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A B S T R A C T   

Electroactive bacteria could perform bi-directional extracellular electron transfer (EET) to exchange electrons 
and energy with extracellular environments, thus playing a central role in microbial electro-fermentation (EF) 
process. Unbalanced fermentation and microbial electrosynthesis are the main pathways to produce value-added 
chemicals and biofuels. However, the low efficiency of the bi-directional EET is a dominating bottleneck in these 
processes. In this review, we firstly demonstrate the main bi-directional EET mechanisms during EF, including 
the direct EET and the shuttle-mediated EET. Then, we review representative milestones and progresses in 
unbalanced fermentation via anode outward EET and microbial electrosynthesis via inward EET based on these 
two EET mechanisms in detail. Furthermore, we summarize the main synthetic biology strategies in improving 
the bi-directional EET and target products synthesis, thus to enhance the efficiencies in unbalanced fermentation 
and microbial electrosynthesis. Lastly, a perspective on the applications of microbial electro-fermentation is 
provided.   

1. Introduction 

Electroactive bacteria (EAB), including exoelectrogens and electro
trophs, could perform bidirectional electron transfer (BET) to exchange 
electrons and energy with environments, thus playing the central role in 
bioelectrochemical systems (BES). A conventional BES generally con
sists of anode, cathode and electroactive bacteria cells. BESs have been 
used in two ways including microbial fuel cells (MFCs) and microbial 
electrolysis cells (MECs) for current generation [1,2], value-added 
chemicals production [3,4], hydrogen production [5], and water de
salination [6], etc. 

Conventional fermentation usually produces chemicals that ac
companied with formation of many by-products in order to achieve 
intracellular redox balance, and the accumulation or lack of in
tracellular reducing equivalents would block metabolic flow towards 
the product or cause thermodynamic limits [7]. Electro-fermentation 
(EF), including unbalanced fermentation and microbial 

electrosynthesis, has been proposed as a novel fermentation process, 
which could use electron transfer to promote substance metabolism via 
changing the intracellular redox state, such as the oxidation reduction 
potential (ORP) and the NADH/NAD+ ratio [7]. 

Electrons could be provided by either the microorganisms or the 
electrodes to overcome the metabolic limitations in anodic or cathodic 
EF, respectively. The oxidized product is generated when the electrode 
serves as the electron acceptor in anodic EF processes, which is referred 
as unbalanced fermentation (UF). Conversely, the electrode supplies 
electrons to achieve the conversion of extracellular electrons into in
tracellular reducing power to drive the biosynthesis of reduced pro
ducts, which is named as cathodic electro EF or microbial electro
synthesis (MES). MES could generate value-added chemicals such as 
biofuels by reduction of greenhouse gas CO2, which is potentially a 
sustainable biotechnology to decrease the CO2 emission [3,8]. 

The bidirectional electron transfer plays a crucial role in EF process 
because electrons are the fundamental driving force of metabolic flux 
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[9]. In this review, we firstly demonstrate the main EET mechanisms 
during EF, (i) direct EET based on cytochromes, nanowires, and other 
redox proteins and (ii) shuttle-mediated EET including self-secreted 
molecules (e.g., flavins, phenazines, and so on), exogenous electron 
transfer mediators (e.g., neutral red, methyl viologen, and so on) and 
primary metabolites (e.g., H2, formate, etc.) (Fig. 1). Then, we show 
representative applications of EF including UF and MES in various 
microorganisms based on different mechanisms of electron transfer. 
Finally, we summarize the main strategies based on synthetic biology or 
genetic engineering to promote the EF and provide future prospective 
for potential applications of EF. 

2. The mechanisms of EET 

The EET of electroactive bacteria allows microbes to drive their 
metabolism through interactions with minerals or electrodes. It has 
been found that most EABs can transfer electrons either directly or 
mediately between the interior and the exterior environments. 

2.1. Direct EET 

Direct EET can occur through a direct contact between the elec
troactive bacteria and an electrode interface or metals without in
volvement of any dissociative redox compounds. Direct EET can be 
achieved by cytochromes, nanowires and other redox proteins in dif
ferent electroactive microorganisms, which will be reviewed, respec
tively. 

