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A B S T R A C T

Bioproduction of chemical building block such as propionic acid (propionate) is of great interest in current time 
as it is a sustainable alternative to petrochemical synthesis. Clostridium ljungdahlii as an electroactive homo
acetogen is able to ferment sugars or utilize CO2 to produce organic acids under bioelectrochemical system (BES). 
However, few reports evaluated the ability of bioelectrochemically assisted propionate production via 
C. ljungdahlii. In this study, BES equipped with three-dimensional nanostructure electrode and inoculated with 
C. ljungdahlii in cathode chamber was developed to evaluate propionate production. It found that applied 
negative potential on cathode was necessary to stimulate propionate production from fructose. Bio
electrochemical characterizations of bacteria attached electrode revealed that C. ljungdahlii was able to assimilate 
extracellular electron. Notably, optimization of negative potential on electrode remarkably increased NAD(P)H/ 
NAD(P)+ ratio, ATP amounts, and propionate production. Furthermore, BES optimization results showed that 
propionate achieved 16.29 ± 0.16 mM maximum titer (43 % ratio of total organic acids) and 0.2 g/g mass yield 
(0.24 mol/mol carbon atom yield) from fructose. A theoretical value (1.6 mmol) of fixed CO2 was calculated 
from mass/electron balance analysis. This work not only evaluated the performance of bioelectrochemical 
technology but also provided a new choice for sustainable and efficient propionate production.

1. Introduction

Propionic acid (propionate), a C3 carboxylic acid and generally 
regarded as safe (GRAS) chemical, is a promising chemical building 
block with applications across a wide variety of industries including 
foods, plastics, and cosmetics. The current propionate production from 
petrochemical route is non-renewable and unsustainable and generates 
many environmental pollutants. Impressively, microbial cell factories 
based on anaerobic fermentation is a green and sustainable process to 
produce chemicals [19,28,47]. There are many types of microorganism 
owing propionate-producing pathways, such as Propionibacterium using 
Wood-Werkman cycle and Clostridium propionicum using acrylate 
pathway to convert the pyruvate (glycolytic metabolite) into propionate 
[38]. About 15 years ago, it has realized ~100 g/L production of pro
pionate via P. acidipropionici after more than 2000 h’ fermentation [49]. 
However, over these years, there are no significant improvements (such 

as production and productivity) by using traditional 
propionate-producing microorganisms [2]. It is still urgent to evaluate 
new strategies or strains for propionate bioproduction.

Bioelectrochemical systems (BES) have received much attentions 
because of their versatile abilities to electrochemically drive pollution 
removal, sensor [12,53], and chemical biosynthesis [32,36]. Of partic
ular interest is to develop cathodic applications such as 
electro-fermentation and microbial electrosynthesis based on the 
extracellular electron uptake to regulate redox cofactor level of elec
troactive bacteria as many biochemical reactions are constrained by 
availability of electrons [10]. Electroactive bacteria are capable of 
electron exchange with electrode or other bacteria. Those bacteria with 
substantial transmembrane c-type cytochromes or conductive proteins 
can capture electrons from electrode and change carbon flux target 
chemical overproduction [32,42,57]. Electroactive bacteria could be 
introduced to accomplish CO2 reduction and synthesize bulk chemicals 
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such as organic acids, biofuels and biopolymers) in BES [15,44]. One 
interesting report have tried bioelectrochemically assisted propionate 
production and simultaneous CO2 recycling with lactate as substrate and 
microbial community mixture as main producer [24]. Recently, mixed 
microbial cultures were explored as cathodic inoculum that converted 
organic substrates (glucose, ethanol, and glycerol) or even CO2 into 
short chain organic acids such as lactic acid, butyric acid, isobutyrate 
using commercial electrodes [17,46,48]. Though mixed-culture system 
is versatile to generate various organic acids, it requires long time 
domestication and strict fermentation process. It inspires that devel
oping pure culture in BES is necessary to produce propionate because it 
owns more feasible and controllable fermentation process.

Interestingly, the two carbon-fixing bacteria of C. ljungdahlii and 
C. autoethanogenum have been explored as electroactive bacteria and 
exhibited the ability of organic acid biosynthesis via BES [27,33,56]. It 
has reported that C. ljungdahlii could directly import extracellular elec
trons without the assistance of hydrogen and was ideal in transfer of 
electrons from an electrode to microbes [4,16]. More importantly, 
C. ljungdahlii was easy to be engineered with heterologous pathways for 
value-added chemicals production [45]. However, electricity-assistant 
anaerobic fermentation via C. ljungdahlii was rarely evaluated for pro
pionate production in cathode. Furthermore, it is still unclear whether 
applied potential on electrode affects the performance of metabolic 
pathway.

