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ABSTRACT

Microbial oxidation and the mechanism of Sb(Ill) are key governing elements in biogeo-
chemical cycling. A novel Sb oxidizing bacterium, Klebsiella aerogenes HC10, was attracted
early and revealed that extracellular metabolites were the main fractions driving Sb ox-
idation. However, linkages between the extracellular metabolite driven Sb oxidation pro-
cess and mechanism remain elusive. Here, model phenolic and quinone compounds, i.e.,
anthraquinone-2,6-disulfonate (AQDS) and hydroquinone (HYD), representing extracellular
oxidants secreted by K. aerogenes HC10, were chosen to further study the Sb(Ill) oxidation
mechanism. N, purging and free radical quenching showed that oxygen-induced oxidation
accounted for 36.78% of Sb(Ill) in the metabolite reaction system, while hydroxyl free rad-
icals (-OH) accounted for 15.52%. -OH and H,0, are the main driving factors for Sb oxida-
tion. Radical quenching, methanol purification and electron paramagnetic resonance (EPR)
analysis revealed that -OH, superoxide radical (O,*~) and semiquinone (SQ~*) were reactive
intermediates of the phenolic induced oxidation process. Phenolic-induced ROS are one of
the main oxidants in metabolites. Cyclic voltammetry (CV) showed that electron transfer
of quinone also mediated Sb(IlI) oxidation. Part of Sb(V) was scavenged by the formation of
the secondary Sb(V)-bearing mineral mopungite [NaSb(OH)e] in the incubation system. Our
study demonstrates the microbial role of oxidation detoxification and mineralization of Sb
and provides scientific references for the biochemical remediation of Sb-contaminated soil.
© 2024 The Research Center for Eco-Environmental Sciences, Chinese Academy of
Sciences. Published by Elsevier B.V.

Introduction

Antimony is a redox-active metal, and its toxicity and bioavail-
ability vary with its chemical speciation. The toxicity of an-
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timonite [Sb(Ill)] is higher than that of antimonate [Sb(V)]
(Bolan et al., 2022). Antimony redox is driven by functional mi-
croorganisms that significantly influence its fate, and these
mechanisms include genes, enzyme catalysis and reactive
oxygen species (ROS) (Li et al., 2021; Zhang et al., 2022). How-
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ever, the current limited understanding of oxidation biologi-
cally driven by Sb(III) may be attributed to challenges in the ex-
cavation of oxidizing microorganisms and their mechanism.
The oxidation genes (i.e., aioAB, anoA) and functional pro-
teins (i.e., AioA, AnoA) have been studied (Ye et al., 2022;
Zhang et al., 2021a), there is scarce detailed information on
extracellular metabolites and their oxidization.

Endogenous humic-like acids (HA) in extracellular metabo-
lites are natural active centers of metalloid redox, and their
activity is directly related to HA, especially low molecular
weight HA (Zhang et al., 2021b; Zhou et al., 2020). HA is ubig-
uitous and can transfer accepted electrons to metal ions and
organic compounds (Valenzuela et al., 2019; Verbeeck et al,,
2020). Quinones were revealed as the main electron accept-
ing moieties in HA. Anthraquinone-2,6-disulfonate (AQDS) is
amodel compound of HA, and the reduced (AQDS**, pH > 3.2)
and oxidized (AQDS?") forms of AQDS mediate redox by elec-
tron transport (Jiang et al., 2009). For example, quinone com-
pounds, as electron transfer in endogenous HA, promote den-
itrification by Comamonas sp. YSF15 (Zhang et al., 2021b), and
the low molecular weight (< 3 kDa) fraction of HA was the best
promoter due to its more stable redox potential and electron
transport activity.

Although the importance of redox mediated by the electron
transfer function of quinones has been demonstrated, quan-
titative charge transfer fluxes have found that quinones could
account for only a tiny part of the observed moles of electrons
transferred between HA and oxidant (Aeschbacher et al., 2010;
Struyk and Sposito, 2001). A positive correlation between oxi-
dation capacity and stable reactive oxygen free radicals in the
phenolic components of HA was found [i.e., phenolic hydroxyl
(-OH) (Struyk and Sposito, 2001)]. The fate of metalloids is dic-
tated by reactive free radical-induced generation from pheno-
lic acids. Activating phenolic -OH and stabilizing SQ~* can me-
diate metalloid redox transformation, i.e., As (Qin et al., 2016a).
Phenolic is a crucial component of HA, which promotes SQ~*°
and -OH formation and then induces the generation of H,0, in
an O, atmosphere (Qin et al,, 2016b; Zhang et al., 2022). Inter-
estingly, the intermediates including SQ~*, also play a role in
the oxidation process. However, quantitative analysis of inter-
mediate products and electron paramagnetic resonance (EPR)
characterization showed that oxidation of phenolic mainly
was achieved through the generation of H,0, (oxidation con-
tribution more than 70%), while the free radical contribution
was less than 30% (Qin et al., 2016a). These active substances
are important in degrading organic pollutants and immobiliz-
ing metal ions (Liang and Hu, 2021). These results show that
oxidation could be driven cooperatively by electron transfer
and ROS.

