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Abstract: Electron shuttles (or redox mediators) are organic chemical(s) that can be reversibly oxidized and reduced to drive
electron transport phenomena for energy extraction to support myriads of lives. Efficient energy recycling would provide
economically-feasible route(s) to environmental remediation and cost-effective energy shuttling could optimize activities to
sustain human health. Thus, using microbial fuel cells (MFCs) as operation strategy is economically-competitive for pollutant
bioremediation. Considering reductive decolorization, accumulation of decolorized metabolites (DM) could significantly
stimulate electron-transfer (ET) capabilities for dye degradation. In addition, model intermediate(s) with auxochromes (e.g.,
amino and hydroxyl substituent(s)-containing chemicals) could act as electron shuttles (ESs) to feedback stimulate MFC-assisted
degradation. Moreover, quantitative assessment of simultaneous reductive decolorization and bioelectricity generation
(SRD&BG) via MFCs indicated that ET capabilities of SRD&BG could be augmented more than 40-70% due to autocatalysis of
DM. Apparently, MFC-aided bioremediation was promising to wastewater decolorization due to redox-mediating characteristics
of DM. In addition, impedance method in bioelectrochemistry was technically plausible due to specific fingerprints of different
genus-related microalgae or microorganisms. As several edible flora (EF) contained crucial compositions to human health (e.g.,
antioxidants- polyphenolic compounds, flavonoids), extracts of EF were very likely to show promising ET capabilities to
augment performance of RD and/or BG. That is, such stimulating capabilities were possibly associated to antioxidant
characteristics of chemical species in EF. Evaluation of ET-stimulating characteristics of EF could thus be an indicator to
prescreen whether candidate species of EF could be feasible antioxidant(s) or ESs for human health. As all lives utilize energy as
driving force for sustaining diverse metabolic functioning, bioelectrochemistry is evidently vital to the biological world. As UN
report mentioned, bioenergy will be a major portion of renewable energy for the planet’s energy supply by 2050. Therefore, ESs
would play a significant role of energy extraction not only for environmental remediation, but also human health.
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is short or not, almost all organic matters are subject to
biodegradation through aerobic or anaerobic redox reactions
(e.g., t—o for complete recalcitrance). Among organic
pollutants, azo dyes contained —N=N- azo group(s) as
chromophore(s), thus such dyes should be first reductively
biodegraded through anaerobic decolorization. However, due
to biotoxicity potency of some dyes and derived amine
intermediates, apparently biodegradation of dyes would not
be taken place; instead dyes were decolorized via biosorption
onto cell compartments (e.g., intracellular cytoplasma or cell
membrane). However, after serial acclimation or genetic
manipulation upon specific microbes, threshold of tolerance

1. Introduction

According to US Environmental Protection Agency,
bioremediation as environmentally-friendly treatment is a
“treatment that uses naturally-occurring organisms to break
down hazardous substances into less toxic or non-toxic
substances” by biostimulation and/or bioaugmentation if
required. In particular, microorganisms were used as
bioremediators for organic degradation (e.g., petroleum
biodegradation), cost-effective treatment would be accessible
in situ or on site. In fact, regardless of whether reaction time ¢



115 Bor-Yann Chen and Chung-Chuan Hsueh: Deciphering Electron Shuttles for Bioremediation and Beyond

to textile dyes may be significantly overcome for promising
biodegradability. In particular, azo dyes are electron-deficient
xenobiotics and capable to be biodegradable via electrophilic
azo reduction. That is, cells required capabilities of effective
electron transfer to significantly reduce mass transfer
resistance between phases for promising reductive
decolorization. In fact, to reduce mass transfer resistance,
microbial fuel cells (MFCs) are bio-electrochemical devices
that use bacteria and mimicking bacterial interactions as
biocatalysts to drive current of bioenergy from oxidation of
organic matter. Moreover, as one of biomass-based renewable
energy, microbial fuel cells (MFCs) could simultaneously
expedite reductive decolorization and bioelectricity
generation [1], [2] via stimulation of electron transport.
However, when dye biodecolorization and bioelectricity
generation are taken place in MFC, they are competitive to
each other. Thus, exogenous supplementation of
electron-shuttling mediator(s) may be crucial to system
optimization. As Logan [3] mentioned, “chemical mediators
or electron shuttles were routinely added to MFCs that
resulted in electron transfer by bacteria and even yeast.” In
fact, electron shuttles (or redox mediators) are organic
chemical(s) that can be reversibly oxidized and reduced to
drive electron transport phenomena for energy extraction not
only to accelerate contaminant degradation but also to
support myriads of lives. Regarding ESs and further aspects,
there are two thorough review articles summarizing
knowledge on ESs in dechlorination and decolorization and
crucial opinions in biotechnology [4], [5]. Brewer [6] and
Karaosmanoglu and Kilmartin [7] also provided detailed
review articles from various perspectives on natural
antioxidants. This study tended to explore the applicability of
ES coupled with antioxidants for myriads of aspects with
practical values.

