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HIGHLIGHTS GRAPHICAL ABSTRACT

e Fe304 and MnO, particles showed five
times increase in chloramphenicol
removal rate.

e Transcriptomic showed an increase of
NADH-quinone oxidoreductase in two
treatments.

eFe;0, and MnO, nanoparticles
increased electron transfer efficiency.

e The primary enzymes for chloramphen-
icol reduction were different in three
treatments.

ARTICLE INFO ABSTRACT

Handling editor: Chin Cheng. The wide use of chloramphenicol and its residues in the environments are an increasing threat to human beings.
Electroactive microorganisms were proven with the ability of biodegradation of chloramphenicol, but the
removal rate and efficiency need to be improved. In this study, a model electricigens, Geobacter metallireducens,
was supplied with and Fe304 and MnO, nanoparticles. Five times higher chloramphenicol removal rate (0.71

Kem ‘?rd.s" d™1) and two times higher chloramphenicol removal efficiency (100%) was achieved. Fe304 and MnO, nano-
ﬁzzs;:‘;des particles highly increased the current density and NADH-quinone oxidoreductase expression. Fe3O4 nano-
Dechlorination particles enhanced the expression of alcohol dehydrogenase and c-type cytochrome, while MnOy nanoparticles
MnO, increased the transcription of pyruvate dehydrogenase and Type IV pili assembly genes. Chloramphenicol was
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Fe304 reduced to a type of dichlorination reducing product named CPD3 which is a benzene ring containing compound.

Electron transfer

Collectively, Fes04 and MnOy nanoparticles increased the chloramphenicol removal capacity in MFCs by

enhancing electron transfer efficiency. This study provides new enhancing strategies for the bioremediation of
chloramphenicol in the environments.

1. Introduction

Antibiotics are widely used to control infectious diseases in humans
and animals. However, their residues are becoming an inevitable threat
to human health. Chloramphenicol is the most used chlorinated nitro-
aromatic antibiotic and frequently be detected in many environments
(Herraiz-Carboné et al., 2020; Xiao et al., 2021a). Even antibiotics can
be removed by many physicochemical methods such as adsorption,
advanced oxidation, and nanoparticles treatment (Herraiz-Carboné
et al., 2020; Hu et al., 2020; Song et al., 2021; Yang et al., 2020b). The
need for safe, effective, sustainable, and eco-friendly biodegradation
methods is continuously increasing (Li et al., 2022).

Bioremediation technology based on microbial fuel cells (MFCs) was
developed for organic compounds removal with the involvement of
electroactive bacteria (EAB) (Wang et al., 2020). The Geobacter spp. is
the most well-studied EAB family, and many bioremediation systems
were established with them, such as the removal of monoaromatic hy-
drocarbons, chloramphenicol, tetracycline, hydrochloride, and poly-
chlorinated biphenyls (Lu et al., 2021; Xiao et al., 2021b; Yang et al.,
2020a, b, c). Geobacter spp is one of the most important electroactive
bacteria which play a critical role in complex MFC systems. Geobacter
metallireducens is a reprensentivte species of which the genome is fully
sequenced. Geobacter metallireducens as one of the well-studied Geobacter
was used for pollution removal, such as benzene (Zhang et al., 2013) and
phenol (Sun et al., 2020). Our previous study reported the feasibility of
using Geobacter species to degrade chloramphenicol (Xu et al., 2019;
Xiao et al., 2021b). Therefore, we use Geobacter metallireducens as the
model system in this study.

MEFCs could remove antibiotics and produce electricity synchro-
nously. Diverse factors affect the performance of MFCs, such as influent
antibiotic concentration, hydraulic retention time (HRT), circuit oper-
ation mode (Zhang et al., 2018; Li et al., 2018, 2020). Long HRT showed
better MFC performance (Wen et al., 2020; Song et al., 2018).
MFCs-based bioremediation technology suffered from low removal rates
and efficiency due to the toxic effects of antibiotics on functional mi-
crobes. Conductive materials could improve the biodegradation capac-
ity by enhancing microbial electron transfer efficiency among different
species (Tang et al., 2020; Xiao et al., 2019a, 2020a) or within pure
cultures (Sun et al., 2020; Liu et al., 2021). Our recent research proposed
a synergic treatment of G. sulfurreducens with electric fields to enhance
the removal efficiency of chloramphenicol (Xiao et al., 2021b). How-
ever, achieving beneficial industrial efficiency was the main challenge
for the bioremediation of antibiotics, and the microbial mechanism is
still unclear.