Extracellular metabolites from Kaerogenes aerogenes HC10
were confirmed to be the key fraction to drive Sb(IIl) oxidation
(Rong et al., 2022). In addition, representative phenolic com-
pounds were detected in metabolism using mass spectrom-
etry (Appendix A Fig. S1). These results imply that quinones
and phenolic compounds are the best potential promoters for
Sb(Ill) oxidation in extracellular metabolites of K. aerogenes
HC10. Therefore, chemically defined compounds AQDS and
HYD were used as model compounds for quinoid moieties and
phenolic compounds in metabolites to explore the oxidation
mechanism of Sb(IIl) (Scheme 1). The objectives of this study

were (1) to study the oxidation and kinetics of Sb(IIl) in extra-
cellular metabolites and explore the Sb(Ill) oxidation mech-
anism by H,0, and free radicals with chemical quantitative
and EPR characterization and (2) to explore the effect of elec-
tron inhibitors and exogenous AQDS on oxidation and eluci-
date electron transfer mechanisms by electrochemistry char-
acterization.

1. Materials and methods
1.1.  Characterization of Sb(III) oxides

K. aerogenes HC10 suspensions (OD600 1.0) were inoculated
in LB medium and grown aerobically at 150 r/min at 35 +
0.1°C in the dark and reached an exponential phase (6 hr),
initial stationary phase (24 hr) and initial decline phase (48
hr) (Appendix A Fig. S2). These stages reflected a different
accumulation of active components in metabolites. The mi-
croflora inoculum was centrifuged at 8000 xg for 10 min,
and the supernatant (cell-free filtrate) was collected. Subse-
quently, the cell-free filtrate was treated with 0.05 mmol/L
Sb(IIl) (CgH4K,01,Sb,-3H,0) and further incubated aerobically
at 35 £+ 0.1°C for 0, 0.5, 2, 6, 12 and 24 hr. At a predetermined
time, 2.0 mL of solution was collected with a syringe from each
reactor, and oxidation was immediately stopped by adding 0.1
mL of 6.0 mol/L HCl (Wu et al., 2019a). Samples were filtered
through 0.22 pm membrane filters for Sb(IIl) and total Sb mea-
surements.

1.2.  Sb(IlI) oxidation mechanism mediated by ROS

The chemical structure characteristics of phenolic com-
pounds in metabolites have been confirmed by mass analyze
(Appendix A Fig. S1). Therefore, HYD (98%, Macklin, China)
was used as a model phenolic compound to investigate the
mechanism of Sb species transformation driven by reactive
oxygen species (Wu et al., 2019a). To better observe the oxida-
tion caused by extracellular metabolite accumulation, the cell-
free filtrate collected at 48 hr were treated with 0.05 mmol/L
HYD and 0.05 mmol/L Sb(Ill). To quantify the contribution of
oxygen-induced free radical generation oxidation, cell free fil-
trate was purged with N, for more than 1 hr to remove oxygen
(Qin et al., 2016a). To verify the importance of -OH in the cell-
free filtrate, the filtrate was purified with methanol (MeOH,
V/V, 2% dosage could scavenge 99% of -OH) before being used
(Qin et al., 2016a). In addition, 0.05 mmol/L phosphate buffer
solution (PBS, pH adjusted to 8.1 + 0.1 according to Appendix A
Fig. S3) was used as a substitute to eliminate the intrinsic role
of metabolites. All treatments were as follows: (1) cell-free fil-
trate; (2) cell-free filtrate + 0.05 mmol/L HYD; (3) HYD in PBS;
and (4) cell-free filtrate purged with N, (N, purging) and MeOH
(MeOH purging). All treatments were performed in triplicate
and cultivated aerobically at 35 + 1°C for 0, 5, 10, 30, 60, 90 and
120 min. At a predetermined time, the solution was collected
to determine pH and quantify Sb(III). The kinetic calculation
was carried out to obtain the required kinetic data.

The oxidation mechanism was studied based on the above
treatments. The cell-free filtrate treated with 0.05 mmol/L
HYD in the absence of Sb(Ill) was used to quantify the H,0,
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Scheme 1 - Proposed pathways for Sb(III) oxidation mediated by H,0,, free radicals and electron transfer in metabolites of

K. aerogenes HC10.

concentration. The .OH concentration in the cell-free filtrate
and 0.05 mmol/L HYD treatments were quantified. The 10
mL solutions in all treatments were collected at the maxi-
mum reaction rate time point (at 60 min, according to the ox-
idation rate) for free radical (including SQ~°, -OH and 0,°")
analysis using electron paramagnetic resonance (EPR). Fluo-
rescence characteristics of low molecular weight compounds
in 0.05 mmol/L HYD treatment were characterized by three-
dimensional fluorescence characterization (EEM). The solid
precipitated mineral residues were collected by freeze-drying
from HYD reactors for X-ray photoelectron spectroscopy (XPS),
X-ray Diffraction (XRD) and scanning electron microscopy and
energy dispersion spectrum (SEM-EDS) characterization.

