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Protein Engineering for Designing
Efficient Bioelectrodes

Andressa Ribeiro Pereira

Abstract Protein engineering gives interesting solutions for the development of
efficient bioelectrodes, once it possibilities the enhancement of the electrochemical
performance of bioelectronics and improves the properties of the redox proteins.
Thus, in this chapter how the biosensors and biofuel cells work was discussed
briefly; the electron transfer catalyzed by enzymes in a direct and a mediated system
was explained. However, the focus here is the modification of the protein struc-
ture to improve the performance of the bioelectrodes using protein engineering.
The main methods that are utilized to change the redox protein structures, such as
rational design and directed evolution, were explained. Moreover, some examples of
bioelectrodes, which had their performance improved after the modification, were
shown.

In the last years, electrochemistry has been utilized to understand the biochemistry
of proteins, for instance, enzymes, besides being a powerful method to explore these
biomolecules in biosensors and bioelectronics. As known, proteins play an important
role in bioelectronic devices. For bioelectrochemical sensors, for example, there is a
transduction of a biomolecular recognition event into an electrical signal [1, 2].Many
of these biosensors are based on the amperometric principle, where the recognition
of the analyte is in a biomolecular way and is coupled to an oxidation or reduction
process, which gives rise to an electrical current [3]. Although there are other sensor
types, the amperometric ones are very relevant ones; their enzyme-coated electrodes
are similar to the function and architecture of biofuel cells.

Biofuel cells are used to convert the chemical energy of organic molecules into
electrical power, and have attracted significant attention because the electrical energy
obtained is clean and portable [3]. In the specific case of the enzymatic biofuel
cells (Fig. 1), the catalysts are enzymes that are immobilized on the surface of the
electrodes.
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Fig. 1 Representative scheme of an enzyme-based biofuel cell. Reproduced with permission from
Ref. [4]. Copyright 2021 John Willey and Sons

Although the utilization of these biomolecules is promising, some issues need
to be overcome. The utilization of enzymes, for example, has many advantages,
such as biocompatibility, high selectivity and catalytic efficiency at physiological
conditions, but presents some concerns, since they have poor conductivity and low-
volumetric catalytic activity, which results in low current density [5]. Another issue
that deserves to be mentioned is the limited distance of the enzyme cofactor and the
electrode surface, which could be the limiting factor for the success of the biodevice
[6] in the non-mediated systems.

Thus, thinking about improving the performance of the non-mediated systems,
a possibility that has been used in the last years is the modification of the elec-
trode surfaces, such as carbon nanotubes [7, 8], graphene [9, 10] or the incorpora-
tion of the nanoparticles to the electrodes [11–14]. More recently, another option
has been utilized to improve biodevices: the modification of the protein structure,
which is known as protein design and protein engineering. In addition to improving
biodevices, protein engineering allows understanding protein-electrode interactions,
and the structure and function of redox proteins aiming at structural stability and
functional capabilities [15, 16].

Therefore, this chapter aims to show how the electron transfer occurs in the redox
proteins, how redoxproteins could be utilized in bioelectrodes and the types of protein
engineering that could be utilized to improve the efficiency of the biodevices.
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1 Electron Transfer Catalyzed by Enzymes

Enzymes are proteins known for catalyzing reactions in the biological system. They
have extraordinary catalytic power, high degree of specificity, and work at mild
temperature andpHconditions.They are classified according to the reactions that they
catalyze, and although there are six classes of enzymes, here just one is important:
oxidoreductase, which is responsible to transfer electrons [17].

Because of the property of electron-transfer reactions between electrode surfaces
and enzymes, redox proteins have been explored over the last years in order to develop
efficient biosensors and biofuel cells, since the electron transfer plays a central role
in biological energy conversion, for instance, in the respiratory chain and in the
citric acid cycle [18]. In general, enzymatic reactions that occur on the electrode
surface can proceed in two ways. The first one is based on the utilization of redox
mediators (Fig. 2a),where the enzyme catalyzes the oxidation and the reduction of the
mediator [19]. In this kind of system, the catalytic process involves the modification
of the analyte and the mediator, and the utilization of these species is needed due
to the bulky protein structure of some enzymes, which distances the cofactor from
the electrode surface. The second one corresponds to the direct electron transfer
(DET) [20] (Fig. 2b). In this case, the electron is transferred directly from the active
center of the enzyme to the electrode surface, without the help of any other species,
providing some important information in relation to thermodynamics and kinetics of
the biological process.

The electron transfer between the active center of an enzyme and the electrode
surface is very important to the development of biodevices [21], since the efficiency
of the transfer and the immobilization methods of the enzymes influence the perfor-
mance of the bioelectrodes. Some conditions need to be satisfied for the occurrence
of electron transfer in redox proteins: according to Marcus theory [22], the electron
transfer rate between two redox centers will depend on three factors: reorganization

Fig. 2 Schematic representation of a mediated electron transfer, where Mr corresponds to the
redox mediator, and b direct electron transfer
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energy, divided in the intern and the extern spheres contributions, which corresponds
to the solvent reorientation due to the modification of the molecule and its charges,
and the energy that is necessary to modify the distances of the bonds [23], the poten-
tial difference between redox centers and the distance between these center [24].
Thus, electron transfer has been observed in redox proteins where the active center is
located near the surface of the protein. However, the challenge is related to obtaining
the electron transfer for enzymes which the active center is located deep in the
protein cavity, where access is difficult. In this case, electron transfer between the
active center and the electrode is slow, although attractive due to the simplicity of the
system [20, 25]; beyond the fact that this type of electrode could work at a potential
range close to the redox potential of the enzyme, there is a challenge to obtain this
electron transfer efficiently, since in some cases, as for glucose oxidase (GOx), for
instance, its redox center—FAD—is deeply inside in the protein core [26, 27], at a
distance of 13–15 Å of the surface [28].

Therefore, aiming to promote an efficient electron transfer, some structural modi-
fications could be done in the protein to improve the electrochemical response
between protein and the electrode surface, as will be shown in topic 16.3, with
protein engineering.

2 Bioelectrocatalysis Employing Redox Enzymes

The utilization of alternative energy supply sources is a very important topic nowa-
days and miniaturized biofuel cells could be used for this purpose in the future as
nano-microelectronic devices and biosensors [29]. One of the advantages of biofuel
cells is that they are able to convert the chemical energy of the biological environment
into electrical current. Two approaches are possible: the utilization of microorgan-
isms and/or enzymes as biological reactors to do the fermentation of the raw mate-
rials to fuel products [30], and the utilization of the microorganisms and/or enzymes
as catalysts, which converts chemical energy to electrical one [31]. Although the
different possibilities, here the focus is in the systems that utilizes redox enzymes to
develop promising bioelectrodes, once the application of purified redox enzymes for
the oxidation and reduction of specific fuel and oxidizer substrates at the electrode
surfaces is more effective for the development of biofuel cells. The first application
of enzymes as biocatalysts occurred in 1970 even though the properties of bioelec-
trocatalysis have been known for a long time [32]. Since then, many studies have
been done to develop immobilization strategies aiming to orientate the active site of
the biocatalyst close to the electrode, since this is a crucial step to obtain efficient
devices. Thus, the literature has many works describing the development of systems
based on DET in the analytical device by protein modification with chemical or
genetic engineering techniques [33–35].

For the occurrence of direct bioelectrocatalysis, theDETmechanism,which corre-
sponds to the electron transfer between the electrode surface and enzyme, occurs
directly in the absence of any mediator. Besides, for the occurrence of DET some
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specific conditions need to be satisfied, as follows: there is a minimal distance
between the electron donor—cofactor—and acceptor in order for the fast electron
transfer to occur and to improve bioelectrocatalysis, and the corrected orientation of
the enzyme (with the cofactor) is immobilized onto the electrode surface to main-
tain the electron tunneling distance below 2 nm [36]. Nevertheless, sometimes, the
successful orientation and the small distance between the redox cofactor and the
electrode surface is not enough for DET, since the orientation could limit the access
to the enzyme preventing the success of bioelectrocatalysis [37].

In relation to the application of bioelectrocatalysis, it is important to mention that
biosensors are utilized in many fields, such as environmental and medical science
and in food/agriculture depending on the kind of target analytes, and the enzymes are
very important once they are highly specific biological catalysts, which detect low
concentrations of target agents without interference. Besides, these systems have the
advantage of being low cost, fast response and enables the application in portable
devices without preparing samples [32]. Biomedical sensors are specific types of
biosensors, which provide the necessary interface between the biological material
and the electrode surface to detect medically relevant parameters. For instance, GOx
was the first enzyme that was utilized inmedical biosensors for glucosemonitoring in
diabetic patients [38]. Another application of these biomedical sensors are in cancer
diagnosis; since they reduce the assay time, they are portable, have high sensitivity
and selectivity, and have the possibility to beminiaturized. For example, genosensors
could be utilized to detect prostate cancer using electrochemical methods and optical
absorption. In this case, it is used a biomarker, referred to as PCA3 [39], a prostate
cancer gene 3.

Environmental sensors are another type of biosensors that have been developed
lately. With the increasing growth of environmental pollution, the development of
a sensitive and innovative technique to control this issue is important. For instance,
the acetylcholine esterase enzyme has been utilized to build biosensors for the detec-
tion of carbamate pesticides and organophosphorus, since these compounds inhibit
the activity of the acetylcholine esterase [32]. Another important area that accurate
analysis is essential is in the food and drink products, where biosensors have been
used to determine glucose and some other sugars [40–42]. Besides, they could be
utilized for the identification of bacterial contamination in food [43].

3 Protein Engineering

Protein engineering has gained prominence because it is an important tool to under-
stand the effect of the properties of the biomolecules on device performance, since it
allows precise control over molecular architecture [5]. It offers interesting solutions
for the development of bioelectrodes, enhances the electrochemical performance of
bioelectronics and improves the properties of the redox proteins. Besides, with this
strategy, the sensitivity, selectivity and power density could be improved.
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One of the approaches of protein engineering is to geneticallymodify the enzymes
to approximate them to nanoparticles. For instance, GOx was modified to display a
free thiol group near the active site [44]; although this strategy decreased the catalytic
activity of the enzyme, direct communication with the nanoparticles and the elec-
trode surface was obtained. Another possibility to utilize protein engineering is to
organized metal structures while simultaneously linking enzymes to these structures.
Once again, GOx was utilized, and it was fused to a ring-shaped protein with func-
tional domains that bind gold nanoparticles via adsorption in the inner pore [45].
In this case, the design allows to building layers of electrically connected enzymes
to the electrode surface, facilitating the electronic wiring between multiple func-
tional enzymes, once the 3D organization is facilitated. Thus, this strategy of protein
engineering is promising since it protects enzymes from denaturation, increases the
enzyme-based electrode performances and approximates the reactive elements to
their active sites [5].

The main approach that protein engineering utilizes includes rational design,
directed evolution and combined effects. They have been used to improve the utiliza-
tion of biocatalysts at different conditions and applications, such as tolerance toward
organic solvents, peroxide resistance [46] and use of non-natural cofactors [47,
48]. Rational design is the method that utilizes site-directed mutagenesis, which
verifies the protein-function relationships. In this case, the computer models and
the hypotheses of the researchers are based on available crystal structures of the
protein, and the property that needs to be improved [49]. Rational design is an
approach universally applicable, which is not limited to specific protein folds or
motifs. Besides, the new computer technologies allow the rapid screening of a lot of
data without modeling individual structures [16, 50]. Among the strategies used in
rational design could be cited (i) trimming the “fat”, where the amino acids that are
not essential for the protein function and those to maintain the structure are removed,
and the active site is approximated to the electrode surface; and (ii) protein surface
modifications, such as deglycosilation or the oligomerization of the enzyme.

In protein oligomerization, for example, two or more polypeptide chains are
involved in dynamic interactions [51]. The advantages of this process are the allosteric
regulation and the enhanced resistance to denaturation and degradation for large
proteins [52, 53]. Protein oligomerization is considered as a type of protein aggre-
gation, and depends on extrinsic and intrinsic factors associated with protein envi-
ronment and protein structure levels [54]. For instance, the development of GOx
oligomers (Ol-GOx) via chemical route with a Brønsted acid could be cited [35],
where the exposure of the hydrophobic chains with the Brøonsted acid was observed,
allowing the oligomerization of GOx. After the procedure, the bioelectrochemistry
of Ol-GOx was studied and a maximum rate constant for heterogeneous electron
transfer sevenfold higher than that for native GOx was observed, as illustrated in
Fig. 3.

In directed evolution, it is not necessary to know the structures of the enzymes;
in this process, it is important to discover the fundamental design principles of
electron transfer in redox proteins. This strategy utilizes the power of Darwinian
selection in the evolution of proteins with interesting properties that are not found
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Fig. 3 Cyclic
voltammograms of GOx
bioelectrodes (red line) and
Ol-GOx bioelectrodes (blue
line). Conditions: scan rate:
100 mV s−1; electrolyte
support: 0.1 mol L−1 sodium
phosphate buffer (pH 7.5);
Temperature: 25 °C; Argon
atmosphere. Inside: cyclic
voltammograms after the
subtraction of the capacitive
current. Reproduced with
permission from Ref. [35].
Copyright 2021 ACS
Publications

in nature [55]. However, the experiments in this case are significantly more time-
consuming than in rational design. Directed evolution has been utilized and well
accepted in academia and in industrial biotechnology, besides, it could be used by
computational biologists to elucidate structure-functions relationships for proteins
with known crystal structures [49]. Moreover, this method is important to discover
the fundamental design principles of electron transfer in redox proteinswhen proteins
with known structures are utilized [16]. In directed evolution, some different mutated
enzymes via DNA modification are created, and resulting proteins are identified by
selection or screening. One of the most methods used for creating a diversity of
the genetic level is random mutagenesis by error-prone polymerase chain reaction
(epPCR), however, one alternative method for this one for generating genetic diver-
sity is combining diverse genes that were selected for function by natural evolution
[56]. For instance, by directed evolution, the mediated activity of a monooxygenase,
P450 BM-3 from Bacillus megaterium, was improved [57], and the variant contains
five amino acid substitutions. It was described that P450 BM-3 improves twice the
activity for an alternative cofactor system in which NADPH has been replaced by
the cobalt(III)sepulchrate mediator and Zn dust as electron source. Another example
of successful directed evolution was the improvement in the thermal stability of
glucose dehydrogenase from Bacillus megaterium by introducing two amino acid
substitutions [58].
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Domain shuffling, also known as molecular Lego, has been used as a genetic
engineering method to fuse or swap functional modules in some proteins aiming
to mimic the natural molecular evolution in redox protein engineering. In bioelec-
trochemistry, this method has been utilized as a prototype for engineered systems
and it could be utilized an engineered disulfide bridge or a genetically engineered
peptide linker between two proteins as a link between the protein domains [16].
Another methodology has been used is the Protein Reconstitution, which examines
the structure-function relationship of proteins. In this method, the native redox-active
center of the protein is eliminated and after that, another related cofactor or ion is
implanted in the reconstituted protein, which aims the development of new functions
that are absent in the native proteins [16].

One of the possibilities of protein engineering is to improve the specificity and
the sensitivity of the enzymes. For acetylcholine esterase, which hydrolyzes acetyl-
choline, there is a study which employs molecular modeling of the active site in
combination with targeted substitution of amino acids [59] to make an enzyme with
a very lower detection for the analyte dichlorvos [60]. For enzymatic biofuel cells,
the efficient conversion of the available biomolecule types into electronic current
is important, however, complete oxidation of all molecules is difficult to achieve.
Because of that, many strategies could be utilized to solve this problem, and one of
them is the engineering of the isolated enzymes, as cited before; moreover, can also
be use the development of native multi-enzyme systems [61], which are systems that
utilized biological enzymes cascades, such as in the citric acid cycle.

Increasing the sensitivity in sensor and the power density in biofuel cells is very
important and to do that, current density is an important parameter. Thus, to improve
this parameter, some knowledge in rational design is required. It is important to
mention that electron transfer could be improved in non-protein and protein-based
approaches [62–65], but here the non-protein approaches are out of the scope. In rela-
tion to protein-based strategies, as cited before, someproteins are capable ofDET [36,
66], while others have some difficulties, such as the localization of the active center.
Therefore, protein engineering could solve this limitation by changing the structure
of the proteins aiming to improve the access to the active center and/or promoting the
correct orientation of the protein to the electrode surface [67]. Usually, this approach
reduces the distance in which the electrons need to tunnel. The last examples show
that protein engineering has been utilized to improve functional performance, where
these approaches utilize directed mutagenesis to adjust the biomolecular recognition
properties or to directly immobilize the protein onto the electrode surface.

4 Conclusions

As demonstrated, the utilization of redox proteins is promising for the develop-
ment of biosensors and biofuel cells, and the utilization of these biomolecules has
many advantages, such as biocompatibility, high selectivity and catalytic efficiency
at physiological conditions. However, some issues need to be overcome to improve
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the performance of the biodevices. In this way, in the last years some researchers have
studied the modification of the electrode surfaces or the modification of the protein
structure, which is known as protein design or protein engineering. One of the main
advantages of protein engineering is the possibility to understand the effect of the
properties of biomolecules on device performance, enhancing the electrochemical
performance of bioelectronics and improving the properties of redox proteins. There
are many methodologies of protein engineering, but the two most used are rational
design and directed evolution. The first one utilizes site-directed mutagenesis, where
the computer models and the hypotheses of the researchers are based on available
crystal structures, and the method utilizes the power of Darwinian selection in the
evolution of proteins. Protein engineering has been seen as an important tool to
improve the specificity and the sensitivity of the enzymes, which is important in the
development of bioelectrodes for biosensors and biofuel cells.
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Electroenzymatic Redox Organic
Synthesis

Roberto da Silva Gomes

Abstract Electroenzymatic processes combine interface enzymes and electrodes to
reduce or oxidize molecules. The technique involving electroenzymatic technology
can be applied to solve a variety of problems by producing biosensors, biocapacitors,
and synthesizing molecules with biological interest such as chiral molecules, renew-
able energy, and studying reaction mechanisms. This process involves coupling an
enzyme on an electrode where electrons are transferred between the electrode and
the enzyme cofactor. Enzymatic electrosynthesis has attracted significant attention
due to the possibility of its use as renewable electrical energy that can drive oxidative
and/or reductive reactions by enzymes. Along with the mild condition where reac-
tions occur, its high selectivity is also desirable. Specific products can be achieved at
low cost, replacing the lengthy and costly processes employed in traditional chem-
ical reactions. In this chapter, we will discuss some relevant redox enzymes and
methodologies involved in the formation of the enzyme-electrode and their role in
the electron transfer for the oxidation/reduction of C, O, N, and H atoms.

1 Introduction

Bioelectrochemical synthesis comprises different techniques and approaches that
interface with enzymes and electrodes [10]. This enzyme-electrode system has
attracted the attention of researchers due to its versatile applicability, such as biosen-
sors [10], energy conversion and storage (such as biofuel cells) [57, 87], and bioca-
pacitors [57, 72]. Moreover, the enzyme-electrode system can be used in electro-
chemical reaction systems to provide the necessary redox environment equivalent to
enzymatic transformations. This enzyme-electrode biotransformation that regener-
ates a cofactor or cosubstrate by an electrochemical reaction system is called elec-
troenzymatic synthesis [37, 76, 77]. The concept of this electrochemical system is
to employ an enzyme-electrode in such a way that this electrode can substitute one
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of an enzyme’s substrate, transferring electrons to or from to support the oxidation
or reduction of a second substrate [10, 37, 72, 76, 77, 87].

Another advantage in employing enzymes is because they show remarkable
chemo-, regio-, and stereoselectivity and catalyze organic syntheses without signif-
icant side reactions [84]. Additionally, biocatalytic redox reactions offer selectivity
and yields achievable with conventional chemical synthesis. For example, the use of
the broad oxidoreductases covers dehydrogenation, oxygenation disproportionation,
oxidative bond formation, and single-electron transfer [84].

The Redox reaction of nitrogen gas (N2), carbon dioxide (CO2), hydronium (H+),
carboxylates such as formate (HCOO−), and hydrogen gas (H2) represents a very
important research field, such as atom-economy in the reaction system and clean
energy [68]. In this chapter, we will discuss some relevant redox enzymes and
methodologies involved in the formation of the enzyme-electrode and their role
in the electron transfer for the oxidation/reduction of C, O, N, and H atoms.

2 Oxidase Enzymes

Oxidases are a group of enzymes capable of catalyzing the oxidation of C–N and
C–O bonds, especially those involving dioxygen (O2) as an electron acceptor. They
are mainly flavin-dependent enzymes catalyzing oxidation reactions. They use flavin
adenine dinucleotide (FAD) as a cofactor. This cofactor does not allow diffusion to
the electrode once they are strongly bound to the enzyme. Additionally, FAD can be
regenerated by reducing oxygen to hydrogen peroxide (H2O2) [s]. In this reaction, the
H2O2 formation as byproduct results in oxidase stability problems that decrease the
effectiveness of the method. To overcome this problem, a catalase is used to compete
with the excess of formed H2O2 [90]. Another approach to avoid the problem with
H2O2 formation to regenerate the cofactor is to react under anaerobic conditions.
Electron transfer to FAD is necessary once the FAD biding site and the location of
the active site do not allow direct electron transfer, which requires a mediator (such
as ferrocene) to overcome this problem [4].

The first report described by Hill et al. is the oxidation of p-cresol 1 into
p-hydroxybenzaldehyde 2 with p-cresol methylhydroxylase (PCMH) using Pseu-
domonas alcaligenes (Scheme 1) [4, 23].

In this case, the mediator was a combination between ferrocene boronic acid and a
gold electrode, which converted 85%. The same protocolwas used butwith PEG2000
ferrocene andgraphite electrode as amediatorwith 84%overall conversion [19].Both
ferrocene boronic acid and PEG2000 ferrocene were used as a sort of “stationary
phase” held in the reaction chamber, while product and substrate pass through the
system to provide a continuous process. The authors used an electrochemical enzyme
membrane reactor (EEMR). In this reactor, an ultrafiltration membrane is attached to
an electrochemical cell with carbon felt that works to guarantee the retention of both
mediator and enzyme in this flow system. The final product 2 could be controlled
by controlling the residence time. At residence time of 3 h, 95% of conversion
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Scheme 1 Bioelectrotransformation of p-cresol into p-hydroxybenzaldehyde

was observed, while intermediate 3 was the main product of this reaction at lower
residence time.

Brielbeck et al. used the same PCMH for the oxidation of 4-ethylphenol
4 to provide the chiral intermediate (S)-4-(1-hydroxyethyl)-phenol 5, achieving
70% conversion and 88% ee (Scheme 2a). In the same system, the use of p-
ethylphenol methylene hydroxylase (EPMH) provided the enantiomer R 6 with a
100% conversion rate (Scheme 2b) [2].

The use of ionic liquids was explored by Kohlmann et al. to improve the elec-
troenzymatic synthesis processes [35]. In addition to increasing the conductivity of
the reaction and stabilizing the catalyst, ionic liquids can enhance the solubility of

Scheme 2 a Conversion of 4-ethylphenol in (S)-4-(1-hydroxyethyl)-phenol using PCMH and b
Conversion of 4-ethylphenol in (S)-4-(1-hydroxyethyl)-phenol using EPMH
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substrates, a common problem in these systems. Kohlmann et al. reported the use of
ionic liquid in the resolution of D,L-methionine catalyzes by D-amino acid oxidase.
The use of the ionic liquid [MMIM] [Me2PO4] provided an optical purity of > 99%
ee.

Usually, FAD-dependent amino acid oxidase (FAD-AAO) is used to produce
amino acids by reduction of ketones. FAD-AAO oxidizes amino acids to imino acids
which are rapidly hydrolyzed to α-keto acids. However, Kawataba et al. reported
the use of a redox potential more negative of FAD along with 1-aminopropyl-1′-
methyl-4,4′-dipyridinium iodide (ADPy) could revert the oxidation of amino acids.
In this case, the use of a glassy carbon electrode to immobilize the mediator could
perform the reduction of pyruvic acid and phenyl pyruvic acid into D-alanine and
L-phenylalanine, respectively [32].

One direct electrochemical regeneration of FAD by using an electrode without
a mediator was described by Jeon et al. [31]. The reaction system was set up in a
two-chamber electrochemical reactor with graphite-Cu (II) as anode and graphite-Fe
(III) electrode as a cathode to convert xylitol to xylose using Escherichia Coli and
Saccharomyces cerevisiae as biocatalysts.

3 Monooxygenases

Monooxygenases can transfer one atom of molecular oxygen to X–H bonds when
the other atom is reduced to water. They are also involved in the catalysis of
several reactions, such as hydroxylations, epoxidations, halogenations, and Baeyer–
Villiger oxidations [9, 14, 75]. Usually, the oxidation of NADPH provides the elec-
trons required for the reduction step. As for the regeneration of NADPH-dependent
enzymes, several mediators are reported in the literature [68], such as cobalt(III)
sepulchratetrichloride [13, 15], and 1,1′-dicarboxy-cobaltocene [81].

The first attempt to use monooxygenase in bioelectrochemical synthesis was
reported by Faulkner et al. The use of a purified protein rFP450(mRat4Al/mRat-
OR) L1, a P450 monooxygenase fused with a rat NADPH-P450 reductase, provided
the required two electrons for reductive oxygen activation from an organometallic
mediator (CoSep) instead of the natural NADPH for the ω-hydroxylation of lauric
acid [15]. Subsequently, Estabrook et al. reported the use of the same system but
replacing NADPH-P450 reductase by cytochrome P450 monooxygenase [13].

O-hydroxylation of several α-substituted phenol derivatives was achieved using
2-hydroxybiphenyl-3-monooxygenase (HbpA). In this case, the electrochemical
regeneration of NADH was possible due to the attachment of the enzyme to
[Cp*Rh(bpy)Cl]Cl complex that was used as a mediator. However, the usage of
[Cp*Rh(bpy)Cl]Cl allowed the formation of hydrogen peroxide. Molecular oxygen
reacts with the rhodium complex or even can be reduced at the cathode [24].

Direct electrochemical regeneration of NADPH without electron transfer medi-
ator to FAD was performed in the chiral (S)-epoxidation of styrenes by the flavin-
dependent styrene monooxygenase (StyA) from Pseudomonas sp. VLB120 [25]. In
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this protocol, the system containing three enzymes and the two cofactors could be
reduced to StyA and FAD.

Ruinatscha et al. designed a reactor separating the high concentration ofmolecular
oxygen from the cathode chamber to increase cofactor regeneration rates [64]. This
flow reaction reactor provided electrodes with a maximal volumetric surface that
could achieve 0.3–1.3 mM h−1 regeneration of FAD in the StyA system. Despite
all efforts to avoid oxygen reduction, this oxigen transformation is still a problem
when electrochemical synthesis is performed with enzymes dependent on molecular
oxygen. Even the use of themore oxygen stable [Cp*Rh(I)(bpy)H]+ byTosstorff et al.
for the conversion of p-xylene to 2,5-dimethylphenol by P450 BM3monooxygenase
and cobalt sepulchrate as mediator showing oxygen depletion which appeared to
solve the problem with the oxygen reduction, the system presented a loss in energy
efficiency [80].

Several mediators are reported to transfer electrons artificially by cofactor gener-
ation with monooxygenases. Aiming for a more efficient enzymatic process, Strohle
et al. generated a virtual protocol to dock mediator candidates for P450cin [78].
The protocol was able to predict suitable mediators binding affinity. The selected
mediators provided 70% fitting with the prediction studies. Along with the virtual
prediction, several other parameters must be evaluated, such as applied potential
or concentrations of mediator and enzyme. Their optimization could lead to higher
product formation yield. Ley et al. developed the electrochemical microtiter plate
(eMTP). This methodology can elucidate the influence of P450 BM3 and mediator
concentrations and apply a specific potential according to the experiment’s needs
[44].

4 Peroxidases

Unlike monooxygenases, peroxidases are not dependent on cofactors such as
NADPH or FADH. Peroxidases contain a porphyrin group (heme), vanadate, or
manganese as chelating metal. Usually, peroxidases use hydrogen peroxide as an
electron acceptor to catalyze substrate oxidation. As discussed previously, the use
of hydrogen peroxide as an electron acceptor decreases the stability of the enzyme
if it is exposed to high concentrations. Fortunately, several approaches are reported
to prevent high local concentrations of H2O2, such as electrochemical generation of
hydrogen peroxide [59], in situ synthesis of hydrogen peroxide in combination with
a second enzyme [82], and sensor-controlled feeding of hydrogen peroxide [70].
The addition of a controlled H2O2 concentration to the enzymatic system by varying
the electrochemical parameters makes the electrochemical generation of hydrogen
peroxide the most common method [59]. Here, no mediator is required, and the
cathodic reduction of oxygen forms H2O2, making the system simple. Mercury, gold,
and carbon can be used as electrodes. Because it is safe and economically attractive,
carbon is the most common material for bioelectrochemical synthesis [27, 28, 39].
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The first example is reported byChen et al. [7]. Free horseradish peroxidase (HRP)
promoted theN-demethylation ofN,N-dimethylaniline (DMA).Ahigh concentration
of H2O2 and formaldehyde was observed by increasing the applied current. Lee
et al., using another approach, oxidized veratryl alcohol to veratraldehyde with lignin
peroxidase [43]. In this reaction, the cathode and the anode are separated by a cation-
exchange membrane in a two-chamber reactor. A comparison between the rates of
veratraldehyde formation with electrochemically hydrogen peroxide generation and
the natural hydrogen peroxide method was performed. The natural H2O2 generation
method resulted in a higher veratraldehyde formation rate than the electrochemical
method.

