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Abstract: This review focuses on the overview of microbial amperometric biosensors and microbial
biofuel cells (MFC) and shows how very similar principles are applied for the design of both types
of these bioelectronics-based devices. Most microorganism-based amperometric biosensors show
poor specificity, but this drawback can be exploited in the design of microbial biofuel cells because
this enables them to consume wider range of chemical fuels. The efficiency of the charge transfer is
among the most challenging and critical issues during the development of any kind of biofuel cell. In
most cases, particular redox mediators and nanomaterials are applied for the facilitation of charge
transfer from applied biomaterials towards biofuel cell electrodes. Some improvements in charge
transfer efficiency can be achieved by the application of conducting polymers (CPs), which can be
used for the immobilization of enzymes and in some particular cases even for the facilitation of charge
transfer. In this review, charge transfer pathways and mechanisms, which are suitable for the design
of biosensors and in biofuel cells, are discussed. Modification methods of the cell-wall/membrane by
conducting polymers in order to enhance charge transfer efficiency of microorganisms, which can be
potentially applied in the design of microbial biofuel cells, are outlined. The biocompatibility-related
aspects of conducting polymers with microorganisms are summarized.

Keywords: microbial biofuel cells; yeast; direct electron transfer; extracellular electron transfer; cell
membrane/wall modifications; conducting polymers; enzyme-based biofuel cells; bioelectronics;
microbial biosensors; whole cell-based biosensors

1. Introduction

A biofuel cell (BFC) is a bioelectrochemical system or device, which can produce
electricity from organic materials by enzymatic catalysis or metabolic processes running
in bacteria and/or other living cells. Recently this research topic has attracted increasing
attention as a prospective ‘green’ technology. The most intriguing aspect of biofuel cell
application is waste water treatment by simultaneous production of electricity followed
by the degradation of organic-waste. BFCs can be driven by enzymes or microorganisms.
Microorganism-driven biofuel cells, which are often called microbial biofuel cells (MFCs),
are the most prospective because microorganisms are capable of reproducing themselves
and there is no need for the purification of enzymes [1–5], which is otherwise a very
important and costly procedure required for the development of enzymatic biofuel cells
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(EBFCs) [6]. Both microbial biofuel cells (MFCs) and EBFCs operate at ambient tempera-
tures, but MFCs are cheaper and can be designed from bacteria populating sludge, soil and
many other natural environments. However, the main obstacle for their wide application is
a low electrical conductivity of the cell wall and cell membrane, which limits charge transfer
(CT) ability and efficiency. The improvement of the electron transfer from the living cells to
the anode during oxidation of organic matter is considered to be the main challenge for
the enhancement of biofuel cell efficiency. Thus, researchers try to use various methods to
increase the charge transfer from living cells. The extracellular electron transport towards
the anode of microbial-biosensor and/or MFC is performed by internal/external electron
transfer mediators, which very often are membrane-bound compounds capable of transfer-
ring electrons, or by electrode modifications that enable charge transfer to be improved [6].
The most commonly microorganisms used in direct electron transfer based biosensors
and fuel cells are Shewanella putrefaciens, Geobacter sulfurreducens, Aeromonas hydrophila,
Geobacter metallic reducens and Rhodoferax ferrireducens. Their catalytic activity and electron
transfer route have been relatively well investigated; therefore, it is thought that physical
contact between electrode and outer-membrane cytochromes or/and conductive pili of
microorganisms can enable direct ‘wiring’. Catalytic activity and possible CT pathways
and mechanism from eukaryotic microorganisms such as Saccharomyces cerevisiae is under
intensive investigation [7–9]. It should be noted that S. cerevisiae recently are considered
as a prospective ‘biocatalyst’ suitable for MFCs due to its broad substrate spectrum, easy
and fast mass cultivation, reasonable cost and non-pathogenic material. For efficient per-
formance of S. cerevisiae in MFCs, exogenous mediators are still required, because these
microorganisms do not produce redox mediators indigenously [7–11]. It was determined
that higher conversion efficiencies are observed using microorganisms capable of generat-
ing compounds that are able to act as redox mediators if compared to these microorganisms,
which are not producing any redox compounds with redox mediating properties [6,12].
Therefore, MFCs, using eukaryotic yeast cells are still very rare. MFCs, based on S. cerevisiae
extract the energy using the nicotinamide adenine dinucleotide(NADH/NAD+) redox cy-
cle from anaerobic glycolysis, which takes place in the cytosol of the cell. Thus, NADH
is easily accessible to a mediator molecule attached to the cell membrane. Then NADH
is re-oxidized back into NAD+ while a redox mediator is reduced; in this way the energy
extraction process in the fuel cell does not disrupt the natural metabolism of the yeast cell.
In order to improve S. cerevisiae-based MFCs performance, various modifications are being
investigated and applied, such as electrode, cell wall or membrane modifications [7,13–15].

The aim of this review is to overview common principles that are applied in the
development of amperometric biosensors, which can be easily adapted for the design of
biofuel cells.

2. Whole Cell-Based Biosensors

Nowadays, electrochemical (bio)sensors are of great significance in many areas [16]
providing information on various analytes of interest [17]. Typically, biosensors are cate-
gorized according to their bio-recognition elements, which can be antibodies [18], recep-
tors [19], enzymes [20], DNA [21] or living cells [22]. Whole-cell biosensors are based on
microbial or other type cells acting as their bio-recognition elements. Microbial biosen-
sors are ideally suited for the analysis of extracellular chemicals, their main advantages
are: (i) ability to detect a wide variety of substrates, (ii) rather cheap and basic mass pro-
duction, and (iii) easier genetic modification compared to other types of sensors and
biosensors [16]. Moreover, microorganisms are able to adapt towards adverse conditions
and to develop the capability to consume different chemicals over time. However, some
limitations of whole-cell and microorganism-based sensors still remain, one of them being
that very precise determination of target compounds is still not possible, due to the rela-
tively poor sensitivity and selectivity. Another intrinsic limitation of microbial biosensors
is their rather slow response caused by moderated diffusion of substrates into the cell
through natural cell barriers such as the membrane or cell wall [17].
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To overcome these drawbacks of the microbial biosensors numerous techniques are ap-
plied, such as genetic engineering in order to block undesired or induce desired metabolic
pathways in the cells [23]; micro- and nano-technologies with the goals for miniaturization,
high-throughput screening, enhanced sensitivity, increased selectivity and more efficient
immobilization of microorganisms [17]. Attempts to overcome barriers of the cells ap-
plying various techniques include physical (freezing and thawing), chemical (dissolving
within organic solvents/detergents), enzymatic (treatment by lysozyme, papain) [24] and
electroporation [25] based approaches. All of these cell modification methods have some
disadvantages, e.g., reduced cells viability after treatment with electric pulses [25].

During the development of whole cell biosensors, selection of the immobilization
method on the electrode surface is of great importance. An ideal matrix for the cell
immobilization should function at ambient temperature; enable to maintain high cell
activity; prevent the cells from leakage to the buffer; allow the influx of nutrients, oxygen,
and analytes as well as the removal of the resulting metabolites from the cells; and ensure
electron transfer from the cell to the electrode. Entrapment into polymers of natural
origin prepared from alginate/pectate, κ-carrageenan, collagen, gelatin, chitosan and agar
(agarose) was performed under mild conditions with high viability of entrapped cells [22].
However, these matrices can be easily destroyed by chelating agents, which could be
present in a sample, because they are formed by an ionotropic gelation in the presence of
Ca2+ or K+ ions [22]. The synthetic polymers such as polyvinylalcohol, polyacrylamide,
and polyurethane (PU) are more stable, but in many cases, they can induce the decrease of
cell viability. The major limitation of cells entrapped within polymeric matrices is a creation
of an additional diffusion barrier, which slows down the response of the biosensor [26].

A novel ‘cells-on-beads’ immobilization strategy is providing a fast and simple fabri-
cation method suitable for the construction of viable whole-cell biosensor chip [27]. The
proposed immobilization method is based on the modification of polyacrylamide porous
beads with positively charged groups, which favors good Escherichia coli cell adsorption to
the surface of gold. This amperometric biochip yielded a signal within the range of tens of
nanoamperes, which was linearly dependent on the concentration of aniline [27].

A whole-cell amperometric biosensor based on ‘bioelectrochemical wire’ consisting of
riboflavin-cytochrome C proteins between cells of Shewanella oneidensis MR-1 and work-
ing electrode was developed for riboflavin detection by using fumarate as the electron
acceptor. A linear calibration curve with extremely wide riboflavin concentration (5 nM
to 10 µM) was obtained, with the limit of detection (LOD) of 2.2 nM. [28]. In other study,
reproducible microbial electrochemical cell-based biosensor for the determination of cyclo-
hexane carboxylic acid in water samples was developed with cyclohexane carboxylic acid
concentrations ranging from 50 to 250 mg chemical oxygen demand (COD) L−1. The biosen-
sor could be used as a bioanalytical tool for monitoring naphthenic acids concentrations in
oil sands process-affected water [29].

Some kinds of whole cell sensor can match requirements of enzymatic sensors due
to applied genetic modifications of enzymes coding DNA sequences that are fused with
DNA sequences of proteins, which are expressed on the surface of living cells [30]. Using
this technology, it is possible to create cells containing enzymes of interest that are bound
to the surface of the cell. This technology prevents enzyme leakage and the expressed
enzymes possess high response rate, sensitivity and specificity. These systems can be based
on various types of cell, including bacteria, fungi or yeast [31]. The main drawback of such
systems that not all DNA sequences of enzymes can be genetically fused with that of native
cells’ extracellular surface proteins and they do not always retain normal catalytic activity
because the fusion of proteins can disrupt their normal folding procedure.

3. Electrode Modifications for the Improvement of Charge Transfer in Biosensors and
Microbial Biofuel Cells

The characteristics of anode material play a critical role in amperometric biosensors
and MFC, because the nature of material is among the key factors, which significantly
affects charge transfer efficiency from biomaterials, and it is one of the major reasons
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causing the rather low efficiency of some MFC prototypes. In order to maintain the
viability of immobilized microorganisms the most efficient anode material should be
biocompatible with these microbes, should have a high surface area for biomaterial to
adhere to, and should be susceptible to robust microbial cell attachment. At the same time,
materials used for the modification of anode should facilitate electron transfer, which is
a limiting factor for the sensitivity of amperometric biosensor or the efficiency of MFCs.
The adhesion of microorganisms on the electrode surface plays one of a key roles in
the electron transfer process and generated power density [12]. The most popular MFC
design is based on two-compartment cell with microorganisms enclosed in an anode
compartment and/or sometimes even in a cathode compartment. Between compartments,
the ion uptake is required and, therefore, components should be divided by semipermeable
membrane, which enables the exchange of some ions. The extracellular charge transfer
from microorganisms towards the anode is facilitated by internal or external electron
mediators or membrane-bound compounds, which are capable of electron transfer [6]
(Figure 1).

Figure 1. General scheme of microbial biofuel cell with direct and mediated electron transfer.

Commercially available state-of-the-art membranes suitable for MFC are often modi-
fied by perfluorosulfonic acid (Nafion) layer, which exhibit a high proton conductivity and
chemical stability and are the most popular for the application in MFCs. However, despite
numerous advantages Nafion membranes significantly increase the cost of the system in
comparison to those based on other types of membranes or membrane-less MFCs. In addi-
tion, Nafion-based membranes become fouled during the action of MFCs and, therefore,
researchers are attempting to substitute them by other material-based membranes [32,33].

