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a b s t r a c t 

High efficient removal of antibiotics during nutriments recovery for biomass production 

poses a major technical challenge for photosynthetic microbial biofilm-based wastewater 

treatment since antibiotics are always co-exist with nutriments in wastewater and resist 

biodegradation due to their strong biotoxicity and recalcitrance. In this study, we make a first 

attempt to enhance metronidazole (MNZ) removal from wastewater using electrochemistry- 

activated binary-species photosynthetic biofilm of Rhodopseudomonas Palustris ( R. Palustris ) 

and Chlorella vulgaris ( C. vulgaris ) by cultivating them under different applied potentials. The 

results showed that application of external potentials of -0.3, 0 and 0.2 V led to 11, 33 and 

26-fold acceleration in MNZ removal, respectively, as compared to that of potential free. 

The extent of enhancement in MNZ removal was positively correlated to the intensities of 

photosynthetic current produced under different externally applied potentials. The binary- 

species photoelectrogenic biofilm exhibited 18 and 6-fold higher MNZ removal rate than that 

of single-species of C. vulgaris and R. Palustris , respectively, due to the enhanced metabolic 

interaction between them. Application of an external potential of 0V significantly promoted 

the accumulation of tryptophan and tyrosine-like compounds as well as humic acid in ex- 

tracellular polymeric substance, whose concentrations were 7.4, 7.1 and 2.0-fold higher than 

those produced at potential free, contributing to accelerated adsorption and reductive and 

photosensitive degradation of MNZ. 

© 2021 The Research Center for Eco-Environmental Sciences, Chinese Academy of 

Sciences. Published by Elsevier B.V. 

 

 

 

 

 

 

 

 

 

 

 

Introduction 

Simultaneous pollutant removal and biomass harvesting
for production of high-value products make photosynthetic
microorganism-based technology as one of the most promis-
ing technologies for resourceful treatment of wastewater. Dif-
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1001-0742/© 2021 The Research Center for Eco-Environmental Sciences
ferent from the respiratory metabolism of non-photosynthetic
microorganisms, photosynthesis, which enables phototrophs
to harvest light to drive chemical reaction and gain energy,
help them take advantages in this technical field. Based on
the specificity of the photosynthetic metabolism mode, pho-
tosynthetic microorganisms are mainly divided into two cat-
egories: oxygenic photoautotrophs (e.g. cyanobacteria, algae)
, Chinese Academy of Sciences. Published by Elsevier B.V. 
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nd anoxygenic photohetertrophs (e.g. purple non-sulfur pho- 
osynthetic bacteria, photosynthetic green sulfur bacteria) 
 Hamilton, 2019 ; Sasikala and Ramana, 1997 ; Su, 2021 ). Oxy- 
enic and anoxygenic photosynthetic organisms frequently 
ive together (as in sewage pond water) or in close proximity 
oceanic particulate matter, microbial mats). 

These environments are dominated by anoxygenic purple 
on-sulphur bacteria (mainly Rhodopseudomonas ) and green 

nicellular algae ( Chandaravithoon et al., 2018 ). Previous stud- 
es have also shown that the microalgae and anoxygenic pho- 
osynthetic bacteria are the dominant microbial populations 
n various type of wastewaters treated by photosynthetic mi- 
roorganisms, and the photosynthetic metabolism is tightly 
elated to pollutant removal efficiency and biomass accumu- 
ation ( Lu et al., 2019 ; Martins et al., 2021 ; Wang et al., 2020 ;
arnold et al., 2019 ). For example, photosynthetic assimilation 

s the main approach for recovery of nutriments for biomass 
roduction ( Puyol et al., 2017 ). Moreover, secondary metabo- 

ites from the photosynthesis, like synthetic pigments, en- 
ymes or photosensitizers, can induce extracellular degra- 
ation of contaminants in multiple ways ( Tian et al., 2019 ; 
ei et al., 2021 ). The driving forces of the above-mentioned se- 

ies of biochemical processes come from the adenine nucleo- 
ide triphosphate (ATP) synthesis triggered by the intracellular 
hotosynthetic electron flow coupled with the electrochem- 

cal gradient of transmembrane protons ( Mullineaux, 2014 ; 
amamoto et al., 2021 ). Therefore, photosynthetic electron 

ow is regarded as the core biochemical process that driv- 
ng photosynthesis and secondary metabolism of photosyn- 
hetic microorganisms and thus affects their performance 
f wastewater treatment. So far, the wastewater treatment 
hat using photosynthetic microorganisms occurred mainly 
n wastewaters containing excess nutrients such as urban 