Chlorination of barbituric acid to 5-chlorobarbituric acid, among other reactions,
can be achieved using heme-dependent chloroperoxidase (CPO) from the filamen-
tous fungus Caldariomyces fumago [42]. A bioelectrolytic system containing an
electrolytic cell for H2O2 generation, a hollow-fiber membrane for biocatalysis, and
an anion exchanger for product collection were used in the first attempt. After 24 h,
0.33 mM of 5-chlorobarbituric acid was produced with an initial reaction rate of
0.17 mM h−1.

Dembitsky et al. reported that CPO is also used to mediate the formation of
sulfoxides from the oxidation of dialkyl sulfides [11]. In a chiral point of view for
the formation of sulfoxides, Lutz et al. reported an in situ electrogeneration for
the chiral oxidation of thioanisole to (R)- methylphenyl sulfoxide with high optical
purity [46]. To increase the yield of the chiral (R-methylphenyl sulfoxide, they used
a three-chamber cell with a flow-by-electrode system and two anodes [47]. In this
optimized reaction system, the reaction rate could be comparable to sensor-controlled
dosing of hydrogen peroxide. The use of 2% of [EMIM][EtSO4] for the oxidation
of thioanisole to (R)-methylphenyl sulfoxide increased by 4.2 the productivity [91].

The success of the formations of (R)-methylphenylsulfoxide led Lutz
et al. [36] to report an extension of the synthesis of sulfoxides, such
as N-MOC(methoxycarbonyl)-L-methionine methyl ester sulfoxide, (R)-
methoxyphenylmethyl sulfoxide, and (R)-methyl-p-tolylsulfoxide. The reactions
resulted in a conversion of 60%ofN-MOC-L-methioninemethyl ester sulfoxide, 83%
of (R)-methoxyphenylmethyl sulfoxide, and 76% of (R)-methyl p-tolylsulfoxide,
respectively [26] (Scheme 3).

H2O2 generation is directly impacted by limitation in mass transport due to a
limited electrode surface. A gas diffusion electrode (GDE) was reported by Krieg
et al. as a possibility to overcome this H2O2 generation. In this case, the oxygen can
be reduced to H2O2 by GDEs by using a solid, liquid, and gaseous interface that
increases the problem with the limitation of the electrode surface [39]. The CPO-
catalyzed monochlorodimedone chlorination and thioanisole and indole oxidation in
a GDE-based system resulted in a ttn and STY improvement [39]. Later, in another
study,Holtmann et al.used aGDEsystem to chlorinatemonochlorodimedone (MCD)
[27]. Here, using theGDE-based reaction system forH2O2-dependent enzymes led to
high STY and ttn. Finally, the heme-thiolate peroxygenase AaeUPO from the fungus
Agrocybe aegerita can catalyze the hydroxylation of ethyl-benzene into 1-phenethyl
alcohol [28]. This GDE-based system using an electrochemical H2O2 electrode led
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Scheme 3 Hollmann Conversion of regular sulfides into chiral sulfoxides

to a high reaction rate which can be compared with the productivities of AaeUPO
with a non-electrochemical hydrogen peroxide source.

5 Nitrogenase

Nitrogenase has gained interest due to its ability to reduce N2 to ammonia (NH3) in
bioelectrochemical synthesis at ambient temperature andpressure in the oppositeway
of the Haber–Bosch process that uses high-temperature pressure [84]. It is estimated
that around 50% found in the human body originates from Haber–Bosch [12]. This
process uses a Fe-based catalytic system to break the triple bond of the inert N2 at
high temperature and pressure, including the production of H2, to make this process
highly efficient. Additionally, it is estimated that this process consumes 1–2% of
the global energy source producing 3% of all CO2 worldwide [17, 34]. Conversely,
biological N2 reduction can be performed by a metal–enzyme complex found in
select bacteria and archaeas named nitrogenase. This metal–enzyme complex works
in an electron-transfer system where adenosine triphosphate (ATP)-hydrolyzing iron
protein (Fe protein) and a catalytic molybdenum-containing protein (MoFe protein)
can reduce or “fix” N2.

Significant advances in electron transfer from electrodes to MoFe/VFe/FeFe
metalloenzymes for electrocatalytic reduction of different substrates, such as H+,
N2, CO, cyanide (CN−), azide (N3), and nitrite (NO2), highlight MoFe/VFe/FeFe
metalloenzymesas strong candidates for electroenzymatic synthesis [50].

Minteer and Seefeldt used the previously described low-potential mediator cobal-
tocene to transfer electrons between an electrode andMoFe protein [52]. Using E0 =
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−96 V, the mediator was able to provide the required electrons to support the reduc-
tion of hydronium (H+)–H2 and nitrogen reduction ofN3

− andNO2
−–NH3. The same

mediator was adapted to provide electrons to reduce H+ and CO2 by using MoFe- or
FeFe-enzyme complex achieving H2 and HCOO−, respectively [29]. The formation
of ethene and propene by the formation of C–C bond in a cobaltocene-mediated
electrosynthetic system using VFe-enzyme complex by reduction of CO2 also was
explored. It is also reported that Fe/VFe protein coupling and ATP hydrolysis can
catalyze the C–C bond from CO reduction [30].

Lastly, the cobaltocene mediator-based methodology was used to study the rate-
limiting step of theMoFeprotein in the catalytic reduction ofH+. The results provided
an insight that the rate-limiting step is related to the release of inorganic phosphate
of the Fe-protein complex [69, 85]. Pyrene functionalized polymer in a DET/MoFe
protein system was developed by Hickey et al., aiming to reduce N2 independent
of Fe-protein or ATP-hydrolysis, which opened a new gate of possibilities for the
reduction of N2 by nitrogenase [21, 22].

In a search for an electron delivery to the MoFe protein, Milton et al. proposed
an electrochemical methodology that delivers electrons to the Fe protein, which also
provides electrons to the MoFe with the hydrolysis of ATP [51]. In this approach,
between electrodes and Fe protein was adapted MV as an electron mediator that
could transfer the required number of electrons to the Fe protein showing a promising
method to reduce N2 in a renewable energy system. At 0.61 V, Rhode and Lukoyanov
reported a reduction of N2 at a Faradaic efficiency (FE) of 59%, which means that the
nitrogenase used 59% of the available electrons to convert N2 in NH3 [44, 63, 65].

A 5-enzyme cascade reaction system can also be used [5]. In this system, Fe
protein, MoFe protein, diaphorase, L-alanine dehydrogenase, and ω-transaminase
reduce N2 to NH3. It was reported by Minteer et al. that the 5-enzyme cascade
system using low MV and nitrogenase successfully formed the chiral (R)-1-methyl-
3-phenylpropylamine. This ideawas adapted to anATP hydrolysis-dependent system
containing H2ase-based H2-oxidizing anode coupled to a nitrogenase-based cathode
to reduce N2 to NH3. The same method was adapted again with diaphorase and
leucine dehydrogenase to provide chiral amino acids from α-ketoacids in good yield
and ee [6].

6 CO2-Reductase

CO2 atmospheric accumulation plays a crucial role in world climate change and
warming. The generation of CO2 by fossil fuel combustion (among other human and
industrial sources) keeps increasing.Currently, it is common sense that something has
to be done to decrease CO2 levels to maintain a livable condition on the surface of the
earth. CO2 reduction by an enzymatic electrochemical process is an environmental
friend possibility. In this process, an enzyme catalyzes CO2 reduction by electron
transfer systems.Many enzymes canbe found in nature, especially inmicroorganisms
and plants. Due to their ability to catalyze the reduction of CO2 to CO, they are
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commonly termed carbon dioxide reductases [67]. Formate dehydrogenases (Fdh)
have been highlighted for their ability to reduce CO2 to formate (HCOO−) [61].
Fdh is easily found in nature within two categories: (a) metal-independent (MI) and
metal-dependent (MD) Fdhs [61].

Interestingly, because MI-Fdhs are air-stable, they do not suffer inhibition by O2

and can be used in a wide range of pH conditions without losing their activity.
A negative point of MI-Fdhs is when compared with MD-Fdhs, they present a
weaker activity, and consequently, they tend to oxidize HCOO− to CO2 instead
of the contrary. Additionally, their electrochemical immobilization is hampered by
their NADPH dependency. Another problem is the formation of the inactive NAD2

dimer that is a consequence of the electroreduction of NAD+ [24]. MD-Fdhs contain
a considerable amount of iron-sulfur (FeS) clusters responsible for transferring elec-
trons to the active site, which usually includes two divalent pyranopterin cofactors
coordinated to a Mo or W atom, a selenocysteine or cysteine residue with a site
occupied by a sulfur atom. Due to exposed above, MD-Fdh’s tend better to CO2

reduction than MI-Fdhs [8].
If the enzymatic immobilization leads to correct orientation, DET can be observed

with MD-Fdhs. As mentioned before, MD-Fdhs are good candidates for CO2 reduc-
tion with high FEs, especially because they are not expected to catalyze H+ reduc-
tion. In 2008, Reda et al. reported the use of MD-Fdh DET to electroenzymatically
reduce CO2 attached to a W-dependent Fdh from Desulfovibrio gigas immobilized
to an electrode [60]. Interestingly, the results showed FEs of around 100%, and the
enzyme could keep its catalytic activity at a pH ranging from 4 to 8. An exten-
sion of the enzyme scope was reported to explain the inhibition mechanism of the
MD-Fdh from Escherichia coli with different inhibitors in the oxidation of formate
or reduction of CO2 by DET [62]. Another study proposed a study of DET when
the system used a W-dependent formate dehydrogenase (FoDH1) fromMethylobac-
terium extorquens immobilized in gold nanoparticles (AuNPs) coated with mercap-
topyridinemoieties and Ketjen Black carbon particles for formate oxidation and CO2

reduction. Because these enzymes possess a non-covalently bound flavin mononu-
cleotide (FMN), this protocol favored the oxidation and reduction of NAD/NADH
[62, 66]. Another study of DET used a W-dependent Fdh from Clostridium ljung-
dahlii embedded in a conductive polyaniline (PANI) hydrogel. The use of different
PANI hydrogel structures allowed the authors to infer that the residues possibly
impacted the electron transfer from the hydrogel-coated electrode to the W active
site [40].

As discussed previously in this chapter, nitrogenases can also reduce CO2 into
HCOO in a cobaltocene-mediated system [29]. Cobaltocene can be attached to a
poly(allylamine) chain providing a E0′ = 0.58 V redox polymer termed Cc-PAA.
The attachment of Cc-PAA onto Mo-dependent Fdh from E. coli showed an FE of
99% for CO2 reduction to HCOO− [88].

Parkinson et al. reported theMV-reduction by photo-excitation of electrons from a
p-type indium phosphide photo-electrode that consequently reduced CO2 to HCOO−
by Pseudomonas oxalaticus Fdh [58]. The same idea was further used by Amao
et al. to describe the efficient use of an ITO electrode connected to a long alkyl chain
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that contained MV embedded with Saccharomyces cerevisiae Fdh to reduce CO2 to
produce HCOO− that is size chain-dependent [1].

Improvements weremade to increase the reduction of CO2 tomethanol (CH3OH).
Some of these methodologies are described below. In this process, the first step is
usually the reduction of CO2 by Fdh to provide HCOO−. The following step uses
formaldehyde dehydrogenase to catalyze the reduction of HCOO− to formaldehyde
(CH2O), and the last step involves alcohol dehydrogenase to catalyzeCH2O reduction
CH3OH [41, 56].

7 H2ase

Because it is renewable and clean, H2 is considered a promising alternative energy
source to replace fossil fuels once only water is the side product. It is well known that
its use is minimal due to issues with storage and transportation. Its high energetic
bond (dissociation energy �H = +436 kJ mol−1) increases its explosive potential
when mixed with O2, for example. Another problem is using the expensive H+ and
rare noble metal electrodes in H2 cell fuel. Due to these facts, a lot of effort has been
used on systems that can produce H2 under mild conditions to replace fossil fuels
[3].

Many microorganisms have some enzymatic pathways to provide and oxidize H2

at low potentials usingmainly a metalloenzyme termed H2ase enzymes that typically
reversibly catalyze the interconversion of H2 and 2H+. In the field of enzymatic elec-
trochemical systems to produce H2, the most studied H2ase enzymes are [FeFe]- and
[NiFe]–H2ases which are conventionally named according to the nature of metallic
cofactor in the active site. Because they possess FeS clusters, they can transport elec-
trons through the protein between the active sites [16]. [FeFe]-H2ases are typically
more suitable for H+ reduction at electrodes due to their low affinity for H2 [18] when
compared to [NiFe]–H2ases that favor H2 oxidation. H2ases in enzymatic electro-
chemistry are mostly reported for anodic enzymatic electrochemistry, where H2 is
oxidized as a fuel to provide a source of energy [51, 73, 74]. Additionally, H2ases
have been intensely studied by electrochemistry in the last three decades [83, 86].

After enzymatic adsorption, the catalytic activity can be lost due to structural
changes in the electroenzymatic system on the surface of the electrode due to the
interfacial interactionswhich favors themaintenance of the stability of the enzyme by
immobilization important for the electrochemical system. The use of immobilized
H2ases was reported Lojou et al. [48, 53]. The O2 resistant [NiFe]-H2ases from
the hyperthermophilic bacteria Aquifex aeolicus (Aa) were immobilized on various
electrode surfaces.

[NiFe]–H2ases are known to support H2 oxidation better and usually are inac-
tivated in the presence of O2. Goldet et al. showed that Ralstonia [NiFe]–H2ases
could catalyze H2 production in the presence of O2 and in the air itself, as long as
H2 is continuously removed [20]. Some DET usage also has been explored using
single-walled carbon nanotubes for the H2ase immobilization [33, 49, 79]. King’s



Electroenzymatic Redox Organic Synthesis 23

group reported a current density for H2 formation around 2 mA cm2 with a FE of
98%usingDET to immobilize [FeFe]-H2ase fromClostridium perfringens by simple
adsorption on anatase TiO2 electrodes without losing activity for at least a week [54].

For MET, in electroenzymatic H2 formation: [FeFe]–H2ase from the photosyn-
thetic green alga Chlamydomonas reinhardtii was immobilized on a gold electrode
coated with 3-mercaptopropionic acid or 11-mercapto propionic acid SAMs. In this
case, the length of the carbon chain played an important role. The size of the carbon
chain drives the electrostatic interaction and the flexibility of the SAM layer leading
to several different catalytic activities depending on what SAMs are employed,
primarily due to the changes in the surface structure and orientation of the H2ase
[38].

In another approach, Oh et al. reported a two-chamber fuel cell with H2ase from
Thiocapsa roseopersicina immobilized at the cathode for H+ reduction. In the anodic
chamber, dithionite-based electron source andMVwas employed as an electron relay
for both the anodic and cathodic chambers showing a low rate for the production of
H2 when compared to the production of H2 by H2ase of this strain [55].

In 2018, Shiraiwa et al. reported another template for polymeric immobilization
[71]. MV-based redox polymer and [NiFe]–H2ase from D. vulgaris Miyazaki F
were co-immobilized on glassy carbon, and carbon felt working electrodes. In the
resulting system, the high potential reductive reactivation of the Ni–A/Ni–B states
was achieved by reduction with the MV moieties on the redox polymer and the
oxidative inactivation of states. High current densities H+ reduction was observed
for the same electrochemical system by cyclic voltammetry using larger carbon felt
electrodes, promising to be a new open gate for exploring the preparation of H2 in
electroenzymatic systems [71].
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Bioelectrosynthesis of Value-Added
Compound Production

Jessica Crivelaro Pacheco, Graziela Cristina Sedenho,
and Frank N. Crespilho

Abstract The bioelectrosynthesis of value-added compounds has attracted signifi-
cant attention in the field of bioelectrochemistry. Current industrial processes gener-
ally have high energy consumption and require a high supply of non-renewable
catalysts and feedstocks, resulting in a poor efficiency and sustainability. In this
context, bioelectrochemical systems are considered a promising alternative to some
traditional industrial processes, such as the Haber–Bosch process, which produces
NH3 fromN2 andH2. TheHaber–Bosch process accounts for 2%of the global energy
consumed, while it is also responsible for 3% of CO2 emissions worldwide. Bioelec-
trochemical systems are also employed in processes of economic and environmental
interest such as the capture of CO2 and its conversion into value-added compounds
and the production of H2 fuel. This chapter will therefore address the latest advances
in the bioelectroreduction of N2 to NH3, CO2 to formate, and the bioelectrosyn-
thesis of H2. The enzymatic mechanisms and main methods of enzyme immobiliza-
tion and stabilization to achieve high-efficiency bioelectrochemical systems are also
described.

1 Introduction

The use of redox enzymes for the bioproduction of value-added compounds has
attracted significant attention inmodern bioelectrochemistry. This includes the trans-
formation of atmospheric CO2 into fuels and chemicals such as methanol, formalde-
hyde, and formate [1, 2]. Another abundant atmospheric gas that can be employed in
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the bioproduction of value-added compounds is N2, which can be converted to NH3

or chiral amino acids, which in turn are used as precursors in organic syntheses and
pharmaceutical industries [3, 4]. A final example of an important bioelectrocatalytic
process is the electrosynthesis of H2. From an environmental perspective, H2 is a
promising alternative to fossil fuels because it is a clean fuel and is associated with
high energy content.

The electroreduction ofCO2 is a processwith potentially great economic and envi-
ronmental impact because it allows for the mitigation of the atmospheric emissions
of this pollutant, while simultaneously producing fuels and other useful products [5,
6]. However, CO2 is a thermodynamically stable molecule, and a significant energy
barrier must be overcome to reduce this molecule. For this reaction to occur, high
pressures, high overpotentials, or the use of catalysts are required. Significant efforts
have been made to develop catalysts to overcome the thermodynamic and kinetic
limitations associated with the chemical activation of CO2. However, producing a
catalyst with a favorable cost–benefit ratio, good selectivity, and efficiency to reduce
CO2 to a single product, and which requires low overpotentials, remains a significant
challenge [7].

The reduction of N2 to NH3, while also being a reaction of great economic and
environmental interest, is another process associated with high demands of energy.
NH3 is widely used in agriculture and is also employed as a substrate in the synthesis
of chiral amino acids, which are important precursors in food, agricultural, pharma-
ceutical, and organic synthesis industries [8]. The Haber–Bosch process produces
500million tons of NH3 annually, fromN2 and H2 gases. This is estimated to account
for 2% of the global energy consumed and for 3% of global CO2 emissions [9]. The
importance of identifying economically viable and sustainable alternative routes to
reduce N2 is therefore evident.

The electrosynthesis of H2 is another important electrocatalytic process. H2 has an
energy content that is 2.7 times that of traditional hydrocarbon fuels such as gasoline
[10]. Ironically, most routes for H2 synthesis currently use these hydrocarbons as
substrates [11]. Another alternative to obtain H2 gas is to cleave water molecules.
This process is however relatively energy-intensive and requires suitable catalysts. Pt
has traditionally been used as electrocatalyst for this purpose, and although it is highly
efficient and enables the production of high levels of H2 at negligible electrochemical
overpotential; it is a rare and highly expensive metal, which limits its use in a large
scale [12].

Despite several advances made in the processes discussed above, the development
of sustainable alternative strategies remains of significant interest to scientists glob-
ally. In this context, redox enzymes represent promising alternative biocatalysts for
these reactions, while contributing to the evolution in the field of synthesis of value-
added compounds [13, 14]. In addition, redox enzymes offer several advantages
over conventional inorganic catalysts because they can operate under mild condi-
tions of temperature, pressure, and pH; show high specificity and efficiency; and are
renewable and widely available. Moreover, redox enzymes can provide alternative
strategies for the synthesis of more efficient biocatalysts [15].
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Among the redox enzymes, nitrogenases, formate dehydrogenases, and hydro-
genases have been regarded as the most efficient biocatalysts for the reactions in
discussion. Nitrogenases are capable of producing NH3 from N2 under mild pH,
temperature, and pressure conditions [4]. Formate dehydrogenases can reduce CO2

to formate, which is the first stable intermediary in the reduction of CO2 to methanol
ormethane, and can also be used as a fuel or as a rawmaterial in the chemical industry
[16]. Finally, hydrogenases promote the efficient reduction of protons to H2 [17]. In
this context, the present chapter provides an overview of the bioelectrosynthesis of
value-added compounds from atmospheric CO2 and N2 and the production of H2

fuel.

2 Bioelectroreduction of N2 to NH3 by Nitrogenases

Biological fixation of N2 occurs naturally in diazotrophic microorganisms through
nitrogenases [18]. Like most enzymes, nitrogenase operates at room temperature
and atmospheric pressure, which presents a significant advantage when compared to
traditional catalysts used in the Haber–Bosch process. The reduction of N2 to NH3

by nitrogenases follows equation (1) under ideal conditions, which is illustrated as
follows:

N2 + 8H+ + 16MgATP + 8e− → 2NH3 + H2 + 16MgADP + 16Pi (1)

Among the nitrogenases, Mo-dependent nitrogenase from Azotobacter vinelandii
(PDB ID: 4WZA), Klebsiella pneumoniae (PDB ID: 1QH8), and Clostridium
pasteurianum (PDB ID: 4WES) are the most abundant and widely studied enzymes
[19]. MoFe nitrogenase has two protein components, i.e., the MoFe protein and the
Fe protein (FeP) that work together to reduce N2 to NH3 [9] (Fig. 1). The MoFe
protein is an α2β2-tetramer with a molecular weight of ~220 kDa, and its α- and β-
subunits are encoded by nifD and nifK, respectively. The MoFe protein also contains
the active site [7Fe-9S-1Mo-C-homocitrate] (FeMo–co), where substrate reduction
occurs, and a [8Fe-7S] P cluster that functions as an electron carrier. The Fe protein,
encoded by nifH, is a homodimer with a molecular weight of ∼60 kDa and only
has one cluster [4Fe–4S] that transfers an electron to the MoFe protein during the
transient association of the MoFe and Fe proteins [20]. In the catalytic cycle, the
Fe protein is initially reduced by either ferredoxin or flavodoxin, resulting in the
hydrolysis of two MgATP equivalents for each electron generated [3]. One electron
is then transferred from the FeP to the P cluster and finally to the FeMo-co (Fig. 1).

In FeMo-co, the electrons are trapped in the form of hydrides around the Fe
centers, before being used in N2 reduction through a complex process incorporating
eight individual states (E0–E7), as illustrated in the Thorneley-Lowe scheme (Fig. 2)
[21]. The catalytic mechanism of N2 reduction does present some points to consider,
such as the ability of FeP to transfer four consecutive electrons, all at the same redox
potential, to FeMo-co while the metal cofactor is in its ground state, E0. Another
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Fig. 1 Nitrogenase MoFe protein from Azotobacter vinelandii (PDB ID: 1M1N) and the essential
metalloclusters: [Fe2S4], P cluster, and FeMo-cofactor, where N2 is reduced. Atoms are colored as
follows: S, yellow; Fe, orange; C, gray; Mo, cyan; N, blue; and O, red. The image was generated
with Chimera

unknown aspect is the time between the two electron-transfer events, which may
be expected to be time-consuming and would require that all the intermediates are
sufficiently stable [21]. The most widely accepted hypothesized mechanism is that
each transferred electron pair is stored as a hydride (H−) in the metal surface [21],
in which case only one electron would reside in the cofactor itself, as represented
by the odd-numbered E states of the early stages of the Thorneley-Lowe scheme
(Fig. 2). In the E2 state, the first surface hydride is formed, followed by a second
in the E4 state. At this point, these two hydrides recombine into one H2 molecule.
The H2 then rapidly moves away from the cofactor, leaving the active site in a high-
energy, super-reduced state [21], where the nitrogenase subsequently activates N2,
breaking the stable triple bond, and initiating biological N2 fixation to form two NH3

molecules following three more electron-transfer states (E5, E6, and E7, Fig. 2) [22].
Despite the proposed mechanism (Fig. 2), it is still not clear as to how the

protons/electrons, or hydride species are involved in the cleavage of the N2 bond
(second half of the Thorneley and Lowe scheme). Two potential pathways proposed
for the hydrogenation of N2 are the distal and alternating pathways (Fig. 3), where N2

would bind to the metallic center (M–N2) of FeMo-co and eventually form a species
with a terminal amine (M–NH2). In the final step, the transfer of a proton/electron
equivalent to a terminal starch intermediate releases NH3 and regenerates the E0.
The difference between the two mechanisms proposed is the protonation site of N2.
Computational studies have pointed out that potential pathways differ at the metal
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Fig. 2 Thorneley and Lowe scheme, in which the eight steps of reduction (E0–E7) represent the
enzymatic catalysis of nitrogenase

Fig. 3 Distal (upper) and alternate (lower) N2 reduction mechanism. The state En (E4–E8) corre-
sponding to the Thorneley-Lowe model is indicated at each intermediate along with the proposed
point of NH3 release
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ion associated with the active center, in other words, the point where the reaction
takes place [23]. For the distal route, Mo is involved in the reaction where a single N
atom of N2 is hydrogenated in three steps, at which point the first NH3 is released.
The remaining N atom (E5, Fig. 3) is then hydrogenated thrice before the second
NH3 is released [24]. In the alternating pathway, the Fe from FeMo-co participates in
a reaction where the two N atoms are alternately hydrogenated in four hydrogenation
steps, generating a hydrazine-bound state, and releasing the first NH3 only in the fifth
step [25]. Although studies of intermediates of N2 reduction by nitrogenase indicate
that the alternating pathway is the most likely [26], no scientific consensus has been
reached on the correct pathway [27].

Although the catalytic kinetics of the MoFe protein has been widely studied,
the thermodynamic driving forces responsible for its exceptional reactivity remain
poorly understood [28]. The complexity of the nitrogenases process makes studies to
elucidate the mechanism of electron transfer and ATP coupling challenging. In addi-
tion, the potentially limited electron transfer between the two protein components
of the nitrogenase enzyme hampers the understanding of the electron-transfer mech-
anisms inside MoFe nitrogenases [29]. The cascade of bi-enzymes further requires
a dynamic interaction between the two proteins, i.e., they must come together to
transfer electrons, separate to consume ATP, and then unite again to transfer elec-
trons again. ATP regeneration is further required, as the enzyme is ATP-dependent.
This ATP regeneration system complicates the functioning of the electrochemical
cell because the system consists of more than one enzyme. The Fe protein further
requires 16ATPmolecules to transfer the eight electrons required for the high-energy
enzymatic synthesis of NH3. This also presents a challenge for the functioning of
the electrochemical cell [28].

Bioelectrocatalytic studies have so far mostly focused on the electrochemical
control of theMoFe protein, where the Fe protein andATP are not involved. Recently,
the ATP-independent, direct bioelectrocatalytic reduction of N2 to NH3 by MoFe
nitrogenases has been studied. MoFe nitrogenases were successfully immobilized
and stabilized into a hydrogel matrix on the surface of a carbon electrode [30]. The
electrochemical results further indicated that the P cluster and the FeMo-co could
interact independently with the electrode. This represents intriguing, new opportuni-
ties for mechanistic studies aimed at determining the mechanism of electron transfer
with the substrate and the role of each cofactor [30]. The incorporation of MoFe
nitrogenase onto the hydrogel matrix further allowed for the determination of the P
cluster and FeMo-co redox potentials, whichwere−0.23± 0.01 and−0.60± 0.01V,
respectively [29]. It was also possible to verify that the bioelectrochemical catalysis
only occurred in the presence of <1.8% H2, and in the absence of FeP. Here, the
redox potential of FeMo-co was shifted to −0.43 V in the absence of H2. A similar
redox potential change was observed when FeP was incorporated into the enzyme
electrode in the presence of H2. These observations indicated that the change in the
redox potential of FeMo-co occurred through the interaction with H2 and that FeP
potentially prevents this interaction. Alternatively, an endergonic electron-transfer
sequence during the catalytic turnover of nitrogenase has also been proposed. As the
P cluster is less reductive compared to FeMo-co, the electron transfer from the P
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cluster to FeMo-co would require energy. Within the nitrogenase catalytic cycle, this
process would then occur through a series of consecutive, combined proton–electron
transfers. These transfers are driven by the formation of Fe-hydride bonds in FeMo-
co. Based on a study of the redox potential of the P cluster as a function of pH, it was
proposed that the electrochemical catalysis in this system occurs in a similar manner
as the native nitrogenases mechanism. It may therefore be reasonable to assume that
the electrochemically driven MoFe turnover occurs via sequential, proton-coupled
electron-transfer steps.

