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A B S T R A C T

Microbial fuel cell (MFC) sensor exhibits attractive prospects for real-time monitoring of nitrate (NO3
- ) in water, 

with unique advantages of self-powering and simple structure; but its stability and sensitivity are unsatisfactory. 
In an attempt to address the limitations, here we employed an open-circuit MFC (O-MFC) sensor for real-time 
monitoring of NO3

- in water, compared to a conventional closed-circuit MFC (C-MFC) sensor. The stability of 
the O-MFC sensor was confirmed when subject to the continuous fluctuation of interfering substances including 
organic matter (acetate, 2–20 mM), SO4

2- (250–400 mg/L) and Fe3+ (0.3–0.6 mg/L). For one-time and continuous 
monitoring of NO3

- at a concentration of 1–40 mg/L, the O-MFC sensor both achieved higher sensitivity than that 
of the C-MFC sensor; especially at a low NO3

- concentration of 1 mg/L, the changes of electrical signal (ΔE) 
reached 10.0 ± 1.00 mV and 7.0 ± 0.85 mV respectively. In contrast, the C-MFC sensor failed to monitor at low 
NO3

- concentrations of 1 and 5 mg/L. Moreover, good linear correlation between ΔE and NO3
- concentration (R2 

= 0.907 and 0.981) was obtained from the O-MFC sensor. However, owing to the highly activity of EAB that 
mainly grows in the outer layer of biofilm, the response time of the O-MFC sensor is too long. Microbial com-
munity analysis further revealed that the open-circuit condition is more suitable for NO3

- monitoring in water, 
providing a new way to improve the performance of MFC sensors.   

1. Introduction

The increasing use of nitrates (NO3
- ) as crop fertilizers and the

discharge of nitrate-rich wastewaters from municipal plants and live-
stock farms have induced eutrophication, hypoxia, acidification and 
changes in phytoplankton and microbial populations in water bodies, 
posing a serious threat to the ecosystem [1–3]. In addition, excessive 
nitrate in drinking water would cause serious healthy diseases, such as 
infant methemoglobinemia (blue baby syndrome), cancers, kidney dis-
ease and infertility [4,5]. Especially when nitrate is reduced to highly 
toxic nitrite by microorganisms, accumulated nitrite over than 3 g in the 
body could lead to death [6]. The world health organization (WHO) 
recommends a maximum concentration for NO3

- -N in drinking water 
resources of 10 mg/L [7]. Nitrate is a relatively stable anion and is not 
easily precipitated due to its high stability and solubility; it is necessary 
to monitor nitrate in time to avoid possible environmental and human 

health risks. 
Some methods have been developed to quantify nitrate detection in 

water, such as ultraviolet spectrophotometry, fluorescence, ion ex-
change chromatography, cadmium column reduction and electro-
chemical analysis; among them, electrochemical methods have attracted 
increasing attention due to their portability, simplicity, economy and 
low detection limit [8–10]. The electrochemical methods for nitrate 
detection can be divided into voltammetric detection and potentio-
metric detection. Based on the difference in potential generated by se-
lective passage of nitrate from a solution to a membrane, ion-selective 
electrodes (ISEs) is the most common potentiometric detection method 
with detection limits down to parts per trillion (ppt) level [10]. How-
ever, due to the electrode passivation and slow kinetics of direct nitrate 
reduction on electrode surface, ISEs have a poor sensitivity and a low 
reproducibility [11,12]. Over recent decades, the nitrate reductase (NR) 
biosensor based on the high levels of specificity and selectivity for 
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3
-

and detection limit of the two sensors for real-time monitoring of NO3
- in 

water were examined. After one month of continuous monitoring tests, 
the microbial community differences on their electrodes between the 
two MFC sensors were also explored. 

2. Materials and methods

2.1. Construction and start-up of MFC sensors

Two typical dual chamber MFCs with the same configuration were 
constructed as NO3

- detection sensors. The two chambers with each 
working volume of 50 ml were separated by a cation exchange mem-
brane (CMI-7000, Membranes International Inc., USA). Graphite felt (2 
× 3 × 0.2 cm) was used as anode, and the cathode was a carbon fiber 
brush (3 × φ1.5 cm). Ag/AgCl reference electrode (SCE, + 197 mV vs. 
SHE; CHI Co., Ltd., Shanghai, China) was placed in each of the anode 
chambers to measure the anode potential. 

