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Long-term continuous degradation
of carbon nanotubes by a
bacteria-driven Fenton reaction

Seira Takahashi and Katsutoshi Hori*

Department of Biomolecular Engineering, Graduate School of Engineering, Nagoya University, Nagoya,
Aichi, Japan

Very few bacteria are known that can degrade carbon nanotubes (CNTs), and
the only known degradation mechanism is a Fenton reaction driven by Labrys
sp. WIW with siderophores, which only occurs under iron-deficient conditions.
No useful information is available on the degradation rates or long-term stability
and continuity of the degradation reaction although several months or more are
needed for CNT degradation. In this study, we investigated long-term continuous
degradation of oxidized (carboxylated) single-walled CNTs (O-SWCNTs) using
bacteria of the genus Shewanella. These bacteria are widely present in the
environment and can drive the Fenton reaction by alternating anaerobic-aerobic
growth conditions under more general environmental conditions. We first
examined the effect of O-SWCNTs on the growth of S. oneidensis MR-1, and it
was revealed that O-SWCNTs promote growth up to 30 pg/mL but inhibit growth
at 40 pg/mL and above. Then, S. oneidensis MR-1 was subjected to incubation
cycles consisting of 21-h anaerobic and 3-h aerobic periods in the presence of
30 pg/mL O-SWCNTs and 10 mM Fe(lll) citrate. We determined key factors that
help prolong the bacteria-driven Fenton reaction and finally achieved long-term
continuous degradation of O-SWCNTs over 90 d. By maintaining a near neutral
pH and replenishing Fe(lll) citrate at 60 d, a degraded fraction of 56.3% was
reached. S. oneidensis MR-1 produces Fe(ll) from Fe(lll) citrate, a final electron
acceptor for anaerobic respiration during the anaerobic period. Then, -OH is
generated through the Fenton reaction by Fe(ll) and H,O, produced by MR-1
during the aerobic period. -OH was responsible for O-SWCNT degradation, which
was inhibited by scavengers of H,O, and -OH. Raman spectroscopy and X-ray
photoelectron spectroscopy showed that the graphitic structure in O-SWCNTs
was oxidized, and electron microscopy showed that long CNT fibers initially
aggregated and became short and isolated during degradation. Since Shewanella
spp. and iron are ubiquitous in the environment, this study suggests that a Fenton
reaction driven by this genus is applicable to the degradation of CNTs under a
wide range of conditions and will help researchers develop novel methods for
waste treatment and environmental bioremediation against CNTs.
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1 Introduction

Carbon nanotubes (CNTs), especially single-walled CNTs (SWCNTs), have a wide range of
applications due to their excellent properties, such as mechanical strength, optical properties,
and electrical and thermal conductivity (Dresselhaus et al., 2004; Byrne et al., 2018; Hu et al.,
2023). However, there are concerns about their impact on human health and ecosystems (Poland
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et al,, 2008). Some CNTs are needle-like, similar to asbestos, and can
induce mesothelioma, pleural fibrosis, and lung cancer (Donaldson
et al., 2013). Recent studies have reported that some CNTs are also
toxic to plants, animals, and microorganisms, and may alter
biodiversity (Chen et al., 2017; Mendonca et al., 2017; Chen et al,,
2018; Kong et al., 2023); Such CNTs cause growth inhibition and
reduced seed germination in plants (Begum and Fugetsu, 2012;
Hatami, 2017), embryo growth inhibition and pneumonia in animals
(Roman et al., 2013; Al Moustafa et al., 2016; Fujita et al., 2016), and
cell membrane damage in microorganisms (Liu et al., 2009; Yadav
et al,, 2016). As the use of CNTs has become more widespread, the
amount of CNTs released into the environment, either accidentally or
as waste, may also increase, leading to additional concerns. Therefore,
the safety against human health and biodegradability of CNTs have
attracted great attention.

Allen et al. (2008, 2009) first reported the degradation of
oxidized (carboxylated) SWCNTs (O-SWCNTs), which are
functionalized SWCNTs, by horseradish peroxidase (HRP). Since
then, the biodegradation of CNTs by incubation with heme enzymes,
such as human myeloperoxidase (Kagan et al, 2010), human
eosinophil peroxidase (Andon et al., 2013), bovine lactoperoxidase
(Bhattacharya et al., 2015), fungal manganese peroxidase (Zhang
etal, 2014) and lignin peroxidase (Chandrasekaran et al., 2014), in
the presence of their substrate (H,0,) has been reported. However,
Flores-Cervantes et al. (2014) were the first to quantitatively
investigate the enzymatic degradation of CNTs and estimated a half-
life of 80years for SWCNT degradation by HRP. This result was
largely different from the rapid degradation described in the paper
by Allen et al. (2009), in which CNTs disappeared within 10 d.
Quantitative studies and reproducibility have not yet been conducted
for enzymes other than HRP. In addition, we recently demonstrated
that the degradation of CNTs during incubation with heme enzymes
and externally added H,0, is not caused by enzymatic reaction but
rather the Fenton reaction, which produces hydroxyl radicals (-OH)
that are highly reactive and can oxidize most organic substances
rapidly and nonselectively, via the decomposition of H,O, catalyzed
by Fe(II) (Qin et al., 2015; Takahashi et al., 2023). Peroxidases are
easily inactivated by their substrate H,O, via heme degradation,
which is called suicide inactivation (Valderrama et al., 2002). In our
previous study, the rapid suicide inactivation of peroxidases,
including HRP, was observed; this process depended on the H,O,
concentration and was accompanied by the release of iron, which
caused the Fenton reaction (Takahashi et al., 2023). Thus, enzymatic
degradation of CN'Ts may not be as promising as previously expected.

Bacteria have an immense and diverse metabolic system and are
utilized for environmental bioremediation and waste treatments. For
CNTs, biotransformation or biodegradation by Trabusiella guamensis
(Chouhan et al.,, 2016), Mycobacterium vanbaalenii PYR-1 (You et al.,
2017), and a bacterial community consisting of Burkholderia
kururiensis, Delftia acidvorans and Stenotrophomonas maltophilia
(Zhang et al., 2013) has also been reported. However, the molecular
mechanisms underlying these bacterial transformations of CNTs have
never been elucidated. Wang et al. (2020) showed that Labrys sp. WJW
secretes siderophores under iron-deficient conditions and degrades
CNTs as the sole carbon source; this process occurs through an
extracellular biogenic Fenton-like reaction induced by Fe(II) that is
generated through the reduction of Fe(III) by siderophores and
autocrine H,O,. This is the first and only report in which the
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mechanism underlying the degradation of carbon nanomaterials by
bacteria was shown, suggesting that the Fenton reaction induced by
microorganisms by different pathways may contribute to the
degradation of CNTs.

Shewanella spp., environmentally ubiquitous facultative anaerobic
bacteria, produce Fe(II) by reducing Fe(III) under anaerobic
conditions and H,0, by reducing O, under aerobic conditions, thus
efficiently inducing the Fenton reaction by alternating anaerobic-
aerobic cultures. The degradation of pentachlorophenol (McKinzi and
Dichristina, 1999), 1,4-dioxane (Sekar and DiChristina, 2014),
enrofloxacin (Yan et al., 2016), polybrominated diphenyl ethers (Peng
etal,, 2020; Shi et al., 2021), and polystyrene (Yang et al., 2022) by the
Fenton reaction driven by Shewanella spp. has been reported.
Therefore, the method should be effective in the degradation of CNTs,
albeit much more recalcitrant than the other chemicals. The Fenton
reaction driven by Shewanella spp., such as S. oneidensis and
S. putrefaciens, could be applied to the degradation of CNTs under a
wide range of environments, not limited to iron-deficient conditions.
However, it is unclear whether Shewanella spp. is resistant to CNTs
and whether the bacteria-driven Fenton reaction continues long
enough to degrade CNTs. The purpose of this study is to determine
the effectiveness of the Fenton reaction driven by Shewanella spp. for
the continuous degradation of CNTs.