The increase in the electron-transfer rate using artificial redox mediators is a
promising strategy to increase NH3 production in industrial bioelectrochemical
processes. Electrochemical studies have shown that the use of cobaltocene [31] and
viologen [32] derivatives as redox mediators resulted in higher Faradaic efficiency
for NH3 bioelectrosynthesis than in the absence of the redox mediators. The use
of redox mediators, such as cobaltocene derivatives, further provided efficient elec-
trical wiring of nitrogenase even in the absence of a reducing protein (FeP) and ATP
(which is a rate-limiting step for the overall catalysis). The electron transfer was
independent of the distance from the electrode surface and the enzyme orientation,
providing increased efficiency toward NH3 production (Fig. 4). Therefore, this is a
promising strategy for industrial and large-scale NH3 bioelectrosynthesis [31].

Fig. 4 Schematic of a theMoFe/Cc-PAA electrode and of b the bioelectrochemical potential reac-
tion of MoFe protein turnover. c cyclic voltammograms of MoFe/Cc-PAA under different condi-
tions. d 15N-non-decoupled and 15N-decoupled 1HNMR of 15NH3 produced from bulk electrolysis
of 15N2 using MoFe/Cc-PAA. Reprinted with permission from [31]. Copyright 2021 American
Chemical Society
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The reaction of N2 reduction by nitrogenases can also be the first step in an enzy-
matic cascade that produces chiral amino acids at high reaction rates. Such chiral
amino acids are of great interest because they are often used as precursors in agricul-
tural and pharmaceutical industries and as chiral targeting aids and chiral synthons
in organic syntheses [8]. Bioelectrosynthesis of NH3 from N2 by nitrogenases is
therefore of great importance for the production of other value-added compounds.

3 Bioelectroreduction of CO2 by Redox Enzymes

Several value-added compounds, such as methane, methanol, and formate, and other
fuels can be produced from the catalytic reduction of CO2 [33, 34]. In particular,
formate has attracted attention because it is the first stable intermediary in the reduc-
tion of CO2 to methanol or methane and can also be used as a raw material in the
chemical industry as well as an intermediate in energy-conserving pathways. Further,
formate is non-flammable, non-toxic, and moderately inert. This offers significant
advantages in terms of its storage and transportation, specifically when compared to
other fuels with similar redox potentials, such as H2 [35].

Due to the high stability of CO2 molecules, significant efforts have been made to
develop catalysts to overcome the thermodynamic and kinetic challenges associated
with the chemical activation of CO2 [16, 36–38]. In addition, potential catalysts
show a satisfactory cost–benefit ratio. In this context, the use of redox enzymes
as biocatalysts has proven to be an interesting and promising strategy. Among the
enzymes capable of reducing CO2 to value-added products, formate dehydrogenase
(FDH) is most widely studied. This enzyme is abundant in nature and catalyzes the
interconversion of CO2 to HCOO− via two electrons [39]. FDHs can be classified as
either metal-dependent (MD) or metal-independent (MI) [40]. Most MI-FDHs are
stable in air and are active over awide pH range but are not inhibited or deactivated by
O2. However, their catalytic activity is lower than that of MD-FDHs, and they favor
the oxidation of HCOO− rather than the reduction of CO2 [1]. In addition, their
dependence on nicotinamide adenine dinucleotide phosphate oxidase (NAD(P)H)
limits enzyme immobilization at the electrode surface [41]. MD-FDHs are therefore
considered more suitable for reducing CO2 than MI-FDHs are.

MD-FDHs contain FeS clusters capable of transferring electrons to the active site
[42]. This active site contains a Mo or W atom coordinated to two molybdopterin
guanine dinucleotides (MGD), a selenocysteine residue (SeCys) or cysteine, and a
terminal sulfide ligand (=S/−SH) introduced by a chaperone, which is essential for
the activity of the enzyme (Fig. 5) [42].

The catalytic reduction of carbon dioxide by Mo-dependent FDHs occurs when
carbon dioxide binds to the reduced active site of the enzyme, while a protonated
sulfo group, Mo4+–SH, remains protonated. CO2 is then reduced through the direct
transfer of hydride from the protonated sulfo group of the reduced Mo center,
Mo4+–SH, producing formate andMo6+ = S. The reduction ofMo6+–Mo4+ completes
the catalytic cycle via the intramolecular transfer of electrons from another redox



Bioelectrosynthesis of Value-Added Compound Production 37

Fig. 5 Structure of an MD-FDH formate dehydrogenase obtained from Escherichia coli (EcFDH-
H, PDB ID: 1AA6). The essential metalloclusters are shown, i.e., the [Fe4S4] cluster and the active
site that contains a Mo atom coordinated by two molybdopterin guanine dinucleotides (MGD) and
a selenocysteine residue (SeCys). Atoms are colored as follows: S, yellow; Fe, orange; C, gray;
Mo, cyan; N, blue; and O, red. The image was generated with Chimera

center(s) before the formate is released (Fig. 6). Since the reduced Mo4+favors the
protonation of the sulfo group, the (Mo4+–SH) active site is subsequently regen-
erated (Fig. 6). In this mechanism, the CO2 binds to the same location as the
formate (in the reverse mechanism). Furthermore, arginine is conserved, anchoring
its oxygen atom(s) through hydrogen bonds, while orienting its carbon atom toward
the protonated sulfo ligand [33].

Despite a significant number of studies, the FDH mechanism to oxidize formate,
or reduce CO2, is still not fully understood [43]. One thing that is not clear at this
stage is if the SeCys group dissociates from themetal during catalysis, being replaced
by formate or CO2, or the metal coordination is maintained. This should be further
investigated [44].

Since inhibitor binding to the active site can provide important information about
metal coordination, the inhibition mechanism of FDH-H from Escherichia coli
(EcFDH-H, PDB ID: 1AA6) activity was subsequently investigated using protein
film electrochemistry. Previous studies have shown that formate oxidation is strongly
and competitively inhibited by the presence of N3

−, NO2
−, NO3

−, OCN−, and SCN,
while CO2 reduction is weakly and not competitively inhibited (Fig. 7). Since inter-
conversion betweenMo6+ = S andMo4+–SH occurs at the active site during catalysis,
the catalytic reactionmay be expected to be inhibited by the binding of an inhibitor to
the Mo6+ = S state. Overall, the clear relationship between inhibitor binding affinity
to the Mo6+ = S state and the electron-donating strength of the inhibitor suggests
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Fig. 6 Mechanism of CO2 reduction by Mo-dependent FDH

that the inhibitors or substrates bind directly to the metal center. This study there-
fore suggests dissociation of the selenocysteine ligand during catalysis [44]. These
results, indicating that these inhibitor agents can indeed inhibit the reverse reaction,
are important for the production of value-added compounds from CO2, since this
could ultimately lead to a higher efficiency of formate bioelectrosynthesis.

In addition to FDH from Escherichia coli, other Mo-dependent FDHs were also
shown to be able to interconvert CO2/formate when they were immobilized on
electrode surfaces. These FDHs included those obtained from Desulfovibrio desul-
furicans (DdFDH) [38], W-dependent FDHs from Syntrophobacter fumaroxidans
(Sf FDH) [42], Desulfovibrio vulgaris Hildenborough (DvH-FDH, PDB ID: 6SDV)
[45], andClostridium ljungdahlii (ClFDH) [46]. The enzymesClFDH [46],DdFDH
[47], and EcFDH-H [48] did show a preference for formate oxidation, with an asso-
ciated low reduction of CO2. Despite the low CO2 reduction, important information
regarding the enzymatic mechanism of FDHs was identified [47]. This included
confirmation that formate oxidation and CO2 reduction occur through the transfer of
a sulfo group hydride from either the oxidized or reduced Mo center, Mo6+ = S and
Mo4+–SH, respectively. The reduction potentials associatedwith theMo (VI/IV),Mo
(VI/V), and Mo (V/IV) pairs and the number of electrons involved in the catalysis
reaction were also determined [38].
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Fig. 7 a Inhibitor IC50 values as a function of substrate concentration. NO2
− was reduced by the

electrode and was omitted from the graph. N3−, black; OCN−, red; SCN−, blue; NO3
−, purple;

and NO2
−, orange. b Formate approaching a vacant coordination site onMo(VI) and a coordination

sphere where Se bonded with the Mo(VI) center. Reprinted with permission from [44]. Copyright
2021 American Chemical Society

FDH from Rhodobacter aestuarii (RaFDH), a newly discovered NAD-linked
enzyme that containsMo,was also evaluated forCO2 reduction and formate oxidation
along with its turnover rate [49]. Here, CO2 reduction by RaFDH was much more
efficient than formate oxidation. This is unprecedented for dehydrogenases formate,
as most enzymes show high rates of formate oxidation. The high CO2 reducing
efficiency of RaFDH combined with the less prominent inverse reaction of formate
oxidation present a promising strategy to obtain an efficient electro-enzymatic system
for the production of formate from CO2. RaFDH does however show lower turnover
rates for CO2 reduction than those of other enzymes. Sf FDH can, for instance, reduce
CO2 with a higher turnover rate than that of RaFDH, but its formate oxidation rate is
12 times than of CO2 reduction [42]. Currently, the major challenge for the practical
application of FDHs forCO2 reductionwould therefore be to combine a high turnover
rate for CO2 reduction with low rates of formate oxidation.
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4 H2 Gas Production by Hydrogenases

Another important bioelectrocatalytic process is the electrosynthesis of H2 fuel
from protons employing hydrogenases. Hydrogenase was first described in 1932
by Stephenson and Stickland [50]. This unique enzyme is known for catalyzing the
reversible production of H2 at low overpotential, with efficiency rates comparable to
Pt [17, 50]. Studies aimed at understanding its mechanism, and the optimization of
its use in the production of H2, employed strategies ranging from immobilization to
genetic engineering [51].

Depending on the metal present at the active site, hydrogenases can be classified
into three classes, namely FeFe hydrogenase, NiFe hydrogenase, and Fe hydroge-
nase. As may be expected, each of these classes shows different catalytic capac-
ities for H2 production [52]. NiFe hydrogenase bound to O2-tolerant membranes
tends to catalyze the oxidation of H2 and produce H2 under only acidic conditions
[53]. By contrast, FeFe hydrogenase produces H2 in neutral media and at a higher
turnover frequency. This is due to the gas access channel of FeFe hydrogenases
being significantly shorter than that of NiFe hydrogenases. Unlike NiFe hydroge-
nases, FeFe hydrogenases are not significantly inhibited by the accumulation of H2

[54]. However, FeFe hydrogenases are sensitive to reversible O2 inhibition, with
active sites potentially being degraded by light, posing limitations to practical appli-
cations [55]. In Fe-hydrogenases, H2 is activated only in the presence of a substrate
(meteniltetrahidro-metanopterina) [56]. Based on the catalytic activity and structure
of hydrogenases, a variety of biomolecular catalysts have been synthesized, aiming
to reproduce the active sites observed with hydrogenases, often achieving equal or
better catalytic efficiency [57–59].

As FeFe hydrogenases are able to produce H2 easier and under mild conditions,
as well as with a higher turnover frequency, these enzymes have been the focus
in most of the research conducted related to the bioelectrosynthesis of H2. FeFe
hydrogenases can catalyze the reversible interconversion of protons and electrons
intoH2, but generally catalyze the production of H2 [60]. Depending on their location
in the cell, hydrogenases will have different functions in microorganisms. Such an
example is periplasmic FeFe hydrogenase from Desulfovibrio desulfuricans (DdH),
which is involved in the uptake of H2. Here, protons resulting from the oxidation
of H2 generate a gradient across the membrane, which appear to be coupled with
ATP synthesis in the cytoplasm. By contrast, FeFe hydrogenase I from Clostridium
pasteurianum (CpI) is a cytoplasmic enzyme that accepts electrons from ferredoxin
and reduces protons to H2, to regenerate oxidized ferredoxin [61].

Despite some structural differences between FeFe hydrogenases found in different
organisms and their location in the microbial cell, all the studied FeFe hydrogenases
share a common architecture comprising several FeS cluster domains linked to the
catalytic H cluster domain [62, 63]. This H cluster domain is also common to all
FeFe hydrogenases and houses the active site. It consists of a cubane [4Fe–4S]
cluster linked to a [2Fe] unit, coordinated to five CN− and CO diatomic ligands as
well as a non-protein dithiolate ligand. The additional FeS cluster domains work
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toward coupling reversible H2 oxidation to the reduction or oxidation of external
electron donors/acceptors involved in various metabolic processes [61, 64].

Bioelectrosynthesis of H2 by hydrogenases can be performed by employing the
direct electron transfer (DET) mechanism, if the FeS cluster closest to the enzyme
surface (distal) is facing the electrode surface. This allows the transfer of electrons
between the FeS cluster and the electrode surface [65]. Most electrochemical studies
have shown that DET can be achieved by the direct adsorption of small amounts of
enzymes on the rough surfaces of carbon electrodes [66, 67]. The roughness of the
carbon surface enables a significant amount of enzymes to have a distal cluster close
to the electrode surface, facilitating electron transfer [68].

The two main limitations to the use of hydrogenases in practical applications are
their sensitivity toward high potential deactivation and oxygen inhibition. To solve
this problem, a multilayer polymer bioanode design has been proposed, where the
hydrogenase is protected from high potential deactivation and oxygen damage [69].
For instance,NiFehydrogenase fromDesulfovibrio vulgarisMiyazaki F (DvM-NiFe)
and NiFeSe hydrogenase fromDesulfovibrio vulgaris Hildenborough (DvH-NiFeSe)
were connected to a glassy carbon electrode using a viologen-modified polymer.
This polymer has a low redox potential and provided protection against high poten-
tial deactivation. The electrode was further covered with a bi-enzymatic protection
system against oxygen; the former consisted of oxidase and catalase enzymes trapped
in thematrix of the redox-silent hydrophilic polymer (Fig. 8).When this bioanodewas

Fig. 8 Schematic representation of the hydrogenase/horseradish peroxidase biofuel cell. Reprinted
with permission from [69]. Copyright 2021 American Chemical Society
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tested in aH2/glucose fuel cell, theO2 removal system, consisting of oxidase/catalase
enzymes, was fed with glucose. The glucose also acted as a reagent for the in situ
generation of H2O2 at the oxidase/horseradish peroxidase-based biocathode. This
fuel cell successfully obtained an open circuit reference voltage of 1.15 V, with up
to 530 μW cm−2 power densities at 0.85 V, even in the presence of O2 [69].

Some naturally occurring hydrogenases have a mechanism to protect against O2

attack, where they show a catalytically inactive state (Hinact) in the presence of O2,
which then prevents O2 binding. This Hinact state was originally identified in the
isolated form of the FeFe hydrogenase (DdH) from Desulfovibrio desulfuricans.
Although Hinact provides protection against O2 before the first reductive activation of
Hox (active state), after gaining catalytic activity, DdH does become sensitive to O2

again. Through the addition of sulfide under oxidizing conditions, an Hinact state for
DdH and some other FeFe hydrogenases can also be generated. FeFe hydrogenase
fromClostridium beijerinckiiCbA5H is the only enzyme currently characterized that
shows reversible Hinact, whereby it can be reduced back to the active state without
the addition of sulfide (Fig. 9). The X-ray structure of CbA5H, when exposed to
air, revealed that a cysteine residue, preserved in the local environment of the active
site (H cluster), directly coordinates with the substrate-binding site, preventing O2

Fig. 9 Schematic illustrating the O2-resistance of [FeFe]-hydrogenase CbA5H, with ROS being
reactive O2-species resulting from O2-activation. The green bar indicates an unknown protection
mechanism. Reprinted with permission from [70]. Copyright 2021, American Chemical Society
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binding [70]. It can therefore be concluded that the discovery of new enzymes and
strategies immobilization /bioelectrode design have allowed the use of hydrogenases
for efficient production of H2 without inhibition by O2.

5 Final Considerations

Significant advances have beenmade in the field of bioelectrosynthesis of both value-
added compounds and fuels in recent years. This is mainly due to the development
of new electrode materials and design along with an increased understanding of
the catalytic, electron transfer, and inhibition mechanisms. However, challenges in
achieving more robust bioelectrodes and improving the electron-transfer rate at the
enzyme/electrode interface should be still reached before practical applications in
large-scale industrial processes.
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69. Ruff, A., Szczesny, J., Marković, N., Conzuelo, F., Zacarias, S., Pereira, I.A.C., Lubitz, W.,
Schuhmann,W.: A fully protected hydrogenase/polymer-based bioanode for high-performance
hydrogen/glucose biofuel cells. Nat. Commun. 9, 3675 (2018). https://doi.org/10.1038/s41467-
018-06106-3

70. Winkler, M., Duan, J., Rutz, A., Felbek, C., Scholtysek, L., Lampret, O., Jaenecke, J., Apfel,
U.-P., Gilardi, G., Valetti, F., Fourmond, V., Hofmann, E., Léger, C., Happe, T.: A safety cap
protects hydrogenase from oxygen attack. Nat. Commun. 12, 756 (2021). https://doi.org/10.
1038/s41467-020-20861-2

https://doi.org/10.1021/acscatal.8b00708
https://doi.org/10.1039/C4FD00058G
https://doi.org/10.1021/nl070519u
https://doi.org/10.1021/ac301812s
https://doi.org/10.1038/s41467-018-06106-3
https://doi.org/10.1038/s41467-020-20861-2


Progress in Enzyme-Based Biofuel Cells

Graziela C. Sedenho

Abstract Oxidoreductases are highly specific and efficient biocatalysts, that can
be applied on electrochemical systems for green energy conversion, such as biofuel
cells. Thanks to the redox enzyme biocatalysts, biofuel cells can operate under mild
conditions of pH, temperature, and pressure. In this context, the present chapter
addresses recent aspects of application of enzymatic bioelectrocatalysis in biofuel
cells, including advances, issues, and challenges for real-world applications.

1 Introduction

Biofuel cells (BFCs) have gained great attention in the last decades, as they are
sustainable energy conversion systems and employ renewable catalysts, the redox
enzymes (oxidoreductases) [1]. Redox enzymes (oxidoreductases) are natural biocat-
alysts present in all living organisms on earth and are intrinsically related to the
metabolic energy obtention. Unlike the traditional inorganic electrocatalysts used in
energy conversion systems, redox enzymes are renewable, able to operate under mild
conditions of pH, temperature, and pressure, and showwide substrate scope and high
activity and selectivity [1–3]. These features become redox enzymes attractive biocat-
alysts for applications on several systems and devices, including bioelectrochemical
energy conversion systems, as BFCs [1].

Oxidoreductases have been employed as electrocatalysts in both electrodes of
BFCs: in the anodes to catalyze the electron transfer from the fuel to the electrode
surface, and in the cathodes to catalyze the electron transfer from the electrode
surface to the oxidant agent, usually molecular oxygen (Fig. 1) [1]. Remarkably, an
interesting application field of enzymatic BFCs is as energy sources of implantable
biomedical devices and self-powered biosensors. Among the oxidoreductases, the
most common classes of enzymes employed in BFCs as bioelectrocatalysts are
dehydrogenases, hydrogenases, and oxidases.
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Fig. 1 Representative scheme of an enzyme-based BFC

Dehydrogenases are able to catalyze the reversible hydride transfer reactions
between their coenzymes or cofactors, such as NAD, FAD, and quinone derivatives,
and a diversity of organic compounds, including alcohols, aldehydes, and sugars.
The most used dehydrogenases in the bioanodes of BFCs are alcohol dehydroge-
nase (ADH), glucose dehydrogenase (GDh), lactate dehydrogenase, fructose dehy-
drogenase, formate dehydrogenase, and malate dehydrogenase, which receive their
name according to the compounds (fuels) that are able to oxidize [4]. Hydrogenases
catalyze the reversible oxidation of molecular hydrogen into protons and electrons,
and have been efficiently employed as biocatalysts in bioanodes of H2/O2 BFCs
to replace the traditional platinum-based catalysts because of their high turnover
frequency and small overpotential [5]. Differently, oxidases have been extensively
employed as biocatalyst in both anodes and cathodes of BFCs. The most widely
enzyme used in bioanodes is glucose oxidase (GOD), which oxidates glucose into
gluconolactone [6], whereas multicopper oxidases (MCOs), especially laccase and
bilirubin oxidase (BOD), have been widely used in biocathodes for catalytic reduc-
tion of molecular oxygen into water [7]. The most exploited reaction in cathodes of
(bio)fuel cells is the molecular oxygen redox reaction (ORR), due to the wide avail-
ability of this oxidant agent in the nature. In this context, the present chapter, divided
by the types of enzymes, addresses recent and innovative aspects of enzyme-based
BFCs, including advances, issues, and challenges.

2 Alcohol Dehydrogenase-Based Bioanodes

ADH from Saccharomyces cerevisiae has been extensively used as anode catalyst of
innumerous ethanol/O2 enzymatic fuel cells, as it catalyzes the oxidation of ethanol
to acetaldehyde with the interconversion of NAD+ to NADH, as shown in Fig. 2a
[1]. In bioelectrochemical systems involvingNAD-dependent enzymes, the electrons
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Fig. 2 a Scheme of the bioelectrochemical oxidation of ethanol by ADH (PDB 4W6Z) and electro-
regeneration of NAD+. b Simplified mechanism of electron transfer between NADH and quinone-
functionalized carbon electrodes. Adapted with permission from Ali MA, Hassan A, Sedenho GC,
Gonçalves R V, Cardoso DR, Crespilho FN (2019) Operando Electron Paramagnetic Resonance for
Elucidating the Electron Transfer Mechanism of Coenzymes. J. Phys. Chem. C 123:16,058 –16,064.
Copyright 2019 American Chemical Society

generated by the fuel oxidation in the active site of the enzyme are shuttled to the elec-
trode surface through reduced coenzyme NADH. Therefore, the bioelectrocatalytic
performance of the bioanode is dependent on the efficient oxidation of NADH to
NAD+ on the electrode surface (Fig. 2a). In addition, the maintenance of the biocat-
alytic cycle also depends on the regeneration of the oxidized state of the coenzyme.
Therefore, the efficient electrooxidation of NADH to NAD+ is of particular interest
to researchers in the construction of high-performance bioanodes for BFCs.

In this context, many efforts have beenmade to achieve the electrochemical oxida-
tion of NADH at low overpotentials, to obtain BFCs with satisfactory cell voltage.
The use of redox polymer mediators is a common strategy to facilitate the fast
electron transfer between the NADH and the carbon-based electrode surface, not
only in bioelectrochemical systems involving ADH, but also other NAD-dependent
enzymes, such as glucose dehydrogenase. The redox mediator should be carefully
chosen, as it should provide low overpotentials for the electrochemical NAD+ regen-
eration [8]. Examples of redox mediators successfully used for this purpose are:
poly(methylene green) [9, 10], quinone-based polymer [11], viologen-based poly-
mers [12], and organometallic ruthenium compound [13]. Alternatively, the intro-
duction of oxygenated-functional groups and defects on the basal planes of the
carbon-based electrode surfaces by chemical pretreatment has demonstrated to be
a promising way to provide efficient NADH oxidation in ADH-based bioanodes.
The quinone-like structures on the carbon electrode surface formed by the chem-
ical oxidation enhance the electrooxidation of NADH [14, 15]. Electron param-
agnetic resonance spectroscopic measurements under electrochemical control have
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shown quinone groups on carbon electrode surface act as electrocatalysts toward the
oxidation of NADH to NAD+ (Fig. 2b), differently of redox mediators [15].

Ethanol is a very attractive fuel because is safe and renewable, shows very low
toxicity, has high energy density, and is easily and widely produced from fermen-
tation process. These features have contributed to the interest of several researchers
in developing ethanol BFCs. Recently, it was demonstrated the possibility to inte-
grate in situ ethanol bioproduction and oxidation into a single system for electricity
production. Glucose was used as a substrate for Saccharomyces cerevisiae produces
ethanol through fermentation, while ADH was used to catalyze the oxidation of
the in situ-generated ethanol to acetaldehyde, delivering electrons to the electrode
without redox mediators [16]. This work shows the concept that microorganisms and
enzymes can function cooperatively in a BFC, simultaneously taking advantage of
the microbial robustness and substrate flexibility, and the fast catalytic and electron
transfer kinetics of redox enzymes, without the need to use sophisticated procedures
[16]. Other advance in ethanol BFCs is the use of enzyme cascades for complete
ethanol oxidation for improving the power output. ADH was combined with alde-
hyde dehydrogenase in the bioanode for oxidation of ethanol to CO2, collecting up to
12 electrons per ethanol molecule [17]. However, despite the several improvements,
the main challenge of this approach is still the collection of all electrons released
during the complete fuel oxidation by the multistep cascade, to obtain maximum
faradaic efficiency and energy output.

3 Hydrogenase-Based Bioanodes

Since 2006purified hydrogenases have beenwidely exploited as biocatalyst in anodes
of H2/O2 enzymatic fuel cells due to their attractive features toward the oxidation of
dihydrogen [18]. Although hydrogenases are the most active biocatalyst for H2/H+

interconversion, the practical application of these redox enzymes in anodes of H2/O2

BFCs faces some issues, such as deactivation at high potentials and by reaction
with O2 during the BFC operation. The catalytic site of the [NiFe] is inactivated by
the formation of two oxidized states, Ni–A and Ni–B. Even the O2-tolerant [NiFe]
hydrogenases undergo inactivation by O2, forming a Ni–B state, however their Ni–
B active state is faster reestablished than the standard [NiFe] hydrogenases [19]. At
higher potentials, in direct electron transfer systems, the hydrogenases are inactivated
by the oxidation of the active site, leading to the formation of the inactive Ni–B state.
In this context, several strategies have been emerged to protect both [NiFe] and [FeFe]
hydrogenases from O2 and high-potential deactivation. Some interesting strategies
involve the blocking of O2 to the catalytic site or the conversion of O2 into a harmless
product [20].

Some studies have reported the use of viologen derivatives to prevent O2 to reach
the active layer of enzyme on the electrode surface and the high-potential inacti-
vation [21–23]. Thick redox viologen-based hydrogel films are able to react with
O2 producing water, protecting the hydrogenase from O2 damage and remaining the
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biocatalytic current quietly unaffected [21]. Additionally, the viologen hydrogel [21]
protects the enzyme to experience high potentials, as the active site will be submitted
only to the formal potential of the viologen, independently of the potential applied on
the electrode [21]. A similar effect was verified with viologen derivative covalently
attached to the electrode surface, and allows electrons to tunnel directly from the
enzyme to the electrode surface, even in the presence of the viologen layer [22].
More recently, thinner films based on viologen-modified dendrimers have shown to
prevent hydrogenase damage by O2, and do not require high load of enzyme nor
cause mass transport limitations, as observed in thicker films of redox hydrogel [23].
Theoretical calculations have recently shown the effect of enzymatic redox poly-
mers films on the penetration of O2, and suggested thinner films (ca. 6 µm) combine
excellent catalyst use, current, and long-lasting protection [24].

The advances in hydrogenase protection against high potential and O2 deactiva-
tion added to design engineering have significantly contributed to the development
of H2/O2 BFCs in recent years. For example, [NiFe] hydrogenase has been success-
fully used as biocatalyst in dual-gas breathing hydrogen/air membrane-free BFC,
reaching maximum power output of 3.6 mW cm−2 at 0.7 V, under anode-limiting
conditions. This was possible developing a bioanode consisting of a two-layer
system with a viologen-modified polymer-based adhesion layer and an active redox
polymer/hydrogenase top layer, as shown in Fig. 3 [25]. Also, several studies have
shown the use of viologen-based redox polymer to enable the use of highO2-sensitive
[FeFe] hydrogenase in gas-diffusion membrane-free H2/O2 BFC with outstanding
power densities and cell voltages close to the thermodynamic limit [26, 27].

4 Glucose Oxidase-Based Bioanodes

GOD has been extensively studied and applied as a biocatalyst in anode of glucose
BFCs due to its great ability to catalyze glucose oxidation. The development of
high-performance glucose BFCs is of great interest of bioelectrochemical and clean
energy fields, because glucose is a readily abundant and clean fuel, as well as, is
widely available in biological fluids and tissues of living organisms. Because of
that, some of the most promising and attractive applications of glucose BFCs are
on implantable devices and on self-powered biosensors [28, 29]. Such devices have
been developed for biomedical purposes, such to monitor health conditions in real-
time, to be integratedwith other devices harvesting energy to them, such pacemakers,
artificial organs, electrical stimulators, and wireless transmission systems to deliver
health parameters to an external device, or even for environment monitoring [30–
38]. In this sense, glucose BFCs have been implanted in rats, insects, crustaceans,
mollusks, and fruits.

The successful application of implanted glucose BFCs into living beings requires
miniaturized design, biocompatibility, as well as high energy density and stable
systems, as all other BFCs. It is evident that the application of GOD as biocatalyst
in glucose BFCs is only possible due to the development of strategies to overcome
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Fig. 3 Scheme of a gas-breathing redox polymer-based hydrogenase bioanode for protection
against O2 and high-potential deactivation. Reprinted from Szczesny et al. [25]. A gas breathing
hydrogen/air biofuel cell comprising a redox polymer/hydrogenase-based bioanode. Nat. Commun.
9: 4715. Copyright 2018, Springer Nature

the O2 competitive effect and the slow electron transfer rate that would drastically
harm the performance of the GOD bioanode, as discussed in a previous chapter.
In this sense, many efforts have been devoted to develop biocompatible, miniatur-
ized, membraneless glucose/O2 BFCs. A BFC without a membrane separating the
anodic and cathodic chambers is always desirable, because this component generally
increases ohmic resistance and the cost of the system, and becomes the miniaturiza-
tion of the device complicated [28]. Additional care must be taken with the use of
GOD to avoid production of toxic H2O2 in implantable and wearable BFCs, as O2

is always present in the atmosphere and in biological environments. In this sense,
the combination of GOD with catalase [30, 31, 39] and horseradish peroxidase [40]
immobilized on anode surface has shown to be effective to circumvent this issue
in implantable devices. Similar to catalase, polydopamine coating the electrode has
been used to catalyze the H2O2 decomposition [41].