Nanoparticles with special electrochemical properties could affect
the performance of MFCs by improving the electron transfer efficiency
or simply serving as electron acceptors (Xiao et al., 2019b, 2020Db,
2020b; Tang et al., 2020; Li et al., 2019; Tuntoolavest and Burgos,
2005). Fe3O4 and MnO; nanoparticles were feasible materials to
enhance MFCs activity, for example, to stimulate methane production or
nitrification activity (Liu et al., 2020; Thatikayala et al., 2021; Xiao
et al., 2018), but potential effects on chloramphenicol removal are un-
clear. This study aims to investigate the effect of Fe304 and MnO,
nanoparticles on the removal of chloramphenicol by G. metallireducens
and unveil the underlying mechanism. The removal dynamics were
evaluated and the electrochemical behavior of G. metallireducens with
Fe304 and MnO; nanoparticles was characterized by cyclic voltammetry
(CV) and differential pulse voltammetry (DPV). The differential gene
expression of G. metallireducens respond to Fe3O4 and MnO,

nanoparticles was revealed by transcriptomic analysis. These findings
will promote the application of EAB for chloramphenicol removal.

2. Materials and methods
2.1. Preparation and characterization of metal oxide nanoparticles

FeCl3-6H30 (99%), sodium acetate (99%), ethylene glycol (EG,
98%), and polyethylene glycol (average molecular weight 2000) were
purchased from Shanghai Macklin Biochemical Co., Ltd. MnO; nano-
particles were purchased from Beijing Deke Daojin Science and Tech-
nology Co., Ltd. Deionized water was prepared with a Milli-Q water
purification system (LCT-I-10/20T). All reagents were analytical grade
and used as received without further purification.

The Fe304 nanoparticles were prepared by a solvothermal method
(Deng et al., 2005). In a typical synthesis, 5.06 g FeCl3-6H20 was dis-
solved in 150 mL ethylene glycol under vigorous stirring at room tem-
perature. Afterwards, 13.5 g sodium acetate and 3.75 g polyethylene
glycol were added into the above solution, respectively. The mixture
was stirred vigorously for 1 h and then sealed in an autoclave and
maintained at 200 °C for 10 h. Subsequently, the as-synthesized Fe304
nanoparticles were collected via centrifugation and washed repeatedly
with alcohol for three times, and dried at 60 °C overnight.

X-ray diffraction (XRD) patterns were recorded on a Bruker D8
ADVANCE X-ray diffractometer with Cu Ka radiation (. = 1.5418 A) by
depositing the product on a glass slide. The morphologies of the products
were characterized by transmission electron microscopy (TEM, JEOL
JEM-2100) employing an accelerating voltage of 200 kV. The samples
for TEM observations were prepared by putting the products on a thin
carbon film coated copper grids. Scanning electron microscope (SEM)
and energy-dispersive X-ray (EDX) elemental mapping were carried out
on ZEISS MERLIN Compact.

2.2. Bacterial strains and growth conditions

The cultivation of G. metallireducens GS-15 (ATCC 53774/DSM 7210)
was previously described in Xu et al. (2019). In brief, fresh inoculations
of the strain in freshwater-acetate medium (DR and EJ, 1988) with 30
mM acetate and 20 mM nitrate were kept anaerobically at 30 °C in the
dark for more than four days to reach a stationary phase.

