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H I G H L I G H T S G R A P H I C A L  A B S T R A C T

• DFT and electrochemical analyses 
demonstrate that fraxetin acts as an 
electron shuttle in oxygen-saturated 
conditions.

• Upon oxygen exposure, FMN-mediated 
current falls by ~75%, whereas 
fraxetin-mediated current decreases by 
only ~18%.

• Even at DO > 4 mg L⁻1, fraxetin boosts 
current production by Shewanella onei
densis MR-1 by ~8-fold.

• The mechanism of fraxetin-mediated 
EET in S. oneidensis MR-1 at DO > 4 
mg L⁻1 is elucidated.
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A B S T R A C T

Efficient interfacial electron transfer between electroactive microorganisms and electrodes underpins bio- 
electrochemical systems for energy, environmental, biosensors, and bioelectronic applications. Yet oxygen 
infiltration, unavoidable under practical conditions, and severely impairs performance. Here, we propose a 
strategy where plant-sourced antioxidants, such as fraxetin, with high thermodynamic stability are employed as 
electron shuttles. Electrochemical analysis and density functional theory revealed that fraxetin, unlike flavin 
mononucleotide, resists oxygen oxidation and sustains electron transfer under saturated dissolved oxygen con
ditions. Additionally, oxygen infiltration caused a 75% decrease in the current generated by Shewanella oneidensis 
MR-1 mediated by flavin mononucleotide, whereas the current mediated by fraxetin only decreased by 18%. This 
approach provided a fundamentally different and more practical solution than physical oxygen-exclusion 
methods, oxygen-tolerant ESs as a robust and versatile avenue to maintain efficient interfacial electron trans
fer in bio-electrochemical systems under actual environments.
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1. Introduction

The interfacial electron transfer between electroactive microorgan
isms (EAMs) and electrodes forms the foundation of bio-electrochemical 
systems (BESs) (Xiao et al., 2017; Zhang et al., 2024a), which show 
broad potential in wastewater treatment (Yan et al., 2018), energy 
generation (Zhang et al., 2024b), environmental monitoring (Li et al., 
2025), and medical diagnostics (Aiyer & Doyle, 2022). Representative 
applications include microbial fuel cells that recover electricity from 
organic waste (Cao et al., 2021), microbial electrosynthesis that con
verts carbon dioxide into value-added organics (Xie et al., 2023), as well 
as biosensors (Atkinson et al., 2022) and wearable diagnostic devices 
(Choi, 2022). The efficient operation of these systems is highly depen
dent on maintaining anoxic conditions (Logan et al., 2019). EAMs 
transfer intracellular metabolic electrons to electrodes via extracellular 
electron transfer (EET), which occurs through two primary pathways: 
direct contact mediated by outer-membrane c-type cytochromes and 
indirect contact facilitated by soluble electron shuttles (ESs) (Shi et al., 
2016). Among these, ESs mediated EET is particularly crucial (Kundu 
et al., 2025; Light et al., 2018; Okamoto et al., 2013); accounting for up 
to 80% of current (Marsili et al., 2008).

However, the inevitable infiltration of environmental oxygen during 
operation poses a significant challenge. Oxygen interferes with the 
interfacial electron transfer process, thereby inhibiting system efficiency 
and limiting their practical applications (Harnisch et al., 2024; Logan 
et al., 2019). Most crucially, most ESs are highly susceptible to oxygen, 
with their shuttling capacity diminished by direct oxidation (Khan et al., 
2012; Ma et al., 2025; Price-Whelan et al., 2006), while the concomitant 
generation of reactive oxygen species (ROS) further damages EAMs and 
compromises BESs efficiency. Engineering strategies, such as optimizing 
reactor/electrode configurations or introducing ion-exchange mem
branes as physical barriers, have been explored to mitigate oxygen 
infiltration (Amirdehi et al., 2020; Choi & Chae, 2013; Li et al., 2023; 
Yang et al., 2019; Yoon et al., 2018). However, these physical-barrier- 
based approaches often suffer from limited long-term stability and 
generality and, more critically, largely overlook the chemical stability of 
ESs. Enhancing the chemical stability of ESs may provide a fundamental 
solution to the oxygen infiltration hindrance of interfacial electron 
transfer, a direction that remains scarcely explored.

Interestingly, plants have evolved highly efficient antioxidant de
fense systems to survive in oxygen rich environments (Mittler et al., 
2022). At their core are small molecules with both strong chemical 
stability and redox activity, which eliminate ROS and maintain cellular 
redox homeostasis (Mittler et al., 2022; Wang et al., 2025). The essence 
of ROS scavenging is that reductive antioxidants reduce oxidative ROS, 
representing electron transfer from antioxidants to ROS under oxic 
conditions (Li et al., 2020; Shahidi & Ambigaipalan, 2015). This process 
bears strong mechanistic resemblance to the reversible electron 
exchanging between microbes and electrodes in BESs. Inspired by these 
parallels, we investigated the potential of natural antioxidants to miti
gate the impact of oxygen diffusion and sustain efficient interfacial 
electron transfer, providing a new and generalizable concept for stabi
lizing BES performance.