The miniaturization of glucose BFCs for implantable or wearable applications is
an important aspect, as large-sized devices make the implantation process difficult or
even impossible, and may require too invasive surgery or cause excessive discomfort
to the living being. In this sense, pellet-type bioelectrodes with 0.5 cm2 and 1 mm
thickness were developed for implantation in the abdomen of a rabbit (Fig. 4a) [31];
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Fig. 4 a Bioelectrodes (top-left) and tele-transmission system (bottom-left) that were implanted in
the abdomen of a rabbit (right). Reprinted from Electrochim. Acta, 269, Ichi-Ribault S El, Alcaraz J,
Boucher F, Boutaud B, Dalmolin R, Boutonnat J, Cinquin P, Zebda A, Martin DK, Remote wireless
control of an enzymatic biofuel cell implanted in a rabbit for 2 months, 360–366, https://doi.org/10.
1016/j.electacta.2018.02.156. Copyright (2020), with permission from Elsevier. b BFC assembled
into a needle and inserted into an apple and a mouse. Adapted from Biosens. Bioelectron., 165, Yin
S, Liu X, Kobayashi Y, Nishina Y, Nakagawa R, Yanai R, Kimura K, Miyake T, A needle-type biofuel
cell using enzyme/mediator/carbon nanotube composite fibers for wearable electronics, 112,287,
Copyright (2020), with permission from Elsevier

a needly-type glucose-O2 BFC was assembled using the needle bioanode and O2-
diffusion biocathode to be partially inserted into abdominal cavity and heart of mice
and into fruits (Fig. 4b) [42]; a catheter-type BFC using flexible carbon fibers as
electrodes was implanted into the jugular vein of rat [35].

Several advances has been made in glucose BFCs, such as overcoming the O2

competitive effect, improving the electron transfer rate of enzymes, the power output,
and the biocompatibility, and miniaturizing systems, however, achieving consider-
able long-term stability is still a challenge, as enzymes usually lose their catalytic
activity over time. Some biomedical implantable devices, especially pacemakers and

https://doi.org/10.1016/j.electacta.2018.02.156
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artificial organs, require stable glucoseBFCsover years to avoid surgeries for replace-
ments. Therefore, many advances must be performed to reach long-term stability and
enable those practical applications in humans.

5 Multicopper Oxidases-based biocathodes

MCOs, particularly laccase and BOD, are able to reduce O2 to water at small over-
potentials and without generation of any toxic intermediate, because of that they
have been extensively employed as biocatalysts in cathodes of BFCs, [7]. The ORR,
widely used in cathodes of both traditional fuel cells and BFCs, shows twomain limi-
tations: (1) the low solubility ofO2 in aqueous electrolytes, approximately 0.25mmol
L−1 at room temperature and atmospheric pressure; (2) the slow diffusion of O2 into
aqueous electrolytes, which leads the reaction to be limited by the mass transport of
O2 to the electrode [43]. Usually, the slow diffusion of O2 toward the electrode repre-
sents the bottleneck of the ORR. These two facts are the most significant causes of
inefficiency in commonBFCs, therefore several studies in recent decades have aimed
to overcome this limitation.

To overcome these limitations related to gaseous substances, gas diffusion elec-
trodes (GDE) have emerged. This type of electrode has been successfully used in
fuel cells with a proton exchange membrane [44, 45] and, more recently, in the
development of biocathodes with laccase and BOD for O2 reduction [46–49]. GDEs
are porous electrodes installed in a way that one side faces the electrolyte and
the other side faces the gas phase. For that, they should be mainly composed of
a hydrophobic layer (or gas diffusion layer) and a catalytic layer and provide a large
three-phase boundary surface. The hydrophobic layer is usually formed by a mixture
of carbon materials, such as carbon nanotubes and carbon nanoparticles, and binders
for constructing a mesoporous structure with high porosity, gas permeability, and
electrical conductivity, and that should prevent the electrolyte solution leakage. The
catalytic layer contains the immobilized redox enzyme and, if necessary, redox poly-
mers or hydrogels can be used in this layer [43]. Sometimes, a basement can be used
to support the catalytic and the hydrophobic layers, for example, carbon cloths, felts,
and papers.

In this sense, combining the advantages of GDE and an efficient biocatalyst, such
as BOD, properly immobilized on the catalytic layer surface, high-performance
biocathodes for ORR can be achieved to be used in BFCs. Electrode engineering
and studies of enzyme immobilization have significantly contributed to BOD-based
GDEs with higher current densities and satisfactory operational stability, which are
desirable for practical application in BFCs. The immobilization of BOD on carbon
nanotubes [50, 51] or carbon black [52, 53] has provided increased gas permeability
and biocatalytic current densities higher than 10 mA cm−2 toward ORR in absence
of redox mediator and in pH 5, value close to the optimal pH for the enzyme activity.
In conditions similar to physiological environment, i.e., pH 7.0–7.2, O2 reduction
current densities higher than 1 mA cm−2 have been reported with BOD immobilized
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on carbon nanotubes [42, 54–56], modified carbon cloth [57], and carbon nanopar-
ticles [58]. Concerning operational stability, the incorporation of BOD into a gel
matrix based on Nafion and glutaraldehyde have been reported to create a suitable
microenvironment for long-term stability under continuous operation combined with
satisfactory catalytic current without redox mediator, as shown in Fig. 5 [58].

Fig. 5 aSchemeofORRonagas diffusionbiocathodebasedonBODincorporate in a biogelmatrix.
b Electrochemical performance of the biocathode and stability under, c operation and d open circuit
potential (OCP) at pH 7.2, 25 °C, under atmospheric condition. Reprinted from J. Power Sources,
2021, 482, Sedenho GC, Hassan A, Macedo LJA, Crespilho FN, Stabilization of bilirubin oxidase
in a biogel matrix for high-performance gas diffusion electrodes, 229,035. Copyright (2021), with
permission from Elsevier
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6 Final Considerations

In recent decades, research in BFCs has made great progress, mainly involving the
understanding of biocatalytic and electron transfer mechanisms, as well as develop-
ment of more attractive enzyme immobilization methods for overcoming or mini-
mizing inactivation processes and improving the operational stability of bioelec-
trodes, which impact the practical application of BFCs. In addition, electrode engi-
neering and cell designing have contributed to achieve systemswith enhanced perfor-
mance and enabled some practical applications of BFCs in laboratory scale. Despite
several advances in this field of the bioelectrochemistry, many crucial problems
should be urgently and definitely solved for BFCsmoving from fundamental research
to some real-world applications. The still unsatisfactory efficiency and stability are
the common limiting factors for large-scale application of BFCs. Apart from the
mentioned problems, the intrinsic fragility of enzyme catalyst out of its natural
environment is also a key but often neglected problem.
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Bioinspired Batteries: Using
Nature-Inspired Materials in Greener
and Safer Energy Storage Technologies

Thiago Bertaglia, Luana Cristina Italiano Faria,
José Eduardo dos Santos Clarindo, and Frank N. Crespilho

Abstract Thewidespread use of fossil-based energy sources has led to serious envi-
ronmental problems, including the greenhouse effect. There is currently an intense
search underway to find sustainable ways to generate and store energy and replace
fossil fuels. Researchers are actively developing alternatives that are based on natural,
biological structures or processes. This worldwide process effort is known as bioin-
spiration. In this context, quinone and flavin derivatives, which resemble the active
molecules in bioenergetic cycles, have been successfully applied in energy-storage
devices such as redox flow batteries. These compounds undergo fast reactions, are
composed of Earth-abundant elements, and are inexpensive; thus, they can accelerate
the advancement of reliable and green energy-storage technology. Furthermore, the
need for less invasive andmore comfortable approaches tomedical care has led to the
development of implantable, ingestible, and wearable electronic devices. However,
current power sources do not meet the safety and structural requirements of these
devices. Bioinspired materials, such as biopolymers, have been extensively explored
to produce flexible and smart hydrogels, which can replace liquid electrolytes, and
allow the construction of user-friendly, flexible batteries. Hence, recent advance-
ments related to the use of bioinspired materials in battery design and fabrication are
discussed in this chapter.

1 Introduction

There is currently an urgent need for novel energy-storage devices (ESDs) in a
diverse range of technologies. ESDs are required at every size scale, both large
and small. At the larger end of the scale, new approaches are needed to address
concerns with intermittent renewable energy sources that include solar and wind
power. Intermittency can lead to energy shortages that cause human and economic
losses [1, 2]. At the smaller end of the scale, the next wave of healthcare-related
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electronics will obtain physiological data in ways that are minimally invasive and
convenient to the user [3]. These aims cannot be achieved using the current rigid
power sources, which makes it imperative to develop wearable and flexible ESDs [4,
5]. Thus, researchers are devising strategies to overcome these challenges as well as
promote sustainable development on a global basis.

Over billions of years, nature has developed complex processes and hierar-
chical materials to address the needs of living organisms [6]. Bioenergetic trans-
formations reach their pinnacle in cellular respiration and photosynthesis pathways.
These complex pathways use organic molecules, including quinones and flavins, to
capture and store energy from the oxidation of small organic molecules and sunlight,
respectively [7–9]. Both of these magnificent processes provide a rich treasure-trove
for investigators in energy-storage-related fields seeking ideas and alternatives for
designing new technologies. At the structural level, nature has countless examples
of biopolymers, such as gelatin, chitin, and alginate, which are interesting alterna-
tives for the production of biocompatible, biodegradable, and cheap hydrogels [10].
These soft materials possess flexibility, can achieve high conductivity, and are less
prone to leakage, thus meeting the safety and structural requirements of the latest
electronic devices [4, 11]. This chapter will cover the recent bioinspired approaches
used in the energy-research field. The application of bioinspired molecules in redox
flow batteries is reviewed. Finally, the use of natural hydrogels to produce a new
generation of aqueous batteries is also discussed.

2 Redox Flow Battery

Redox flow batteries (RFBs) are electrochemical systems capable of converting elec-
trical energy into chemical energy that is stored in tanks outside the electrochemical
cell. The full assembly is composed of an electrochemical cell, storage tanks, and
pumps to circulate the electrolyte. Figure 1a shows the components of the elec-
trochemical cell, which include endplates, current collectors, graphite flow fields,
gaskets, electrodes, and a membrane. Cell function is initiated by pumping the elec-
trolyte from the storage tanks, which brings the active compounds into contact with
the electrodes surfaces, where the electrochemical reactions occur (Fig. 1b). The
gasket prevents electrolyte leakage and the membrane prevents electrolyte mixing
[12].

RFB systems may be classified according to the nature of the active compound,
solvent, and physical state of the electrodes. The active compounds employed can be
inorganic and organic, for example, in vanadium- and quinone-based RFBs, respec-
tively. The solvent used to carry the active compounds to the electrode surface is
either aqueous or non-aqueous, and both types of solvent can be applied in organic
and inorganic RFBs. The active compounds can be in one or two physical states:
dissolved in the electrolyte or loaded on the electrode surface. In a hybrid flow
battery (HFB), one of the compounds is on the electrode [13, 14]. Figures 1b, c show
the two different approaches.
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Fig. 1 a Illustration of RFB hardware with cell stack components. b Schematic representation of a
redoxflowbattery. cSchematic representation of a hybrid flowbattery.Amaterial is electrodeposited
on the electrode when charging the battery

RFBs have a flexible modular design, moderate maintenance costs, excellent scal-
ability, and a long life cycle [15], which makes them a promising solution for the
intermittency issues of natural energy sources, such as wind, solar, and tides. Vana-
diumRFBs (VRFBs)were thefirst to be explored commercially [16]. This technology
uses active vanadium compounds in highly acidic electrolytes (3–4 mol L−1 H2SO4)
that are present on both sides of the battery, with vanadium in all four redox states
[17]. Despite their high reversibility and stability, vanadium salts have a high cost,
are toxic, can precipitate at both high and low temperatures [18], and have reduced
solubility at high acid concentrations [19]. These drawbacks hinder the widespread
implementation of the VRFB technology.

Some alternatives to vanadium compounds have been extensively studied.
Aqueous organic RFBs (AORFBs) use soluble organic compounds that undergo
reversible electrochemical reactions. This type of battery has received much atten-
tion during the last two decades. Organic molecules are composed of Earth-abundant
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elements, may be safe to use, have a potentially low cost [20–23], and can be conve-
niently changed by inserting donor and withdrawn groups [24, 25]. Some examples
of organic/organometallic compounds that have been employed are quinone deriva-
tives [26–33], viologen radicals [34–38], nitroxide radicals (4-HO-TEMPO) [34,
38–40], flavin derivatives [41, 42], and ferrocene derivatives [36, 37]. Among these
compounds, quinones and flavins play a key role in biological energy-conversion
systems and are promising active compounds for AORFB production. The following
section discusses the latest advancements in quinone- and flavin-based AORFBs.

2.1 Quinone-Based Aqueous Organic Redox Flow Battery

Quinones are one of the most important and well-studied examples of organic redox
couples. They are widespread in nature and are part of the electron transport chain
involved in cellular respiration and photosynthesis, for example, ubiquinone and plas-
toquinone, respectively [7, 43]. Additionally, numerous applications for this type of
molecule have been found, including tinctures, and as oxidizing and reducing agents
in industrial and laboratory-scale chemical syntheses [43]. Quinones are classified
according to the number of aromatic rings (Fig. 2): benzoquinonewith one ring, naph-
thoquinone with two rings, and anthraquinone and phenanthrenequinone with three
rings. The structural diversity of quinones allows for electrochemical adaptation,
enabling the construction of sustainable ESDs [44].

Quinone molecules have been employed in RFB development since 2009, when
Xu et al. [45] reported an HFB using a chloranil-carbon black composite as the
cathode and electrodeposited cadmium as the anode. About a year later, the same
researchgroup reported anHFBusing1,2-benzoquinone-3,5-disulfonic acid (BQDS)
as the positive active compound and a lead plate as the negative active material [46].
These seminalworks presented the possibility of building flowbatteries using organic
molecules, both on the electrode surface and in solution, and created this new research
field. Currently, there is a large demand for highly soluble quinone derivatives that
can enhance the battery volumetric capacity and power density [47].

The stability of BQDS in acidic media has been extensively studied by Yang
et al. [27]. To this end, the authors developed an all-organic aqueous RFB using
BQDS as the cathode and anthraquinone-2-sulfonic acid (AQS) as the anode, with
both dissolved in 1 mol L−1 H2SO4 electrolyte. They found that due to the fact that
BQDShas sulfonic acid groups in its structure, there is stabilization by intramolecular
hydrogen bonding, because benzoquinone has a solubility of 0.1 mol L−1, while
BQDS, which has two sulfonic groups, has a solubility of 1.7 mol L−1. This cell
showed a capacity-retention rate of 90% at 10 mA cm−2 for 12 cycles. In 2016, new
studies were conducted using BQDS and 9,10-anthraquinone-2,7-disulfonic acid
(AQDS) [48]. The authors employed the NMR technique and proved that BQDS
exhibits several chemical and electrochemical transformations during battery cycling
and undergoes a Michael reaction. This study demonstrates the necessity of AQDS
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Fig. 2 Different types of quinones and their structures

concentrations that are three times higher than that of BQDS. This battery achieved
a coulombic efficiency (CE) of 100% over the course of 100 cycles.

Huskinson et al. [20] reported a high power-density battery that couples theAQDS
and Br2/HBr redox pair under acidic conditions. Cycling studies at 0.2 A cm−2 at
50% state of charge (SOC) resulted in reproducible cycles with a current efficiency
close to 95%. At a current density of 0.5 A cm−2 and a cut-off voltage of 0 V and
1.5 V, the discharge capacity retention was 99%. Furthermore, the polarization and
power curves for SOCs ranging from10 to 90%display an increase in the open-circuit
voltage (OCV) and peak power densities from 0.69 V to 0.92 V, and 0.246 W cm−2

to 0.600 W cm−2, respectively.
Lin et al. [23] reported an adaptation to an alkaline battery, where bromine

was replaced with the non-toxic K4[Fe(CN)6] complex, and anthraquinone was
functionalized with hydroxyl groups. This approach expanded the battery voltage.
The cell was assembled by coupling 2,6-dihydroxyanthraquinone (2,6-DHAQ) and
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K4[Fe(CN)6] in the negative and positive chambers, respectively. The Pourbaix
diagram depicted that 2,6-DHAQ undergoes two-proton two-electron reaction until
it reaches pH 12. Above this pH, there is no potential changing since the reduc-
tion species were produced in their fully deprotonated form. The charged battery
showed an OCV of 1.2 V at 50% SOC and a peak galvanic power density exceeding
0.4W cm−2 in a power curve. Galvanostatic charge/discharge cycles were conducted
with a current density of 0.1 A cm−2 for 100 cycles, resulting in current and energy
efficiencies of 99%and84%, respectively. In addition, the battery exhibited a capacity
fade of 0.1% per cycle over 100 cycles.

Because of the increasing interest in quinones for RFB applications, a theoret-
ical study covering approximately 50 anthraquinone derivatives was carried out
by Bachman et al. [25]. They performed density functional theory calculations to
determine electrochemical properties, including the substitution effect for electron
acceptor and withdrawing groups, redox windows, and free solvation energy. The
study showed that substitution by electron donor groups improves the anthraquinone
reduction window, with adequate oxidative stability; this is useful for designing new
active redox compounds.

Recently, Lee et al. [26] reported an alkaline RFB that uses a mixture of
naphthoquinones. The negolyte comprised of a mixture of a sodium salt of
1,2-naphthoquinone-4-sulfonic acid (NQ-S) and 2-hydroxy-1,4-naphthoquinone
(Lawsone). K3[Fe(CN)6], was used as the posolyte. Thismixture of naphthoquinones
showed a higher solubility in KOH (1.26 mol L−1 in 1 mol L−1 KOH) than in indi-
vidual studies of 0.42 mol L−1 and 0.83 mol L−1 in 1 mol L−1 KOH for Lawsone and
NQ-S, respectively. This increase is because NQ-S releases the hydrophilic sulfite
(–SO3

2−) group during the transformation, and it can form polar-polar interactions
with organic species and KOH electrolyte. This battery, with 0.6 mol L−1 NQ-SO
(mixture of NQ-S and Lawsone) and 0.4 mol L−1 K4[Fe(CN)6] has a voltage of
1.01 V, with a discharge capacity of 22 Ah L−1 at 70% SOC. When the NQ-SO
concentration was increased to 1.2 mol L−1, the discharge capacity increased to 40.3
Ah L−1 at 83% SOC.

Two new synthetic anthraquinones based on 9,10-dihydroanthracene were devel-
oped for use on the negative side of an RFB. 3,3′-(9,10-anthraquinone-diyl)bis(3-
methylbutanoic acid) (DPivOHAQ) and 4,4′-(9,10-anthraquinone-diyl)dibutanoic
acid (DBAQ) were each paired with K4[Fe(CN)6] at pH 12 [49]. DBAQ had a solu-
bility of 1 mol L−1, and DPivOHAQ had a solubility of 0.74 mol L−1. The full cell
exhibited a capacity fade rate of 0.0084% per day with DBAQ, and 0.014% per day
with DPivOHAQ (Fig. 3a). Furthermore, when DPivOHAQ was exposed to air, and
the pHwas increased to 14, the cell had a capacity fade rate of 0.0018% per day. This
equates to a record low-capacity fade rate of 0.66% per year (Fig. 3a). This change in
capacity fade rate with increasing pH was attributed to anthrone formation because
an increase in the hydroxide concentration can suppress the formation of anthrone,
beyond its exposure to air, and can convert back to anthraquinone. Figures 3b, c show
the charge–discharge voltage curveswith 0.5molL−1 DPivOHAQ-K4[Fe(CN)6], and
indicate a steep profile followed by a short horizontal segment. It was possible to
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Fig. 3 Cycling performance of DPivOHAQ at pH 12 and 14. a CE and discharge capacity versus
time and cycle number for a full cell. After approximately 16 days of cycling, DPivOHAQ was
exposed to air and the pH of all electrolytes was adjusted to 14 before cycling for another 16 days. b
Charge–discharge voltage profile of DPivOHAQ from selected cycles at pH 12 in Fig. 3a. cCharge–
discharge voltage profile of DPivOHAQ from selected cycles at pH 14 in Fig. 3a. Reprinted from
Chem, v.6, Wu, M. et al., Extremely Stable Anthraquinone Negolytes Synthesized from Common
Precursors, p. 1432–1442, Copyright (2021), with permission from Elsevier

conclude that the electrolyte has approximately 4.5% inactive material, because the
horizontal segment ends at 95.5% of the theoretical capacity.

In situ electrosynthesis was conducted by oxidizing a water-soluble anthracene
in anthraquinone without the use of oxidants or catalysts, producing the anolyte
DPivOHAQ and K3[Fe(CN)6] as a catholyte [50]. This is a promising approach
because it does not use hazardous materials or require further product purification,
which lowers the cost and environmental impact. A charge–discharge test for a single
cycle resulted in an OCV equal to 1.0 V, and a capacity of 84 C. Then, 2271 cycles
were performed over 33.2 days, with a fade rate of 0.014% per day and CE of
99.53%.The low fade ratewas due to the chemical stability of themolecular structure.
Therefore, the two branched methyl groups on the anthraquinone core increased the
stability of the solubilizing chain. Furthermore, there is a C–C covalent bonding
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between the anthraquinone core and the functionalizing chains that is more robust at
a high pH and elevated temperature.

The influence of the structure of carbon-based electrodes on the electrochemical
kinetics of quinones was studied by Sedenho et al. [51]. Glassy carbon (GC), highly
ordered pyrolytic graphite (HOPG), and high-edge-density graphite (HEDGE) were
chosen as electrode materials because of the different degrees of defects in their
structures. Among the three materials, HEDGE presented the highest degree of
edge defects, followed by GC, which presented fewer defects, and HOPG, which
had almost no defects. Furthermore, the authors employed four quinone derivatives,
namely frog quinone (FQ), crab quinone (CQ), BQDS, and Alizarin Red S (ARS),
which can be used as a cathode, or in symmetric batteries.

Figure 4 shows the electrochemical behavior of the four quinones studied. All
quinones displayed reversible cyclic voltammograms (CV) using the HEDGE elec-
trode, which does not occur with the HOPG and GC electrodes. Furthermore, the
CV for HEDGE suggests an electrochemical process that was controlled by adsorbed
species on the electrode surface. For instance, the CV of CQ using the HOPG elec-
trode shows a broad oxidation peak and a major reduction peak, with a peak sepa-
ration (�Ep) of 570 mV, which means there is a quasi-reversible reaction. With the
GC electrode, the CV for CQ shows a broad oxidation and reduction peak, with a
smaller �Ep (330 mV). Conversely, the CV of CQ on the HEDGE electrode has
well-defined oxidation and reduction peaks, with an �Ep of 30 mV, which indicates
a reversible reaction controlled by adsorbed species on the electrode surface. Addi-
tionally, the CV for ARS shows remarkable differences. GC and HOPG electrodes
exhibit similar electrochemical behavior, with a quasi-reversible redox pair at lower
potential (approximately −0.20 V) attributed to the 9,10-quinone moiety. Also, the
reactions of the 3,4-dihydroxyl groups occur only during the oxidation wave and
are considered irreversible. In contrast, the CV of ARS using the HEDGE electrode
suggests reversible electrochemical processes at both low and high potentials, with
�Ep values of 21 and 11 mV, respectively. These results demonstrate the effects of
the electrode structure on the electrochemical behavior of the quinones [51].

To understand the electrochemical behavior of HEDGE, its structure was evalu-
ated using spectroscopic measurements and theoretical calculation. Ramanmeasure-
ments showed that HEDGE presents a highly-defective structure, because the ID/IG
ratio of this electrode was 0.45, which is much higher than the ID/IG ratio for HOPG
(0.09). Additionally, X-ray photoelectron spectroscopy indicated the presence of
oxygenated groups on the HEDGE surface in the form of hydroxyl, ether, and
carbonyl functional groups. This structure was further simulated through molecular
dynamics, and the role of the defects in the quinone-electrode surface interaction was
evaluated. The results show that quinonemolecules interact with HEDGE via van der
Waals forces (Fig. 5), mainly between the carbon atoms of the carbonyl moieties and
the heteroatoms present in the chemical structures of the quinones, such as nitrogen
(FQ and CQ) and sulfur (ARS and BQDS). Therefore, the authors concluded that
the highly-defective structure of HEDGE and the functional groups present on its
surface stabilize the quinone derivatives, which favors their electrochemical kinetics
[51].
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Fig. 4 Cyclic voltammograms for a CQ, b BQDS, c FQ, and d ARS at acid media using GC,
HOPG, and HEDGE electrodes. Reprinted (adapted) with permission from Ref. [51]. Copyright
2021 American Chemical Society

2.2 Flavin-Based Redox Flow Battery

Another interesting class of organic molecules used in bioinspired batteries is flavins
(Fig. 6), which act as a cofactor in several enzyme-catalyzed biological reactions
[9, 52]. Flavins are heterocyclic compounds that can undergo a redox reaction by
transferring one or two electrons and reactingwith oxygen,which includes the forma-
tion of adducts [53, 54]. Riboflavin, which is composed of an isoalloxazine unit, is
vitamin B2 [52]. Furthermore, in addition to the basic structure of riboflavin, flavin
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Fig. 5 Molecular dynamics simulations of the quinone-HEDGE interaction for a FQ, b CQ, c
BQDS, and d ARS. The gray, yellow, red, and blue spheres denote carbon, hydrogen, sulfur, and
oxygen atoms, respectively. Reprinted (adapted) with permission from Ref [51]. Copyright 2021
American Chemical Society

Fig. 6 Chemical structure of flavin

mononucleotide (FMN) and flavin adenine dinucleotide are also formed by the planar
isoalloxazine ring [42]. This type of organic compound is versatile because of the
various redox states that the flavin ring can adopt [52], and it can be dissolved in
water, fat, blood, as well as in biological systems [42]; thus, flavins are promising
materials for bioinspired-RFB development.

Orita et al. [42] developed a bioinspired aqueousRFBusingflavinmononucleotide
sodium salt (FMN-Na) as the negative electrolyte and K4[Fe(CN)6] as the positive
electrolyte. Although FMN-Na has the highest hydro solubility compared to other
flavins, nicotinamide was used as a hydrotropic agent in its electrolyte to further
increase its solubility. This high solubility is due to FMN-Na having a higher polarity
in alkaline solutions than in acidic or neutral solutions. The polarity is caused by the
large negative charge (FMN3−), resulting in the most stable solvated state by water.
The half-cell study showed that FMN-Na responds better in alkaline media, since
the CV displayed higher current densities and lower peak separations.
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The electrochemistry of the battery was tested at both low and high concentra-
tions. First, the RFB was assembled using 0.06 mol L−1 FMN-Na and 0.1 mol L−1

K4[Fe(CN)6] in 1 mol L−1 KOH, which gives a theoretical capacity of 1.34 Ah L−1.
The charge–discharge curves were obtained in galvanostatic mode using current
densities of 5, 10, and 20 mA cm−2. Figure 7a shows the obtained results. The initial
discharge capacity at 10 mA cm−2 was 1.31 Ah L−1, which is close to the theo-
retical value. Figure 7b shows the 1st, 100th, and 200th cycles of the galvanostatic
charge–discharge measurement at 10 mA cm−2. Over 200 cycles, stable discharge
capacities and an increase in CE were observed (Fig. 7c). However, there are two

Fig. 7 Electrochemical performance of an RFB assembled with 0.1 mol L−1 K4[Fe(CN)6] and
0.06 mol L−1 FMN-Na in 1 mol L−1 KOH. a Charge–discharge curves at 5, 10, and 20 mA cm−2.
b Charge–discharge at 1st, 100th, and 200th cycles at 10 mA cm−2. c Discharge capacity and
coulombic, voltaic, and energetic efficiencies for the assembled K4[Fe(CN)6]/FMN-Na RFB at
10 mA cm−2. Reproduced with permission from Ref. [42] with the copyright of Springer Nature
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plateaus, at 1.15 and 1.50 V, in the load curve, which suggests a reduction of the
FMN-Na monomer and dimer.