ewage, livestock and poultry farming wastewater, manure 
ermentation biogas slurry and fish pond farming wastewater 
nd so on ( Chen et al., 2020 ; Hulsen et al., 2014 ; Sepúlveda-
uñoz et al., 2020 ). Antibiotics as emerging pollutant are al- 
ays co-exist with nutrients in these wastewaters. Removal 
f antibiotics from wastewater aroused a worldwide attention 

ecause antibiotics can induce expression of resistant gene 
t very low concentrations which pose a significant threat 
o public water security and human hearth ( Zhang et al.,
019 ). Since great efforts have been undertaken to optimize 
he performance of photosynthetic microorganisms for nutri- 
nts recovery and biomass production, rather less attention 

as given to antibiotic removal from wastewaters. Metronida- 
ole (MNZ) is among the most widely used veterinary drugs 
n animal husbandry or in aquaculture and is also the drug 
f choice for clinical treatment of infectious diseases caused 

y anaerobic bacteria and protozoans in humans. MNZ is fre- 
uently detected in sewage treatment plants at the concen- 
ration levels of μg/L-mg/L ( Ahmadzadeh et al., 2018 ). Due to 
ts high solubility in water and low biodegradability, MNZ may 
nforce severe toxic effects and undesirable disturbance on 

quatic ecosystems that results in developing antibiotic resis- 
ance ( Zhao et al., 2018 ). Therefore, great attempts have been 

ade recently for efficient removal of MNZ from wastewater 
efore discharging it into the environment. 

It is well established that some non-photosynthetic mi- 
roorganisms in environment can transfer their intracellular 
espiratory electrons to extracellular solid electron acceptor 
hrough conductive outer membrane, self-secreted redox ac- 
ive substances or exogenous electron-shuttling compounds,
 Liu and Li, 2020 ; Zhao et al., 2020 ). Studies have shown that ex-
racellular extraction of respiratory electrons by electrode can 

nhance the degradation capability of the non-photosynthetic 
icroorganisms for removal of organic pollutants in water.

ahir et al. (2019) found that the removal efficiency of car- 
amazepine reached 84% when an external potential of 0.4V 

as applied, while less than 20% was observed under po- 
ential free conditions. You et al. (2021) proved that an ex- 
ernal potential can regulate the extracellular electron trans- 
er path and thus affect the degradation rate of toluene. As 
n important component, extracellular polymeric substances 
EPS) play an important role in mediating the extracellular 
lectron transfer (EET) of non-photosynthetic microorganisms 
nd enhancing the extracellular degradation of pollutants.
irstly, the cytochromes and other substances in EPS can me- 
iate the transfer of intracellular respiratory electrons of non- 
hotosynthetic microbe from the cell surface to the extracel- 

ular electron acceptors to enhance degradation of pollutants 
 Sathishkumar et al., 2020 ; Zhuang et al., 2020 ). Secondly, pro-
eins and other components in EPS can bind to organic con- 
aminants so that contaminants can be quickly removed from 

ater ( Hou et al., 2016 ; Qiu et al., 2020 ; Xu et al., 2013 ; Xu et al.,
018 ). What’s more, EPS can induce indirect photolysis of or- 
anic matter ( Yang et al., 2018 ). However, the mechanism of 
hotosynthetic metabolism is entirely different from the res- 
iratory of non-photosynthetic microbes. At present, the re- 
earch on the photosynthetic electron extraction from pho- 
osynthetic microorganisms and its resultant environmental 
ffects is still in its infancy. 

In this study, Rhodopseudomonas Palustris ( R. Palustris ) and 

hlorella vulgaris ( C. vulgaris ) were selected as model anoxy- 
enic photoherertroph and oxygenic autotrophy, respectively,
nd MNZ was used as a model antibiotic. We conducted a sys- 
ematical investigation on the effect of application of applied 

xternal potentials for photosynthetic electrons extraction 

rom the photosynthetic binary-species biofilm of R. Palus- 
ris and C. vulgaris on MNZ removal, with a special empha- 
is on the role of the applied external potentials in strength- 
ning interaction between them and regulating EPS synthe- 
is for enhancing removal of MNZ. The results obtained here 
ould contribute to the technical progress of the photosyn- 
hetic biofilm-based wastewater treatment regarding of the 
efractory toxic organic pollutants removal with simultane- 
usly biomass recovery to cater to the sustainable utilization 

f water resources and construction of circular bioeconomy. 

