acquiring a strong resistivity to such toxic metals ions. The Voltammetric currents which resulted from electrochemically active biofilm formed at the surface of the working electrodes demonstrated the differences between two microorganisms (Rhizobium-MAP7R and the Rhodotorula-ALT72) and their capacity of bioremediations. Thus, the removal of heavy metals Cr(VI) and Cd(II) could be determined [START_REF] Alfadaly | Microbial Sensing and Removal of Heavy Metals: Bioelectrochemical Detection and Removal of Chromium(VI) and Cadmium(II)[END_REF].

Using the CV, the anti-biofilm agents (compounds that are used for prevention or inhibition of the biofilm formation) were explored for electrochemical biosensors. Formation of S. aureus biofilms on electrode surfaces was constructed and the electrochemical signal of biofilm was measured before and after treatment with antibiotics or anti-biofilms such as fluoroaryl-2,2′-Bichalcophene. The electrochemical signal was highly sensitive to detect the changes in the electron transfer rates which represents the viability of microbial cells inside the biofilm matrix [START_REF] Elmogy | Biological Insights of Fluoroaryl-2,2'-Bichalcophene Compounds on Multi-Drug Resistant Staphylococcus aureus[END_REF].

Electrochemical biosensors based on biofilm could be monitored by various bioelectrochemical systems for measuring specific compounds and following the reaction. The readout could be obtained by microbial Biofuel Cell or microbial Three-Electrodes Cells.

Microbial biofuel cells have the advantage compared to Three-Electrodes Cells to deliver small electrical power that could they can in some cases provide for their own energy needs (autonomous biosensors). Three-Electrodes Cells have the advantage of using a reference electrode and external electronic control for applying appropriate potential, which lead to a stable baseline current and the electrical signal completely dependent on microbial process.

The application of biofilm in biosensors devices is now well documented in literature data and various studies are reported using electroactive biofilm in sensing applications are described. The advantages are the ability for monitoring in long period of time compared to others sensors. However, various challenge is remaining for the application in real conditions where improvement of the nature of the electrode surface and topography where the biofilm growth is of great importance. Also, current trends in biofilm bio-electrochemistry are moving to genetic manipulation to enhance the properties of electroactive biofilms and increase current density of microbial electrode.

Conclusion

In the last ten years, the study of biofilm and processes in bioelectrochemical systems has progressed significantly. However, there is currently a scarcity of information on the description of the whole biofilm story from the formation and characterization to the description of the mechanisms of electron transfer within biofilms and their application in bio-electrochemical systems. This chapter covers all this item from the phases of biofilm formation to bioelectrochemistry of biofilm and the electron exchanges measurement through direct and indirect methods. The application of microbial biofilm in biofuel cells and electrochemical detection are introduced.

Figure 1 :

 1 Figure 1: Stages of biofilm formation on solid surface surfaces such as metallic stents, catheters or any other implantable devices.

Figure 2A .

 2A Figure 2A. In 1911, for the first time, Michael C. Potter demonstrated a current flow from a microbial culture, when he observed an electromotive force between electrodes immersed in a culture of bacteria or and electrodes immersed in a sterile environment. He claimed that the current was resulting from the breakdown of organic substances by the actions of living

Figure 2B .Figure 2 :

 2B2 Figure 2: (A) Direct electron transfer from electrochemically active biofilm to electrode surface, (B) Mediated electron transfer from electrochemically inactive biofilm to electrode surface through providing artificial electron shuttles from redox mediators.

Figure 2C .

 2C Its shows the P. aeruginosa cells at the carbon screen printed which no redox behavior due to the low connection betwenn biofilm and electrode, (b) the slimy biofilm matrix of P. aeruginosa at the rGO-HBCs-CPE electrode after incubation for five days in LB media, (c) a closer view showing the connection between biofilm bacterial cells through flagella and pili.

Figure 2C .

 2C Figure 2C. A schematic illustration of the biofilm growth monitored by measuring the direct extracellular electron transfer ability of the biofilm matrix and the corresponding morphologies reproduced with permission from Publisher Elsevier .

Figure 3 :

 3 Figure 3: Three modes of electron transfer between microorganisms. (A) Via a soluble component such as formate or hydrogen; (B) direct contact; or (C) mediated electron transfer through a conductive abiotic carrier material.

Figure 3 .

 3 Figure 3. (A): Design of single chamber MFC. (B): Design of double chamber MFC separated by a PEM membrane. PEM stands for proton exchange membrane.
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