2.3. Degradation of chloramphenicol by G. metallireducens

Cultures at the stationary phase were supplied with 40 mg/L chlor-
amphenicol in 100 mL serum bottles with a working volume of 40 mL.
Three experiment conditions were set: G. metallireducens culture (con-
trol), G. metallireducens culture supplied with Fe3O4 nanoparticles at a
concentration of 0.35 g Fe per liter, and G. metallireducens culture sup-
plied with MnO, nanoparticles at a concentration of 0.35 g Mn per liter.
During the chloramphenicol removal experiments, samples were with-
drawn in an anaerobic glovebox sparged with Ny:Hjy (95:5) (v:v) mixed
gas. All the experiments were conducted in triplicates.

2.4. Characterization of G. metallireducens by electrochemical methods

The methods of CV and DPV in a conventional three-electrode
electrochemical cell (CHI660 electrochemical workstation, Chenhua,
China) were performed to assess the electrochemical activity of
G. metallireducens for chloramphenicol reduction. The working electrode
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was a glassy carbon electrode (® = 3 mm), the counter electrode was a
Pt sheet electrode, and the reference electrode was an Ag/AgCl elec-
trode. Prior to the experiment, the glassy carbon electrode was polished
with 0.3 and 0.05 pm alumina slurries for 3 min, rinsed with ultrapure
water for 3min, sonicated in ultrapure water and ethanol for 3 min, and
dried under an infrared lamp environment. CV measurement was con-
ducted in the phosphate buffered solution containing 40 mg/L chlor-
amphenicol and G. metallireducens (ODs4o = 0.2) with or without FegO4/
MnO; nanoparticles at a scanning rate of 5 mV between —1 Vand 1 V.
DPV measurement was performed at a scanning rate of 5 mV/s between
—1Vand1lV.

2.5. Analytical methods

The concentration of chloramphenicol was determined using high-
performance liquid chromatography (HPLC, 1260 Infinity, Agilent,
USA) with a PDA detector. Samples were taken every 24 h and filtered
over 0.22 pm filters prior to HPLC analysis. The separation was per-
formed using a C18 column. The flow rate of the mobile phase (meth-
anol: water, 65:35, v/v) was 1 mL/min, and the detection wavelength
was 275 nm.

The reduction products were extracted from the medium by solid-
phase extraction using Waters HLB Oasis® SPE cartridges and then
identified by liquid chromatography-mass spectrometry (LC-MS, LCQ
Fleet ion trap mass spectrometer, Thermo Fisher, USA), which was
equipped with an electrospray ionization source and operated in posi-
tive/negative polarity mode. The column and detection conditions were
the same as mentioned above.
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2.6. Transcriptomic analysis

The samples of G. metallireducens at day two were collected for
transcriptomic analysis. Total RNA was extracted using the RNeasy Mini
Kit (Qiagen, Germany) following the manufacturer’s manual. The
quality and quantity were determined using an Agilent 2100 Bio-
analyzer (Agilent Technologies, Palo Alto, USA). 1 ug of high-quality
RNA of each sample was subjected to library construction following
the instruction of the NEBNext® Ultra™ RNA Library Prep Kit for Illu-
mina (NEB, USA). The libraries were sequenced on an Illumina HiSeq
platform producing paired-end reads results.

The raw reads were quality filtered by Trimmomatic (v0.40) and
aligned to the reference genome obtained from NCBI
(GCF_000012925.1) by HISAT2 (Kim et al., 2019). Then the quantifi-
cation of the transcripts was calculated by StringTie (v2.1.3). The sta-
tistical analysis was performed with R (v4.0.3). The KEGG pathway
enrichment analysis was conducted using the clusterProfiler (v4.0.0) R
package.