2.1.1. Multi-heme cytochromes 
Cell-surface exposed multi-heme cytochromes are the most 

prevalent proteins in EET pathways being responsible for both electrons 
deliver and uptake. The model metal-reducing bacterium Shewanella 
oneidensis and Geobacter sulfurreducens utilize transmembrane c-type 
cytochrome system to transfer electrons. In S. oneidensis, electrons are 
derived from carbon oxidation and entered the quinone pool, which 
could be oxidized by inner membrane-anchored dehydrogenase CymA. 
Then CymA delivers electrons to span a ternary MtrABC complex di
rectly through FccA and STC in the periplasm [10]. Analogously, qui
nols are catalyzed to obtain electrons by cytochromes ImcH and CbcL in 
Geobacter sp, then the periplasmic cytochrome PpcA captures and 
transports electrons to the OmaB-OmbB-OmcB cytochromes complex. 
Some metal-oxidizing bacteria could obtain electrons through their 
member-bound cytochromes. The phototrophic Fe(II)-oxidizing bac
terium Rhodopseudomonas palustris TIE-1 can use Fe(II) as an electron 
donor to fix CO2 through PioABC complex [11]. PioA and PioB oxidize 
Fe (II) extracellularly to obtain electrons, which were then transferred 
across the outer membrane to the high-potential iron protein PioC in 
periplasm [12]. Similarly, depending on the MtoABD cytochrome pro
teins, the metal-oxidizing bacterium Sideroxydans lithotrophicus ES-1 
can capture electrons from extracellular Fe(II) to enable the autotrophic 
growth [13]. In this process, MtoA directly oxidizes Fe(II) to capture 
electrons, and the periplasmic cytochrome MtoD transfers electrons to 
CymA, providing energy for intracellular metabolism [14]. 

2.1.2. Nanowires 
On mineral or electrode surfaces, electrons can be transported by 

respiring in biofilm. However, only on the biofilm layer next to these 
surfaces, electroactive bacteria can directly contact with the minerals or 
electrodes. G. sulfurreducens could produce a type IV pili composed by 
PilA protein that is response for the long-distance (> 10 μm) direct 

Fig. 1. Mechanisms of bidirectional extracellular electron transfer (EET) during the electro-fermentation process, including cytochromes, nanowires, and 
other redox proteins (such as ferredoxins) based direct electron transfer and redox mediators or primary metabolites mediated electron transfer. (A) 
Electrons generated by intracellular metabolism in the cytoplasm of microbes are transferred to the anode for oxidized chemicals production. Both c-type cyto
chromes and conductive pili (nanowires) have the ability to transfer electrons directly to extracellular electron acceptors. Electron mediators and artificial mediators 
can shuttle between electrode and microorganisms and exchange electrons between them through their own redox transformation. (B) Microbes uptake electrons 
from the cathode for reduced chemicals production. Both c-type cytochromes and ferredoxins have the ability to acquire electrons directly from extracellular electron 
donors. Primary metabolites and artificial mediators can shuttle between electrode and microorganisms and exchange electrons between them through their own 
redox transformation. RFox: oxidized riboflavin; RFred: reduced riboflavin; MVox: oxidized methyl viologen; MVred: reduced methyl viologen; NRox: oxidized neutral 
red; NRred: reduced neutral red. 
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electron transfer to solid metals and electrodes at far distances from 
cells [15]. However, a recent study based on cryoelectron microscopy 
indicated that the polymerized hexa-heme cytochromes OmcS are the 
real conduits for long-distance electron transport rather than pilA [16]. 
For S. oneidensis, the nanowires are extensions of the outer membranes 
that could perform direct EET via cytochromes MtrABC and OmcA [17]. 

2.1.3. Other redox proteins 
Many other redox proteins in various microorganisms could also 

perform direct EET. Some acetogens and methanogens could use 
membrane-bound NADH: ferredoxin oxidoreductase complexes to pro
mote electron transport, which are composed of redox-driven ion 
pumps to generate proton gradients [18–20]. The methanogenic ar
chaeon Methanococcus maripaludis could produce surface-associated 
hydrogenases and formate dehydrogenases to mediate direct electron 
uptake [21]. 

2.2. Shuttle-mediated EET 

Some redox-active chemical compounds, named as “electron shut
tles” or “cofactors”, could enable indirect electron transport from the 
intracellular insoluble metals or electrodes in EABs. These diffusible 
redox compounds mainly include (1) cell self-excreted the small redox 
molecules; (2) artificial redox mediators such as neutral red and methyl 
viologen; (3) primary metabolites such as H2 and formate. 

