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A B S T R A C T

This study for the first time proposed a method for simultaneously measuring BOD and nitrate in water using
electrochemically active bacteria. Firstly, the bidirectional extracellular electron transfer (EET) capability of a
model electricigen Shewanella loihica PV-4 was revealed. Then, based on the respective outward and inward EET,
S. loihica PV-4 was utilized to detection BOD and nitrate. The results demonstrated a positive correlation be-
tween the outward EET and BOD (from 0 mg/L to 435 mg/L) while a negative correlation between the inward
EET and nitrate (from 0 mg/L to 7 mg/L); both the relationships were well fitted by the combination of tra-
ditional linear model and Michaelis-Menten model (R2 > 0.96). Finally, a dual detection method for BOD and
nitrate measurements was established based on the ano-cathodophilic capability of S. loihica PV-4 biofilm, and
exhibited the characteristics of high accuracy (> 80%) and fast analysis (< 1 h), suggesting a promising pro-
spect in water monitoring.

1. Introduction

Water pollution is a severe environmental issue threatening ecolo-
gical security and public health. Water quality monitoring, i.e. mea-
suring and tracking the key indicators of water, has been proved to be

efficient for water pollution prevention. Among these indicators, bio-
chemical oxygen demand (BOD), which reflects the content of the
biodegradable organic pollutants in water, is considered to be an es-
sential index for the estimation of organic contamination (Jouanneau
et al., 2014). Excessive BOD in water may lead to an explosion of
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aerobic microorganisms, which will deplete limited dissolved oxygen,
and eventually result in the massive death of fish and water quality
deterioration. Besides, eutrophication and algal bloom in aquatic eco-
systems have also drawn growing concern worldwide (Hu and Ren,
2019), and the primary reason is the excessive discharge of nitrate in-
duced by the misuse of fertilizers and food additives (Carey et al.,
2016). Therefore, it is of great significance to develop the real-time and
on-line detection methods for BOD and nitrate in water.

According to the standard method of BOD measurement, BOD is
determined by measuring the oxygen consumption of the aerobic bio-
chemical reaction in water within a certain period (usually 5 days);
thus, the test result is obviously lagging behind the real-time water
quality, and the method is not suitable for on-line and in-situ mon-
itoring. Another alternative method is the biosensors based on im-
mobilized microorganisms; this method can achieve a rapid BOD
measurement, but the electrical signals of the immobilized micro-
organisms are relatively weak and are easy to be interfered (Liu et al.,
2015; Zaitseva et al., 2017). Moreover, the maintenance cost is rela-
tively high due to the consumption of immobilized bio-electrode during
detection process. Compared with BOD measurements, nitrate detection
needs higher specificity and more complicated technologies. Conven-
tional methods, including phenol disulfonic acid spectrophotometry,
cadmium column reduction assay, ultraviolet spectroscopy and ion
chromatography, require expensive equipment and tedious operation
processes. Moreover, most of the methods involve the use of toxic and
noxious reagents, which is easy to cause secondary pollution (Alahi and
Mukhopadhyay, 2018). Some novel methods based on electrochemical
technology can overcome these defects and realize the rapid detection
of nitrate (Bui et al., 2016; Cosnier et al., 2008), but the problems of
weak signal and electrode consumption remain unsolved. More im-
portantly, the above methods cannot accomplish the dual detection of
BOD and nitrate, which increases the cost and error of water monitoring
to a certain extent.

Water quality monitoring based on electrochemical microbial bio-
sensors might provide a solution to this limitation (Jiang et al., 2018).
The sensing element of the biosensors is the electrochemically active
bacteria (EAB), which can directly convert the chemical energy in or-
ganic matters into electrical energy by extracellular electron transfer
(EET) process. Previous studies have demonstrated that the outward
EET rate of EAB, i.e. output current, has a good linear relationship with
organic matter concentration in a certain range; thus, tracking the
current enables a rapid BOD measurement (Kim et al., 2003). On this
basis, a series of studies were conducted to further optimize the EAB
type (Yi et al., 2018), sensor configuration (Peixoto et al., 2011), con-
trol mode (Modin and Wilen, 2012) and operation parameters (Hsieh
et al., 2016), improving the detection range and accuracy. Notably,
nitrate can also be detected by measuring the output current of EAB.
Since nitrate is a common electron acceptor of microbial metabolism,
the presence of nitrate can compete with outward EET for electron, and
thus decreases output current to some extent (Liu et al., 2014). Wang
et al. (2018) investigated the correlation between the inhibition ratio of
output current and nitrate; the results demonstrated a good linear re-
lationship and developed a novel nitrate monitoring method. However,
BOD measurement is based on the positive effect of biodegradable or-
ganic matters on EAB output current, whereas nitrate detection depends
on the inhibitory effect of nitrate on the current (Srinivasan and Butler,
2017). Considering the coexistence of organic matters and nitrate in
real water, how to achieve the dual detection of the two indicators
remains unexplored.

