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Abstract: In recent years, quinoid redox mediators (QRMs) have attracted increasing attention
because of their key role in wastewater biotreatment. Previous studies have shown that the anaerobic
respiration of many bacteria could be coupled to the reduction and reoxidation of quinone groups.
Thus, QRMs are widely involved in the microbial transformation of various organic and inorganic
substances. To date, few reviews have focused on the involvement of quinoid compounds in
environmental pollution biotreatment processes. In this paper, we review the different types of
QRMs that interact closely with microorganisms, the characteristics of those QRMs, the involvement
of QRMs during the biotransformation of recalcitrant organic pollutants, heavy metal ions and
metallic oxides, and their enhancement on microbial fuel cells. Finally, the future research focus and
application prospects with regard to different types of QRMs are proposed. This study can improve
our understanding of QRM-mediated environmental pollution biotreatment processes and provide
fundamental guidance on what kinds of QRMs are practical for engineering applications.
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1. Introduction

Quinone compounds are a class of substances that contain cyclic unsaturated dike-
tones, especially carbocyclic compounds and their derivatives with quinone groups. These
compounds contain either g-quinone or o-quinone groups and can be divided into ben-
zoquinone, naphthoquinone, anthraquinone, and phenanthraquinone according to their
structural characteristics (Figure 1). More broadly, quinoid compounds also include a vari-
ety of non-carbocyclic quinone-like substances, such as riboflavin, flavin mononucleotide,
flavin adenine dinucleotide, and humic substances. They can be found in the pigments
of plants (mainly Polygonaceae, Rubiaceae, Rheaceae, Liliaceae, and Leguminaceae), a
few animals (Cochineal), and bacteria, as well as in the metabolites of some lower plant
lichens and fungi. When these animals, plants, and bacteria die, the biological debris
is subsequently decomposed and mineralized by microbes. During this process, numer-
ous nonbiodegradable quinone compounds remain, leading to their wide distribution in
natural environments (including almost all soils, waters and sediments). In fact, these
quinoid compounds are not only widely found in nature but are also widely involved in
environmental processes.

Since the 20th century (1970s), the environmental importance of these quinoid com-
pounds has received increasing attention. In 1967, Roxon et al. [1] reported that riboflavin,
a quinone-like compound, can accelerate the transformation of some organic contaminants.
Subsequently, an increasing number of researchers began to focus on the application of
quinone compounds (e.g., anthraquinone-2,6-disulfonate, anthraquinone-2-sulfonate, hu-
mus, carbon materials, etc.) for the transformation of environmental contaminants [2]. A
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mechanistic study found that the quinone group can be reversibly oxidized and reduced
between quinone and hydroquinone due to its electron affinity, which enables it to serve
as an electron shuttle in multiple redox reactions. In addition, the presence of quinoid
compounds can accelerate reactions by lowering the activation energy of the total reaction
and may even be a prerequisite for the reaction to take place under some situations. To date,
many kinds of quinoid compounds have been proven to be capable of facilitating electron
transfer in redox reactions between diverse inorganic or organic compounds, including
organic matter, metals, and minerals [1,2].
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Figure 1. Structures of benzoquinone, naphthoquinone, anthraquinone, and phenanthrenequinone.

Over the past twenty years, quinoid compounds have attracted more attention than
before because of their significant interactions with microbes, which may further increase
their environmental importance. Since the 1990s, extensive studies have been conducted
in this field [2-6]. Researchers have found that the reduction and reoxidation of quinone
groups can be coupled to the anaerobic respiration of electrochemically active bacteria
in the presence of various electron donors, such as saccharides, short-chain fatty acids,
alcohol, H;, and even some organic pollutants. During this process, quinone is first
reduced to hydroquinone; subsequently, hydroquinone can either directly reduce various
electron acceptors, such as azo compounds [7,8], nitroaromatics [9], polyhalogenated
pollutants [10,11], Fe(III) [12], Cr(VI) [13], Se(IV), and Te(IV) [14], or serve as electron
donors to support the bioreduction of NO3~ /NO, ™ [15], As(V) [16], and perchlorate [17]
with their reoxidation. Overall, the presence of quinoid compounds considerably enhances
the electron transfer in many anaerobic biotransformation processes.