The operation conditions of two MFC sensors were identical during 
the start-up stage. The anode was connected to a potentiostat (CHI660E, 
CHI Co., Ltd., Shanghai, China) as the working electrode, and the 
cathode was used as the counter electrode. The anode potential was 
controlled at − 297 mV vs. Ag/AgCl reference electrode [35]. After the 
mixture replaced daily, the cell voltage of the MFCs was monitored for 3 
h through the data acquisition board (Picolog1216, Pico Technology Inc, 
UK). The MFCs were inoculated with an anode mixture (1:3, V/V) of the 
inoculum and the synthetic wastewater. The inoculum was taken from 
the YE Wastewater Treatment Plant, Shanghai, and the synthetic 
wastewater was composed of 1.64 g NaAC, 0.31 g NH4Cl, 4.40 g 
KH2PO4, 3.40 g K2HPO4, 0.10 g CaCl2⋅H2O, 0.10 g MgCl2⋅6H2O, 12.50 
ml trace mineral solution and 5 ml vitamin solution dissolved in 1 L 
deionized water [36]. COD of the mixture solution was 740 ± 50 mg/L 
and pH was 6.65 ± 0.10. In order to remove dissolved oxygen, N2 was 
used to purge the mixture solution for 20 min before injected to the 
anode chamber. The catholyte contained 16.64 g K3Fe(CN)6, 4.40 g 
KH2PO4 and 3.40 g K2HPO4⋅3H2O in 1 L deionized water. Both the 
anolyte and catholyte were replaced daily. During the experiment, the 
temperature was controlled at 25 ± 2 ◦C. Magnetic stirrers were 
installed at the bottom of both chambers. The start-up stage was 
considered completed when the maximum voltage output of the MFCs is 
continuously stable for one week. 

2.2. Test of the MFC sensors 

After the start-up stage was completed, the anode chamber of MFCs 
were filled with synthetic wastewater to replace the mixture solution; 
both the anolyte and catholyte were recirculated at a flow rate of 5 ml/ 
min and replaced every two days. One of the MFC sensor was operated 
under open-circuit condition which acted as the O-MFC sensor, and the 
other was connected to a 1000 Ω external resistor as the C-MFC sensor. 
The anode potential of the O-MFC sensor and external circuit voltage of 
the C-MFC sensor were recorded every 5 s by the data acquisition board 
(Fig. 1). 

Once the MFC sensors reached steady states, a series of experiments 
were carried out to investigate performance variations of them. Firstly, 
the optimal background concentration of MFC sensors was determined 
under different acetate concentrations of 2 mM, 5 mM, 10 mM and 
20 mM, respectively, which used as default value for all subsequent 
experiments, unless otherwise specified. Then, the effect of continuous 
changes of acetate concentration on the stability of the MFC sensors 
were investigated. Before a new concentration was applied, the elec-
trical signal of sensors should return to steady-state and maintain for 
30 min 

In order to compare the performances (sensitivity, stability and 
response time) between the two MFC sensors for NO3

- monitoring, two 
MFC sensors fed with synthetic wastewater containing different con-
centrations of NO3

- (1 mg/L, 5 mg/L, 10 mg/L, 20 mg/L, 30 mg/L and 

nitrate has attracted considerable interest, which exhibits ultra-high 
sensitivity and low detection limit [10,13]. With the development of 
different enzyme polymerization methods that load more NR per unit 
area, thereby enhancing the electron transfer process, NR biosensors can 
detect nitrate with low detection limits to 0.0076 μM NO -N [14]. 
However, stability of NR biosensors is generally poor since it is sus-
ceptible to irreversible changes under the environmental factors and 
presence of toxicants [6]. In addition, it is difficult to maintain the 
detection repeatability of normal biosensors since NR has no 
self-regeneration ability and usually needs to be replaced and stored in a 
low-temperature environment, which makes it impossible to monitor 
nitrate in water continuously [15]. 

Alternatively, microbial fuel cell (MFC) sensors exhibit more 
attractive prospects for in-situ monitoring of nitrate in water, due to 
their unique advantages of self-powering, sustainable and good self- 
recovery ability [16,17]. The electroactive bacteria (EAB) of the bio-
anode as sensing element metabolically degrades the substrates and 
transports the electrons to the external circuit via extracellular electron 
transfer (EET) channels [18,19]. Since nitrate is a common electron 
acceptor of microbial metabolism, the presence of nitrate will compete 
for electrons with the outward EET, thereby changing the output current 
or voltage to a certain extent [20]. However, due to the competition 
between the microbial electricity generation and the denitrification 
processes, the sensitivity and accuracy of MFC sensors for nitrate 
detection is limited; the different C/N ratios in water significantly 
impact the competition on population dynamics in mixed communities 
and metabolic pathways [21]. Gregoire et al. revealed that some EAB are 
capable of bidirectional EET, i.e. organic oxidation by outward EET and 
nitrate reduction by inward EET, which avoid the nitrate competed with 
outward EET for electrons [22]. Yi et al. used the model electricigen 
Shewanella loihica PV-4 with the bidirectional EET capability simulta-
neously monitoring BOD and nitrate in water [23]. Considering the 
growth environment of pure bacteria in the actual monitoring scenario 
is easy to be contaminated, it is not conducive to long-term monitoring 
of nitrate in water with most MFC sensors [24]. Previous works indi-
cated that lower electrode potential is thermodynamically feasible to 
improve the sensitivity of nitrate monitoring [25,26]. However, the 
electrode potential usually controlled by the potentiostat [27,28], which 
is in contradiction with the distinguished self-powered feature of MFC 
sensors. Yu et al. developed a MFC powered biocathode sensor to detect 
nitrate through dynamically controlled biocathode potential in the 
range of −  0.45 to −  0.7 V, and obtained a low detection limit (0.11 μM) 
and wide linear detection range (1–500 μM) [24]. To further simplify the 
construction of the MFC sensor and control the appropriate anode po-
tential, Wang et al. employed an open-circuit MFC sensor cultured with 
mixed bacterial to monitor nitrate in water, and established a dynamic 
model of O-MFC sensor [29]. Since the open-circuit cuts off the path of 
electron transfer to the cathode, electrons can be stored in the cyto-
chromes of microorganisms or electrode in the absence of electron ac-
ceptors, and the accumulation of electrons minimizes the anode 
potential [30]. Generally open-circuit MFC is not susceptible to organic 
matter [31]. However, due to the restricted electron transport path, 
which is not conducive to the growth and metabolism of EAB, the 
long-term open circuit of the MFC can easily lead to the deterioration of 
the bioanode [32]. When other interfering substances (such as Cu2+, 
Fe3+ and Cr6+) were present, the anodic microbial activity was inhibited 
under open-circuit conditions, leading to more obvious potential fluc-
tuations [33]. The current generated under closed circuit condition is 
beneficial to stimulate the reactivation of the decaying anode biofilm 
[34]. 