In contrast with outward EET, an early study revealed that some
EAB are capable of inward EET (Gregory et al., 2004), i.e. directly
capturing electrons from an electrode to reduce soluble electron ac-
ceptors and maintain their metabolism. Nitrate is one of the soluble
electron acceptors, and can be reduced to nitrogen by the EAB with
inward EET capability (Gregoire et al., 2014; Pous et al., 2014). Besides,
inward EET rate probably correlates with the concentration of

extracellular nitrate. With the changes of nitrate, the inward current of
EAB fluctuated and exhibited a similar trend (Pous et al., 2016); when
nitrate was depleted, the inward current also decreased and almost
dropped to 0 μA (Su et al., 2012). Therefore, nitrate detection may be
available with the inward EET capacity of EAB. Moreover, the dual
detection of BOD and nitrate in water might be achieved by using
specific EAB capable of both inward and outward EET, i.e. bidirectional
EET. However, only the application of bidirectional EET in wastewater
treatment was recently revealed (Jiang and Zeng, 2019), and the po-
tential application in water monitoring still needs further research.

The primary challenge is the limited knowledge of the EAB capable
of organic oxidation by outward EET and nitrate reduction by inward
EET. Some mixed cultures are confirmed with the ability of bidirec-
tional EET (Liang et al., 2019; Pous et al., 2016). However, the complex
microbial interaction and diverse metabolism in mixed culture are not
conducive to the specificity of BOD and nitrate detection. Moreover, the
evolution of microbial community structure and the corresponding
changes of electrochemical characteristics limit the repeatability. Sev-
eral model electricigens, such as Geobacter sulfurreducens, Shewanella
oneidensis MR-1, have also been proved to catalyze bidirectional EET
(Ross et al., 2011); but all shows a poor ability to reduce nitrate
(Carpentier et al., 2005). Recently, Shewanella loihica PV-4, another
model electricigen (Newton et al., 2009), is confirmed with the cap-
ability of bidirectional EET (Suo et al., 2019). Since S. loihica PV-4 is
also a common denitrifying microorganism in sewage treatment (Yoon
et al., 2015), its application in the dual detection of BOD and nitrate
becomes possible. Therefore, this study firstly testified the bidirectional
EET ability of S. loihica PV-4, and systematically investigated the dif-
ferences between outward and inward EET processes. Then the feasi-
bility of BOD measurement based on the outward EET of S. loihica PV-4
and nitrate detection based on the inward EET was explored. Finally, a
novel method of the dual detection of BOD and nitrate using S. loihica
PV-4 was established.

2. Materials and methods

2.1. BES construction and start up

Four identical three-electrode BESs (BES1-4) were constructed, and
each BES contained a working electrode (WE), a counter electrode (CE)
and a reference electrode (RE). WE was composed of a 2.5 cm × 2.5 cm
piece of carbon cloth (WOS1009, CeTech, China), which was pretreated
by acetone soaking and high-temperature heating (Yang et al., 2017b).
The carbon cloth was fixed with an electrode clamp (J110, AiDa,
China), resulting in an effective area of 5.8 cm2. CE and RE were a
platinum plate electrode (Pt210, AiDa, China) and a Ag/AgCl electrode
(R0303, AiDa, China; 0.205 V vs. the standard hydrogen electrode),
respectively. Each BES had a total volume of 50 mL and was sealed with
a polytetrafluoroethylene lid with 5 holes, which were used for WE, CE,
RE, inlet and outlet. All the components of the BESs except for Ag/AgCl
electrodes were autoclaved prior to use. The Ag/AgCl electrodes were
soaked overnight in 75% alcohol and sterilized with ultraviolet radia-
tion (Sun et al., 2015).