2 Materials and methods
2.1 Culture medium and chemical reagents

Dispersions of O-SWCNTs (Product No. ZEONANOR-SG101)
were produced and provided by Zeon Nanotechnology Co., Ltd.
(Japan). The dispersions of O-SWCNTs were stored in the dark, and
it was confirmed that the properties of the pristine O-SWCNTs were
unchanged from the beginning to the end of the experiment by
Raman spectroscopy. Luria-Bertani (LB) broth and DL-sodium
lactate were purchased from Nacalai Tesque Co., Ltd. (Japan).
Mannitol and catalase were purchased from FUJIFILM Wako Pure
Chemical Industries Co., Ltd. (Japan). Fe(III) citrate and horseradish
peroxidase were purchased from Sigma-Aldrich, Ltd. (USA).
3’-(p-hydroxyphenyl) fluorescein (HPF) was purchased from Goryo
Chemical, Inc. (Japan). N,N-diethyl-1.4-phenykenediamine sulfate
(DPD) was purchased from Tokyo Chemical Industry Co., Ltd.
(Japan). Ferrozine (3-(2-pyridyl)-5,6-bis (4-sulfophenyl)-1,2,4-
triazine) was purchased from Dojindo Laboratories, Ltd. (Japan). N,
gas (99.99% purity) was purchased from Alpha System Co. (Japan).

2.2 Evaluation of the effect of O-SWCNTs
on S. oneidensis MR-1 growth

S. oneidensis MR-1 was precultured aerobically in LB medium
until the optical density at 600 nm (ODy) reached 1.0 and harvested
by centrifugation. The cells were resuspended in M1 medium
2020;
Supplementary Table S1) to an ODgg, of 0.1 after they were washed

containing 20mM sodium lactate (Peng et al,
three times with the medium and grown aerobically for 24 h at 30°C
in 25 mL of M1 medium with different concentrations of O-SWCNTs

in 100-mL flasks. The culture broth was periodically collected and
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diluted stepwise in M1 medium, of which 100 uL was spread on LB
agar plates. After 48h of incubation at 30°C, the number of colonies
was counted to determine the colony forming units (CFUs).

2.3 Degradation of O-SWCNTs by
S. oneidensis MR-1

A suspension of S. oneidensis MR-1 cells in 25 mL of M1 medium
containing 20 mM sodium lactate was prepared in a flask as described
above. Fe(III) citrate and O-SWCNTs were added to the cell
suspension at final concentrations of 10mM and 30pg/mL,
respectively, and N, gas was bubbled from a gas exchange tube
connected to a silicone plug capping the flask for 10 min. After the gas
exchange tube was clamped, cells were incubated anaerobically in the
flask at 30°C for 21 h. The culture was then continued aerobically and
air was bubbled from the gas exchange tube for 3h at 30°C. This 24h
cycle consisting of 21-h anaerobic and 3-h aerobic incubations was
repeated 90 times (90 d) in the dark. Sodium lactate and/or lactic acid
were supplied manually using a pipette daily as an electron donor at a
final concentration of 10 mM at the end of the aerobic incubation. The
approximate pH of the culture medium during incubation was
checked using pH test strips at the end of the aerobic incubation. If
intended, the pH was returned to approximately 7 daily using sodium
lactate when the pH was below 8 and lactic acid and/or sodium lactate
when the pH was above 8. For a control experiment, Fe(III) citrate was
replaced by nitrate (10 mM). For other control experiments, 100 ng/
mL catalase was supplied daily as an H,O, scavenger, or 240 mM
mannitol was initially added to M1 medium as a -OH scavenger. The
concentration of Fe(II) was measured at the end of each anaerobic and
aerobic incubation with a ferrozine-based detection method
(Dichristina, 1992; Yang et al., 2022). The concentration of H,0, was
measured at the end of each aerobic incubation using a method
modified for iron-containing samples by Katsoyiannis et al. (2008)
and Peng et al. (2020), based on peroxidase-catalyzed oxidation of
DPD. The concentration of -OH in the supernatant was measured 1.5h
after the start of each aerobic incubation using a fluorescent probe
(HPE 5pmol/L) (Hessler et al., 2012; Wang et al., 2020).

2.4 Quantification and characterization of
O-SWCNTs during and after incubation

To the whole culture broth sample (25mL), 500 uL of 10 mg/mL
lysozyme solution (in Tris-HCI buffer, pH 8) was added, and after the
solution was stirred for 30 min, an equal volume of 5% SDS solution
was added, and the broth was heated at 60°C for 2 h for cell lysis. The
precipitate containing O-SWCNTs was collected by ultracentrifugation
(35,000 rpm, 15min, 20°C), rinsed with ultrapure water (resistivity at
25°C, >18 MQ cm; TOC, <5 ppb), washed with 3M HCI to remove
iron oxides formed during incubation, rinsed with ethanol, and
redispersed in ultrapure water. In every rinsing and washing process
above, the pellet was redispersed and recovered by ultracentrifugation
three times. The cellular components that could not be removed by
rinsing and washing were sedimented by centrifugation (3,000 rpm,
2min, 25°C). O-SWCNTs were recovered from the supernatant by
subsequent ultracentrifugation (35,000rpm, 15min, 20°C) and
redispersed in 25 mL of 5% SDS solution by sonication for 10 min. Our

Frontiers in Microbiology

10.3389/fmicb.2023.1298323

previous work confirmed that the properties of the O-SWCNTs used
in this study are not affected by sonication (Takahashi et al., 2023). The
absorbance of the resulting O-SWCNT dispersion at 750 nm (As)
was measured to calculate the concentration of O-SWCNTs from a
calibration curve prepared using stocks of O-SWCNT dispersion.

Prior to instrumental analysis, O-SWCNTSs were collected again
by ultracentrifugation under the same conditions above, washed with
ultrapure water, and redispersed in methanol by sonication for 10 min.
Specimens for Raman spectroscopy were prepared by drop-casting
approximately 50 uL of the suspension on glass microscope slides and
drying. All spectra were collected on a micro-Raman spectrometer
(inVia Reflex, Renishaw, UK) using an excitation wavelength of
532 nm. The samples were scanned from 1,000-1,900 cm™ to visualize
the D and G bands of O-SWCNTs. Spectra were collected with a 10s
exposure time and averaged across 5 scans per sample. In each sample,
at least 10 different spots were analyzed. For X-ray photoelectron
spectroscopy (XPS) (ESCALAB250, VG Scientific, UK), specimens
were prepared by drop-casting approximately 100 uL of the samples
on carbon tape and drying. XPS was performed using
monochromatized Al Ko radiation (hv=1486.6eV) as an X-ray
source. For transmission electron microscopy (TEM), 10 uL of the
appropriately diluted suspensions were dropped onto a carbon-coated
copper grid (ELS-C10, Okenshoji Co., Ltd., Tokyo, Japan) and dried
overnight under ambient conditions prior to TEM imaging. TEM
images were acquired using a JEM-2100Plus (JEOL, Ltd., Tokyo,
Japan) equipped with a CCD camera and operated at an acceleration
voltage of 200k V.