. Materials and methods 

.1. Reactor configuration 

he three-electrode electrochemical device was constructed 

n a single cylindrical glass chamber with 144 mL total vol- 
me, where graphite plates (3 × 1.5 × 0.4 cm), titanium wire 

0.6 mm diameter) and saturated calomel electrode (SCE) were 
sed as the working, counter and reference electrodes, respec- 
ively. Before being used, the working and counter electrode 
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were placed in an ultrasonic water bath for 45 min and then
assembled in reactor for sterilization (Appendix A Fig. S1). 

1.2. Culture and operation 

C. vulgaris and R. palustris were isolated from the South
China Basin and were used as model oxygenic photoautotroph
and anoxygenic photohetertroph, respectively. The two pho-
totrophic microorganisms were transferred successively to re-
actors containing sterilized growth medium in an aseptic ma-
nipulation box for biofilm formation with 20% inoculation
density. The reactors were run in repeat-batch mode at 27
± 2 ◦C, and potentiostat (CHI 1000C, CH Instrument, Shang-
hai, China) was used to control the working electrode poten-
tial. The growth medium contained (per liter): 1 g NaAc, 7.76
g K 2 HPO4, 0.006 g Ferric citrate, 0.006 g Citric acid, 0.001 g
EDATA-Na 2 , 0.31 g NH 4 Cl, 0.13 g KCl, 12.5 mL of mineral so-
lution and 12.5 mL of vitamin solution ( Sun et al., 2020 ). After
the startup and acclimation stage, the MNZ was added to re-
actors to provide a final concentration of 1 mg/L. In order to
investigate the externally applied potential on MNZ removal
by the photoelectrogenic biofilm, the potentials of the work-
ing electrode were set to -0.3, 0 and 0.2 V (vs. SCE), with aseptic
electrochemical reactor and the biofilm operated under poten-
tial free or dark condition as controls. During the whole exper-
imental period, a cold white fluorescent lamp (3000 Lux) was
used as light source to simulate the sunlight for photosynthe-
sis, with the distance between light source and reactor set as
5 cm. 

1.3. Contribution of photoelectrogenic biofilm-associated 

EPS to MNZ removal 

In order to investigate the contribution of the photoelectro-
genic biofilm-associated EPSs to MNZ removal, the EPS ex-
tracted from the photoelectrogenic biofilms grown under dif-
ferent externally applied potentials were added to the aseptic
growth medium with additionally supplement of 1 mg/L MNZ.
The removal of MNZ was monitored in real-time. 

1.4. Analytical methods 

1.4.1. Electrochemical measurements 
The photosynthetic electron extracted from the photoelectro-
genic biofilm of R. Palustris and C. vulgaris was transformed
to electrical signal which was recorded every 5 min using
a multi-channel potentiostat (CHI 1000C, Chenhua, China).
Cyclic voltammograms (CV) and electrochemical impedance
spectroscopy (EIS) were performed by a single-channel poten-
tiostat (CHI 660, Chenhua, China) to test the electrochemi-
cal activity and photosynthetic electron transfer rate of the
photoelectrogenic biofilm, respectively. The parameters of CV
were set with a scan rate of 5 mV/s from −0.6 to 0.5 V. EIS was
measured over a frequency range of 0.1 to 5 mHz with a per-
turbation amplitude of 5 mV. 

1.4.2. Chemical analysis 
The concentrations of MNZ were measured by using high
performance liquid chromatography (HPLC, LC-16, Jiangsu,
China) equipped with a C18 column (5 μm; 4.6 ×150 mm, Phe-
nomenex, CA, USA) at the column temperature of 30 ◦C. The
mobile phase is consisted of methanol: 0.1% formic acid (ultra-
pure water) = 20:80 ( V/V ). The analysis was started by injected
the sample (20 μL) into the column where mobile phase flowed
at 1 mL/min. The wavelength for MNZ detection was 318 nm. 

To identify the degradation intermediates of MNZ by the
photoelectrogenic biofilm, Ultra performance liquid chro-
matography Q-Exactive Orbitrap mass spectrometry (Thermo
Fisher Scientific, USA) with Hypersil GOLD C18 (100 ×2.1 mm,
1.9 μm) was carried out. Gradient LC elution was performed
with 0.1% formic acid in ultrapure water as mobile phase A
and methanol as mobile phase B. It was carried out as fol-
lowed:2 min with 98% A, 13 min with 98% to 5% A, 2 min with
98% A. 