2. Electron Shuttle-Associated
Characteristics

2.1. Role of Electron Shuttles

As aforementioned, MFC is bioelectrochemical device to
accelerate electron transfer with external circuit as driving
force for bioelectricity generation and pollutant degradation.
When  simultaneous  reductive  decolorization  and
bioelectricity generation (SRD&BG) was taken place after
successful acclimation in MFC, organics were oxidized to
generate electrons towards electron acceptors (e.g., solid
anodic biofilm electrode or suspended azo dye). In fact, Sun
et al. [8] and Li et al. [9] first showed technical feasibility of
SRD&BG using mixed cultures (e. g., decolorized >95%,
power density ~600 mM m™). Without dispute, competition
of electrons used for color removal and bioelectricity
generation will be inevitable in MFC operation. As ESs are
organic molecules that can be reversibly oxidized and
reduced to drive electron transfer, appropriate
supplementation of ES via various modes of operation (e. g.,
impulse augmentation or dropwise addition in constant or

exponential feeding strategy) to manipulate electrons
favorably transferred towards RD or BG was feasible. In fact,
supplementation strategy of ES is crucial not only to
biodegradation, but also to fermentation, in particular for
electron transfer-driven processes to generate multiple
products. Since electrically steered fermentation can lead to
better redox balancing and more complex or reduced
products [10], appropriate supplementation of ES could
favorably stimulate expression of specific metabolites (e. g.,
accumulation of polyhydroxybutyrate (PHB), glycerol to 1, 3
propanediol or to ethanol). In fact, due to the metabolic
capability of specific microbes in response to electrical
conductivity, biological impedance method could be used to
screen species of interest among isolated microbial
population [11]. That is, with assistance of appropriate ES,
maximizing the selectivity of desired product with unwanted
metabolite(s) could be achieved. That was why Watanabe et
al. [5] indicated that novel biotechnology processes could be
developed with the aid of ESs.

2.2. Mechanisms of Electron Shuttles

Regarding electron-transport phenomena in MFCs,
electrochemical characteristics of microorganisms [3]
apparently influenced the performance of bioelectricity
generation through at least three mechanisms: electron
shuttling cell-secreting mediators (e. g., phenazine, quinones),
membrane-bound redox proteins (e. g., cytochromes as
mobile electron carriers), and conductive pili (or nanowires)
(e. g., wired communities of Geobacter sulfurreducens,
Shewanella oneidensis). However, only stimulation of
electron-shuttling  mediators could be manipulated
exogenously as operation strategy from process engineering
perspectives, as characteristics of bioelectrochemically-active
cells were relatively invariant once master pure or mixed
cultures were specifically selected.