In this study, 3D nanostructured porous indium tin oxide with in
verse opal structure (IO-ITO) electrode was fabricated for favorable 
attachment or colonization of microorganisms [7]. When IO-ITO elec
trode was installed into a BES, a fructose-consuming and 
butyrate-producing C. ljungdahlii [22] could easily form electroactive 
biofilm on electrode to strengthen the close contact for potential elec
tron uptake process. Interestingly, the performance of fructose con
sumption and propionate production were significantly enhanced in an 
optimized process. Its electron transfer mechanism and metabolic 
pathway shift were furtherproposed.

2. Materials and methods

2.1. Electrode preparation

IO-ITO electrode was prepared by co-assembly method as described 
in previous literatures [14,20]. The ITO glass electrodes (Hefei Nuozhuo 
Biological Technology Co., LTD), ITO nanoparticles (Sigma-Aldrich, 
average size 50 nm), and polystyrene (PS) microspheres (Aladdin, 
Shanghai, 0.75 mL, 2.5 wt%) were used. The PS microspheres and ITO 
nanoparticles were ultrasonically mixed in an ice bath for 30 min and 
then 15 μL PS-ITO mixture was dropped onto the ITO glass electrode. 
The PS-ITO mixture on ITO electrode was limited to 0.25 cm2 and dried 
in air for 30 min. The electrode was annealed in air at 500 ◦C for another 
20 min using Muffer furnace at a heating/cooling rate of 1 ◦C/min to 
obtain IO-ITO electrodes. Those electrodes were treated with UV 
sterilization.

2.2. Bacterial culture

C. ljungdahlii suspension was cultured in fresh YTF medium 
(Table S1) until the optical density (OD600) reached 0.8–1.0. The bac
terial sludge was then washed three times using PBS medium (Table S2). 
Finally, the cells were inoculated into a two-compartment reaction de
vice with fructose and NaHCO3 as the carbon source in PBS medium, and 
the final density (OD600) of C. ljungdahlii was ~0.6. All liquid medium 
were deoxygenated by nitrogen blowing for 30 min before sterilization. 
Experiments such as the inoculation of C. ljungdahlii and the assembly of 
the reactor were carried out in an anaerobic workstation.

2.3. Electro-fermentation process

Cathodic electro-fermentation (CEF) was conducted under a three- 
electrode double chamber reactor. IO-ITO was the work electrode 
while Hg/Hg2Cl2 electrode (SCE, saturated KCl) was used as reference 
electrode and carbon cloth (1 cm × 2 cm) as counter electrode. Two- 
stage CEF was conducted. The first stage was for biofilm formation by 
applying 0 V (vs. SCE) potential without fructose addition for 12 h. The 
second stage was for electro-fermentation by adding fructose and 
NaHCO3 as the substrate under a poised potential of −0.7 V (vs. SCE). 
The bioelectrochemical experiment was completed by electrochemical 
workstation CHI1000C (Chenhua, Shanghai). The organic acid sample 
was taken once every 12 h and added with 10 % of 1 M sulfuric acid to 
inhibit the reaction for testing. The samples were detected by high 
performance liquid chromatography (HPLC, Shimadzu chromatograph) 
with HPX-87H column (BIO-RAD Aminex®, 300 mm × 7.8 mm). Three 
parallel groups of experiments ensured experimental repeatability.

2.4. Electrochemical characterization

Electrochemical characterization was completed using an electro
chemical workstation CHI660E (Chenhua, Shanghai). Cyclic voltam
metry (CV) scanning range was −0.8 V to + 0.2 V (vs. SCE), and the 
scanning rate was 1 mV/s from negative to positive potential. Linear 
scanning voltammetry (LSV) scanning range was −0.6 V to + 0.6 V (vs. 
SCE), scanning rate was 1 mV/s. Differential pulse voltammetry (DPV) 
scanning range was −0.8 V to + 0.2 V (vs. SCE), pulse width 0.05 V per 
second.

2.5. Characterization of electrode morphology

The morphological changes of PS microspheres and ITO nano
particles after calcination and IO-ITO after CEF process with 
C. ljungdahlii were observed by scanning electron microscopy (SEM, 
Quanta FEG 250, FEI Titan Tecnai). SEM was set at accelerating voltage 
10 kV. The sample was prepared by gradient dehydration of ethanol 
from low to high concentration according to previous report [7].

2.6. Detection of intracellular redox state

ATP content detection kit was purchased from Sangon (Shanghai). 
Coenzyme I NAD(H) and coenzyme II NADP(H) content detection kits 
were purchased from Sangon (Shanghai) by using colorimetric methods. 
Determination processes were according to kit instructions and repeated 
three times to make sure the data reliability.