In this study, an open-circuit MFC (O-MFC) sensor for real-time NO3
- 

monitoring was constructed while another closed-circuit MFC (C-MFC) 
sensor constructed for comparison, in order to verify the superiority of 
open-circuit mode for nitrate monitoring in water. The effect of organic 
matter (OM, acetate) and other interfering ions (SO4

2- and Fe3+) on the 
stability of MFC sensors was investigated. Furthermore, the sensitivity 



40 mg/L) were tested. To simulate the actual working scenarios with 
complex condition changes, the one-time and continuous NO3

- moni-
toring experiments were set for further investigations on the stability 
and repeatability of the MFC sensors. Considering that the response time 
of the MFC sensor previously reported was rather long [37], the ex-
periments employed 30 min as the initial reaction time. For the one-time 
NO3

- concentration monitoring experiments, the anode of sensors would 
be cleaned with 50 mM phosphate buffer solution (PBS) at the end of 
each operation run. For the continuous real time monitoring of NO3

- , the 
voltage was retained at least 30 min for each run. 

Afterwards, the effects of interfering ions (SO4
2- and Fe3+) acted as 

competing electron acceptances were investigated. For that 250 mg/L, 
300 mg/L, 350 mg/L and 400 mg/L of SO4

2- were passed into the anode 
chamber at a flow rate of 5 ml/min. Similarly, 0.3 mg/L, 0.4 mg/L, 
0.5 mg/L and 0.6 mg/L of Fe3+ were tested with the same procedure as 
described above. The sensors were cleaned with 50 mM PBS after each 
experiment. 

2.3. Analysis and calculations 

Polarization and power density curves were obtained by linear sweep 
voltammetry (LSV), with the scan rate of 1 mV/s (CHI660E, CHI Co., 
Ltd., Shanghai, China), with the open-circuit potential and short-circuit 
potential as the initial potential and the final potential respectively. The 
results were obtained from the V-I curve. Cyclic voltammetry (CV) is 
used to characterize the redox behavior of bioanode, which was oper-
ated in a three-electrode mode with the scan potential ranging from 
− 0.8 to 0 V and the scan rate of 0.01 mV/s. 

Response time was defined as the time required for the electrical 
signal (current or voltage) recovering to 95% of the initial steady-state 
signal after the MFC contacted with contaminants [20]. In this study, 
since the electrical signal generated was weak when subjected to shock 
of contaminants, the response time was defined as the time required to 
transit the electrical signal from one steady-state to another when sub-
jected to shock of contaminants. 

Sensitivity is an important parameter for MFC sensors and is gener-
ally defined as the change in electrical signal intensity (ΔE, mV) per unit 
concentration of the monitored substance (ΔC, mg/L) [20], as demon-
strated in Eq. (1). In this study, since nitrate can also be metabolized by 
non-EAB, ΔE was used to represent the sensitivity of MFC sensors. 

Sensitivity =
ΔE
ΔC

(1) 

Inhibition rate (IR) refers to the percentage of the changes in the 
electrical signal (ΔE, mV) to the initial value (U0, mV) and is generally 
used to determine detrimental effect of toxic substance [20]. In this 
study, this index was used to evaluate the effect of interference sub-
stances on performances of the MFC sensors by Eq. (2). 

IR =
ΔE
U0

× 100% (2)  

2.4. Anodic microbial community 

After long time continuous monitoring tests for one month, the anode 
samples were cut under aseptic conditions and gently cleaned with 
50 mmol/L PBS solution to remove the poorly adsorbed bacteria; then 
the electrodes were fixed with 2.5% (V/V) glutaraldehyde for 10 h. The 
fixed electrodes were cleaned with PBS solution six times for 20 min 
each time; after that, the electrodes were cleaned with 30%, 50%, 70%, 
90% and 100% of ethanol by volume; each solution was soaked twice for 
20 min. The treated electrode samples were vacuum dried, gold- 
mounted and observed under a JSM-6360LV scanning electron 
microscope. 