To date, few reviews have focused on the involvement of quinoid compounds in
biotransformation processes. For this purpose, we summarized the different types of QRMs
and their characteristics. In addition, the involvement of different QRMs during organic
pollutant reduction, metal reduction, and the electrical conductivity of electrodes were
discussed. Finally, we identified future research focuses and application prospects with
regard to different types of QRMs. In the present paper, those quinone compounds and
quinone-like substances, along with composites based on them, are collectively referred to
as quinoid redox mediators (QRMs).

2. Quinone-Based Redox Mediators

Structurally, all compounds containing quinone groups have the potential to act as
redox mediators to accelerate electron transfer. However, things do not work this way in
real reactions. In addition to the functional groups, the redox potential (E'y) of effective
QRMs must also be between those of the terminal electron acceptor and electron donor to
reduce the activation energy of reactions. In general, E'j is an indication of the catalytic
capacity of QRMs and should be in the range of —440 mV to —50 mV [18,19]. Vitamin
B12 (—530 mV) was reported to be a very poor redox mediator due to its low E’y [20]. In
this study, taking the source and availability into consideration, we classified the common
QORMs into four primary categories, including natural substances, artificially synthesized
quinone compounds, microbiologically excreted small molecules, and immobilized QRMs.
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2.1. Natural Substances

Humic substances, which widely exist in various environments, can be defined as some
of the most important natural quinone mediators. Humic substances primarily originate
from the degradation of plants and mainly include three types: humic acid, fulvic acid,
and humin. In 1996, Lovley et al. [3] first reported that humic substances can participate in
some microbial respiration processes. Subsequently, an increasing number of studies have
confirmed that humic substances are important redox mediators in nature, especially for
some microbe-driven redox reactions (for instance, dissimilatory metal reduction bacteria,
sulfate reducing bacteria, and methanogens) [5,21,22]. Humic substances have complex
structures; however, quinone groups are considered to be the most important functional
groups that are directly involved in electron transport since they can flexibly interconvert
between hydroquinone and semiquinone via a reversible electron transfer reaction [23].
It has been reported that some non-quinone groups in humic substances are also able to
transfer electrons, but the capacity of some specific non-quinone groups is much lower than
that of quinone groups [23,24]. Accordingly, considering their ubiquity in the environment
and efficient conductive capacity, humic substances may play a significant role in the
biogeochemical cycles of matter and elements on a global scale.

2.2. Artificially Synthesized Quinone Compounds

In addjition to natural quinone mediators, there are also many artificially synthesized
quinones, including 9,10-anthraquinone-2-carboxylic acid, anthraquinone-2,6-disulfonate
(AQDS), anthraquinone-2-sulfonate (AQS), etc. Therein, AQDS and AQS are the most
studied artificially synthesized quinone compounds. Both AQDS and AQS can be prepared
via a chemical synthesis method: reacting anthraquinone (a natural raw material) first
with sulfuric acid in the presence of mercury and then with sodium hydroxide (Reaction
diagram 1). They were reported to play similar roles; however, their catalytic performance
and mechanism during the electron transfer process vary greatly depending on their
molecular structures and polarities, as well as the presence of different microorganisms and
pollutants [7,18,25]. AQS is suggested to be a more powerful mediator than AQDS. This is
because the redox potential of AQS is lower than that of AQDS. Moreover, the additional
sulfonate group of AQDS diminishes the ease with which the compound approaches the
functional enzyme. In addition, the roles of these artificially synthesized quinones change
as reaction conditions change. For example, Zhou et al. [26] demonstrated that AQDS
could first act as an electron acceptor during the anammox denitrification process in the
presence of iron-reducing bacteria; then, the reduced AQDS can chemically react with
Fe(Ill) (Figure 2a). In addition, for microbes, AQDS can simultaneously be used as an
electron donor and an electron acceptor (Figure 2b). Wang et al. [27] reported that AQDS
can enhance the coupled biotransformation of phenol and nitrate: AQDS is first reduced
to AQH,DS (electron acceptor) by Shewanella sp. XB in the presence of phenol, and then
AQH;DS (electron donor) provides electrons to strain XB for its further bioreduction of
nitrate. On the whole, artificially synthesized quinone compounds are more targeted and
efficient than humic substances.