1.4.3. EPS analysis 
The EPSs of the photoelectrogenic biofilm were extracted fol-
lowing a method described previously ( Zimu Xu1, 2017 ). In
brief, the working electrodes covered with photoelectrogenic
biofilm were suspended in 4 mL of NaCl solution (0.9%), and
further diluted with 4 mL of NaCl solution (0.9%) that had been
preheated to 70 ◦C to maintain a temperature of 35 ◦C in the fi-
nal solution. The solution was then sonicated for 2 min for the
separation of EPS. The bare electrode was removed from the
solution and discarded. The resulting suspension was sheared
by a vortex mixer for 2 min and then centrifuged at 5000 × g
for 15 min. The supernatant was filtered through a 0.22 μm
membrane filter and the organic matter in the supernatant
was collected as the loosely bound EPS (LB-EPS). 

The remaining cells in the centrifuge tube were again re-
suspended in 10 mL of 0.9% NaCl solution and heated at 50 °C
for 30 min. The heated solution was then centrifuged at 5,000 g
for 20 min and filtered through a 0.22 μm membrane filter. The
liquid finally obtained contained mainly the heat extract-able
microbial product which might roughly represent the tightly
bound EPS (TB-EPS) ( Wang et al., 2016 ). 

The protein in the collected EPS were determined by a BCA
protein concentration determination kit (Coolaber, SK1070).
The polysaccharides and humic acid were measured by the
anthrone method ( Yu Qi, 2017 ) and a modified Lowry method
( Fr¢lund et al., 1995 ) respectively. 

The components of EPS were analyzed using a three-
dimensional fluorescence spectrometer using a luminescence
spectrometer (FLS1000, Edinburgh Co., UK). The excitation
wavelength was from 220 to 450 nm, and the emission spec-
trum was from 250 to 700 nm at 5 nm increments. The con-
centration of different components of EPS were expressed as
a function of the dry cell (mg/g). 

A high-resolution confocal laser microscope (LSM 800 with
Airscan, Carl Zeiss) was used to observe the spatial distri-
bution of proteins, α-polysaccharides and β-polysaccharides
of the EPS within the photoelectrogenic biofilm grown un-
der different externally applied potentials. 5 g/L fluorescein
isothiocyanate (FITC) was used to stain proteins and amino
sugars, indicated in green. 0.25 g/L concanavalin A (Con A)
was used to bind α-polysaccharides, indicated in red. The β-
polysaccharide was stained with 0.3g/L Calcofluor white M2R
(CW), which was indicated in blue. The excitation wavelengths
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Fig. 1 – Current-time curves of the photosynthetic biofilms cultivated under different conditions at 15 and 45 days (a); cyclic 
voltammograms (b) and electrochemical impedance spectroscopies (c) of the binary-species photoelectrogenic biofilms 
cultivated at different applied potentials. 
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Fig. 2 – The removal rate of MNZ by the electrochemical 
device operated under different conditions 
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f protein, α-polysaccharide and β-polysaccharide were 488,
43 and 400 nm, respectively. 

Firstly, 0.1 mol/L sodium bicarbonate buffer was added to 
he sample to keep the amine group in a protonated form. FITC 

olution was added to the sample and then let it stand for 1 
r in the dark. Next, added the Con A solution to the sam- 
le, and let it keep for 30 min in the dark. Then, the sample 
as dye with CW solution and stood for 30 min in the dark.
fter each staining, the samples were washed three times 
ith phosphate buffered saline (PBS) to remove excess stain- 

ng. The spatial structure of biofilm EPS was observed using a 
 × water mirror. 

. Results and discussion 

.1. Externally applied potentials driven photosynthetic 
lectrons extraction from the binary-species photoelectrogenic 
iofilm of R. Palustris and C. vulgaris 

hotosynthetic current can intuitively reflect the amounts 
f photosynthetic electrons extracted from the photoelectro- 
enic biofilm. Fig. 1 a showed exemplary photosynthetic cur- 
ent cycles produced by the photoelectrogenic biofilm culti- 
ated under different externally applied potentials at 15 ( Fig. 1 ,
 1 ) and 45 ( Fig. 1 , a 2 ) days. The photosynthetic current was
ound to be potential-dependent. A maximum photosynthetic 
urrent of 0.06 mA was observed simultaneously for the pho- 
oelectrogenic biofilm cultivated at 0 V and 0.2 V after 15 days 
ultivation. However, the photoelectrogenic biofilm cultivated 

t 0 V yielded a photosynthetic current intensity of 0.44 mA 

t 45 days, which was much higher than that yielded by the 
hotoelectrogenic biofilm cultivated at 0.2 V (0.12 mA) and 

