
Environmental Research 207 (2022) 112649

Available online 31 December 2021
0013-9351/© 2021 Elsevier Inc. All rights reserved.

N-acyl-homoserine lactones in extracellular polymeric substances from 
sludge for enhanced chloramphenicol-degrading anode biofilm formation 
in microbial fuel cells 

Xiayuan Wu a, Lina Zhang a, Zuopeng Lv b, Fengxue Xin a, Weiliang Dong a, Guannan Liu a,c, 
Yan Li a, Honghua Jia a,* 

a College of Biotechnology and Pharmaceutical Engineering, Nanjing Tech University, Nanjing, 211816, China 
b The Key Laboratory of Biotechnology for Medicinal Plants of Jiangsu Province, Jiangsu Normal University, Xuzhou, 221116, China 
c Frontier Technology Research Institute, Tianjin University, Tianjin, 301700, China   

A R T I C L E  I N F O   

Keywords: 
AHLs 
Quorum sensing 
Extracellular polymeric substances 
Microbial fuel cell 
Chloramphenicol degradation 
Electrode biofilm 

A B S T R A C T   

Exploring an efficient acclimation strategy to obtain robust bioanodes is of practical significance for antibiotic 
wastewater treatment by bioelectrochemical systems (BESs). This study investigated the effects of two accli-
mation conditions on chloramphenicol (CAP)-degrading anode biofilm formation in microbial fuel cells (MFCs). 
The one was continuously added the extracellular polymeric substances (EPS) extracted from anaerobic sludge 
and increasing concentrations of CAP after the first start-up phase, while the other was added the EPS-1 (N-acyl- 
homoserine lactones, namely AHLs were extracted from the EPS) at the same conditions. The results demon-
strated that AHLs in the sludge EPS played a crucial role for enhanced CAP-degrading anode biofilm formation in 
MFCs. The AHL-regulation could not only maintain stable voltage outputs but also significantly accelerate CAP 
removal in the EPS MFC. The maximum voltage of 653.83 mV and CAP removal rate of 1.21 ± 0.05 mg/L⋅h were 
attained from the EPS MFC at 30 mg/L of CAP, which were 0.84 and 1.57 times higher than those from the EPS-1 
MFC, respectively. These improvements were largely caused by the thick and 3D structured biofilm, strong and 
homogeneous cell viability throughout the biofilm, and high protein/polysaccharide ratio along with more 
conductive contents in the biofilm EPS. Additionally, AHLs facilitated the formation of a biofilm with rich 
biodiversity and balanced bacterial proportions, leading to more beneficial mutualism among different func-
tional bacteria. More bi-functional bacteria (for electricity generation and antibiotic resistance/degradation) 
were specifically enriched by AHLs as well. These findings provide quorum sensing theoretical knowledge and 
practical instruction for rapid antibiotic-degrading electrode biofilm acclimation in BESs.   

1. Introduction 

The global consumption of antibiotics is continuously increasing, 
posing a huge threat to the environment by releasing antibiotic waste-
waters (Ondon et al., 2020; Zhu et al., 2017). Chloramphenicol (CAP), a 
typical chlorinated nitroaromatic antibiotic, has been widely applied for 
human and animal infectious diseases around the world due to its 
broad-spectrum antibacterial property and low price (Liu et al., 2018a). 
Consequently, the frequent detection of CAP (ranging from ng/L to 
mg/L) in different aquatic environments, such as surface and under-
ground waters, domestic wastewater effluents, and pharmaceutical 
wastewaters, has been reported (Kong et al., 2015). In order to remove 

CAP from these water matrices, considerable methods have been 
explored, including Fenton degradation, photocatalytic degradation, 
electrochemical degradation, microbial degradation, and so on (Her-
raiz-Carbone et al., 2020; Hu et al., 2020; Kumar et al., 2020; Zhang 
et al., 2020a). These sophisticated methods, however, are limited in 
practical application because of high energy consumptions, large 
chemical needs, and potential secondary pollution. 