The most commonly utilized anode material in the MFCs are carbon-based materials,
because they have high conductivity, they are chemically stable, and relatively cheap. Nev-
ertheless, carbon materials are intrinsically hydrophobic, which is unfavorable for robust
attachment of living cells, resulting in non-efficient charge transfer. To resolve this problem,
various chemical and physical modifications were involved to enhance the properties
of carbon-based materials. However, the effect of modifications makes it important to
compromise between low cost and biocompatibility, while supporting strong attachment
of microbes and facilitating charge transfer towards electrodes, which are extremely im-
portant for optimal MFC performance. In addition, modifications should also provide
good electrical conductivity with low resistance, large surface area, anti-corrosion and
anti-degradation properties, suitable mechanical strength and toughness [34]. The most
common modifications of electrodes are based on the functionalization with carbon nano-
materials [35–38], metal oxide nanoparticles or their nanocomposites, conducting polymers
or the formation of various nanocomposites based on conducting polymers [34,39].
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Carbonaceous nanomaterials provide a large surface area and extraordinary electron
transfer properties. Carbon felt (CF) is commonly used as a low-cost anode material,
which is very suitable for MFCs design due to a good electronic conduction, high surface
area and porosity enabling sufficient mechanical stability to be provided and, therefore,
carbon felt seems to be a favorable material for biofilm formation [40,41]. However, highly
hydrophobic nature of carbon felt makes their application more complicated in aqueous
electrolyte medium and for the population of this structure with living cells. To overcome
this drawback, many modification methods have been developed and used resulting into a
new and benefiting composites. Chemical modifications change the hydrophobic surface of
bare felts to hydrophilic. For example, polyethylenimine has a high positive charge density
and can interact through its abundant amine groups with the carbon-based materials [42].
This material is commonly used for the modification of carbon felt anodes employed
in MFCs [43,44]. Carbon nanotubes (CNTs) have shown controversial characteristics
towards living cells [45] thus, the anode modifications of the MFCs often go together with
biocompatible polymers, such as polyurethane (PU) [20], or polyaniline (PANI) [46–48].

The influence of polyurethane on biocompatibility and adhesion-activity of carbon an-
ode with the composite of polyurethane/carbon nanotubes composite was investigated [14].
Polyurethane is known as a biocompatible material [46], thus the composites with CNTs
have less effect on the biological activity of living cells used in amperometric biosensors
and MFCs. The porous polyurethane sponge provided a vast surface area for physical
CNTs adsorption as well as for cell biofilm formation. Daily substitution of analyte allowed
the MFC to operate at 70% of maximum power (100 mW m−2) for long periods. Thus,
this MFC has a prospect as a low-cost energy generating device [14]. To separate anode
and cathode chambers, the aforementioned ion exchange separator based on (polystyrene-
polyvinyl alcohol)/(phosphoric acid) membrane was applied in the design of this MFC.
This membrane proved to enhance proton conductivity in dehydrated as well as hydrated
states, with an estimated ion transfer number in order of 0.97 as well as had an antifouling
effect [14] unlike the usually used Nafion membranes [32] (Table 1). In order to avoid the
application of ion exchange separators, membrane-less BFCs are designed [49]. Stability
and compatibility of membraneless MFC based on yeast/CNT catalyst were investigated
and catalytic activity of this MFC was evaluated [49]. In this study, carbon nanotubes and
poly(ethylenimine) were selected as a supporting material for the immobilization of the
yeast cells based on hydrophobic interactions between CNTs and yeast cells followed by
the cross-linking technique. It was proved that yeast/CNTs induced excellent catalytic
activities and MFC performance (344 mW m−2) with MFC stability of 86% from its initial
value after eight days (Table 1) [49].

Strategy for anode modification with multiple bilayers of CNTs/PANI decorated
indium tin oxide (ITO) electrode with a nanoporous network exhibited superior biocatalytic
properties with a maximal current density of 6.98 µA cm−2 and maximum power of
34.51 mW m−2 (Table 1) [47]. The layers of PANI were graft-polymerized via covalent
bonding while the CNTs were assembled applying layer-by-layer deposition technique,
which ensured low CT resistance. The modified electrode had more than seven times
higher maximum power density in comparison to that registered by the unmodified ITO
electrode. This result indicates that CNTs/PANI conductive films greatly increases the
area of electrode surface and the number of sites that are involved in charge transfer
from bacteria. In addition, the toxicity of the CNTs toward the Shewanella loihica cells
was minimized by modification with biocompatible polymer-PANI [47]. The genus of
Shewanella is known as metal-reducing bacteria and, therefore this type of MCFs could
be applied for the control of chromium ion-based pollution as well as the production of
chromium-based nanoparticles [50] that can be harvested from formed sediment.

Facilitation of charge transfer from biological objects by redox polymers is discussed in
the work of Coman et al. [51]. In this study researchers explored the applicability of flexible
osmium polymers (poly(1-vinylimidazole)12-[Os-(4,4′-dimethyl-2,2′-bipyridyl)2Cl2](+/2+)

(I) and poly(vinylpyridine)-[Os-(N,N′-methylated-2,2′-biimidazole)3](2+/3+) as a matrix
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material and for electron transfer between the cells and the electrode. Bacillus subtilis
were suspended in dried polymer, thus wiring them through the polymer matrix to the
electrode (Table 1). Wired bacteria managed to reach 5 µA cm−2 current density supplied
with 0.3 mM succinate using an aldrithiol-modified gold electrode. A stability test showed
slightly decreased current response over time and they reached approximately 73% of the
initial response after 6 h.

New strategies for the modification of the anode of a MFC with alginate film were
proposed by another group of researchers [52]. Neutral red (NR) was used as a mediator in
this electrochemical system. The anode was modified with yeast by drop-coating method,
and yeast film was formed by physical adsorption using immersion of carbon felt into yeast-
alginate suspension. To determine anode performance, electrochemical characterization
was performed, which proved that the deposit of an alginate film entrapping yeast cells
is an efficient way to promote glucose oxidation and to transfer electron. Performance of
the MFC were evaluated in terms of maximum power generation (0.326 A m−2) at the
load of 1 kΩ. Such MFC had operational stability for a period of 44 days. The current of
MFC partially decreased due to the reduced activity and viability of immobilized cells. It
was stated that another approach when yeast cells were entrapped within alginate–NR
microbeads, then current was limited by obstruction of the NR reduced form, which was
exiting the matrix gel layer towards the electrode surface [52].

To improve carbon-based anode materials, the performance of conductivity, electro-
catalytic activity, various noble metal and metal-based materials are utilized to modify
carbon materials. Nanoparticles act as the bridge for electron transfer between bacteria
and anode. In contrary to carbon nanomaterials, metal nanoparticles are not very widely
applied because of their corrosiveness [53] and cytotoxicity [54]. However, gold nanoparti-
cles (AuNPs) and their composites are considered as suitable for electrode modification
in bioelectrochemical devices due to their wide array of beneficial properties, such as
biocompatibility, high surface-to-volume ratio, and enhanced conductivity [55].

Biogenic golden nanoparticles (BioAu) and the composite with multiwalled CNTSs
(BioAu/MWCNT) was used for the modification of carbon cloth anodes for MFC con-
struction [56]. Biologically produced AuNPs are known for their low toxicity, high
purity and biocompatibility thus allowing the aforementioned general drawbacks of
metal-based nanoparticles to be minimized. The biofilm was constituted mostly from
the classes of Gammaproteobacteria and Negativicutes, which increased after anode modi-
fication. The MFCs with the bioAu/MWCNT electrode had the highest power density
of 178.34 ± 4.79 mW m−2 and operation time of shorter than 7 days (Table 1), which in
the term of power density was 56% higher and in the term of operation time was 142%
shorter compared with these characteristics of unmodified control electrode showing the
strong affinity between the electrode surface and materials used for the modification [56].
Authors in this study attempted to investigate the electrochemical MFC performance and
microbial community behavior affected by novel anode modification based on biogenic Au
nanoparticles.

Duarte et al. developed and characterized golden nanostructures grown on a polyethyleneimine
functionalized carbon felt substrate as an anode material of MFC. The gold nanoparticles
growth process utilized surface-bound seeds. The developed widespread gold nano-flower
structures had an irregular shape, which proved to be very beneficial for the physical
adhesion and inhabitancy of the yeast cells. The maximum power density achieved was
2771 ± 569 mW m−2 for the polyethyleneimine-modified carbon felt with gold nanopar-
ticles prepared with 715 µM 4-mercaptobenzoic acid after only 30 min after preparation
(Table 1). The higher power density, which was achieved by this approach was affected by
AuNPs that bridge the external cellular wall of the yeast cells and the surface of carbon
fibers. The contribution of AuNPs for direct electron transfer enabled ‘local harvesting of
more electrons’ and the accumulation of charge on the CF electrode [44]. The same authors
later developed metal composite nanostructures, namely manganese oxide-decorated iron
oxide nanoflowers on the same anode material- polyethylenimine functionalized carbon
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felt. A very efficient electrochemical interface between the yeast biofilm, metallic nanoflow-
ers, and carbon felt fibers was constructed, further enhanced by the inclusion of the anionic
surfactant mediator, sodium dodecylbenzenesulfonate (SDBS). Biofilm formation was per-
formed by physical attachment of yeast cells on the anode material. When SDBS was used,
the nanostructures stayed firmly attached to the carbon felt fibers due to the additional
anionic interactions strengthening the entrapment bonds of the polyethylenimine-coated
fibers. This is supported by the increased surface coverage activity of the samples contain-
ing SDBS. Extracellular polysaccharides of the yeasts cell wall directly influenced the direct
electron transfer properties of the yeast and, thus, the functionality of the MFC. The external
nutrient-enriched and highly electrochemically responsive extracellular polysaccharide
matrix reached out around the individual FeMnNPs on the electrode surface and created a
strong electrochemical bridging effect between the yeast cells and nanostructures. The best
power density of 5.83 ± 0.61 W m−2 was achieved (Table 1) [43].

In the work of Christwardana et al. [57], the quorum-sensing molecules, which are
employed by microorganisms as a major means of communication and biofilm forma-
tion [58] were used for MFC anode functionalization to ascertain the suitable surface for
microbial attachment, to enhance the biofilm formation, activity, and conductivity for the
electron transfer and electron–electrode interaction in MFCs [59]. This scheme of the anode
functionalization proved to be rather efficient, as the maximum power density of the MFC
were 159.46 ± 10.68 mW m−2 and 156.57 ± 5.84 mW m−2, using different quorum sensing
molecules phenylethanol and tryptophol, respectively. The third quorum sensing molecule,
tyrosol was slightly less effective (Table 1). As seen from the Table 1, the constructed MFC
did not have well-expressed maximum power density, however the idea of using quorum-
sensing molecules was promising because of the possibility to speed natural formation of
the biofilm. The presence of extracellular polysaccharide in a biofilm did enhance the direct
electron transfer between yeast cells and working electrode surface. The improvements by
using microbial consortiums, electrode surface modifications and other methods for the
sophistications that could be applied are suggested by authors [59].

As the conductance of the conductive polymers themselves is relatively low, other
materials, such as carbon nanotubes, are researched for the modifications of anode surface
to promote effective direct electron transfer [7]. It was determined that at lowest explored
concentration (2 µg mL-1) of MWCNTs and at rather short-lasting exposure of MWCNTs do
not significantly affect the viability and other properties of yeast cells. The results obtained
from electrochemical characterization showed MWCNTs being a very good candidate for
the development of MFCs, as the application of MWCNTs in the anode of the biofuel
cell increased generated power by 69 times (113 nW cm-2) (Table 1). Therefore, authors
suggest, that MWCNTs can be applied for the modification of the electrode in order to
improve electrical CT through the yeast cell membrane and/or cell wall. Evaluations based
on fluorescence microscopy and cell count revealed that the viability of the cells was not
affected by MWCNTs when the concentration was of 2 µg mL-1 [7].