3. Results and discussion
3.1. Characterization of high purity FesO4 and MnO2 nanoparticles

The XRD patterns were carried out to reveal the crystallographic
structure of the as-prepared Fe3O4 and MnO, nanoparticles. The pat-
terns can be easily indexed to Fe3O4 (JCPDS no.19-0629) and MnO
(JCPDS no.24-0735) (Fig. 1a). Meanwhile, no impurity was detected
from the XRD spectrum, indicating that the FesO4 and MnO; nano-
particles could be obtained by the current synthetic system with high
purity. Subsequently, the size, morphology, and elemental-mapping of
Fe304 and MnO3 nanoparticles were investigated by TEM and SEM. As
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Fig. 1. Characterization of Fe304 and MnO; nano-
particles. (a) XRD patterns of the Fe304 (black) and
MnO, (red) nanoparticles. (b—c) Low- and high-
magnification SEM images of the Fe3O4 nano-
particles. (d-e) Low- and high-magnification SEM
images of the MnO, nanoparticles. (f-g) TEM and
HRTEM images of the Fe304 nanoparticles. (h-i) TEM
and HRTEM images of the MnO, nanoparticles. (For
interpretation of the references to color in this figure
legend, the reader is referred to the Web version of
this article.)
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shown in Fig. 1b—i, the as-synthesized Fe3O4 nanoparticles were with the
size between 50 and 100 nm, while the major product of MnO3 nano-
particles was large agglomerates composed of random-shaped nano-
particles range from 50 to 200 nm. The size and shape of the materials
we obtained were similar to previous studies (Song et al., 2019; Thati-
kayala et al., 2021; Xing et al., 2020), indicating a good quality.
Furthermore, HRTEM images in Fig. le and i demonstrated that the
adjacent lattice fringes of 0.48 nm were well indexed to the lattice
spacing of (111) plane of Fe3O4. The adjacent lattice fringes measured
from the MnO, nanoparticles were 0.24 nm, which corresponded to the
lattice spacing of (101) planes of MnO,. To further investigate the
elemental distribution of Fe and Mn in the as-prepared Fe304 and MnO»
nanoparticles, elemental mappings were collected and shown in
Figure S1. It can be clearly observed that Fe and Mn elements were
evenly distributed throughout the entire samples.

3.2. Fe304 and MnO;z nanoparticles enhanced chloramphenicol removal

We tested the chloramphenicol removal dynamics of
G. metallireducens supplied with Fe304 and MnO, nanoparticles (Fig. 2).
Both highly increased chloramphenicol removal efficiency, where
chloramphenicol was eliminated entirely. By comparison,
G. metallireducens pure culture reduced only half of the original chlor-
amphenicol. Guo et al. (2020) tested the effect of Fe304 nanoparticles on
the concentration of chloramphenicol and found that less than 10% was
absorbed by Fe304. Moreover, the results of Deng et al. (2017) showed
that less than 7% of ciprofloxacin was absorbed by MnO, nanoparticles.
Considering that the removal efficiency was 100% in this study, the
absorption of Fe3O4 and MnO; nanoparticles may be weakly
contributing.

Interestingly, Fe304 and MnO, nanoparticles not only increased the
removal efficiency but also accelerated the reduction rate. Within only
three days, the chloramphenicol in the system was almost completely
reduced. We calculated the chloramphenicol reducing rate constant by
fitting the following formula:

C

1 —
n(c0

)= — kappt (€8]

where C and C are the real-time concentration and the initial concen-
tration, respectively, kapp is the apparent rate constant, and t is the re-
action time.

The apparent chloramphenicol removal rate constant of
G. metallireducens was 0.16 d 1. On the contrary, the constant was 0.718
d™! and 0.713 d™! for Fes04 and MnO, nanoparticles, respectively,

1.0
—=— Control
—— Fe;30,4 Nanoparticles
—— MnO, Nanoparticles
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Fig. 2. Chloramphenicol reduction by G. metallireducens. The initial concen-
tration was 40 mgL~!. The Fe;0, and MnO, nanoparticles group was
G. metallireducens culture supplied with Fe304 or MnO, nanoparticles, respec-
tively. The control group was G. metallireducens culture only.
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which were almost 5 times higher than the pure culture. Jiang et al.
(2019) showed that conductive nanoparticles could increase the elec-
tron transfer efficiency within MFCs, which increased the redox activity
in G. metallireducens and resulted in a rapid chloramphenicol removal
rate. As chloramphenicol was rapidly removed from the culture, its in-
hibition effect on the growth of G. metallireducens was relieved, and
subsequently, the removal efficiency was increased.