Recently, bioelectrochemical systems (BESs), as an environment- 
friendly technology, show great potential for antibiotic removal and 
antibiotic resistance genes (ARGs) reduction due to the combination 
functions of microbial metabolism and electrochemical redox reactions 
(Yan et al., 2019). Till now, two main kinds of BESs, including microbial 
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fuel cells (MFCs) and microbial electrolysis cells (MECs), have been 
utilized for antibiotic wastewater treatment (Yan et al., 2019). CAP can 
be degraded by both the bioanode of MFCs and the biocathode of MECs 
(Liang et al., 2013; Zhang et al., 2017). A large proportion of studies 
have focused on optimizing operational conditions of BESs to enhance 
CAP removal efficiency (Guo et al., 2017; Liang et al., 2013; Zhang et al., 
2017). Nevertheless, electrode biofilms (anode and cathode biofilms), as 
a vital role for electrochemical reactions and CAP degradation in BESs, 
have gained less attention (Chatterjee et al., 2019). Yun et al. (2016) 
proposed to efficiently get a biocathode for CAP removal in MECs by 
inverting a CAP-degrading bioanode from MFCs. Accordingly, an effi-
cient acclimation strategy for CAP-degrading bioanode in MFCs is of 
practical significance to acquire electrode biofilms. Generally, the 
antibiotic-degrading bioanodes in MFCs still exist some shortcomings, 
such as prolonged acclimation time, low antibiotic tolerance, and poor 
shock resistance (Yan et al., 2019). Lately, we established a novel syn-
chronous acclimation strategy for CAP-degrading bioanodes through the 
continuous addition of sludge and increasing concentrations of CAP in 
MFCs; thereafter, the acclimation time was shortened by 1.52 times, 
meanwhile the obtained CAP-degrading bioanode showed high CAP 
tolerance (80 mg/L) and robust shock resistance (keeping stable voltage 
outputs during the whole acclimation time); the continuous addition of 
sludge was the key reason to cause better biofilm properties and bac-
terial mutualism (Wu et al., 2021). Hence, this previous work triggered 
us to think: what in sludge did play a critical role in enhanced 
CAP-degrading anode biofilm formation in MFCs? 

Extracellular polymeric substances (EPS), mainly composed of 
polysaccharide (PS) and protein (PN), are an important component for 
various kinds of sludge. EPS have been recognized to act a key role in the 
formation of granular sludge and biofilms for wastewater treatment (Jia 
et al., 2017). It is recently found that the exogenous EPS from sludge can 
improve anammox microbial activity and maintain sludge structural 
stability (J. Guo et al., 2016a, 2016b; Liu et al., 2018b; Zhang et al., 
2020b). On the other hand, N-acyl-homoserine lactones (AHLs), a kind 
of quorum sensing (QS) signal molecules for cell-to-cell communication 
of gram-negative bacteria, widely exist in EPS from sludge (Liu et al., 
2018b). An increasing number of studies have demonstrated that 
AHL-mediated QS can regulate various microbial behaviors including 
EPS secretion, biofilm formation, recalcitrant pollutant degradation, and 
microbial community construction (Xiong et al., 2020). In particular, as 
the majority of known electroactive microorganisms are gram-negative, 
the addition of exogenous AHLs can improve the performance of BESs by 
increasing the production of electron shuttles (for pure culture), pro-
moting the abundance of electroactive bacteria (for mixed culture), and 
bettering the biofilm properties (e.g., high cell viability, more biomass 
and EPS) (Chen et al., 2017; Fang et al., 2018; Venkataraman et al., 
2010). But to the best of our knowledge, very little attention has been 
paid to the antibiotic-degrading electrode biofilm formation influenced 
by AHLs in BESs. Since AHLs and EPS have some consistent influences 
relating to the biofilm formation and adverse environment resistance, it 
is logical to presume that AHLs existing in EPS from sludge might be the 
key manipulator for enhanced CAP-degrading anode biofilm formation 
in our previous study (Wu et al., 2021). 

Therefore, this study aims to validate the above hypothesis. Based on 
the synchronous acclimation strategy in our previous study, the EPS 
extracted from anaerobic sludge were continuously added with 
increasing concentrations of CAP after the first start-up phase to accli-
mate the CAP-degrading bioanode in MFCs. For comparison, the EPS-1 
(AHLs were extracted from the EPS) were added with CAP at the same 
conditions in another group. The performance of the MFCs was evalu-
ated according to electrochemical characteristics and CAP removal 
ability. The biofilm properties were comprehensively estimated through 
the analyses of morphology, viability, and EPS production. In combi-
nation with the microbial community analysis, the function mechanisms 
of AHLs in the sludge EPS for CAP-degrading anode biofilm formation 
were unfolded. 