Another group of authors presented a biofilm of fungi Scedosporium dehoogii, which
was used for the modification of the CF anode in a MFC for potential bioremediation of a
toxic pharmaceutical compound para-aminophenol from wastewater [60,61]. S. dehoogii is
a fungus able to use aromatic hydrocarbons as an energy source; thus, it can be simultane-
ously applied for two purposes: bioremediation of waste water from toxic contaminants as
well as for energy production. The cathode of MFC was a CF electrochemically modified
by electrodeposition of a poly-Ni (II) tetrasulphonated phthalocyanine (poly-NiTSPc) film,
which replaced the classical Pt/Air cathode by the modification of carbon felt surface with
poly-NiTSPc. This kind of modification aimed to increase the intensity of O2 reduction,
leading to an increased performance of the MFC [60,61]. Waste waters generally contain
low concentrations of pharmaceutical compounds and thus cannot allow a MFC to attain a
high-power density. Therefore, the additional source of electron donorcellulose-based fuel
was evaluated. It showed a maximum power density of 16 mW m−2 for a time of 200 h
(Table 1).
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Table 1. The description of microbial biofuel cells (MFCs) anode modification method and MFC performance. Abbreviations
provided below the table.

Electricigen Anode Modification
Method

Anode
Material

Electron
Donor PD, mW m−2 Other Remarks Ref.

Saccharomyces
cerevisiae

Physical absorption
of CNTs, followed by
physical adhesionof

the cells

PU Glucose/
MB 100

After first 24 h PD reduces to
70% of the maximum, and

remains constant with
continuous substitution of

glucose/MB for long
periods.

[14]

Shewanella
loihica

Graft-
polymerization of
PANI and layer by

layer self-assembling
of carbon nanotubes

APTES/
ITO

Sodium
lactate 34.5

Maximal current density
was 6.98 µA cm−2, 26 times

higher than plain ITO
electrode.

[47]

Saccharomyces
cerevisiae

Dip-coating of PEI
and seed-mediated

green synthesis
growth of AuNPs
followed by the

biofilm formation
during 72 h

CF Glucose 2771

The single chamber
architecture played a role in

reducing the number of
chemicals and costs.

[44]

Saccharomyces
cerevisiae

Physical adsorption
of alginate film with
entrapped yeast cells

CF Glucose -

Current density was
0.326 A m−2 (CF-Yeast
-algae electrode) and

0.185 A m−2 (CF-Yeast-
Neutral Red beads

electrode). Operation time
was 44 days.

[52]

Classes of
Gammapro-

teobacteria and
Negativicutes

MWCNTs blended
with biogenic Au and
evenly spreading the
paste followed by the

biofilm formation

CF Sludge 178 Start-up time 6.75 days. [56]

Saccharomyces
cerevisiae

Dip coating of PEI,
SDBS mediated

chemical growth of
FeMnNPs followed

by the biofilm
formation

CF Glucose 5838

Controlled FeMnNP
surfactant-mediated growth

was performed within a
single vial under ambient
conditions Relationship

between the
surfactant-mediated

FeMnNPs and yeast biofilm
development was revealed.

[43]

Saccharomyces
cerevisiae

Dip coating of PEI
followed by

dipcoating of one of
the QS molecules
(phenylethanol,
tryptophol and
tyrosol). Biofilm

growth.

CF Glucose
159 *
156
135

Start-up time 3 days [57]

Scedosporium
dehoogii

Electrochemical
deposition of the

biofilm
CF APAP 6.5 A mature biofilm was

obtained at day 7 [60]

Scedosporium
dehoogii

Electrochemical
deposition of the

biofilm
CF APAP

Lignin
50
16

A mature biofilm was
obtained at day 7. The power
density in presence of lignin
of 16 mW m−2 lasted 200 h.

[61]
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Table 1. Cont.

Electricigen Anode Modification
Method

Anode
Material

Electron
Donor PD, mW m−2 Other Remarks Ref.

Saccharomyces
cerevisiae

Cross-linking and
hydrophobic

interaction of yeast,
PEI and CNTs

CNTs Glucose 344

Membraneless MFC. MPD
was maintained to 86% of

initial value even after
8 days

[49]

Saccharomyces
cerevisiae

Drop coating of PQ
and drop coating of

MWCNTs
Graphite Glucose 1.13 10−4

The application of MWCNTs
in anode of biofuel cell

increased generated power
by 69 times and generated

voltage by 8 times.

[7]

Bacillus subtilis

Self-assembly of
aldrithiol monolayer,
drop coating of OsRP

solution, drop
coating of B. subtilis
suspension followed

by dialysis
membrane fixing on
the gold electrode.

Drop coating of OsRP
solution and drop

coating of B. subtilis
suspension on the
graphite electrode

Gold
Graphite Succinate -

The maximum current
density response was

~5 µA cm−2. Stability test
showed slight decrease

response in current with
time and reached

approximately 73% of the
initial response after 6 h.

[51]

*-power densities for MFCs based on phenylethanol, tryptophol and tyrosol, respectively. APAP—acetaminophen. APTES—γ-
aminopropyltriethoxysilane. CF—carbon felt. ITO—indium tin oxide. MB—methylene blue. MWCNTs—multi-walled carbon nanotubes.
NPs—nanoparticles. OsRP—osmium redox polymer.PANI—polyaniline. PD—power density. PEI—polyethyleneimine. PU—polyurethane.
PQ—9,10-phenanthrenequinone. QS—quorum sensing.

As seen from the Table 1, the highest maximum power density was achieved using
CF anodes, which were decorated with golden nanoparticles [44] or manganese oxide
decorated iron oxide nano-flowers [43] and then modified by S. cerevisiae, and in both cases
the extracellular polysaccharide matrix of S. cerevisiae interacted with NPs, which were
deposited on the electrode surface, and created a strong electrochemical bridging between
the yeast cells and applied nanostructures. A very advantageous surface of the carbon
felt anodes providing a high surface area as well as good physical surface characteristics
for microbial attachment and direct electron transfer was achieved in both cases [43,44].
The Nafion membranes were used in most cases for the separation of ion exchange. The
different strategy was developed by de Oliveira et al. [14], which enabled to achieve more
stable membrane. Biomaterials such as algae [52] and quantum sensing molecules [57]
were employed for better microorganism entrapment to the electrode surface, and in
the alginate case the extraordinary stability for 44 days was achieved most likely owing
to biocompatible environment provided by algae preventing the cells from leakage to
the buffer.

The applicability of the constructed MFCs is rarely discussed in the reviewed papers
due to them still being in an early stage of development. Thus improvements for generated
power density, stability and other properties still needed. The S. dehoogii based MFCs
showed organic micropollutant para-aminophenol as an efficient model fuel for this MFC,
which could be applied for the bioremediation of this toxic pharmaceutical compound.
Moreover, the aforementioned devices were stable for more than 8 days [60,61]. S. loihica is
known to reduce metals, thus the MFC based on this microorganism [47] could be applied
as an environmentally friendly and nontoxic approach for the production of chromium
nanoparticles as well as for the remediation of chromium and its contamination [50]. MFCs
based on classes of Gammaproteobacteria and Negativicutes were applied for bioremediation
and energy generation from sludge [56]. In many cases the main focus of the researches
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were on the electrode surface modifications with various materials as the guide for better
strategy in order to develop the devices with better performance [7,14,43,44,49,51,57] rather
than a MFC ready for applications. In many of the aforementioned cases S. Cerevisiae was
used as a model microorganism.

4. Electrochemically Deposited Conducting Polymers for Better Biocompatibility
of MFCs

Electrochemical deposition of conducting polymers is rather simple method for the
modification of electrode surface. This method is frequently applied during the devel-
opment of bioelectronic-based devices. The number of electrical characteristics (such
as electrochemical technique, working electrode potentials that are required for the ini-
tiation of monomer polymerization, etc.) can be varied and easily adapted during the
formation conducting polymer layer with required physicochemical performance [62,63].
Therefore, the physical characteristics of formed layers such as layer thickness, density,
ion-permeability can be adjusted by the adaptation of optimal electrochemical conditions
required for polymerization reaction. Moreover, many chemical parameters including
solvents, polymerizable monomers, polymerization bulk composition, and pH are strongly
affecting characteristics of formed CP layers. During the course of electrochemical polymer-
ization some biologically active materials such as proteins [64–67], DNA [21,68] and even
living cells and bacteria can be entrapped within the conducting polymer-based layer when
they are added into a polymerization solution. The scheme of electrochemical deposition
of Ppy layers with entrapped protein molecules [69] is presented in Figure 2.

Figure 2. Electrochemical deposition of conducting polymer–polypyrrole and entrapment of proteins
within formed Ppy layer, while potential pulses are applied. Adapted from [62].

The application of suitable electrodeposition conditions enables the efficiently of con-
ducting polymer layers to be adapted in the design of bioelectronics-based devices [70–72].
The diffusion rate of the nutrients, which are acting as microbial biofuel is a very important
factor for the performance of MFCs. Therefore, sometimes it is reasonable to change the
porosity of the formed CP-based layer by the incorporation of some organic-based ‘spac-
ers’, which are interlinking different polymeric chains [73]. The conductivity of CPs-based
layers is also very important for the efficiency of MFCs. Here the achievements of some
research groups in the evaluation of synthesis parameters on electrical conductivity of
electrochemically deposited Ppy films [74] and PANI-based layers [75] (Figure 3) [69] as
well as mathematical model, which was derived by our team [76] can be exploited.
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Figure 3. (a) Chrono-amperogram, which was registered during electrodeposition of Ppy, using
pulsed-potential-based mode. (b) Dependence of anodic peaks, which are presented in Figure 3a, on
the pulse number during electrochemical deposition. Adapted according to data presented in [69].

The concentration and viability of entrapped cells are also very important for the
performance of amperometric biosensors and biofuel cells. Therefore, the compatibility of
conducting polymers with microorganisms play a very important role for the performance
and application of these bioelectronics-based devices. Such bioelectronics-based devices
find new application areas in biomedicine including that in biomedical implants [77], which
need suitable long-lasting power sources [78]. In this context, the most suitable power
sources for such devices could be enzymatic or catalytic biofuel cells, because they can use
unlimited resource of biofuel (e.g., glucose) from our organisms (Figure 4).