3 Results

3.1 Incubation conditions for the
continuous Fenton reaction by

S. oneidensis MR-1 in the presence of
O-SWCNTs

Due to concerns that the cytotoxicity of O-SWCNTs would kill or
inactivate bacterial cells and rapidly stop the bacteria-driven Fenton
reaction, we first examined the effect of O-SWCNTs on the growth of
S. oneidensis MR-1. For this purpose, cells were grown aerobically in
the presence of different concentrations of O-SWCNTs at 30°C for
24h, and the change in CFUs with incubation time was analyzed.
Despite the reported toxicity of CNTs, the addition of 20 and 30 pg/
mL O-SWCNTs unexpectedly promoted the growth of S. oneidensis
MR-1, which was greater than that without O-SWCNTs (Figure 1 and
Supplementary Figure S1). However, the growth was greatly inhibited
at 40pg/mL or greater. Accordingly, subsequent incubations of
S. oneidensis MR-1 with O-SWCNTs in this study were conducted at
an O-SWCNT concentration of 30 pg/mL.

Next, since the degradation of O-SWCNTs was expected to
require a long period of time (several months or more), we investigated
the conditions that would maintain the cell activity of S. oneidensis
MR-1 and continue the Fenton reaction for a long period of time even
in the presence of O-SWCNTs. Theoretically, under anaerobic
conditions, this bacterium respirates using lactate as an electron donor
and Fe(III) as a final electron acceptor and produces Fe(II). Then, the
Fe(II) and H,O, produced by the bacterium under aerobic conditions
undergo the Fenton reaction, oxidizing Fe(II) to Fe(III) and generating
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FIGURE 1

Effect caused by the concentration of O-SWCNTs on S. oneidensis
MR-1 growth. Error bars indicate standard error from three
independent cultures.

-OH. Therefore, S. oneidensis MR-1 cells were subjected to alternating
anaerobic-aerobic incubation in the presence of O-SWCNTs and
10mM Fe(III) citrate, and the production of Fe(II), H,0,, and -OH
during the incubation was examined. Up to the first 10 d of the
24-h cycle consisting of 21-h anaerobic and 3-h aerobic incubations,
the concentration of Fe(II) increased during the anaerobic period and
reached 2.6~3.9mM at the end of the 21-h anaerobic period
(Figure 2). This result was almost consistent with the results obtained
by previous studies in which 4 ~ 6.3 mM Fe(II) was produced after 24h
of anaerobic incubation of Shewanella spp. at the same concentration
of Fe(III) citrate (Sekar and DiChristina, 2014; Peng et al., 2020). In
contrast, Fe(II) became undetectable after each aerobic incubation.
After 10 d of the incubation cycle, the amount of Fe(II) produced
during the anaerobic period rapidly decreased, and its concentration
became lower than 1 mM at 14 d, accompanied by an increase in the
pH value of the culture medium. Then, the supplied electron donor
was changed from sodium lactate to lactic acid after 20 d of the
incubation cycle to return the pH to approximately 7, which restored
Fe(II) production after the anaerobic period. Therefore, we performed
along-term incubation of S. oneidensis MR-1 for 90 d in the presence
of O-SWCNTs and Fe(III) citrate. The pH of the culture medium was
maintained at approximately 7 by using sodium lactate when the pH
was less than 8 and lactic acid when the pH was above 8 as an electron
donor. As a result, Fe(II) production was maintained at approximately
2mM during the anaerobic period until approximately 60 d, despite
an initial decrease from approximately 4 mM and daily fluctuations
(Figure 3A). However, after 60 d, the amount of Fe(II) produced
gradually decreased, and visible precipitation occurred, even though
the pH was controlled near neutral. Then, Fe(III) citrate was added to
the culture at 60 d at the same concentration as the initial
concentration. This restored Fe(II) production after the anaerobic
period to that at the beginning of the incubation cycle, and thereafter,
the production of Fe(II) was maintained at a similar level until 90 d
(Figure 3B). In the absence of S. oneidensis MR-1, no Fe(II) production
was consistently observed during the incubation cycle, confirming
that Fe(II) is produced by the anaerobic respiration of S. oneidensis
MR-1. The H,O, produced after the aerobic period was approximately
20 uM, a level similar to that reported in previous studies (Peng et al.,
2020; Yang et al., 2022), and was maintained over 90 d (Figure 3C). It
was also confirmed that H,0, was produced by MR-1 cells because it
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FIGURE 2

Time courses of pH and the Fe(ll) concentration during the
cultivation of S. oneidensis MR-1 with 24-h incubation cycles
consisting of 21-h anaerobic and 3-h aerobic periods in the
presence of O-SWCNTs and without controlling pH. The pH was
adjusted to 7 at the end of the 20-d incubation. The square symbols
indicate the pH values. Circular symbols indicate Fe(ll)
concentrations during the anaerobic (black) and aerobic (gray)
periods. Error bars indicate standard error from three independent
incubations.

was not detected in the absence of the cells. After each anaerobic-
aerobic cycle, the production of -OH was confirmed, and its
concentration tended to change with the concentration of Fe(II)
produced after the anaerobic period; -OH production gradually
decreased up to 60 d and was restored completely by the addition of
Fe(II) citrate at 60 d (Figure 3D). No -OH was consistently observed
during the incubation cycle in the absence of S. oneidensis MR-1,
confirming that it is produced through the Fenton reaction by H,O,
and Fe(II) produced by the bacterium. Thus, important factors were
determined, including the nontoxic concentration of O-SWCNTs, pH
level, and replenishment of Fe(III) citrate during the incubation cycle,
that prolonged the bacterial Fenton reaction in the presence of
O-SWCNTs using S. oneidensis MR-1 for a long time over 90 d.

3.2 Degradation of O-SWCNTs by
anhaerobic-aerobic incubation with
S. oneidensis MR-1

We investigated whether long-term continuous degradation of
O-SWCNTs is possible by the bacteria-driven Fenton reaction using
S. oneidensis MR-1 under the conditions described in the previous
section. After the bacterial cells and iron precipitate were removed, the
concentration of O-SWCNTs during anaerobic-aerobic incubation
with S. oneidensis MR-1 was quantified by measuring the A, of the
O-SWCNT redispersion solution (Yang et al., 2019; Takahashi et al.,
2023). When O-SWCNTs were subjected to alternating anaerobic-
aerobic incubation with S. oneidensis MR-1, at a pH of approximately
7, O-SWCNT degradation progressed continuously with incubation
time; however, when Fe(IIl) citrate was not replenished, the
degradation hardly progressed after 60 d, and the degraded fraction
remained at 48.7% at 90 d (Figure 4). However, when Fe(III) citrate
was replenished at 60 d, O-SWCNT degradation continued thereafter,
eventually reaching the degraded fraction of 56.3% at 90 d. No
degradation of O-SWCNTs was observed in the control sample
without S. oneidensis MR-1. To confirm that O-SWCNT degradation
was caused by a bacteria-driven Fenton reaction, we prevented the
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FIGURE 3
Long-term Fenton reaction driven by S. oneidensis MR-1 in 24-h incubation cycles consisting of 21-h anaerobic and 3-h aerobic periods under daily
controlled pH near neutral in the presence of O-SWCNTs. Error bars indicate standard error from three independent incubations. (A) The time course
of Fe(ll) concentrations during the anaerobic (black) and aerobic (gray) periods without the replenishment of Fe(lll) citrate. In the data without MR-1
(red), only the concentration of Fe(ll) at the end of each anaerobic period was shown to simplify the figure. The concentration of Fe(ll) was also almost
zero at the end of each aerobic period, although the data were not shown. (B) The time course of Fe(ll) concentrations during the anaerobic (black)
and aerobic (gray) periods with the replenishment of Fe(lll) citrate at 60 d. In the data without MR-1 (red), only the concentration of Fe(ll) at the end of
each anaerobic period was shown to simplify the figure. The concentration of Fe(ll) was also almost zero at the end of each aerobic period, although
the data were not shown. (C) The time course of H,O, concentrations during alternating anaerobic-aerobic incubations of S. oneidensis MR-1 with the
replenishment of Fe(lll) citrate at 60 d. (D) The time course of -OH concentrations during alternating anaerobic-aerobic incubations of S. oneidensis
MR-1 with the replenishment of Fe(lll) citrate at 60 d.