BES1-4 were divided into two groups, including outward BESs
(BES1-2) and inward BESs (BESs3-4). S. loihica PV-4 was activated
overnight, centrifuged, resuspended in phosphate buffer, and then was
used as inoculum. All the BESs were inoculated with the same in-
oculation ratio (30% v/v) in a laminar flow cabinet (SW-CJ-1F, Airtech,
China). After inoculation, BES1-2 were fed with 25 mL outward elec-
trolyte while the others were fed with 25 mL inward electrolyte. The
outward electrolyte contained 1 g/L NaHCO3, 0.13 g/L KCl, 0.027 g/L
CaCl2·2H2O, 0.2 g/L MgCl2·6H2O, 5.85 g/L NaCl, 7.2 g/L HEPES, 1.12
g/L sodium lactate (NaLa) and 0.1 g/L yeast extract. The inward elec-
trolyte was developed from the outward electrolyte by the removal of
NaLa and yeast extract, but amended with 0.85 g/L NaNO3 as the
electron acceptor. During the start-up process, self-circulation was
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operated at a flow rate of 3 mL/min (HRT = 15 min) to accelerate
biofilm formation and enhance mass transfer (Gregoire et al., 2014). A
potentiostat (CHI1030C, ChenHua, China) was used to maintain the
potential of WE constant. Specifically, based on the results of pre-ex-
periment, BES1-2 were poised at 0 V while BES3-4 were poised at
−0.5 V. All the BESs were incubated at 22 ℃ and the currents were
continuously recorded. Half of electrolyte was refreshed once BES
current decreased below 30 μA. All potentials in this study are referred
to Ag/AgCl electrode.

2.2. Electrochemical analysis: characterization of polarization reaction and
EET process

All the BESs were electrochemically characterized after the start-up
process. Polarization curve and electrochemical impedance spectro-
scopy (EIS) were measured to analyze the internal resistance of the
BESs. Turnover cyclic voltammetry (CV) curves were recorded to in-
vestigate the onset potentials of organic oxidation and nitrate reduction
under sufficient substrate condition. Non-turnover CV and differential
pulse voltammetry (DPV) were conducted to reveal the redox properties
of outward and inward EET processes without substrate.

Polarization curves were measured via linear sweep voltammetry.
The applied potentials of outward BESs increased from open-circuit
potential (OCP) to 0.4 V with a scan rate of 0.3 mV/s, while the po-
tentials of inward BESs were from OCP to −0.6 V with the same scan
rate. The terminal potentials (0.4 V and −0.6 V) have been optimized
to avoid obvious oxygen/hydrogen evolution reactions. EIS was con-
ducted with a frequency range of 10 mHz ~ 100 kHz and a signal
amplitude of 10 mV (Yi et al., 2019). Turnover and non-turnover CV
curves were performed from −0.6 V to 0.4 V with the following
parameters: scan rate of 10.0 mV/s, holding time of 30 s, and 3 cycles.
DPV was conducted with the same potential scan range, and the other
parameters were as follows: pulse height of 50 mV, pulse width of
100 ms, step height of 1 mV and step time of 1 s.

2.3. Single detection tests of BOD and nitrate

Based on the respective outward EET and inward EET, BES1-2 and
BES3-4 were used for the single detection tests of BOD and nitrate by S.
loihica PV-4. Firstly, while stable operation, all the BESs were fed with
the fresh electrolyte without substrate to analyze the substrate de-
pendency of outward and inward EET. Then, the BESs were operated
with different electrolytes containing specific concentrations of sub-
strate and the currents were recorded. Finally, regression analyses and
biometric modelling were used to investigate the relationship between
outward current and BOD as well as the relationship between inward
current and nitrate. Before each test, the currents of all the BESs were
confirmed to decrease below 20 μA to ensure the same initial condition.
BES1-2 were tested with outward electrolytes containing 1 mM, 2 mM,
3 mM, 5 mM and 10 mM NaLa, respectively. According to the inter-
national standard method of BOD measurement, the BOD of the out-
ward electrolyte containing 1 mM NaLa was 43.5 mg/L; thus, the tested
BOD concentrations ranged from 43.5 mg/L to 435 mg/L. Similarly,
BES3-4 were sequentially operated with inward electrolytes containing
0.05 mM, 0.125 mM, 0.25 mM, 0.375 mM and 0.5 mM NaNO3, re-
spectively, resulting in a NO3

−-N concentration range of 0.7–7 mg/L.
During all the tests, the applied potentials of BES1-2 were maintained at
0 V while the potentials of BES3-4 were −0.5 V. Besides, all the elec-
trolytes were purged with N2 to avoid the interference of oxygen.