2. Materials and methods 

2.1. EPS extraction from sludge 

The anaerobic digester sludge used in the experiments was taken 
from the Nanjing Jiangxinzhou wastewater treatment plant (Jiangsu, 
China). EPS were extracted from the sludge using an EDTA method 
(Yang et al., 2019). Briefly, 50 mL sludge was mixed with 5 mL 2% EDTA 
solution for shaking 5 h, followed by centrifugation at 8000 rpm for 20 
min. The obtained supernatant (about 50 mL) was then filtered through 
0.22 μm membrane filters and collected as the EPS. 

2.2. Extraction and identification of AHLs in sludge EPS 

AHLs from the EPS were extracted with an equal volume of ethyl 
acetate. The solvent extracts were evaporated using a rotary evaporator 
at 40 ◦C, and redissolved in 1 mL methanol for analysis. The rest EPS 
solution was collected as the EPS without AHLs, which was noted the 
“EPS-1”. 

In order to determinate whether AHLs were extracted from the EPS, 
the EPS and EPS-1 were both detected by using AHLs reporter plate 
bioassay. The AHL-sensing bacterium Agrobacterium tumefaciens KYC55, 
provided by Prof. Jun Zhu (Nanjing Agricultural University, Nanjing, 
China), was cultured in LB agar medium overnight at 30 ◦C, then X-gal, 
and EPS or EPS-1 were added to the agar plate (Chen et al., 2017). The 
AHLs extracts from the EPS were identified by using an 
ultra-performance liquid chromatography-tandem mass spectrometric 
(UPLC-MS/MS) system (Xevo TQ-XS, Waters, USA) as described by 
Wang et al. (2021). 

2.3. MFC construction and operation 

This study used two-chamber MFCs (each chamber: 70 mL) which 
were described in our previous work (Wu et al., 2018). A proton ex-
change membrane (Nafion 117, Dupont Co., USA) was applied to 
separate the anode and cathode chambers. The anode and cathode 
electrodes were graphite felts (4.0 cm × 4.0 cm × 0.5 cm; Hunan Jiuhua 
Carbon Hi-Tech Co., Ltd., China). The normal anolyte was 50 mM 
phosphate buffer (PBS, pH = 7.0) containing 1 g/L of glucose, while the 
catholyte consisted of 50 mM PBS and 50 mM ferricyanide (Wu et al., 
2018). The external resistance and operational temperature for all MFCs 
were 1000 Ω and 30 ± 0.5 ◦C, respectively. 

2.4. Acclimation experiment 

Based on the synchronous acclimation strategy in our previous study, 
the acclimation process for all the experimental groups included two 
phases. In the first phase, all the experimental groups followed the same 
procedure: the anode chamber was filled with a mixture of the anaerobic 
digester sludge and the normal anolyte supplemented with 1 mg/L of 
CAP (volume ratio = 1:2); the first start-up phase of the MFCs was 
considered to be finished as stable voltage outputs were attained (Wu 
et al., 2021). In the second phase, the EPS or EPS-1, instead of the 
anaerobic digester sludge, and the normal anolyte supplemented with 
gradually increasing concentrations of CAP (5, 10, 15, 20, 25, 30 mg/L) 
were continuously added to the anode chamber, which was labelled as 
the EPS or EPS-1 MFC group, respectively. For comparison, a control 
group only added the normal anolyte amended with gradually 
increasing concentrations of CAP (5, 10, 15 mg/L) in the second phase 
was carried out at the mean time. The different concentrations of CAP 
applied in the test (EPS and EPS-1) and control groups during the second 
phase were attributed to the corresponding MFC performance, as the 
added concentration of CAP was not increased until the voltage outputs 
of the MFC kept steady. All MFC reactors were conducted in a batch-fed 
mode (3 days for each cycle). 
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2.5. Analytical methods 

The voltage outputs, polarization and power density curves of MFCs 
were obtained according to the methods described in our previous study 
(Wu et al., 2021). Cyclic voltammetry (CV) and electrochemical 
impedance spectroscopy (EIS) were carried out in a three-electrode 
system as described in our previous study (Cui et al., 2020). The CV 
was conducted following the conditions: scan rate of 10 mV/s and po-
tential range of − 800 ~ +800 mV. The EIS conditions were as follows: 
potential amplitude of 10 mV and frequency range of 100 kHz–5 mHz. 