Here, we combined electrochemical analysis with density functional 
theory (DFT) calculations to dissect, at the molecular level, the oxygen 
stability and redox thermodynamics of the classical ES flavin mono
nucleotide (FMN) (Light et al., 2018; Marsili et al., 2008; Okamoto et al., 
2013) and the natural antioxidant fraxetin with redox activity (McRose 
et al., 2023; Medina et al., 2014). We further evaluated how oxygen 
permeation affects the efficiency of FMN or fraxetin mediated interfacial 
electron transfer between Shewanella oneidensis MR-1 (a model EAM 
strain widely used in BESs studies) (Lin et al., 2021; Xiao et al., 2021; 
Yang et al., 2020) and electrodes. Moreover, transcriptomic and genetic 
analyses were conducted to elucidate the molecular mechanism by 
which fraxetin promotes EET of S. oneidensis MR-1 under oxic condi
tions. Together, this study provides molecular-level evidence and 

strategic insights into sustaining efficient EAMs–electrodes interfacial 
electron transfer under oxygen intrusion, and offers a generalizable 
framework for the selection of ESs tailored for oxygen infiltration 
environments.

2. Materials and methods

2.1. Materials

Ammonium chloride (NH4Cl), dipotassium hydrogen phosphate 
(K2HPO4), sodium chloride (NaCl), and sodium lactate (C3H5NaO3) 
were purchased from Sinopharm Chemical Reagent Co. Ltd. China. 
Fraxetin, was purchased from Macklin Biochemical Co. Ltd. China. 
Nitroblue tetrazolium and HEPES were purchased from Aladdin Indus
trial Co. Ltd. China. Flavin mononucleotide was purchased from Sigma- 
Aldrich Co. Ltd. USA. Yeast extract, tryptone were purchased from 
Sangon Biotech Co. Ltd. China.

2.2. Strains and growth conditions

Shewanella oneidensis MR-1 (ATCC-700550) were maintained as 
freezer stocks. Mutants S. oneidensis MR-1 strains in which mtr pathway 
genes (ΔcymA, ΔmtrA, and ΔmtrC/omcA) were generated previously 
(Zhu et al., 2022). Mutants S. oneidensis MR-1 ΔdmsA/dmsB (SO_1047/ 
SO_1430) were constructed for this study following established pro
tocols (Gao et al., 2009), and the relevant plasmid information is pro
vided in Supplementary Materials. Before the start of each experiment 
strains were precultured in 100 mL of lysogeny broth medium.

2.3. Electrochemical measurements

Cyclic voltammetry (CV) measurements were conducted using a 
CHI832D potentiostat (CHI Instruments, Shanghai, China) with a scan 
rate of 50 mV/s using a platinum plate counter electrode and an Ag/ 
AgCl reference. 1 mM solution of fraxetin was prepared by dissolving in 
ultrapure water at 60 ◦C and stored at 4 ◦C, whereas 1 mM solutions of 
FMN was prepared by dissolving in ultrapure water and stored at 4 ◦C in 
the dark. The electrolyte consisted of 20 mM HEPES and 5 g/L NaCl, 
with the pH adjusted to 7.00 using NaOH. ESs were added to a final 
concentration of 10 μM. For CV under anoxic conditions, the electrolyte 
was continuously purged with N2 for 30 min prior to scanning. For oxic 
conditions, the electrolyte was purged with oxygen for 30 min to reach 
dissolved oxygen saturation before scanning. Data shown are generally 
from the third of three scans.

Solutions of FMN and fraxetin were prepared at a final concentration 
of 100 μM in electrolyte and transferred into serum bottles. The solu
tions were purged with N2 for 30 min and then placed in an anoxic 
chamber (95% N2, 5% H2, with a palladium catalyst) with the caps open 
for 24 h to remove residual oxygen. Subsequently, S. oneidensis MR-1 
cells were added inside the glove box and incubated for 6 h for reduc
tion (as indicated by the color change of FMN from yellow to colorless). 
The cultures were then centrifuged and filtered to remove cells, yielding 
reduced FMN and fraxetin solutions. Chronoamperometric measure
ments under anoxic conditions were conducted in an anaerobic cham
ber. A potential of +0.4 V (vs. Ag/AgCl) was applied, and after 10 min of 
baseline stabilization, reduced FMN or fraxetin was introduced into the 
system. Chronoamperometric measurements under oxic conditions were 
performed under continuous oxygen purging.

2.4. Measurement of superoxide anion

A 1 mM nitroblue tetrazolium (NBT) solution was prepared in HEPES 
buffer (pH 7.00), removed oxygen by continuous N2 purging for 30 min, 
and then placed in an anoxic chamber with the caps open for 6 h to 
remove residual oxygen. 2.5 mL of reduced fraxetin or reduced FMN was 
mixed with 2.5 mL of NBT solution in sealable glass vials inside an 
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anoxic chamber. For the anoxic condition, the vials were sealed in an 
anoxic chamber and reacted for 5 min before measurement. For the oxic 
condition, oxygen was purged into the sealed vials for 5 min prior to 
measurement. The sealed glass vials were directly placed in a UV–visible 
spectrophotometer equipped with the appropriate module (Genesys 30, 
Thermo Fisher, USA), and absorbance at 560 nm was recorded to 
determine superoxide anion production (Kim et al., 2022).