2.3. Microbial Secretions That Function as QRMSs

In addition to natural quinone mediators and artificially synthesized quinone com-
pounds, the soluble small molecules, such as riboflavin (RF), flavin mononucleotide (FMN),
flavin adenine dinucleotide, menadione, and phenazines, excreted by various bacteria
(Shewanella, Klebsiella, Pseudomonas, Enterococcus, Methylosinus, Bacillus, etc.) can also func-
tion as QRMs [28-32]. These small molecules can be used not only extracellularly as
electron shuttles in the biotransformation of solid metal oxides and electrodes but also
intracellularly as coenzyme factors of some flavin proteins to participate in the anaerobic
biotransformation of organic pollutants and heavy metals [21,29]. Taking the most studied
bacteria, Shewanella sp., as examples, they were reported to have the ability to secrete
RF and FMN, which can help bacterial cells transport electrons for reducing iron oxides,
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such as hematite, goethite, ferrihydrite, and lepidocrocite [30,32]. Similarly, Tian et al.
reported that the RF and FMN secreted by two Gram-positive bacteria, Bacillus cereus
strain DIF1 and Rhodococcus ruber strain DIF2, can improve the electron transfer of microbial
fuel cells [33]. In addition, researchers also found that FMN/FMNH, acts as a redox pair
that may have multiple roles in the azo or chromium reductase-catalyzed reduction of
azo dyes, Cr(VI), and nitroaromatic compounds. During this process, the FMN cofactor
is first completely reduced to FMNH;, and second, these electrons are transferred from
FMNH, to the electron acceptor, resulting in the formation of the corresponding azo or
chromium reductase FMNH, [34-40]. The results of these studies also demonstrated that
FMN/FMNH, may play a similar role for the pairs of AQDS/AQH,DS in the process of
electron transfer (Figure 3).
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Figure 2. The role of AQDS in different reactions. (a) Anammox reaction; (b) denitrification reaction.
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Figure 3. The role of FMN/RF during the bioreduction of iron(III) oxides [30].

2.4. Immobilized QRMs

Immobilized QRMs are designed for the practical application of known QRMs. Previ-
ous studies have demonstrated that quinone compounds can enhance the bioreduction of
various contaminants [7,41-43]. In practical applications, however, these soluble quinone
compounds, such as AQS and AQDS, need to be continuously added into reaction systems
to increase the removal rates of contaminants, which results in an increase in running
costs and secondary contamination. The immobilization of QRMs via physical or chemical
methods not only maintains the catalytic performance of quinone groups but also realizes
their effective recovery and reuse. This strategy is beneficial for their practical application.
To date, many carriers, including activated carbon felt, anion exchange resins, and calcium
alginate, have been developed for the immobilization of quinone compounds [44—46]. Our
previous studies confirmed that soluble quinone compounds can be covalently immobi-
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lized on the surface of polyurethane foam, graphene oxide and Fe3O4, which can be used
to enhance the bioreduction of azo dyes, nitrobenzene, and chloronitrobenzenes [47-50].
These immobilized QRMs can have better catalytic performance than soluble QRMs during
some biocatalytic reactions, further indicating that immobilized QRMs have potential
application prospects, especially in the field of water pollution treatment. When QRMs are
immobilized, they act as solid redox mediators to facilitate electron transfer by extending
the direct electron transfer distance or as equivalents of functional enzymes (e.g., MtrC) as
substrates for enzymatic reactions [48,50].

3. Involvement of QRMs in Environmental Pollution Treatment
3.1. Biotransformation of Recalcitrant Organic Pollutants

The extensive use of petrochemical compounds results in their ubiquitous distribution
in the environment, which may have the potential to elicit a variety of adverse cytotoxic,
mutagenic, and carcinogenic responses [51-53]. Thus, the proper treatment of the related
industrial effluents should be conducted before their release into the natural environ-
ment. Therein, various benzene-ring-containing organic pollutants are difficult to deal
with using conventional treatment methods due to their electron-withdrawing effects and
are thus defined as recalcitrant organic pollutants. Recently, it was proven that QRMs
could enhance the biodegradation of diverse recalcitrant organic pollutants [7,41-43]. The
standard potentials of QRMs are considerably lower than those of most recalcitrant or-
ganic pollutants, and thus, the electron transfer from the reduced QRMs to pollutants is
thermodynamically feasible.