2.2.1. Self-excreted small molecules of cells 
In Shewanella sp., flavin mononucleotide (FMN) and riboflavin (RF) 

can be secreted and used to transport electrons to metal oxides or the 
anodes [2]. FMN or RF obtain electrons from c-type cytochromes, de
liver it to the surface of anodes, and then could be recharged by outer 
membrane cytochromes in turn. Recent studies have shown that MR-1 
used self-secreted flavins not only as electron shuttles, but also as redox 
cofactors bound to cytochromes which led to a more rapid kinetics with 
a 103–105-fold enhancement than as shuttles [22,23]. Likewise, other 
cell self-excreted small molecules such as pyocyanin (PYO), phenazine- 
1-carboxylate (PCA), phenazine-1-carboxamide (PCN) and 1-hydro
xyphenazine (1-OHPHZ) have been reported in Pseudomonas sp [10]. 

2.2.2. Artificial redox mediators 
Besides the above mediators, there are other artificial redox med

iators, such as neutral red, methyl viologen, anthraquinone-2, 6-dis
ulfonate (AQDS), potassium ferricyanide and artificial-synthesized 
phospholipid polymers can mediate the EET [18,24]. Although these 
redox mediators play analogous roles in the EET, the mechanisms might 
be different to some extent. The diverse in mechanisms can be owed to 
many factors, such as their molecular space structures, polarities, and 
abilities to dissociate. 

2.2.3. Primary metabolites 
Furthermore, electrons can be transferred by primary metabolites 

H2 and formate, which are electrochemically consumed or produced by 
microorganisms to realize a variation of mediated electron transfer 
[24]. Both could be generated at electrodes and used as electron donors 
in MES systems [25,26]. For acetogens or methanogens, H2 is one of 
their preferred electron donors for autotrophic growth [27,28]. 

3. Unbalanced fermentation (Anodic electro-fermentation) 

The use of microbial fermentation process to achieve chemicals 
production is extremely attractive due to its mild production conditions 
and less environmental pollution [24]. However, low output and pro
duct purity limit its further development. In recent years, the combi
nation of electrochemical systems and fermentation has brought ex
citing progress. In the unbalanced fermentation, microorganisms 
maintain intracellular redox balance and achieve continuous as well as 

efficient chemicals production by transferring excess electrons to the 
electrodes, which is an unlimited electron acceptor [29–31]. Genetic 
modification of microbial chassis could further improve the efficiency 
of EF. The representative examples of AEF in recent years are sum
marized in Table 1. Based on the mechanisms of electron transfer, un
balanced fermentation can be divided into direct EET-based-based type 
and shuttle-mediated EET-based type, as discussed in the following. 

3.1. Direct EET-based unbalanced fermentation 

The model electroactivity microorganisms, such as Shewanella and 
Geobacter, can directly contact with electrode to release excess electrons 
generated by intracellular metabolism, so the intracellular redox con
ditions of them are easily to be maintained [32,33]. Introduction of 
synthetic biology strategies makes it possible to achieve more elaborate 
regulation of microbial redox metabolism pathways and expand the 
bacterial species suitable for electro-fermentation [31,34,35]. Flynn 
et al. built a modified ethanol fermentation S. oneidensis that could 
produce ethanol from glycerol without many byproducts through 
electrode-driven alteration of metabolism flux [36]. First, the hetero
logous glycerol utilization and ethanol production modules were in
troduced in S. oneidensis, then a key gene pta in the acetate synthesis 
pathway was knocked out. By providing the anode as an electron sink, 
high titer and pure ethanol production was achieved through elim
inating redox constraints and shifting other unbalanced reactions 
(Fig. 2A). Nakagawa et al. introduced galactose permease (galP) and 
glucose kinase (glk) genes of E. coli into S. oneidensis to produce acetate 
in electrochemical bioreactor [33]. Bursac et al. made a series of genetic 
modifications to the acetoin production from lactate in S. oneidensis 
[29]. Similar works were performed in Pseudomonas putida and Kleb
siella pneumoniae L17 [34,35]. It is worth mentioning that electrode- 
based respiration could drive metabolic pathway shift through decou
pling of the electron and carbon balances, which could enhance their 
industrial application as a potential fermentation strain. 