Regarding sustainable dye bioremediation, reductive
decolorization  coupled with MFCs to enhance
electron-transporting capabilities was mentioned to be
technically promising [12], [13] due to feedback
autocatalysis of decolorized metabolites (DMs) of azo dyes
(e. g., phenyl methadiamine, 2-aminophenol [14], [15]) as
electron shuttles. In fact, DMs could effectively augment
electron flux for reductive decolorization and bioelectricity
generation (RD&BG) in MFCs. Watanabe et al. [5] suggested
anthraquinone, phenazine, viologen, napthoquinone and
cobalamin as basic skeletons of electron shuttles; however,
these compounds were evidently chemical
structure-complicated and diverse, but not
structure-associated to each other [13]. For systematic
analysis, Rau et al. [16] disclosed the effect of different
quinoid electron shuttles (i. e., hydroxyl (-OH) substitute
containing aromatics) on anaerobic dye reduction. Our prior
studies also revealed that such decolorized intermediates (i. e.,
aromatic amines or amino-group (s) containing aromatics)
were also electrochemically active redox mediators for dye
decolorization. In fact, detailed mechanisms of shuttling
characteristics also explained why —OH and/or —NH,
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substitute(s) could own electron-mediating capabilities for
reversible electron transport [17]. For instance, disubstituted
auxochromes containing hydroxyl and/or amino group(s)
(e.g., 1,2-diaminobenzene, catechol) [18] were found to be
redox mediators for RD&BG with consideration of chemical
structure. As a matter of fact, typical species to reveal
electron-shuttling characteristics are active radicals (e.g.,
hydroxyl or amino-group (s)) and dimerized compounds (e.
g., diaminophenazine) for resonance of electrons within
aromatic structure(s). However, most of ESs were artificially
synthesized, finding natural chemicals with environmental
friendliness as ESs would be crucial for practicability.

2.3. Antioxidants vs. Electron Shuttles

Regarding  hydroxyl group-containing chemicals,
catechol group in many polyphenols acts as electron donors
scavenging free radicals and active oxygen groups (e.g.,
scavenging species that initiate peroxidation, quenching O,
preventing formation of peroxides [6]) and is therefore
responsible for antioxidant activity. Meanwhile, when
hydroxyl groups are present on the benzene ring of the
compounds (e.g., 2-, 4-aminopheol, hydroquinone
(benzene-1,4-diol or quinol)), these molecules can express
significant electron-shuttling capabilities for electricity
generation [17]. Thus, are hydroxyl (-OH)
substituent(s)-bearing electron shuttles also capable to
scavenge free radical(s) as antioxidants? Can we find natural
chemical(s) with dual capabilities of ES and antioxidant?
Aware that an antioxidant is a molecule that inhibits the
oxidation of other molecules. In particular, such oxidation is
a chemical reaction can generate free radicals, leading to
chain reactions that may change cells (refer to
https://en.wikipedia.org/wiki/Antioxidant  for  definition).

Organic Substrates

That is, some antioxidants may absorb oxygen and most of
antioxidants will act as reductants to be oxidized by oxygen,
free radicals or other oxidants. In contrast, electron shuttles
(ESs) are essential components that can be reversibly
transformed between oxidized and reduced forms as
“catalysts” to mediate intracellular electron transfer.
Meanwhile, microbes also utilize self-produced and naturally
present ESs (e.g., decolorized intermediates) for electron
transfer to reduce extracellular pollutant(s) threatened to cell
survival (e. g., azo dye) [19]. Evidently, ES plays a crucial
role for bioenergy metabolism by facilitating electron transfer
between microbes, from electron-donating substances to
microbes, and/or from microbes to electron-accepting
substances [5]. That is, the molecules with redox mediating
properties own the catalytic capabilities on redox reaction(s)
[4]. Moreover, ESs (or redox mediators; RMs) can be applied
to redox reaction(s) of pollutants to enhance the efficiency of
detoxification and degradation of diverse inorganic and
organic contaminants coupled with appropriate microbial
treatment methods. In particular, although -electrophilic
contaminants (e.g., azo dyes, nitroaromatics, and halogenated
aliphatics/aromatics with electron-withdrawing group (EWG))
were unaffected during aerobic wastewater treatment, RM
could donate electrons towards contaminants for anaerobic
bioreductive reaction to enhance degradation performance
[20] (i.e., RHS of reduced/oxidized RM couple in Fig. 1).
Meanwhile, these EWG-bearing contaminants would accept
electron(s) from RMs to be re-oxidized as ES. Thus, it was
suspected that aerobic environments may be a necessary
condition for antioxidants to be triggered for reaction(s).
Antioxidants may possibly be ESs with appropriate electron
donor(s) and acceptor (s) under feasible anaerobic or proper
conditions (e.g., epicatechin, catechin; [21]).
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Figure 1. Abiotic (solid lines) and microbial (dashed lines) reactions involved in the reduction and oxidation of electron shuttles (e.g. quinones) (Details cited