0.3 V (0.13 mA). It is concluded that 0 V is a favorable po-
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Fig. 3 – Comparison of MNZ removal by the EPS extracted 

from the binary-species photoelectrogenic biofilm at 
different EPS concentrations. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

tential for extraction of photosynthetic electrons from the
binary-species photoelectrogenic biofilm. In addition, the sta-
ble photosynthetic current generated by the photoelectro-
genic biofilm cultivated at -0.3 V can be sustained more longer
than that generated by the photoelectrogenic biofilm culti-
vated at 0 V and 0.2 V, indicating a slow photosynthetic elec-
trons extraction rate at -0.3 V. 

Similar current responses were observed from the CV
scans under turnover conditions ( Fig. 1 b). A set of redox peaks
were found at -0.17 V and -0.32 V for the photoelectrogenic
biofilm cultivated at 0 V and 0.2 V, while it was disappeared
completely for the photoelectrogenic biofilm cultivated at -0.3
V. The redox peak is closed to characteristic peaks of outer
membrane cytochromes (OmcA) according to previous stud-
ies ( Edwards et al., 2017 ; Venkidusamy and Megharaj, 2016 ).
The results of CV indicated that an applied potential of 0 V can
promote the secretion of OmcA. Therefore, the highly efficient
photosynthetic electron extraction at 0 V might be attributed
to high level expression of OmcA. 

Fig. 1 c presented the EIS of the photoelectrogenic biofilm
under non-turnover conditions. The solution resistance (Rs),
charge transfer resistance (Rct) and Warburg’s diffusion ele-
ment were obtained by simulating the Nyquist plot with an
equivalent circuit (an inset in Fig. 1 c). As shown in Appendix
A Table S1, the photoelectrogenic biofilm cultivated at 0 V ex-
hibited a Rct of 4 � which was much smaller than that of the
photoelectrogenic biofilm cultivated at -0.3 V (692 �) and 0.2 V
(45 �), indicating a extremely low extracellular photosynthetic
electrons transfer resistance at 0 V. 

2.2. Performance of the photoelectrogenic biofilm for 
metronidazole (MNZ) removal 

As shown in Fig. 2 . under illumination, the binary-species pho-
toelectrogenic biofilm achieved better MNZ removal perfor-
mance than that of pure culture of R. palustris and C. vul-
garis . No matter how much the potential is applied, the binary-
species photoelectrogenic biofilms showed incredible ability
to remove MNZ completely within 12 hr with a removal rate
of 0.494 hr −1 at 0 V, 0.396 hr −1 at 0.2 V and 0.271 hr −1 at -0.3
V, respectively, while barely 0.021 hr −1 and 0.008 hr −1 were
observed for the pure culture of R. palustris and C. vulgaris .
These results indicated that the synergy of C. vulgaris and
R. palustris enhanced MNZ removal which might be due to
the enhanced aerobic biodegradation of MNZ by R. palustris
in the presence of photosynthetic oxygen released by C. vul-
garis ( Wang et al., 2020 ). In addition, the removal of MNZ by
the no-photoelectrogenic biofilm cultivated at potential free
significantly slower than that achieved by the photoelectro-
genic biofilms, indicating a major contribution of photosyn-
thetic electrons extraction to MNZ removal. It was well doc-
umented that the conductive solid matrix with applied po-
tential can act as an electron acceptor for accelerating oxida-
tion of electron donors (H 2 O for photosynthesis of C. vulgaris
and organic carbon for photoheterotrophic metabolism of R.
palustris ), which provides more electrons for reductive degra-
dation of metronidazole ( Wen et al., 2011 ). Fig. 2 also showed
that the removal of MNZ was significantly slowed down when
the illumination was cancelled due to lack of photosynthesis
( Sun et al., 2020 ). 
The EPSs extracted from the binary-species photoelectro-
genic biofilms were put into sterile reactors containing 1mg/L
MNZ to investigate the contribution of EPS to MNZ removal. As
shown in Fig. 3 , the removal performance of MNZ by the EPS
extracted from the binary-species photoelectrogenic biofilms
was concentration-dependent. No obvious removal of MNZ
was observed at EPS concentration of 8 mg TOC/L under po-
tential free condition. However, addition of 20 mg TOC/L of
EPS resulted in a fast removal of MNZ within 8 hours but no
further removal was observed as time goes by. It is the elec-
trostatic interactions and hydrophobicity that makes combi-
nation between antibiotics and EPS happened, however, MNZ
is hydrophilic and easier to release in water again ( Xu et al.,
2013 ; Zhu et al., 2020 ). The combination of addition of 20 mg
TOC/L EPS and application of an external potential of 0V re-
sulted in fast removal of MNZ after 12 hr with a high total
MNZ removal efficiency of 54% which might be attributed to
the EPS-induced photosensitive degradation of MNZ ( Li and
Hu, 2016 ; Xu et al., 2011 ). Obviously, the removal of MNZ by the
EPS of the photoelectrogenic biofilms showed obvious dosage
effect. It has been reported that the pollutants removal effi-
ciency increases as the concentration of EPS increased due to
the increases in the number of binding sites available for the
pollutants ( Nouha et al., 2016 ). In addition, high concentration
of EPS contains more photo-active substance which could in-
duce faster photosensitive degradation of antibiotic pollutant
than that with addition of low concentration of EPS. 