The CAP concentration was analyzed by high-performance liquid 
chromatography (HPLC; Agilent 1260LC, Santa Clara, CA, USA) (Wu 
et al., 2021). A scanning electron microscopy (SEM, Hitachi S-4800, 
Japan) was used to observe the morphology of different anode biofilms. 
A confocal laser scanning microscopy (CLSM, Ultra View VOX, PE, USA) 
was utilized to view the distributions of (dead and live) cells and EPS 
components (PS, PN, and lipids) in different anode biofilms according to 
the procedures in previous work (Wu et al., 2021). 

The phenol-sulfuric acid method and a BCA Protein Assay Kit 
(Beyotime Biotechnology, China) were used to determine the PS and PN 

contained in the EPS of the biofilms, respectively (Wu et al., 2021). A 
Cary Eclipse fluorescence spectrophotometer (Varian, USA) was applied 
to further analyze the three-dimensional excitation emission matrix 
(3D-EEM) of the biofilm EPS following detailed conditions mentioned in 
our previous study (Wu et al., 2021). The intracellular protein concen-
tration of the biofilms was also analyzed by the BCA Protein Assay Kit to 
evaluate the biomass of the biofilms (Wu et al., 2015). 

2.6. Microbial community analysis 

The different anode biofilms (three biological repetitions for each 
sample) were sampled at the end of the experiments to extract the total 
DNA for microbial community analysis. A set of archaeal and bacterial 
primers 515 F and 806 R was used to amplify the hypervariable V4 re-
gion of 16 S rRNA gene. The detailed procedures for the 16 S rRNA gene 
high throughput sequencing experiments and raw data analysis were 
depicted in our previous work (Wu et al., 2020). 

Fig. 1. AHLs detection by the agar plate-based bioassay (a, b) and UPLC-MS/MS analysis (c).  
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3. Results and discussion 

3.1. Identification of AHLs in EPS from sludge 

In order to provide the direct evidence about the existence of AHLs, 
the EPS and EPS-1 were detected according to the agar-plate based 
bioassay using biosensor A. tumefaciens KYC55. As a result (Fig. 1a and 
b), the agar-plate for the EPS clearly showed blue color, while the agar- 
plate for the EPS-1 had no color reaction. This indicated that AHLs were 
not detected in the EPS-1. Therefore, AHLs were efficiently extracted 
from the EPS by ethyl acetate. UPLC-MS/MS was applied to further 
clarify the AHLs species in the EPS. As shown in Fig. 1c, five kinds of 
AHLs were identified in the EPS, displayed in a decreasing order of 
concentration as C7-HSL (5.36 ± 0.11 μg/L), 3OC6-HSL (4.75 ± 0.92 
μg/L), C4-HSL (4.27 ± 0.12 μg/L), 3OC8-HSL (1.44 ± 0.04 μg/L), and 
3OC14-HSL (0.22 ± 0.02 μg/L). Wang et al. (2021) also found that 
C7-HSL, 3OC6-HSL, C4-HSL, and 3OC8-HSL were the main kinds of 
AHLs in sludge; furthermore, the short-chain AHLs (C4–C10) normally 
had higher concentrations than the long-chain AHLs (C12–C14), which 
was consistent with the results in this study. 

3.2. Effects of AHLs on electricity generation 

From Fig. 2a, the EPS MFC generated relatively steady voltages in the 
whole operation cycles, while the other two MFC groups had fluctuant 
voltage outputs, especially in the later period with higher CAP concen-
trations. This implied that the acclimated bioanode in the EPS MFC was 

robust to the increasing concentrations of CAP. For the EPS MFC, the 
maximum voltage (705.64 mV) was obtained at 25 mg/L of CAP, and the 
maximum voltage slightly decreased to 653.83 mV at the end of accli-
mation time (30 mg/L of CAP). The maximum voltages from the EPS-1 
and control MFCs at the end of acclimation time only reached 354.88 
and 345.12 mV, respectively. The polarization and power density plots 
in the last operation cycle (Fig. 2b) indicated that the highest power 
density (182.25 mW/m2) was obtained from the EPS MFC, which was 
1.68 times as high as that from the control MFC (108.73 mW/m2). 