from Van der Zee and Cervantes [4]).
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Regarding functioning of RM, RM can act as the reductant
(i.e., electron donor) to reduce electrophilic pollutants, and
then it be reduced by the other reductant (i.e., NAD(P)H) in
microorganisms at anaerobic condition (i.e., LHS of
reduced/oxidized RM couple; Fig. 1). When microbial
oxidation of organics (e.g., electron donor- carbohydrates, H,)
was taken place under anaerobic conditions [22], it generated
electrons to support the humic substances (i.e., compounds
with quinone, phenol, catechol and sugar moieties) and the
quinoid analogues as RMs to be reduced. Meanwhile,

reduced quinones can also serve as electron donors to support
the microbial reduction of perchlorate, arsenate, nitrate,
nitrite and nitrous oxide [23], [24] (i.e., RHS of
reduced/oxidized RM couple in Fig. 1).

In addition, several electron shuttles, such as sulfonated
quinones (AQS, AQDS), ubiquinone, lawsone, juglone,
menadione, NAD(P)H, (cyano) cobalamin, phenazine,
neutral red, methyl viologen, benzyl viologen, riboflavin,
FAD, and FMN were also applicable during the redox
(bio)transformation of pollutants.

Table 1. Redox mediators for azo dye reduction by bacteria or cell free extracts from anaerobic azo dye reduction”.

Redox mediator by
Methyl viologen -440
Benzyl viologen -360
Riboflavin -208
FAD -219
FMN -219
Phenosaphranin -252
Menadione -203
Neutral Red -325
Janus Green B -225
AQS (anthraquinone-2-sulphonate) -218
AQDS (anthraquinone-2,6-disulphonate) -184
2-hydroxy-1,4-naphthoquinone -139

* After Van der Zee, E.P. [25]
® Reduction potential (unit in mV)
° RMs functioned as electron donor

In fact, prior studies [14],[15],[17],[18] indicated that
benzene derivatives with the different substituents (e.g.,
sulfonic group (-SO;H), carboxylic group (-COOH),
hydroxyl group (-OH), amino group (-NH,), thiol group
(-SH)) on benzene ring or the isomers of these derivatives
resulted in diverse electron mediating properties. The
benzene derivatives could own the redox mediators when two
substituents such as hydroxyl group (-OH) or amino group
(-NH,) on benzene ring located ortho- or para- position with
each other [17], [18]. For example, as Chen et al. [26]
revealed, the reversible redox properties of 2AP and 4AP
were due to the reasons as follows: The electron shuttle can
be reversibly interchanged between its reduced and oxidized
form for mediating electron-transfer processes involved in
energy production. For example, the inter-conversion of
hydroquinone (p-dihydroxybenzene; a reduced form) and
quinone (cyclohexa-2,5-diene-1,4-dione; an oxidized form)
through the formation of active radicals (e.g., RD2 and
resonance forms RD1A, RD1B in Fig. 2 of ref. [26]) can be
reversibly reoxidized and re-reduced. In addition, due to
acidic characteristics of hydroxyl groups (-OH) of phenols,
the acidic hydrogen can be dissociated to obtain phenolate
anions, and then phenolate anions will be favorably oxidized
to form active radicals (e.g., RD1A, RDIB, and RD2 in Fig.
2 of ref [26]). Apparently, these steps of free-radical
formation are crucial steps to generate redox mediators to
mediate electron-transfer processes for energy and/or
electricity production. In addition, many derivatives of
naphthoquinones or anthraquinones with the free-radical

forming characteristics were also capable to be redox
mediators.  Moreover,  isomeric 1-amino-2-naphthol,
4-amino-1-naphthol (i.e., decolorized intermediates of azo
dyes - orange I and II; 1A2N, 4A1N) also showed significant
electron shuttling properties of bicyclic aromatics-mediators
due to relatively smaller energy gap between HOMO (highest
occupied molecular orbital) and LUMO (lowest unoccupied
molecular orbital) of the compounds than benzoquinones
[27]. As a matter of fact, as revealed by Rau et al. (i.e., Fig. 5
in ref. [16]), it was expected that electron shuttling
capabilities of anthraquinones (AQS, AQDS) seemed to be
better than naphthoquinones and benzoquinones. However, it
may still depend upon the characteristics of bacterial strains
(e.g., extracellular, intracellular or membrane-bound redox
enzyme systems, toxicity tolerance). In addition, redox
mediating-properties of thionin, malachite green [28] and
decolorized metabolites of azo dyes [29] were quantitatively
evaluated through comparison of the efficiency of reductive
decolorization and bioelectricity generation in MFCs.