The non-model electroactivity microorganisms such as E. coli and 
Sacharomyces cerevisiae could play a crucial role in the fermentation 
process due to their robustness and mature gene manipulation tools. 
However, they are not ideal for anodic electro-fermentation because 
they could not naturally perform EET [32]. EET components from S. 
oneidensis have been previously introduced into E. coli to endow it with 
electroactivity [37,38]. TerAvest et al. enhanced the electrons transfer 
ability of E. coli by introducing the c-type cytochromes MtrA, CymA, 
and STC from S. oneidensis MR-1, which can improve its performance in 
unbalanced fermentation systems [39]. Based on this system they ob
tained 8-fold higher current constantly without affecting the ability of 
substrate utilization and bacterial viability. The introduction of Mtr 
module adjusted the metabolic flow, improved redox balance and 
shifted metabolism to oxidation product acetate (Fig. 2B). 

Microbial consortium is another strategy to significantly improve 
the efficiency of unbalanced fermentation. Speers et al. developed a 
microbial electrolysis cell (MEC) driven by the fermentation bacterium 
Clostridium cellobioparum and the exoelectrogen G. sulfurreducens for the 
production of ethanol from glycerol [40]. Their research highlighted 
the potential of consortia in unbalanced fermentation. They further 
constructed a single-chamber microbial electrolysis cells (SCMEC) 
containing Cellulomonas uda and G. sulfurreducens to produce ethanol 
through cellobiose electro-fermentation, which gained maximum titer 
and productivity [41]. Cellulomonas uda was used to utilize cellobiose to 
produce ethanol, then the by-products lactate and acetate could be 
removed by G. sulfurreducens and provide electrons to maintenance 
electrochemical systems. After adaptive evolution and the deletion of 
hydrogenase gene of G. sulfurreducens strains, the rates of substrate 
consumption and product formation were further increased. 
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3.2. Shuttle-mediated EET-based unbalanced fermentation 

The introduction of various exogenous electron transfer mediators 
could accelerate the electron flow and promote the generation of target 
products. Nishio et al. enhanced the polyhydroxybutyrate (PHB) pro
duction rate by 60% in Ralstonia eutropha electrochemical system 
through addition of poly (2-methacryloyloxyethyl phosphorylcholine- 
co-vinyl-ferrocene) (PMF), which is a biocompatible mediator [42]. Kim 
et al. constructed a BES to produce 3-Hydroxypropionic acid (3-HP) 
from glycerol in engineered K. pneumoniae [43]. In this BES, 2-hydroxy- 
1,4-naphthoquinone (HNQ) could enhance electron transfer between 
the electrode and overexpressed aldehyde dehydrogenase (AldH), re
sulting in a 1.7-fold higher productivity (Fig. 2C). Lai et al. took K3 [Fe 
(CN)6] and [Co(bpy)3](ClO4)2 as a shuttle in a BES to produce 2-keto- 
gluconate from glucose under anaerobic conditions in P. putida F1 [44]. 
Förster et al. achieved electrode-assisted acetoin production from sub
strate glucose of E. coli by introduction of EET pathway of S. oneidensis 
and addition of the soluble redox mediator methylene blue [31]. Firstly, 
the genes of the anaerobic carbon metabolism were deleted to avoid 
extra NADH consuming and accumulate pyruvate. Then acetoin 
synthesis genes alsS and alsD from Bacillus subtilis were heterologous 
expressed to synthesis acetoin (Fig. 2D). Sturm-Richter et al. developed 
a co-culture electrocatalysis system of Methanobacterium formicicum and 

E. coli to produce ethanol and acetate from glycerol [45]. Vassilev et al. 
also achieved an anaerobic L-lysine production in a BES with Cor
ynebacterium glutamicum lysC mutant as the chassis [30]. Ferricyanide 
was added as an artificial electron mediator to accelerate EET process 
and achieve anoxic respiration, thus realizing the L-lysine titer of 
2.9 mM at rates of 0.2 mmol L−1h−1 under anaerobic conditions. Geng 
et al. recently introduced Tween 80 into a Zymomonas mobilis-in
oculated bioelectrochemical system and accelerated the electricity 
generation and ethanol production simultaneously. Tween 80 was used 
as a surfactant to enhance the permeability cell membranes and 
transport of various electron shuttles across cell membranes [46]. 