As reported, the transformation rate of diverse recalcitrant organic pollutants, mainly
azo dyes, halogenated aromatics, and nitroaromatics, can be increased by several times to
dozens of times in the presence of different QRMs. During this process, related pollutants
undergo the first and most difficult transformation, and the secondary products are fur-
ther degraded until completely mineralized. For example, Rau et al. [7] reported that the
addition of QRMs to anaerobically incubated cultures of various taxonomically different
bacterial species resulted in significantly increased reduction rates for azo dyes. Among the
tested QRMs, AQS and lawsone caused the highest increase in reductase activities (~50-fold
for Sphingomonas xenophaga BN6 and ~150-fold for Escherichia coli K12, respectively). The au-
thors performed a mediated bioreduction of 2,5-dichloronitrobenzene to 2,5-dichloroaniline
using immobilized QRMs, and the k (h~!) value of the QRM-supplemented system was
7.7-fold greater than that of the control system. Cui et al. [54] reported that AQS, lawsone,
and menadione can significantly enhance the performance of azo dye decolorization by
anaerobic sludge: without quinones, a specific decolorization rate of methyl orange was
0.64 + 0.02 mg-g sludge ! -h~!; in the presence of 0.1 mmol L~ AQS, lawsone, and mena-
dione, the average decolorization rates of methyl orange were 1.09 & 0.03, 2.64 &+ 0.03,
and 2.82 4 0.10 mg-g sludge™!-h~!, respectively. Unlike the findings of Rau et al. [7],
menadione had the best catalytic effect in Cui et al.’s experiment [54], indicating that the
catalytic effects of quinone mediators are different under different experimental conditions.
In addition to E'y, pH and temperature are the most important factors affecting the catalytic
efficiencies of QRMs [5]. In a certain range, reaction rates are enhanced with increasing pH
and temperature. In terms of the mechanism, it was suggested that QRMs act in this system
as mediators that are enzymatically reduced by the bacterial cells to the corresponding
reduced state, which subsequently reduce the recalcitrant organic pollutants in a purely
chemical redox reaction (Figure 4). In addition, our recent study further reported that
multiple electron transfer pathways were involved in the bioreduction of QRMs, and outer
membrane proteins should be related to the catalytic performance of QRMs [55].
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Figure 4. The proposed biotransformation process of QRM-mediated azo dyes and nitroaromatics.
RMred, reduced redox mediator; RMox, oxidized redox mediator [49].

3.2. Biotransformation of Heavy Metal Ions and Metallic Oxides

Unlike organic pollutants, which can be completely mineralized by microbes, heavy
metals can only be transformed between different valence states and forms. To date, QRMs
have also been found to be able to catalyze the bioreduction of water-soluble heavy metal
ions Cr(VI), Se(IV), Te(IV), U(VI,) and Tc(VII) to water-insoluble Cr(III), Se(0), Te(0), U(IV),
and Tc(IV), respectively [14,50,56-58]. For example, Wang et al. [14] studied the influence of
quinoid redox mediators on the microbial reduction of Se(VI) and Te(IV), and their results
showed that lawsone, menadione, AQS, and AQDS could all accelerate the reduction of
Se(VI) and Te(IV) by Escherichia coli, and lawsone had the best acceleration effect. Similarly,
the biological reduction rates of Se(VI) and Te(IV) were increased 10-15 times, and the
extracellular formation and accumulation of Se(0)/Te(0) were also increased. We previously
isolated a novel Cr(VI)-reducing bacterium, Acinetobacter sp. HK-1, which can reduce
Cr(VI) to Cr(IIl) at a rate of 3.82 mg~h’1~g cell 1. After adding 2-amino-3-chloro-1,4-
naphthoquinone/graphene oxide composites (50 mg-L~!) into the reaction system, the
Cr(VI) removal rate could reach 190 mg-h~!-g cell~!, which was ~50-fold higher than that
of the control system [50]. Fredrickson et al. [56] reported that when 0.1 mM AQDS or
2 g-L ! leonardite humic acid was added during the biological reduction of U(VI)/Tc(VII)
to U(IV)/Tc(IV) by Deinococcus radiodurans R1, the bioreduction efficiencies of 0.2 mM U(VI)
and Tc(VII) were 89% and 82%, respectively, while they were zero in the absence of these
QRMs. These studies have proven that QRMs can greatly affect the bioreduction process of
various heavy metal ions. In fact, this process is not only essential for the rapid purification
of the water environment but also helps microorganisms reduce the toxic pressure of those
heavy metal ions since excessive exposure to them is lethal for microorganisms.