Based on the CV curves (Fig. 2c), the EPS bioanode had the largest 
double layer capacitance and peak current, implying it possessed the 
strongest electrochemical activity. A pair of clear redox peaks observed 
from the EPS bioanode centered at about 0.10 and 0.25 V (vs. Ag/AgCl) 
with currents of − 0.0048 and 0.0051 A, respectively. According to the 
EIS curves (Fig. 2d), the ohmic resistance (Rs), charge-transfer resistance 
(Rct), and diffusion resistance (W) of the EPS bioanode were 2.09, 5.92, 
and 2.01 Ω, respectively. On the contrary, those of the control bioanode 
increased to 6.92, 15.59, and 19.02 Ω, respectively. Accordingly, the 
stable and high electrochemical performance from the EPS MFC under 
increasing concentrations of CAP revealed the EPS biofilm had stronger 
CAP tolerance than the EPS-1 and control biofilms. Besides, AHLs rather 
than other contents in the EPS from sludge played a critical role in the 
robust anode biofilm construction in CAP-degrading MFCs. Pan et al. 
(2020) also confirmed that the addition of AHLs enhanced the electricity 
generation (up to 62%) of the electroactive biofilms after high toxicity 
shock in MFC biosensors, which was similar with the increase (67.62%) 
of the EPS MFC in this study. However, Chen et al. (2017) reported a 

Fig. 2. Voltage output (a), polarization and power density (b), cyclic voltammogram (c), and electrochemical impedance spectroscopy (d) curves of the MFCs with 
different acclimation conditions; the black (for Control) and red (for EPS and EPS-1) stripes in voltage output curves (a) indicate the CAP concentrations (mg/L) at 
corresponding acclimation time. (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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relatively low enhancement of electricity generation (up to 27.92%) in 
MFCs with AHLs addition under non-toxic stress. Thus, the positive ef-
fects of exogenous AHLs for electricity generation in MFCs would be 
more notable under adverse situations. 

3.3. Effects of AHLs on CAP removal 

The concentration changes of CAP in the different MFCs during the 
last operation cycle were monitored (Fig. 3a). Clearly, the EPS MFC 
displayed the fastest CAP removal rate (1.21 ± 0.05 mg/L⋅h), which was 
1.57 and 2.18 times higher than those in the EPS-1 (0.47 ± 0.04 mg/L⋅h) 
and control (0.38 ± 0.03 mg/L⋅h) MFCs, respectively.W. Guo et al. 
(2016a, 2016b) obtained a removal rate of 0.53 mg/L⋅h by the MFC 
bioanode at 30 mg/L of CAP, which was lower than the half of the 
removal rate from the EPS MFC in this study. The CAP removal data in 
all MFC groups also fitted the apparent first-order kinetic model very 
well (Fig. 3b). Table S2 (Supporting Information) presents the linear 
fitting results of all MFCs. The removal rate constant of the EPS MFC 
(0.14 h− 1) nearly doubled that of the control MFC (0.09 h− 1). Besides, 
the removal rate constant of the EPS MFC was similar with that of the 
MFC with continuous sludge addition (0.11 h− 1) in our previous study 
(Wu et al., 2021). These results implied that the continuous addition of 
the sludge EPS, specifically AHLs in the sludge EPS, remarkably pro-
moted CAP removal ability of the MFC bioanode during the acclimation 
process. Previous studies have been verified that exogenous AHLs can 
strengthen the microbial degradation of refractory organic pollutants 

(Lv et al., 2021; Maddela et al., 2019). 