3. Results and discussion

3.1. Effects of electrochemical conditions on organic acid production

In this study, obvious accumulations of acetate and butyrate were 
observed during traditional anaerobic fermentation condition by 
C. ljungdahlii (Fig. 1a). Though acetate and butyrate needed the same 
precursor of acetyl-CoA, acetate titer was slightly higher than butyrate 
(1.65 mM vs 1.24 mM at 36 h) because of the shorter pathway for ac
etate biosynthesis [9]. Besides, 0.47 ± 0.18 mM lactate was also 
observed after 36 h of anaerobic fermentation (no applied potential). 
Impressively, when negative potential (-0.7 V vs. SCE) was applied, it 
obviously changed accumulation speed and patterns of organic acids 
(Fig. S1). For example, formate and propionate formed in negligible 
amounts during traditional anaerobic fermentation showed the highest 
titers (5.9 mM and 4.73 mM) at 36 h and 60 h, respectively. The slight 
accumulation (0.75 mM) of succinate was observed. More importantly, 
electro-fermentation stimulated more than 7-fold increase of lactate and 
1.88-fold increase of butyrate compared to anaerobic fermentation 
without applied potential. C. ljungdahlii could use glycolytic pathway to 
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metabolize fructose into acetyl-CoA, which is an important precursor to 
produce butyrate through heterologous butyrate-producing pathway 
[22]. All the results indicated that organic production by C. ljungdahlii 
was actually benefited from electrochemical conditions.

To investigate whether direct interaction between bacteria and 
electrode was positive to organic acid production, two-stage cathodic 
electro-fermentation including potentiostatic pretreatment at 0 V (vs. 
SCE) without fructose and poised potential at −0.7 V (vs. SCE) with 
fructose was designed. The first stage was intending to form 
C. ljungdahlii biofilm on electrode and create more efficient electron 
transfer [7]. Through the above two-stage electro-fermentation 
(Fig. 1b), propionate quickly achieved the highest titer (6.2 ± 0.3 mM) 
after 36 h, while formate, acetate and lactate showed insignificant 
accumulation (especially lactate yielded less than 0.12 mM) compared 
to the sample of directly poised potential. It deduced that C. ljungdahlii 
biofilm on electrode diverted carbon flux towards propionate by 
decreasing amount of formate, acetate, and lactate. To prove above 
hypothesis, increased biofilm on electrode by prolonged potentiostatic 
time at 0 V (vs. SCE) was conducted (Fig. S2a). Interestingly, remarkable 
increase of protein concentrations (from 200 to 800 μg/cm2) on elec
trode surface and 1 μA/cm2 current were detected with increasing 
potentiostatic time and without fructose addition (Fig. S2b). Corre
spondingly, the group with highest biofilm on electrode achieved the 
highest concentration of total organic acids (~16.5 mM) and ~50 % 
content of propionate after 24 h’ electro-fermentation (Fig. S2c). 
Furthermore, the fructose was completely consumed under electro
chemical condition while the open circuit without poised potential only 
consumed ~30 % fructose (Fig. 1c), indicating that direct attachment of 
C. ljungdahlii on electrode was essential to stimulate fructose consump
tion and organic acid accumulation for cathodic electro-fermentation. 
Further current monitoring of CEF system showed that −0.7 V (vs. 

SCE) poised potential on biocathode achieved quickly increase of 
reverse current to −14 μA/cm2 in initial 12 h, which was about two 
orders of magnitude larger than −0.5 V and −0.3 V groups (Fig. 1d). The 
obvious reverse current and fructose consumption indicated the possi
bility of extracellular electron uptake to stimulate organic acid 
biosynthesis.

3.2. Impact of 3D electrode on extracellular electron uptake

In previous reports, it has been proved that 3D electrode was 
powerful to augment electroactive biofilm [6,7]. Here, IO-ITO electrode 
was fabricated by modifing conductive ITO nanoparticles on smooth ITO 
electrode surface and significantly decreased the internal resistance 
(Fig. S3). The modified region on ITO electrode showed bright yellow 
and it changed into yellowish-brown color after 24 h potentiostatic 
pretreatment (0 V vs. SCE) in C. ljungdahlii inoculated cathode (Fig. 2a). 
Under the SEM observation, electrode surface was covered with 3D 
porous structure of ITO nanoparticles (Fig. 2b) and the aperture length 
of honeycomb-like microscale cavities was about 8–10 μm (Fig. 2c). The 
special three-dimensional structure was powerful to gather more cells on 
electrode surface, especially those cavities (Fig. 2d), which probably 
made the cells (0.5 × 3 μm size) more robust to resist washing off.