LC/MS analysis was performed to identify the intermedi-
ate products of MNZ, which were shown in Appendix A Fig.S2
and Table S2. Four possible degradation pathways were pro-
posed based on intermediate products analysis and shown in
Fig. 4 . In pathway 1, the hydroxyl of MNZ is oxidized to car-
boxyl and then nitro is replaced by hydroxyl, while the ni-
tro is firstly attacked to form a m/z = 127 compound in path-
way 2 (Mai et al., 2019). The formation of 2-methyl, 5-hydroxy-
imidazole in both pathway1 and 2 was decomposed to oxalic
acid. Pathway 3 represents the indirect electric reduction of
MNZ. MNZ turned to nitroso compound ( m/z = 156) at first by
capturing 2e −, and then the nitroso turned to hydroxylamine
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Fig. 4 – The possible degradation pathway of metronidazole by the binary-species photoelectrogenic biofilm of C.vulgaris 
and R. palustris . 
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zanol ( m/z = 158) by capturing another 2e − to forming amide 
m/z = 143) ( Kong 2015 ; Saidi, 2016 ). In pathway 4, nitro was
eplaced by H 

+ leading to the decomposition of C = N and the 
ormation of glycine ( m/z = 118), and finally become acetic acid 

 Dai et al., 2016 ). Based on the analysis of the intermediate 
roducts, the reductive denitration followed by dissociation 

f aromatic ring structure to form organic acid was demon- 
trated. There are three possible mechanisms that account for 
he degradation of MNZ by the photoelectrogenic biofilm: (1) 
 portion of photosynthetic electrons extracted by the elec- 
rode was transferred to MNZ for its reductive denitration 

 Sun et al., 2020 ); (2) the reductive denitration products was 
urther degraded by extracellular enzymes produced by the 
hotoelectrogenic biofilm ( Hena et al., 2020 ); (3) the EPS can 

lay as biophotosensitizer for inducing indirect photolysis of 
NZ ( Wei et al., 2021 ). 

.3. Mechanism of the photoelectrogenic biofilm 

PS-induced MNZ removal 

.3.1. EPS production regulated by externally applied poten- 
ials 
xogenous stress/induction have a great influence on the mi- 
robial EPS synthesis through regulation of the physiologi- 
al metabolism of cells ( Zhu et al., 2020 ; Liu et al., 2016 ). It
an be seen from Fig. 5 , an application of an external po- 
ential of 0 V and 0.2 V obviously promoted protein synthe- 
is which may contain cytochrome C, leading to high elec- 
ron transfer rate and enhanced co-metabolic degradation of 
NZ ( Yang et al., 2019 ). In contrast, the protein content in EPS

id not undergo significant increases under an external po- 
ential of -0.3 V. Moreover, the application of external poten- 
ial greatly increased the content of polysaccharides and hu- 

ic acid-like substrate in EPS when compared to the EPS ob- 
ained under potential free condition. It is reported that hu- 

ic acid plays an important role in microbial extracellular 
lectron transfer ( Xiao et al., 2017 ), redox degrading pollutants 
 Young et al., 2006 ) and inducing photosensitive degradation 

f organic pollutants ( Tenorio et al., 2017 ). These results could 

artly explain the mechanisms of enhanced MNZ removal by 
he photoelectrogenic biofilm ( Figs. 2 and 3 ). The polysaccha- 
ides in EPS have a strong adsorption capability on aromatic 
ydrocarbons and can combine with antibiotics to form com- 
lexes ( Li et al., 2021 ; Pan et al., 2010 ; Xu and Sheng, 2020 ). 