1.3.  Sb(Ill) oxidation mechanism mediated by electron
transfer

AQDS (98%, Macklin, China) was used as a model quinone
compound to investigate the mechanism of electron transfer
(Wu et al., 2020). The cell-free filtrate collected at 48 hr were
treated with 0.05 mmol/L /0.5 mmol/L AQDS and 0.05 mmol/L
Sb(III). Dicumarol (0.01 mmol/L) was employed as an inhibitor
to investigate the oxidation contribution by endogenous elec-
tron transfer. A 0.05 mmol/L phosphate buffer solution (PBS,
pH = 8.1 + 0.1) was used as a substitute to eliminate the in-
trinsic role of metabolites. All treatments were as follows: (1)
cell-free filtrate; (2) cell-free filtrate + 0.05 mmol/L /0.5 mmol/L
AQDS; (3) cell-free filtrate + dicumarol; and (4) 0.5 mmol/L
AQDS in PBS. All treatments were performed in triplicate and
cultivated aerobically at 35 + 1°C for 0, 5, 10, 30, 60, 90, and 120
min. At a predetermined time, the solution was collected, and
Sb(Ill) was quantified. The kinetic calculation was carried out
to obtain the required kinetic data.

At the end of incubation, the solutions of all treatments
were collected for electrochemical analysis. The solid precip-
itated mineral residues were collected by freeze drying from
AQDS reactors for XPS, XRD and SEM-EDS characterization.

1.4. Chemical analysis
Total Sb in solution was prepared using ascorbic acid solution

(10%, W/V) and quantified by hydride generation atomic flu-
orescence spectrometry (HG-AFS, Titan Instruments Co. Ltd.,

China). An accurate and effective analysis of aqueous Sb(III)
concentration with masking agent was performed (Rongetal.,
2022). Briefly, an accurate 1.00 mL sample was mixed with 3.0
mL of sodium citrate solution (20 g/L) and 1 mL HCl (50%, V/V)
for 30 min and diluted to 10 mL with ultrapure deionized wa-
ter. Subsequently, the mixture was filtered (0.45 pm) and Sb(III)
and total Sb were quantified using HG-AFS. Quality control
of Sb species was assessed for each batch sample using la-
beled recovery. The recoveries of Sb(Ill) in spiked solution were
98.5%-107.2%.

The H,0, concentration in the cell-free filtrate and 0.05
mmol/L HYD treatments were determined with an assay kit
(NanjingJiancheng Bioengineering Institute, China). The pH at
each time point was measured using a pH meter (S210, Met-
tler Toledo, Germany). The -OH concentration was quantified
by thiobarbituric acid method (TBA) analysis (Liu et al., 2015;
Thomas, 1988).

1.5.  Electrochemical analysis

The redox potentials were examined by cyclic voltammetry
(CV) using an electrochemical workstation (CHI760E, CH In-
struments Co., Ltd., Shanghai, China). A saturated calomel
electrode was used as a reference, and a platinum electrode
was used as the counter electrode (Liu et al., 2020). Carbon
cloth (1.5 x 1.5 cm) was used as the working electrode. A 0.2
mL solution was fixed on the carbon cloth using nafion, and
PBS (10 mmol/L, pH 7.0) was used as the electrolyte. CV mea-
surements were taken in a potential range of -2.0 to +0.4 V
(vs. SCE) with a scan rate of 70 mV/sec. The parameters of CV
measurements are listed in support information (Appendix A
Table S1).

1.6. EPR characteristics

Free radical intermediates including SQ~°, -OH and 0, °*~ were
verified by EPR spectrometry (E500, Bruker, Germany). The
SQ~* EPR signals were recorded directly, and 5,5-dimethyl-
1-pyrroline oxide (DMPO, >97%) and 2,2,6,6-tetramethyl-
piperidine (TEMP, >97%) (0.05 mmol/L) were used as spin trap-
ping agents of -OH and O,°~, respectively (Qin et al., 2016a;
Wu et al,, 2019b). The parameters of EPR measurements are
listed in Appendix A Table S2.
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1.7.  Characterization of precipitates

Mineral phase samples were analyzed using XRD (Rigaku
D/MAX 2500 V, Japan) equipped with Cu-Ke radiation at 40
kV and 40 mA. The scan was 10 to 80° 26 at 5° 2 6/min. The
XPS signal (Thermo Fisher Scientific, USA) was collected with a
monochromatic Al Ka X-ray source. Morphology and elemen-
tal composition of mineral phases were determined through
electron imaging equipped with SEM-EDS (Phenom Pro 800-
07334, Netherlands). Low molecular weight compounds were
collected according to previous references (Rong et al., 2022),
and then used for EEM analysis (RF-6000, Shimadzu, Japan).