The microbial diversity of the anodic biofilm was sequenced using an 
Illumina Miseq (Shanghai Majorbio Bio-pharm Technology Co., Ltd., 
China). The hypervariable regions were V3-V4, and corresponding 
primers were 338 F (50-ACTCCTACGGGAGGCAGCAG-30) and 806 R 
(50-GGACTACHVGGGTWTCTAAT-30) by the thermocycler PCR system 
(GeneAmp 9700, ABI, USA). Finally, the data was analyzed on the online 
platform of Majorbio I-Sanger Cloud Platform. 

3. Results and discussion

3.1. Electrochemical characterization of MFC sensors after start-up

To evaluate background differences between the two MFC sensors 
after start-up, the CV, polarization and power density curves were pro-
filed (start-up data were not given for streamlined content). The CV 
curve is an electrochemical technique used to characterize thermody-
namics of electron transfer of EAB [38]. As shown in Fig. 2a, the 
oxidation and reduction peaks of MFCs both appeared at the formal 

Fig. 1. Schematic diagram of O-MFC and C-MFC sensors.  



potential around − 0.01 V and − 0.33 V, respectively. Although the 
Faradaic current of MFC-2 was slightly higher than that of MFC-1, the 
electroactive areas enclosed by the curves were close, which means that 
the thermodynamics, voltampere characteristics and anode electron 
transfer mechanism of MFC-1 and MFC-2 were similar [39]. As is illus-
trated in Fig. 2b, the similar open-circuit potential (around 700 mV) and 
the similar slop of cell polarization curves were observed for the two 
MFCs. The maximum power density achieved by the MFC-1 was 
63.3 mW/m2, which was only 1.8 mW/m2 lower than that produced 

from the MFC-2. Besides, both MFCs obtained the same maximum cur-
rent density around 163 mA/m2. In summary, the bacterial metabolism 
and electroactivity on the bioanode of the two MFC sensors were similar, 
indicating that the differences between MFC-1 and MFC-2 were negli-
gible, allowing for subsequent comparative experiments. 

Fig. 2. (a) Cyclic voltammetry for enriched biofilms on anodes vs. Ag/AgCl for the two sensors; the scan potential ranging from − 0.8 to 0 V and the scan rate of 
0.01 mV/s. (b) Polarization curves and power density curves of the two sensors after start-up; the scan rate of 1 mV/s. 

Fig. 3. The electrical signal of the sensors under different acetate concentrations of 2 mM (a), 5 mM (b), 10 mM (c) and 20 mM (d) respectively.  



in the drinking water standard [45]. Although the C-MFC sensor also 
showed a voltage drop at 1 mg/L NO3

- , the voltage lost stability could not 
return to the steady-state in a long time. The same problem was found 
when the NO3

- concentration was 5 mg/L (Fig. 4b); but the problem was 
eliminated when the NO3

- concentration was greater than 10 mg/L 
(Fig. 4c–f), suggesting that the detection limit of the C-MFC sensor is 
10 mg/L. The distinct ΔE of the O-MFC sensor were observed at NO3

- 

concentrations of 5–40 mg/L. However, the increase of ΔE was much 
smaller than that of the NO3

- concentration and the response time of both 
sensors increased significantly, indicating that the reduction efficiency 
of NO3

- receiving electrons on the bioanode surface was inversely pro-
portional to its concentration. Since the denitrifying non-EAB prolifer-
ated on the anode, reduced the NO3

- but didn’t consume electrons from 
the anode, the lower ΔE produced by higher NO3

- concentration at 30 
and 40 mg/L NO3

- . The correlation between NO3
- concentration and ΔE 

of the MFC sensors was shown in Fig. S2. Since the C-MFC sensor failed 
to detect NO3

- at low concentrations of 1 mg/L and 5 mg/L, only 4 points 
were fitted using logarithm based on their distribution. There was no 
significant linear correlation between ΔE and NO3

- concentration in the 
C-MFC sensor (Fig. S2a). However, such linear relationship was evident
in the O-MFC sensors with the R2 of 0.907 (Fig. S2b), which indicated
that the open-circuit was more suitable for NO3

- quantification tests.
These results implied that the O-MFC sensor used for one-time NO3

- 

monitoring tests presented a wider monitoring range (1–40 mg/L),
greater stability and higher sensitivity.

3.4. Performance of continuous NO3
- monitoring in water 

Prominent differences of the response time, sensitivity and detection 
limit in continuous monitoring of NO3

- concentrations ranging from 1 to 
40 mg/L were demonstrated in Table 2. Likewise, the C-MFC sensor was 
unable to generate significant ΔE to detect low-concentration nitrates at 
1 mg/L and 5 mg/L (Fig. 5a). When a higher NO3

- concentration was 
applied, the steady-state signal of the C-MFC sensor dropped from the 
initial 651 to 645 mV, which might be caused by the accumulation effect 
of nitrate that promoted the growth of non-electrogenic bacteria on 
surface of the bioanode, and competed for OM with the EAB. Compared 
with the one-time monitoring tests, the ΔE generated under the same 
nitrate concentration (10–40 mg/L) was lower in the continuous tests. 
This might be attributed to the reduction of EAB abundance in anodic 
colony and the thickening of biofilm. Due to the accumulation of NO3

- , 
the activity of EAB was inhibited and thus the response time of the O- 
MFC sensor at the corresponding concentration was longer than that of 
the one-time monitoring tests. As can be seen from Fig. 5b, the linear 
correlation (R2 = 0.587) between the NO3

- concentration and the ΔE for 
the C-MFC sensor was low, but it provided a reference for early warning 
of the NO3

- pollution in water within a certain range (10–40 mg/L). 