reaction from occurring in the absence of the reactants Fe(II) or H,O,.
Fe(II) was not produced unless Fe(III) citrate was not added to the
culture (Figure 5A), but H,O, was produced with or without Fe(III)
citrate (Figure 5B); the addition of catalase, an enzyme that consumes
H,0,, eliminated H,0, (Figure 5B) but did not inhibit Fe(II)

Frontiers in Microbiology

production (Figure 5A). The product of the Fenton reaction -OH did
not form in the absence of Fe(III) citrate or in the presence of catalase
(Figure 5C). Thus, under these incubation conditions, little
degradation of O-SWCNTs occurred (5.0% without Fe(III) citrate and
8.9% with catalase). Furthermore, we investigated the addition of
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FIGURE 4

Long-term O-SWCNT degradation via the Fenton reaction driven by
S. oneidensis MR-1in 24-h incubation cycles consisting of 21-h
anaerobic and 3-h aerobic periods under daily controlled pH near
neutral. A gray circular symbol indicates that Fe(lll) citrate was not
replenished at 60 d. Error bars indicate standard error from three
independent incubations.

mannitol to the culture, a scavenger of -OH produced by the Fenton
reaction. Mannitol was confirmed to eliminate -OH (Figure 5C)
without any effect on the production of Fe(II) or H,O, (Figures 5A,B).
In the presence of mannitol, O-SWCNTs were hardly degraded (the
degraded fraction was 6.6%). These results suggest that O-SWCNTs
were degraded by -OH generated by the Fenton reaction caused by
Fe(Il) and H,O, produced by the alternating anaerobic-aerobic
incubation of S. oneidensis MR-1.

3.3 Transformation of O-SWCNTSs during
degradation by S. oneidensis MR-1

The transformation of O-SWCNTs during degradation by the
bacteria-driven Fenton reaction using S. oneidensis MR-1 was also
examined by spectroscopic analyses. The G-band (graphite) peak at
1,591cm™ and the D-band (disordered) peak at ~1,350cm™ are
characteristic Raman bands of graphitic carbon materials, and the
intensity ratio of the G-band to the D-band (G/D) is an index of
structural disorder (Figure 6A; Miyata et al., 2011; Flores-Cervantes
etal, 2014; Zhang M. E et al,, 2019; Wang et al., 2020). Raman spectra
of O-SWCNTs after 90 d of incubation with S. oneidensis MR-1 showed
a decrease in G/D from the initial value, suggesting an increase in the
number of holes and defects on the surfaces of the O-SWCNTs. The
trend of Raman spectral change was consistent with previous reports on
bacterial biotransformation of CN'Ts (Chouhan et al., 2016; You et al.,
2017; Wang et al., 2020). XPS analysis was performed to further
investigate the changes in the chemical composition of O-SWCNTs. The
acquired Cls spectrum of the samples resolved into different
characteristic peaks (Figure 6B). The peak attributed to sp2 C-C
decreased from 57.4 to 44.5% during 90 d of the incubation cycle with
S. oneidensis MR-1, while the peak attributed to sp3 C-C increased from
6.8 to 16.7%. In addition, the oxygen functional groups (C-O and
0-C=0) increased from 35.8 to 38.7%. These results imply that the
graphitic structure in O-SWCNTs was oxidized, supporting the above
interpretation obtained from the Raman spectral change.
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FIGURE 5

Time courses of Fe(ll) (A), H,O, (B), and -OH (C) concentrations
during the cultivation of S. oneidensis MR-1 with 24-h incubation
cycles consisting of 21-h anaerobic and 3-h aerobic periods in the
presence of O-SWCNTs. Fe(lll) citrate was absent from the
incubation solution or catalase or mannitol was added to the
incubation solution. White and gray symbols in (A) indicate Fe(ll)
concentrations during the anaerobic period and aerobic period,
respectively. Error bars indicate standard error from three
independent incubations.

Morphological changes in O-SWCNTs were also confirmed by
TEM observation. Before incubation (0 d), O-SWCNTs aggregated
with entangled long fibers, and single O-SWCNT fibers were barely
visible in any of the fields of view (Figure 6C). In contrast, after 90 d
of the incubation cycle with S. oneidensis MR-1, most of the
O-SWCNT fibers were observed to be short and isolated, along with
fiber debris that appeared shredded (Figure 6D). The isolation of
O-SWCNTs was presumably due to the progress of oxidation, which
reduced van der Waals interactions between the nanotubes (Kim et al.,
2012), which is consistent with the results obtained by Raman
spectroscopy and XPS analysis.
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Raman spectra (A) and XPS spectra (B) of O-SWCNTs at 0 d (a) and 90 d (b) of incubation with S. oneidensis MR-1 in 24-h incubation cycles consisting
of 21-h anaerobic and 3-h aerobic periods. TEM images of O-SWCNTs at 0 d (C) and 90 d (D) of incubation with S. oneidensis MR-1 in 24-h incubation
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4 Discussion