2.4. Dual detection tests of BOD and nitrate

After the single detection, all the BESs were alternately fed with
outward and inward electrolytes to acclimate bidirectional EET ability
(Cheng et al., 2012). Then, the BESs were operated with a potential step
and were loaded with the electrolytes containing both NaLa and nitrate;

both the outward and inward currents were recorded to testify the
feasibility of the dual detection of BOD and nitrate. The applied po-
tentials included 0 V and −0.5 V, and each potential lasted for 30 min.
Two different ratios of NaLa and nitrate (3 mM/0.25 mM and 0.5 mM/
0.5 mM) were used to simulate the varied C/N ratio of real water. The
prediction of BOD and nitrate was calculated by using the biometric
models derived from the single BOD and nitrate detection.

2.5. Analysis and calculation

The peaks in CV and DPV curves were detected using the first de-
rivative function of Prism 8.2 (GraphPad Software Inc., USA). The mid-
term potential of redox couples was defined as the average of oxidative
and reductive peak potentials. The relationship between BES current
and substrate concentration was fitted by the combination of linear and
Michaelis-Menten models via Prism 8.2. EIS spectrum was fitted with an
equivalent circuit (Rs + CPE/Rp) via Zman (WonATech Co., Korea),
where Rs and Rp account for ohmic resistance and polarization re-
sistance, respectively, CPE is a double-layer capacitor (Wu et al., 2014).

3. Results and discussion

3.1. Bidirectional EET performance of S. loihica PV-4

The current evolution of outward and inward BESs during the start-
up process is shown in Fig. 1a. As expected, the outward BESs generated
obvious currents after a short lag period, and the currents reached a
peak of ~30 μA in the first cycle, confirming the outward EET ability of
S. loihica PV-4 (Newton et al., 2009). As for the inward BESs, it was
notable that the inward currents changed with a similar trend and the
maximum of inward currents in the first cycle was about −110 μA.
These results revealed that S. loihica PV-4 can directly uptake electrons
from a solid electrode and is capable of bidirectional EET. As the en-
richment of biofilm, both the outward and inward currents gradually
increased but showed different characteristics. Compared to the out-
ward BESs, the inward BESs exhibited shorter start-up time but a lower
electron transfer rate. As shown in Fig. 1a, the maximum currents of
inward BESs became stable from the fourth cycle while that of outward
BESs stabilized after seven cycles. After the start-up, the maximum in-
ward current (~190 μA) was only 36.6% of the maximum outward
current (~520 μA). Correspondingly, the double-layer capacitance of
outward BESs was obviously higher than that of inward BESs (Fig. 1e),
indicating higher polarizability and more residual charges in the out-
ward EET process. Moreover, the current evolution in a single cycle was
distinct between the outward and inward BESs. Specifically, after the
refreshment of electrolyte, the outward current rapidly increased to
peak and then dropped below 30 μA while the inward current remained
nearly unchanged. This phenomenon was similar to the results in a
recent bidirectional EET study based on Alcaligenes faecalis (Yu et al.,
2018), which might be due to that both biofilm and suspended biomass
contributed to outward current (Newton et al., 2009) while only biofilm
was responsible for inward current (Strycharz et al., 2008).

The internal resistance of polarization reaction and its composition
were also characterized. As shown in Fig. 1b-c, by calculating the slope
of the polarization curves (Liang et al., 2007), it was revealed that the
outward and inward BESs had similar total resistance (~750 Ω). Similar
results were also obtained from EIS analysis (Fig. 1d), and the polar-
ization resistance of outward and inward BESs was 874.0 ± 19.5 Ω
and 823.4 ± 67.5 Ω, respectively. Previous studies have reported that
some bidirectional EET EAB (e.g. Shewanella oneidensis and Geobacter
soil) showed obviously different polarization resistance between inward
and outward EET pathways (Okamoto et al., 2014; Yang et al., 2017a).
In this study, similar polarizing capabilities were observed under out-
ward and inward EET conditions, indicating S. loihica PV-4 is more
suitable for the study of bidirectional EET mechanism.
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3.2. Polarization characteristics and redox properties of bidirectional EET
process