Table 1 
Performances of two MFC sensors for one-time NO3

- monitoring.  

Nitrate 
concentration 
(mg/L) 

C-MFC sensor O-MFC sensor 

Sensitivity 
(mV) 

Response 
time 
(min) 

Sensitivity 
(mV) 

Response 
time 
(min) 

1 / / 10.0 
± 1.5 

10.0 ± 4.5 

5 / / 22.0 
± 2.4 

14.0 ± 5.6 

10 11.0 
± 1.2 

19.0 ± 3.6 27.0 
± 2.8 

21.0 ± 7.5 

20 12.0 
± 2.4 

33.0 ± 8.9 29.0 
± 2.5 

41.0 ± 9.9 

30 18.0 
± 3.7 

69.0 ± 9.0 30.0 
± 3.5 

66.0 ± 9.8 

40 16.0 
± 2.1 

52.0 ± 9.4 27.0 
± 3.4 

63.0 ± 9.5 

/: not available. 

3.2. Effects of organic matter (OM in water on performances of MFC 
sensors 

To estimate the optimal background concentration of OM, the effect 
of acetate at 2–20 mM had been investigated (Fig. 3). Results showed 
that the electrical signal of both MFC sensors reached maximum values 
in a short time, with about −  450 mV and 650 mV for the O-MFC and the 
C-MFC sensor, respectively. As shown in Fig. 3a, a steady-state anode 
potential was observed from the O-MFC sensor maintaining for about 
450 min at 2 mM of acetate dosage. In contrast, the voltage of the C-MFC 
sensor decreased slowly after reaching the maximum value and started 
to drop sharply after about 280 min, implying that the OM concentra-
tion of 2 mM is insufficient for the tests. Besides, significant voltage 
fluctuation appeared during the voltage drop process of the C-MFC 
sensor after 280 min, which was caused by the complex microbial 
interaction and diverse metabolism in mixed culture [40], indicating a 
more intense electrons competition relationship in closed-circuit mode. 
Electrical signal of MFC sensors subject to 5–20 mM of acetate showed a 
longer plateau time and the steady-state time increased with acetate 
concentrations (Fig. 3b–d). In particular, the steady-state times of the 
C-MFC and O-MFC sensors were up to 1787 min, 3012 min and 
1520 min, 2330 min at 10 mM and 20 mM OM, respectively. Previous 
studies have shown that excessive organic concentration was not 
conducive to nitrate monitoring and easily leads to false negatives [41, 
42]. Therefore, the optimal background concentration of OM was 
identified as 5 mM.

The effect of continuous fluctuations of the acetate concentration on 
the response of sensors was tested (Fig. S1). Results showed that 
changing acetate concentrations from 2 to 10 mM then from 10 to 
20 mM had little effect on the anode potential of the O-MFC sensor; the 
ΔE produced by the acetate change were 2 ± 0.51 mV, 3 ± 0.44 mV, 
and 3 ± 0.38 mV, respectively; the response time gradually increased 
with the increase of acetate concentration, with the longest time about 
32 min; the steady-state signal was maintained at about −  450 mV with 
small fluctuation. Nevertheless, significant voltage fluctuations were 
observed from investigations of the C-MFC sensor. When the influent 
water with an OM concentration of 2 mM passed into the C-MFC sensor, 
the voltage dropped from 638 mV to 632 mV and maintained for 30 min 
due to insufficient substrates. With the increase of OM concentration to 
10 mM, the voltage returned to 638 mV and remained steadily, which 
was complied with the role of OM degradation and electron transfer. 
Surprisingly, the voltage began to drop dramatically while the OM 
increased to 20 mM, which may be due to the predominance of Aceto-
clastic methanogenesis over the activity of the EAB, thereby reduced the 
voltage output [43]. In addition, the voltage of the closed-circuit sensor 
was controlled by the external resistance and cathode receptor, thus it 
was more prone to change. This fluctuation for OM further revealed that 
the closed-circuit sensor lacks stability of performance. In contrast, the 
anode potential of the O-MFC sensor was mainly related to the charging 
current generated by the oxidation of OM. When the anode capacitance 
is certain and the electron saturation is in the steady state, the capaci-
tance depended on the content of cytochrome C on the anode biofilm 
[29,44]. From this prospect, the O-MFC sensor had higher stability when 
the OM concentration fluctuates in the range of 2–20 mM in water, thus 
it was more conducive to NO3

- monitoring in aquatic environment con-
taining organic matters. 