2.5. Density functional theory (DFT) calculations

The theoretical calculations were performed using the Gaussian 16 
program with ωB97X-D (Chai & Head-Gordon, 2008) functional. Ge
ometries were optimized in the water solvent using the 6-6-311++G (d, 
p) basis set, and the single-point energy refinements were further per
formed with 6-311++G (d, p) basis set. Harmonic frequency analysis 
was performed to verify the optimized geometries to be minima (no 
imaginary frequency).

For frontier molecular orbitals: The solvent effect was evaluated 
using the solution model based on density solvation model. The frontier 
molecular orbitals analysis was performed through the Multiwfn 3.8 
software together with the VMD program.

For thermodynamic parameters: The single-point energy calculations 
were performed on the optimized geometries at ωB97X-D/6-311++G 
(d, p) theoretical level (Krishnan et al., 1980). Approximate solvent ef
fects of water were taken into consideration based on the continuum 
solvation model in optimization and the single-point energy calculations 
(Marenich et al., 2009). The initial structures of H9O4

+ and H8O4 are 
obtained from the references (Temelso et al., 2011). The reduction po
tentials are calculated as Eqs. (1)–(3): 

O2 + 2H9O+
4 + 2e− → H2O2 + 2H8O4 (1) 

oxidized FMN + 2H9O+
4 +2e− → reduced FMNH2 + 2H8O4 (2) 

oxidized fraxetin+ 2H9O+
4 +2e− → reduced Fraxetin+ 2H8O4 (3) 

2.6. Construction of three-electrode systems

Two types of electrolytes were used for culturing S. oneidensis MR-1 
in three-electrode systems. A basal electrolyte, designed to minimize the 
influence of biomass variation, contained 20 mM HEPES, 0.6 g/L 
K2HPO4, 0.3 g/L NH4Cl, 5 g/L NaCl, and 10 mM sodium lactate as the 
electron donor, adjusted to pH 7.00. A nutrient electrolyte, supple
mented with 0.1 g/L casamino acids, was used for toxicity assays and 
transcriptomic analyses. The growth of S. oneidensis MR-1 in these two 
electrolytes (see Supplementary Materials), demonstrates that 
S. oneidensis MR-1 only grew in nutrient electrolyte with casamino acids.

Three-electrode systems were assembled with a total volume of 150 
mL electrolyte. Both the working and counter electrodes consisted of 
graphite felt (2 × 2 cm), while an Ag/AgCl (saturated KCl) electrode 
served as the reference. A constant potential of + 0.2 V (vs. Ag/AgCl) 
was applied using a CHI1000C/1030C potentiostat (CHI Instruments, 
Shanghai, China). The three-electrode systems were equipped with a 
sterile aeration system delivering gas at 40 mL/min, and a magnetic 
stirrer was used to maintain mixing during operation. For N2–air 
switching experiments, three-electrode systems were filled with 150 mL 
basal electrolyte supplemented with 10 μM of the indicated ES at the 
start. To initiate experiments, pre-cultured S. oneidensis MR-1 cells were 
harvested by centrifugation at 6000g for 5 min and resuspended in 10 g/ 
L NaCl solution. Washed cells were then inoculated into each treatment 
at a final OD600 of 0.1 (typically 1.5 mL cell suspension into 150 mL 
electrolyte, ~1.48 × 108 CFU/mL). Systems were initially operated 
under continuous N2 purging until a stable current was established, after 
which the purge gas was switched to air at the same flow rate. For 
mutants, all mutants were introduced into the three-electrode systems 
after 7–8 h of air purging, at which point the baseline current had 

stabilized and the medium was saturated with dissolved oxygen. The 
final OD600 of inoculated cells was adjusted to 0.1.

To investigate fraxetin mediated EET, three-electrode systems were 
operated with nutrient electrolyte supplemented with 10 μM fraxetin at 
the start, and inoculated with 1% (v/v) Washed S. oneidensis MR-1cells. 
CV was performed with a scan range from –0.6 to + 0.6 V and a scan rate 
of 50 mV/s. Electrochemical impedance spectroscopy (EIS) as conducted 
using an Autolab electrochemical potentiostat, with the working elec
trode potential poised at 0.2 V vs. Ag/AgCl and a sinusoidal perturbation 
of 10 mV applied over a frequency range from 100 kHz to 100 mHz. EIS 
data were fitted using ZView2 software.