Despite diverging opinions regarding the applicability of biofuel cells [79,80], advan-
tages of them were demonstrated by the implantation of BFCs into plants [81,82], animals
such as rabbits [83], rats [84–87], clams [88], insects [89], snails [90], and even the human
body [91,92]. Therefore, the demand for BFCs is constantly increasing, but many specific
challenges are arising in this area of technology [93]. Biofuel cells can be implanted together
with powered device, but biocompatibility of implanted BFC is the most important issue,
because the electrodes of BFCs differently from many other parts of the device should be
in direct contact with body liquids, otherwise the BFC will not operate. Hence, a very
important issue is the biocompatibility of materials that are in direct contact with body
tissues. If the materials that are contacting with body liquids [94] lacks biocompatibility
then allergic and inflammatory reactions can be induced [95,96]. Therefore, the selection
of proper materials capable to retain sufficient functionality of immobilized biomaterial
is the most important for the development of bioelectronics-based devices [97,98]. CPs
are among such materials that can effectively cover surfaces of electrodes with layers
modified by biological objects, therefore, numerous research works evaluated some aspects
of CPs’ biocompatibility with proteins [1], DNA and stem cells [99,100]. Despite these
studies, just limited number of researches have been dedicated for the investigation of
CPs’ influence on immune system of laboratory animals [101]. Our research team has
conducted research in this direction by the evaluation of effect towards more advanced
‘biological systems’ such as living stem cells [99,100] and on immune system of laboratory
mice [101]. It was demonstrated that Ppy only slightly affects the immune system of these
laboratory animals [101]; some influence of Ppy on bone marrow-derived stem cells was
determined when higher concentration of Ppy nanoparticles was applied, and by contrast,
if a low concentration of polypyrrole nanoparticles was used, then the toxicity towards
mouse hepatoma (MH-22A), human T lymphocyte Jurkat, and primary mouse embryonic
fibroblast cells was not observed at all [99]. Hence, these investigations revealed that
Ppy is biocompatible with evaluated cell-lines [99,100] and immune system of laboratory
animals [101]. In addition to Ppy, some aspects of biocompatibility of another conducting
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polymer–polyaniline (PANI) were also investigated [48]. It is interesting that electric field
based stimulation induces the differentiation of nerve cells, which were deposited on a
hetero-structure based on polypyrrole/poly (2-methoxy-5 aniline sulfonic acid) [102]. If
necessary, the biocompatibility of CP-based structures can be advanced by mixing them
with biocompatible polymer–chitosan [103–105] or forming water-rich hydrogel-based
structures [106,107]. CP/gel-based structures can be used as scaffolds for growing cells that
are used for tissue engineering [108,109], and transplantation [110] or in other biomedical
applications [111,112]. Superior biocompatibility of Ppy with biomaterials enables the
application of Ppy in the design of various BFCs that potentially can be integrated and
implanted together with other biomedical devices.

Figure 4. Enzymatic biofuel cell powered by glucose, cathode of this biofuel cell is based on co-
immobilized horseradish peroxidase (HRP) and glucose oxidase (GOx) and anode is based on
immobilized glucose oxidase. On anode electrons from GOx are transferred to the electrode via redox
mediator power density (PD) and in cathode hydrogen peroxide created during enzymatic reaction
of GOx is consumed by HRP and electrons from cathode are transferred directly to HRP.

5. Modifications of Microorganisms to Improve MFCs Performance

Different microorganisms [113,114] and living cells of mammalians, namely lym-
phocytes [115] and erythrocytes [116] can be used in the development of BFCs, but the
electron transfer from microorganisms to the electrode is very rarely observed, there-
fore, it is a significant challenge when these bioelectronics devices are designed. The
involvement of microorganism metabolic processes in the polymerization processes of
conducting polymers is a very attractive strategy, which is useful during the modification
of microorganisms [10,11,117,118], because conducting polymers can improve electron
transfer efficiency of microorganisms, which were modified in such way. In our previous
works it has been shown that stem cells [99,100] and some microorganisms [10,119] after the
modification by CPs can retain viability and still can perform metabolic processes, which
can be applied in the generation of electrical current by biofuel cells. The formation of
CPs inside of microorganisms seems very innovative and the application of such modified
microorganisms in biofuel cells and biosensors is more progressive, because living cells
remain biocatalytically active for a longer time [120] when compared with the activity of
concocted polymer modified enzymes [121,122]. For this reason, several types of cells [15],
bacteria [123] fungi [117] and yeast [11] were engaged in the formation of various polymers,
including conducting polymers.
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An alternative way to improve MFCs’ performance is to target microorganism charge
transfer via cell wall and/or membrane. Until now the preferred method has been based
on the application of redox compounds capable to assist charge transfer, these redox com-
pounds can be suspended or dissolved in cell suspension and not anchored to electrodes.
These molecules are commonly known as redox mediators and are well investigated in
numerous researches [7–9,122,124]. Redox mediators can be assigned into few groups:
(i) hydrophilic and (ii) lipophilic mediators, (iii) nanoparticles of various origin [124,125],
and (iv) conducting and/or redox polymer-based matrices [119,126,127]. If redox mediators
are properly applied in the design of biofuel cells, they are able ‘to wire cells with elec-
trodes’ and are providing more efficient at charge transfer from cell cytoplasm. Hydrophilic
mediators usually enhances MFC performance by interaction with cell trans-plasma mem-
brane redox system [128]. This interaction is thought to occur between mediator and
redox enzymes that are located in the cytoplasm. The most common examples are various
membrane bound cytochromes [129]. Cytochromes typically possess a redox active center,
a functional group, a co-enzyme or a whole cascade of them [130]. Usually, it is thought
that hydrophilic enzymes cannot pass through the membrane. Hence, here lipophilic
mediators play their role in the charge transfer trough cell membrane. These redox me-
diators are capable of dissolving into plasma membrane and thus can easily transport
charge from cell internals to the cell membrane’s outer surface. Lipophilic mediators charge
transfer/migration perform via redox capable functional groups. Nonetheless, the most
commonly lipophilic mediators are used in tandem with hydrophilic ones. Thus, significant
improvements of charge transfer are achieved [128].

On the other hand, various types, shapes or origin nanomaterials are often implied
in MFC’s. The most often carbon based nanomaterials or metallic nanoparticles play
major role for improving charge transfer from redox enzymes [7,131,132]. Modification
involves preparation of suspension [133] or either attachment of nanoparticles to cell
surface in order to create electrical pathway from cells to electrodes. By contrast with
electrode modifications, the cells are conjugated with nanoparticles rather than anchored
to electrodes itself [134]. The aforementioned cell modification methodologies can be
considered ‘traditional’. Recently, self-encapsulation of cells with polymers has emerged.
By contrast with other methods, polymer matrices can be prepared in situ with cell culture
or sometimes even produced by metabolic/chemical processes that are running inside of
cells. Currently, the application of Ppy rises in the field [118]. Very first study, which is
reporting Ppy bio-assisted polymer synthesis, to our best knowledge was published in
2016 by our research group [123]. It was reported that bacteria Streptomyces spp. are able
to catalyze spherical Ppy particles formation without any additional chemicals, because
bacteria Streptomyces spp. are able to secrete redox-enzymes (e.g., phenol-oxidase) to
extracellular media. These enzymes are capable to initiate polymerization of different
phenol-based monomers such as Ppy. Thus, it was demonstrated that phenol-oxidases
can be exploited for the synthesis of polypyrrole. After 6 days of growing Streptomyces
spp, bacteria were able to create favorable conditions for the formation of hollow Ppy
microspheres. Hollow microspheres where of 10–20 µm in size. Researchers discussed that
particle shape were influenced by organic compounds present in growth medium. Later
on, it was reported that it is possible to coat yeast S. cerevisiae cells with Ppy [10,135]. In this
case, we have used yeast cells to cycle redox mediator [Fe(CN)6]3−/[Fe(CN)6]3− and thus
to perform Ppy synthesis in situ, in a controlled manner (Figure 5). We have suggested
some insight into the possible formation mechanism and documented cell viability and
Ppy effects on cells and possible locations of the formed polymer. In further studies we
have evaluated mechanical properties of Ppy coated cells. Additionally applying isotope
ratio mass spectroscopy and non-radioactive isotopic monomer label, we were able to
evaluate amounts of Ppy, which forms intercalating matrix in cell wall [11,135]. After the
modification by Ppy, the microorganism remained viable, which is very important for
the development of long lasting microbial biofuel cells. It was also observed that formed
Ppy structures were inter-growing trough yeast cell-walls and were strongly affecting
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physical and chemical properties of modified cells, because cell walls became resistant
to yeast wall lysis enzymes [11]. At the same time it was shown that using iron nitride
iron (III) nitrate nonahydrate it was possible to form similar Ppy structures based on
various bacteria: Shewanella oneidensis MR-1, Escherichia coli, Ochrobacterium anthropic or
Streptococcus thermophiles [136]. During the preparation, bacterial cells were soaked with
iron (III) nitrite nonahydrate, which was located in cell outer layers and further upon
introduction of pyrrole performed polymerization of Ppy. It was reported that bacterial
cells remain viable and coating procedure does not affect proliferation. Considering the
electrical properties, the modification with conducting polymer–Ppy–has improved power
density by 14.1 times compared to that of unmodified S. oneidensis (147.9 µW cm−2). Similar
self-encapsulation of microorganisms with the Ppy technique also were performed and
analyzed for MFC application using Aspergillus niger and Rhizoctania sp. [117,119,137].
For MFC evaluation, scanning electrochemical microscopy (SECM) was applied [118].
The study reported that during electrochemical probing over immobilized modified cell
culture current output (Imax = 0.86 nA) was up 3 times greater when compared to that
(Imax = 0.30 nA) of control group [118]. Results were determined by the registration of
surface approach curves. These experiments also showed how charge transfer efficiency,
which is crucial for current generation in MFC, depends on several factors: (i) the distance
between ultra-micro electrode of SECM and cells and (ii) surface modification of the
microorganism. Nominal current output when the ultra-micro electrode was 20 µm apart
from test sample was 0.47 nA, which was 1.5 times greater than that of the control sample.
White-rot fungal strains belonging to Trametes spp. ware also modified with Ppy [118].
Researchers pointed out that Ppy formation in fungal hyphae were achieved using laccase
enzyme, which is produced and secreted to growth medium by Trametes spp. fungi.
Polymerization of pyrrole in crude enzyme extract and with cell culture in growth medium
was observed. Bio-assisted polymer synthesis at that time was very innovative [138] and,
according to our best knowledge, it was one of the first studies that facilitated practical
application of enzyme-assisted formation of conducting polymers [70,138–141], and later
led towards polymer-based coating formation in cell culture [10,11,117,118]. Thus, it was
demonstrated that cells modified with conducting polymer have advanced electron transfer
ability, which enables to use these microorganisms in microbial biofuel cells (MFCs) [119]
and biosensors [137,142].

The most interesting application of living cell-induced Ppy formation was demon-
strated by the modification/coating of mammalian cells by Ppy [143]. Researchers have
applied the synthesis method, which was proposed in our earlier research [10] (Figure 5),
and they were able to produce Ppy using suspension of the leukemia cell line, K562
cells. They determined that previous suggested pyrolle polymerization mechanism could
be driven by cell exudate molecules, not by plasma membrane oxido-reductase sys-
tems differently from the mechanism, which is presented in Figure 5. During the poly-
merization of pyrrole they observed cancer cell death, which provides another appli-
cation of this pyrrole polymerization mechanism as ‘reverse pro drug’ systems, mean-
ing that cytotoxic pyrrole after cell death tends to polymerize, which yields biocom-
patible conducting polymer–polypyrrole [101] that is black-colored and, therefore, can
also be used as optical indicator of dead cells. Following this, it was reported that im-
plementing FeCl3 compound with metal reduction-capable bacteria: Cupriavidus metal-
lidurans, Escherichia coli and Clostridium sporogenes, could initiate atom transfer radical
polymerization (ATRP) of various monomers (poly (ethylene glycol methyl ether methacry-
late); hydroxyethyl methacrylate; N-hydroxyethyl acrylamide; 2-acrylamido-2-methyl-1-
propanesulfonic sodium; 2-(methacryloyloxy) ethyl dimethyl-(3- sulfopropyl) ammonium
hydroxide [144]. Researchers suggested interesting approach for designing cell-assisted
polymerization. Synthesis not capable Fe (III) compound is reduced into Fe (II) in con-
trolled way and thus initiates the polymerization of monomers that are not toxic to cells,
which are engaged in redox processes of Fe (II)/Fe (III). After ATRP polymerization, cells
still maintain high viability.
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Figure 5. Schematic representation of Ppy synthesis in cell wall of yeast [10]; Redox enzymes
that are located in plasma membrane are oxidizing [Fe(CN)6]4− into [Fe(CN)6]3− that is inducing
polymerization reaction of pyrrole [135].