3.3. Performances of one-time NO3
- monitoring tests 

Detection range of the MFC sensors was assessed by varying NO3
- 

levels from 1 to 40 mg/L (details were listed in Table 1). As illustrated in  
Fig. 4a, the O-MFC sensor showed a high sensitivity of 10.0 ± 1.0 mV at 
1 mg/L NO3

- and a short response time of 10.0 ± 4.5 min. Meanwhile, 
the detection concentration of 1 mg/L NO3

- was lower than the detection 
limit of previous studies based on the same type of MFC sensors [29,33], 
which was one-tenth of the upper limit for NO3

- concentration specified 



In comparison, when the O-MFC sensor was used for continuous 
monitoring of NO3

- in water with the concentration range of 1–40 mg/L, 
the higher sensitivity and better stability were shown in Fig. 5c. The fast 
responses of anode potential were observed at different nitrate con-
centrations due to the open-circuit conditions that pose a higher electron 
competitive advantage to nitrate. The potential responses under 
different nitrate concentrations are similar to those of one-time moni-
toring tests (Table 2), indicating that the O-MFC sensor has better 
robustness and repeatability. It is noteworthy that despite the increasing 
nitrate concentration, the steady-state signal of the O-MFC sensor was 
hardly affected by the accumulation effect of nitrate and recovered to 
the initial value easily (around − 455 mV). To some extent, it showed 
that the bioanode of O-MFC sensor had the stationary charge capacity 
which was consistent with previous studies [29]. However, the response 
time of O-MFC sensor was too long, which prevents its application. After 
the anode potential reacheed the highest value, the anode potential 
gradually recovers and the nitrate reduction process continues to 
consume electrons, but the consumption rate was less than the genera-
tion rate of electrons. The electron yield was directly related to the 
number and community structure of anode EAB, which requires further 
analysis of anode microbial community. In Fig. 5d, the ΔE and the NO3

- 

concentration exhibited a good linear relationship in the concentration 
range of 1–40 mg/L (R2 = 0.981), indicated that the open-circuit MFC 

sensor had great development potential for the real time quantitative 
monitoring of NO3

- . Based on performances of the C-MFC and O-MFC 
sensors for continuous monitoring of NO3

- , the O-MFC sensor had more 
advantages in terms of sensitivity, detection limit, stability and liner 
correlation, but the long response time was a challenge of the proposed 
approach for real-time monitoring. 

3.5. Interference of SO4
2- and Fe3+ on performances of the MFC sensors 

SO4
2- is one of the most abundant anions in nature water that has 

similar properties of NO3
- and is commonly used as an electron acceptor. 

The upper limit for SO4
2- concentration specified in the drinking water 

standard is 250 mg/L [46]. Interference of SO4
2- on electrical signal of 

MFC sensors was illustrated in Fig. 6a, with the concentrations varying 
from 250 mg/L to 400 mg/L. Compared with the C-MFC sensor, smaller 
fluctuations in electrical signal of the O-MFC sensor were obtained when 
the SO4

2- concentration was 250 mg/L, 300 mg/L, 350 mg/L and 
400 mg/L in order, and corresponding voltage fluctuations were 1.00 
± 0.52 mV, 1.00 ± 0.41 mV, 1.00 ± 0.56 mV and 2.00 ± 0.43 mV 
respectively (Table S3). When the interference SO4

2- reached up to 
400 mg/L, the highest IR of the C-MFC sensor was only 0.92 ± 0.27% 
with a small output voltage fluctuation. These results showed that the 
competition ability of microorganisms getting electrons from SO4

2- was 
limited for the reason that the anodic potentials of MFC sensors (O-MFC: 
− 450 mV, C-MFC: − 384 mV) were not low enough to reduce SO4

2-, 
whose reduction potential is − 700 mV vs. Ag/AgCl [47]. As shown in 
Fig. 6b, higher stability was demonstrated for the O-MFC sensor when it 
was exposed to Fe3+ interference with concentrations of 0.3 mg/L, 
0.4 mg/L, 0.5 mg/L and 0.6 mg/L; the corresponding ΔE were 0.50 
± 0.02 mV, 0.50 ± 0.10 mV, 1.50 ± 0.12 mV, and 0.60 ± 0.15 mV 
respectively, indicating that the addition of Fe3+ had almost no impact 
on performances of the O-MFC sensor. In contrast, the impact of Fe3+

interference on performances of the C-MF sensor was sluggish and 
continuous. When subject to 0.3 mg/L of Fe3+ interference, the output 
voltage started to drop slowly and continuously. This drop-trend was 
distinguished from other toxic substances such as Cu2+ and Cd2+ that 
had a milder inhibitory effect on the activity of EAB and inactivated a 
fraction of EAB but most of them survived, which is consistent with the 
findings of other researchers [33]. Overall, the interfering ions of SO4

2- 

and Fe3+ widely present in water bodies had little impact on monitoring 
stability of the O-MFC sensor. 

Fig. 4. The electrical signal of the O-MFC and C-MFC sensors subject to different NO3
- concentrations of 1 mg/L (a), 5 mg/L (b), 10 mg/L (c), 20 mg/L (d), 30 mg/L 

(e) and 40 mg/L (f) respectively.

Table 2 
Performance of two MFC sensors for continuous NO3

- monitoring.  