2.7. Transcriptomic analysis

Triplicate samples of S. oneidensis MR-1 electrode biofilms supple
mented with fraxetin, along with triplicate biofilm samples without 
supplementation, were harvested after 16 h of three-electrode system 
operation (marked as the experimental group and the control group, 
respectively). Total RNA was isolated using the Trizol Reagent (Invi
trogen Life Technologies). Quality and integrity were determined using 
a NanoDrop spectrophotometer (Thermo Scientific). Zymo-Seq RiboFree 
Total RNA Library Kit was used to remove rRNA from total RNA. 
Random oligonucleotides and SuperScript III were used to synthesize the 
first strand cDNA. Second strand cDNA synthesis was subsequently 
performed using DNA Polymerase I and RNase H (Strand-specific RNA- 
seq: Then use RNaseH to degrade the RNA strand, and in the DNA po
lymerase I system, use dNTP with dUTP instead of dTTP as raw material 
to synthesize the second strand of cDNA). Remaining overhangs were 
converted into blunt ends via exonuclease/polymerase activities and the 
enzymes were removed. After adenylation of the 3′ ends of the DNA 
fragments, Illumina PE adapter oligonucleotides were ligated to prepare 
for hybridization. To select cDNA fragments of the preferred 400–500 bp 
in length, the library fragments were purified using the AMPure XP 
system (Beckman Coulter, Beverly, CA, USA). DNA fragments with 
ligated adaptor molecules on both ends were selectively enriched using 
Illumina PCR Primer Cocktail in a 15 cycle PCR reaction. Products were 
purified (AMPure XP system) and quantified using the Agilent high 
sensitivity DNA assay on a Bioanalyzer 2100 system (Agilent). The 
sequencing library was then sequenced on NovaSeq 6000 platform 
(Illumina) by Shanghai Personal Biotechnology Cp. Ltd.

2.8. Statistical analysis

Statistical analyses were performed in Prism 9.5.1(733) for windows 
(GraphPad Software). For comparisons between two groups, a two- 
tailed Student's t-test was used to assess significance. For comparisons 
among three or more groups, one-way ANOVA followed by Tukey's post- 
hoc test was performed. Significance levels were denoted as follows: ns 
(not significant, P > 0.05), * P ≤ 0.05, ** P ≤ 0.01, *** P ≤ 0.001).

3. Results and discussion

3.1. The electron exchange capacity of ESs under oxic conditions

To assess whether oxygen interferes with the electron exchange ca
pacity of ESs, cyclic voltammetry (CV) conducted under both oxic and 
anoxic conditions showed that the oxidation peak of FMN was almost 
completely absent in the presence of oxygen (Fig. 1a), suggested that 
reduced FMN may react with oxygen, thereby preventing its reoxidation 
at the electrode surface. In contrast, fraxetin maintained consistent 
redox peaks under both conditions (Fig. 1b). Under anoxic conditions, 
supplementation with reduced FMN in three-electrode systems pro
duced pronounced oxidative current (see Supplementary Materials). 
However, the oxidative current was completely abolished under satu
rated dissolved oxygen (DO) conditions, suggesting that oxygen pre
vented the electrode from capturing the electrons carried by reduced 
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FMN. In contrast, reduced fraxetin generated comparable oxidative 
current under both anoxic and saturated DO conditions, implying that 
the electrons carried by reduced fraxetin could still be captured by the 
electrode in the presence of oxygen (see Supplementary Materials). To 
assess potential reactive oxygen species formation, nitroblue tetrazo
lium (NBT) was employed as a superoxide detection probe (Kim et al., 
2022) (see Supplementary Materials). Neither reduced FMN nor reduced 
fraxetin produced superoxide under anoxic conditions (Fig. 1c). 

However, under saturated DO conditions, reduced FMN reacted with 
oxygen to generate detectable levels of superoxide, while reduced 
fraxetin exhibited no detectable superoxide formation (Fig. 1c). In 
summary, these results indicate that the electrons carried by the amide 
group of reduced FMN were readily captured by oxygen, thus limiting 
electron transfer to other acceptors. In contrast, the phenolic hydroxyl 
group of reduced fraxetin remained chemically stable, and its electrons 
were not easily captured by oxygen (Fig. 1d).

Fig. 1. Electrochemical performance of different ESs under oxic conditions. (a) CV of FMN at identical sterile glassy carbon electrodes under anoxic or saturated 
DO conditions. (b) CV of fraxetin at identical sterile glassy carbon electrodes under anoxic or saturated DO conditions. (c) Absorbance changes of NBTsolution at 560 
nm under different reaction conditions. Reaction condition of experimental group: 100 μM electron shuttle and 100 μM NBT in a HEPES buffer (100 mM, pH 7.00) 
under anoxic or oxic conditions. (d) Structures of oxidized and reduced FMN and fraxetin. (e) Calculated molecular orbital for reduced FMN and reduced fraxetin. (f) 
Calculated redox potential for FMN, O2 and fraxetin. (g) Gibbs free-energy diagrams for FMN, O2 and fraxetin. All the data are presented as averages ± SD (n = 3).
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The distinct responses of FMN and fraxetin under oxic conditions 
prompted us to perform DFT calculations, focusing on frontier molecular 
orbitals and thermodynamic parameters. According to frontier orbital 
theory, the highest occupied molecular orbital (HOMO) energy is a key 
indicator of electron donating propensity, as a higher HOMO corre
sponds to easier oxidation and a lower ionization potential (Akbari et al., 
2024). Meanwhile, the energy gap between the HOMO and the lowest 
unoccupied molecular orbital (LUMO) reflects molecular stability and 
reactivity, with smaller gaps generally indicating higher reactivity (Su 
et al., 2018). The results showed that the HOMO energy level of reduced 
FMN (− 6.68 eV) was higher than that of reduced fraxetin (− 7.89 eV), 
indicating that reduced FMN possesses stronger reducing ability and is 
more prone to donate electrons (Fig. 1e). Moreover, the energy gap of 
reduced FMN (7.31 eV) was smaller than that of reduced fraxetin (7.75 
eV), suggesting that reduced FMN is more chemically reactive (Fig. 1e). 
Together, these frontier orbital results explained the greater suscepti
bility of reduced FMN to oxygen oxidation compared with reduced 
fraxetin.