The cultivation period has also a great influence on the 
PS components of the photoelectrogenic biofilm. Compar- 
ng with 15-day cultivation, the content of protein, polysac- 
harides and humic acid-like substrate increased significantly 
n LB-EPS but decreased in TB-EPS after 45 days cultivation 

 Fig. 5 d and 5 e). It is well documented that the microbial cells
re embedded by EPS, which can be divided into the tightly- 
ound EPS (TB-EPS) located in inner layer of biofilm and the 
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Fig. 5 – Comparison of functional substance contents in loosely bound extracellular polymer components (a) and tightly 

bound extracellular polymer components (b) of the EPS produced at different applied potentials; Comparison of functional 
substance contents in the EPS of plankter produced at different applied potentials (c); Effect of cultivation periods on 

functional substances accumulation in loosely bound extracellular polymer components (d) and tightly bound extracellular 
polymer components (e) of EPS produced at different applied potentials. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

loosely-bound EPS (LB-EPS) existing in outer layer of biofilm.
The loosely bound EPS can directly interact with pollutants in
wastewater and thus plays a more important role than tightly
bound EPS in pollutants removal. In this study, 

In sum, application of external potentials posed a positive
influence on extracellular removal of MNZ by the photoelec-
trogenic biofilm. On the one hand, the increase of EPS can im-
pede diffusion of MNZ in biofilm and protect microbial cells
from toxicity induced by MNZ ( Li et al., 2021 ). On the other
hand, the accumulation of protein, polysaccharides and hu-
mic acid-liked photoactive substance in EPS could promote
the adsorptive, reductive and photosensitive removal of MNZ
( Xiao and Zhao, 2017 ). 

2.3.2. Spatial distribution of EPS in the photoelectrogenic
biofilm 

The spatial distribution of protein and polysaccharide of EPS
in the photoelectrogenic biofilms was analyzed by fluores-
cent staining. At a specific excitation wavelength, the fluo-
rescence of protein is green, α-polysaccharide is red and β-
polysaccharide is blue. As is shown in Fig. 6 , tight and homo-
geneous biofilms were formed under different applied poten-
tials (100-160 μm in thickness). Moreover, protein accounts for
a large portion of the EPS cultivated at 0 V, while excessive
polysaccharides are accumulated in the EPS formed at 0.2 V.
Coupling with the result of CV, we already known that an ap-
plied potential of 0 V and 0.2 V can promote the secretion of
cytochrome for enhancing extracellular photosynthetic elec-
tron transport which explained why there is a tiny difference
in photosynthetic current intensity between the photoelectro-
genic biofilm cultivated at 0 V and 0.2 V when their contents of
protein were similar after 15 days cultivation. However, non-
conductive polysaccharides had increased with time passing
at 0.2 V, which could dissipate electroactivity of the biofilm
( Kitayama, 2017 ). As indicated by CV results, the photoelec-
trogenic biofilm cultivated at -0.3 V shows low electroactiv-
ity, despite the average thickness of the biofilm was 160 μm.
When analyzed each layer of EPS, it was found that the EPS
was mainly accumulated in the middle layers of the biofilm,
because either the toxicity of antibiotics or the absence of
light source leads to less biomass on outer or inner membrane.
High content of redox proteins in EPS accumulated in the mid-
dle layer could beneficial to photosynthetic electrons transfer
from outer biofilm to solid matrix. Besides, there is an increas-
ing tendency for β-polysaccharide towards to the outer biofilm
which could contribute to form a firm biofilm ( Adav, 2008 ). 

Three-dimensional EEM fluorescence spectroscopy can
give a spectral information to investigate the changes of
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Fig. 6 – The spatial distribution of EPS produced at -0.3V (a), 0V(b) and 0.2V (c). The upper part is a three-dimensional view of 
the space, and the lower part is the content distribution of each component of extracellular polymer substrate in different 
layers of the biofilm according to the biofilm thickness. 
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rganic component in the EPS of the photoelectrogenic 
iofilm cultivated at different external potentials. As shown 

n Fig. 7 . characteristic peaks A (Ex/Em : 225-230/320-335) and 

 (Ex/Em:280-290/335-345), which represented tyrosine-like 
nd tryptophan-like substances respectively ( Lai et al., 2018 ),
ere significantly enhanced along with increase of external 
otentials. High intensities of peak A and B in all stages 