This is the first report that quantitatively demonstrates continuous
bacterial degradation of CNTs for a long period of time over 90 d.
We succeeded in O-SWCNT degradation utilizing the Fenton reaction
driven by an alternating anaerobic-aerobic incubation cycle of
S. oneidensis MR-1. Table 1 summarizes methods and results in previous
papers about bacterial degradation of CNTs in comparison with those
in this study. In all of the previous studies (Zhang et al., 2013; Chouhan
etal,, 2016; You et al,, 2017; Wang et al.,, 2020, 2021), the degradation of
CNTs was evaluated at only one time point; thus, the degradation rates
or long-term stability and continuity of the degradation reaction could
not be discussed. In addition, in most of the previous studies, the
molecular mechanism underlying bacterial degradation of CNTs was
unclear. In the studies by Wang et al. (2020, 2021) using Labry sp. WJW,
CNT degradation was due to a bacteria-driven Fenton reaction, as in
our present study. However, in their studies, unlike our present study,
the Fenton reaction was induced by Fe(II) produced by the siderophore-
mediated reduction of Fe(III). They observed the degraded fraction only
after 20-d incubation of CN'Ts with the bacterium. Therefore, we do not
know whether CNT degradation by the siderophore-mediated Fenton
reaction can be maintained for a long period of time. The present study
showed that the bacteria-driven Fenton reaction can stop in the middle
of the process. Degradation of organic pollutants other than CNTs using
the Fenton reaction driven by Shewanella spp. has also been reported,
but the continuation of the Fenton reaction was only monitored for up
to 7 d (McKinzi and Dichristina, 1999; Sekar and DiChristina, 2014; Yan
etal., 2016; Peng et al., 2020; Yang et al., 2022). We found that to achieve
long-term continuous Fenton reaction driven by S. oneidensis MR-1, the
pH value of the culture medium must remain near neutral and Fe(III)
citrate must be replenished during long-term incubation. We need to
be careful not to raise the pH during incubation, which could result
from the metabolism of the electron donor lactate (Tang et al., 2006). In
addition, OH" produced by the oxidation of Fe(II) and Fe(III) in the
Fenton reaction may contribute to the pH increase (Brillas et al., 2009).
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It has been reported that alkaline conditions are unfavorable for
microbial reduction of Fe(IIl) in the anaerobic respiration of
S. oneidensis MR-1 (Wang et al., 2018; Zhu et al., 2022). Nevertheless,
microbially driven Fenton reactions have been carried out without pH
control in previous studies on the degradation of contaminants, with the
exception of one study (Yang et al., 2022). Even when the pH was
maintained near neutral, the Fe(II) production gradually decreased with
the generation of visible precipitation after 60 d of the incubation cycle
but recovered by the addition of Fe(III) citrate. This decrease in Fe(II)
production could be due to the gradual oxidation and precipitation of
iron into a form that was less available to S. oneidensis MR-1 for
anaerobic respiration. It is well known that bare Fe(III) begins to
precipitate above pH 3 in the form of oxyhydroxide, which is called iron
sludge (Zhang M. H. et al, 2019). Although chelation of iron with citrate
avoids iron sludge formation, its stability in bacterial culture for as long
as 60 d in the presence of -OH has never been reported. Therefore, some
of the iron may be released from the decomposed citrate during long-
term incubation. It was also important to determine the effect of
O-SWCNTs on the growth of S. oneidensis MR-1 because, unlike many
other contaminants, CN'Ts are known to possess antimicrobial activity
(Kangetal., 2008; Liu et al., 2009; Mocan et al., 2017). At concentrations
below 30 pg/mL, O-SWCNTs enhanced the growth of S. oneidensis
MR-1, whereas at concentrations above 40pg/mlL, they inhibited
growth. The reason why low concentrations of O-SWCNTs enhance
growth is unknown. However, it has been reported that CNTs can
enhance or inhibit bacterial growth depending on their concentration
and bacterial species (Rodrigues and Elimelech, 2010; Zhang et al.,
2015). By determining the conditions to maintain the bacteria-driven
Fenton reaction for a long period of time, we succeeded in degrading
O-SWCNTs continuously for 90 d and a final degraded fraction of
56.3%, which is the highest value obtained for bacterial degradation of
CNTs (Table 1). Based on these results, the time necessary for the
complete degradation of O-SWCNTs is approximately 150 d if their
degradation by the Fenton reaction driven by S. oneidensis MR-1
linearly continues (Supplementary Figure S2). However, as the
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TABLE 1 Reports on CNT degradation by bacteria.
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degradation of O-SWCNTSs progresses and their concentration becomes
much lower, the degradation might gradually slow down and take
longer to complete, as seen in our previous study (Takahashi et al., 2023).
The Fenton reaction should be among the most effective and
suitable methods for removing organic pollutants. Even recalcitrant
chemicals, including CNTs, can be degraded by the Fenton reaction (Li
et al., 2017; Brillas, 2022; Takahashi et al., 2023). However, the classical
Fenton reaction exhibits several drawbacks, such as continuity,
operability, safety, and risk of secondary pollution. Although the Fenton
reaction basically involves the oxidation of Fe(II) to Fe(III) by H,O,
along with -OH generation and the reduction of Fe(III) to Fe(II) by
H,0,, the rate of the latter reaction is 1/6000 of that of the former
reaction (Zhang M. H. et al., 2019). Therefore, Fe(IIT) accumulates
without effective cycling between Fe(II) and Fe(III) and begins to
precipitate above pH 3, causing secondary pollution by iron sludge. To
avoid this, acidic conditions of pH <3 must be used for the classical
Fenton reaction. In addition, a continuous supply of H,O,, which is
hazardous to handle, is necessary (Zhang M. H. et al., 2019; Brillas,
2022). In the Fenton reaction driven by S. oneidensis MR-1, anaerobic
respiration promotes the reduction of Fe(III) to Fe(II), and H,0, is self-
supplied by this bacterium. Although Fe(III) accumulation causing iron
sludge may be completely inevitable during a long-term reaction, shot
replenishment of Fe(III) citrate can prolong the Fenton reaction and
thereby O-SWCNT degradation. Therefore, this would lead to the
establishment of safe, low-cost, and effective treatment technology for
CNT waste and pollution in the future. The Fenton reaction driven by
Labrys sp. WJW reported by Wang should also contribute to the
development of another effective CNT treatment, but it requires iron-
deficient conditions under which siderophores function (Wang et al.,
2020). Furthermore, Shewanella spp. can produce Fe(Il) from
ferrihydrite and goethite, iron minerals that are widely present on the
earth’s surface (Peng et al., 2020). Given the ubiquity of Shewanella spp.
and iron in the environment, it is expected that the Fenton reaction can
be driven in a wide range of environments by Shewanella spp. and has
potential applications for continuous in situ bioremediation of CNTs.

5 Conclusion

We first successfully demonstrated long-term continuous
degradation of O-SWCNTs by a bacteria-driven Fenton reaction over
90 d using S. oneidensis MR-1 in alternating anaerobic-aerobic
incubation cycles. This long-term Fenton reaction was achieved by
maintaining a near neutral pH in the presence of O-SWCNTs at a
concentration that did not inhibit bacterial growth and by replenishing
Fe(III) citrate during the process (at 60 d). The final O-SWCNT
degraded fraction after 90 d of incubation was 56.3%, which is the
highest bacterial degradation of CNTs ever reported. S. oneidensis
MR-1 produces Fe(II) from Fe(III) citrate, a final electron acceptor for
anaerobic respiration during the anaerobic period, and -OH is
generated through the Fenton reaction by Fe(II) and H,O, produced
by MR-1 during the aerobic period. -OH is responsible for O-SWCNT
degradation, which is inhibited by scavengers of H,O, and -OH. Since
Shewanella spp. and iron are ubiquitous in the environment, a
bacteria-driven Fenton reaction can be used to degrade CNTs under
a wider range of conditions. In addition, the study contributes to
developing novel methods for waste treatment and environmental
bioremediation against CNTs.

frontiersin.org


https://doi.org/10.3389/fmicb.2023.1298323
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org

Takahashi and Hori

Data availability statement

The original contributions presented in the study are included in
the article/Supplementary material, further inquiries can be directed
to the corresponding author.

Author contributions

ST: Formal analysis, Investigation, Methodology, Writing —
original draft. KH: Conceptualization, Writing - review & editing.

Funding

The author(s) declare financial support was received for the research,
authorship, and/or publication of this article. Financial support was
received from Zeon Nanotechnology Co. Ltd. for this research. The
funder was not involved in the study design, collection, analysis,
interpretation of data, the writing of this article or the decision to submit
it for publication.

Acknowledgments

We thank Zeon Nanotechnology Co. Ltd. for providing the
O-SWCNT sample. We also thank Kanie of Friend Microbe Inc.