3.4. Effects of AHLs on CAP-degrading anode biofilms 

As displayed in Fig. 4a, unlike the other two groups, the EPS group 
possessed a significantly thick and 3D structured biofilm; although some 
cocci were also found, a larger quantity of rod-shaped bacterial cells 
formed multi-layer loose and porous structure, which was similar with 
the biofilm acclimated through continuously adding sludge in our pre-
vious work (Wu et al., 2021). This distinctive biofilm structure can result 
in high permeability and cell viability (Wu et al., 2021). Conversely, the 
bacterial cells in the EPS-1 and control biofilms aggregated together to 
form tight and dense structure, which was ascribed to the substantial 
amount of sticky bacterial secretions that enwrapped cells. These sticky 
bacterial secretions have been demonstrated to be PS for cell-protection 
under environmental stress (Wu et al., 2021). The SEM results indicated 
that AHLs in the EPS improved bacterial attachment on the electrode, 
and facilitated the construction of a 3D structured biofilm. Xiong et al. 
(2020) also found that the addition of exogenous AHLs accelerated the 
formation of thick and structured biofilms on carriers. 

As can be seen from Fig. 4b, the EPS biofilm had a greater quantity of 
metabolically energetic cells compared to the other two biofilms. 
Furthermore, the EPS biofilm showed a homogeneous active state, while 
the other two biofilms inclined to shape a typical “two-layer” biofilm 
(the inner dead cells and the outer live cells) (Sun et al., 2015). This 
similar phenomenon was also observed in our previous work (Wu et al., 
2021). The thicknesses of the EPS, EPS-1, and control biofilms were 
27.6, 21.5, and 20.1 μm, respectively. Besides, the intracellular protein 
concentrations of the EPS, EPS-1, and control biofilms were 100.51, 
86.92, and 76.33 μg/L⋅cm2, respectively. This further confirmed that the 
EPS biofilm had the largest amount of biomass. Therefore, AHLs in the 
EPS increased the biomass and proportion of live cells for the biofilm. 
Similar results were also obtained in Geobacter soli cathode biofilms 
acclimated by AHLs addition (Fang et al., 2018). 

It is well known that the microbial enrichment and biofilm formation 
are critically influenced by EPS (Zhang et al., 2019b). CLSM was also 
applied to analyze the EPS components distribution in different anode 
biofilms (Fig. 4c). The EPS biofilm was occupied by a majority of PN, 
and a small part of PS and lipids. Contrarily, more PS and lipids were 
found in both the EPS-1 and control biofilms. 

The EPS concentrations in the different anode biofilms were further 
quantified (Fig. 5a). The total EPS concentration was noticeably higher 
in the EPS biofilm compared with that in the EPS-1 and control biofilms, 
which was mainly due to the differences of PN. This was in good 
agreement with the results of CLSM for EPS. The PN of the EPS biofilm 
achieved 192.10 ± 2.31 mg L− 1⋅cm− 2, while the PN in the EPS-1 and 
control biofilms were only 71.20 ± 6.54 and 36.08 ± 3.33 mg L− 1⋅cm− 2, 
respectively. By contrast, the PS in the EPS biofilm (6.11 ± 3.45 mg 
L− 1⋅cm− 2) was remarkably lower compared to that in the EPS-1 (19.04 
± 3.46 mg L− 1⋅cm− 2) and control (50.89 ± 2.31 mg L− 1⋅cm− 2) biofilms. 
Our previous study has demonstrated that a higher PN/PS ratio facili-
tated the CAP-degrading anode biofilm formation, which was also 
confirmed in this work (Wu et al., 2021). This can be explained by that 
the electron transfer is mainly mediated through the outer membrane 
proteins and extracellular redox-active proteins (Kumar et al., 2017). 
Fang et al. (2018) also confirmed that AHLs increased PN abundance in 
the EPS of G. soli cathodic biofilms, leading to better electron transfer 
capacity. Interestingly, it is worth noting that AHLs remarkably pro-
moted PN production but inhibited PS secretion in this study, yet many 
other studies reported that the secretion of both PN and PS, especially 
PS, was elevated by exogenous AHLs (Hu et al., 2016; Lv et al., 2021; 
Xiong et al., 2020). This was probably due to the natural AHLs mixture 
applied in this work, while many other studies normally used single 
commercial AHL (such as C4-HSL, C6-HSL, 3OC8-HSL, etc.). Thus, the 
natural AHLs in the sludge EPS could intelligently regulate EPS synthesis 
to form a superior biofilm according to specific requirements. 