To further prove that microbial electron transfer between exoelec
trogen and electrode surface, bioelectrochemical characterizations of 
cathode were further investigated (Fig. 3). Under negative hydrogen 
evolution potential (-0.7 V vs. SCE), the IO-ITO electrode produced 
negligible hydrogen (0.17 μmol after 36 h) and it seemed that direct 
electron transfer was necessary to support CEF. To avoid the effect of 
self-generated mediator (such as riboflavin) on extracellular electron 
uptake, the IO-ITO and C. ljungdahlii biocathodes were washed with PBS 
buffer after 12–24 h potentiostatic treatment (0 V vs. SCE) and then 

Fig. 1. Organic acid production from fructose via C. ljungdahlii with heterogenous butyrate-producing pathway on genome. (a) Anaerobic fermentation (no poised 
potential), (b) two stages (0 V for 12 h, then −0.7 V was applied and fructose was added) electro-fermentation, (c) fructose consumption under poised potential and 
no electricity conditions and (d) current time (i-t) curves of cathodic electro-fermentation under various poised potential (-0.7, −0.5, −0.3 V vs. SCE). There existed a 
stage of 0 V for 12 h before monitoring fructose consumption.

Z. Fang et al.                                                                                                                                                                                                                                     Process Biochemistry 160 (2026) 11–20 

13 



Fig. 2. Morphological features of three-dimensional electrode. (a) Photos of blank ITO, blank IO-ITO, and IO-ITO biocathode (C. ljungdahlii bacteria on electrode) 
electrodes. Scanning electron microscope images of blank IO-ITO electrode (b & c) and IO-ITO biocathode (d). Arrows indicate C. ljungdahlii cells attaching in porous 
structure on IO-ITO electrode.

Fig. 3. Bioelectrochemical analysis of biocathode. (a) Cyclic voltammetry analysis and (b) linear sweep voltammetry analysis of blank and C. ljungdahlii attached IO- 
ITO electrodes before electro-fermentation. The control is blank IO-ITO electrode. (c) Linear sweep voltammetry analysis and (d) differential pulse voltammetry of 
biocathode (C. ljungdahlii bacteria on IO-ITO electrode) after electro-fermentation. Arrows indicate the electrochemical scanning direction.
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were assayed for bioelectrochemical activities in fructose-free media. 
Impressively, CV analysis of biocathode showed obvious reverse current 
(up to −100 μA/cm2) between −0.8 V and 0 V (vs. SCE) (Fig. 3a). 
Compared to the blank IO-ITO, there appeared three reductive peaks at 
−0.8 V, −0.38 V, and −0.12 V, which were probably related to some 
[4Fe-4S] cluster contained proteins such as membrane-bound hydrog
enase, Rnf complex and flavoprotein [1,29,33,52]. On the contrary, 
planktonic cells, directly inoculated in cathode without biofilm forma
tion by potentiostatic treatment, showed sole redox peak (around 
−0.12 V) and lower reverse current (-20 μA/cm2) (Fig. S4). It indicated 
that direct contact between C. ljungdahlii cells and electrode surface was 
essential to augment extracellular electrons uptake under negative 
potential.

Next, linear sweep voltammetry analysis was conducted and it was 
found that C. ljungdahlii cells on IO-ITO electrode surface were able to 
exchange electrons around −0.3 V (vs. SCE) when scanning from 
negative potential to positive potential (Fig. 3b). Compared to the 
control group (blank IO-ITO electrode), biocathode exhibited higher 

reverse current when potential was shifted from 0 V to −0.6 V (vs. SCE). 
All the above CV and LSV analysis revealed that IO-ITO and C. ljungdahlii 
biocathode owned significant bioelectrochemical activities to achieve 
bidirectional electron transfer. More importantly, LSV showed −0.685 V 
(vs. SCE) was suitable for the extracellular electron uptake of 
C. ljungdahlii in CEF process (Fig. 3c). Cells on electrode exhibited slight 
changes of reverse electron transfer after CEF application without extra 
inoculation of C. ljungdahlii in cathode. More precise analysis of redox 
peaks by DPV also revealed that applied potential below −0.685 V could 
dramatically augment electron exchange (more than 210 μA/cm2) be
tween IO-ITO electrode and C. ljungdahlii (Fig. 3d). The redox potential 
−0.685 V (vs. SCE) was probably related to membrane-bound hydrog
enase and formate dehydrogenase complex that could directly utilize 
electrons for CO2-to-formate conversion [1,23]. Other redox peaks (such 
as −0.45 V, −0.38 V, and −0.1 V vs. SCE) with smaller current density 
(below 150 μA/cm2) were probably related to membrane-bound pro
teins such as flavoprotein and NADH dehydrogenase, which were found 
in another electroactive acetogen of Moorella thermoacetica [52]. 