References

Allen, B. L., Kichambare, P. D., Gou, P, Vlasova, I. I, Kapralov, A. A., Konduru, N,
et al. (2008). Biodegradation of single-walled carbon nanotubes through enzymatic
catalysis. Nano Lett. 8, 3899-3903. doi: 10.1021/nl1802315h

Allen, B. L., Kotchey, G. P,, Chen, Y. N., Yanamala, N. V. K., Klein-Seetharaman, J.,
Kagan, V. E,, et al. (2009). Mechanistic investigations of horseradish peroxidase-
catalyzed degradation of single-walled carbon nanotubes. J. Am. Chem. Soc. 131,
17194-17205. doi: 10.1021/ja9083623

Al Moustafa, A. E., Mfoumou, E., Roman, D. E,, Nerguizian, V., Alazzam, A.,
Stiharuy, L, et al. (2016). Impact of single-walled carbon nanotubes on the embryo: a brief
review. Int. J. Nanomedicine 11, 349-355. doi: 10.2147/Ijn.S96361

Andon, E T,, Kapralov, A. A., Yanamala, N., Feng, W. H., Baygan, A., Chambers, B. J.,
et al. (2013). Biodegradation of single-walled carbon nanotubes by eosinophil
peroxidase. Small 9, 2721-2729. doi: 10.1002/sml1.201202508

Begum, P, and Fugetsu, B. (2012). Phytotoxicity of multi-walled carbon nanotubes on
red spinach (Amaranthus tricolor L) and the role of ascorbic acid as an antioxidant. J.
Hazard. Mater. 243, 212-222. doi: 10.1016/j.jhazmat.2012.10.025

Bhattacharya, K., El-Sayed, R., Andon, E T., Mukherjee, S. P, Gregory, J., Li, H., et al.
(2015). Lactoperoxidase-mediated degradation of single-walled carbon nanotubes in
the presence of pulmonary surfactant. Carbon 91, 506-517. doi: 10.1016/j.
carbon.2015.05.022

Brillas, E. (2022). Fenton, photo-Fenton, electro-Fenton, and their combined
treatments for the removal of insecticides from waters and soils. A review. Sep. Purif.
Technol. 284:120290. doi: 10.1016/j.seppur.2021.120290

Brillas, E., Sires, I., and Oturan, M. A. (2009). Electro-Fenton process and related
electrochemical technologies based on Fenton's reaction chemistry. Chem. Rev. 109,
6570-6631. doi: 10.1021/cr900136g

Byrne, C., Subramanian, G., and Pillai, S. C. (2018). Recent advances in photocatalysis
for environmental applications. J. Environ. Chem. Eng. 6, 3531-3555. doi: 10.1016/j.
jece.2017.07.080

Chandrasekaran, G., Choi, S. K., Lee, Y. C., Kim, G. J., and Shin, H. J. (2014). Oxidative
biodegradation of single-walled carbon nanotubes by partially purified lignin peroxidase
from Sparassis latifolia mushroom. J. Ind. Eng. Chem. 20, 3367-3374. doi: 10.1016/j.
jiec.2013.12.022

Chen, M., Qin, X. S, and Zeng, G. M. (2017). Biodiversity change behind wide
applications of nanomaterials? Nano Today 17, 11-13. doi: 10.1016/j.nantod.2017.09.001

Frontiers in Microbiology

10.3389/fmicb.2023.1298323

(Japan) for the helpful discussion about this study. The preprint of the
paper has been submitted to ChemRxiv (https://doi.org/10.26434/
chemrxiv-2023-rcjv5-v2).

Conflict of interest

The authors declare that this study was carried out in the absence
of any commercial or financial relationships that could be construed
as a potential conflict of interest.

Publisher’'s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Supplementary material

The Supplementary material for this article can be found online
at: https://www.frontiersin.org/articles/10.3389/fmicb.2023.1298323/
full#supplementary-material

Chen, M., Zhou, S., Zhu, Y., Sun, Y. Z,, Zeng, G. M., Yang, C. P, et al. (2018). Toxicity
of carbon nanomaterials to plants, animals and microbes: recent progress from
2015-present. Chemosphere 206, 255-264. doi: 10.1016/j.chemosphere.2018.05.020

Chouhan, R. S., Qureshi, A., Yagci, B., Gulgun, M. A., Ozguz, V., and Niazi, J. H.
(2016). Biotransformation of multi-walled carbon nanotubes mediated by nanomaterial
resistant soil bacteria. Chem. Eng. J. 298, 1-9. doi: 10.1016/j.cej.2016.04.019

Dichristina, T. J. (1992). Effects of nitrate and nitrite on dissimilatory iron reduction
by Shewanella putrefaciens 200. Abstr. Pap. Am. Chem. Soc. 174:1891. doi: 10.1128/
jb.174.6.1891-1896.1992

Donaldson, K., Poland, C. A., Murphy, E A., MacFarlane, M., Chernova, T., and
Schinwald, A. (2013). Pulmonary toxicity of carbon nanotubes and asbestos - similarities
and differences. Adv. Drug Deliv. Rev. 65, 2078-2086. doi: 10.1016/j.addr.2013.07.014

Dresselhaus, M. S., Dresselhaus, G., Charlier, . C., and Hernandez, E. (2004).
Electronic, thermal and mechanical properties of carbon nanotubes. Philosophical
Trans. R. Soc. a-Mathematical Phys. Eng. Sci. 362, 2065-2098. doi: 10.1098/rsta.2004.1430

Flores-Cervantes, D. X., Maes, H. M., Schaffer, A., Hollender, J., and Kohler, H. P. E.
(2014). Slow biotransformation of carbon nanotubes by horseradish peroxidase.
Environ. Sci. Technol. 48, 4826-4834. doi: 10.1021/es4053279

Fujita, K., Fukuda, M., Endoh, S., Maru, J., Kato, H., Nakamura, A., et al. (2016).
Pulmonary and pleural inflammation after intratracheal instillation of short single-
walled and multi-walled carbon nanotubes. Toxicol. Lett. 257, 23-37. doi: 10.1016/j.
toxlet.2016.05.025

Hatami, M. (2017). Toxicity assessment of multi-walled carbon nanotubes on
Cucurbita pepo L. under well-watered and water-stressed conditions. Ecotoxicol. Environ.
Saf. 142, 274-283. doi: 10.1016/j.ecoenv.2017.04.018

Hessler, C. M., Wu, M. Y., Xue, Z., Choi, H., and Seo, Y. (2012). The influence of
capsular extracellular polymeric substances on the interaction between TiO,
nanoparticles and planktonic bacteria. Water Res. 46, 4687-4696. doi: 10.1016/j.
watres.2012.06.009

Hu, X,, Bao, X,, Zhang, M., Fang, S., Liu, K., Wang, J., et al. (2023). Recent advances
in carbon nanotube-based energy harvesting technologies. Adv. Mater. 2023:¢2303035.
doi: 10.1002/adma.202303035