The polarization characteristics of outward and inward BESs were
revealed by turnover CV (Fig. 2a and 2c). The CVs of outward BESs
showed a positive S-shape while a negative S-shape was observed in the
CVs of inward BESs; this difference is due to the distinct characteristics

of anodic and cathodic polarization (Pous et al., 2016). Besides, based
on the CVs of outward BESs, the oxidative currents largely increased at
the potentials above −0.47 V, which was similar to the reported onset
potential of NaLa oxidation catalyzed by Shewanella (Bretschger et al.,
2010). Two redox couples, Eo,1 (−0.41 V) and Eo,2 (0.17 V), were
identified from the first derivative (Fig. 2b), indicating the diverse
metabolic pathways of Shewanella at different potentials (Jain et al.,

Fig. 1. Bidirectional EET performance of S. loihica PV-4: (a) current evolution in the start-up process; (b) polarization curve of the outward BES; (c) polarization curve
of the inward BES; (d) EIS spectra; (e) composition of the internal resistance.

Fig. 2. Turnover CVs and the corresponding first derivative curves of the outward BES (a-b) and inward BES (c-d).
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2012; Hirose et al., 2018; Pinto et al., 2018). As for the CVs of inward
BESs, the reductive current occurred at the potentials below −0.1 V
(Fig. 2c), which was close to the revealed onset potential (-0.125 V) of
nitrate reduction (Gregoire et al., 2014). Only one redox couple (Ei,1) at
−0.32 V was obtained from the first derivative (Fig. 2d), which re-
presents the half-wave potential of nitrate reduction (Pous et al., 2016;
Pous et al., 2014).

The bidirectional EET mechanism of S. loihica PV-4 was investigated
by the combination of non-turnover CV and DPV. Three redox couples
(Eo,a, Eo,b, Eo,c) were obtained from the outward BESs (Fig. 3a-b). The
mid-term potential of Eo,a was −0.43 V, which was also observed in a
previous study (Jain et al., 2012) and might be related to the indirect
EET via self-secreted riboflavin (Carmona-Martinez et al., 2013). The
mid-term potential of another redox couple Eo,b (−0.12 V) was similar
with that of OmcA (−0.119 V, Field et al., 2000), indicating the pos-
sible co-existence of direct EET (Yu et al., 2015). Moreover, an un-
reported redox couple Eo,c (0.14 V) was also observed, which might
related to the metabolism of S. loihica PV-4 at relatively high potentials.
As for the inward BESs, three redox couples (Ei,a, Ei,b, Ei,c) were iden-
tified as well (Fig. 3c-d). Interestingly, it was noted that the mid-term
potentials of Ei,a (−0.460 V) and Ei,b (0.145 V) were close to those of
Eo,a and Eo,c, which indicated that the outward and inward EET path-
ways of S. loihica PV-4 might share several electron transport compo-
nents (Ross et al., 2011; Strycharz et al., 2011; Pous et al., 2016). Due to
the limited research of S. loihica PV-4 inward EET, the specific functions
of these components still need further study.

3.3. Single detection of BOD and nitrate

By conducting substrate dependency test, it was noted that the
currents of both inward and outward BESs decreased to 0 μA within 6 h
after the refreshment of electrolyte, confirming the dependency of in-
ward current on organic matter as well as the dependency of outward
current on nitrate. Notably, the currents of inward BESs decreased more
slowly than those of outward BESs. Similar results were also obtained in
a previous study (Gregoire et al., 2014), and this phenomenon might be
attributed to the residual nitrate after refreshment and the relatively

poor nitrate reduction rate (~0.53 NO3
−-N mg·cm−2·d−1) of inward

BESs.
The responses of outward current to BOD were shown in Fig. 4c.