Then, the concentration of the electrolytes was increased, and a new RFB was
studied, using 0.4 mol L−1 K4[Fe(CN)6] in 1 mol L−1 KOH and 0.24 mol L−1

FMN-Na and 1 mol L−1 nicotinamide in 1 mol L−1 KOH. The charge–discharge
profile (Fig. 8a) was analyzed at current densities of 10–80 mA cm−2. The two
charge plateaus previously observed were only seen at 10 and 25 mA cm−2. Thus,
lower charge capacities were observed at higher current densities. The initial capacity
obtained at 25 mA cm−2 was 5.03 Ah L−1, which is close to the theoretical value for
the RFB (5.36 Ah L−1). Charge–discharge curves, cycling discharge capacities, and
efficiencies were obtained over 200 cycles, lasting 76 h at current densities of 50 and
80 mA cm−2 (Fig. 8b, c). Figure 8c shows that 99% of the discharge capacity was
retained after 100 cycles, and the CEwas greater than 99% at 80mA cm−2. Figure 8d
shows the power curve, indicating a peak power density equal to 0.16 W cm−2 at 0.3
A cm−2, which is greater than that of the VRFB (0.12 W cm−2 at 0.15 A cm−2).

Orita et al. [42] proposed that resonance structures in the reduced state allow for
stable redox cycle performance. They also project new studies with other positive
electrolytes that have even greater solubility in water. They concluded that FMN-Na
is a promising active material for RFBs, in part because it is highly abundant, and
not harmful to the environment.

Another study using flavin derivatives was published by Lin et al. [41]. It reported
alloxazine-based, meaning a tautomer of the isoalloxazine structure of vitamin B2,
active material on the negative side and a mixture of K4[Fe(CN)6]/K3[Fe(CN)6] on
the positive side. However, because alloxazine has low solubility, the alloxazine core
was functionalized with an alkaline-soluble carboxylic acid group by reacting o-
phenylenediamine-4-carboxylic acid with alloxan to produce an isomeric mixture of
alloxazine 7/8-carboxylic acid (ACA). Then, an aqueous RFB was assembled using
0.5 mol L−1 ACA as a negative electrolyte and 0.4 mol L−1 K4[Fe(CN)6]+ 40 mmol
L−1 K3[Fe(CN)6] as a positive electrolyte; both electrolytes were adjusted to pH 14
in KOH. This cell had an OCV of 1.2 V. Looking at the polarization curve, it is
possible to observe a peak power density of 0.35W cm−2 at a current density of 0.58
A cm−2. Additionally, after 400 cycles, a current efficiency of 99.7% at 0.1 A cm−2

was achieved; however, the energy efficiency is only 63% (presumably due to an
increase in system resistance), while the capacity-retention rate is greater than 91%.
Therefore, considering new systems, they simulated, through theoretical modeling,
two other molecules, also derived from alloxazine, which indicates an additional
increase of almost 10% in the battery voltage. Thus, these bioinspired molecules
offer a promising avenue for the development of AORFBs.
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Fig. 8 Electrochemical performance of an RFB assembled with 0.4 mol L−1 K4[Fe(CN)6 and
0.24 mol L−1 FMN-Na in 1 mol L−1 KOH and 1 mol L−1 NA. a Charge–discharge curves at 10,
25, 50, and 80 mA cm−2. b Charge–discharge curves at 1st and 100th cycles at 50 mA cm−2,
and 110th and 200th cycles at 80 mA cm−2. c Discharge capacity and coulombic, voltaic, and
energetic efficiencies over 200 cycles. d Cell voltage vs current density vs power density for a high
concentration of K4[Fe(CN)6] / FMN-Na RFB. Reproduced with permission from Ref. [42] with
the copyright of SpringerNature
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3 Bioinspired Electrolytes: Using Biopolymers to Produce
Greener and Safer Electrolytes

Wearable, ingestible, and implantable devices are currently at the cutting-edge of
research and are applicable to many areas of technology, including healthcare [5,
55]. Although these technologies present many advantages, there is a lack of reliable
and safe energy-storage components that meet the requirements of these devices
[5]. Lithium-based batteries and silver-silver oxide are currently most often used
as power sources in these devices, but they present concerns that include gastric
juice pH enhancement [55, 56], toxic electrolyte leakage [57], and skin burning [58].
Thus, the development of reliable and safe batteries is an important step in the further
development of these technologies.

Hydrogels are defined as 3D cross-linked networks capable of absorbing water
without dissolving, and exhibit viscoelastic rheological behavior [59, 60]. Figure 9a
depicts the basic structure of a hydrogel, where the blue chains represent the polymer
chains, and the red dashed lines represent the cross-linking interactions between
them. These materials possess unique characteristics, such as high water content and
mechanical stability, and can achieve high conductivities, which makes them appro-
priatematerials for the next generation of aqueous batteries [61]. Furthermore, the use
of semi-solid electrolytes allows manufacturing power sources with different shapes,
which is an essential requirement for emerging technologies, but is not feasible for
current rigid batteries [5, 62].

Fig. 9 Illustration of hydrogelmicrostructure and some of its classifications. aBasicmicrostructure
of a hydrogel. b and c classification according to the origin of the polymer (or monomer) and the
number of polymers used in the hydrogel synthesis, respectively. d Classification according to the
interaction of different polymer matrixes
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There are many ways to classify hydrogels according to their structure, polymer
origin, and function [60, 61, 63, 64]. As to the origin of the polymers (or monomers)
applied in the synthesis procedure, hydrogels can be natural-derived, synthetic, or
hybrid, when a combination of natural and synthetic is used (Fig. 9b) [61, 63]. Exam-
ples of natural, synthetic, and hybrid hydrogels include gelatin [65], polyacrylic
acid (PAA) [66], and carboxymethyl cellulose with polyethylene oxide networks
[67]. Homopolymeric hydrogels are produced using only one polymer, copolymeric
uses two different polymers, and multipolymeric uses three or more polymers, as
shown in Fig. 9c [64]. Copolymeric hydrogels can be further classified into semi-
interpenetrating (semi-IPN) and interpenetrating (IPN) networks. Semi-IPN occurs
when some linear single chains of one polymer penetrate the porous structure of the
cross-linked polymer. In contrast, IPN uses two polymeric cross-linked networks of
different polymers that interact with each other by physical means [61, 63]. Figure 9d
presents a sketch of the IPN and semi-IPN hydrogels. Both IPN and semi-IPN hydro-
gels have been employed as electrolytes in ESDs development [68, 69]. In terms of
the charge content of the polymer backbone or pendant groups, hydrogels are clas-
sified as neutral, anionic, cationic, or ampholytic, when both cationic and anionic
charges are present [61, 63, 64]. Finally, these materials can be classified according
to their multifunctional properties, such as self-healing [70] and ionic conductivity
[71].

The 3D hierarchical structure of hydrogels is built by physical or chemical means
[72]. Physical hydrogels use physical interactions, such as electrostatic interactions
[73], hydrogen bonding [73, 74], π–π stacking [75], and hydrophobic interactions
[74] as the driving force to achieve the gel state. Chemical hydrogels are synthesized
by covalently bonding the polymer chains, which can be achieved by free-radical
polymerization [76], the addition of a cross-linker agent [77], condensation reactions
between organic functions [78], and click chemistry [79, 80]. Since covalent bonds
are stronger than physical interactions, these hydrogels have improved mechanical
properties [64]. However, the use of some cross-linkers [81, 82] enhances hydrogel
toxicity, which is a concern in applications where biocompatibility is mandatory.

The next step in energy-storage technology is to develop new technologies
thinking in the entire production chain, that is, from device manufacturing through
to disposal or recycling [83]. Natural polymers are extracted from natural sources
(e.g., alginate, chitosan, and agarose) and have key characteristics such as renewa-
bility, biocompatibility, biodegradability, and low cost [10]. Moreover, their aqueous
solubility and wide range of organic functions make these polymers suitable for
the construction of natural hydrogels which are also biocompatible and biodegrad-
able [10, 59]. These characteristics make natural hydrogels appropriate materials for
the next generation of ESDs, with a view to meeting the requirements of incipient
technologies and addressing current environmental issues. The next section reviews
recent advances in the application of natural-based hydrogels for the development
of reliable and safe batteries.
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3.1 Batteries Employing Natural-Based Hydrogels
as Electrolyte

Researchers around the world have been searching for alternative materials to manu-
facture ESDs thatmeet the safety and flexibility requirements ofwearable, ingestible,
and implantable devices [4, 5, 84]. Since hydrogels possess high water content [85],
and can achieve high ionic conductivities [86, 87], they can replace liquid aqueous
electrolytes, whichmake the battery safer [88] and allow it to be produced in different
shapes [65, 70], including flexible ones [11].

Crespilho et al. [89] obtained insights into the RFB research field and used previ-
ously reported molecules [36] incorporated in an easily synthesized agarose-based
hydrogel to produce an organic/organometallic bioinspired secondary microbat-
tery (MB). To produce the hydrogel electrolytes, bis(3-trimethylammonio) propyl
viologen (BTMAP-Vi) and bis((3-thimethylammonio)propyl) ferrocene (BTMAP-
Fc) were incorporated in 1.5% (w/w) agarose in 1mol L−1 KCl solution and heated to
90 °C, after which the hot solutions were dripped onto flexible carbon fiber electrode
surfaces. Gelation then occurred at room temperature [89].

The MB was assembled by placing a piece of previously hydrated Selemion®

DSV membrane on the hydrogel/electrode surface, the union of cathodic and anodic
chambers, and sealing with silicone resin. Figure 10a shows the assembled MB. To
evaluate the maximum capacity of the MB, it was potentiostically charged at 1.10 V
until reaching an SOC of 92%, and then discharged at 0.30 V. The total discharged
capacity was calculated as 0.79 mAh (Fig. 10b). At an SOC of 20%, the MB could
supply 20 μA cm−2 for 100 h, which demonstrates a volumetric capacity of 0.021
mAh cm−2 μm−1. Figure 10c shows the results of the galvanostatic charge–discharge
cycling at 40 mA cm−2. The charging and discharging capacities showed almost no
change over 100 cycles, giving a CE ranging from 94 to 97%. In addition to its elec-
trochemical characteristics, the MB exhibited attractive toxicological and structural
characteristics. It is non-flammable, since it uses water as the solvent, and possesses
low toxicity, because the quantities of BTMAP-Vi and BTMAP-Fc employed are
low to cause harmful effects [89]. Thus, the electrochemical, structural, and toxico-
logical characteristics make this battery suitable for low-power consumptionmedical
devices, such as ingestible pills [90].

Chitosan (CS) and polyvinyl alcohol (PVA), both biodegradable polymers, were
employed in the synthesis of an alkaline electrolyte for application in a zinc-
electrolytic manganese dioxide (Zn-EMD) battery. First, CS and PVA solutions were
mixed in a 1:0.2 wt% ratio (CP solution) and poured into a silicone mold. Next, the
CP solutionwas dried at 37 °C for 1200min. Finally, the dried hydrogels were soaked
in KOH solutions at different concentrations and at different times. The best proper-
ties were achieved by the hydrogel soaked in 5 M KOH solution for 45 min, known
as {5}CP (Fig. 10d), which achieved the highest swelling ratio, highest conductivity
(457.19 mS cm−1), and a lower degree of crystallinity. This hydrogel was then used
as a gel polymer electrolyte in a Zn-EMD battery [91].
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Fig. 10 Semi-solid batteries producedwith polysaccharides.aPhotograph,bpotentiostatic charge–
discharge curves at 1.10 (red) and 0.30 V (black), and c Charge and discharge capacities and CE
over 100 cycles at 40 mA cm−2 for microbattery built up with BTMAP-Fc and BTMAP-Vi. d
Photograph of CP samples, e photograph of Zn-EMD flexible battery, and f galvanostatic discharge
for the Zn-EMD battery under two bent conditions. Reproduced from Ref. [89] with permission
from Royal Society of Chemistry, Reprinted (adapted) with permission from Ref. [91]. Copyright
2021 American Chemical Society

Figure 10e shows the producedZn-EMDbattery. Pre-treatedflexible carbon cloths
(CC) were used as current collectors in both cathode and anode. The battery was
assembled using a metallic zinc foil as the anode, CC coated with EMD ink as the
cathode (load of ~1.4 mg cm−2), and {5}CP as both electrolyte and separator. In
order to achieve better cathode-electrolyte contact, {5}CP was previously dipped in
CP solution until becoming gooey and then placed on the cathode surface [91]. The
Zn-EMD battery was further characterized by galvanostatic charge–discharge at 0.1
A g−1 at two different potential windows, that is, 0.4–1.2 V (low potential) and 0.4–
1.6 V (high potential), chosen according to the cathode degradation potential. The
low and high potential windows presented a specific capacity of 310 and 287 mAh
g−1 after the first cycle and capacity retention of 74% and 17.4% after 50 cycles,
respectively. These results are attributed to EMD’s irreversible phase transition to δ-
MnO2, which leads to an enhancement of the battery impedance and prevents charge
transfer between the electrode and electrolyte. Furthermore, energy dispersive x-
ray analysis shows a higher content of ZnMnxOy complexes after further cycling
at the higher voltage window, which also contributes to the inferior performance
of the battery cycled at this potential window. The Zn-EMD battery was further
galvanostatic cycled at 0.5 A g−1 and showed an average specific capacity of 175
mAh g−1 over 300 cycles with a CE of 96.5%. However, at this current density, the
battery presented a steady decrease in capacity during the first 15 cycles. Finally,
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to demonstrate the battery’s flexibility, it was electrochemically characterized in
two bent conformations and there was almost no change in the electrochemical
performance, as shown in Fig. 10f [91].

Similarly, an alginate-based glycerol-plasticized hydrogel was developed and
applied to zinc-iodide (Zn-I2) batteries [71]. First, 0.75 g of glycerol was added
to 50 mL of 30 mg mL−1 sodium alginate solution, with further stirring for 1 h. The
resulting solution was cast on the cathode surface, degassed, and dried at 60 °C for
12 h. Finally, it was soaked in 1 mol L−1 zinc sulfate or acetate solution for 4 h.
Figure 11a shows photographs of the alginate-based hydrogel. It could be bent or
twisted without damage and even bear a weight of 200 g, which demonstrates its
mechanical robustness and flexibility. The linear sweep voltammograms and elec-
trochemical impedance spectroscopy measurements showed an operational voltage
window of ~2.60 V and conductivity of 32.8 mS cm−1, respectively. Finally, the
hydrogel was capable of preventing zinc corrosion and I2 shuttling, two mechanisms
of Zn-I2 battery failure; this affords a longer life for the novel batteries [71].

The semi-solid Zn-I2 battery was assembled in a CR2025 shape with a zinc foil as
the anode, the alginate-based hydrogel as the electrolyte, and a graphite paper coated
with I2@AC composite as the cathode. Galvanostatic charge–discharge at 0.2 A g−1

measurementswith theZn(Ac)2-soaked alginate hydrogel showed a specific capacity,
capacity retention, and CE of 183.4 mAh g−1 (Fig. 11b), 97.6%, and 99.3% over 200
cycles, respectively. For comparison, the authors also reported a Zn-I2 battery with
fiberglass soaked in ZnSO4 as the separator. This battery exhibited a significantly
inferior electrochemical performance (blue line inFig. 9b). The galvanostatic charge–
discharge assay at 1 A g−1 (Fig. 11c) shows capacity retention and CE of 66.8 and
99.5%, respectively, which demonstrates the long life of the battery and the shielding
effects of the hydrogel over the zinc anode. Finally, a flexible pouch battery was
assembled using this approach. This battery shows an OCV of 1.25 V, capacity of
3.0–3.5 mAh, and worked properly even in bent conformations [71].

Self-healing hydrogels can repair themselves after damage and have been
suggested as an alternative to enhance the lifespan of batteries. In this context, a
copolymeric hydrogel based on alginate and PAA was synthesized and applied as
an electrolyte to build an aqueous lithium-ion yarn battery (ALIYB). To synthesize
the hydrogel, PANa-Ca-SA, a solution of acrylic acid and bistrimethanesulfonimide
lithium salt was neutralized with NaOH in an ice bath. Then, alginate, calcium
chloride, and ammonium persulfate were dissolved in the solution and the resulting
solution was kept at 40 °C for 30 h to allow polymerization. Calcium ions play a
key role in this hydrogel as they electrostatically interact with PAA and alginate
polymers and act as cross-linkers of the two polymeric networks. In addition, the
electrostatic interaction between calcium ions and the polymers explains the remark-
able self-healing property of the hydrogel, because it can easily be broken and healed
(Fig. 11d). The authors investigated the influence of the cutting/self-healing cycles on
the electrical and mechanical properties of the hydrogel. The results showed a small
decrease in the PANa-Ca-SA conductivity, which was 88% of its initial value after
the eighth cutting/self-healing cycle. In contrast, the mechanical properties showed
a pronounced change. The original hydrogel could be stretched at 350% strain and
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Fig. 11 Batteries produced using hybrid alginate-based hydrogel as electrolyte. a Photograph of
twisted alginate-based hydrogel electrolyte, b discharge capacity at 0.2 A g−1 for Zn/I2 batteries
using the alginate-based hydrogel (red line) and aqueous Zn(Ac)2 solution as electrolytes, respec-
tively. c Capacity (red line) and CE (black line) for Zn/I2 battery assembled with alginate-based
electrolyte under galvanostatic cycling at 1 A g−1 over 2000 cycles. d Representation of pristine,
broken and healed PANa-Ca-SA hydrogel. e Electrochemical performances of ALIYBs produced
using PANa-Ca-SA hydrogel (red), water (green) and, PVA-based hydrogel (blue) electrolytes over
5000 cycles. f Photograph of a light strip powered by four ALIYBs before cutting (left), after
cut (middle), and after self-healing (right). Reprinted (adapted) with permission from Ref. [71].
Copyright 2021 American Chemical Society. Reprinted from Energy-storage materials, v.28, Ji, Z
et al., A both microscopically and macroscopically intrinsic self-healing long lifespan yarn battery,
p. 334–341, Copyright (2021), with permission from Elsevier
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235 kPa tensile strength, while for the eight-cut hydrogel these values were reduced
to 48% and 45 kPa [70].

The ALIYB was assembled using PANa-Ca-SA as the electrolyte and LiMn2O4

and LiV3O8 coated yarns as the anode and cathode, respectively. The galvanostatic
charge–discharge data at 0.5 A g−1 (Fig. 11e) show capacity retention and CE of
70% and nearly 100% after 5000 cycles, respectively. This behavior is much better
than that of water and PVA-hydrogel-based lithium-ion batteries and is attributed to
the self-healing capacity of the hydrogel, which prevents damage to the surfaces of
the electrodes caused by the insertion and extraction of lithium ions. Furthermore,
the ALIYB showed a healing efficiency of 68% and almost no change in its electro-
chemical performance after eight cutting/self-healing cycles. Figure 11f shows the
application of four parallel coupled batteries to power a light strip and evidence the
self-healing behavior of the battery, because the device turns off when the battery
breaks and shines again after the battery has healed [70].

4 Final Considerations

Electrochemical ESDs are indispensable for the ongoing sustainable development
of humankind because they are highly efficient and address the current environ-
mental concerns. Moreover, nature-developed pathways and materials have inspired
researchers to confront the global problems that arise from the high consumption
of non-renewable energy sources. In the energy-research field, organic-based RFBs
that use quinones and flavins; and flexible batteries that use natural-based gel elec-
trolytes, are key examples of this integration. However, both technologies are in
their infancy and their advancement will require a multidisciplinary effort in areas
such as materials science, chemical synthesis and electrosynthesis, electrochemistry,
polymer science, soft materials, quantum chemistry, and engineering, among others.
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Biophotovoltaic: Fundamentals
and Recent Developments

Gustavo P. M. K. Ciniciato

Abstract Although we have been increasing our understanding on how plants and
autotrophmicroorganisms use photosynthesis to capture the energy from sunlight for
producing their own energy, never have we used this knowledge to directly produce
electricity until now, with the advent of biophotovoltaic. This chapter reviews recent
research and development being conducted in this technology. It will begin with
a brief discussion of microbial fuel cells, and similarities that led to the invention
of biophotovoltaic. It will then be followed by a review regarding the influence on
the nature of the microorganism, electrode materials, design of the device, and their
effect on the power generation. The chapter will also cover the efforts some research
groups have been undertaken to understand the phenomena behind electron transfer,
and point out some of themajor questions under debate concerning the functioning on
biophotovoltaic. Finally, it will be presented a few examples of important steps some
research groups have been conducting, and some future prospects regarding the use of
biophotovoltaic. This chapter is thought as a simple guideline for bioelectrochemists
who currently work with microbial fuel cells, and wish to start adventuring within
biophotovoltaic.

1 Introduction

Life on Earth is directly linked to the Sun, its primary source of energy. The Sun,
composed mostly of hydrogen under constant conversion to helium through nuclear
fusion, radiates the leftover energy as electromagnetic waves to the space. The Earth
located in ideal position, not too far and not too close to the Sun, is irradiated with
enough energy and heat to maintain a high degree of organization where life can
be sustained. Although primitive life form has an origin on geological features as
source of energy, it is with the rise of photosynthesis that life acquired the necessary
energy from the light to spread and evolve.
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Humankind has learned how to use sunlight for a large number of application,
from heating and drying to generating electricity. For instance, when production of
electricity is considered, two main approaches are commonly used: (i) an array of
heliostat mirrors can be used to concentrate sunlight into a boiler producing steam,
and the acquired potential energy of the steam can be turned into kinetic energy
to rotate a turbine, (ii) an assembly of photovoltaic cells (doped semiconductors)
are mounted in a framework, where light promotes electron removal from a n-type
semiconductor (semiconductor doped with an element containing excess electrons)
which can be conducted through electric field toward a p-type semiconductor (semi-
conductor doped with an element containing fewer electrons), called a hole. So far,
solar energy counts for only 2% of global electricity, but recently it was achieved
as an increase from 30 to 840 TWh from 2010 to 2020 worldwide [1]. Thanks to
advances and innovation in sciences, engineering, and manufacturing techniques, it
is possible to decrease the cost of manufacturing and grid integration. To this day,
silicon solar cells reached the module cost as lower as $1.00 W−1, becoming even
closer to the goal of $0.50 W−1 for the technology to become competitive [2].

Following the promise for a true clean and renewable source of energy that solar
energy can provide, there is a novel technology being developed to produce electricity
from sunlight. Therefore instead of artificially reproducing the ways how nature uses
sunlight into a technology, it can be possible to get closer than ever to what nature
developed as its best, photosynthesis. This technology is known as biophotovoltaic,
a special type of biofuel cell.

2 General Aspects of Biofuel Cells

Fuel cells are electrochemical devices developed to convert chemical energy into
electricity. It works through the oxidation of a fuel at the anode and electrochemical
reduction of an oxidant at the cathode, where hydrogen and alcohols are commonly
used as fuel, and oxygen from atmosphere is themost usual oxidant. Fuel cells require
proper catalysts for the anodic and cathodic reactions, as well as an ion exchange
membrane or an electrolyte between the electrodes to provide ionic conduction.
This separator is required to maintain electroneutrality due to the charge imbalance
resulted from electron transfer between anode and cathode.

Biofuel cells (BC) are a novel technology that has been developed for the genera-
tion of electricity using clean and renewable energy sources [3].With similarity to fuel
cells, a BC is composed of an anode containing proper biocatalysts where a substrate
can be oxidized, generating electrons that can promote useful work (electricity) while
moving toward a cathode containing proper biocatalyst where an oxidant, usually
oxygen from air, can be reduced (Fig. 1). Conventional fuel cells make use of an
ion exchange membrane to allow for the ionic conduction between biocathode and
bioanode to maintain electroneutrality, but due to the nature of biocatalysts, it is
common to make use of an electrolyte for the ionic conductivity. Ideally a buffer
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Fig. 1 Schematic of a conventional biofuel cell comprising a bioanode with a biocatalyst where a
substrate can be oxidized and a cathodewhere a substrate (usually oxygen) can be reduced separated
by an electrolyte, where ions can be conducted

solution is used due to the importance of keeping the optimum chemical environment
for the biocatalysts.

Although some similarities to conventional fuel cells can be considered, biofuel
cells benefit from the incorporation of biocatalysts directly to the reactions of inter-
ests, eliminating the use of expensive noble metal catalysts, which not only decrease
the final cost of the electricity generation but also take advantages of using some
intrinsic properties that biocatalysts particularly have such as: the use of low toxi-
city substrates coming from renewable sources, including glucose, lactate, alcohols
and other; perform high activity under moderated conditions of pH and tempera-
ture; present high selectivity for the reactions of interest which avoid the formation
of undesired products and the phenomena known as crossover of fuel, commonly
observed in alcohol fuel cells [4]. In addition to that, the system can also be projected
to use several biocatalysts in cascade of reactions to utilize the maximum energetic
content in the primary fuel.

Biofuel cells are classified according to the source of the catalyst. It is called
an enzymatic fuel cell (EFC) when the catalyst is an enzyme connected to an elec-
trode or microbial fuel cell (MFC) when the catalyst involves a biofilm containing
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Fig. 2 Mechanisms for electron transfer in microbial fuel cell. a Direct electron transfer (DET), b
direct electron transfer through nanowires (DEN), or c mediated electron transfer (MET)

microorganisms electrically connected to an electrode. For MFC it is believed that
the bioelectrochemical processes involving electron transfer with an electrode can
be performed through three mechanisms: (A) Direct electron transfer (DET), (B)
Direct electron transfer through nanowires (DEN) or (C) Mediated electron transfer
(MET) (Fig. 2).

All living organisms make use of a set of chemical reactions in their metabolism
to produce the required energy to sustain life. Most of these reactions are redox
in nature, where in the catabolic path a compound (food) is oxidized, and another
compound is reduced through a set of electron transfer carried on enzymatically.
Typically, aerobic microorganisms make use of oxygen as the final electron acceptor
within itsmetabolic chain.Oxygen is ubiquitous, and it is energetically rich, behaving
as a very strong oxidant (E0 = 1.229 V vs SHE at 25 °C and pH 7.0). Oxygen can
diffuse passively inside the cell, and participate in the metabolic reactions occurring
in the cytosol as well as in the mitochondria. Anaerobic microorganisms on the other
hand evolved using an electron acceptor other than oxygen for its respiration chain
termination. Soluble compounds, such as humic substances, quinones, phenazines,
or riboflavin, can function as exocellular electron mediators enhancing this type
of anaerobic respiration [5]. Dissimilatory metal-reducing bacteria (DMRB), for
example, use metal oxides outside their cell as final electron acceptors, making it
part of their respiratory system [6]. Research in microbial bioelectrochemistry aim
to make use of this type of microorganisms, since the respiratory chain contains
part of its mechanism available externally to the cell wall that can be connected to
an electrode. There are several examples of DMRB being electrochemically used
that can be found in literature, such as reduction of Fe(III) [7], reduction of Mn(II)
[8], and even reduction of U(VI) [9] as a final electron acceptor for its anaerobic
respiration.

Microorganisms capable of DET are called exoelectrogenic. The DET occurs via
a direct physical contact of the microorganism’s cell membrane with the electrode,
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usually through redox active proteins, such as cytochromes or flavoproteins, located
on the outer surface of the cell membrane. They allow for a possible transport of elec-
trons between the biochemical processes occurring inside the cell with the external
environment [10]. Due to this natural phenomenon of electron transfer, microbial
attachment to the electrode, as well as electrical interactions with the electrode
are crucial for an effective bioelectrochemical process. There are several reports
in the literature of MFC being developed with microorganisms capable of DET
including Shewanella spp., [11, 12], Geobacter spp. [13], Rhodoferax ferrireducens
[14], Thermincola potens [15], Clostridium spp. [16] as some examples.

It was recently discovered that some microorganisms not only are capable to
communicate electrochemically with the extracellular environment, but they can
develop extensions (pili) from their cell wall to reach these metal oxides located in
the environment, to improve cell adhesion, and to increase its contact surface area.
These nanowires were proved to be metallic-like conductive containing terminal
redox membrane proteins [17]. Geobacter Sulfurreducens for instance are capable
to produce cytochrome rich nanowires with conductivity in the order of 5 mS cm−1,
and it is knownas amechanism it uses to reduceFe(III) [18].Another famous example
of a microorganism capable of producing conductive nanowires is Shewanella onei-
densis presenting similar behavior of electron transfer [19]. Bioelectrodes containing
microorganisms that are able to transfer electrons through nanowires are considered
to havemechanism ofDEN, and a biofilm formed for them is called a bioelectroactive
biofilm.

Due to weak interactions with an electrode, exoelectrogen biofilms running
through DET or DEN usually present poor electron transfer, resulting in the produc-
tion of low current density, with maximum values of current density in the magnitude
of few mA cm−2 [20]. In order to improve electron transfer, one can make use of
an electrochemical mediator to improve the bioelectrochemical mechanism with the
electrode through MET. An electrochemical mediator can be defined as a reversible
redox active component that can shuttle electrons from a biocatalyst to an electrode
and vice versa. The mediator therefore has to be electrochemically compatible with
the microorganism and with the electrode.