Fig. 4. Organic acids fermentation via C. ljungdahlii (with heterogenous butyrate-producing pathway on genome) in cathode chamber under various potential (vs. 
SCE) on Io-ITO electrode. (a) Formate, (b) acetate, (c) lactate, (d) propionate, (e) succinate, (f) butyrate.
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Meanwhile, C. autoethanogenum, an acetogen owning 90 % similarity of 
proteome to C. ljungdahlii, have been proved the capability of extracel
lular electron uptake from electrode in CEF process [27,33]. Though the 
electron transfer pathway needed more evidences, the above results 
were enough to explain that potential direct electron transfer could 
occur in C. ljungdahlii but needed more evidences from transcriptome 
and proteome analysis.

Electrode with the essential role of controlling bacteria’s physio
logical and electrochemical functionalities was possible to adjust mi
crobial electron transfer. Carbon electrodes (such as carbon paper, and 
carbon cloth) have been frequently applied because of their plug-and- 
play advantages and electrochemical stability [35]. However, most of 
carbon electrodes require exogenous mediators (such as methyl viol
ogen, neutral red, and anthraquinone-2,6-disulfonate) to augment 
extracellular electron uptake [18,21,37,55]. Those exogenous electron 
mediators are toxic to microorganisms and resulted in complicated 
product separation or wastewater treatment. Therefore, the biocom
patible 3D electrode used in this study could avoid the toxic mediators, 
improve electron transfer rate, and provide positive effect on adjusting 
organic acids production.

3.3. Effects of poised potential on metabolites in cathode

Fructose consumption under cathodic fermentation (Fig. 1c) has 
showed that poised potential could slow down substrate utilization rate 
in initial 12 h. The increase of reverse current from more negative po
tential (Fig. 1d) also inferred that more posied potential (-0.7 V vs. SCE) 
was more suitable for reverse electron transfer (possible for both 
hydrogen-mediated electron transfer and DET) and probably changed 
metabolic pathway of C. ljungdahlii. Here, effects of various negative 
potential on organic acids production (inclduing formate, acetate, 
lactate, prioponate, succinate, and butyrate) were investigated along 
with the CEF process (Fig. 4). The poised potential of −0.7 V (vs. SCE) 
showed the fast accumulation of formate (4.37 ± 0.33 mM) while 
−0.5 V and −0.3 V groups only produced ~0.5 mM formate in initial 
12 h (Fig. 4a). Similarly, −0.7 V group stimulated the fast accumulation 
of acetate, about 6 folds of titers compared to −0.5 V and −0.3 V groups 
in initial 12 h (Fig. 4b). The above data indicated that lower potential 
probably stimulated the electron-consuming pathway, such as Wood- 
Ljungdah pathway (an inherent carbon-fixing pathway in 
C. ljungdahlii) and made use of reverse current to support CO2 reduction 
into organic acids [11,40,45]. Besides, singnificant reduction in formate 
levels with the fermentation time also indicated the possible assimila
tion of formate into other metabolites via Wood-Ljungdah pathway 
[15]. Among those organic acids, only lactate production was inhibited 
by −0.7 V potential and showed about twice less production compared 
to −0.3 V (Fig. 4c). The decrease of lactate was probably related to the 
altered metabolic pathway that pyruvate directly diverted into other 
electron-consuming organic acids, i.e., propionate and butyrate [11].

The propionate is a special organic acid rarely produced in regular 
anaerobic fermentation by C. ljungdahli. Interestingly, the highest titer 
(7.63 mM) of propionate was obtained as compared to other organic 
acids (Fig. 4d). Succinate, another important organic acid from tricar
boxylic acid (TCA) cycle, was also detected in cathode solution with the 
increase of negative poential (Fig. 4e). It has been reported that 
C. ljungdahli could use succinate as substrate to synthesize propionate 
[13]. Butyrate was the second largest organic acids produced in CEF and 
its highest titer was 3.7 ± 0.15 mM at 36 h under −0.7 V, about 640 % 
improvement compared to the groups without poised potential (Fig. 4f). 
In total, the poised potenital stimulated the production of some organic 
acids such as propionate and succinate, and it further improved the final 
titers of butyrate by the C. ljungdahli. The above results indicated that 
values of negative poential applied on biocathode had significant impact 
on organic acid production. For example, lower potential at −0.7 V 
benefitted the reverse electron transfer via membrane-bound hydroge
nases and probably facilitated intracellular cofactors regeneration as 

well as the propionate/butyrate pathway [8,30].
To prove the positive effects of reverse current on intracellular me