In addition, QRMs can be involved in the biological corrosion of metal oxides, espe-
cially Fe(IlI)-containing oxides. Previous studies have reported that various QRMs can
transfer electrons to solid-phase Fe(IIl). For example, Lovley et al. reported that the growth
of Geobacter metallireducens with Fe(IIl) oxides was greatly stimulated by the addition of
as little as 100 uM humic acid and AQDS [3,4]. O’Loughlin [43] found that quinones
and humus promoted the reduction of y-FeOOH by Shewanella putrefaciens CN32. Wolf
et al. [12] reported that low concentrations (as low as 1 mg-L’l) of humus and quinones
could still promote the biological reduction of iron (hydrogen) oxides. The presence of
exogenous QRMs could facilitate electron transfer from bacterial cell surfaces to insoluble
Fe(IlI)-containing oxides, resulting in significant enhancement in microbial Fe(III) reduction
under anoxic conditions. First, QRMs function as electron shuttles and expand the distance
over which the reaction between microbes and minerals can take place. On the other
hand, QRMs can greatly improve the bioavailability of solid oxides. The electron shuttling
between microbes and Fe(IlI) oxides via QRMSs not only accelerates the bioreduction of
poorly crystalline Fe(IlI) oxides but also facilitates the reduction of Fe(IlI) forms that are
not typically reduced by microbes in the absence of QRMs. For instance, He and Sanford
(2003) [59] reported that the addition of 0.13 mM AQDS into the reaction system can greatly
increase the bioreduction rate of iron oxides by Anaeromxyobacter dehalogenans. In summary,
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the involvement of QRMs can greatly accelerate the biotransformation rate of heavy metal
ions and Fe(IlI)-containing oxides.

3.3. Enhancement of Microbial Fuel Cells

As a previous study reported, many electrochemically active bacteria can oxidize
organic matter and transfer the released electrons to anodes to generate current in a micro-
bial fuel cell (MFC) [21]. To date, MFCs have been explored for promising environmental
applications in the treatment of a variety of pollutants, including organic pollutants, heavy
metals, and inorganic salts [21]. However, the large-scale practical application of MFCs as
an alternative technology for environmental pollution disposal is currently subject to the
challenge of improving the output and economic efficiencies [60]. There are many possible
electron transfer pathways from the microbes to the electrode, the most important of which
are those based on cytochrome and reductase (Figure 5). Accordingly, it has been reported
that many QRMs can greatly increase the power output of MFCs due to their intimate
relationships with cytochromes and reductases, which could lower the operation cost. For
example, Marsili et al. [61] reported that RF (secreted by Shewanella oneidensis MR-1) acts as
an electron shuttle and can enhance the electron transfer rate from cells to the electrode
by ~3.3-fold. Additionally, many artificially synthesized QRMs also have the potential to
be used in MFCs. Wu et al. (2014) [62] investigated the effects of a variety of exogenous
QRMs, including AQS, AQDS, 2-hydroxy-1,4-naphthoquinone (HNQ), 10-anthraquinone-
2-carboxylic acid (AQC), and resazurin sodium salt (RZ), on the electrical performance of
Shewanella putrefaciens 200. The results suggested that the average constant current with
and without QRMs followed the order AQS-supplemented system > AQC-supplemented
system > AQDS-supplemented system > HNQ-supplemented system > RZ-supplemented
system > control system, where the highest value in the AQS-supplemented system was 2.9-
fold higher than that of the control system, and even the lowest value (with RZ) was 1.7-fold
higher than that of the control system. Collectively, these promising modifications using
QRMs increase the possibility of large potential applications of MFCs in environmental
pollution control.