Fig. 3. The concentration changes (a) and kinetics (b) of CAP in the different 
MFCs during the last operation cycle. 
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3D-EEM was also applied to analyze the EPS contents in the different 
anode biofilms (Fig. 5b). Visibly, more EPS contents were found in the 
EPS biofilm than those in the other two biofilms. For the EPS biofilm 

(Fig. 5b2), there were mainly two peaks. The peak at the excitation/ 
emission wavelengths (Ex/Em) of 325–400 nm/425–475 nm repre-
sented humic acid-like substances (He et al., 2020). The other peak at 

Fig. 4. The images of SEM (a), and CLSM with cells (b; live cells indicated by green, dead cells indicated by red) and EPS (c; polysaccharides indicated by blue, 
proteins indicated by green, lipids indicated by red) distributions for the different anode biofilms at the end of the operation time. (For interpretation of the ref-
erences to color in this figure legend, the reader is referred to the Web version of this article.) 

Fig. 5. The component concentrations (a) and 3D-EEM fluorescence spectra (b) of EPS extracted from the different anode biofilms at the end of the operation time.  
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the Ex/Em of 275–300 nm/300–375 nm indicated the presence of mi-
crobial by-products (e.g., tyrosine-like, tryptophan-like, and protein-like 
substances) (Zhang et al., 2018). For the EPS-1 biofilm (Fig. 5b3), two 
similar peaks were also found but with largely declined intensities. 
Concerning the control biofilm (Fig. 5b1), only one clear peak consid-
ered as microbial by-products was observed. Since the proteins and 
humic acids can efficiently mediate electron transfer, the EPS biofilm 
with abundant protein-like and humic acid-like substances exhibited 
high electrochemical activity (Klüpfel et al., 2014; Kumar et al., 2017). 
Other researchers also deemed that the exogenous AHLs were respon-
sible for promoted conductive contents in the EPS of electroactive bio-
films (Chen et al., 2017; Fang et al., 2018). 

3.5. Effects of AHLs on microbial community in anode biofilms 

The microbial community structures of the different anode biofilms 
were analyzed by high throughput sequencing at the end of the opera-
tion time (Fig. 6). Evidently, there were increased richness and biodi-
versity in the EPS biofilm compared with the other two groups (Table S3, 
Supporting Information). Seven main phyla were found in the EPS 
biofilm: Proteobacteria (40.81%), Actinobacteriota (27.23%), Planctomy-
cetota (6.91%), Chloroflexi (6.00%), Bacteroidota (4.86%), Firmicutes 
(4.12%), and Euryarchaeota (3.20%). For the EPS-1 biofilm, there were 
three main phyla: Proteobacteria (81.84%), Bacteroidota (11.37%), and 

Actinobacteriota (5.04%). In terms of the control biofilm, there were four 
main phyla: Proteobacteria (45.70%), Bacteroidota (37.10%), Actino-
bacteriota (12.38%), and Firmicutes (4.37%). The EPS-1 and control 
biofilms shared the same top 3 phyla, but they showed significant dif-
ferences from the EPS biofilm. Proteobacteria, the most abundant phylum 
in all samples, has been widely detected in both bioanodes and bio-
cathodes of BESs using for antibiotic removal (Ma et al., 2019; Zhang 
and Li et al., 2020). Actinobacteriota, another dominant phylum in all 
samples, has been regarded to be active ARGs hosts for antibiotic 
degradation (Qin et al., 2020; Zhang et al., 2017). Bacteroidota and 
Firmicutes both have been reported to have the potential for electricity 
generation and antibiotic degradation (Guo et al., 2017; Qin et al., 
2020). Likewise, Planctomycetota and Chloroflexi have also been sug-
gested to be potential bi-functional bacteria for electricity generation 
and antibiotic degradation (Chen et al., 2016; Ren et al., 2021; Zhu et al., 
2020). Euryarchaeota recently has been found to be the dominant 
archaea in BESs for antibiotic degradation (Zhao et al., 2019). An 
increasing number of studies proposed the assignable synergistic role of 
methanogens for electricity production and antibiotic removal in BESs 
(Guo et al., 2019; Zhang et al., 2019a). Since phylum Euryarchaeota was 
only found in the EPS biofilm, it suggested that the EPS biofilm 
possessed ecologically balanced microbial community structures. 