4. Microbial electrosynthesis (Cathodic electro-fermentation) 

Microbial electrosynthesis technology could realize the conversion 
of electrons to reducing equivalents for reduction of CO2 into chemi
cals. The recent studies of MES in various hosts are listed in Table 1. In 
MES systems, the mechanisms of microbial cells consuming electrons 
for their metabolism or chemical synthesis also consist of two categories 
of EET: direct contact-based EET and shuttle-mediated EET based on 
exogenous redox compounds or primary metabolites. 

Fig. 2. Unbalanced fermentation (anodic electro-fermentation) for the production of chemicals based on direct EET (A and B) and shuttle-mediated EET (C 
and D). (A) Metabolic modules added to S. oneidensis to enable electrode-dependent conversion of glycerol to ethanol [36]. (B) Electron transfer through the Mtr 
electron conduit alters metabolism to higher oxidation product in E. coli [39]. (C) HNQ mediated 3-hydroxypropionic acid (3-HP) production in engineered K. 
pneumoniae [43]. (D) Methylene blue (MB)-mediated acetoin production in engineered E. coli [31]. 
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4.1. Direct EET-based microbial electrosynthesis 

The mechanisms of delivering cathodic electrons by direct EET were 
rather poorly understood before G. sulfurreducens was proved to draw 
electrons from polarized stainless steel cathodes to reduce fumarate 
[47], which was the first reported study on the CO2 reduction in Geo
bacter and provided a landmark for microbial electrosynthesis. Then, a 
wide variety of electrotrophs were reported. Nevin et al. found that 
nickel nanowires anchored-graphite electrode could deliver electrons 
directly to S. ovata for acetate production [48], which achieved a 
conversion rate of 82%. Choi et al. showed that Clostridium pasteur
ianum DSM 525 could direct transfer electrons from cathode to achieve 
metabolic shift [49]. Two NADH-consuming pathways including bu
tanol from glucose and 1,3-propandiol from glycerol were promoted, 

both of which were electron-dense metabolites (Fig. 3A). In the S. 
oneidensis strain, the reverse Mtr-pathway was feasible for fumarate 
reduction and electrosynthesis [50], and the potential mechanism of 
electron uptake from cathode was further studied by Annette et al. [51]. 
Recently, Tefft and TerAvest realized electrode-driven acetoin reduc
tion in S. oneidensis MR-1 via inward electron transfer [52]. In this 
system, the thermodynamically unfavorable function of NADH dehy
drogenase was overcome by proton-motive force generated from light. 
The electrons from electrode were transport through Mtr complex, 
quinone pool and NADH, sequentially to reduce acetoin by hetero
logous butanediol dehydrogenase (Bdh). Further deletion of hydro
genase genes (ΔhyaBΔhydA) removed the competitive electron sink and 
improved 2,3-butanediol accumulation (Fig. 3B). 

Fig. 3. Examples of microbial electrosynthesis (cathodic electro-fermentation) based on direct EET (A and B) and shuttle-mediated EET (C, D, E, and F). (A) 
Electricity-driven metabolic shift of C. pasteurianum for butanol production from glucose and 1,3-propandiol production from glycerol [49]. (B) 2,3-butanediol 
production in a hydrogenase-deficient S. oneidensis using native Mtr proteins and exogenous light-driven proton pump (proteorhodopsin) for NADH accumulation  
[52]. (C) Different effects of neutral red (NR) and the barely studied redox mediator brilliant blue (BB) on the growth and product formation of C. pasteurianum grown 
on glycerol in a newly developed bioelectrochemical system [54]. (D) Chiral alcohol (R)-1-phenylethanol production from acetophenone in engineered E. coli by 
using methyl viologen (MV) as mediator to achieve EET [55]. (E) Hydrogen-driven microbial electrosynthesis from CO2 to acetate and methane in S. ovate and M. 
maripaludis via highly biocompatible transition-metal-based cathodes, respectively [62]. (F) Formate dehydrogenase (FDH)-assisted electrosynthesis of (3-hydro
xybutyrate) (PHB) in R. eutropha, which overexpressed the ribulose-1,5-bisphosphate carboxylase/oxygenase (Rubisco) [65]. Formate reduced from CO2 and NR both 
served as the electron carriers to transfer electrons derived from cathodes into R. eutropha. PEM: proton exchange membrane; Rnf: a membrane-bound NADH:
ferredoxin oxidoreductase; PEC: periplasmic electron carriers (FccA, CctA); OM: outer membrane; IM: inner membrane; LED: green light source; BBox: oxidized 
brilliant blue; BBred: reduced brilliant blue; NRox: oxidized neutral red; NRred: reduced neutral red; MVox: oxidized methyl viologen; MVred: reduced methyl viologen; 
LbADH: alcohol dehydrogenase from L. brevis; MtrA, STC and CymA: proteins of the electron transfer pathway in S. oneidensis MR-1. 
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4.2. Shuttle-mediated EET-based microbial electrosynthesis 