1.8.  Data analysis

Differences between AQDS and HYD treatments were as-
sessed with the least significant difference test (LSD, p < 0.05,
IBM SPSS Statistics 22.0). Figures were drawn with Origin Pro
8.0. The response of the solution to Sb(IlI) oxidation could be
quantified with the following equation:

Sb(Ilox(%) = [CT—Sb - CSb(III)]/CT—Sb x 100%

where Sb(Ill)ox is the oxidation rate, and Cgy(y and Cr.sp are
the Sb(IIl) concentration and total Sb concentration, respec-
tively.

A pseudo-first-order kinetic model was employed to fit the
Sb(III) oxidation.

1I’1(Ct/C0) = _kobs -t

where t (min) is the reaction time, C; (mmol/L) is the concen-
tration of Sb(Ill), Cy refers to the initial concentration of Sb(IlI),
which is 0.05 mmol/L, and kg is the oxidation rates. The va-
lidity of these calculations can be tested using the standard
deviation and coefficient of R?.

2. Results and discussion
2.1.  Characterization of Sb(III) oxides

The curves in Fig. 1 show the generation of Sb(V) in the cell-
free filtrate collected at different times (6, 24 and 48 hr). We
found that the oxidation rate constant kg, increased from
0.0073 (6 hr) to 0.0203 (24 hr) and 0.1058 (48 hr) (Appendix A Ta-
ble S3), suggesting that metabolite oxidants accumulated with
an increase in K. aerogenes HC10 incubation time, which would
induce more Sb(V) generation. This result was confirmed by
mass spectrometry, and a significant increase in compound
abundance and accumulation of metabolites was observed
(Appendix A Fig. S1).

Organic compounds and secondary metabolites, including
lipids, sugars, and phenolic compounds, were enriched in the
extracellular solution of K. aerogenes HC10 (Rong et al., 2022).
These self-excreting redox molecules, with oxidizing or trans-
porting electrons, were metabolized by Klebsiella sp. and re-
ported in metal ion redox (Wei et al., 2018). A faster oxida-
tion rate was presented at the beginning and then gradually
slowed, which may be because oxidants accumulated at the

—l— Cell free filtrate collected at 6 hr
Cell free filtrate collected at 24 hr

100 —A— Cell free filtrate collected at 48 hr

=W Culture medium

80
>
o8 60
4
2 40
el
n

*
0 5 10 15 20 25
Time (hr)

Fig. 1 - The Sb(III) oxidation by cell free filtrate collected at 6
hr, 24 hr and 48 hr incubation time of K. aerogenes HC10.
Data, means + SD (n = 3).

initial stage in metabolites, and were consumed with Sb oxi-
dation.

2.2.  Sb(Ill) oxidation mechanisms mediated by reactive
oxygen species (ROS)

2.2.1. Phenol mediated Sb(III) oxidation and ROS analysis
Quantifying the acceleration effect of exogenous HYD was
used as an effective verification to observe whether exoge-
nous HYD drives Sb oxidation. Cell-free filtrate with 0.05
mmol/L Sb(Ill) was treated at pH 8.1 + 0.1 with 0.05 mmol/L
HYD in aerobic conditions (Fig. 2A). Approximately 20.1
pmol/L (oxidation rate 40.2%) of Sb(V) was accelerated by 0.05
mmol/L HYD treatment during the 120 min (Appendix A Ta-
ble S4). Fig. 2B shows an extremely significantly accelerated
oxidation with increasing exogenous HYD. Meanwhile, Sb(III)
oxidation profiles were well fit to the pseudo-first-order ki-
netic model (Appendix A Table S5). The oxidation rate con-
stant of HYD-treated kg, increased from 0.0061 to 0.0276 with
0.05 mmol/L HYD.

Fig. 2C plots the H,0, and Sb(V) generation with exogenous
HYD treatment in two independent reactors. Exogenous 0.05
mmol/L HYD induced approximately 0.169 (minimum differ-
ence value at 10 min) - 0.625 mmol/L (maximum difference
value at 90 min) H,0, production, and similar studies were
found in a low molecular weight phenolic compound of gallic
acid (0.5 mmol/L gallic acid, reaction for 2 hr, pH 9.0) (Wu et al,,
2019a, 2019b).

The generated H,0, and the oxidized Sb(IIl) showed a lin-
ear correlation with a correlation coefficient of r? = 0.97 in 0.05
mmol/L HYD and r? = 0.94 in the cell free filtrate (p < 0.01,
Table 1), indicating that Sb(Ill) oxidation is mainly driven by
H,0,. H,0, was demonstrated as the main oxidant under al-
kaline solutions involved in Sb(III) oxidation (Deng et al., 2021),
with a pH range of 8.1 to 11.7 (Kong et al., 2015; Leuz et al,,
2006), which corresponds to the results of pH 8.1-8.5 in this
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Table 1 - Correlation of Sb(V) and H,0, concentration in different treatments.