In general, the redox mediators may display reversible
waves in cyclic voltammetry (CV) (detailed definition refers
to  https://en.wikipedia.org/wiki/Cyclic_voltammetry  as
shown below). The difference between the two peak
potentials (Ep,, E,c) AE, is of particular interest as AE, = |E,, -
Ey|, indicating the difference mainly resulted from the effects
of analyte diffusion rates. For the ideal case of a reversible
one electron-couple, AE, is 59 mV, but typical values
observed experimentally are greater (ca. 70-80 mV). If the
current is of concern, reversible and irreversible couples are
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usually characterized by i,/i,c = 1 and #1, respectively (or
the ratio of cathodic peak area (S.) to the anodic peak area
(S.)=1 and #1; [30]) (Fig. 2, 3). Many redox processes
observed by CV are quasi-reversible or non-reversible.
Deviations from unity are very likely due to a subsequent
chemical reaction that is triggered by the electron transfer for
complex processes possibly with isomerization, dissociation,
association and so forth. However, the cyclic voltammetry
(CV) method qualitatively provided the reducing capacity
values of antioxidant spices [31]. For example, isomers of
quinones own different redox mediating characteristics (i. €.,
reversible couple), such as RMs 1,3-dihydroxybenzene
(resorcinol or resorcin), 1,2-dihydroxybenzene (catechol or
pyrocatechol) and 1,4-dihydroxybenzene (hydroquinone, also
benzene-1,4-diol or quinol) [17]. However, polyphenols (i.e.,
polyhydroxyphenols such as pyrogallol, gallic acid, ellagic
acid, tannic acid, tannins, and flavonol derivatives) could
only show anodic potential peak(s), they revealed significant
antioxidant properties (refer to Fig. 2 in ref [21]).
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Figure 2. Cyclic voltammogram of vitamin C in PBS solution at scan rate 10
mV/s, [vitamin C]= 1000 mg/L (refer to [14] for conditions of measurement)
(ipd/ipe Z1).
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Figure 3. Cyclic voltammogram of riboflavin (vitamin B;) in deionized H,O
solution for 100 cycles at scan rate 10 mV/s, [riboflavin]=1000 mg/L (refer
to [14] for conditions of measurement) (i.e., reversible couple; Si/S. =1).
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Figure 4. Cyclic voltammogram of clove (Syzygium aromaticum) extract in
deionized H>O solution at scan rate 10 mV/s, [cloven]=50 g wt/L (refer to
[32] and [14] for sample preparation and conditions of measurement,
respectively) (suspected reversible couple with redox potential peaks in
circles).

Regarding natural herbs, clove and ginger were typical
examples as antioxidants [32] for demonstration. As shown
in Fig. 4 and 5, clove (Syzygium aromaticum) was even likely
to be ES (i.e.,, two circles) at specific environmental
conditions. In contrast, likely due to inappropriate conditions
of measurement for revealing redox electrochemical
potentials, ginger (Zingiber officinale) could not clearly show
the potential peak as an antioxidant (Fig. 5). These all
indicated that if environmental conditions were applicable,
antioxidants may also be feasible to be ESs as indicated in
CV profiles. That is, antioxidants and ESs may be equivalent
or convertible in appropriate conditions for further practical
applications. In addition, as Fig. 3 shown for CV profiles of
riboflavin for 100 cycles, once antioxidants were applicable
to be ESs they may be reusable and regenerated in cell
compartments. For example, some natural antioxidants may
be functioning in oxygen or free radicals-bearing
environments, they may be applicable to be ESs in anaerobic
conditions (e.g., in gastrointestinal tract). These may provide
some options to have further applications in diverse fields not
only for environmental biotechnology but also for human
health.