Electrically redox mediators could be applied as electron transpor
ters (either electron donors or acceptors) between electrodes and cells 
for the regeneration of reducing power and enhance the efficiency of 
electrosynthesis. Rowe et al. found that methyl viologen (MV) shuttled 
electrons from water-soluble abiotic photosensitizers into S. oneidensis 
MR-1 to support target reactions including H2 evolution, CO2 reduction, 
succinate and lactate production [53]. Utesch et al. reported a newly 
developed bioelectrochemical system of C. pasteurianum grown on 
glycerol by adding artificial mediators neutral red (NR) and brilliant 
blue (BB) with different electrochemical properties [54]. The addition 
of NR leaded to metabolic shifts in BES and increased the n‐butanol 
yield by as high as 33%, while BB preferred to enhance the formation of 
1,3‐propanediol (Fig. 3C). Furthermore, the addition of exogenous 
redox mediators could achieve the electrosynthesis in the model mi
croorganisms E. coli and Saccharomyces cerevisiae with insufficient di
rect EET [55–57]. Mayr et al. demonstrated a chiral alcohol biocatalytic 
platform based on chassis E. coli, which heterogenous expressed alcohol 
dehydrogenase from Lactobacillus brevis [55]. They used MV for the 
regeneration of NADPH, which could cross the outer cell membrane of 
E. coli (Fig. 3D). Zhang et al. constructed an efficient 7α-hydroxylation 
bioelectrocatalytic system in the recombinant Saccharomyces cerevisiae 
by incorporated electron shuttle NR-mediated EET and achieved an 
electricity-assisted cofactors recharge [56]. Cytochrome P450 mono
oxygenase utilized electrons derived from both electrodes and the 
oxidation of glucose to catalyze hydroxylation of steroids. Eventually, 
the 7α–OH–DHEA yield reached 2.4-fold of its counterpart in the ab
sence of EET. 

In addition to artificially additional electron shuttles, small meta
bolites H2 and formate can also serve as electron carriers for micro
organisms. In cathodes, water is split to H2 by a catalyst, then generated 
H2 would be consumed by the hydrogenases of autotrophic micro
organisms to facilitate the bio-reduction of CO2 [58]. Torella et al. re
ported an integrated electrochemical system for isopropanol production 
in R. eutropha by using earth-abundant metals cobalt phosphate (Co-Pi) 
as catalyst [59]. Further development of this biocompatible in
organic–biological hybrid system achieved synthesis of liquid fusel al
cohols in R. eutropha [60] and synthesis of NH3 in Xanthobacter auto
trophicus [61] by Liu and co-workers. Kracke et al. demonstrated 
microbial CO2 reduction to C1 and C2 compounds by using hydrogen, 
which produced in situ with non-precious metal (CoP, MoS2, and NiMo) 
cathodes, as mediator to accelerate bio-cathodes electron supply speed 
[62]. The homoacetogenic bacterium S. ovata and methanogenic ar
chaeon Methanococcus maripaludis, which could metabolize CO2 and H2, 
were introduced to investigate production of liquid chemical acetate 
and gaseous hydrocarbon CH4, respectively (Fig. 3E) and achieved al
most 100% of coulombic efficiencies. However, the low solubility of H2 

in water may decreased the efficiency of electron transfer flow from 
water-splitting to CO2 fixation [63]. To alleviate this bottleneck, Ro
drigues et al. recently introduced a biocompatible perfluorocarbon 
nanoemulsion as a H2 carrier and improved faradaic efficiency of CO2 

reduction in S. ovata [64]. Besides, formate could be applied as a so
luble and safe replacement for H2 in MES systems, which could be 
oxidized to CO2 in turn and generate NADH. Li and coworkers firstly 
demonstrated a formate-mediated MES in R. eutropha to produce higher 
alcohols [25]. Chen and colleagues constructed a formate dehy
drogenase (FDH)-assisted R. eutropha MES for production of PHB [65]. 
Formate was converted from CO2 through FDH, and served as the both 
electron carrier and carbon source for CO2 fixation and PHB synthesis. 
Meanwhile, NR was applied to facilitate the regeneration of extra
cellular NADH (Fig. 3F). Eventually, the titer of PHB in genetically 
engineered R. eutropha was increased to 485  ±  13 mgL−1. 