Thermodynamic analyses further support these conclusions. The 
calculated Gibbs free energy change for the reaction between reduced 
FMN and oxygen is –27.00  kcal/mol, indicating that the oxidation of 
reduced FMN by oxygen is thermodynamically favorable, whereas the 
corresponding value for reduced fraxetin was +7.10 kcal/mol, indi
cating the oxidation of reduced fraxetin by oxygen thermodynamically 
unfavorable (Fig. 1f). Similarly, the reaction electromotive force is 
+0.58  eV for FMN and − 0.16  eV for fraxetin, further confirming that 
spontaneous redox reactions with oxygen were feasible for reduced FMN 

but not for reduced fraxetin (Fig. 1g). These results demonstrated that 
FMN is intrinsically vulnerable to oxygen attack and rapidly loses its 
electron exchange capacity under oxic conditions, whereas fraxetin re
sists oxygen oxidation as an oxygen-tolerant ES due to its high ther
modynamic stability. Notably, the oxidation of organic molecules at a 
glassy carbon electrode mainly proceeds via an outer-sphere electron 
transfer mechanism, in which no chemical bonding to the electrode is 
required and electrons tunnel through molecular orbitals, enabling 
efficient oxidation even with a modest thermodynamic driving force 
(Bard & Faulkner, 2001). In contrast, oxygen is a triplet molecule, and its 
homogeneous electron transfer with organic substrates is strongly hin
dered by weak orbital coupling and a high activation barrier (Ingold & 
Pratt, 2014). Therefore, under oxic conditions, reduced fraxetin can still 
preferentially donate electrons to an electrode with a lower oxidation 
potential than oxygen, thus functioning as an electron shuttle.

3.2. Oxygen impacts ESs mediated EET in S. Oneidensis MR-1

Building on the distinct thermodynamic stability of FMN and fraxetin 
described above, we next examined whether these differences would be 
manifested in the EET of S. oneidensis MR-1. To this end, S. oneidensis 
MR-1 was inoculated into three electrode systems supplemented with 
either FMN or fraxetin, and oxidation current dynamics were monitored 
under bottom aerating at 40 mL/min, with the gas switched from N2 to 
air. With FMN, the system produced a stable oxidation current of 3.05 ±
0.09 mA⋅cm− 2⋅OD600

-1 under continuous N2 purging, but upon switching 
to air (DO: ~7.0  mg/L), decreased rapidly to 1.02 ± 0.55 mA⋅cm− 2⋅OD600

- 

Fig. 2. Effects of oxygen intrusion on ESs mediated EET. (a) Oxidation current generated by an established S. oneidensis MR-1 biofilm with 10 μM FMN under 
continuous N2 flow (40 mL/min, the same below). The arrow indicated the point where N2 was switched to continuous air flow. Data points were recorded at 1 min 
intervals. (b) Oxidation current was generated by a biofilm with 10 μM FMN under continuous N2 flow; at the arrow, the medium was replaced with fresh medium 
lacking FMN (cells retained in the supernatant) while N2 flow was maintained. (c) Oxidation current was generated by a biofilm under continuous N2 flow; the arrow 
indicated the switch from N2 to continuous air flow. (d) Oxidation current was generated by a biofilm with 10 μM fraxetin under continuous N2 flow; the arrow 
indicated the switch from N2 to continuous air flow. (e) Relative current changes before and after gas switching under different conditions. Decrease rate (purple): the 
proportion of current decrease after the state switch. Retention rate (green): the proportion of current retained after the state switch. (f) Oxidation current generated 
by S. oneidensis MR-1 under oxic conditions without ESs or with 10 μM ESs. All the data are presented as averages ± SD (n = 3).

W. Chen et al.                                                                                                                                                                                                                                   Bioresource Technology 447 (2026) 134250 

5 



1 (Fig. 2a), accompanied by a color change of the medium from pale 
yellow (reduced FMN) to bright yellow (oxidized FMN) (see Supple
mentary Materials). When the FMN-containing medium was replaced 
with fresh FMN-free medium and cells were reintroduced under N2, the 
current rapidly decreased from 3.73 ± 0.20 mA cm− 2 OD600

-1 to 0.52 ±
0.11 mA⋅cm− 2⋅OD600

-1 (see Supplementary Materials). Notably, once a 
new stable current of 0.44 ± 0.08 mA⋅cm− 2⋅OD600

-1 was established in 
this FMN-free system, switching from N2 to air (DO: ~7.0  mg/L) caused 
the current to decrease only to 0.36 ± 0.07 mA⋅cm− 2⋅OD600

-1 (Fig. 2c). In 
addition, systems containing S. oneidensis MR-1 and fraxetin maintained 
stable oxidation currents of 5.45 ± 1.49 mA⋅cm− 2⋅OD600

-1 under N2, and 
upon switching to air (DO: ~7.0  mg/L), the current decreased only 
gradually, stabilizing at 4.58 ± 1.37 mA⋅cm− 2⋅OD600

-1 of the initial value 
(Fig. 2d). These results indicated that the distinct thermodynamic sta
bility of FMN and fraxetin resulted in different responses of mediating 
EET in S. oneidensis MR-1 under oxygen infiltration conditions.