In addition to Ppy some other polymers are also used for cell modification in order to
increase their performance in designed MFC. In similar fashion S. xiamenensis were coated
by polydopamine (PDA) [145]. Selected bacteria can adhere to PDA during their formation
via oxidative polymerization in aerobic, slightly alkali (pH 8) conditions. Researchers
report PDA modified bacteria S. xiamenensis cells were able to generate 452.8 mW m−2

power density, which was 6.1 times greater than that for electrodes based on non-modified
cells (74.7 mW m−2). Conducting PDA additives were formed within 3 h, which is rather
fast, and it seems also that bacteria modification just barely influence cell viability, which
dropped only by 2–3%. Rather, popular bacteria for MFC design is Shewanella oneidensis
MR-1, which was also coated with PDA. In study [146], Yu et.al. report that it is possible to
use cell-assisted synthesis for the formation of conducting PDA or using the same bacteria
exploit bio mineralization of FeS nanoparticles. Results show that different interfaces wire
up cells at different levels and thus their electric/electrochemical properties are different.
They also showed that by polysulfide reductase mineralized FeS nanoparticles interface
increase the efficiency of MFC anodes up to 3.2 W m−2, which was 14.5 times higher than
that of anodes modified by native S. oneidensis cells (0.2 W m−2), while for PDA-coated
anodes current density was of ~0.6 W m−2.

An alternative method was demonstrated in some other research [147,148]. Re-
searchers managed to feed or internalize pre-synthesized carbon dots (CD, carbon nanopar-
ticles) into S. oneidensis and Shewanella xiamenensis, accordingly [147,148]. Both studies
showed remarkable effects of carbon dots, because they are highly biocompatible. Also,
carbon dots are able to enhance metabolic activity, because internal adenosine triphosphate
(ATP) levels were significantly elevated. It was hypothesized that facilitated metabolism
could also produce unwanted reactive oxygen species, but it was not the case. Also, carbon
dots form photoactive particles, which promote lactate consumption ogether with current
generation upon illumination. With Shewanella oneidensis MR-1 maximum current den-
sity achieved was 1.23 A m−2 while control was 0.19 A m−2. Meanwhile, the maximum
power density of the MFC with carbon dots were 0.491 W m−2, which was by 6.46 folds
higher in comparison to that of the control based with not modified same microorganisms
(0.076 W m−2). Shewanella xiamenensis upon illumination conditions and sole lactate carbon
source were able to reach the density of 329.4 µA cm−2, which was by 4.8 times higher
than that of the control electrode (68.1 µA cm−2). Osmium redox polymers are also applied
in the development of MFC [51,149–152]. In study [149], cells were trapped and wired
to electrode surface via [Osmium (2,2′-bipyridine) (poly-vinylimidazole)10Cl] Cl. The
pre-synthesized polymer was used as co-mediator and as a conductive binding matrix
for Gluconobacter oxydans bacterial cells. Electrodes were designed via the drop coating
methodology onto glassy carbon paste electrode. Researchers achieved maximum charge
density of 15.079 mA cm−2 and open circuit potential value of 176 mV.

Here we explored and overviewed emerging technologies and methodologies for
enhanced performance of MFC by introduction of a modification agent into cells themselves
or covering them. Summarizing these technologies, they can be classified as cell surface
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engineering, internalization, or artificial biofilm film formation (Figure 6). The most
promising cell modification technologies involve polymeric coating formation and the
internalization of living cells. While there is clear evidence of such modification-based
impact on charge transfer [119], there still are some drawbacks. As some modifications are
quite complex, their application in ‘real life’ MFCs could be troublesome. Main drawbacks
circles around microorganism viability and proliferation as newly formed cells in MFC
either should inherit or undergo the modification. Overall, cell surface modifications in
tandem with other listed methodologies in this review should yield synergetic effects on
the output of electricity from MFCs.

Figure 6. (a) Schematic representation of cell modification by agent formation principle. Cells
can by modified using pre-synthesized compounds (I), assembled/ synthesized in situ with living
cells are present (II) and in situ when cell assists/catalyzes synthesis assembly of modification
agent; (b) schematic representation of modifying agent localization in MFC applications: (I) surface
interactions as adsorption, electrostatic interactions etc.; (II) modifying agent is either covalently
bonded or forms interlacing and inseparable structures with cell walls or other similar structures;
(III) when modifying agent forms aggregates from its matrix and cells; (IV) higher agglomerate
organization onto surfaces; (V) internalization of modification agent.

6. Conclusions and Future Aspects

The design of whole cell biosensors requires an optimal matrix for cell immobilization
ensuring good cell performance, cell leakage prevention and electron transfer enhancement.
Nevertheless, the microorganism-based biosensors show rather poor specificity and slow
response because charge transfer from the cell to the electrode is delayed due to natural cell
barriers (membrane and cell wall) and the cells are affected by the wide variety of chemicals.
But this disadvantage can be very efficiently exploited in the design of microbial biofuel
cells, as the immobilized cells can use various materials as the fuel for the generation of
electrical energy.
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Microbial fuel cells (MFCs) are a promising emerging technology suitable for the
generation of ‘green’ electricity and bioremediation as the increase of fossil fuels causes
the global energy crisis and further increases attention to environmental problems. Nev-
ertheless, the power produced in the MFCs is still rather low for practical applications,
thus the need for MFC performance improvements is of great importance. The anode as
well as current-generating microorganisms are two critical components of the MFC setup.
The anode provides the support for microorganism attachment, meanwhile the living cells
are responsible for bacteria–electrode charge transfer mechanisms. Poor performance of
the anode in MFC is still a most significant obstacle for its proper applications, therefore,
efficient anode modifications are supposed to increase the surface area and efficient at-
tachment of biofilm, which subsequently increases the electrical power production of the
MFC. Another obstacle to overcome is the slow electron transfer between bacterial cells
and electrode. Various chemical modifications of the cell wall or membrane are applied in
order to remarkably improve the electron transfer rate and thus the power density of MFCs.
Therefore, materials such as carbon nanotubes, conducting polymers, metal nanoparticles
and some other metal-based nanostructures have been employed for the modification of
anode and/or bacteria cell wall/membrane in order to improve the efficiency of MFCs.

The biocompatibility issues of the implantable MFCs could be resolved by electro-
chemically coating electrodes of BFCs with conducting polymers such as PPy or PANI or
mixes of conducting polymers with chitosan or hydrogels. Various characteristics of the
layers formed could be easily controlled by choosing optimal chemical and electrochemical
parameters for effective electrode modifications in order to prevent inflammatory reactions
while in contact with body tissues.
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In Applications of Cell Immobilisation Biotechnology; Nedović, V., Willaert, R., Eds.; Springer Netherlands: Dordrecht, The Netherlands,
2005; pp. 549–566.

27. Yoetz-Kopelman, T.; Dror, Y.; Shacham-Diamand, Y.; Freeman, A. “Cells-on-Beads”: A novel immobilization approach for the
construction of whole-cell amperometric biosensors. Sens. Actuators B Chem. 2016, 232, 758–764. [CrossRef]

28. Si, R.-W.; Yang, Y.; Yu, Y.-Y.; Han, S.; Zhang, C.-L.; Sun, D.-Z.; Zhai, D.-D.; Liu, X.; Yong, Y.-C. Wiring Bacterial Electron Flow for
Sensitive Whole-Cell Amperometric Detection of Riboflavin. Anal. Chem. 2016, 88, 11222–11228. [CrossRef]

29. Chung, T.H.; Meshref, M.N.A.; Dhar, B.R. Microbial electrochemical biosensor for rapid detection of naphthenic acid in aqueous
solution. J. Electroanal. Chem. 2020, 873, 114405. [CrossRef]

30. Tanaka, M.; Nakata, Y.; Mori, T.; Okamura, Y.; Miyasaka, H.; Takeyama, H.; Matsunaga, T. Development of a Cell Surface
Display System in a Magnetotactic Bacterium, “Magnetospirillum magneticum” AMB-1. Appl. Environ. Microbiol. 2008, 74, 3342.
[CrossRef]

31. Park, M. Surface Display Technology for Biosensor Applications: A Review. Sensors 2020, 20, 2775. [CrossRef]
32. Flimban, S.G.A.; Hassan, S.H.A.; Rahman, M.M.; Oh, S.-E. The effect of Nafion membrane fouling on the power generation of a

microbial fuel cell. Int. J. Hydrogen Energy 2020, 45, 13643–13651. [CrossRef]
33. Christgen, B.; Scott, K.; Dolfing, J.; Head, I.M.; Curtis, T.P. An Evaluation of the Performance and Economics of Membranes and

Separators in Single Chamber Microbial Fuel Cells Treating Domestic Wastewater. PLoS ONE 2015, 10, e0136108. [CrossRef]
[PubMed]

34. Hindatu, Y.; Annuar, M.S.M.; Gumel, A.M. Mini-review: Anode modification for improved performance of microbial fuel cell.
Renew. Sustain. Energy Rev. 2017, 73, 236–248. [CrossRef]

35. Taufiq Musa, M.; Shaari, N.; Kamarudin, S.K. Carbon nanotube, graphene oxide and montmorillonite as conductive fillers in
polymer electrolyte membrane for fuel cell: An overview. Int. J. Energy Res. 2021, 45, 1309–1346. [CrossRef]

36. Liu, J.; Qiao, Y.; Guo, C.X.; Lim, S.; Song, H.; Li, C.M. Graphene/carbon cloth anode for high-performance mediatorless microbial
fuel cells. Bioresour. Technol. 2012, 114, 275–280. [CrossRef]

37. Wu, Y.; Wang, L.; Jin, M.; Kong, F.; Qi, H.; Nan, J. Reduced graphene oxide and biofilms as cathode catalysts to enhance energy
and metal recovery in microbial fuel cell. Bioresour. Technol. 2019, 283, 129–137. [CrossRef]

http://doi.org/10.3390/membranes11030182
http://doi.org/10.1016/j.enzmictec.2015.11.009
http://doi.org/10.1016/j.colsurfb.2018.01.034
http://doi.org/10.1016/j.procbio.2012.07.032
http://doi.org/10.1016/j.bioelechem.2016.07.006
http://doi.org/10.1016/j.msec.2019.110082
http://doi.org/10.1038/nchem.2713
http://doi.org/10.1016/S0925-4005(96)01906-5
http://doi.org/10.1016/j.bios.2010.09.005
http://doi.org/10.3390/bios8020035
http://doi.org/10.3390/ma12010121
http://doi.org/10.1007/s00216-004-2573-6
http://www.ncbi.nlm.nih.gov/pubmed/15042269
http://doi.org/10.1134/S1061934819120098
http://doi.org/10.3389/fbioe.2015.00061
http://doi.org/10.1038/s41598-020-76086-2
http://doi.org/10.1016/j.snb.2016.03.132
http://doi.org/10.1021/acs.analchem.6b03538
http://doi.org/10.1016/j.jelechem.2020.114405
http://doi.org/10.1128/AEM.02276-07
http://doi.org/10.3390/s20102775
http://doi.org/10.1016/j.ijhydene.2018.02.097
http://doi.org/10.1371/journal.pone.0136108
http://www.ncbi.nlm.nih.gov/pubmed/26305330
http://doi.org/10.1016/j.rser.2017.01.138
http://doi.org/10.1002/er.5874
http://doi.org/10.1016/j.biortech.2012.02.116
http://doi.org/10.1016/j.biortech.2019.03.080


Sensors 2021, 21, 2442 19 of 23

38. Guo, W.; Chen, M.; Liu, X.; Cheng, F.; Lu, X. Mo2C/Reduced Graphene Oxide Composites with Enhanced Electrocatalytic
Activity and Biocompatibility for Microbial Fuel Cells. Chem. Eur. J. 2021, 27, 4291–4296. [CrossRef]

39. Gopalan, A.I.; Muthuchamy, N.; Komathi, S.; Lee, K.P. A novel multicomponent redox polymer nanobead based high performance
non-enzymatic glucose sensor. Biosens. Bioelectron. 2016, 84, 53–63. [CrossRef]

40. Huong Le, T.X.; Bechelany, M.; Cretin, M. Carbon felt based-electrodes for energy and environmental applications: A review.
Carbon 2017, 122, 564–591. [CrossRef]

41. Mouhib, M.; Antonucci, A.; Reggente, M.; Amirjani, A.; Gillen, A.J.; Boghossian, A.A. Enhancing bioelectricity generation in
microbial fuel cells and biophotovoltaics using nanomaterials. Nano Res. 2019, 12, 2184–2199. [CrossRef]

42. Correia, A.; Oliveira, R.; Sousa, C.; Morais, S.; Lima-Neto, P. Polyethylenimine-Multi-Walled Carbon Nanotubes/Glassy Carbon
Electrode as an Efficient Sensing Platform for Promethazine. J. Electrochem. Soc. 2020, 167, 107506.