From Fig. 6b, the principal genera accounted more balanced pro-
portions in the EPS biofilm, such as Pseudonocardia (12.48%), Chujaibacter 

Fig. 6. Microbial community compositions at the phylum (a) and genus (b) levels in the different anode biofilms at the end of the operation time.  
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(7.64%), Bradyrhizobium (7.35%), and the majority of the rest bacteria 
with similar percentages. As for the EPS-1 biofilm, there were four main 
genera: Bordetella (30.67%), Stenotrophomonas (19.02%), Pandoraea 
(18.93%), and Chitinophaga (10.12%). For the control biofilm, there were 
three dominant genera: Lactococcus (47.62%), Allorhizobium-Neo-
rhizobium-Pararhizobium-Rhizobium (12.07%), and Rhodococcus (9.00%). 
Pseudonocardia has been considered to be electroactive bacteria with the 
ability for lignocellulose degradation and ARGs host (Ma et al., 2020; 
Zhang et al., 2020c). Chujaibacter has been reported to be enriched in a 
bio-electro-Fenton system for antibiotic degradation (Li et al., 2020). 
Likewise, Bradyrhizobium has been found to be involved in power gener-
ation and CAP degradation (Kong et al., 2018; Zhang et al., 2020a). Bor-
detella is known as a kind of pathogen possessing antibiotic resistance, 
while Lactococcus is known as a kind of electroactive bacteria with the 
ability for quinones production (Dewan et al., 2018; Freguia et al., 2009). 
Stenotrophomonas as a kind of electroactive bacteria has been found to be 
selected in MFCs for azo dye degradation (Li et al., 2022). Allo-
rhizobium-Neorhizobium-Pararhizobium-Rhizobium has been demonstrated 
to be the dominant potential hosts for some ARGs (Li et al., 2019). These 
results implied that more bacteria with double functions (electricity gen-
eration and antibiotic resistance/degradation) were specifically enriched 
in the EPS biofilm. Therefore, AHLs in the sludge EPS facilitated the for-
mation of a biofilm with rich biodiversity and balanced bacterial pro-
portions, leading to more beneficial mutualism among different functional 
bacteria. It has been proven that exogenous AHLs can induce the succes-
sion of bacterial community structure to a better direction, facilitating the 
cooperation and syntrophy among different functional bacteria (Lv et al., 
2021; Xiong et al., 2020). 

This work confirmed that AHLs existing in EPS from sludge were the 
key driver for enhanced CAP-degrading anode biofilm formation in our 
previous study (Wu et al., 2021). As most of reported studies applied 
commercially available AHLs which are very expensive, this study 
provides an economical strategy to regulate electrode biofilm formation 
by using the sludge EPS. In summary, the proposed mechanisms of AHLs 
in the sludge EPS for improved CAP-degrading anode biofilm acclima-
tion were as follows: (1) AHLs facilitated the construction of a thick and 
3D structured biofilm with high cell viability; (2) AHLs increased the 
PN/PS ratio and conductive contents in the EPS of the biofilm; (3) AHLs 
facilitated the formation of a biofilm with rich biodiversity and balanced 
bacterial proportions, leading to more beneficial mutualism among 
different functional bacteria; (4) AHLs specifically selected more 
bifunctional bacteria (for electricity generation and antibiotic resis-
tance/degradation) in the biofilm. 

4. Conclusions 

In this study, we identified the key role of AHLs in the sludge EPS for 
enhanced CAP-degrading anode biofilm formation in MFCs. The AHL- 
manipulation during the anode biofilm acclimation could not only 
maintain stable voltage outputs but also significantly accelerate CAP 
removal in the MFC. The thick and 3D structured biofilm, strong and 
homogeneous cell viability throughout the biofilm, and high PN/PS 
ratio along with more conductive contents in the biofilm EPS conspired 
to cause the above improvements. In addition, AHLs facilitated the 
formation of a biofilm with rich biodiversity, balanced bacterial pro-
portions, and more bifunctional bacteria. Since we determined AHLs in 
the sludge EPS, further research is required to investigate the regulation 
mechanisms of specific AHLs for CAP-degrading anode biofilm forma-
tion in MFCs. 
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