To gain a deeper understanding of these phenomena, we conducted 
an integrated analysis of the observations described above. Both oxygen 
exposure and FMN removal caused sharp current decreases, with re
ductions of 75% and 84%, respectively (Fig. 2e), indicating that oxygen 
primarily inhibited FMN-mediated EET. In contrast, oxygen had only a 
modest impact on FMN-free systems, where the current decreased by 
only 25%, suggesting that the observed current decreases were mainly 
due to partial diversion of electrons toward aerobic respiration rather 
than a direct termination of EET. Fraxetin, however, behaved similarly 

to the FMN-free control (Fig. 2e), showing only a minor current decrease 
of 18%, demonstrating that fraxetin mediated EET was largely insensi
tive to oxygen. Besides, added 10 μM FMN failed to enhance current 
generation, showing no significant difference from S. oneidensis MR-1 
only, whereas added 10 μM fraxetin significantly increased the current 
by ~3.93-fold (Fig. 2h). In contrast, under anoxic conditions, both 
fraxetin and FMN enhanced the current generated by S. oneidensis MR-1, 
with no significant difference in the magnitude of the current (see 
Supplementary Materials). These results further suggested that fraxetin 
mediated EET in S. oneidensis MR-1 was stable under oxic conditions. 
Although FMN at 100 μM promoted EET under oxic conditions (see 
Supplementary Materials), this did not change the fact that FMN 
mediated EET remained sensitive to oxygen, and such a concentration 
far exceeds environmentally relevant levels (~2 μM) (Light et al., 2018), 
limiting its ecological relevance. In summary, these results demon
strated that FMN readily lost its functionality under oxic conditions, 
whereas fraxetin remained chemically stable and mediated efficient EET 
in S. oneidensis MR-1, highlighting thermodynamic stability as a key 
determinant of ESs functionality under oxygen infiltration 
environments.

3.3. Fraxetin mediated EET under oxic conditions

To elucidate why fraxetin mediated EET by S. oneidensis MR-1 re
mains stable under oxygen diffusion, we conducted comparative 

Fig. 3. Fraxetin mediates EET in S. oneidensis MR-1 under oxic conditions. (a) Oxidation current generated by S. oneidensis MR-1 under continuous air flow (40 
mL/min) in the presence of fraxetin, absence of fraxetin, and with fraxetin only (no cells). (b) Dissolved oxygen concentration dynamics corresponding to the 
experimental conditions in Fig. 3a. (c) Quantification of biomass on electrodes and in the supernatant at 15.5 h in the presence or absence of fraxetin, measured by 
coomassie brilliant blue protein assay. (d) CV (scans rate:1 mV/s) of S. oneidensis MR-1 at 15.5 h under oxic conditions: with fraxetin, without fraxetin, and with 
fraxetin only (no cells). (e) Electrochemical impedance spectroscopy analysis of S. oneidensis MR-1 at 15.5 h under oxic conditions: presence of fraxetin, absence of 
fraxetin, and with fraxetin only (no cells). (f) Changes in oxidation current of S. oneidensis MR-1 under oxic conditions across different treatments. Stage 1: Biofilm 
cultivation of S. oneidensis MR-1 and fraxetin. Stage 2: Retention of biofilm and fraxetin, with cells from the supernatant removed by centrifugation. Stage 3: 
Replacement of medium with a new medium free of fraxetin, while retaining the S. oneidensis MR-1 electrode biofilm. Stage 4: Addition of 10 μM fraxetin. All the data 
are presented as averages ± SD (n = 3).
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analyses in a three-electrode system that supports microbial growth 
under oxic conditions. Fraxetin concentrations above 10  μM signifi
cantly inhibited bacterial growth, whereas oxidation current increased 
in a dose-dependent manner and plateaued at 10 μM (see Supplementary 
Materials). The maximum current density generated by S. oneidensis MR- 
1 in the presence of 10  μM fraxetin was approximately 8-fold higher 
than that of S. oneidensis MR-1 only (Fig. 3a). In contrast, fraxetin only 
produced negligible currents, confirming that the enhancement required 
metabolically active cells. DO remained stable at ~7.0  mg/L in the 
fraxetin only, while inoculated systems showed moderate DO depletion 
due to aerobic respiration, yet levels consistently remained above 4.0 
mg/L (Fig. 3b), indicating sustained oxygen availability. Quantification 
of biomass on the electrodes and in the supernatant (Fig. 3c) revealed no 
significant difference between the with or without fraxetin, indicating 
that the enhanced current density was not due to increased cell growth. 
Together, these results supported that fraxetin promotes EET in 