mplied that tyrosine and tryptophan protein might be the 
ain component of proteins in EPS. The highest intensities 

f peak C (Ex/Em : 260-275/440-480) and D (Ex/Em : 345-350/430- 
40) which belongs to humic acid-like substances ( Peiris et al.,
011 ) were achieved for the EPS of the photoelectrogenic 
iofilm cultivated at 0 V. Previous studies have proved that 
yrosine-like substance, tryptophan-like substance and hu- 

ic acid can interact with antibiotics through C = O bonding 
ite ( Li et al., 2020 ; Lin et al., 2010 ; Wang et al., 2018 ) and the
umic acid can also function as photosensitizer to promote 
hotosensitized degradation of antibiotics ( Wei et al., 2021 ).
n external potential of 0.2V mainly promoted the accumu- 

ation of protein in EPS, while an external potential of 0 V 

romoted the accumulation of both protein and humic acid 
hich could explain the best removal performance of MNZ 

y the photoelectrogenic biofilm cultivated at 0 V. In compar- 
son, the intensities of peak A and B in EPS produced at -0.3 
 were significantly lower than that observed for EPSs pro- 
uced at 0 V and 0.2 V, leading to a poor performance in MNZ
emoval. 

The EPSs extracted from the planktonic microorganisms 
ere also analyzed. As is shown in Figure 7 , characteristic 
eak E (Ex/Em : 244/440) and peak F (Ex/Em : 325/375) were de-
ected only in plankter but absent in biofilm. Peak E belongs 
o fulvic-like substances, and the existence of which may con- 
ribute to the blue-shift of humic acid ( Li et al., 2021 ). Be-
ides, characteristic peak of tryptophan-like was not observed 

n plankter. Tryptophan usually acts as a reducing agent in 

iochemical reactions. It only needs very low energy (˜4 eV) 
o excite it to lose electrons and combine with organics, re- 
ulting in fluorescence quenching ( Callis, 2014 ). Popova et al.,
2010) proposed that nitroso compounds tend to combine with 

ryptophan to form complexes, so it can be speculated that 
itro compounds is the main reason of fluorescence quench- 

ng of tryptophan-like substances. And it also inferred that the 
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Fig. 7 – The three-dimensional fluorescence of the EPSs produced at potential free (a), -0.3 V, (b) 0 V (c) and 0.2 V (d), and the 
EPS of plankter cultivated at -0.3 V, (e) 0 V (f) and 0.2 V (g). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

presence of tryptophan-like substances in biofilm can induce
reductive degradation of MNZ. 

2.3.3. Proposed mechanisms of photoelectrogenic biofilm for
MNZ removal 
Based on the obtained results, we proposed the mecha-
nisms of the enhanced MNZ removal by the binary-species
photoelectrogenic biofilm of C. vulgaris and R. Palustris
through potential-dependent photosynthetic electron extrac-
tion ( Fig. 8 ). The externally applied potential provides a drive
force to extract photosynthetic electron within the microbial
cell, which simultaneously promotes the photoautotrophic
metabolism of C. vulgaris and photoheterotrophic metabolism
of R. Palustris , leading to enhancement in exchange utilization
of their respective metabolites and EPS synthesis which en-
hanced a series of process for MNZ removal including adsorp-
tion, biological oxidation/reduction and photosensitive degra-
dation. 
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Fig. 8 – The proposed degradation mechanisms of MNZ by the binary-species photoelectrogenic biofilm of C. vulgaris and R. 
palustris . 
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. Conclusions 

se of a solid matrix with applied potentials for photosyn- 
hetic electrons extraction demonstrated an efficient and con- 
enient approach to promote the cooperation between mi- 
roalgae and anoxygenic photosynthetic bacteria and regu- 
ate their EPS metabolism towards enhancing removal of an- 
ibiotic from wastewater. The external potential of 0V exhib- 
ted the best performance for photosynthetic electrons extrac- 
ion which significantly promoted the accumulation of trypto- 
han and humic acid protein, polysaccharide and humic acid- 

iked photoactive substances in EPS of the binary-species of 
. vulgaris and R. Palustris , leading to multipath removal of 
NZ though adsorption, biological oxidation/reduction and 

hotosensitive degradation. These results could contribute to 
he technical progress of the photosynthetic microorganism- 
ased resourceful treatment of wastewater regarding as 
ighly efficient toxic organic micro-pollutants removal cou- 
ling with microbial biomass recovery. 
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