2.4. Criteria of Electron Shuttles and Antioxidants

If the redox couple is reversible as indicated in CV profile,
during the reverse scan the reduced analyte will start to be
re-oxidized, giving rise to a current of reverse polarity (anodic
current) to previous conditions. The more reversible the redox
couple is, the more similar the oxidation peak will be in shape
to the reduction peak. Regarding criteria of effective electron
shuttles, the standard redox potential (E,’) should be between
those of the two eventual half reactions (i.e., standard redox
potentials of reductants (i.c., electron donors) and oxidants
(i.e., pollutants) denoted as Egequctant @0d Eoxidant, respectively)
(i.e., Erequetant < Eo’ < Eoxiqant)- For example, when the
standard redox potentials of quinoid redox mediators (E,’)
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should be the lower than target dye amaranth, quinoid redox
mediators could significantly increase decolorization rate of
amaranth [14]. That is, ES seems to act as a “catalyst” that
provides an alternative route with lower activation energy for
the reaction. In contrast, antioxidants (e.g., thiols and
ascorbic acid (vitamin C)) could act as reductants to
terminate free-radical producing chain reactions that may
damage cells. In fact, there are significant amounts of
antioxidants present in natural organisms (e.g., garlic, ginger,
black pepper, tea, and grape seed extracts), as plants and
animals are living to have complex systems of overlapping
antioxidants to protect cells from constant oxidative stress of
free radicals, reactive oxygen species, and prooxidants
generated [6]. These contained enzymes (e.g., catalase and
superoxide dismutase) expressed internally and dietary
antioxidants (e.g., vitamin A, C, E, polyphenols, catechol). In
particular, low molecular weight antioxidants (e.g., gallic
acid, protocatechuic acid) are of great importance in living

0.4 T T T

cells to act as reducing agents to counteract cell-damaging
oxidation. As a matter of fact, antioxidant effectiveness is
associated to  activation energy, rate constants,
oxidation-reduction  potential, ease with which the
antioxidant is lost or destroyed, and antioxidant solubility [6].
Typical examples of —OH-bearing antioxidants are
polyphenols and flavonols and their antioxidant activities are
greatly increased with more hydroxyl groups introduced (e.g.,
flavonoids- flavones, flavonols, flavanols, and flavanones).
The free radical-scavenging potential of natural polyphenolic
compounds seemed to be associated with the number and
location of free —OH groups on the flavonoid skeleton [33].
In addition, typical naturally-growing plants (e. g., spices and
herbs) abundant in antioxidants (or redox active compounds)
with high oxygen radical absorbance capacity (ORAC)
values (um TE/ 100g) are clove (290283), oregano (175295) ,
rosemary (165280), cinnamon (131420) [6].

0.3

Zingiber officinale

0.2 -

0.1

| /uA

0.0 -

0.0 0.5 1.0 1.5 20
E/V

Figure 5. Cyclic voltammogram of ginger (Zingiber officinale) extract in deionized H,O solution at scan rate 10 mV/s, [ginger]= 50 g wt/L (refer to [33] and

[14] for sample preparation and conditions of measurement, respectively).

3. Conclusions and Perspectives

Electron shuttles play a catalytic role to decrease activation
energy and accelerate oxidation rate of organic pollutants. In
contrast, antioxidants act as electron donors (or reductants)
scavenging free radicals and active oxygen groups. Aerobic
environments could be a necessary condition for antioxidants
to be effectively functioning. Antioxidants may possibly act
as ESs with appropriate electron donor (s) and acceptor (s) at
proper anaerobic environments (€.g., Ereductant < Eo” < Eoxidant
or Euicrobe < Erm < Epolutant; Fig. 1). This study also showed
that antioxidants and ESs may be equivalent or convertible in
appropriate conditions for further practical applications.

Therefore, appropriate strategy to switch/manipulate to be
catalytic ESs or reductant antioxidants might be of great
importance to novel biotechnologies as Watanabe et al. [5]
mentioned. ESs and/or antioxidans may provide some
options to have further applications in diverse fields not only
for environmental biotechnology but also for human health.
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