H,0, in cell-free filtrate

H,0, in cell-free filtrate + 0.05 mmol/L HYD

Sb(V) in cell-free filtrate r’=0.94
Sb(V) in cell-free filtrate + 0.05 mmol/L HYD -

r?=0.97

study. Electron transfer from reduced HA to O, can be a sig-
nificant source of -OH at oxic/anoxic interfaces containing or-
ganic matter in the dark (Zeng et al., 2020). Specifically, 0,°~
in combination with H* can produce H,0,, and subsequent
metal-mediated cleavage to -OH will further induce the oxi-
dation of Sb. This reaction sequence is called the superoxide-
driven Fenton reaction and has been noted in metalloid oxi-
dation (Zhou et al., 2022). TBA results responded to differences
in -OH generation in all treatments. The concentration of -OH
in the 0.05 mmol/L HYD treatment was significantly higher
than that in the cell-free filtrate (Appendix A Fig. S4), indicat-
ing that Sb(Ill) oxidation induced the dissociation of H,0, to
produce -OH.

Notably, up to 1.9 mmol/L endogenous H,0, was observed
in the cell-free filtrate, explaining the initial inherent oxida-
tion of metabolites (Fig. 2C) and the production of -OH in cell-
free filtrate without HYD treatment (Fig 2C, Scheme 1). Due
to the high redox potential of H,0,, its reaction rate with
Sb(lll) is 15.3 (mol/L)~1.sec™?, while the -OH reaction rate is
8.5 x 10° (mol/L)~1-sec™! (Dutta et al., 2005; Lee and Choi, 2002;
Pettine et al., 1999). Therefore, as ingredients in Fenton-like re-
actions, it is reasonable to speculate that H,0, and -OH could
be consumed by Sb(Ill) in advance (Wu et al., 2019a). Refer-
ences had been proven H, 0, is an active component that pref-
erentially drives the oxidation of Sb (Qin et al., 2016a). With
the prolongation of time, the decrease in H,0, is another im-
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Fig. 3 - EPR spectra of DMPO-OH (A), SQ~° (B) and TEMP- O, °~ (C). DMPO and TEMP were 0.05 mmol/L. pH = 8.3 £ 0.1, T = 25

%+ 0.1 °C, incubation time was 60 min.

portant reason for the slow oxidation rate. The oxidation rate
was significantly inhibited by MeOH purging at the same in-
cubation time (Fig. 2D). These results suggest that the role of
endogenous -OH in Sb(IIl) oxidation is indispensable in the
current reactor, and its oxidation contribution is 15.4%. The
contribution of -OH approximately 30% of As(IIl) oxidation in
phenolic acid solutions in aerobic conditions by free radical
quenching studies has been noted (Qin et al., 2016a). Dissolved
organic matter chemical transformation induces -OH forma-
tion (Yang et al,, 2022b). As a reactive intermediate, previ-
ous studies also revealed that -OH induced by electrochemical
and photocatalytic processes could efficiently oxidize Sb(III)
(Jiang et al., 2020). N, purification further demonstrates a crit-
ical role of O, in oxidation induction by free radicals (Fig. 2D),
as this process greatly weakens the oxidizing capacity of the
cell-free filtrate. A similar phenomenon was observed in or-
ganic pollutant degradation by metabolites separated from
Pseudomonas sp. (Liu et al., 2015), the O, atmosphere increased
degradation up to 80% and further induced -OH generation
from low molecular weight metabolites. Low molecular weight
HA has a more stable redox potential and electron transport
activity (Zhang et al., 2021b). Clearly, oxygen-induced oxida-
tion (oxidation rate 30.6% at 120 min) was much stronger than
the initial endogenous -OH in this study. The oxidation was
12.8 pmol/L (or 25.6%) mediated by electron transfer and other
oxidants that do not require induction with N, purification.

In addition, we observed that the pH was increased in the
cell-free filtrate and 0.05 mmol/L HYD treatments (Appendix
A Fig. S5), which were responses to HYD induction of the gen-
eration of H,0, and subsequent metal-mediated cleavage to
OH™ (Scheme 1, R4). In microflora incubation reactors, H* can
be consumed by 0,°~ leading to an increase in pH as well
(Zeng et al., 2021b). However, no significant differences of the
pH were presented in cell-free filtrate and 0.05 mmol/L HYD
treatments, which might be due to form Sb(V)-bearing mineral
limitation of the contribution of OH™ in the HYD treatment to
the pH increasing (Loni et al., 2020).