S. oneidensis MR-1 under oxic conditions.
To further evaluate the mechanism by which fraxetin promotes EET 

in S. oneidensis MR-1 under oxic conditions, we conducted electro
chemical analyses. Cyclic voltammetry (CV) revealed that biofilms 
formed by S. oneidensis MR-1 with fraxetin produced significantly higher 
current than the biofilm without fraxetin (Fig. 3d). Notably, the 
increased current coincided with the redox potential of fraxetin, further 
supporting its involvement in facilitating biofilm electron transfer under 
oxic conditions. Electrochemical impedance spectroscopy (EIS) further 
demonstrated that the charge transfer resistance was lowest in the 
fraxetin only system (due to the absence of biofilm), highest in the 
biofilm without fraxetin, and markedly reduced when fraxetin was 
present, indicating that fraxetin facilitates interfacial electron transfer 
between cells and the electrode (Fig. 3e). Medium replacement experi
ments showed that removing supernatant cells from the three-electrode 
system under oxic conditions initially caused a current drop, which 

Fig. 4. Transcriptome analysis of fraxetin mediated EET by S. oneidensis MR-1 under oxic conditions. (a) Volcano plot demonstrating detected genes from 
electrode biofilm with and without fraxetin under oxic conditions. The differentially expressed genes (S. oneidensis MR-1 + fraxetin/ S. oneidensis MR-1 only) were 
determined by fold change ≥ 2 and P < 0.05. (b) Expression of gene clusters of interest. The dms cluster includes genes for c-type cytochromes (dmsABEFGH). The mtr 
cluster contains genes for c-type cytochromes (cymA, mtrABC, omcA, cctA and fccA). The cox cluster includes genes for c-type cytochromes oxidases of the electron 
transport chain (coxABC and ctaG). The quinone reductases cluster contains genes for 5,10-methylenetetrahydrofolate reductase (metF), sulfite reductase (NADPH) 
flavoprotein subunit (cysJ), sulfite reductase (NADPH) siroheme FeS subunit (cysI), and phosphoadenylyl-sulfate reductase thioredoxin-dependent (cysH). The 
formate dehydrogenases cluster contains genes for formate dehydrogenase (fdhABCTX). (c) The principal component analysis (PCA) of differentially expressed genes 
from from electrode biofilm with and without fraxetin under oxic conditions. (d) Maximum current density achieved from chronoamperometry experiments with 
S. oneidensis MR-1 and representative EET mutants. (e) Proposed pathway of EET mediated by fraxetin in S. oneidensis MR-1 under oxic conditions. All the data are 
presented as averages ± SD (n = 3).
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quickly recovered (Fig. 3f), indicating that indicating that fraxetin 
mediated current density was primarily contributed by the biofilm. 
When the supernatant was replaced with fresh medium lacking fraxetin, 
the current density decreased by ~90% and re-adding fraxetin rapidly 
restored the current density (Fig. 3f), further confirming that fraxetin 
directly mediated interfacial electron transfer between S. oneidensis MR- 
1 biofilm and the electrodes.

Cyclic voltammetry under saturated dissolved oxygen conditions 
revealed that the peak current of fraxetin showed a linear relationship 
with both the scan rates and the square root of the scan rates, suggesting 
that its redox process under oxic conditions is influenced by both 
adsorption and diffusion (see Supplementary Materials). Diffusion plays 
a critical role in long-range electron transfer, such as between microbial 
cells and solid-state electron acceptors (Zheng et al., 2020). Addition
ally, stability tests of fraxetin showed that after 1000 cycles of cyclic 
voltammetry, there were no significant shifts in its redox peaks 
(Fig. S7c), confirming that fraxetin is a stable ES under oxic conditions. 
In summary, these results suggested that fraxetin can efficiently mediate 
EET in S. oneidensis MR-1 even under oxic conditions, indicating that 
fraxetin mediated EET is minimally compromised by oxygen diffusion.

3.4. Shewanella response to fraxetin mediated EET under oxic conditions

Since fraxetin mediated EET in S. oneidensis MR-1 remains stable 
under oxygen diffusion, we further sought to elucidate the biological 
impact of fraxetin on S. oneidensis MR-1 under oxic conditions. To this 
end, we performed transcriptomic analysis on electrode biofilms ob
tained from three-electrode systems with or without fraxetin. In total, 
4145 genes from S. oneidensis MR-1 were detected, of which 4053 were 
stably expressed (fold change < 2) under both conditions (Fig. 4a). The 
Mtr pathway, the critical route for EET in S. oneidensis MR-1 (Shi et al., 
2016), exhibited similar expression levels of its genes in both systems, 
including the inner membrane c-type cytochrome (cymA), periplasmic c- 
type cytochrome (cctA and fccA), and outer membrane c-type cyto
chromes (mtrABC and omcA), indicating that the Mtr pathway genes 
were stably expressed under oxic conditions and remained unaffected by 
fraxetin (Fig. 4b and Supplementary Materials). Likewise, c-type cyto
chrome genes related to aerobic respiration (coxABC and ctaG) (Zhou 
et al., 2013) were all stably expressed in both with and without fraxetin 
(Fig. 4b and Supplementary Materials). Together, these results indicate 
that fraxetin does not interfere with aerobic respiration and the Mtr 
pathway mediated EET process under oxic conditions.