Kagan, V. E., Konduru, N. V,, Feng, W. H., Allen, B. L., Conroy, J., Volkov, Y., et al.
(2010). Carbon nanotubes degraded by neutrophil myeloperoxidase induce less
pulmonary inflammation. Nat. Nanotechnol. 5, 354-359. doi: 10.1038/Nnano.2010.44

frontiersin.org


https://doi.org/10.3389/fmicb.2023.1298323
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org
https://doi.org/10.26434/chemrxiv-2023-rcjv5-v2
https://doi.org/10.26434/chemrxiv-2023-rcjv5-v2
https://www.frontiersin.org/articles/10.3389/fmicb.2023.1298323/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fmicb.2023.1298323/full#supplementary-material
https://doi.org/10.1021/nl802315h
https://doi.org/10.1021/ja9083623
https://doi.org/10.2147/Ijn.S96361
https://doi.org/10.1002/smll.201202508
https://doi.org/10.1016/j.jhazmat.2012.10.025
https://doi.org/10.1016/j.carbon.2015.05.022
https://doi.org/10.1016/j.carbon.2015.05.022
https://doi.org/10.1016/j.seppur.2021.120290
https://doi.org/10.1021/cr900136g
https://doi.org/10.1016/j.jece.2017.07.080
https://doi.org/10.1016/j.jece.2017.07.080
https://doi.org/10.1016/j.jiec.2013.12.022
https://doi.org/10.1016/j.jiec.2013.12.022
https://doi.org/10.1016/j.nantod.2017.09.001
https://doi.org/10.1016/j.chemosphere.2018.05.020
https://doi.org/10.1016/j.cej.2016.04.019
https://doi.org/10.1128/jb.174.6.1891-1896.1992
https://doi.org/10.1128/jb.174.6.1891-1896.1992
https://doi.org/10.1016/j.addr.2013.07.014
https://doi.org/10.1098/rsta.2004.1430
https://doi.org/10.1021/es4053279
https://doi.org/10.1016/j.toxlet.2016.05.025
https://doi.org/10.1016/j.toxlet.2016.05.025
https://doi.org/10.1016/j.ecoenv.2017.04.018
https://doi.org/10.1016/j.watres.2012.06.009
https://doi.org/10.1016/j.watres.2012.06.009
https://doi.org/10.1002/adma.202303035
https://doi.org/10.1038/Nnano.2010.44

Takahashi and Hori

Kang, S., Herzberg, M., Rodrigues, D. E, and Elimelech, M. (2008). Antibacterial
effects of carbon nanotubes: size does matter! Langmuir 24, 6409-6413. doi: 10.1021/
1a800951v

Katsoyiannis, I. A., Ruettimann, T., and Hug, S. J. (2008). pH dependence of Fenton
reagent generation and as(III) oxidation and removal by corrosion of zero valent iron
in aerated water. Environ. Sci. Technol. 42, 7424-7430. doi: 10.1021/es800649p

Kim, S. W, Kim, T., Kim, Y. S., Choi, H. S., Lim, H. J., Yang, S. ], et al. (2012). Surface
modifications for the effective dispersion of carbon nanotubes in solvents and polymers.
Carbon 50, 3-33. doi: 10.1016/j.carbon.2011.08.011

Kong, L., Yan, G., Huang, X., Wu, Y., Che, X,, Liu, J., et al. (2023). Sequential exposures
of single walled carbon nanotubes and heavy metal ions to macrophages induce different
cytotoxicity. Sci. Total Environ. 864:161059. doi: 10.1016/j.scitotenv.2022.161059

Li, T,, Zhang, C. Z., Fan, X. X, Li, Y., and Song, M. X. (2017). Degradation of oxidized
multi-walled carbon nanotubes in water via photo-Fenton method and its degradation
mechanism. Chem. Eng. J. 323, 37-46. doi: 10.1016/j.cej.2017.04.081

Liu, S. B., Wei, L., Hao, L., Fang, N., Chang, M. W, Xu, R,, et al. (2009). Sharper and
faster "nano darts" kill more bacteria: a study of antibacterial activity of individually
dispersed pristine single-walled carbon nanotube. ACS Nano 3, 3891-3902. doi: 10.1021/
nn901252r

McKinzi, A. M., and Dichristina, T. J. (1999). Microbially driven Fenton reaction for
transformation of pentachlorophenol. Environ. Sci. Technol. 33, 1886-1891. doi:
10.1021/€s980810z

Mendonca, M. C. P, Rizoli, C., Avila, D. S., Amorim, M. J. B,, and de Jesus, M. B.
(2017). Nanomaterials in the environment: perspectives on in vivo terrestrial toxicity
testing. Front. Environ. Sci. 5:71. doi: 10.3389/fenvs.2017.00071

Miyata, Y., Mizuno, K., and Kataura, H. (2011). Purity and defect characterization of
single-wall carbon nanotubes using Raman spectroscopy. J. Nanomater. 2011, 1-7. doi:
10.1155/2011/786763

Mocan, T., Matea, C. T., Pop, T., Mosteanu, O., Buzoianu, A. D., Suciu, S., et al. (2017).
Carbon nanotubes as anti-bacterial agents. Cell. Mol. Life Sci. 74, 3467-3479. doi:
10.1007/s00018-017-2532-y

Peng, Z. E, Shi, M. M., Xia, K. M., Dong, Y. R., and Shi, L. (2020). Degradation of 2,
2', 4, 4 -Tetrabrominated diphenyl ether (BDE-47) via the Fenton reaction driven by
the dissimilatory metal-reducing bacterium Shewanella oneidensis MR-1. Environ.
Pollut. 266:115413. doi: 10.1016/j.envpol.2020.115413

Poland, C. A., Duffin, R, Kinloch, I, Maynard, A., Wallace, W. A. H., Seaton, A., et al.
(2008). Carbon nanotubes introduced into the abdominal cavity of mice show asbestos-
like pathogenicity in a pilot study. Nat. Nanotechnol. 3, 423-428. doi: 10.1038/
nnano.2008.111

Qin, Y. X,, Song, E. H., Ai, Z. H.,, Zhang, P. P,, and Zhang, L. Z. (2015). Protocatechuic
acid promoted alachlor degradation in Fe(III)/H,O, Fenton system. Environ. Sci.
Technol. 49, 7948-7956. doi: 10.1021/es506110w

Rodrigues, D. E, and Elimelech, M. (2010). Toxic effects of single-walled carbon
nanotubes in the development of E. coli biofilm. Environ. Sci. Technol. 44, 4583-4589.
doi: 10.1021/es1005785

Roman, D., Yasmeen, A., Mireuta, M., Stiharu, L., and Al Moustafa, A. E. (2013).
Significant toxic role for single-walled carbon nanotubes during normal embryogenesis.
Nanomedicine 9, 945-950. doi: 10.1016/j.nano.2013.03.010

Sekar, R., and DiChristina, T. J. (2014). Microbially driven Fenton reaction for
degradation of the widespread environmental contaminant 1,4-dioxane. Environ. Sci.
Technol. 48, 12858-12867. doi: 10.1021/es503454a

Shi, M. M., Xia, K. M,, Peng, Z. E, Jiang, Y. G., Dong, Y. R,, and Shi, L. (2021).
Differential degradation of BDE-3 and BDE-209 by the Shewanella oneidensis MR-1-
mediated Fenton reaction. Int. Biodeterior. Biodegrad. 158:105165. doi: 10.1016/j.
ibiod.2020.105165

Frontiers in Microbiology

10

10.3389/fmicb.2023.1298323

Takahashi, S., Taguchi, E,, and Hori, K. (2023). Contribution of the Fenton reaction to
the degradation of carbon nanotubes by enzymes. Front. Environ. Sci. 11:1184257. doi:
10.3389/fenvs.2023.1184257

Tang, Y.]. ], Laidlaw, D., Gani, K., and Keasling, J. D. (2006). Evaluation of the effects
of various culture conditions on Cr(VI) reduction by Shewanella oneidensis MR-1 in a
novel high-throughput mini-bioreactor. Biotechnol. Bioeng. 95, 176-184. doi: 10.1002/
bit.21002

Valderrama, B., Ayala, M., and Vazquez-Dubhalt, R. (2002). Suicide inactivation of
peroxidases and the challenge of engineering more robust enzymes. Chem. Biol. 9,
555-565. doi: 10.1016/S1074-5521(02)00149-7