tabolites, the cofactors including reducing equivalents (NADH/NAD+

and NADPH/NADP+) and bioavailable energy (ATP) were studied under 
various poised potential on biocathode (Fig. 5). Compared to the open 
circuit where no potential was applied on cathode, the NADH/NAD+

ratio values at −0.3 V and −0.7 V groups were about 2-fold higher 
(Fig. 5a). It was also found that NADPH/NADP+ ratios of negative 
poised groups were obviously improved (Fig. 5b), and it probably 
attributed to the special reverse electron tranfer to maintain high level of 
NADH or NADPH. These reducing equivalents were all necessary to 
facilitate propionate and butyrate accumulation [22,25]. When using 
pyruvate as the initial substrate, C. ljungdahlii needed two and four NAD 
(P)H moles to synthesize one mole of propionate and butyrate, respec
tively. It indicated the possibility that C. ljungdahlii harnessed propio
nate and butyrate biosynthetic pathways to balance intracellular NAD 
(P)H/NAD(P) + level because excess reducing equivalents were gener
ated at potential of −0.7 V. In this study, propionate achieved the 
highest production was probably due to the increased ratio of NAD(P) 
H/NAD(P)+ at −0.7 V poised potential. In addition, the ATP, another 
important intracellular cofactor to determine cell activity, was moni
tored under CEF process and showed that lower poised poential on 

Fig. 5. Effects of open circuit (no electricity supply) and cathodic poised po
tential on intracellular cofactor levels of C. ljungdahlii under fructose-free bio
electrochemical conditions. (a) NADH/NAD+, (b) NADPH/NADP+, and (c) ATP.

Z. Fang et al.                                                                                                                                                                                                                                     Process Biochemistry 160 (2026) 11–20 

16 



electrode increased ATP levels (Fig. 5c). Notably, the negative potential 
of −0.7 V showed the highest ATP content, approaching 29 folds of open 
circuit group. The above results explained that lower poential on cath
ode was essnetial to improve intracellular NAD(P)H and ATP regener
ation and propionate overproduction.

Therefore, a special metabolic pathway of C. ljungdahlii in CEF pro
cess could be proposed (Fig. 6). Formate produced in traditional 
anaerobic fermentation is usually obtained from pyruvate splitting [11]. 
However, a fast accumulation of formate was observed under lower 
poised potential. It is inferred that besides fructose, formate can be 
obtained from other carbon sources. For example, CO2-to-formate 
pathway via lower potential stimulated Hyt-Fdh complex, where 
formate dehydrogenase can accept electrons from membrane-bound 
hydrogenase to drive CO2 reduction [5]. In previous reports, excessive 
accumulation of succinate was observed by applying lower potential 
−440 mV (vs. SHE) to Citrobacter amalonaticus [3]. Similarly, 
C. ljungdahlii might harness pyruvate carboxylase and consume ATP and 
CO2 to produce oxaloacetate [1]. Due to the incomplete TCA cycle in 
C. ljungdahlii [11], oxaloacetate could be firstly changed into aspartate 
and then into fumarate, which finally reduced into succinate at high 
NAD(P)H/NAD(P)+ levels (Fig. 6). There were possible three pathways 
(succinate pathway, acrylate pathway, and propanediol pathway) for 
propionate biosynthesis [39]. Acrylate pathway probably was main 
pathway for propionate formation, in where lactate (consuming one 
NADH to reduce pyruvate) was used as the substrate to form 
lactoyl-CoA, acryloyl-CoA, and propionyl-CoA (Fig. 6). Besides, NADH 
was necessary to reduce acryloyl-CoA into propionyl-CoA that finally 
contributed propionate accumulation [26]. Therefore, NAD(P)H regen
eration played key role for shifting of carbon metabolism towards pro
pionate biosynthesis.

Besides, it deduced that hydrogenases and Rnf complex, a special 
membrane-bound respiratory enzyme that catalyzes the oxidation of 
reduced ferredoxin for the reduction of NAD+, could directly contact 
electrode and facilitate extracellular electron uptake [43,51]. Intrigu
ingly, a cytoplasmic Nfn complex called electron-bifurcating and 
ferredoxin-dependent transhydrognenase was able to adjust NAD(P) 
H/NAD(P)+ ratio, which was necessary to control intracellular cofactor 
balance [31]. However, it was still unclear whether the pools of intra
cellular cofactors (including NAD(P)H and ATP) were increased. To get 
more information about the gene expression, it might need a compara
tive transcriptome analysis in future.