Conductive materials have been wildly used in MFC practices. In
most cases, they could enhance the performance through increasing
electron transfer (Mukherjee and Saravanan, 2020; Wang et al., 2020).
Other properties of these materials such as absorption, immobilization
could also promote the performance (Lu et al., 2020; He et al., 2020;
Xiao et al., 2021c). Even here we only used metal oxide, other
conductive materials such as biochar, carbon nanotube, graphene
(Huang et al., 2019; Wang et al., 2020; Xiao et al., 2019b, 2021d) could
also promote the efficiency of electron transfer and potential CAP
removal.

3.3. Electrochemical analysis of G. metallireducens with Fe304 and MnO_
nanoparticles

Cyclic voltammetry (CV) and differential pulse voltammetry (DPV)
were performed to assess the electrochemical property of
G. metallireducens with Fe3O4 and MnO; nanoparticles during chloram-
phenicol reduction. Chloramphenicol reduction had a characteristic
peak at around —0.6 V (vs. Ag/AgCl) (Mao et al., 2018), which was also
observed in pure G. metallireducens culture (Fig. 3a). On the contrary, no
peak was observed with FesO4 nanoparticles and a light peak with MnO3
nanoparticles. This phenomenon was often observed in MFCs with
conductive nanoparticles (Mukherjee and Saravanan, 2020; Wang et al.,
2020), where these materials accelerated the electron transfer efficiency
and led to a smooth CV curve.

Interestingly, the current density with Fe304 and MnO,
(a)
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Fig. 3. Cyclic voltammograms analysis (a) and differential pulse voltammetry
analysis (b) of G. metallireducens (grey) with Fe3O4 (green) or MnO, nano-
particles (orange). (For interpretation of the references to color in this figure
legend, the reader is referred to the Web version of this article.)
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nanoparticles was hundreds of times higher than the control group in
both CV and DPV analysis (Fig. 3). Addition of conductive materials
shifted the electrochemical property of the entire system (Li et al., 2018;
Li et al,, 2019; Teymourian et al., 2013), which may substantially
change the redox status in the cell and enhance the global degradation
metabolism by enhancing electron transfer efficiency (Jiang et al.,
2019).

3.4. Transcriptomic analysis of the strengthening mechanism

Comparing to control group, Fe3O4 nanoparticles induced 206 genes
and suppressed 139 genes, while MnOy nanoparticles induced 2117
genes and suppressed 96 genes (Fig. 4a, Table S1). We performed KEGG
pathway enrichment analysis on differentially expressed genes. We
found that both Fe304 and MnO, nanoparticles induced toluene and
aromatic compounds degradation pathway (Table 1). It suggested that a
potential pathway for chloramphenicol degradation was impacted by
nanoparticles.

Type IV pili were conductive and crucial for extracellular electron
transfer (Malvankar et al., 2014). A very recent study showed that Fe304
nanoparticles could act as a conductive structure and compensated for
the function of Type IV pili (Cavalcante et al., 2021). However, the
expression of Type IV pili genes was not obviously affected by Fe304
nanoparticles in this study (Fig. 4b). On the contrary, more than 80% of
the Type IV pili genes were significantly up-regulated in the MnO,
nanoparticles treatment, showing that MnOy nanoparticles interacted
with Type IV pili to increase electron transfer efficiency. All the c-type
cytochrome genes were up-regulated in the Fe3O4 nanoparticles treat-
ment, but only one of them was increased in the MnO, nanoparticles
treatment.

C-type cytochrome mainly localized onto the outer membrane and
participated in the electron transfer chain (Ueki, 2021). Therefore, we
speculated that FegO4 nanoparticles interacted with cytochrome ¢ to
increase electron transfer efficiency. FesO4 and MnO2 nanoparticles
both induced part of the NADH-quinone oxidoreductase, a crucial pro-
tein for energy transduction and electron transfer (Zheng et al., 2020).
Fe304 and MnO,, nanoparticles may also accelerate electron transfer in
the cells by enhancing cellular respiration.

(a)
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Table 1
Pathway enrichment of DEGs.