Although a mediator allows for an increase in current density by improving the
number of biocatalysts interacting with the electrode, it has a price to add as an
addition factor for the polarization activation, since the mediator has to react with the
biocatalyst as well as with the electrode, it ends up providing a lower onset potential
in comparison with the biocatalyst acting directly to the electrode. A mediator can
be artificially added to the electrode chamber and, in some cases, a mediator can
be naturally produced by the microorganisms following an extracellular electron
transfer mechanism linked to its metabolism. Reports in literature have shown the
use of artificial mediators such as neutral red, methylene blue, thionine, meldola’s
blue, and 2-hydroxy-1,4-naphthoquinone for the anode and ferricyanide as amediator
in the cathode replacing oxygen [21]. It was reported that some microorganisms can
synthesize natural soluble mediators, such as flavins [22] and quinones [23] that help
them to oxidize extracellular components.
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In practice, one type of microorganism can perform more than one mechanism of
electron transfer, and when considering a mixed community of microorganisms, it is
expected to have a combination of different pathways for the electron transfer. That
goes straight to the successful application of MFC since mixed cultures in general
present better efficiency in comparison to pure cultures [24].

3 Biophotovoltaic

Basically, two types of energy sources are employed bymicroorganisms, light energy
by phototrophic microorganisms and chemical energy by chemotrophic microorgan-
isms. Biophotovoltaic (BPV), also known as photomicrobial fuel cells, photosyn-
thetic microbial fuel cells, or microbial solar cells, function similarly to conventional
microbial fuel cells. Therefore, instead of relying on the electrons involved in elec-
tron transport chain during metabolism of organic compounds in chemotrophs, BPV
aims to make use of the high energy electrons provided by phototrophs, microorgan-
isms capable of doing photosynthesis using the sunlight as a main source of energy,
including eukaryotic microalgae and cyanobacteria (blue green algae) [25].

BPV may be considered a special case of MFC. Even though the bioanode is
constructed with the deposition of biofilm containing microorganisms, the source
of energy comes from the light. Conventional MFCs require supply for an organic
substrate to be oxidizedwithin themicroorganism’smetabolism, andmass transfer to
the organisms generating extracellular electrons from the substrate may limit current
generation. Mass transfer for BPV, on the other hand, is not a major limitation, since
the source of electrons acquired in photosynthesis comes from the water (present in
abundance), and light can be obtained from the sunlight [26]. In contrast to conven-
tional photovoltaic systems, BPV systems based on whole cells may continue to
produce some current in the dark due to heterotrophic metabolism related to the
breakdown of stored carbon produced during the light period. In this case, BPV may
work as a conventional MFC when light is not available [27].

The definition of photosynthesis has been debated over the years. One may
consider an accurate interpretation as “a series of processes in which electromagnetic
energy is converted to chemical energy used for biosynthesis of organic cell mate-
rials” [28]. Vascular plants, algae, and cyanobacteria are photosynthetic organisms
capable of harvesting the incoming high energy photons from the light through an
array of protein and chlorophyll molecules embedded in the thylakoid membrane,
called light-harvesting antenna. This protein array transmits this energy to the reac-
tion center through an exciton transfer (charge separation), creating a strong reducing
agent to the photosystem II (PII), (E′° ~ 1.0 V) which triggers an electron-transfer
chain.

The high energy electrons extracted from reaction center PII are transferred to
protein complexes containing metallo-organic cofactors such as pheophytin (Pheo),
followed by a tightly protein-bond plastoquinone PQA, which then passes to another
electron shuttle, a loose protein plastoquinone PQB. PQB, in its fully reduced quinol
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form, PQBH2, reaches the cytochrome b6f complex (Cyt b6f), where electrons are
transferred to it, and protons are pumped across the thylakoid membrane, producing
the proton gradient required for ATP synthesis. Electrons are then transferred to
photosystem I (PI) through a soluble protein plastocyanin (Plast).

Similarly to the PII, photons are harvested with light-harvesting antenna, and
transmit this energy to PI, becoming a strong reducing agent (E′° ~ 1.5 V), and
triggering another electron-transfer chain. The electrons from Plast increase their
energy, and are transferred to an acceptor, A0. A0 transfers these electrons to the
next acceptor phylloquinone (A1), which passes it to an iron-sulfur protein (Fe–S),
and finally to another protein associated to the thylakoid membrane, ferredoxin (Fd).
The terminal electron acceptor is a strong oxidant agent, NADP+ (E′° = −0.324 V)
(Fig. 3).

There is a variety of compounds nature selected as electron source used for redox
cycling, where oxygenic photosynthetic organisms use water as a source of electrons
to regenerate PII. Due to evolution as well as adaptation to different environments,
anoxygenic photosynthetic organisms utilize other electron donors instead of water,
such as hydrogen, ferrous ion, or hydrogen sulfide [29]. Both the NADPH and ATP
produced as a result from the light-dependent reactions in photosynthesis are used
on the following dark reactions (known as Calvin cycle). The NADPH provides
electrons while the ATP provides the required energy for the CO2 fixation and carbo-
hydrate production. The energy initially acquired from the photons reaching the
light-harvesting antenna is converted to chemical energy and stored in the form of
carbohydrates using the inorganic carbon from the atmosphere in the form of CO2.
The whole course of photosynthesis involves a series of electron transfer processes
catalyzed by proteins and electron shuttles.

The goal of developing a biophotovoltaic aims to connect the electron transfer
mechanism involved to photosynthesis within an electrode. The source of energy

Fig. 3 Scheme presenting the electron pathway in eukaryotic photosynthetic organisms, and the
electron shuttles involved with the electron transfer



96 G. P. M. K. Ciniciato

comes from light, and the source of electrons is water, yielding oxygen in an ideal
bioelectrochemical anodic oxidation. They have the capacity to generate electricity
through bioelectrochemical reactions in two separated phases. When light source
is available, this bioelectrochemical device works as a self-sustaining photosyn-
thetic microbial fuel cell, converting the energy prevenient from the photosynthesis
reactions into electrical energy. When light source is not available, this bioelectro-
chemical device works as a conventional microbial fuel cell (MFC), catalyzing the
conversion of chemical energy from the carbohydrate reserve, which was formed
during photosynthesis, into electrical energy.

Bioelectrochemistry requires electric contact between a biocatalyst with an elec-
trode surface. The strategy behind developing a BPV involves connecting electri-
cally some of these electron shuttles, and extracting directly or indirectly the high
energy electrons involved in photosynthesis. An electrode reaction involves hetero-
geneous processes related to the adsorption/desorption of electroactive species with
an electrode surface for the electron transfer to have a chance to be successful. By
making a choice of a proper catalyst it is possible to decrease activation polariza-
tion by providing chemical pathways where energy barrier for the electron transfer
is minimal. Electric and ionic conductivity are important aspects to be considered
when electrode materials as well as membrane or electrolyte are chosen since they
must not contribute heavily to the resistance polarization. The electrochemical device
must be designed to improve mass transfer, and decrease mass transfer polarization.
Therefore, the nature of the photosynthetic microorganism, the choice of materials,
as well as the design of the electrochemical device play an important role in the BPV
performance.

4 Manufacturing BPV

4.1 Production of the Algae Bioelectrode

Anam and co-workers presented an overview of photoanode materials for BPV,
emphasizing that an ideal electrode must present transparency, electrical conduc-
tivity, chemical stability, biocompatibility, high surface area, low cost, and accessi-
bility [30]. Traditionally bioelectrodes in microbial fuel cells are based on carbon
materials. Some common electrode materials for MFC are graphite rod, graphite
brush, carbon cloth, carbon paper, and carbon felt, among others. Carbon materials
in general present excellent electrical conductivity, stability, large surface area, and
strong biocompatibility [31].

Differently from conventional MFC, light is necessary as an energy source for
BPV, and the choice for the electrode material has to take into account. Carbon
materials in general are dark, and don’t reflect light very well. The illumination of
light being cast upon a carbon material can be absorbed, and the energy absorbed
can be transferred through heat, increasing the temperature locally and possibly
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damaging the biofilm. The electrode material therefore not only has to be electrically
conductive, but it should present a transparent or reflective surface. In addition to that,
the reflexivity of the electrode surface will increase the time contact light will have
with the biofilm, since light will pass through biofilm as an income electromagnetic
wave and a second time upon reflection with the surface where biofilm is located.
Some of the common choices for electrode materials to construct an anode for BPV
are indium tin oxide (ITO), indium tin oxide-coated polyethylene terephthalate (ITO-
PET) and fluor doped tin oxide (FTO), and other thin films of conducting materials
such as reduced graphene oxide (rGO) deposited on glass slides [32].

A common way to promote a formation of the algae biofilm is by making use
of simple adhesion of algae cell on the electrode surface (Fig. 4). A chosen volume
of exponential phase culture is inoculated inside a sterile glass staining jar. The
electrode is then placed inside the jar, and they are transferred to an incubator under
illumination and temperature controlled according to the selected algae (A). Without
shaking, the cells can be allowed to deposit on the surface of the electrode (B), and
the electrode containing the biofilm can be removed from the jar (C) to be connected
to the BPV [33]. Similarly, the solution containing algae can be concentrated by
centrifugation (400 g, 10 min), suspended in fresh medium, and then pipetted on top
of the electrode surface to be allowed to settle as a biofilm [27].

The nature of the microorganism, as well as the material of the electrode play
an important role on how well the biofilm will develop on top of an electrode.
Photoautotrophs biofilms are naturally found on illuminated surfaces where water is
available, such as mountain streams, water treatment equipment or various natural
and man-made structures in marine environment [34]. Microbial biofilm is formed
through cell aggregation and production of extracellular polymeric substances (EPS).
EPS is a complex mixture of macromolecules formed mostly by polysaccharides,
proteins, nucleic acids, and lipids [35]. Although EPS is produced with the main
role of promoting cell attachment to a surface, it may also enhance biofilm defense
against environmental stress, improve cellular communication as well as increase
surface area to reachnutrients.Algae biofilmstrength depends largely onnitrogen and
carbon availability. It was shown that enriching medium with nitrogen compounds

Fig. 4 Algae biofilm deposition on electrode surface to produce a BPV bioanode: a addition of the
cell solution, b deposition on the electrode surface, and c bioelectrode containing the biofilm
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may increase biofilm formation and adhesion ratio in consequence to increase onEPS
production. Incorporation of glycine with concentration of 1 g L−1 is recommended
as the optimal nitrogen concentration to improve algal biofilm formation [36].

It is imperative to keep track of the amount of algae matter is present in the
biofilm deposited on the electrode surface, as well as changes that may occur during
its use. Being formed of living organisms, the biofilm has a tendency to grow for
as long as the nutrients and the environment are prosperous. The active biomass, as
well as its thickness and distribution over the electrode strongly affect the electron
transfer with the electrode [37]. The electrochemical surface area in contact with the
biofilm is not an easy parameter to have under control due to the growth dynamic
of the microorganisms. In fact, by increasing the surface area in a MFC does not
necessarily result on the same increase on power production, since other factors such
as reactor volume, as well as lack of enough electrochemical mediator when DET is
not successful [38].

Optical density (OD) is commonly used as a tool to monitor photosynthetic cells
in a photosynthetic biofilm because it is a simple and nondestructive technique. The
OD of a photosynthetic suspension and biofilm is determined both by light scattering
and by light absorption within the medium and the biofilm, being a function of
concentration, size, and pigmentation of the cells. Under the pseudo steady-state
conditions of exponential growth, size, biofilm thickness, and pigmentation remain
constant, OD becomes directly proportional to the cell concentration [39]. Although
a large number of pigments can be found, photosynthetic materials contain majority
of chlorophyll and carotenoids. Chlorophyll, a porphyrin-ring molecule similar to
that of hemoglobin but has a magnesium atom complexed to the ring instead of an
iron atom. There are four types of chlorophyll, labeled a, b, c, and d, differentiating
slightly in chemical structure, as well as in the region of the spectra they absorb.
Each phylum differs in the amount and type of chlorophyll present, all algae contain
chlorophyll a (Chl-a). Chl-a is insoluble in water and petroleum ether but soluble in
alcohol, diethyl ether, benzene, and acetone. The pigment has two main absorption
bands in vitro, one band with a maximum around red light region at 663 nm and the
other at 430 nm [40].

The biofilm formed on top of the electrode surface must be removed for proper
characterization. Since the interactions between the photosynthetic biofilm and the
ITO surface are weak, biofilm can be easily removed using a pipette and washing it
out with jets of water of fresh medium, and the suspended material is collected with a
sterile beaker. Characterization can be performed following standard procedure [41]:

1. Two drops of a magnesium carbonate suspension (1 g in 100mL distilled water)
are added to the algae solution.

2. Photosynthetic cells are harvested by inverting the breaker into a second sterile
flask using a filter paper 47 mm diameter Millipore AA filter or a 4.5 cm
Whatman GF/C glass filter paper.

3. The filter is then placed in a 15mLgraduated centrifuge tube, add approximately
8 ml of 90% acetone and dissolve the filter by shaking the tube vigorously for
5–10 min.
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4. Allow the pigments to be extracted by placing the tube in freezer (4 °C) in
complete darkness for about 20 h.

5. Decant the clear supernatant liquid into a 10 mL 10 cm-path-length spectropho-
tometer cell.

6. Absorption of the supernatant containing the Chl-a extracted using 90% acetone
is measured at 640 nm (OD630), 645 nm (OD645), and 665 nm (OD665).

The Chl-a concentration is calculated using Eq. (1):

[Chl − a] = Ca × Va

Vc
(1)

where:

[Chl − a] is the chlorophyll a concentration in mg m−3;

Va is the volume of acetone used for Chl − a extraction in mL;

Vc is the volume of the culture in mL;
Ca is the concentration factor for Chlorophyll a, calculated as follows [41]:

Ca = 11.6 × OD665 − 1.31 × OD645 − 0.14 × OD630 (2)

Similarly, Eq. (1) can be used to estimate concentrations of chlorophyll b (Chl-b)
and chlorophyll c (Chl-c) using the concentration factor, and related optical densities
as follows:

Cb = 20.7 × OD645 − 4.34 × OD665 − 4.42 × OD630 (3)

Cc = 55.0 × OD630 − 4.64 × OD665 − 16.3 × OD645 (4)

Another important parameter that can be used to monitor the biofilm status is
the specific grown rate (μ), which is an indirect way of measuring the increase
on the biofilm mass by considering an increase on the chlorophyll A content in
consequence to the mass change during the logarithmic phase. The specific growth
can be determined through measurements of OD650 over time, and calculated using
the Eq. (5) [33, 42]:

µ = ln(N2 − N1)

t2 − t1
(5)

where:

µ is the specific grown rate in h−1 or day−1;

N2 is the OD650 measured at t2;
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N1 is the OD650 measured at t1;

t1 and t2 are the time periods considered within the exponential phase in hours or
days.

The algal/cyanobacteria content that will be used to form the electrode biofilm
usually is selected in the stationary phase. The mass concentration commonly used
is in terms of dry weight (DW). A sample must be harvested using filter paper from a
known volume V of the culture, and it is oven-dried at 100 °C for 24 h or until mass
of the content is constant. The DW can be calculated using Eq. (6) [33]:

DW = wd − w0

V
(6)

where:

DW is the biofilm dry weight in mg L−1;

V is the volume of the culture in L;

wd is the weight of the dried filter containing the algae biomass in mg;

w0 is the weight of the blank filter in mg.

McCormick and co-workers studied the biofilm formation of two algae (Chlorella
vulgaris,Dunaliella tertiolecta) and two cyanobacteria (Synechocystis sp. PCC6803,
Synechococcus sp.WH5701) strains on top of an ITO-PET electrode. By inoculating
150nmolChl-a of each strain for 8 days under low light (5Wm−2 and12h light/dark),
they observed a formation of biofilm attached on ITO-PET with 82± 0.9 of the cells
attached for Synechococcus sp. WH 5701, 77 ± 4.1% for Chlorella vulgaris, 74
± 10.5% for Dunaliella tertiolecta, and 8.5 ± 0.13% for Synechocystis sp. PCC
6803. They observed the highest biofilm density 25.5 ± 1.0 pmol Chl-a mm−3 for
Chlorella vulgaris, followed by 10.4 ± 0.6 pmol Chl-a mm−3 for Synechococcus
sp. WH 5701. Authors observed a correlation between Chl-a content, biomass accu-
mulation on the electrode, and power production from the anodic biofilm. In fact,
Synechococcus sp. WH 5701 showed the highest power output in the light among
the other photosynthetic microorganisms studied [27].

Modifying the ITO surface may affect how biofilm forms and in consequence
affect the bioelectrode performance. By etching the ITO surface in lineswith intervals
of 2.5 and 1mmusing a diamond tipped pencil, it was possible to improve the biofilm
coverage forChlorellaUMACC313 from 90.50± 7.58%on smooth surface to 99.46
± 0.43% on surface treated with 1mm etching intervals. On the other hand, Spirulina
UMACC 159 formed a biofilm with highest coverage, 80.70 ± 1.86% on the surface
with 2.5 mm etching intervals [43].
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4.2 Manufacturing the Biophotovoltaic

As any conventional electrochemical cell, biophotovoltaic requires an anode, a
cathode, and a separator to allow ionic conductivity, and maintain electroneutrality
in consequence to the charge separation caused by the electron transfer reactions
between the electrodes. Difference arises from the fact that as light is the source of
energy, the anode containing the biofilm catalyst must be designed to be open and
be facing up, toward the sun. Cathode ideally must be designed to reduce molec-
ular oxygen present in atmosphere due to high reduction potential, therefore an
air-breathing cathode is desired.

Due to the intrinsic nature of photoautotroph microorganisms, the device must
be designed to work under aqueous solution. Water not only serves as the source of
electrons for photosynthesis, but it is also required to maintain cell structure through
osmotic equilibrium, transport nutrients, and other soluble compounds to inside the
cell, and in some cases can promote cell mobility. As long as substrates present in
solution don’t offer crossover, such as anolyte reacting on the cathode, and catholyte
reaction at the anode, a membrane is not necessary, and the solution can work as an
electrolyte.

By considering the works of McCormick [27], Bombelli [44], Periasamy [45],
and Ng [46], one can observe a pattern for the device design. Although the device is
made of different pieces of Perspex and Polydimethylsiloxane (PDMS) assembled
together to form the body of the biophotovoltaic, the major structure with the main
components is presented in Fig. 5.

Biophotovoltaic comprises structurally of a chamber where the solution
containing the aqueous electrolyte as the media used to maintain the microorganisms

Fig. 5 Biophotovoltaic design presenting: a Cathode connection, b cathode, c anode, and d anode
connection
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is added (Fig. 5). The electric connection for the cathode (A) made of a conduc-
tive material such as stainless steel or carbon tape is connected to an air-breathing
cathode (B) having hydrophilic side facing solution, and hydrophobic side facing air.
Platinized carbon cloth or carbon paper is usually the choice for the cathode. The
anode containing the autotroph biofilm (C) is usually placed at the bottom, facing up
to receive the incoming light. The anode is electrically connected with the external
circuit with a wire (D) that is usually isolated from the internal chamber, where
the electrolyte containing water as the source of electrons, as well as nutrients to
maintain the microorganisms healthy when it is necessary, according to the selected
microorganisms.

The setup presented in Fig. 5 represents the whole electrochemical cell. By
constructing the device with different pieces assembled together, it can be expanded
to increase the size of anode and cathode, as well as increase the chamber volume.
Larger electrodes are designed to provide higher current. Electron transfer within
biofilm and electrode are usually poor, leading to low current density for the anode,
but since most growth medium is prepared under neutral pH, it is expected for a
cathode based on platinum to have low current as well. The proportion for the size
of the electrodes is considered to balance current, since one of the electrodes may
be limiting, but one must consider that since the cathode is located at the top, it may
block the light from reaching the anode.

The volume of the camber is an important factor to be considered. First of all, since
the device is supposed to be open to the environment, evaporation of the solution
will eventually happen. Furthermore, due to the fact that water is being used as the
source for the electron in photosynthesis, it is common to observe rapid decrease
of the solution volume over time, so continuous replenishment of water is required.
Care must be taken when considering scaling up a biophotovoltaic, since the growth
medium usually does not present high conductivity, it behaves as a poor electrolyte.
Therefore, distance between electrodes must be kept as low as possible, typically in
the order of a few centimeters to avoid ohmic losses. A biophotovoltaic can be easily
increased horizontally but not necessarily vertically. Additional salts can be added
to the solution to improve the electrolyte conduction capacity, but the effect to the
cell health due to the increased ionic strength must be considered.

5 Exploring the Electron Transfer in Biophotovotlaic

The proof of concept involving biophotovoltaic to produce electricity as an electro-
chemical device was done recently by several research groups, but so far very little is
known regarding the mechanisms behind electron transfer photosynthetic microor-
ganismswith an electrode. This is not restricted to autotrophmicroorganisms.Micro-
bial fuel cells based on non-photosynthetic microorganisms present challenge for the
understanding to this day. Several efforts are being made to elucidate mechanisms,
and to understand what really is happening at the interface biofilm/electrode.
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Bradley and co-workers modified Synechocystis creatingmutants with respiratory
terminal complexes removed to observe their effect within photosynthetic electron
transfer using ferricyanide as an electron acceptor. They observed that with inac-
tivation of terminal oxidase complexes, part of the electron flux was redirected to
ferricyanide in the dark condition, resulting in increase on power production. While
on low light conditions, all electrons generated by photolysis are used for carbon
fixation, while under dark these electrons accumulate as reducing equivalents that
are allowed to transfer to ferricyanide [47].

Pisciotta and co-workers studied the exoelectrogenic activity of 10different genera
of cyanobacteria, observing increase on voltage for all of them during light phase
with decrease on dark phase for several days. An anode without cyanobacteria did
not display the same response. They used chemical inhibitors for specific sites of the
photosynthetic electron-transfer chain with bioelectrodes containing the cyanobac-
teria of generaNostoc and Lynbgya. To probe the effect to the electron-transfer chain
with the electrode process, 3-(3,4-dichlorophenyl)-1,1-dimethylurea (DCMU), and
carbonyl cyanidem-chlorophenylhydrazone (CCCP), both known to prevent electron
transfer between P680 (PSII), as well as phenylmercuric acetate (PMA), an inhibitor
of P700 (PSI) were used (Fig. 6). They observed that CCCP, DCMU, as well as
PMA reduced the electrogenic activity of illuminated bioelectrodes. DBMIB, which
presents activity with cytochrome b6f increased considerably electrogenic activity.
Their results suggest that the electron responsible for the electrogenic activity origi-
nates from P680 mediated biophotolysis of water, and PQ plays an important role in
the electron transfer. This information was confirmed with a mediator tetramethyl-p-
benzoquinone (duroquinone), which is known to compete with DCMU for binding
to the PQB site on PS-II, and was able to restore electrogenic activity as a substitute
to PQB after inhibition by DCMU [48].

Fig. 6 Electron transfer pathway in photosynthesis and chemical inhibitors, CCCP, DCMU,
DBMIB, PMA, and MV with their specific targets
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In similar fashion, Bombelli and co-workers controlled a Synechocystis bioelec-
trode using inhibitors 2,5-dibromo-3-methyl-6-Isopropylbenzoquinone (DBMIB),
known to accept electrons from PQ, and methyl viologen (MV), a competitor for
the electrons from NADP+. They observed that DCMU decreased power produced
by Synechocystis bioelectrode by 63 ± 17%, and blocked photosynthetic oxygen
production when compared to the inhibitor-free control. They also observed that by
usingmethyl viologen, a compound that can cross cell membranes, and compete with
NADP+ electrons involved in photosynthesis. In fact, little amount of MV decreased
drastically the power response of BPV. It suggests that the electron collected by the
electrode may leave the photosynthetic electron-transfer chain at the reductive side
of PSI as Fd or NADPH [44].

Aiming on understanding the role of P700 on photocurrent generation, Cereda
and co-workers created geneticallymodified Synechocystis sp. PCC6803with limited
functioning of P700. They observed that power production was strongly affected by
modification, suggesting that electrons collected from electrode are directly related
to electrons derived from water splitting by PSII [49].

Ciniciato and co-workers combined electrochemical techniques with pulse ampli-
tude modulation fluorescence (PAM) to assess photosynthetic efficiency of the
algae Chlorella sp. UMACC 313, and the cyanobacterium Synechococcus elongatus
UMACC 105 biofilms on ITO electrodes with the effect of power production [50].
Four photosynthetic parameters were observed with the increase in electric current
generation: themaximumquantumyield (MQY), the slope of the light-limited part of
light curve, termed alpha (α), the light saturation coefficient (Ek), and the maximum
relative electron transfer rate (rETRm).

The MQY represents how efficiently the photosynthetic machinery responds to a
pulse of light after complete adaptation in dark. The α is related to the light inten-
sity required for the microorganism to reach their maximum photosynthetic activity.
Ek represents the light intensity where photosynthetic rate is optimal. rETRm is the
maximum electron transfer rate during photosynthesis. With an applied potential
difference between cathode and anode moving from open circuit potential (OCP)
going downward, it is observed an increase in current density for both studied
microorganisms. The increase in current density is followed by a slightly decrease to
the MQY, related to the weakening of the lipid bilayer with the rising of the electric
field. On the other hand, the values of alpha and Ek increase with the increase of
the cell potential, suggesting that photosynthetic efficiency may be enhanced with
increased voltage. Finally, with current density being transferred to the electrode,
it is observed a decrease on the rETRm for both bioelectrodes. The shape of the
polarization curve shape matches the increase on current density with the decrease
on rETRm, suggesting that someway electrons from the photosynthetic pathway may
be “leaking” to the electrode [50].
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6 Recent Development in BPV

Biophotovoltaic is still in the level of research, and development. Several groups
worldwide have been working on testing different microorganisms, developing new
materials, modifying the electrode surface, or using chemicals such as mediators
with the goal to obtain enough power to make this technology competitive to the
current available ways of producing electricity.

Below is shown Table 1 presenting a selection of a few influential works hand
selected by the author that have demonstrated improvement to the development of
biophotovoltaic to this date.

Table 1 Recent influential works that contributed to BPV improvement

References Short description

Firoozabadi et al. [51] Synechocystis sp. PCC 6803 in BG-11 supplemented with NH4Cl as
anode with a platinized carbon cloth as air–cathode in single chamber
BPV. NH4Cl increased considerably the power output stimulating cell
electrogenesis metabolic pathways reaching maximum power of 148.27
mW m−2, one of the highest power produced by a BPV to this time

Thong et al. [52] Chlorella sp. UMACC 313 on ITO modified with Cu and Cu-Ni metal
organic framework as anode with platinized carbon paper as
air–cathode separated by a Nafion-115 membrane. Synergies of Cu2+

and Ni2+, reduced biofilm stress and improved current density
generation as well as stability in comparison to bare ITO

Liu and Choi [53] Synechocystis sp. PCC 6803 modified with intracellular gold
nanoparticles enhanced the maximum power density by 33.6 times
compared with the device without the nanoparticles in a paper based
biophotovoltaic

Clifford et al. [54] Pyocyanin was shown as a mediator that can harvest electrons directly
from within the cell of Synechocystis sp. PCC 6803 to an ITO electrode
with compatible potential to the photosynthetic reactions, and
presenting high and stable current density

Karthikeyan et al. [55] Ruthenium oxide (RuO2)/tungsten oxide (WO3) composite nanofibers
presented as a good catalyst for the bioelectrodes containing Chlorella
vulgaris, presenting a high and stable current under light

Bombelli et al. [56] Microfluidic biophotovoltaic was constructed using soft-lithography
using Synechocystis sp. PCC 6803 cells on InBiSn as bioanode,
produced high power density with peak power in order of 100 mW m−2

Ng et al. [57] Use of Langmuir–Blodgett method allowed for the production of
three-dimensional reduced graphene oxide transparent layers on ITO,
increasing its efficiency to 119% in comparison to plain ITO

Thorne et al. [58] Porous three-dimensional FTO coated TiO2 ceramic electrode
containing Chlorela Vulgaris promote dense colonies of algae, and
increased power production to around 450 times in comparison to the
electrode without FTO
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7 Present and Future of BPV

Even though biophotovoltaic is still a technology under development, there has been
a considerable effort to improve this technology, as well as to understand the bioelec-
trochemical phenomenahappening in the interface biofilm/electrode for power gener-
ation. One can observe that themajority of publications on BPV comes from research
being done by researchers at the University of Cambridge, UK, and the University
of Malaya, Malaysia.

McCormick and co-workers elaborated an estimation of maximum power output
that can be obtained from a cyanobacterium biophotovoltaic working on regions in
the northern hemisphere, making a few considerations. They considered the light
reactions of photosynthesis utilize around 50% of the available solar light. From
these, approximately 90% is efficiently absorbed by cyanobacteria. They considered
conservatively that for every 5 mols of photons absorbed, 2 mol of electrons for the
reduction of one mole of NADP+ were used. Due to cellular metabolic processes,
1/3 of the electrons generated by photosynthesis are lost, so only 2/3 are available.
Finally, electrochemical conversion efficiencies in MFC typically range from 60 to
95%. Considering all these assumptions, McCormick and co-workers estimated an
electrical current ranging from 3400 to 24,600 mA m−2, with an average power
density between 700 and 7700 mW m−2 [59].

Considering the literature, one can find publications showing power density
around 100 mW m−2 in 2014 [56]. In 2021 a power output of around 150 mW
m−2 was reached [51]. With the understanding in the mechanisms behind electron
transfer between autotroph microorganisms, and electrodes, development of new
materials, and even genetic engineering, it is possible to reach the estimated power
density, and make this technology competitive.