2.2.2. EPR analysis

Different samples did not present systematic shifts of bands
but their intensity changed, which allowed us to infer inter-
mediate moieties involved in Sb oxidation. EPR analysis in
the presence of the spin trap DMPO revealed the formation of

-OH (Fig. 3A). The peaks with an intensity ratio of 1:2:2:1 were
characteristic DMPO-OH signals, and their peak intensities in-
creased approximately threefold as exogenous 0.05 mmol/L
HYD was supplemented. This increasing effect of the signal
is explained in terms of the actual formation of -OH. Simi-
lar to other phenolic compounds, HYD quantitatively forms
H,0, upon exposure to O, and subsequent metal-mediated
cleavage to -OH. Mass spectrometry showed that phenol com-
pounds exist in extracellular metabolites (Appendix A Fig.
S1) and can be induced to produce H,O, and hydroxyl rad-
icals, which is the reason the cell-free filtrate without HYD
produce-OH. After MeOH purging, no dramatic signal was ob-
served, indicating a quenching effect of .OH.

SQ~* radicals, as intermediates of the HYD transforma-
tion process, further induce ROS generation in solutions con-
taining phenolic compounds according to previous studies
(Qin et al.,, 2016a; Wu et al., 2019b). SQ~* in solution was de-
tected using EPR spectroscopy. Two types of peaks were re-
vealed in the spectrum obtained upon incubation of metabo-
lites with HYD (Fig. 3B): a three-line spectrum (intensity ra-
tio approximately 1:1:1) in the cell-free filtrate treatment cor-
responding to SQ~* (Eslami et al., 2010; Giulivi et al., 1998)
and a one-line signal under the HYD, N, and MeOH treat-
ments. Showing exogenous substances changed the contribu-
tion of metabolite components to the overall spectrum. HYD,
as a strong electron acceptor may change the initial chemical
equilibrium of the incubation system and cause the species
transformation of SQ~* and the generation of different SQ~*
species (Wright et al., 2020). SQ~* induced by phenolics has
an obvious characteristic peak between 3480 and 3510, and a
single-line peak (pH 10, GA 30 mmol/L) and three-line spec-
trum (pH 11, 1 mmol/L) were found in the gallic acid response
to the differences in electromagnetic signals at different pH
values and dosages (Barbehenn et al., 2003; Eslami et al., 2010).
Of note, a single peak is much clearer in the mixture contain-
ing HYD, while the peak is silent with the addition of MeOH.
Additionally, the EEM spectrum of low molecular weight com-
pounds in 0.05 mmol/L HYD showed obvious enhancement
(Appendix A Fig. S6). The reduction of quinone to SQ~* af-
ter trapping electrons is generally accompanied by increased
quinone-like fluorophores and intensity of the n-7* transi-
tions, especially in the visible range (Cory and McKnight, 2005).
This shift explains the darker or more intense fluorescent sig-



JOURNAL OF ENVIRONMENTAL SCIENCES 147 (2025) I1-21 17

A~V Cell-free filtrate + 0.5 mmol/L AQDS
Cell-free filtrate + 0.05 mmol/L AQDS
T - L

[O]]
(=]

o
(=]

—@— Cell-free filtrate
—p— Cell-free filtrate + Dicumarol
—@— 0.5 mmol/L AQDS in PBS,

o— ¢

(O8]
(=]

[\
S

—_
=

Sb(V) concentration (umol/L)

=

Rate contants B
0.00 0.01 0.02 0.03

ell-free filtrate + 0.5 mmol/L AQDS

3 Cell-free filtrate + 0.05 mmol/L AQDS
Cell-free filtrate

~ « Cell-free filtrate + Dicumarol A
Q\)N 2 0.5 mmol/L AQDS in P@
)
—

[=]
i

>~——o—

0 20 40 o060 80
Time (min)

100 120

0 20 40 60 80 100 120
Time (min)

Fig. 4 - Oxidation effects with exogenous 0.05 mmol/L and 0.5 mmol/L AQDS (A) on cell free filtrate (or 0.05 mmol/L PBS) and
their kinetic profiles (B). Incubation solutions was performed at pH 8.1 + 0.1, 25 + 0.1 °C in the dark. Data, means + SD

(n = 3).

nal of reduced quinones. This result indicates that SQ~* par-
ticipates in Sb(IIl) oxidation, which were responses to Sb(III)
oxidation mediated by HYD redox products.

As a moderately reactive intermediate and a transient
group, the steady state of 0,°~ would be no more than 0.1
nmol/L even in the presence of a high concentration super-
oxide dismutase, so the effect of O,°~ is negligible (Wu et al,,
2019b). The peak intensity of O,°~ increased slightly with the
addition of HYD (Fig. 3C). The oxidation capacity of the cell-
free filtrate was reduced after N, purification. Notable, the
0,°~ formation was not dramatically inhibited after N, pu-
rification, which may be due to a trace of unremoved O, in
solution. Dissolved Humics can be induced to produce a large
number of reactive oxygen species in a low concentration oxy-
gen atmosphere, and lower molecular weight dissolved hu-
mic generated more O,° (Zeng et al., 2021a). The extracellu-
lar metabolites of strain HC10 contain a large amount of active
phenolic compounds, which may be reason the 0,°~ in cell-
free filtrate did not significantly reduce after N, purging.