In total, the main reason resulting in metabolic shift of C. ljungdahlii 

was probably related to extracellular electron uptake. The first evi
dences of SEM (Fig. 2d) and increased protein concentration (Fig. S2a) 
on electrode surface showed that C. ljungdahlii cells could attach on IO- 
ITO electrode. Generally, bacteria attaching on electrode surface is the 
first step of extracellular electron uptake. Besides, cyclic voltammetry 
analysis (Fig. 3a) was the second evidence to show C. ljungdahlii 
attaching on electrode were able to realize reverse electron transfer. It 
was corresponding to Fig. 1d that higher reverse current was observed at 
−0.7 V poised potential. The third evidence was the improved propio
nate (Figs. 1b and 4d) needed higher reverse current based on −0.7 V 
potential applied on C. ljungdahlii attached electrode. The fourth evi
dences of metabolic pathway analysis (Fig. 6) and mass/electron bal
ance analysis (Table 1 and S4) all indicated that extracellular electron 
assimilation was essential to improve propionate production. Finally, 
extracellular electron uptake augmented propionate accumulation. 
Nevertheless, key factors optimization was necessary to obtain the target 
products from CEF fermentation.

3.4. Further improving propionate production via optimization

Though C. ljungdahlii could utilize extracellular electrons to regen
erate cofactors, the production of propionate was still limited to its 
optimized fermentation conditions by using fructose as substrate in CEF 
process (Fig. 1 and Fig. 4). It is inferred that some key factors such as 
inoculation amount, initial pH, cathodic buffer, and fructose concen
tration should be optimized in order to achieve high yield of organic 
acids [33,34,54]. Firstly, various inoculation amounts based on OD600 
were used to investigate cell density effects on organic acid production 
(Fig. 7a). It was found that high cell density (initial 1.2 OD600) decreased 
total titers of organic acids and especially more than 33.3 % decrease in 
propionate titer was observed. High cell density also improved the speed 
of formate and acetate production (1.5–7-fold increase of productivity in 
first 12 h, Fig. S5), which might attribute to the augmented CO2 
reduction via Wood-Ljungdahl pathway. On the contrary, lower cell 
density (initial 0.6 OD600) resulted in slow increase of organic acids 
except for propionate. Consequently, CEF process after cell density 
optimization achieved the highest ratio (about 74 %) of lactate, propi
onate, succinate, and butyrate. The experiments showed that adding 
more cells in cathode solution obviously improved the amounts of 
planktonic C. ljungdahlii cells in solutions but not the biofilm on elec
trode surface (Fig. S5). We deduced that IO-ITO electrode surface was 
limited for attaching too much cells [7], and that planktonic cells were 

Fig. 6. Proposed metabolic pathway for organic acid production by C. ljungdahlii. Nfn, electron-bifurcating and ferredoxin-dependent transhydrognenase; Fd2-, 
reduced ferredoxin; Fd, oxidized ferredoxin; Rnf, membrane-associated and energy-conserving reduced ferredoxin:NAD+ oxidoreductase; Hyt and Hyd, hydrogenase; 
Fdh, formate dehydrogenase. The width of allows indicates the metabolic flow size.
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failed to efficiently utilize extracellular electron, which probably 
resulted in pseudo-electro-fermentation and decrease of final organic 
acid titers. Secondly, effects of initial pH value on CEF were studied 
(Fig. 7b). It was learnt that weakly alkaline conditions were beneficial 
for organic acid accumulation and pH 7.8 yielded ~19 mM titer of total 
organic acids, with 46 % improvement as compared to pH 6. More 
enhancement in the production of propionate and butyrate (approach
ing 85 % ratio of total organic acids) was noticed with weakly acidic 
condition (Fig. S6). These results suggested that suitable control of the 
pH value could dramatically alter metabolic flux of C. ljungdahlii in CEF 
process. Thirdly, the above hypothesis was further proved by comparing 
organic acid productions with two different pH-stabilizing buffers in 
cathode (Fig. 7c). HEPES, an excellent pH-stabilizing agent in microbial 
medium [7], was used to substitute phosphate buffer. The results of 
HEPES cathodic buffer exhibited higher titers of organic acid accumu
lation than PBS buffer (Fig. 7c). Nevertheless, large fraction of organic 
acids (about 77 %) in cathodic solution were formate and acetate, and 
formate was the major compound (13.59 ± 0.56 mM) after 12 h of 
electro-fermentation (Fig. S7). It indicated that stable pH buffer in 
cathode might be suitable for strong organic acids such as formate and 
acetate [23,33,34]. Therefore, lower cell density (0.6 OD600) was used to 
inoculated C. ljungdahlii in weakly alkaline solution (pH 7.8) PBS 
cathodic media.