In regards to intellectual property, one patent related to biophotovoltaic is active
to this date. The Patent No.: US 10,665,866 B2, filed by University Malaya with
the inventors: Periasamy Vengadesh, Siew Moi Phang, Fong Lee Ng, Mussoddiq
Muhammad, Adrian C. Fisher, and Yunus Kamran, describing the fabrication, and
integration of graphene electrodes with algal biofilm, and application to BPV.
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Abstract The outstanding properties of organic semiconductors arouse interest
in their application as electrochemical biosensors and their performance strongly
depends on functionalization and detection strategies used. Therefore, this chapter
presents some strategies for electrochemical biosensing, including different
approaches for biomolecules immobilization and biorecognition by using several
methodologies for detection and reading out. Finally, some strategies for designing
miniaturized high-performance devices are described, such as the use of machine
learning and screen-printed electrodes.

Keywords Organic semiconductor · Biomolecules immobilization ·
Electroanalytical approaches · Machine learning · Screen-printed electrodes

1 Electrochemical Biorecognition

When the biosensor is immersed into a solution containing the target molecules,
specific bindings between recognition element previously immobilized in/on the
electrode and the target molecule alter the electrical properties [5, 29], leading to
changes that electrical read-out techniques can follow, such as:

(a) Amperometry (potentiostatic): a set potential is applied during a period while
the electrical current is recorded. This technique is interesting to monitor a
redox reaction that occurs at the set potential, for example, the oxidation of
hydrogen peroxide generated by the glucose oxidase enzyme (GOx).

N. Galdino · L. de Mattos Manica · J. F. L. Santos (B)
Laboratory of Applied Materials and Interfaces/Institute of Chemistry, Federal University of Rio
Grande do Sul, Porto Alegre, RS, Brazil
e-mail: jacqueline.ferreira@ufrgs.br

L. F. Loguercio
Northeast Center for Strategic Technologies, Recife, PE, Brazil

C. F. de Matos
Federal University of Pampa, Bagé, Brazil

© The Author(s), under exclusive license to Springer Nature Switzerland AG 2022
F. N. Crespilho (ed.), Advances in Bioelectrochemistry Volume 4,
https://doi.org/10.1007/978-3-030-99662-8_7

111

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-99662-8_7&domain=pdf
mailto:jacqueline.ferreira@ufrgs.br
https://doi.org/10.1007/978-3-030-99662-8_7


112 N. Galdino et al.

(b) Potentiometry (galvanostatic): when a measurable potential or charge accu-
mulation is produced. This technique is widely used to monitor changes in
pH during enzymatic catalysis. For example, during the urea catalysis by the
urease enzyme.

(c) Potentiometry (potentiodynamic): this technique allows obtaining in detail the
detection by registering the potential and current related to the redox process.
It is widely used in enzymatic biosensors, but not exclusively, allowing to
monitor, for example, biorecognition events in aptasensor and immunosensors.
For instance, cyclic voltammetry (CV) was used for DNA probe as the target
sequence hybridization altered the electron flow through the CP backbone [5].

(d) Conductometry: when the detection alters the electrical conductivity or
resistivity of the organic semiconductor biosensor. For example, an enzy-
matic biosensor produces hydrogen peroxide, which oxidizes the conducting
polymers (CPs), changing its conductivity.

(e) Impedancemetry: an extremely sensitive technique based on changes at the
electrode interface, allowing to monitor, for instance, the charge transfer resis-
tance (Rct) and capacitance of the conductors and/or semiconductors. These
changes are observed inCPs and carbon-based-modified electrodes after immo-
bilizing the biorecognition element and detecting the target molecule, such as
DNA, antibodies, specific binding proteins, and whole cells.

Other types of electrochemical detection techniques are available in the literature,
such as by field-effect (which uses transistor technology to measure current because
of a potentiometric effect at a gate electrode) [30, 34]. The choice for a suitable
electroanalytical tool strongly depends on the characteristics of the biorecognition
element. Hereafter some examples to detail the electrochemical biorecognition are
presented.

1.1 Enzymes for Electrochemical Biorecognition

Enzymes are certainly the biomolecules more used to assemble electrochemical
biosensors. They are versatile, allowing the determination of the analyte in diverse
ways, such as by measuring:

(i) consumption of cosubstrates (e.g., O2, H2O2);
(ii) formation of electroactive species (e.g., H2O2, Fe2+, Fe3+, ferrocyanide);
(iii) evolution of the biocatalyst redox state (e.g., catalase and peroxidase that

contain Fe2+, Fe3+ in their chemical structure);
(iv) changes in the electron flow rate straight from the enzyme active site to the

transductor.

The history of electrochemical biosensors reports the importance of the enzymes
in the evolution of these devices, being the GOx a protagonist, allowing the develop-
ment of large equipments andminiaturized devices. One of themain interests of using
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GOx is related to the glucose levels in blood samples, as diabetes mellitus is a world-
wide public health problem. This disease causes metabolic disorder from insulin
deficiency and hyperglycemia, reflected by higher/lower blood glucose concentra-
tions than the normal range of 80–120 mg dL−1 (4.4–6.6 mmol L−1) [39]. Therefore,
early diagnosis and treatment of diabetes mellitus require close monitoring of blood
glucose levels.

Enzymatic electrodes based on GOx become a strong candidate for the replace-
ment of continuous glucose monitoring methods. The GOx is produced naturally in
some fungi and insects and possesses a flavin adenine dinucleotide cofactor (FAD)
protein group in the active site [42]. Electrochemical enzymatic glucose biosensors
can be divided into three different generations depending on the electrochemical
communication between the enzyme and the electrode. Summarizing:

(i) The first generation involves the oxygen consumption in solution for the
subsequent generation of hydrogen peroxide at high redox potential. After
the oxygen consumption (cosubstrate), the product from the catalysis goes
toward the transducer leading to an electrical response. This technology was
used to produce the first biosensor for glucose in the market. The disadvan-
tages include the use of platinum in the assembling (increasing the price of the
device); the high potential to achieve high selectivity; the dependence on the
solubility of oxygen in biological fluids; and the susceptibility to the enzyme
inactivation due to the production of hydrogen peroxide [30].

(ii) The second generation uses electrochemical mediators (such as ferrocene,
ferrocyanide, quinine, and methylene blue) to shuttle the electrons from the
enzyme redox centers to the surface of the electrode. The presence of themedi-
ator overcomes the limitation of low pressure of oxygen in the first generation.
Additionally, the low redox potential of the mediator may decrease interfer-
ences from electroactive species such as uric acid and ascorbic acid. The
main disadvantages concerning this generation are the competition between
the mediator and dissolved oxygen; the fake and imprecise results from inter-
ferences of other electroactive species; the small size; and high diffusibility
of the mediator, which may result in losses by leaving the region between the
enzyme and the electrode [30].

(iii) Finally, in the third generation, the electron is transferred straightly from
the enzyme active site to the electrode, applying a low operating potential
close to the redox potential of the enzyme [23]. This configuration allows
to improve the efficiency and response time of the biosensor since the only
barrier for the electron flux is the globular enzyme structure. Some strategies to
improve the electron transfer rate includemodifying the electrode surfacewith
carbon nanotubes (CNTs) or polypyrrole (PPy) to enable a suitable enzyme
orientation [14, 28, 43].

There are plenty of works in the literature reporting the development of enzymatic
electrochemical biosensors using organic semiconductors. For example, recently, a
glucose biosensor was developed using nanocomposites of polyaniline (PANI) on
TiO2 nanoparticles (PANI-TiO2 NPs) to overcome the limitations and performance
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of the pristine PANI or TiO2 NPs [20]. According to Tang et al. [37], the synergistic
effect between PANI and nanometer-sized TiO2 not only provide a large specific
surface area, good biocompatibility, and more active center sites for GOx but also
helps to decrease the steric hindrance of the enzyme active centers, resulting in direct
electron transfer from the enzyme to the electrode surface [37].

PANI-TiO2 NPs were obtained by depositing an ultra-thin coating of PANI on the
TiO2 NPs surface byvapor phase polymerization [20]. Thebiosensorswere fabricated
bymixing PANI-TiO2 NPs dispersed in 0.5% chitosan solution prepared in 1% acetic
acid with GOx in PBS solution and then adding the resulting mixture on the dried
surface of a glassy carbon electrode (GCE). Nafion solution was used as a binder
for the preparation of the electrodes. Characterization with CV and electrochemical
impedance spectroscopy showed a decrease of the Rct with the presence of PANI;
on the other hand, the Rct increases after GOx immobilization, as this enzyme acts
as an electrical insulator.

The biosensor activity was studied with CV in both PBS purged with nitrogen
and standard PBS [20]. There were two almost symmetrical redox peaks in the first
case, indicating the direct electron transfer between the enzyme and the electrode
surface (see Eq. 1). However, in the standard PBS, there were asymmetrical redox
peaks because of the oxidation of the reduced enzyme by the dissolved oxygen (see
Eq. 2), increasing the reduction peak current.

GOX(FAD) + 2e− + 2H+ ↔ GOX(FADH2) (1)

GOX(FADH2) + O2 → GOX(FAD) + H2O2 (2)

The biosensor performance in PBS purged with N2 was evaluated in the presence
of glucose. It was observed that the peak current reduction is strongly dependent on
the glucose concentration. The enzyme reduction occurs during the glucose oxidation
to gluconolactone (as shown in Eq. 3). The electrochemical impedance spectroscopy
also indicated that the Rct increases with the addition of glucose. The active centers
started to saturate with glucose concentration over 200 μmol L−1 and observed a
nonlinear behavior. The biosensor presented a good sensibility and limit detection
of 5.33 μmol L−1.

GOX + Glucose → GOX(FADH2) + Gluconolactone (3)

Although not as popular as GOx, the enzyme acetylcholinesterase (AChE) has
been extensively used as a biorecognition element on organic semiconductor support
materials. One motivation for its application in the design of electrochemical biosen-
sors is the uncontrolled use of pesticides, such as organophosphates and carbamates,
which have high toxicity, leading to health problems for the worldwide population.
These chemicals might contaminate, for example water, air, fruits, vegetables, fish,
meat, milk, and eggs. Their toxicity is based on the inhibition of the enzyme AChE
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that is essential for the central nervous system of humans and insects. AChE func-
tion is to catalyze the hydrolysis of the neurotransmitter acetylcholine (ATCL) in
thiocholine (TCh) and acetic acid. However, in the presence of pesticides, the nucle-
ophilic group present in the active site of the enzyme binds covalently to the oxygen
(carbamates) or phosphorus (organophosphates) inhibiting the biocatalytic activity
of AChE. This inhibition results in the accumulation of ATCL, causing respiratory
disorders, muscular problems, and dysfunctions of the myocardium, leading to death
[27]. TCh is an electroactive product that can be oxidized [3, 33], as represented in
Eq. 4.

TCh → dithiobischoline + 2H+ + 2e− (4)

Recently, Loguercio et al. reported the fabrication of biosensors based on PPy
films doped with indigo carmine (IC), sodium dodecyl sulfate (DS), and Au NPs
(PPy-IC-DS-AuNP) by in situ electrochemical polymerization onto indium tin oxide
coated glass (ITO) for the detection of carbaryl pesticide using AChE (from electric
eel) [19]. For the immobilization, a solution of AChE was drop cast on the PPy-IC-
DS-Au NP film. They unveiled the dependence between the biosensor performance
and the support material properties. By controlling the DS concentration, the authors
increased the density of positive charges in the polymer surface, therefore the wetta-
bility, improving the electrostatic interaction with the enzyme above its isoelectric
point (pI). Consequently, an expressive amount of active AChE was immobilized on
the surface of the PPy films with their active site close to the interface (similarly to
AChE from electric ray, as previously reported in a theoretical study [47]), enabling
a fast direct electron transfer and high affinity to the pesticide. As the analytical curve
followed the Langmuir isotherm model, the authors obtained the binding constant
for the carbaryl pesticide toward the adsorption sites of the enzyme, reaching 7.39
× 108. As a result, the biosensor presented high sensitivity, a low detection limit
(0.033 ng cm2 mL−1), and demonstrated satisfying performance in tap water toward
the recovery of carbaryl pesticide.

The CNTs are also known for facilitating the electron transfer from the enzyme
to the transducer, improving the catalytic activity. Li et al. [15] had developed a
xylose dehydrogenase-displayed bacteria combined with Nafion/multiwalled carbon
nanotubes (MWNTs) composite as an amperometric biosensor to xyloses determi-
nation. This analyte is present in the food industry as sweetness and in medicine and
industry processes since it might be a softener, surfactant, plasticizer, and the main
hydrolysis product of cellulose. To avoid purification steps and destabilization of free
enzymes, the xylose dehydrogenase was expressed on bacteria surface prepared from
ice nucleation protein fromPseudomonas borealisDL7. In this case, the xylose detec-
tion was indirect. The NADH cofactor oxidation process at high positive potential
transfers electrons to the electrode surface. The presence of MWNTs decreased the
overpotential for NADH oxidation from ~0.7 to ~0.5 V due to the high local density
of electronic states inMWNTs. The peak current and consequently the sensitivity are
significantly higher when the electrode is modifiedwith the nanomaterial, suggesting
the NADH electrocatalytic oxidation by MWNTs [15].
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1.2 Antibodies for Electrochemical Biorecognition

The electrochemical biosensors that use antibodies for the biorecognition with anti-
gens are usually called electrochemical immunosensors and are applied in different
areas, such as the medical, food industry, and environment. An interesting point of
these devices is the universality of antibodies. Therefore, after demonstrating the
proof of concept of an electrochemical immunosensor, changing the antibody in the
assembling allows adapting the configuration for different purposes.

The research in this field focuses on improving their sensitivity as they have the
potential to be miniaturized in Point of Care (PoC) devices with modern micro-
electronics that facilitates multiplexing and the reduction of the overall size. Some
strategies consist of employing organic semiconductor nanomaterials. In addition,
the detection may be signalized with electrochemical mediators or with enzyme-
labeled molecules in a sandwich-type of immunoassay to improve the read-out [11].
Following are the description of some reports where organic semiconductors were
used as support materials to assemble the electrochemical immunosensor.

The sensitive and selective detection of alpha-fetoprotein antibody (AFP-ab) plays
a significant role in the early diagnosis and treatment of several types of cancer as
AFP levels above 20 ng mL−1 are found in the human serum of patients [18, 44].
[8] developed an immunosensor of AFP using a poly (3,4-ethylenedioxythiophene)
(PEDOT) doped with polyethylene glycol (PEG) terminated with thiol groups to
interact with Au NPs. The composite was functionalized with AFP-ab by incubating
the electrode in phosphate buffer solution with AFP-ab. Electrochemical impedance
spectroscopy measurements were employed to evaluate the immunosensor perfor-
mance. The schematic illustration for the immunosensor fabrication is summarized in
Fig. 1. TheAFP-ab is positively charged in the solution (pI= 8.0), attracting negative
redox probes near the electrode surface, decreasing the Rct due to this enhancement
of the charge transfer. Similarly, after the antigen detection, the Rct decreased. The
immunosensor retained the AFP-ab high binding affinity, exhibiting favorable selec-
tivity, high sensitivity, ultra-low detection limit (0.0003 fg mL−1), demonstrating
satisfying performance for the assay of AFP in human serum samples [8].

Graphene has been used as a scaffold to anchor specific biomolecules to detect
analytes with high specificity. For example, a PoC continuous graphene-based device
was developed by Salem et al. [31] to quantify fibrinogen, an indicator of trauma-
induced coagulopathy in unprocessedwhole blood samples. Fibrinogen-specific anti-
body 12HCwas covalently attached to aminated-graphene surface through activation
of reactive sites of graphene with succinic acid and EDC in an aqueous solution.
The fibrinogen biosensor was prepared by dropping a 12HC-graphene solution on
the working electrode of graphitic screen-printed electrode (SPE). An extra layer
of chitosan solution hydrogel is essential to maintain the graphene layer onto the
electrode surface. The miniature three-electrode biosensor was used to determine
fibrinogen using electrochemical impedance spectroscopy and ferro/ferricyanide as
the redox pair in PBS, plasminogen, or human serum albumin background, human
serum, and unprocessed whole blood. The charge transfer process from the redox
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Fig. 1 Schematic illustration of the fabrication process of the AFP biosensor [8]. Copyright 2016
(Reprinted with permission from Elsevier Ltd.)

probe reaction to the electrode progressively hinders with the increase in fibrinogen
concentration, which occupies the antibody sites on the graphene surface (Fig. 2)
[31].

The configuration of an electrochemical immunosensor can be applied for the
biorecognition of different analytes, including viruses,which have remarkable impor-
tance to prevent and control epidemics. Huang et al. [11] developed a sandwich-
type immunosensor for avian influenza virus (AIV) H7 detection using linear sweep
voltammetry. The graphene/chitosan/NPs nanocomposite was employed for both
immobilization of monoclonal antibodies (MAbs) on Au NPs and as a tracer to
label polyclonal antibodies (PAbs) along with silver nanoparticles (Ag NPs) acti-
vatedwith 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide/N-hydroxysuccinimide
(EDC/NHS). Figure 3 presents the sandwich immunoassay, where the AIV H7
is trapped in between the PAb-Ag NPs-graphene-chitosan and MAbs-Au NPs-
graphene-chitosan layers after 30 min incubating. The immunosensor presented a
linear response from 1.6 pg mL−1 to 16 ng mL−1 of AIV H7 concentration. The
authors highlight the importance of graphene in the design of the electrochem-
ical biosensor once the high surface-to-volume ratio allowed the immobilization
of multiple Ag NPs, improving the response signal [11].

Also, a combination of immuno and enzymatic responses can be integrated into
a single device. Torrente-Rodríguez et al. [38] developed a portable and wire-
less graphene-based electrochemical platform to diagnose COVID-19 in serum
and saliva. The platform is expected to favor the diagnoses of viral infection,
immune response, and disease severity by providing information on SARS-CoV-
2 nucleocapsid protein (NPr), specific immunoglobulins against SARS-CoV-2 spike
protein (S1-IgM and S1-IgG), and inflammatory biomarker C-reactive protein (CRP)
concentrations, respectively.
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Fig. 2 Principle of fibrinogen detection via EIS spectroscopy using antibody covalently attached
on the aminated-graphene surface electrode [31]. Copyright 2016 (Reprinted with permission from
Elsevier Ltd.)

Fig. 3 Graphene
sandwich-type
immunosensor assemble;
graphene/chitosan
modification with (a) Au NPs
for Mab immobilization and
(b) Ag NPs activated with
EDC/NHS for PAbs, and (c)
biosensor detection of AIV
H7 [11]. Copyright 2016
(Reprinted with permission
from Elsevier Ltd.)
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Fig. 4 a Graphene-based electrochemical platform to diagnose COVID-19 in serum and saliva
using a portable and wireless system, b PBA interaction with both graphene electrode and
biomolecules, c double-sandwich and sandwich configuration for NPr and CRP detection, respec-
tively, and d indirect immunoassays for S1-IgG and S1-IgM detection [38]. Copyright 2021
(Reprinted with permission from Elsevier Ltd.)

Figure 4 illustrates the SARS-CoV-2 platform with four graphene working elec-
trodes, which were fabricated via CO2 laser engraving on a polyimide (PI) substrate.
According to the authors, the graphene was chosen due to its superior properties,
high charge mobility, and surface area, as well as high sensitivity and selectivity
of sensing strategies involving both capture and detector receptors. In order to
preserve the graphene structure, the surface was non-covalently functionalized with
1-pyrenebutyric acid (PBA) to anchor the required receptors, as shown in Fig. 4b.
While the pyrene unit interacts with graphene by π-stacking and hydrophobic inter-
actions, the carboxylic functional groups of PBA allow the covalently bound with
amine groups of the specific antibodies or capture proteins. Bovine serum albumin
(BSA) prevents non-specific adsorption of other biofluid molecules by reacting with
unreacted sites on the graphene layer. The amperometric detections were performed
based on the double-sandwich strategy for NPr, sandwich configuration for CRP
(Fig. 4c), and indirect immunoassays for S1-IgG and S1-IgM (Fig. 4d). This is a
promising approach for the COVID-19 diagnosis as graphene working electrodes
can monitor four targets in one single and fast experiment (less than 1 min), portable
and wireless system, in a non-invasive saliva test [38].
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1.3 Other Biomolecules for Electrochemical Biorecognition

Avelino et al. [4] developed a flexible biosensor for label-free detection of human
papillomavirus (HPV) families and p53 gene monitoring (biomarker of carcino-
genicity) [4]. It used flexible electrodes based on polyethylene terephthalate (PET)
strips coated with ITO. PPy-Au NPs films were electropolymerized on the flexible
ITO electrode and then modified through the chemisorption of cysteamine (Cys)
molecules, followed by the chemical immobilization of DNA-specific probes using
covalent anchoring of glutaraldehyde (GA) [4].

According to the electrochemical characterization of the electrodes, PPy films
provide a considerable number of nucleation sites for the formation of Au NPs
with nanometric dimensions in a non-aggregation state. This surface allowed Cys
molecules to function as a molecular spacer contributing to a higher conductivity
response and lower interfacial resistance, increasing the sensitivity. The association
of PPy and Au NPs allowed obtaining a platform with improved electrochemical
properties and high surface area [4].

An alternative to horseradish peroxidase-based biosensors is using myoglobin,
a heme-contained redox protein, to catalyze the hydrogen peroxide reduction. For
example, anH2O2 electrochemical biosensorwas developed usingmyoglobin-hybrid
silica sol–gel coating on the surface of Ag NPs-doped CNTs/chitosan-modified elec-
trodes [17]. Electronmicroscopy confirmed that theCNTs (diameter range15–24nm)
prevented the Ag NPs (20–35 nm) agglomeration successfully. The high surface area
of CNTs enhanced the electroactive area and, consequently, the background current
in the presence of ferro/ferricyanide probe. As the biomolecule layer might func-
tion as a resistive component, the CNTs have an essential role in improving charge
transfer. A synergetic effect between CNTs and Ag NPs during the detection of
H2O2 in deoxygenated PBS resulted in improved electrocatalytic activity compared
to the electrodes composed with only one of these components. The amperometric
biosensor retained 78% of the initial activity after 50 days. This long-term stability
was assigned to a proper microenvironment for myoglobin, provided by the film
biocompatibility [17].

Sheng et al. [32] had explored the potential of nitrogen-doped CNTs combined
with fullerene for the direct electrochemistry of hemoglobin. The fullerene is an
excellent electron acceptor due to its unique dimensional and electronic structures.
Thus, the combination of fullerene and ordered CNTs should facilitate the hetero-
geneous electron-transfer process. Additionally, the nitrogen-doped CNTs exhibit
good electron conductivity, biocompatibility, and higher hydrophilicity than pris-
tine CNTs, making them suitable to anchor biomolecules. When the hemoglobin
was immobilized on fullerene/nitrogen-doped CNTs/chitosan, the apparent hetero-
geneous electron transfer rate constant suggested a fast electron transfer from the
protein to the electrode because of the synergetic effect resulting from the carbon
allotropes combination. As a result, the amperometric biosensor reached the plateaus
within 5 s (response time) when applied on the electrocatalysis of H2O2 reduction
[32].
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2 Strategies for the Design of High-Performance Devices

2.1 Machine Learning

Artificial intelligence, especially machine learning (ML) algorithms, has been
standing out as a fundamental tool for the design of high-performance electrochem-
ical biosensors. However, despite all the advantages of electrochemical biosensors,
they can also have some undesirable characteristics, such as their poor stability and
short lifetime due to the instability of the biorecognition elements, besides their
inevitably irregular signal to noise.

The capacity for processing extremely data setwithMLalgorithms enables a series
of applications in the biosensor field, such as (i) categorization of the sensing signals
into a series of categories based on the target analyte; (ii) correcting the biosensor
response in the presence of interferents in real samples; (iii) reduction of noise, since
the signal interference is widespread; (iv) object and pattern recognition; and (v)
optimization of experimental conditions [7]. However, studies with ML to design
organic semiconductor-based electrochemical biosensors are still very incipient.

The electrochemical biosensor output signal depends on the interaction of a sort of
variables, such as electrical property (potential, current, impedance), characteristics
of the electrode (support material, geometry, area), electrolyte composition (concen-
tration, pH, solvent), external variables (temperature, pressure, time), and reaction
variables (kinetic and thermodynamic parameters). Therefore, ML is a useful tool to
predict the biosensor response through different experimental conditions, in addition,
to optimizing the electrochemical biosensor response [10].

Recently, the literature reported the application of ML algorithms to obtain a
classification model for a precise decision in the diagnosis of diseases such as
endometriosis with a simple electrochemical immunosensor, allowing non-technical
personnel to evaluate the result [25]. Also, ML algorithms were applied as a model to
identify patterns of the analyte recognition (heavy metal salts, pesticides, and petro-
chemicals) in the response output, allowing to identify of these pollutants as well as
their concentrations [1, 2].

In another work, an ML algorithm was used to predict the catechol concentration
(a highly toxic compound for the environment and human body) using current as an
input in voltammetric measurements using a glassy carbon electrode modified with
PEDOT, graphene oxide nanosheets (GONs), and physically entrapped laccase (Lac)
[21].

According to the literature,ML is helpful when the biomolecule activity decreases
over time, requiring replacement intermittently. ML algorithms allow designing
an intelligent electrochemical biosensor to predict the analyte concentration by
considering the decrease of the electrochemical biosensor response over time [22].

The use of smart biosensor systems is growing especially in three areas: health
and disease management [10], environmental pollution control [22], and agriculture
and food science [1].
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2.2 Screen-Printed Electrodes and Wearable Devices

The development of SPEs arrived to fill the need for small, portable, and disposable
devices capable of accomplishing on-site analyses with high sensitivity, selectivity,
a linear output, low power requirement, quick response, low cost, and multi-analyte
detection [16]. This technology provides the necessary tool for developing PoC-
based biosensors devices, besides the possibility of large-scale production. The use
of SPE in PoC devices ranges on different applications, such as in the environmental
(e.g., detection of pollutants, toxins, and microorganisms in water samples) [36] and
in the health fields (e.g., monitoring and diagnosis of diseases, human metabolites,
and drugs detection) [24].

The SPEs gather the three electrodes (reference, working, and counter) into a
unique small system. They are fabricated by printing different viscous inks in succes-
sive steps onto a solid substrate, which can be a plastic film, a ceramic, a paper
sheet, or a thin stretch film for instance. Usually, Ag/AgCl-based ink is used for the
reference electrode; meanwhile, carbon ink is used for both counter and working
electrodes. Carbon is used due to its excellent properties, such as low cost, wide
potential window, low background currents, and chemical inertness [46].

The advantages of modifying the SPE with CPs and carbon-based materials are
the improvements in conductivity, surface area, electron transfer rate, in addition
to the suitable environment for the biomolecules. Biosensing electrodes for a series
of target analytes can be developed by combining surface modification and SPE
technology advantages.

Istamboulie et al. developed an enzymatic SPE for organophosphate pesticides
detection [12]. A polyvinyl chloride (PVC) sheet was used as the screen-printed
substrate, a glycerophthalic ink was used as an insulating layer, and Ag/AgCl
was used as reference electrode. The carbon working electrode was modified with
PEDOT:PSS to mediate the electron transfer reaction, and the AChE enzyme for the
analyte detection, producing a biosensor with high conductivity and sensitivity for
the detection of organophosphate pesticides.

The SPE permit, in addition to the electrode modifications, printing electrodes
with different formats and shapes on varied materials. This technology has been
employed to construct affordable wearable biosensors devices, which is very impor-
tant in the healthcare field by allowing the continuous monitoring of several human
metabolites (e.g., glucose, lactate, uric acid, and cholesterol), electrolytes (e.g.,
sodium and potassium), skin temperature, heart rate, blood pressure, oxygenation
of the blood and brain activity, all in a non-invasive measurement, in real time, and
continuous monitoring. These wearable devices can be bracelets, textile materials,
and even tattoos over the epidermis [41]. Someof these devices require biocompatible
materials, such as graphene and CNTs [6, 35, 40].

Gao et al. developed a flexible device that can be used as awristband or a headband
during physical activity for monitoring human metabolites, electrolytes, and skin
temperature in sweat samples [9] using CNTs and PEDOT:PSS. In detail, it was used
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as a flexible PET substrate containing a printed sensing array (responsible for the
analyte detection through the electrochemical signal generation) and a printed circuit
board (responsible for signal transduction, conditioning, processing, and wireless
transmission for a reading device, like a mobile phone or a computer).

For the sensor array fabrication, the PET was Cr/Au patterned with photolithog-
raphy after the deposition of a parylene insulation layer to delimit the working
electrode area, preventing electrical contact of the metal lines with skin and sweat.
Ag/AgCl electrode was the reference electrode, and each sensing part was prepared
according to its application: (i) glucose and lactate detection: Prussian blue was used
as the electron transfer mediator and chitosan/CNTs/enzyme (GOx for the glucose
detection and lactate oxidase for the lactate detection) for the biorecognition; (ii)
sodium and potassium ions detection: a polyvinyl butyral (PVB) coated reference
electrode was modified with PEDOT:PSS to act as an ion-to-electron transducer in
this ion-selective electrode. The temperature sensorwas fabricated usingCr/Aumetal
microwires. The developed sensor showed a great response, multi-analyte detection,
specificity, and wearable technology.