KEEG Term Group Rich_ratio  q-value

Toluene degradation Fe304 0.0625 0.0032180
nanoparticles 0.022109 0.0055899
MnO,
nanoparticles

Degradation of aromatic Fe304 0.080357 0.0032180

compounds nanoparticles 0.028912 0.0489792

MnOy
nanoparticles

Nitrogen metabolism Fe304 0.080357 0.0064687
nanoparticles

Oxidative phosphorylation Fe304 0.133929 0.0139444
nanoparticles

Microbial metabolism in diverse Fe304 0.303571 0.0408405

environments nanoparticles

Two-component system MnO, 0.142857 0.0000563
nanoparticles

Bacterial chemotaxis MnO, 0.083333 0.0000563
nanoparticles

Flagellar assembly MnO, 0.04932 0.0045635
nanoparticles

Moreover, the expression of the alcohol dehydrogenase gene (Gmet
1046), which can degrade chloroalkane-like substrate (Das et al., 2015)
was highly up-regulated in the Fe3O4 nanoparticles treatment but not in
the MnO, nanoparticles treatment. On the contrary, MnO5 nanoparticles
induced the pyruvate dehydrogenase (Gmet_2511), indicating that the
primary chloramphenicol degrading enzymes were different in the two
treatments (Figure S2).

3.5. Chloramphenicol reduction products

We applied HPLC-MS/MS analysis to determine the intermediate
products during the reduction of chloramphenicol. In the control group
(Fig. 5a), we could identify the typical peak at 321, 323, and 325 m/z for
chloramphenicol (Xiao et al., 2021b), while none of these peaks were
observed in the Fe304 and MnO; nanoparticles group (Fig. 5b). A higher
degradation efficiency was obtained in the presence of nanoparticles.

(b)
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Fig. 4. Transcriptome analysis. (a) The plot of the log,FC value of Fe304 nanoparticles vs Control (x-axis) and MnO, nanoparticles vs Control (y axis). Dashed blue
line showed the threshold of 2 times fold change. (b) Chloramphenicol reducing related genes. The size of the cycle showed the total number of genes (denoted on the
right side). Color green denoted upregulated genes and color orange denoted genes not significantly change. None of these genes were downregulated. (For
interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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Fig. 5. The potential reduction products of chloramphenicol. (a) control group.
(b) Fe304 nanoparticles group, and (c¢) MnO, nanoparticles group.

The most well-studied reduction path of chloramphenicol was chlor-
amphenicol — AMCI2 (295 m/z) —» AMCI (279 m/z) — AM (247 m/z)
(Smith et al., 2007; Yan et al., 2019). However, none of these peaks were
prominent in the mass spectrum of all three groups. Instead, one peak at
214 m/z with high abundance was observed, which was an intermediate
product named CPD3, a benzene ring containing compound
(C9H12N20y4), during thermal degradation (Tian and Bayen, 2018).
Comparing with our previous study (Xu et al., 2019), the sampling time
was later, and the CAP residues (12 + 5%) were less in the current study
(previously 38 + 7%). Therefore, CAP may be degraded more thor-
oughly to CPD3, instead of AMCI2 and AMCL. Therefore, conductive
nanoparticles improved degradation efficiency but did not change the
degradation pathway (Fig. 6).
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Fig. 6. The concept of chloramphenicol reduction to CPD3 by G. metallireducens
in the presence of Fe304 and MnO, nanoparticles.

4. Conclusion

In the study, we showed a procedure completed chloramphenicol
degradation to a dichlorination reducing product CPD3 in
G. metallireducens. Nano-scale FesO4 and MnO, enhanced chloram-
phenicol removal rate (five times) and removal efficiency (two times) by
accelerating the electron transfer efficiency. FesO4 and MnO; nano-
particles induced the NADH-dependent electron transfer chain. FezO4
nanoparticles used alcohol dehydrogenase as the primary enzymes for
chloramphenicol reduction and cytochrome c as electron transduction
proteins while MnO3 nanoparticles used pyruvate dehydrogenase as the
primary enzymes for chloramphenicol reduction and e-pili as electron
transduction proteins (Figure S2). Although the efficiency of this system
is high, but the degradation product was still large and toxic and the
interactions between nanoparticles and the microbe were unclear. Other
techniques should be applied to completely decompose CAP to non-toxic
small molecules such as CO5 and H50.
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