Nitrate 
concentration 
(mg/L) 

C-MFC sensor O-MFC sensor 

Sensitivity 
(mV) 

Response 
time 
(min) 

Sensitivity 
(mV) 

Response 
time 
(min) 

1 / / 7.0 ± 1.2 17.0 ± 4.4 
5 / / 19.0 

± 2.3 
29.0 ± 3.4 

10 3.0 ± 1.7 40.0 ± 4.2 22.0 
± 1.7 

61.0 ± 5.7 

20 5.0 ± 1.5 41.0 ± 6.1 25.0 
± 1.2 

123.0 ± 5.3 

30 6.0 ± 1.7 66.0 ± 7.5 26.0 
± 1.6 

137.0 ± 7.5 

40 5.0 ± 1.1 80.0 ± 5.3 27.0 
± 1.5 

262.0 ± 8.4 

/: not available. 



3.6. Role of anode microbial communities 

SEM images revealed the topographic features on electrodes surface 
after one month of continuously monitoring tests. As shown in Fig. 7a, 
part of the graphite felt was completely wrapped by bacteria on bio-
anode surface of the C-MFC sensor. Biofilm development on the graphite 
felt was beneficial to microbial electricity generation, but the electron 
transfer resistance would increase and lower the NO3

- reduction rate 
when the biofilm was too dense. In comparison, a looser bacteria dis-
tribution was obtained on the O-MFC sensor anode surface (Fig. 7b), 
which would be more conducive to communication and electron transfer 
of microorganisms. 

To explore differences between the sensors after a month of contin-
uous monitoring, the composition and abundance of microbial com-
munities in the phylum and genus levels were retrieved in Table 3. The 

difference in the genus structure of the microbial community was more 
significant than that in the phylum structure. Proteobacteria and Bac-
teroidota were the major components at the phylum level for both sen-
sors, with a total proportion of at least 70%. Known EAB classified to the 
phylum of Proteobacteria, such as Geobacter sulfurreducens [48], Shewa-
nella oneidensis [49], Rhodopseudomonas [50] and Comamonas [48], are 
critical for sensors to generate bioelectricity and maintain voltage sta-
bility. In the genus level, Chorobaculum was the unique genera in the 
C-MFC sensor system compared with the O-MFC sensor system, with the
highest abundance of 30.0% (Fig. 7c). Chlorobaculum is a strictly
anaerobic photoautotrophic microorganism and uses sulfide as electrons
donor to produce monomeric sulfur that is deposited outside the cell
[51]. It is generally considered that Chorobaculum is an unfavorable
indicator for microbial electricity generation and denitrification [52].
The massive growth of Chorobaculum can explain the low sensitivity of

Fig. 5. The electrical signal of the C-MFC sensor (a) and the O-MFC sensor (c) for continuous NO3
- detection, with corresponding the correlation between the NO3

- 

concentration and ΔE of the C-MFC sensor (b) and O-MFC sensor (d). 

Fig. 6. Effects of interference substances SO4
2- (a) and Fe3+ (b) on performances of the two MFC sensors.  



the C-MFC sensor in nitrate monitoring. In the O-MFC sensor system, 
Acinetobacter was the most dominant genus (29.39%), which is a group 
of bacteria with multiple catabolic capacity for a large number of 
organic matter [53]. Through break down complex organic matter into 
simpler ones that are then consumed by the EAB, it can promote more 
efficient electron production. The total proportion of EAB in O-MFC 
sensor was 26.93% and higher than that in C-MFC sensor (11.02%), 
including Geobacter (9.14%), Rhodopseudomonas (11.65%), Pseudo-
monas (4.02%) and Comamonas (2.12%). Theoretically, high abundance 
EAB is beneficial to shorten the recovery time of MFC sensor after being 
impacted by nitrate, but the previous results showed that the recovery 
time of O-MFC sensor was longer than C-MFC sensor. This might be due 
to the limited extracellular electron transfer caused by the distribution 
of EAB on the anode surface, which affects the recovery of anode po-
tential. Previous studies have shown that highly active EABs mainly 
grows in the outer layer of biofilm under open-circuit conditions [32]. 
The total abundance of denitrifying bacteria in the O-MFC system 
(47.94%) was also higher than that in the C-MFC system (30.26%). 
Denitrifying bacteria such as Acinetobacter and Flavobacterium were 
obtained on both two sensors, which can accelerate the effective elec-
tron transfer for nitrate reduction and electricity generation, it is vital to 
NO3

- detection in water [54]. The groups of functional microorganisms 
and their relative abundances on electrode surface determined perfor-
mance of the MFC sensors. The results confirmed that the O-MFC sensor 

was more suitable for the formation of electrogenic and denitrifying 
bacteria in the system, which explained that the O-MFC sensor has 
higher sensitivity and lower detection limit from the microbial level. 

4. Conclusions

The comparative evaluation of the two MFC sensors indicated that
the O-MFC sensor had more promising application prospect for real-time 
monitoring of NO3

- in water. Compared to the conventional C-MFC 
sensor, the sensitivity and detection range of the O-MFC sensor for NO3

- 

monitoring in water had been effectively improved. Meanwhile, ΔE of 
the O-MFC sensor showed a good liner correlation at the NO3

- concen-
tration of 1–40 mg/L, which implied good development potential for the 
quantitative detection and analysis of NO3

- in water. The anode potential 
of the O-MFC sensor was almost unaffected under the interference of 
different substances including OM, SO4

2- and Fe3+, indicating that it was 
more suitable for nitrate monitoring in natural water environment with 
complicated quality conditions. After one month of continuous moni-
toring tests, the abundance of EAB (26.93%) and denitrifying bacteria 
(47.94%) on anode surface of the O-MFC sensor were higher than that of 
the C-MFC sensor (11.02% and 30.26% respectively), providing a long- 
term validity for the O-MFC sensor. 
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Table 3 
The dominant phylum and genera of the two MFC sensors with the corre-
sponding relative abundance.  