43. Duarte, K.D.Z.; Kwon, Y. Enhanced extracellular electron transfer of yeast-based microbial fuel cells via one pot substrate-bound
growth iron-manganese oxide nanoflowers. J. Power Sources 2020, 474, 228496. [CrossRef]

44. Duarte, K.D.Z.; Frattini, D.; Kwon, Y. High performance yeast-based microbial fuel cells by surfactant-mediated gold nanoparticles
grown atop a carbon felt anode. Appl. Energy 2019, 256, 113912. [CrossRef]

45. Yuan, X.; Zhang, X.; Sun, L.; Wei, Y.; Wei, X. Cellular Toxicity and Immunological Effects of Carbon-based Nanomaterials. Part.
Fibre Toxicol. 2019, 16, 18. [CrossRef]

46. Uscátegui, Y.L.; Díaz, L.E.; Valero, M.F. In vitro and in vivo biocompatibility of polyurethanes synthesized with castor oil polyols
for biomedical devices. J. Mater. Res. 2019, 34, 519–531. [CrossRef]

47. Wu, W.; Niu, H.; Yang, D.; Wang, S.; Jiang, N.; Wang, J.; Lin, J.; Hu, C. Polyaniline/Carbon Nanotubes Composite Modified
Anode via Graft Polymerization and Self-Assembling for Microbial Fuel Cells. Polymers 2018, 10, 759. [CrossRef]

48. Humpolicek, P.; Kasparkova, V.; Saha, P.; Stejskal, J. Biocompatibility of polyaniline. Synth. Met. 2012, 162, 722–727. [CrossRef]
49. Christwardana, M.; Kwon, Y. Yeast and carbon nanotube based biocatalyst developed by synergetic effects of covalent bonding

and hydrophobic interaction for performance enhancement of membraneless microbial fuel cell. Bioresour. Technol. 2017, 225,
175–182. [CrossRef] [PubMed]

50. Wang, W.; Zhang, B.; Liu, Q.; Du, P.; Liu, W.; He, Z. Biosynthesis of palladium nanoparticles using Shewanella loihica PV-4 for
excellent catalytic reduction of chromium(vi). Environ. Sci. Nano 2018, 5, 730–739. [CrossRef]

51. Coman, V.; Gustavsson, T.; Finkelsteinas, A.; von Wachenfeldt, C.; Hägerhäll, C.; Gorton, L. Electrical Wiring of Live, Metabolically
Enhanced Bacillus subtilis Cells with Flexible Osmium-Redox Polymers. J. Am. Chem. Soc. 2009, 131, 16171–16176. [CrossRef]

52. Mardiana, U.; Innocent, C.; Cretin, M.; Setiyanto, H.; Nurpalah, R.; Kusmiati, M. Applicability of Alginate Film Entrapped Yeast
for Microbial Fuel Cell. Russ. J. Electrochem. 2019, 55, 78–87. [CrossRef]

53. Liu, Y.; Zhang, X.; Zhang, Q.; Li, C. Microbial Fuel Cells: Nanomaterials Based on Anode and Their Application. Energy Technol.
2020, 8, 2000206. [CrossRef]

54. Bahadar, H.; Maqbool, F.; Niaz, K.; Abdollahi, M. Toxicity of Nanoparticles and an Overview of Current Experimental Models.
Iran. Biomed. J. 2016, 20, 1–11. [PubMed]

55. Guo, S.; Wang, E. Synthesis and electrochemical applications of gold nanoparticles. Anal. Chim. Acta 2007, 598, 181–192.
[CrossRef]

56. Wu, X.; Xiong, X.; Owens, G.; Brunetti, G.; Zhou, J.; Yong, X.; Xie, X.; Zhang, L.; Wei, P.; Jia, H. Anode modification by biogenic
gold nanoparticles for the improved performance of microbial fuel cells and microbial community shift. Bioresour. Technol. 2018,
270, 11–19. [CrossRef]

57. Christwardana, M.; Frattini, D.; Duarte, K.D.Z.; Accardo, G.; Kwon, Y. Carbon felt molecular modification and biofilm augmenta-
tion via quorum sensing approach in yeast-based microbial fuel cells. Appl. Energy 2019, 238, 239–248. [CrossRef]

58. Albuquerque, P.; Casadevall, A. Quorum sensing in fungi—A review. Med. Mycol. 2012, 50, 337–345. [CrossRef]
59. Angelaalincy, M.J.; Navanietha Krishnaraj, R.; Shakambari, G.; Ashokkumar, B.; Kathiresan, S.; Varalakshmi, P. Biofilm Engineer-

ing Approaches for Improving the Performance of Microbial Fuel Cells and Bioelectrochemical Systems. Front. Energy Res. 2018,
6, 63. [CrossRef]

60. Mbokou, S.F.; Tonle, I.K.; Pontié, M. Development of a novel hybrid biofuel cell type APAP/O2 based on a fungal bioanode with
a Scedosporium dehoogii biofilm. J. Appl. Electrochem. 2017, 47, 273–280. [CrossRef]

61. Pontié, M.; Jaspard, E.; Friant, C.; Kilani, J.; Fix-Tailler, A.; Innocent, C.; Chery, D.; Mbokou, S.F.; Somrani, A.; Cagnon, B.; et al. A
sustainable fungal microbial fuel cell (FMFC) for the bioremediation of acetaminophen (APAP) and its main by-product (PAP)
and energy production from biomass. Biocatal. Agric. Biotechnol. 2019, 22, 101376. [CrossRef]

62. Ramanavicius, A.; Oztekin, Y.; Ramanaviciene, A. Electrochemical formation of polypyrrole-based layer for immunosensor
design. Sens. Actuators B Chem. 2014, 197, 237–243. [CrossRef]

63. Long, Y.-Z.; Li, M.-M.; Gu, C.; Wan, M.; Duvail, J.-L.; Liu, Z.; Fan, Z. Recent advances in synthesis, physical properties and
applications of conducting polymer nanotubes and nanofibers. Prog. Polym. Sci. 2011, 36, 1415–1442. [CrossRef]

64. Rahman, M.A.; Kumar, P.; Park, D.-S.; Shim, Y.-B. Electrochemical Sensors Based on Organic Conjugated Polymers. Sensors 2008,
8, 118–141. [CrossRef]

65. Bredas, J.L.; Street, G.B. Polarons, bipolarons, and solitons in conducting polymers. Acc. Chem. Res. 1985, 18, 309–315. [CrossRef]
66. Srilalitha, S.; Jayaveera, K.N.; Madhvendhra, S.S. The effect of dopant, temperature and band gap onconductivity of conducting

polymers. Int. J. Innov. Res. Sci. Eng. Technol. 2013, 2, 2694–2696.

http://doi.org/10.1002/chem.202005020
http://doi.org/10.1016/j.bios.2015.10.079
http://doi.org/10.1016/j.carbon.2017.06.078
http://doi.org/10.1007/s12274-019-2438-0
http://doi.org/10.1016/j.jpowsour.2020.228496
http://doi.org/10.1016/j.apenergy.2019.113912
http://doi.org/10.1186/s12989-019-0299-z
http://doi.org/10.1557/jmr.2018.448
http://doi.org/10.3390/polym10070759
http://doi.org/10.1016/j.synthmet.2012.02.024
http://doi.org/10.1016/j.biortech.2016.11.051
http://www.ncbi.nlm.nih.gov/pubmed/27889476
http://doi.org/10.1039/C7EN01167A
http://doi.org/10.1021/ja905442a
http://doi.org/10.1134/S1023193519010075
http://doi.org/10.1002/ente.202000206
http://www.ncbi.nlm.nih.gov/pubmed/26286636
http://doi.org/10.1016/j.aca.2007.07.054
http://doi.org/10.1016/j.biortech.2018.08.092
http://doi.org/10.1016/j.apenergy.2019.01.078
http://doi.org/10.3109/13693786.2011.652201
http://doi.org/10.3389/fenrg.2018.00063
http://doi.org/10.1007/s10800-016-1030-5
http://doi.org/10.1016/j.bcab.2019.101376
http://doi.org/10.1016/j.snb.2014.02.072
http://doi.org/10.1016/j.progpolymsci.2011.04.001
http://doi.org/10.3390/s8010118
http://doi.org/10.1021/ar00118a005


Sensors 2021, 21, 2442 20 of 23

67. Le, T.-H.; Kim, Y.; Yoon, H. Electrical and Electrochemical Properties of Conducting Polymers. Polymers 2017, 9, 150. [CrossRef]
68. Ratautaite, V.; Topkaya, S.N.; Mikoliunaite, L.; Ozsoz, M.; Oztekin, Y.; Ramanaviciene, A.; Ramanavicius, A. Molecularly

Imprinted Polypyrrole for DNA Determination. Electroanalysis 2013, 25, 1169–1177. [CrossRef]
69. Ramanavicius, S.; Ramanavicius, A. Charge Transfer and Biocompatibility Aspects in Conducting Polymer-Based Enzymatic

Biosensors and Biofuel Cells. Nanomaterials 2021, 11, 371. [CrossRef]
70. Ramanavicius, A.; Kausaite, A.; Ramanaviciene, A. Self-encapsulation of oxidases as a basic approach to tune the upper detection

limit of amperometric biosensors. Analyst 2008, 133, 1083–1089. [CrossRef]
71. Bai, S.; Hu, Q.; Zeng, Q.; Wang, M.; Wang, L. Variations in Surface Morphologies, Properties, and Electrochemical Responses to

Nitro-Analyte by Controlled Electropolymerization of Thiophene Derivatives. ACS Appl. Mater. Interfaces 2018, 10, 11319–11327.
[CrossRef]

72. Stewart, S.; Ivy, M.A.; Anslyn, E.V. The use of principal component analysis and discriminant analysis in differential sensing
routines. Chem. Soc. Rev. 2014, 43, 70–84. [CrossRef] [PubMed]

73. Jiang, J.-X.; Su, F.; Trewin, A.; Wood, C.D.; Campbell, N.L.; Niu, H.; Dickinson, C.; Ganin, A.Y.; Rosseinsky, M.J.;
Khimyak, Y.Z.; et al. Conjugated Microporous Poly(aryleneethynylene) Networks. Angew. Chem. Int. Ed. 2007, 46,
8574–8578. [CrossRef] [PubMed]

74. Patois, T.; Lakard, B.; Martin, N.; Fievet, P. Effect of various parameters on the conductivity of free standing electrosynthesized
polypyrrole films. Synth. Met. 2010, 160, 2180–2185. [CrossRef]

75. Lete, C.; Lakard, B.; Hihn, J.-Y.; del Campo, F.J.; Lupu, S. Use of sinusoidal voltages with fixed frequency in the preparation of
tyrosinase based electrochemical biosensors for dopamine electroanalysis. Sens. Actuators B Chem. 2017, 240, 801–809. [CrossRef]

76. Leonavicius, K.; Ramanaviciene, A.; Ramanavicius, A. Polymerization Model for Hydrogen Peroxide Initiated Synthesis of
Polypyrrole Nanoparticles. Langmuir 2011, 27, 10970–10976. [CrossRef]

77. Joung, Y.-H. Development of Implantable Medical Devices: From an Engineering Perspective. Int. Neurourol. J. 2013, 17, 98–106.
[CrossRef]

78. Holmes, C.F.; Owens, B.B. Batteries for Implantable Biomedical Applications. In Wiley Encyclopedia of Biomedical Engineering;
Wiley: Hoboken, NJ, USA, 2006.