5. Conclusions and perspectives 

Microbial electro-fermentation (EF) possesses great promise for 
value-added chemicals and biofuels production [66]. However, the 
productivities and efficiencies achieved by above systems is still too low 
to afford industrial scale-up production [67]. The main bottlenecks of 
EF are the insufficient EET rate, the lack of available gene editing tools 
to engineer metabolic pathways of target products, and electrode ma
terials and operation of the bio-electrochemical reactors, which all to
gether limited the scale-up applications of EF. For electroactive mi
croorganisms, due to the limited knowledge on EET mechanisms and 
the absence of available genetic tools, it is usually difficult to further 
enhance the EET rate [17]. Furthermore, exploration of efficient genetic 
modification tools to engineer target product synthesis pathways in 
these non-model electroactive microorganisms is also a challenging 
problem. On the other hand, for most non-electroactive organisms, due 
to the lack of electron transfer pathway, they are not able to directly 
deliver or uptake electrons, which severely limited their applications in 
anodic electro-fermentation or cathodic electro-fermentation. Although 
addition of redox mediators or surfactants could promote indirect EET 
and regenerate intracellular reduce equivalents [46,65], their inhibi
tion on the cell growth would be hazard for practical applications. 
Lastly, to achieve efficient coupling of inward electrons with cell 
growth and metabolic pathways is a bottleneck in the development of 
EF. 

Recently, combining electro-fermentation with metabolic en
gineering have becoming an open attractive approach for biosynthesis 
[67]. Therefore, there is a core requirement for improving the perfor
mance of EF through synthetic biology strategies. Synthetic biology 
tools offer many opportunities to promote the bidirectional EET rates 
and increase the production of target chemicals. The reduced equiva
lent balancing and regeneration is a critical issue as the insufficient 
supply of reduced equivalent would hinder or even end the process of 
EF. Intracellular NAD (H/+) and redox state (NADH/NAD+ ratio) are 
the sources of EET process. Modular strategies to increase intracellular 
NAD (H/+) pool and the ratio of NADH/NAD+ could significantly 
enhance the current production of exoelectrogens [68,69]. Other stra
tegies including heterogeneous overexpression of porins to improve cell 
membrane permeability [70,71], increasing the synthesis of en
dogenous redox mediators [2,71], expanding the substrate utilization 
spectrum to accelerate substrate utilization [36,72], and modification 
of genes related to biofilm formation [73] could promote EET in elec
troactive microorganisms. On the other hand, heterologous introduc
tion of electron transfer modules and related genes in cytochrome 
maturation system in traditional fermentation microorganisms which 
inability of EET would be a promising strategy to promote the EF 
[31,55]. Apart from EET, engineering of target compound synthesis 
pathways could further enhance efficiency of EF [74]. Synthetic biology 
strategies including overexpression of key enzymes [43] and inter
ference or deletion of competitive pathways [31] could redirect meta
bolic flow and improve the target chemical production. Furthermore, 
the application of customized consortium will achieve fine-tuning of 
metabolic pathways and enhance chemical production [40,41]. 

In summary, synthesis biology provides a significant solution to 
enhance the performance of EF via engineering of EET and metabolic 
pathways. 

Furthermore, the scaling up of EF is limited by electrode materials, 
the structure and operation of bioelectrochemical reactors. On the one 
hand, ideal electrode materials should have a biocompatible surface 
required for cell-electrode attachment, adequate specific surface area, 
strong chemical stability (including corrosion resistance), excellent 
mechanical strength, high conductivity, a scalable and manufacturable 
system, and low cost [7,18]. On the other hand, technical parameters 
and obstacles such as the electrical internal resistances of lab-scale re
actors, temperature, pH and salinity ranges of operational environment 
should be optimized for feasible industrial applications [75]. 
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