Taxonomy Relative abundance (%) 

Phyla Genera C-MFC sensor 
(%) 

O-MFC sensor 
(%) 

Proteobacteria Acinetobacter 26.14 29.39 
Rhodopseudomonas 3.64 11.65 
Thioclava 4.30 3.81 
Pseudomonas 0.43 4.02 
Comamonas 1.23 2.12 

Bacteroidota Chlorobaculum 30.01 0.01 
Flavobacterium 4.12 18.55 
norank_f_Lentimicrobiaceae 0.33 2.19 

Desulfobacterota Geobacter 5.72 9.14  
others  24.06 19.13  
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sources assessment for contaminated wellfield, Water 14 (2022) 255. 

[5] S. Bijay, E. Craswell, Fertilizers and nitrate pollution of surface and ground water: 
an increasingly pervasive global problem, SN Appl. Sci. 3 (2021), https://doi.org/ 
10.1007/s42452-021-04521-8. 

[6] Z. Lin, S. Cheng, H. Li, L. Li, A novel, rapidly preparable and easily maintainable 
biocathode electrochemical biosensor for the continuous and stable detection of 
nitrite in water, Sci. Total Environ. 806 (2022), https://doi.org/10.1016/j. 
scitotenv.2021.150945. 

[7] D. Su, Y. Chen, Advanced bioelectrochemical system for nitrogen removal in 
wastewater, Chemosphere 292 (2022), 133206, https://doi.org/10.1016/j. 
chemosphere.2021.133206. 

[8] Q.-H. Wang, L.-J. Yu, Y. Liu, L. Lin, R.-g. Lu, J.-p. Zhu, L. He, Z.-L. Lu, Methods for 
the detection and determination of nitrite and nitrate: a review, Talanta 165 (2017) 
709–720, https://doi.org/10.1016/j.talanta.2016.12.044. 

[9] C. Jiang, Y. He, Y. Liu, Recent advances in sensors for electrochemical analysis of 
nitrate in food and environmental matrices, Analyst 145 (2020) 5400–5413, 
https://doi.org/10.1039/d0an00823k. 

[10] M. Sohail, S.B. Adeloju, Nitrate biosensors and biological methods for nitrate 
determination, Talanta 153 (2016) 83–98, https://doi.org/10.1016/j. 
talanta.2016.03.002. 

[11] M. Sharma Shelly, Fabrication of enzyme nanoparticles-based nanosensor for 
detection of nitrate content in drinking water, Asian J. Pharmaceut. 14 (2020) 
133–138. 

[12] T. Kalaria, H. Gill, S. Harris, C. Ford, R. Gama, The effect of haemolysis on the 
direct and indirect ion selective electrode measurement of sodium, Ann. Clin. 
Biochem. 58 (2020) 190–195, https://doi.org/10.1177/0004563220987593. 

[13] J. Moore, Microbial biosensors: a review, J. Microb. Biochem. Technol. 13 (2021). 
[14] S.-G. Woo, S.-J. Moon, S.K. Kim, T.H. Kim, H.S. Lim, G.-H. Yeon, B.H. Sung, C.- 

H. Lee, S.-G. Lee, J.H. Hwang, et al., A designed whole-cell biosensor for live 
diagnosis of gut inflammation through nitrate sensing, Biosens. Bioelectron. 168 
(2020), 112523, https://doi.org/10.1016/j.bios.2020.112523. 

[15] T. Monteiro, S. Gomes, E. Jubete, L. Añorga, C.M. Silveira, M.G. Almeida, A quasi- 
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Fig. S1. The electric signal of the MFC sensors applying continuous variation acetate 

Fig. S2. The relationship between NO3
- concentration and ∆E of the MFC sensors 
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Table S1. Voltage drops and IR of the MFC biosensors under interference of SO4
2- and Fe3+ 

in water. 

/: not available 

Interfering 
substances 

Concentration 
(mg/L) 

∆ E 
(mV) 

O-MFC sensor 
IR (%) 

∆ E 
(mV) 

C-MFCsensor 
IR (%) 

SO42- 

250 1.00±0.52 0.22±0.12 2.00±0.44 0.31±0.14 
300 1.00±0.41 0.22±0.09 4.00±0.43 0.62±0.17 
350 1.00±0.56 0.22±0.15 5.00±0.32 0.77±0.33 
400 2.00±0.43 0.44±0.11 6.00±0.55 0.92±0.27 

Fe3+ 

0.3 0.50±0.02 0.11±0.18 / / 
0.4 0.50±0.10 0.11±0.13 / / 
0.5 1.50±0.12 0.33±0.12 / / 
0.6 0.60±0.15 0.13±0.21 / / 
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