2.3.  Sb(Il) oxidation mediated by electron transfer

2.3.1. AQDS mediated Sb(III) oxidation

Cell-free filtrate solutions with 0.05 mmol/L Sb(Ill) were
treated at pH 8.1 £ 0.1 with 0.05 mmol/L/0.5 mmol/L AQDS in
aerobic conditions (Fig. 4A). Approximately 18.0 pmol/L (ox-
idation rate 36.0%) of Sb(V) was accelerated by 0.5 mmol/L
AQDS treatment at 30 min, while the role of 0.05 mmol/L AQDS
was inconspicuous (Fig. 4B). HA bound to Sb(III) species might
be involved in the oxidation process because the electron-
acquiring ligand center of HA may be activated (Quentel et al.,
2004). These ligands, as important components of HA, are
closely related to electron transfer and promote the redox
of metalloids by electron acceptance and release based on
quinone structure. The data also showed oxidation capac-
ity in N, purging (Fig. 2D), indicating that quinones were the
drivers of the oxidation factor in an oxygen shielding at-

mosphere. Electron inhibition also confirmed the effect of
quinones on oxidation through electron transfer (Fig. 4). Sb(III)
oxidation profiles were well fit to the pseudo-first-order ki-
netic model. Fig. 4B and Appendix A Table S8 show that the
oxidation rate constant gradually increased from 0.0061 (cell
free filtrate) to 0.0195 (0.5 mmol/L AQDS) when the initial
pH was 8.1 + 0.1. However, the oxidation was limited after
30 min. In complex systems containing different species of
quinones and a mixture of Sb(Ill) and Sb(V) the extent of
Sb(Ill) oxidation will depend on the geochemical parameters,
e.g., the ratios of Sb(V)/Sb(lll) as well as of quinone/reduced
quinones (Jiang et al., 2009; Yang et al., 2022a). In addition,
as mentioned above, other redox activity ligands in metabo-
lites may also induce reduction reactions (Min et al., 2022).
Oxidation almost disappeared in the defined reaction system
of PBS (pH 8.1 + 0.1) with exogenous 0.5 mmol/L AQDS, in-
dicating the existence of electron acceptors in metabolites to
accept electrons transferred from AQDS. Mass spectrometry
analysis combined with previous analyses implicated some
organic acid compounds (i.e., macrocyclic compounds) and
disulfide detected in metabolites (Appendix A Fig. S1) as elec-
tron acceptors to receive electrons from AQDS during the
Sb(1II) oxidation process (Min et al., 2022). Notably, 0.5 mmol/L
HYD treated in PBS still exhibited a good oxidation capacity
(Fig. 2A), indicating that different mechanisms between HYD
and AQDS mediate Sb(Ill) oxidation and need to be further
explored.

2.3.2.  Electrochemical analysis

Quinone, as a redox-active functional moiety of HA, medi-
ates the oxidation of Sb. CV scanning showed the presence
of one obvious reduction peak (potentials of -0.5 ~ -0.6 V) and
one slight oxidation peak (potentials of -0.1 V), indicating a
stronger oxidation capacity (Fig. 5B). A weak redox couple peak
exists in the metabolite response to the presence of endoge-
nous electron transfer (Li et al., 2013; Xia et al., 2010). The
potentials of the peak in PBS with 0.05 mmol/L AQDS treat-
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ment were consistent with those of the cell-free filtrate, indi-
cating that endogenous electron transfers were AQDS or com-
pounds with similar structures. This result was in response to
AQDS as an electron center of metabolites mediating the oxi-
dation of Sb(Ill). The AQDS? - AQDS?** redox couple has long
been considered an electron-transfer mediator, and AQDS2~
can act as an electron acceptor-mediated oxidation of met-
als (Lan et al.,, 2019). As a typical electron transfer regulatory
pump, the composition of quinones and their participation in
redox are controlled by arcB-arcA genes in cells (Franza and
Gaudu, 2022). Functional annotation of the draft genes showed
that the arcA and arcB genes were identified in K. aerogenes
HC10 (Appendix A Table S9), which were the basis of quinone
production and electron transfer. A previous study showed
that Klebsiella sp. can produce quinone compounds (2, 6-di-
tert-butylbenzoquinone) as an electron transfer and mediate
electron transport directly (Guo et al., 2020; Niu et al., 2020). Al-
though the CV signal was enhanced by supplementation with
AQDS, no significant acceleration of oxidation was observed
in the 0.05 mmol/L AQDS treated group (Fig. 4A), responding
to the weakening effect of H,0, and -OH as stronger oxidants.
However, the CV peak intensity significantly increased with
the acceleration of Sb(IIl) oxidation under 0.5 mmol/L AQDS

treatment, indicating that stronger electron transfer could ac-
celerate the oxidation.