The SPE is also a suitable technology to assemble tattoo devices. In this case,
the biosensor may be printed on a tattoo paper and then transferred to the epidermis
in order to measure target molecules in sweat or interstitial fluids. Jia et al. used
this strategy to develop a temporary transfer tattoo-based electrochemical biosensor
to detect lactate in human sweat [13]. The working electrode was modified with
tetrathiafulvalene (TTF), CNTs, and the lactate oxidase enzyme. Finally, a biocom-
patible chitosan overlayer prevents the efflux of biochemicals in the reagent layer
for the underlying epidermis. This non-invasive biosensor showed great response,
specificity, and simplicity to operate.

Tracking circulating uric acid in biological fluids presents an enormous poten-
tial for reducing the risk of gout and hyperuricemia in clinical settings. It was
recently reported a non-invasive wearable microfluidic-based electrochemical sensor
capable of detecting uric acid in human sweat using PEDOT:PSS hydrogel in screen-
printed carbon electrode (SPCE) with the conventional three-electrode system [45].
Copperwas electrodeposited on theworking electrode (Cu/SPCE) and then immersed
in the PEDOT:PSS electrolyte (at a constant potential of 0.5 V during 450 s)
for a complete and suitable layer thickness of the PEDOT:PSS hydrogel on the
working electrode (PEDOT:PSS hydrogel/SPCE). For the fabrication of microflu-
idic devices, it was utilized two PDMS layers, one of them was laser engraved to
form a microfluidic channel (sweat inlet and a reservoir) and the other to cover the
channel surface to ensure the capillary effect. While the microfluidic device allows
the real-time measurement, the PEDOT:PSS hydrogel provides conductivity, large
electroactive surface area, electrolyte storing, enhanced flexibility, and distinctly
enhanced catalytic activity for uric acid detection, as the oxidation peak current
of uric acid increases and the oxidation peak potential reduces compared with the
bare SPCE. This device was able to quantify uric acid in human sweat before and
after consumption of a high-purine diet, showing its potential for the construction of
high-performance wearable sensors.
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The molecularly imprinted polymers (MIPs) can also be used in wearable biosen-
sors that allow continuousmonitoring of health status, reducing healthcare costs, time
for diagnosis, and the need for centralized hospital-based care systems. For instance, a
sensitive and selective biosensor for monitoring cortisol in human sweat was assem-
bled by combining the MIPs and PEDOT:PSS [26]. Human sweat samples were
collected during exercise. The sensor showed high chemical and physical stability
at body temperature and resistance to physical deformation, presenting a log-linear
response in the range of 0.01–10.0 μmol L−1.

3 Conclusions

Organic semiconductors are suitablematerials for the development of highly efficient
biosensing devices. Their compositional and morphological versatilities allow the
functionalizationwith different biomolecules for the detection of a variety of analytes
with high specificity. Improvements in the performance may be achieved with a suit-
able electroanalytical apparatus based on the characteristics of the biorecognition
element and the organic semiconductor. Progress toward miniaturized and wearable
deviceswith improved biorecognition performance is expectedwith advances in tools
and technologies such as machine learning, screen-printed electrodes, and microflu-
idics. Hopefully, non-invasive and not expensive devices will be available for society
soon, bringing benefits to the future of diagnosis, environmental management, in
addition to agriculture and food science.
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Graphene-Based Bioelectronics

Isabela Alteia Mattioli and Frank N. Crespilho

1 Introduction

In this chapter, we will discuss about graphene-based bioelectronics and its impacts
on biosensing and analytical detection research. For this, aspects concerning
graphene obtention and its intrinsic properties will be glimpsed. We will move then
towards graphene applications in bioelectronics, giving firstly an introduction on
what is bioelectronics and its impacts on emerging technologies. Sequentially, some
graphene electronic properties and their impact on the performance of a bioelectronic
device will be discussed. Then, graphene field-effect transistors for bioelectronics
purposes will be presented and detailed. In this context, functionalization strate-
gies for this sort of device will be in-depth debated. Finally, modern applications of
field-effect graphene devices for bioelectronics will be presented and discussed.

2 Graphene: Overview and Obtention

Graphene is one of the various carbon allotropes existent in nature. Consisting of
a two-dimensional (2D) carbon atoms network organized in a honeycomb lattice,
graphene has been first isolated in 2004 by Geim and Novoselov [1]. Since then,
this 2D crystalline material with one-atom width has been extensively studied in
research community aiming applications in (bio)electronics, nanomedicine, diag-
nosis, electrochemistry and portable energy storage [2]. The remarkable attention
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that graphene has attracted is based on its unique thermal, mechanical, optical and
electronic properties [2], as high optical transparency (up to 97.7%) [3], mechanical
strength (42 N m−1) [4], improved thermal conductivity (5000 Wm−1 K−1) [3], low
electrical resistance (<10 k� sq−1) [5] and high charge carrier mobility (200,000
cm2 V−1 m−1) [6].

Although mechanical exfoliation (i.e. “Scotch-Tape Method”) was the first devel-
oped route for obtaining graphene fromgraphitewith simplicity and low-cost features
[1, 2], nowadays, there are other sophisticated and highly controlled methods for
graphene synthesis. In particular, these techniques are useful for obtaining low-
defective graphene structures specially for optical and electronic applications, as we
will see in the further sections. In this context, chemical vapor deposition (CVD) is
the most common route for graphene obtention [7]. It consists of graphene growth
on a metallic substrate (mainly Cu) after thermal decomposition of a carbon source
molecule. For this, ethylene gas is frequently used and its adsorption onto themetallic
substrate under high temperature (above 1000 °C) leads to the growth of graphene
single crystalline domains, forming polycrystalline graphene adsorbed on Cu foil
[2, 7].

Another interesting methodology is graphene growth on SiC substrate, producing
epitaxial graphene. Briefly, SiC substrates undergo high temperatures (>1400 °C) at
high vacuum and carbon atoms are rearranged at the surface as silicon atoms evapo-
rate. At the end of this process, graphitic layers are formed. Although the production
of graphene layers directly on Si substrate (the most applied substrate for graphene
electronics and bioelectronics) is a main advantage, this process is considered highly
costly [8]. Recently, laser-induced methodologies have been explored in literature
for the production of graphene with high yield rates [4]. A carbon-based precursor
material rich in sp3-hybridized atoms is irradiatedwith infrared laser pulses, resulting
in the formation of sp2 hybridized carbon atoms that are rearranged in a honeycomb
lattice, leading to graphene [9]. To become this process more cost-effective, litera-
ture has reported studies on the application of commercial polymers as carbon-based
precursor material [10].

3 Graphene for Bioelectronics

3.1 Introduction to Bioelectronics

Bioelectronics aims sensing and actuating by two-dimensional thin films and
entities. These devices allow the real-time monitoring of physiological processes
as well as medical diagnosis without need for further body interventions. For these
purposes, bioelectronics is of great interest in healthcare, biologic research and
nanomedicine [4].

However, there are some key features that 2D materials should present in order
to be considered a suitable material for bioelectronics, as chemical and physical
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stability, high specific surface area, planal material topography, conductivity, elec-
trochemical features and biocompatibility [4]. Each of this feature has a direct impact
on the bioelectronic device performance. Material topography can influence on the
biological specie adhesion onto the device, and therefore, on the magnitude of trans-
duced signal [11]. Biocompatibility is of great importance for properly interfacing
with biological environments as cells and tissues [4]. Chemical and physical stabil-
ities are important parameters for the development of robust bioelectronic devices
able to be applied in diverse conditions in biological environments without produc-
tion on undesired secondary species. Specific surface area, by its turn, is desirable
for improving the analytical performance of the device. Literature usually correlates
devices based on materials with higher specific surface area with the ability to reach
lower limits of detections (LOD) [4, 12]. This can be due to the increase in electro-
chemically active area of the device (if it is operated by electrochemical principles),
and/or increase in surface area available for adsorbing the biological target analyte.

3.2 Graphene Properties for Bioelectronics Purposes

There are a wide range of materials that can fit the above-mentioned requirements for
a successful device design. Semiconductors [13], metals [14] and graphene-based
materials [15, 16] are the most applied materials in literature bioelectronic device
reports [4]. Amongst them, graphene is one of the most explored nanomaterials for
bioelectronics purposes due to its unique physico-chemical properties. For bioelec-
tronics, pristine graphene electronic and electrical properties are of greater interest,
as these types of devices concern the synergy between electronics and biology [17].
Thus, charge carrier mobility, basal plane conductivity, low intrinsic resistivity,
ambipolar characteristics and high charge carrier density at its Charge Neutrality
Point are a few to mention [2, 15, 18]. Another interesting aspect of graphene is its
“band-gap zero semiconductor features” at 0 K, contrasting to every other material
that may be used for electronics or bioelectronics applications [2].

All these properties arise due to graphene’s unique energy band structure and
can be correlated to its linear energy dispersion and linear Density of States (DOS)
distribution [2, 15]. For a better understanding of this energy band structure, it is
important to consider some symmetry properties that can be analyzed in Brillouin
zones at reciprocal space (Fig. 1).

At graphene’s first Brillouin zone in reciprocal space, graphene presents several
high-symmetry points denominated K and K′. These points are known as Charge
Neutrality Point (CNP) or Dirac Point, where a null DOS is observed (Fig. 2). This
point is also referred as Fermi level in literature and lies at the intersection between
two cone-like band structures related to filled valence and empty conduction bands
[15, 20]. At this point, it is reported that electrons move with Fermi velocity. More-
over, an equal density of both electrons and holes is found, with high charge carrier
density (around 10–12 cm−2) without the application of external gate voltages or other
doping mechanisms (i.e. graphene with pristine characteristics) [15].
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Fig. 1 a Unit cell of graphene monolayer (top view); b bilayer graphene real space image, with
upper (gray) and lower (black) atoms; c unit cell for bilayer graphene; d unit cell for trilayer
graphene; e reciprocal space unit cell in first Brillouin zone for monolayer graphene showing
high-symmetry points and f Brillouin reciprocal space unit cell presenting high symmetry points.
Reprinted from reference [19] with permission from Elsevier

Fig. 2 Graphene tight binding-based band structure (left) and lowenergy band structure near charge
neutrality point band structure. Reprinted from reference [20] with permission from IOP Publishing

It is important to remember that gate voltages are external electrical field
polarizations that induce conductivity changes at graphene basal plane [18]. Away
from this point, it is observed a linear dependence on the charge carrier density
with an external gate voltage that can be applied for modulation of electric field
and conductivity improvements [15]. The insertion of charge carriers (n) can be
described by n = Vg ·α,where α is charge injection rate, and Vg is gate voltage [15].
Based on this, the graphene ambipolar behavior can be observed, once electrons and
holes can be continuously changed as predominant charge carriers by the application
of a positive or negative gate voltage. Insights on how carrier density is being
modulated by the application of a gate voltage can be given by analyzing the Holzer
coefficient, defined by RH = 1/(e · n). Graphene resistivity (ρ) is also affected by
the amount of charge carrier inserted at graphene electronic structure, as well as its
mobility through basal plane (μ), as demonstrated by the relation ρ = 1/enμ [15].

Charge carrier mobility is another important graphene intrinsic property derived
from its energy band structure and honeycomb lattice. Literature has reported that
graphene can reach 20,000 cm2 V−1 s−1 when supported on Si at 280 K [21], and
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up to 200,000 cm2 V−1 s−1 when suspended around 150 nm above a Si/SiO2 gate
electrode, with a charge carrier density of 5 × 1011 cm−2 [6]. Moreover, litera-
ture has reported that chemically or physically doped graphene devices still present
exceptional charge carrier mobilities, evidencing the occurrence of ballistic transport
[22]. Charge carrier mobility is of particular interest for high-speed graphene elec-
tronic components and bioelectronics in which working principles rely on the current
passage through graphene basal plane. The fact that it is weakly dependent on temper-
ature [22] is another advantage for producing devices and components for operation
out of room temperature. However, the existence of grain boundaries in graphene is
reported to scatter charge carriers and reduce their mobility in its surroundings up
to ~5.9% [23]. This is a common disadvantage of large-area graphene devices (i.e.
millimetric-sized), and thereforeminiaturizationof these devices down tomicrometer
or nanometer scales has already been widely studied [24–26].

3.3 Graphene Field-Effect Transistors

The above-discussed properties are of great interest for electronic graphene devices,
especially GFETs electronic devices with three terminals: source, drain and gate.
GFET working principles rely on the passage of current between drain and source
terminals through graphene’s basal plane, under an applied voltage namely drain-
to-source voltage (V ds), while an independent gate voltage (Vg) is simultaneously
applied for electrical field modulation [18, 20]. Therefore, for these devices to work
properly, the employed graphene properties mentioned in the section above must
be explored, mainly high charge carrier mobility, high basal plane conductivity,
low intrinsic resistivity and high charge carrier density. In this sense, GFETs have
receivedmuch attention from research and innovation community for high-frequency
electronics applications owing to its, lowpower operation, satisfactory scalability and
high current carrying capability [20]. Other GFET features are of great interest for
graphene-based bioelectronics, as high sensitivity, returning high current or voltage
changes in response to trace levels chemical and physical stability and ability to
reach low LODs are few to mention [16]. Another important aspect inherent to
pristine monolayer graphene concerns is its transconductance (gm), mainly explored
inGFETs. It consists of the variation rate of drain-source current (Ids) in relation toVg,
as described by the expression gm =dIds/dVg [27] and gives information on the device
amplifying ability [28]. In other words, a GFET with optimized transconductance
would present high sensitivity, as a remarkable voltage gain or an interesting percent
change of GFET current, defined by dIds/Ids [16, 27].

Another GFET feature of great interest for highly sensitive bioanalyte detection
is the signal-to-noise ratio (SNR). It is an indicative of the GFET reliability and
reflects the ratio between the transduced net signal and the background signal [16].
Particularly, the background signal depends on some matrix signals, as the Debye
length and operational GFET parameters, as frequency [16, 29]. Moreover, it is also
reported that biosensing near CNP is performed with reduced background electrical
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noise, and this strategy may be one of the more advantageous for biosensing of
compounds at trace levels [29].

On the other hand, there are some GFET properties that are not as advantageous
as desirable for bioelectronics. For example, due to the high interfacial sensitivity to
chemical environment alterations of these devices (i.e. adsorption of any biomolecule
onto graphene, or pH changes), GFETs often present low specificity. To overcome
this challenge, graphene functionalization is frequently required.

3.4 Graphene Functionalization for Bioelectronics Purposes

Graphene functionalization is awidely applied strategy for improving some graphene
properties and produces a better-fitted graphene device for the desired application.
In biosensing, sensitivity, lower LOD, specificity and detection performance are the
most explored features through functionalization.

Functionalization can be made through covalent bonding our non-covalent inter-
actions. Covalent methods for graphene modification involve sp2 lattice rupture and
a variety of functional groups insertion, depending on the modifier precursor [30].
These groups are considered defects on graphene structure and can be monitored by
Raman Spectroscopy, by evaluating an increase in D band intensity in relation to
G band one (ratio ID/IG). Thus, an increase on ID/IG ratio is a rough indicative of
successful functionalization [30, 31].

There are different covalent functionalizationmethods. One of themost employed
in graphene research and applications regards the production of graphene deriva-
tives, as graphene oxide (GO) and reduced graphene oxide (rGO). In both cases, the
insertion of oxygenated functional groups in both graphene edge and basal plane is
performed. In rGO, particularly, the reduction of a fraction of these groups is made
through electrochemistry, chemical oxidation or thermal oxidation [32]. Despite the
basal plane conductivity loss due to covalent functionalization, literature contain
some reports on the use of GO and rGO for field-effect-based devices [33–35].
These materials are also frequently employed for graphene electrochemical devices,
as an alternative to the electrochemical sluggish electron transfer kinetics presented
by pristine monolayer graphene [36]. It is known that GO and rGO present enhanced
electrochemical activity due to the presence of oxygenated functional groups capable
of realizing off-plane electron transfer and taking part into electrochemical reac-
tions [32]. Another sort of graphene functionalization widely explored concerns the
use of diazonium derivatives aiming the insertion of different desirable functional
groups. This strategy is of great interest for biosensing purposes due to the possi-
bility of attaching a variety of suitable functional groups capable of anchoring large
biomolecules, as proteins [37, 38]. Despite this advantage, this sort of functional-
ization was reported to decrease significantly charge carrier mobility and satura-
tion currents in diazonium derivative-functionalized GFETs based on monolayer
graphene sheets [39]. As an alternative, the use of GFETs relying on bilayer pris-
tine graphene appeared to contour these problems and increase the robustness of
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this bioelectronic device [39]. Still regarding covalent functionalizations, there are
reports in literature describing the possibility of directioning of covalent functional-
ization in graphene devices (Fig. 3) [40–43]. This is of great usefulness for producing
highly sensitive, miniaturized and single selective bioelectronics assays [42]. Gener-
ally, graphene edges are found to have a superior reactivity in comparison to basal
plane, and functional group insertion occurs preferentially in these regions [42].

Due to sp2 lattice disruption, covalent functionalization is frequently avoided for
electrical-based graphene devices, as GFETs. This is because the basal plane sp2

lattice rupture due to functional groups insertion affects graphene electrical proper-
ties, by decreasing basal plane conductivity and charge carrier mobility, as well as
the opening of a band-gap [18, 30]. As a consequence, current passage through drain
and source terminals is strongly affected [44]. To overcome these challenges, non-
covalent functionalization aroused as suitable modification alternatives for GFETs
and other electrical-based graphene devices. It is based on the establishment of van
der Waals interactions between graphene π electronic structure and the modifier,
leading to aπ–π stacking [2, 18, 45]. As an example, graphene functionalizationwith
ferrocene through van derWaals interactions was largely studied in literature [46–48]
andwas reported to lead to a promising heterojunction for genetic material detections

Fig. 3 a Photoresist patterning of graphene monolayer; b etching of uncovered regions with O2
plasma; c AuNP electrodeposition at graphene edges and photoresist dissolution; d scanning elec-
tron microscope images of AuNP-modified graphene edge; e atomic force microscopy images of
AuNP functionalized graphene edge in comparison to f bare graphene edge region. Reprinted from
reference [42] with permission from Royal Society of Chemistry
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Fig. 4 Schematic representation of non-covalent functionalization of GFET devices with a
new synthesized compound (Boc-L-Phe-Pyrene) for the enantioseletive detection of (R)-(+)-β-
Citronellol and (S)-(-)-β-Citronellol. Reprinted from reference [52] with permission fromAmerican
Chemical Society

[18, 45]. Non-covalent functionalization with polymers for biomolecules anchoring
is also widely explored, as PBASE [49] and poly-vinyl-pyrrolidone [50]. APTES
is especially employed for non-covalent interactions with GO, due to oxygenated
groups coupling [51]. Nowadays, directional non-covalent graphene functionaliza-
tions are also being explored, aiming the development of more specific and sensitive
graphene bioelectronic devices. In this sense, graphene non-covalent functionaliza-
tion with enantioselective compounds is a promising strategy (Fig. 4) [52]. Studies
have shown that this kind of coupling reduces charge carrier mobility of the GFET
in a little extent, desirable feature for this sort of device [52]. When combined with
the inherent high sensitivity of GFETs, this strategy lead to a new generation of
miniaturized highly specific and sensitive devices.

3.5 Applications of Graphene Devices for Biosensing
and Bioelectronics

So far, we have talked about graphene electronic properties and how they affect
and influence graphene bioelectronics, especially GFETs. Indeed, GFETs are one
of the most promising graphene bioelectronic devices for biosensing a variety of
biomolecules, as genetic material [29, 49, 53–57], biomarkers [35, 58–60], enzymes
[34, 61, 62] and, nowadays, COVID-19-related species [63–65].

There is a large amount of proteins detected by GFETs in literature, as
immunoglobulins, biomarkers and enzymes arewithin this class.As an example, back
in 2010, Ohno and collaborators reported a non-modified GFET capable of recog-
nizingBovine SerumAlbumine (BSA) through adsorptionmechanisms at graphene’s
surface. These studies made with BSA in nmol L−1 concentration order, proved that



Graphene-Based Bioelectronics 137

GFETs could be promising candidates for biosensing purposes [66]. As bioelec-
tronics research evolved, more complex GFET-based systems began to be explored.
For increasing sensitivity, strategies of immobilization of specific probes began to
be explored. As an example, protein-antibody affinity interactions were studied in
a gold-coated GFET, with great affinity for thiol-based cross-linker molecules [67].
Likewise, aptamer-protein binding kinetics on a GFET platform was also studied
[68]. This strategy concerns a two-step cross-linking process [69] and has been
frequently employed in literature [68–72], as it confers high specificity. Besides this,
there are other increasing specificity strategies of great usefulness for the detec-
tion of other proteinaceous species by GFETs, as immunoglobulins and biomarkers.
For example, carcinoembryonic antigens (CEA) were detected by a GFET modi-
fied with EDC, NHS and nano-denaturated BSA, reaching CEA concentrations of
337.58 fgmL−1 [58]. The nano-denaturatedBSAfilmdeposited onto graphenemodi-
fiedwith EDC andNHS acted as a cross-linker to immobilized antibodies for specific
interaction with CEA (Fig. 5) [58]. Another example of successful biomarker detec-
tion through GFETs concerns the use of a rGO GFET modified with PBASE for the
detection of Alzheimer’s disease biomarkers [35]. In this study, pico to nanomolar
concentrations could be analyzed in a multiplexed platform based on CNP shifts due
to biomarker adsorption [35].

Fig. 5 a Steps involved in the GFET modification with anti-CEA antibodies and nanodenaturated
BSA; b schematic illustration of the final device for CEA detections; c optical image of graphene
channel of this device. Reprinted from reference [58] with permission from Springer Nature, under
CC BY license
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Graphene bioelectronics for genetic material is also widely explored in literature.
The most recent studies report femto to zeptomolar detections of DNA through
different strategies. As an example, DNA zeptomolar detections were performed
in a crumpled GFET after processing this genetic material in a LAMP assay for
signal amplification (Fig. 6) [73]. Despite of the remarkable achieved analytical
parameters, the proposed assay does not present much simplicity. On the other hand,
DNA detections could also be performed by exploring DNA and PNA hybridization
strategies, however, with a less prominent LOD of 100 fmol L−1 [55]. For this, a
rGO-based GFET was employed, instead of pristine GFET. The identification of
individual DNA nucleobases was also explored by GFETs. This could be made due

Fig. 6 Zepto-molar LAMP reactions prior to detections using crumpled GFET devices; b) Nega-
tive control (primer) and amplified ds DNA samples absolute CNP voltages shifts; c) Studies on the
performance of sequential tests using the same device by evaluation of returned CNP voltages with
negative control (primer) and amplified ds-DNA samples; d) Normalized CNP shifts for ampli-
fied and non-amplified ds-DNA samples detections, n = 3. Reprinted from reference [73] with
permission from WILEY-VCH Verlag GmbH & Co. KGaA
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to different interfacial dipole fields that led to individual conductance signatures for
each nucleobase when directly deposited on pristine graphene channel [57].

Currently, the COVID-19 pandemic outbreak revealed the necessity of exploring
bioelectronics as rapid, sensitive and efficient diagnosis tools. In this sense, GFETs
started to be employed in literature especially for viral SARS-CoV-2 detections,
aligning great sensitivity with rapidness of analyses. Moreover, strategies for speci-
ficity have been adopted, to contour one of the most recurrent GFETs problematics.
As an example, Seo and collaborators developed the first GFET for SARS-CoV-2
viral detections. For this, specific antibodies for S protein were immobilized onto
graphene by PBASE crosslinking, and fg mL−1 levels of S protein concentration
could be successfully detected [65]. Viral RNA detections in clinical samples were
also explored by GFETs. In this case, gold nanoparticles and phosphorodiamidate
morpholino oligos (PMO) probes were deposited onto the GFET surface [63]. In this
case, PMO was proved to be a more suitable probe for viral RNA than ssDNA, with
negligible background signal [63]. 2D transition metal carbides, known as MXenes,
were also explored together with GFETs towards COVID-19 diagnosis in the study
developed by Li and collaborators [64]. In this work, the use of a MXene could
confer superior chemical sensitivity and lower sheet resistance, allowing to perform
highly sensitive detections with an easily measurable signal. Using this MXene
GFET, SARS-CoV-2 and H1N1 antigens could be differentiated and SARS-CoV-2
detections in fg mL−1 concentration levels could be performed (Fig. 7) [64].

3.6 Graphene Electrical-Electrochemical Vertical Devices

So far, the advantages and applicabilities of GFETs have been pointed out in the
previous sections. However, GFETs have some challenges to be overcome. One of
the most underdiscussed examples concerns the use of an Ag/AgClsat electrode as
gate electrode for potential reading in Ids versus Vg curves. In this sort of applica-
tion, the Ag/AgClsat electrode is polarized for Vg sweepings [18, 20]. Nonetheless,
its equilibrium system established between Ag+ and AgCl into the electrode body
makes this electrode as an ideally non-polarizable electrode. Its potential contribu-
tion to the electrochemical systems in which it is used is approximately 0.197 V (vs.
SHE) [74]. Therefore, the use ofAg/AgClsat reference electrode as gate electrodemay
cause instabilities in the electrode internal equilibrium, which could lead to impre-
cisions on potential readings during Vg sweeping as well as shifts in its equilibrium
potential [74]. To avoid these problems, recently, Mattioli, Crespilho and collabora-
tors studied the application of a monolayer graphene onto Si/SiO2 device submitted
to hybrid electrical-electrochemical working principles, generating the Electrical-
Electrochemical Vertical Devices (EEVDs, Fig. 8) [18]. These devices appeared to
be promising alternative assays for biosensing purposes with miniaturized features
and possibility of reaching unprecedently low LODs for genetic material detections
[18]. Due to this, intellectual protection of this technology is on process.
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Fig. 7 a Illustration of specificity studies for other coronavirus detections using MXene GFET;
IDS versus VDS curves for MXene GFET modified with b H1N1 influenza virus antibodies and c
SARS-CoV-2 S protein antibodies; d normalized gate voltage variation for the detection of each of
this virus, showing suitable specificity of the proposed device. Reprinted from reference [64] with
permission from American Chemical Society

Its principles are based on the use of an Ag/AgClsat as reference electrode
(instead of gate one) and direct connection between drain and source terminals
with the passage of electric current through graphene basal plane. Potential sweep-
ings between drain and source terminals are made by a potentiostat (where drain
is connected to CE terminal and source is connected to WE terminal) in relation to
the intrinsic Ag/AgClsat reference potential [18]. Thus, an external polarization of
0.197 V is applied in graphene interface by reference electrode while drain-to-source
potential is swept versus this electrode. As a consequence, graphene interface is
submitted to a field-effect in some extent. The electrochemical hybrid behavior could
be proved when redox processes were observed for a graphene EEVDmodified with
ferrocene (by van derWaals interactions) submitted to hybrid Ids versus V ds potential
sweepings [18]. It was concluded that if an electrochemical charge transfer process
is presented within the potential to be swept between drain and source terminals,
then it can be observed by this technique. More details are discussed in ref [18].

Another interesting aspect of EEVD devices regards the open circuit potential
(OCP) of the device interface. It is understood that OCP is the potential value in
which the overall electrochemical current is zero [74, 75] and reflects a condition
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Fig. 8 a Schematic representation of an EEVD aiming DNA detections; b real photograph of an
EEVD in operation; c Ids versus Vds hybrid electrical-electrochemical curves for DNA detections
in a 1 amol L−1—1 μmol L−1 concentration range; d respective calibration curve. Reprinted from
reference [18] with permission from Elsevier

of semiconductor’s electrochemistry where the sum of electron and hole charge
carriers current is zero [76]. In EEVDs, it was observed that OCP value and its
shifts have a similar behavior in comparison to GFET’s CNP and can be used to
reflect doping phenomena through charge carrier insertions [18]. It can be related
to the fact that OCP has a correlation to the semiconductor interface (i.e. graphene)
flatband potential and its surface charge layer. These potentials, respectively, reflect
a condition where no charge excess or redox potentials are present in band edges
and alterations in interfacial capacitance and surface charge layer [18]. Therefore,
monitoring OCP potential means to investigate interfacial potential alterations due
to capacitance changes and charge carrier insertion [18].

4 Final Considerations

In this chapter, an overview of graphene obtention, features and bioelectronics was
provided. Discussing graphene intrinsic properties and how they can be applied for
bioelectronics purposeswas of great importance for understanding howbioelectronic
devices operate and how they perform can be improved by efficiently exploring the
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above-mentioned properties. Besides, functionalization advantages and disadvan-
tages were discussed aiming of directioning the production of selective and sensitive
detection devices. As examples, GFETs applied for COVID-19-related diagnosis,
gene therapy purposes and edge-sensors were some of the pointed examples. In this
sense, the authors hope that the matters discussed in this chapter will be of important
relevance for improving graphene bioelectronics research area and technologies.
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