Principal component analysis revealed that the first two components 
accounted for 89.9% of the variance, and the samples clustered 
distinctly, indicating that the significant gene expression difference 
between with and without fraxetin (Fig. 4c). Among the detected dif
ferential expression genes, 76 genes were significantly upregulated (fold 
change > 2) in the presence of fraxetin. Notably, the outer membrane c- 
type cytochrome genes of the Dms pathway (dmsABFH), which is ho
mologous to the Mtr pathway, were significantly upregulated (Gralnick 
et al., 2006), suggesting that fraxetin may facilitate electron transfer 
from the Dms pathway to the electrode under oxic conditions (Fig. 4b
and Supplementary Materials). In addition, four quinone reductases 
(Kundu et al., 2025): phosphoadenylyl-sulfate reductase thioredoxin- 
dependent (cysH), sulfite reductase siroheme FeS subunit (cysI), sulfite 
reductase flavoprotein subunit (cysJ), and 5,10-methylenetetrahydrofo
late reductase (metF), which are involved in catalyzing NAD(P)H 
oxidation to NAD(P)+ and releasing electrons, were significantly upre
gulated (Fig. 4b and Supplementary Materials). Moreover, the formate 
dehydrogenase genes (fdhABCTX) were also significantly upregulated 
(Fig. 4b and Supplementary Materials). Formate dehydrogenase is 
known to oxidize formate generated from lactate metabolism in the 
tricarboxylic acid (TCA) cycle of S. oneidensis MR-1, transferring the 
released electrons to the c-type cytochrome protein CymA, which sub
sequently transfers electrons through the Mtr and Dms pathways to the 
extracellular environment (Luo et al., 2016; Mordkovich et al., 2013). 

We further found that antioxidant processes related genes met and cys 
clusters (Imlay, 2013) were significantly upregulated (Fig. 4b and Sup
plementary Materials), indicating that fraxetin does not promote elec
tron transfer in S. oneidensis MR-1 under oxic conditions by enhancing 
antioxidant activity. Based on these findings, we hypothesize that 
fraxetin mediated EET under oxic conditions is facilitated by enhanced 
electron transfer from the Dms pathway to the electrode, with the 
electrons derived primarily from quinone reductases and formate de
hydrogenase in the inner membrane.

To validate the above hypothesis, we examined S. oneidensis MR-1 
together with mutants deficient in the Mtr or Dms pathways. Unex
pectedly, the maximum current density produced by the ΔcymA, ΔmtrA, 
and ΔmtrC/omcA mutants under oxic conditions with fraxetin decreased 
by more than 96% compared to the wild type, whereas the ΔdmsA/dmsB 
mutant showed only a 56% decrease (Fig. 4d). These findings indicate 
that both the Mtr and Dms pathways are involved in fraxetin mediated 
EET under oxic conditions, and that defects in the Mtr pathway may 
impair the function of the Dms pathway. Nonetheless, the role of the 
Dms pathway cannot be overlooked, as its absence resulted in a ~44% 
reduction in current density. Therefore, we propose that the mechanism 
of fraxetin-mediated EET in S. oneidensis MR-1 under oxic conditions 
involves facilitating electron transfer between the Mtr and Dms path
ways and the electrode, stimulating quinone reductases and formate 
dehydrogenase to generate more electrons that are delivered to cymA 
and subsequently relayed via periplasmic c-type cytochromes to both 
pathways, thereby supporting rapid electron transfer (Fig. 4e).

4. Conclusion

In conclusion, this work establishes a generalizable strategy to 
address the long-standing challenge of oxygen infiltration in BESs by 
leveraging antioxidants as ESs. Guided by electrochemical character
ization and density functional theory calculations, we reveal that the 
high thermodynamic stability of fraxetin as an oxygen-tolerant ES under 
oxic conditions. Unlike the conventional flavin mononucleotide, which 
is readily oxidized by oxygen and prone to generate reactive oxygen 
species, the natural antioxidant fraxetin exhibits high stability, thereby 
maintaining efficient interfacial electron transfer between S. oneidensis 
MR-1 and electrodes even under dissolved oxygen levels exceeding 4 mg 
L⁻1. Importantly, fraxetin-mediated EET not only enhanced the 
maximum current density but also significantly reduced the decrease in 
current output under oxygen infiltration. Our findings highlight oxygen- 
tolerant ESs as a robust and versatile avenue to maintain efficient 
interfacial electron transfer in bio-electrochemical systems under oxy
gen infiltration. This bio-inspired concept provides a new framework for 
the rational selection of ESs, paving the way toward more efficient, 
stable, and practical BESs applications in energy generation, environ
mental remediation, biosensors, and bioelectronics under actual 
environments.
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