Therefore, a potential oxidation mechanism of Sb in
metabolites mediated by electron transfer was proposed:
Quinones in metabolites could acquire electrons from Sb(III)
and transfer electrons to electron acceptors. In this process, Sb
was oxidized, while quinone reduction-oxidation alternated.
Therefore, quinone acts as an electron relay station to accel-
erate the oxidation of Sb (Fig. 5D).

2.4.  Oxidation product analysis

The XPS results provided direct evidence of Sb oxidation. The
peaks at binding energies of 539.9 and 539.1 eV corresponded
to Sb(V) (7.46%) and Sb(Ill) (92.54%) (Appendix A Table S10)
(Lietal.,2022),indicating that Sb(III) was the dominant species
in the PBS treatment. Subsequently, a new Sb3d;/, peak ap-
peared at 531.1 eV and was assigned to the Sb(V) peaks under
the AQDS and HYD treatments (Fig. 6B), indicating the redistri-
bution effect of Sb species (Rong et al., 2022). The XRD charac-
teristic peak mainly corresponds to the composition of Sb(V)-
bearing mineral mopungite [NaSb(OH)¢] and Sb(Ill) mineral
senarmontite (Sb,03) (Fig. 6C) (Loni et al., 2020). The remainder
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precipitates (other peaks) were composed of Na™, K+ and an-
other mineral ion, which were retained in solids as subsidiary
components and confirmed by SEM-EDS (Fig. 6D, E, F). Grayish
mineral particles were formed on the solid surface of the HYD
and AQDS treatments, in striking contrast with no oxidation
in PBS after incubation at 120 min. The strongest peak of Sb in
the PBS-treated reactor appeared on the left side of the bands,
while the peak shifted to right after the AQDS and HYD treat-
ments, which supports the Sb(Ill) oxidation and formation of
secondary Sb(V)-bearing minerals (Loni et al., 2020). Notably,
OH~ was consumed by the generation of Sb(V)-bearing min-
erals, which may be the reason there was no significant differ-
ence in pH in the HYD/AQDS and cell free filtrate treatments
(Appendix A Fig. S5). Weak Sb(V)-bearing mineral character-
istic peaks were observed in PBS that lacked AQDS or HYD
amendment, responding to weak oxidation induced by dis-
solved oxygen or photocatalysis in solution (Jiang et al., 2020).

2.5.  Environmental significance

Sb contamination in soil is likely to continue garnering en-
vironmental concern because Sb is being fed into soil by the
mining industry and a diverse array of other industries. Al-
though Sb(1lI) is more prevalent in anaerobic paddy soil or sed-
iments (Johnston et al., 2020; Kong et al., 2021), the Sb(III) con-
tent was 588.12 mg/kg (accounting for 40.7% of the total Sb)
in aerobic soils (Qun et al., 2022). In fact, high concentrations
of Sb(Ill) are generally detected under aerobic conditions, with
easier mobility and eventual uptake by crops. This study com-

plements and validates recent reports that K. aerogenes HC10
may initiate biologically driven oxidation in Sb-contaminated
environments and is induced to form Sb(V)-bearing miner-
als with mineral ions (i.e., K, Na*t) for immobilization. This
work process led to a deeper understanding of Sb environ-
mental behavior as well as its precipitation and sequestra-
tion in the form of secondary minerals. In previous studies,
the oxidation characteristics of independent cell and extra-
cellular metabolites had been demonstrated (Ronget al., 2022),
and the metabolite-driven oxidation is much higher than cell-
driven oxidation. This study emphasizes the oxidation mech-
anism of extracellular metabolites, and their role in acceler-
ating Sb(Ill) oxidation in soils should not be overlooked given
their abundance, ubiquity, and mobility., Therefore, rapid ox-
idation and retention of metalloids can be achieved by us-
ing a very small amount of exogenous electron transfer or
oxidization-inducing substances. This study highlights the
importance of functional microbial metabolites in the envi-
ronmental behavior of toxic metalloids.

3. Conclusions

We herein propose the mechanism of extracellular oxidation
of Sb(III) by K. aerogenes HC10. Supplementation with exoge-
nous HYD and AQDS significantly accelerated the oxidation of
metabolites. As important active components of metabolites,
phenolic acids could subsequently mediate the formation of
H,0, for Sb(Ill) oxidation. In addition, SQ~* participates in ox-
idation, and H,0, and -OH were the main oxidants responsi-




20 JOURNAL OF ENVIRONMENTAL SCIENCES 147 (2025) I1-21

ble for Sb(Ill) oxidation. The EPR characteristics showed that
-OH, SQ~* and 0,°~ were important intermediates in the oxi-
dation process. Electrochemical analysis showed that quinone
as an electron transfer in metabolites mediated Sb(III) oxida-
tion. Sb(V)-bearing mineral mopungite [NaSb(OH)g] formation
reduces the mobility of Sb. This study elucidates the mecha-
nism of Sb oxidation mediated by bacteria and offers a novel
idea about Sb(V) bioremediation.
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