With the increase of organic matter, the maximum current, total cou-
lomb yield and cycle length all increased. These indicators have been
verified to be well correlated with BOD (Hsieh et al., 2016; Jiang et al.,
2017; Kim et al., 2003). To shorten the detection time, the maximum
outward current (Ip, μA) was selected as the indicator of outward BES
performance. Notably, Ip showed a good linear relationship with BOD
concentration in a relatively low range (from 0 mg/L to 130.5 mg/L)
(Wang et al., 2019). However, with the further increase of BOD, Ip in-
creased at a much slower rate (Wang et al., 2019), which presented a
similar trend of Michaelis-Menten kinetics. Thus, the relationship be-
tween Ip and BOD concentration (mg/L) was fitted using both linear
model and Michaelis–Menten model as follows (Fig. 4e):

= + ⩽ ⩽ =I BOD BOD R1.467 144.5(0 130.5, 0.991)p
2 (1)

= + ⩽ ⩽ =I BOD BOD R610.5
( 163.8) (0 435.0, 0.987)p

2
(2)

Both the determination coefficients (R2) were above 0.98, indicating
that the fitted models were able to express> 98% of the variability in
Ip. Many previous studies have reported the linear relationship between
EAB current and BOD. However, based on a single linear model, the
upper detection limit of BOD was generally less than 300 mg/L and
remained to be improved (Kim et al., 2003; Jiang et al., 2017; Wang
et al., 2019). In this study, the combination of linear model and Mi-
chaelis–Menten model not only ensures the accuracy of BOD detection,
but also increases the detection range. Besides, it was notable that the
outward currents can rapidly reach the peak (< 1 h) in all the tests,
which is much shorter than the reported detection time of 4–10 h
(Modin and Wilen, 2012; Hsieh et al., 2016; Wang et al., 2019), in-
dicating the good outward EET performance of S. loihica PV-4 and its
feasibility for BOD detection.

Similar to BOD detection, the maximum inward current (Io, μA)
increased with the increase of nitrate concentration (Nir, mg/L)
(Fig. 4d). The relationship between Io and Nir was analyzed via similar
methods as above (Fig. 4f), and the fitted models are shown as

Fig. 3. First derivative curves of non-turnover CV and DPV curves of the outward BES (a-b) and inward BES (c-d).
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equations (III)-(IV):

= − − ⩽ ⩽ =I Nir Nir R15.76 40.62 (0 3.5, 0.986)o
2 (3)

=
−

+ ⩽ ⩽ =I Nir Nir R253.4
( 2.772) (0 7.0, 0.969)o

2
(4)

R2 of each model was more than 0.96 and it indicated that> 96%
variability in Io can be explained by Nir, which proved for the first time
the feasibility of nitrate detection by inward BES. Compared with the
nitrate monitoring by outward EET (Wang et al., 2018), faster response
time (< 30 min) and a lower detection limit (0.75 NO3

−-N mg/L) were
obtained in this study, suggesting the enhanced performance of nitrate
detection by inward EET. Besides, the sensitivity of nitrate detection
achieved 15.76 μA/mg in the linear range, which is obviously higher
than the reported sensitivity (< 1 μA/mg) based on immobilized nitrate
reductase (Can et al., 2012; Cosnier et al., 2008). Moreover, with the
biofilm as sensing element, the inward BES is capable of self-sustain-
ability, which make it more suitable for nitrate detection.

3.4. Simultaneous detection of BOD and nitrate

The single detection of BOD and nitrate by S. loihica PV-4 was based

on the anodic polarization (oxidation reaction) and cathodic polariza-
tion (reduction reaction), respectively (Section 3.3). However, anodic
and cathodic polarization may occur simultaneously with the coex-
istence of organic matter and nitrate, which probably deteriorates the
detection specificity. Based on electrode kinetics, the degree of polar-
ization is regulated by the applied potential. Since the onset potentials
of NaLa oxidation and nitrate reduction were respective −0.47 V and
−0.1 V, it was speculated that only anodic or cathodic polarization can
occur on electrode surface at the potential of 0 V or −0.5 V. This hy-
pothesis was further confirmed by the response of the BES currents to
the potential step (Fig. 5). Thus, with the exclusive anodic/cathodic
polarization, the dual detection of BOD and nitrate can be achieved by
successively using the outward and inward EET processes of S. loihica
PV-4 via potential regulation.