Wang, J. W,, Ma, Q,, Zhang, Z.],, Li, S. Z., Diko, C. S., Dai, C. X,, et al. (2020). Bacteria
mediated Fenton-like reaction drives the biotransformation of carbon nanomaterials.
Sci. Total Environ. 746:141020. doi: 10.1016/j.scitotenv.2020.141020

Wang, J. W, Shan, S., Ma, Q., Zhang, Z.J., Dong, H. S., Li, S. Z., et al. (2021). Fenton-
like reaction driving the degradation and uptake of multi-walled carbon nanotubes
mediated by  bacterium.  Chemosphere ~ 275:129888.  doi:  10.1016/.
chemosphere.2021.129888

Wang, X. N, Sun, G. X,, Li, X. M., Clarke, T. A., and Zhu, Y. G. (2018). Electron
shuttle-mediated microbial Fe(III) reduction under alkaline conditions. J. Soils
Sediments 18, 159-168. doi: 10.1007/s11368-017-1736-y

Yadav, T., Mungray, A. A., and Mungray, A. K. (2016). Effect of multiwalled carbon
nanotubes on UASB microbial consortium. Environ. Sci. Pollut. Res. 23, 4063-4072. doi:
10.1007/s11356-015-4385-y

Yang, M., Zhang, M. E, Nakajima, H., Yudasaka, M., Iijima, S., and Okazaki, T. (2019).
Time-dependent degradation of carbon nanotubes correlates with decreased reactive
oxygen species generation in macrophages. Int. J. Nanomedicine 14, 2797-2807. doi:
10.2147/Ijn.5199187

Yang, Y. T,, Chen, J., Chen, Z., Yu, Z., Xue, J. C., Luan, T. G., et al. (2022). Mechanisms
of polystyrene microplastic degradation by the microbially driven Fenton reaction.
Water Res. 223:118979. doi: 10.1016/j.watres.2022.118979

Yan, W, Zhang, J. E, and Jing, C. Y. (2016). Enrofloxacin transformation on Shewanella
oneidensis MR-1 reduced goethite during anaerobic-aerobic transition. Environ. Sci.
Technol. 50, 11034-11040. doi: 10.1021/acs.est.6b03054

You, Y., Das, K. K., Guo, H., Chang, C. W,, Navas-Moreno, M., Chan, J. W, et al.
(2017). Microbial transformation of multiwalled carbon nanotubes by Mycobacterium
vanbaalenii PYR-1. Environ. Sci. Technol. 51, 2068-2076. doi: 10.1021/acs.est.6b04523

Zhang, C., Chen, W, and Alvarez, P. J. J. (2014). Manganese peroxidase degrades
pristine but not surface-oxidized (carboxylated) single-walled carbon nanotubes.
Environ. Sci. Technol. 48, 7918-7923. doi: 10.1021/es5011175

Zhang, C. D,, Li, M. Z., Xu, X., and Liu, N. (2015). Effects of carbon nanotubes on
atrazine biodegradation by Arthrobacter sp. J. Hazard. Mater. 287, 1-6. doi: 10.1016/j.
jhazmat.2015.01.039

Zhang, L. W, Petersen, E. J., Habteselassie, M. Y., Mao, L., and Huang, Q. G. (2013).
Degradation of multiwall carbon nanotubes by bacteria. Environ. Pollut. 181, 335-339.
doi: 10.1016/j.envpol.2013.05.058

Zhang, M. E, Deng, Y. M., Yang, M., Nakajima, H., Yudasaka, M., Iijima, S., et al.
(2019). A simple method for removal of carbon nanotubes from wastewater using
hypochlorite. Sci. Rep. 9:1284. doi: 10.1038/s41598-018-38307-7

Zhang, M. H., Dong, H., Zhao, L., Wang, D. X, and Meng, D. (2019). A review on
Fenton process for organic wastewater treatment based on optimization perspective. Sci.
Total Environ. 670, 110-121. doi: 10.1016/j.scitotenv.2019.03.180

Zhu, F, Huang, Y. H., Ni, H. Y, Tang, J., Zhu, Q,, Long, Z. E,, et al. (2022). Biogenic
iron sulfide functioning as electron-mediating interface to accelerate dissimilatory
ferrihydrite reduction by Shewanella oneidensis MR-1. Chemosphere 288:132661. doi:
10.1016/j.chemosphere.2021.132661

frontiersin.org


https://doi.org/10.3389/fmicb.2023.1298323
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org
https://doi.org/10.1021/la800951v
https://doi.org/10.1021/la800951v
https://doi.org/10.1021/es800649p
https://doi.org/10.1016/j.carbon.2011.08.011
https://doi.org/10.1016/j.scitotenv.2022.161059
https://doi.org/10.1016/j.cej.2017.04.081
https://doi.org/10.1021/nn901252r
https://doi.org/10.1021/nn901252r
https://doi.org/10.1021/es980810z
https://doi.org/10.3389/fenvs.2017.00071
https://doi.org/10.1155/2011/786763
https://doi.org/10.1007/s00018-017-2532-y
https://doi.org/10.1016/j.envpol.2020.115413
https://doi.org/10.1038/nnano.2008.111
https://doi.org/10.1038/nnano.2008.111
https://doi.org/10.1021/es506110w
https://doi.org/10.1021/es1005785
https://doi.org/10.1016/j.nano.2013.03.010
https://doi.org/10.1021/es503454a
https://doi.org/10.1016/j.ibiod.2020.105165
https://doi.org/10.1016/j.ibiod.2020.105165
https://doi.org/10.3389/fenvs.2023.1184257
https://doi.org/10.1002/bit.21002
https://doi.org/10.1002/bit.21002
https://doi.org/10.1016/S1074-5521(02)00149-7
https://doi.org/10.1016/j.scitotenv.2020.141020
https://doi.org/10.1016/.chemosphere.2021.129888
https://doi.org/10.1016/.chemosphere.2021.129888
https://doi.org/10.1007/s11368-017-1736-y
https://doi.org/10.1007/s11356-015-4385-y
https://doi.org/10.2147/Ijn.S199187
https://doi.org/10.1016/j.watres.2022.118979
https://doi.org/10.1021/acs.est.6b03054
https://doi.org/10.1021/acs.est.6b04523
https://doi.org/10.1021/es5011175
https://doi.org/10.1016/j.jhazmat.2015.01.039
https://doi.org/10.1016/j.jhazmat.2015.01.039
https://doi.org/10.1016/j.envpol.2013.05.058
https://doi.org/10.1038/s41598-018-38307-7
https://doi.org/10.1016/j.scitotenv.2019.03.180
https://doi.org/10.1016/j.chemosphere.2021.132661

	Long-term continuous degradation of carbon nanotubes by a bacteria-driven Fenton reaction
	1 Introduction
	2 Materials and methods
	2.1 Culture medium and chemical reagents
	2.2 Evaluation of the effect of O-SWCNTs on S. oneidensis MR-1 growth
	2.3 Degradation of O-SWCNTs by S. oneidensis MR-1
	2.4 Quantification and characterization of O-SWCNTs during and after incubation

	3 Results
	3.1 Incubation conditions for the continuous Fenton reaction by S. oneidensis MR-1 in the presence of O-SWCNTs
	3.2 Degradation of O-SWCNTs by anaerobic-aerobic incubation with S. oneidensis MR-1
	3.3 Transformation of O-SWCNTs during degradation by S. oneidensis MR-1

	4 Discussion
	5 Conclusion
	Data availability statement
	Author contributions

	References