Subsequently, substrate concentration optimization was conducted 
and it was interesting to find that various concentrations of fructose in 
cathode had different effects on CEF. When low concentration (1.5 g/L, 
about 15 mM) of fructose was added in cathode, formate and acetate 
were the main content (around 50 %-65 % ratio of total organic acids) 
and the highest titer of formate and acetate was 5.74 mM and 3.9 mM, 
respectively, which was higher in comparison with a fructose concen
tration of 3 g/L or 6 g/L (Fig. S8 and Fig. 7d). The extra production of 
formate or acetate could be stem out from CO2 reduction via Wood- 
Ljungdah pathway (Fig. 6). Therefore, high concentration of formate 

and acetate inhibited the glycolytic pathway and resulted in low 
regeneration rate of NADH and ATP in C. ljungdahlii [11]. Intriguingly, 
propionate was major product (43 % ratio of total organic acids), 
achieving the highest value (16.29 ± 0.16 mM), highest productivity 
(0.27 mM/h), and 0.2 g/g mass yield (0.24 mol/mol carbon atom yield) 
when supplying 6 g/L fructose into cathodic medium (Fig. 7d and 
Table 1). The inherent acrylate pathway was probably activated under 
bioelectrochemical condition and increased propionate production 
(Fig. 6). Other than acrylate pathway, it was deduced that a few fraction 
of propionate was synthesized from succinate based on the incomplete 
TCA cycle in C. ljungdahlii [1,11], where oxaloacetate was reduced into 
succinate and then converted into propionate [39]. Ultimately, 37.5 mM 
total organic acids were obtained after 60 h electro-fermentation, which 
exhibited more efficient organic production (0.63 mM/h against 
0.04 mM/h of traditional anaerobic fermentation, ~16 folds improve
ment). It was found that high production of organic acids with 6 g/L 
fructose addition resulted in significant decrease of pH value in cathodic 
solution (Fig. S9). More importantly, the calculation of mass and elec
tron balances showed carbon atom yield of total organic acids was 
increased from 0.21 to 0.58 mol/mol by applying −0.7 V (vs. SCE) in 
cathode (Table S4). When calculating the total carbon atoms of biomass 
and products together, we found that CO2 was fixed by with a theoretical 
value of 1.6 mmol. The carbon fixation ability was attributed to 
Wood-Ljungdah pathway and 30.27 % contribution of extracellular 
electricity from electron coefficient calculation (seen in supporting in
formation), which final converted CO2 into acetyl-CoA, an important 
precursor for acetate and butyrate biosynthesis. The above results 
indicated that direct contact between cells and electrode could 
remarkably improve organic acid accumulation as compared to other 
diffusing mediators (such as methyl viologen and neutral red) in CEF 
[18,41,55].

The conventional propionic acid production is mainly dependent on 
anaerobic fermentation by using glucose and glycerol as carbon source 

Fig. 7. Effects of various conditions on total organic acid accumulation after 60 h of electro-fermentation (poised potential on cathode is −0.7 V vs. SCE). (a) Initial 
cell density in cathodic chamber, (b) initial pH of cathodic media, (c) cathodic buffer, and (d) electro-fermentation time with 6 g/L fructose.
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[38,49,50]. Propionibacterium acidipropionici is the major industrial 
strain and can reach 106 g/L production and 0.54–0.71 g/g yield of 
propionate. However, there are several challenges to apply Propioni
bacterium strains at industrial scale [2]. For examples, the conventional 
fermentation usually consumes more than 2000 h, and it lacks new 
strains or strategies for propionate bioproduction. Recently, using CO2 
as one of the renewable substrates is attractive. Though the final titer 
(1.2 g/L) and mass yield (0.2 g/g) of propionate in this study are far 
lower than industrial strains, it is still meaningful to evaluate 
electricity-assisted propionate bioproduction via the carbon-fixing 
C. ljungdahlii since it not only shows new propionate-producing bio
process but also creates new fermentation strategy to adjust metabolic 
pathway. We believe this study will new ideas for solving the problems 
of traditional propionic acid fermentation production industry.

4. Conclusion

This study successfully constructed a 3D nanostructure electrode 
equipped and exogenous-mediator-free BES. In this BES, C. ljungdahlii as 
the electroactive bacteria used electrons to stimulate propionate over
production through extracellular electron uptake and intracellular 
cofactor regeneration. Furthermore, it found that propionate as a rarely 
accumulated products in conventional anaerobic fermentation was 
overproduced by C. ljungdahlii. We concluded that electro-driven 
anaerobic fermentation could contribute to sustainable chemical engi
neering by applying renewable electricity to drive intracellular cofactor 
regeneration eventually favoring the accumulation of propionate. In 
future, more studies about transcriptome and metabolome should be 
conducted to investigate the inherent pathway of propionate production 
under CEF condition, and it is also important to explain how extracel
lular electron uptake affects intracellular cofactor balance. In total, this 
study showed powerful performance of propionate production in BES 
cathode.
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