After acclimation by periodic polarity reversal (Cheng et al., 2012),
all the BESs were fed with the electrolytes containing different ratios of
NaLa and nitrate. As shown in Fig. 6, with the applied potential step,
the BESs exhibited alternative electron generation and uptake, in-
dicating a new characteristic of ano-cathodophilic capability of S. loi-
hica PV-4 biofilm. Notably, when BOD and NO3

−-N concentrations
were respective 130.5 mg/L and 3.5 mg/L, the BESs presented a high

Fig. 4. Single detection of BOD and nitrate using S. loihica PV-4 BESs: (a) dependency of S. loihica PV-4 outward EET on organic matter; (b) dependency of S. loihica
PV-4 inward EET on nitrate; (c) responses of the outward current to BOD; (d) responses of the inward current to nitrate; (e) relationship between the maximum
outward current and BOD; (f) relationship between the maximum inward current and nitrate.
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outward current (243.3 ± 25.2 μA) and a low inward current
(−134.3 ± 17.1 μA). However, as BOD decreased to 21.8 mg/L and
NO3

−-N increased to 7.0 mg/L, enhanced inward EET (−177.0 ± 7.1
μA) and suppressive outward EET (65.3 ± 12.8 μA) were observed. By
using the fitted models (equations I-IV) in section 3.3, the predicted
values of BOD and NO3

−-N are displayed in Table 1. The relative errors
were all lower than 20%, indicating the feasibility of the dual detection
of BOD and nitrate using S. loihica PV-4.

However, considering the natural microorganisms and complex
composition in real water, there are still several challenging problems
to be solved before the practical application of S. loihica PV-4 BES. The
primary problem is the threat of microbial pollution to the pure culture
of S. loihica PV-4. An efficient solution is the pretreatment and ster-
ilization of water sample, which can be achieved by using strainer to-
gether with fine filtration through 0.22 µm pore size membrane.
Periodic bioaugmentation is also suggested to maintain a high abun-
dance of S. loihica PV-4 in biofilm and ensure the accuracy of detection.
Besides, some common pollutants in water, e.g. nitrite, can also serve as
the electron acceptors of S. loihica PV-4 inward EET, which probably
decreases the specificity of nitrate detection. According to a previous
study, the onset potential of nitrite reduction is lower than that of ni-
trate reduction (Pous et al., 2014), therefore the interfere caused by
nitrite and other electron acceptors might be eliminate by the optimi-
zation of applied potential. In addition, the exclusive nitrate reduction
of S. loihica PV-4 can also be realized by changing the metabolism
pathway with genetic mutations. Besides its application in water
monitoring, the bidirectional EET of S. loihica PV-4 also holds great
prospects for simultaneous removal of nitrogen and carbon, pollutants
mineralization, and energy conservation (Jiang and Zeng, 2019). Fur-
ther works are eagerly required to enlarge its application and reveal the
mechanism of S. loihica PV-4 bidirectional EET.

4. Conclusions

This study investigated the bidirectional EET of S. loihica PV-4 and

its application in water monitoring. The results revealed that the out-
ward EET was correlated with BOD (R2＞0.98), whereas the inward
EET was associated with nitrate (R2＞0.96); thus, a novel nitrate de-
tection method based on inward EET was proposed. Besides, based on
the bidirectional EET of S. loihica PV-4, the dual detection of BOD and
nitrate was achieved for the first time and was characterized by fast
analysis and high accuracy.

CRediT authorship contribution statement

Yue Yi: Conceptualization, Methodology, Investigation, Validation,
Visualization, Writing - original draft. Ting Zhao: Formal analysis,
Writing - review & editing. Beizhen Xie: Visualization, Methodology.
Yuxuan Zang: Investigation. Hong Liu: Conceptualization,
Supervision.

Declaration of Competing Interest

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influ-
ence the work reported in this paper.

Fig. 5. Current responses of the outward BES (a) and inward BES (b) to the potential step.

Fig. 6. Current responses of S. loihica PV-4 BESs to electrolytes with different C:N ratios.

Table 1
Relative errors of the dual detection for BOD and nitrate by S. loihica PV-4 BESs.

Sample Amount
added

Test results Relative
error

Electrolyte with high
C/N ratio

BOD 130.5 109.5 ± 18.9 17.20%
NO3

−-N 3.5 3.3 ± 0.8 19.30%
Electrolyte with low

C/N ratio
BOD 21.8 19.7 ± 4.3 15.70%
NO3

−-N 7.0 6.5 ± 0.9 11.80%
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