79. Shleev, S.; Bergel, A.; Gorton, L. Biological fuel cells: Divergence of opinion. Bioelectrochemistry 2015, 106, 1–2. [CrossRef]
80. Katz, E.; MacVittie, K. Implanted biofuel cells operating in vivo—Methods, applications and perspectives—Feature article. Energy

Environ. Sci. 2013, 6, 2791–2803. [CrossRef]
81. Mano, N.; Mao, F.; Heller, A. Characteristics of a Miniature Compartment-less Glucose−O2 Biofuel Cell and Its Operation in a

Living Plant. J. Am. Chem. Soc. 2003, 125, 6588–6594. [CrossRef]
82. MacVittie, K.; Conlon, T.; Katz, E. A wireless transmission system powered by an enzyme biofuel cell implanted in an orange.

Bioelectrochemistry 2015, 106, 28–33. [CrossRef]
83. El Ichi-Ribault, S.; Alcaraz, J.-P.; Boucher, F.; Boutaud, B.; Dalmolin, R.; Boutonnat, J.; Cinquin, P.; Zebda, A.; Martin, D.K. Remote

wireless control of an enzymatic biofuel cell implanted in a rabbit for 2 months. Electrochim. Acta 2018, 269, 360–366. [CrossRef]
84. Miyake, T.; Haneda, K.; Nagai, N.; Yatagawa, Y.; Onami, H.; Yoshino, S.; Abe, T.; Nishizawa, M. Enzymatic biofuel cells designed

for direct power generation from biofluids in living organisms. Energy Environ. Sci. 2011, 4, 5008–5012. [CrossRef]
85. Castorena-Gonzalez, J.A.; Foote, C.; MacVittie, K.; Halámek, J.; Halámková, L.; Martinez-Lemus, L.A.; Katz, E. Biofuel Cell

Operating in Vivo in Rat. Electroanalysis 2013, 25, 1579–1584. [CrossRef]
86. Zebda, A.; Cosnier, S.; Alcaraz, J.P.; Holzinger, M.; Le Goff, A.; Gondran, C.; Boucher, F.; Giroud, F.; Gorgy, K.; Lamraoui, H.; et al.

Single Glucose Biofuel Cells Implanted in Rats Power Electronic Devices. Sci. Rep. 2013, 3, 1516. [CrossRef]
87. Andoralov, V.; Falk, M.; Suyatin, D.B.; Granmo, M.; Sotres, J.; Ludwig, R.; Popov, V.O.; Schouenborg, J.; Blum, Z.; Shleev, S. Biofuel

Cell Based on Microscale Nanostructured Electrodes with Inductive Coupling to Rat Brain Neurons. Sci. Rep. 2013, 3, 3270.
[CrossRef]

88. Szczupak, A.; Halámek, J.; Halámková, L.; Bocharova, V.; Alfonta, L.; Katz, E. Living battery—Biofuel cells operating in vivo in
clams. Energy Environ. Sci. 2012, 5, 8891–8895. [CrossRef]

89. Falk, M.; Narváez Villarrubia, C.W.; Babanova, S.; Atanassov, P.; Shleev, S. Biofuel Cells for Biomedical Applications: Colonizing
the Animal Kingdom. ChemPhysChem 2013, 14, 2045–2058. [CrossRef]

90. Halámková, L.; Halámek, J.; Bocharova, V.; Szczupak, A.; Alfonta, L.; Katz, E. Implanted Biofuel Cell Operating in a Living Snail.
J. Am. Chem. Soc. 2012, 134, 5040–5043. [CrossRef]

91. Calabrese Barton, S.; Gallaway, J.; Atanassov, P. Enzymatic Biofuel Cells for Implantable and Microscale Devices. Chem. Rev. 2004,
104, 4867–4886. [CrossRef]

92. Cosnier, S.; Le Goff, A.; Holzinger, M. Towards glucose biofuel cells implanted in human body for powering artificial organs:
Review. Electrochem. Commun. 2014, 38, 19–23. [CrossRef]

93. Zebda, A.; Alcaraz, J.-P.; Vadgama, P.; Shleev, S.; Minteer, S.D.; Boucher, F.; Cinquin, P.; Martin, D.K. Challenges for successful
implantation of biofuel cells. Bioelectrochemistry 2018, 124, 57–72. [CrossRef]

94. Falk, M.; Andoralov, V.; Blum, Z.; Sotres, J.; Suyatin, D.B.; Ruzgas, T.; Arnebrant, T.; Shleev, S. Biofuel cell as a power source for
electronic contact lenses. Biosens. Bioelectron. 2012, 37, 38–45. [CrossRef]

http://doi.org/10.3390/polym9040150
http://doi.org/10.1002/elan.201300063
http://doi.org/10.3390/nano11020371
http://doi.org/10.1039/b801501e
http://doi.org/10.1021/acsami.8b00554
http://doi.org/10.1039/C3CS60183H
http://www.ncbi.nlm.nih.gov/pubmed/23995750
http://doi.org/10.1002/anie.200701595
http://www.ncbi.nlm.nih.gov/pubmed/17899616
http://doi.org/10.1016/j.synthmet.2010.08.005
http://doi.org/10.1016/j.snb.2016.09.045
http://doi.org/10.1021/la201962a
http://doi.org/10.5213/inj.2013.17.3.98
http://doi.org/10.1016/j.bioelechem.2015.07.006
http://doi.org/10.1039/c3ee42126k
http://doi.org/10.1021/ja0346328
http://doi.org/10.1016/j.bioelechem.2014.10.005
http://doi.org/10.1016/j.electacta.2018.02.156
http://doi.org/10.1039/c1ee02200h
http://doi.org/10.1002/elan.201300136
http://doi.org/10.1038/srep01516
http://doi.org/10.1038/srep03270
http://doi.org/10.1039/c2ee21626d
http://doi.org/10.1002/cphc.201300044
http://doi.org/10.1021/ja211714w
http://doi.org/10.1021/cr020719k
http://doi.org/10.1016/j.elecom.2013.09.021
http://doi.org/10.1016/j.bioelechem.2018.05.011
http://doi.org/10.1016/j.bios.2012.04.030


Sensors 2021, 21, 2442 21 of 23

95. Huang, L.; Zhuang, X.; Hu, J.; Lang, L.; Zhang, P.; Wang, Y.; Chen, X.; Wei, Y.; Jing, X. Synthesis of Biodegradable and Electroactive
Multiblock Polylactide and Aniline Pentamer Copolymer for Tissue Engineering Applications. Biomacromolecules 2008, 9, 850–858.
[CrossRef]

96. Guo, Y.; Li, M.; Mylonakis, A.; Han, J.; MacDiarmid, A.G.; Chen, X.; Lelkes, P.I.; Wei, Y. Electroactive Oligoaniline-Containing
Self-Assembled Monolayers for Tissue Engineering Applications. Biomacromolecules 2007, 8, 3025–3034. [CrossRef]

97. Lakard, B.; Herlem, G.; Lakard, S.; Antoniou, A.; Fahys, B. Urea potentiometric biosensor based on modified electrodes with
urease immobilized on polyethylenimine films. Biosens. Bioelectron. 2004, 19, 1641–1647. [CrossRef]

98. Lakard, B.; Magnin, D.; Deschaume, O.; Vanlancker, G.; Glinel, K.; Demoustier-Champagne, S.; Nysten, B.; Jonas, A.M.;
Bertrand, P.; Yunus, S. Urea potentiometric enzymatic biosensor based on charged biopolymers and electrodeposited polyaniline.
Biosens. Bioelectron. 2011, 26, 4139–4145. [CrossRef]

99. Vaitkuviene, A.; Kaseta, V.; Voronovic, J.; Ramanauskaite, G.; Biziuleviciene, G.; Ramanaviciene, A.; Ramanavicius, A. Evaluation
of cytotoxicity of polypyrrole nanoparticles synthesized by oxidative polymerization. J. Hazard. Mater. 2013, 250-251, 167–174.
[CrossRef]

100. Vaitkuviene, A.; Ratautaite, V.; Mikoliunaite, L.; Kaseta, V.; Ramanauskaite, G.; Biziuleviciene, G.; Ramanaviciene, A.;
Ramanavicius, A. Some biocompatibility aspects of conducting polymer polypyrrole evaluated with bone marrow-derived stem
cells. Colloids Surf. A Physicochem. Eng. Asp. 2014, 442, 152–156. [CrossRef]

101. Ramanaviciene, A.; Kausaite, A.; Tautkus, S.; Ramanavicius, A. Biocompatibility of polypyrrole particles: An in-vivo study in
mice. J. Pharm. Pharmacol. 2007, 59, 311–315. [CrossRef]

102. Liu, X.; Gilmore, K.J.; Moulton, S.E.; Wallace, G.G. Electrical stimulation promotes nerve cell differentiation on polypyrrole/poly
(2-methoxy-5 aniline sulfonic acid) composites. J. Neural Eng. 2009, 6, 065002. [CrossRef]

103. Zhao, X.; Li, P.; Guo, B.; Ma, P.X. Antibacterial and conductive injectable hydrogels based on quaternized chitosan-graft-
polyaniline/oxidized dextran for tissue engineering. Acta Biomater. 2015, 26, 236–248. [CrossRef] [PubMed]

104. El Ichi, S.; Zebda, A.; Alcaraz, J.P.; Laaroussi, A.; Boucher, F.; Boutonnat, J.; Reverdy-Bruas, N.; Chaussy, D.; Belgacem, M.N.;
Cinquin, P.; et al. Bioelectrodes modified with chitosan for long-term energy supply from the body. Energy Environ. Sci. 2015, 8,
1017–1026. [CrossRef]

105. El Ichi-Ribault, S.; Zebda, A.; Tingry, S.; Petit, M.; Suherman, A.L.; Boualam, A.; Cinquin, P.; Martin, D.K. Performance and
stability of chitosan-MWCNTs-laccase biocathode: Effect of MWCNTs surface charges and ionic strength. J. Electroanal. Chem.
2017, 799, 26–33. [CrossRef]

106. Zhao, F.; Bae, J.; Zhou, X.; Guo, Y.; Yu, G. Nanostructured Functional Hydrogels as an Emerging Platform for Advanced Energy
Technologies. Adv. Mater. 2018, 30, 1801796. [CrossRef]