A
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e donor —
MtrC e~
cymA Wy - - - oo --
B
Redox
mj:diator
H+
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reductase
Inner Outer Anode

Membrane  Membrane

Figure 5. The proposed electron transfer pathways from microbes to the electrode [21]. (A) Mtr
pathway; (B) terminal reductase.
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3.4. Activity Description of QRMs and Their Disposal after Use

As mentioned above, the presence of QRMs can increase electron transfer efficiency,
thus improving the biotransformation efficiency of organic pollutants, heavy metal ions,
and metal oxides, and the electricity generation efficiency of MFC. So, what are the indica-
tors that can characterize the changes brought by QRMs to the related systems? According
to our own experimental experience and literature research, the following indexes are
summarized: (1) redox potential (ORP), QRMs in the reduction state reduce the ORP value
of the reaction system; (2) cyclic voltammetry (CV) curve, a pair of obvious redox peaks can
be found on the CV curve regarding to the reaction system containing QRMs; (3) electron
transport system activity (ETSA), the presence of QRMs improves the ETSA of the system
containing QRM, and the ETSA determination can follow the method proposed by He
et al. [63]. In addition, a pseudo first-order model (I) was recommended to describe the
kinetic of QRM-involved redox reaction. The pseudo first-order rate constant k (h~1) was
determined using the following equation:

InC; /Cy = kt (1) 1)

where C; (mg/L) and C; (mg/L) are the initial and residual substrates at time zero and
t, respectively, and t (h) is the reaction time. The catalytic effects of QRMs can be demon-
strated by calculating the ratio of k value between the system containing QRMs and the
control system.

At present, various QRMs have shown good catalytic effects and application prospects
in laboratory-level research. However, it is worth noting that a large proportion of QRMs
are water-soluble [54], which poses an obstacle to their application in wastewater treatment
due to secondary pollution as they are released to the environment. Although very low
concentrations of QRMs can improve the transformation efficiency of pollutants by an
order of magnitude, we need to find a better way to apply QRMs without affecting the
environment. Immobilized QRMs have the most practical application value in the future.
For example, we could make these immobilized QRMs into replaceable filter elements to
facilitate inspection and replacement. In addition, some filters can also be considered for
practical use, and the worn immobilized QRMs can be captured and collected to avoid their
release into the environment. Above all, there is still much work to be conducted on the
disposal of used QRMs, including but not limited to the development of new immobilized
QRMs, post-processing devices, and instruments.

4. Conclusions and Perspectives

In conclusion, the presence of QRMs, including natural substances, artificially syn-
thesized quinone compounds, microbial secretions, and immobilized QRMs, can greatly
facilitate the biotransformation of organic pollutants, heavy metals, and metallic oxides, as
well as enhance the performance of MFCs. From the perspective of engineering applica-
tions, however, the existing research is not comprehensive, and there are still many studies
worth carrying out in the future.

(i) More practical immobilized QRMs should be developed. Over the past few decades,
diverse QRMs have been found to be capable of accelerating environmental reme-
diation efficiency. For engineering applications, QRMs can be immobilized with
many carriers. However, some immobilized mediators are not practical. Thus, we
need to pay more attention to their practicality (including cost and ease of recycling
and reuse).

(i) How to select the suitable QRM? In the actual reaction system, the catalytic effects of
QRMs are highly affected by many reaction parameters, including redox potential,
electron transfer capacity, diffusive rate, and even environmental factors (e.g., pH,
temperature, and salinity). Therefore, we should carry out more studies to determine
what kind of QRMs should be chosen for different reaction systems.
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(iii) What are the molecular mechanism of the QRMs-catalyzed biotransformation pro-
cess? Although the electron transfer mechanism of electrochemically active bacteria,
especially for the genera Geobacter and Shewanella, has been studied widely, the inter-
action between cells and QRMs, and the related molecular mechanism, remain to be
further understood. Moreover, QRM-catalyzed long-distance electron transfer is still
unclear at the molecular level. Thus, the molecular mechanisms of QRM-catalyzed
biotransformation processes should be studied further.

In summary, further studies in this emerging field should focus on the development
of efficient immobilized QRMs, the optimization of the application conditions, and the
investigation of QRM-catalyzed reaction mechanisms.
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