107. Shi, Y.; Wang, M.; Ma, C.; Wang, Y.; Li, X.; Yu, G. A Conductive Self-Healing Hybrid Gel Enabled by Metal–Ligand Supramolecule
and Nanostructured Conductive Polymer. Nano Lett. 2015, 15, 6276–6281. [CrossRef] [PubMed]

108. Xu, Y.; Cui, M.; Patsis, P.A.; Günther, M.; Yang, X.; Eckert, K.; Zhang, Y. Reversibly Assembled Electroconductive Hydrogel via a
Host–Guest Interaction for 3D Cell Culture. ACS Appl. Mater. Interfaces 2019, 11, 7715–7724. [CrossRef] [PubMed]

109. Mawad, D.; Stewart, E.; Officer, D.L.; Romeo, T.; Wagner, P.; Wagner, K.; Wallace, G.G. A Single Component Conducting Polymer
Hydrogel as a Scaffold for Tissue Engineering. Adv. Funct. Mater. 2012, 22, 2692–2699. [CrossRef]

110. Dong, R.; Zhao, X.; Guo, B.; Ma, P.X. Self-Healing Conductive Injectable Hydrogels with Antibacterial Activity as Cell Delivery
Carrier for Cardiac Cell Therapy. ACS Appl. Mater. Interfaces 2016, 8, 17138–17150. [CrossRef]

111. Ginting, M.; Pasaribu, S.P.; Masmur, I.; Kaban, J. Self-healing composite hydrogel with antibacterial and reversible restorability
conductive properties. RSC Adv. 2020, 10, 5050–5057. [CrossRef]

112. Bhat, A.; Amanor-Boadu, J.M.; Guiseppi-Elie, A. Toward Impedimetric Measurement of Acidosis with a pH-Responsive Hydrogel
Sensor. ACS Sens. 2020, 5, 500–509. [CrossRef]

113. Pankratova, G.; Hederstedt, L.; Gorton, L. Extracellular electron transfer features of Gram-positive bacteria. Anal. Chim. Acta
2019, 1076, 32–47. [CrossRef]

114. Pankratova, G.; Pankratov, D.; Milton, R.D.; Minteer, S.D.; Gorton, L. Extracellular Electron Transfer: Following Nature:
Bioinspired Mediation Strategy for Gram-Positive Bacterial Cells. Adv. Energy Mater. 2019, 9, 1970055. [CrossRef]

115. Güven, G.; Lozano-Sanchez, P.; Güven, A. Power Generation from Human Leukocytes/Lymphocytes in Mammalian Biofuel Cell.
Int. J. Electrochem. 2013, 2013, 706792. [CrossRef]

116. Ayato, Y.; Sakurai, K.; Fukunaga, S.; Suganuma, T.; Yamagiwa, K.; Shiroishi, H.; Kuwano, J. A simple biofuel cell cathode with
human red blood cells as electrocatalysts for oxygen reduction reaction. Biosens. Bioelectron. 2014, 55, 14–18. [CrossRef]

117. Apetrei, R.-M.; Carac, G.; Bahrim, G.; Ramanaviciene, A.; Ramanavicius, A. Modification of Aspergillus niger by conducting
polymer, Polypyrrole, and the evaluation of electrochemical properties of modified cells. Bioelectrochemistry 2018, 121, 46–55.
[CrossRef]

118. Apetrei, R.-M.; Carac, G.; Ramanaviciene, A.; Bahrim, G.; Tanase, C.; Ramanavicius, A. Cell-assisted synthesis of conducting
polymer—Polypyrrole—For the improvement of electric charge transfer through fungal cell wall. Colloids Surf. B Biointerfaces
2019, 175, 671–679. [CrossRef]

119. Kisieliute, A.; Popov, A.; Apetrei, R.-M.; Cârâc, G.; Morkvenaite-Vilkonciene, I.; Ramanaviciene, A.; Ramanavicius, A. Towards
microbial biofuel cells: Improvement of charge transfer by self-modification of microoganisms with conducting polymer—
Polypyrrole. Chem. Eng. J. 2019, 356, 1014–1021. [CrossRef]

http://doi.org/10.1021/bm7011828
http://doi.org/10.1021/bm070266z
http://doi.org/10.1016/j.bios.2003.12.035
http://doi.org/10.1016/j.bios.2011.04.009
http://doi.org/10.1016/j.jhazmat.2013.01.038
http://doi.org/10.1016/j.colsurfa.2013.06.030
http://doi.org/10.1211/jpp.59.2.0017
http://doi.org/10.1088/1741-2560/6/6/065002
http://doi.org/10.1016/j.actbio.2015.08.006
http://www.ncbi.nlm.nih.gov/pubmed/26272777
http://doi.org/10.1039/C4EE03430A
http://doi.org/10.1016/j.jelechem.2017.05.018
http://doi.org/10.1002/adma.201801796
http://doi.org/10.1021/acs.nanolett.5b03069
http://www.ncbi.nlm.nih.gov/pubmed/26262553
http://doi.org/10.1021/acsami.8b19482
http://www.ncbi.nlm.nih.gov/pubmed/30714715
http://doi.org/10.1002/adfm.201102373
http://doi.org/10.1021/acsami.6b04911
http://doi.org/10.1039/D0RA00089B
http://doi.org/10.1021/acssensors.9b02336
http://doi.org/10.1016/j.aca.2019.05.007
http://doi.org/10.1002/aenm.201970055
http://doi.org/10.1155/2013/706792
http://doi.org/10.1016/j.bios.2013.11.063
http://doi.org/10.1016/j.bioelechem.2018.01.001
http://doi.org/10.1016/j.colsurfb.2018.12.024
http://doi.org/10.1016/j.cej.2018.09.026


Sensors 2021, 21, 2442 22 of 23

120. Magennis, E.P.; Fernandez-Trillo, F.; Sui, C.; Spain, S.G.; Bradshaw, D.J.; Churchley, D.; Mantovani, G.; Winzer, K.; Alexander, C.
Bacteria-instructed synthesis of polymers for self-selective microbial binding and labelling. Nat. Mater. 2014, 13, 748–755.
[CrossRef]

121. German, N.; Ramanaviciene, A.; Ramanavicius, A. Formation and Electrochemical Evaluation of Polyaniline and Polypyrrole
Nanocomposites Based on Glucose Oxidase and Gold Nanostructures. Polymers 2020, 12, 3026. [CrossRef]

122. Van der Zee, F.P.; Cervantes, F.J. Impact and application of electron shuttles on the redox (bio)transformation of contaminants: A
review. Biotechnol. Adv. 2009, 27, 256–277. [CrossRef]

123. Stirke, A.; Apetrei, R.-M.; Kirsnyte, M.; Dedelaite, L.; Bondarenka, V.; Jasulaitiene, V.; Pucetaite, M.; Selskis, A.; Carac, G.;
Bahrim, G.; et al. Synthesis of polypyrrole microspheres by Streptomyces spp. Polymer 2016, 84, 99–106. [CrossRef]

124. Zhou, M.; Yang, J.; Wang, H.; Jin, T.; Hassett, D.J.; Gu, T. Chapter 9—Bioelectrochemistry of Microbial Fuel Cells and their
Potential Applications in Bioenergy. In Bioenergy Research: Advances and Applications; Gupta, V.K., Tuohy, M.G., Kubicek, C.P.,
Saddler, J., Xu, F., Eds.; Elsevier: Amsterdam, The Netherlands, 2014; pp. 131–152.

125. Ramanaviciene, A.; Nastajute, G.; Snitka, V.; Kausaite, A.; German, N.; Barauskas-Memenas, D.; Ramanavicius, A. Spectropho-
tometric evaluation of gold nanoparticles as red-ox mediator for glucose oxidase. Sens. Actuators B Chem. 2009, 137, 483–489.
[CrossRef]

126. Rudra, R.; Pattanayak, P.; Kundu, P. Conducting Polymer-Based Microbial Fuel Cells. In Enzymatic Fuel Cells: Materials and
Applications; Materials Research Forum LLC: Millersville, PA, USA, 2019; pp. 173–187.

127. Oztekin, Y.; Ramanaviciene, A.; Yazicigil, Z.; Solak, A.O.; Ramanavicius, A. Direct electron transfer from glucose oxidase
immobilized on polyphenanthroline-modified glassy carbon electrode. Biosens. Bioelectron. 2011, 26, 2541–2546. [CrossRef]
[PubMed]

128. Rawson, F.J.; Downard, A.J.; Baronian, K.H. Electrochemical detection of intracellular and cell membrane redox systems in
Saccharomyces cerevisiae. Sci. Rep. 2014, 4, 5216. [CrossRef] [PubMed]

129. Holmes, D.E.; Ueki, T.; Tang, H.-Y.; Zhou, J.; Smith, J.A.; Chaput, G.; Lovley, D.R. A Membrane-Bound Cytochrome Enables
“Methanosarcina acetivorans” To Conserve Energy from Extracellular Electron Transfer. mBio 2019, 10, e00789-19. [CrossRef]

130. Okamoto, A.; Kalathil, S.; Deng, X.; Hashimoto, K.; Nakamura, R.; Nealson, K.H. Cell-secreted Flavins Bound to Membrane
Cytochromes Dictate Electron Transfer Reactions to Surfaces with Diverse Charge and pH. Sci. Rep. 2014, 4, 5628. [CrossRef]

131. Jiang, X.; Hu, J.; Lieber, A.M.; Jackan, C.S.; Biffinger, J.C.; Fitzgerald, L.A.; Ringeisen, B.R.; Lieber, C.M. Nanoparticle Facilitated
Extracellular Electron Transfer in Microbial Fuel Cells. Nano Lett. 2014, 14, 6737–6742. [CrossRef]

132. Sharma, T.; Mohana Reddy, A.L.; Chandra, T.S.; Ramaprabhu, S. Development of carbon nanotubes and nanofluids based
microbial fuel cell. Int. J. Hydrogen Energy 2008, 33, 6749–6754. [CrossRef]

133. Zhao, C.-e.; Chen, J.; Ding, Y.; Wang, V.B.; Bao, B.; Kjelleberg, S.; Cao, B.; Loo, S.C.J.; Wang, L.; Huang, W.; et al. Chemically
Functionalized Conjugated Oligoelectrolyte Nanoparticles for Enhancement of Current Generation in Microbial Fuel Cells. ACS
Appl. Mater. Interfaces 2015, 7, 14501–14505. [CrossRef]

134. Cui, Q.; Wang, X.; Yang, Y.; Li, S.; Li, L.; Wang, S. Binding-Directed Energy Transfer of Conjugated Polymer Materials for
Dual-Color Imaging of Cell Membrane. Chem. Mater. 2016, 28, 4661–4669. [CrossRef]

135. Andriukonis, E.; Ramanaviciene, A.; Ramanavicius, A. Synthesis of Polypyrrole Induced by Fe(CN)(6) (3-) and Redox Cycling of
Fe(CN)(6) (4-)/ Fe(CN)(6) (3-). Polymers 2018, 10, 12. [CrossRef]

136. Song, R.-B.; Wu, Y.; Lin, Z.-Q.; Xie, J.; Tan, C.H.; Loo, J.S.C.; Cao, B.; Zhang, J.-R.; Zhu, J.-J.; Zhang, Q. Living and Conducting:
Coating Individual Bacterial Cells with In Situ Formed Polypyrrole. Angew. Chem. Int. Ed. 2017, 56, 10516–10520. [CrossRef]

137. Apetrei, R.-M.; Cârâc, G.; Bahrim, G.; Camurlu, P. Sensitivity enhancement for microbial biosensors through cell Self-Coating
with polypyrrole. Int. J. Polym. Mater. Polym. Biomater. 2019, 68, 1058–1067. [CrossRef]
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