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A B S T R A C T

The development of real-time online warning system for toxicity materials is important to ensure the safety of
water supply. This study for the first time constructs luminescent bacteria (Vibrio fischeri) biofilm to deliver both
electrical and optical real-time response for Cu(II) toxic shock in a bioelectrochemical system (BES) sensor.
Compared to biocathode, bioanode was more suitable as sensitive elements. With three tested concentrations of
Cu(II), i.e., 1 mg/L, 3mg/L and 6mg/L, electrical signals were raised. But optical signal failed to respond to the
lowest concentration, suggesting that electrical signal then was produced by chemical reaction of Cu(II) on the
electrode surface. For 3 mg/L and 6mg/L Cu(II) shock, more rapid optical signals were observed than electrical
signal, indicating that both the biofilm's surface and inner was affected. In addition, high concentration of Cu(II)
toxic as 6 mg/L caused irreversible damage in the biosensor as there were great fluctuation in the recovery curve
and large recovery ratio up to -10.39% for optical signal. These results provided a comparison between optical
and electrical signals simultaneously produced by a biosensor and visual evidences for better understanding of
the toxicity process in the biosensor.

1. Introduction

Toxic pollutants (e.g. heavy metals) could enter into hydrosphere
with the global industrialization easily, and result in water con-
tamination. Therefore, the frequent monitoring of toxic pollutants is
important to ensure the safety of water supply. Toxicity monitoring of
water quality mainly employ fish, daphnia, algae or microorganisms for
assays (Adekunle et al., 2019). Nevertheless, the existing environmental
monitoring technology usually spend long-time to analyze in the la-
boratory, and it will fails to early alert of contaminants. Aiming to early
warning the toxicity, real-time on-line and on-site toxicity sensors have
been studied in recent years (Jiang et al., 2018; Lei et al., 2006), which
is normally consisted of three components: the sensitive element, the
transducer and the detector. Different sensitive elements have been
used in toxicity sensors, including antibodies, organelles, cellular re-
ceptors, enzymes, or even the whole cells (Parkhey and Mohan, 2019).
The redox state will change while the sensitive elements suffer from the
single (specific sensor) or complex (broad-spectrum sensor) shocks of
toxic materials (Shah et al., 2014). After that, the produced signals are
transformed into a transducer, the core component of a biosensor. The
transducer mainly depends on the character of bioelements and com-
prise a variety of signals, including electrochemical signals, optical
signals, piezo/pyro electric signals and respirometric signals (Parkhey

and Mohan, 2019). However, it is generally noticed that on-line toxicity
sensors with the bioelements mentioned above are normally inapplic-
able (e.g. expensive, difficult to operate and maintain) during long-time
operation with a continuous influent.

Bioelectrochemical system (BES) could produce electricity through
electricigens biofilm, and has been tested as a biosensor for water
quality early-warning (Kim et al., 2007). Currently, BES sensor (e.g.
microbial fuel cell sensor) is mainly considered as a broad-spectrum
biosensor for sewage alert (Jiang et al., 2018). The performance of the
BES sensor has been greatly improved through intensive studies on its
sensing element, electrode material, operation mode and configuration
(Jiang et al. 2017, 2018; Liu et al., 2014; Xu et al., 2016; Zhao et al.,
2019). Comparing to other technology, BES sensor have several ad-
vantages, such as inexpensive, easy to operate, maintain. But it is found
that part of electrical signal produced by BES sensor is caused by the
chemical reaction on the electrode surface rather than biotoxicity,
which would result in inaccurate warning (Jiang et al., 2015). In ad-
dition, there is no international standard established on BES sensor and
its sensing process.

As a comparison towards BES sensor, Luminescent bacteria (e.g.
Vibrio fischeri) as the whole microbial cells are capable of emitting
optical signal (blue-green light) through the oxidation of reduced flavin
mononucleotide (FMNH2) and a long-chain aldehyde (RCHO) by
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diatomic oxygen with Luciferase as the mediator (Inouye, 1994), as
expressed by

+ + → + + +FMNH RCHO O
L ciferase

FMN RCOOH H O hv light
u

( )2 2 2

(1)

In fact, luminescent bacteria have been used to detect the biotoxi-
city of ecological environment for decades (Girotti et al., 2008; Ma
et al., 2014). With a series of official standards issued, e.g. GB/T 15441-
1995 in China, ASTM D5660-1995 in the U.S., DIN 38412-1990 in
France, and EN ISO 11348 in European countries, this method is es-
tablished worldwide to monitor the pollutants including inorganic
pollutants, organic pollutants, general toxicity and the genotoxicity
(Abbas et al., 2018). Luminescent bacterial suspension is a widely-used
indicator for ecotoxicity detection, as it is cost-effective and is cultured
rapidly. However, it fails to deliver real-time optical signal for online
toxic alert due to the instability of luminescent bacterial suspension (Ma
et al., 2014).

This study for the first time employed luminescent bacteria (Vibrio
fischeri) biofilm as the responsive element in BES sensor for real-time
online alert of Cu(II) toxic shock. When the biofilm was applied as the
bioanode, the biosensor raised alerts at three tested Cu(II) concentra-
tions from 1 to 6mg/L. A comparison was provided between the elec-
trical signal that is produced by BES sensor with optical signal from
Luminescent bacteria that has been employed by many international
standards related to sensing process. How different concentrations of
Cu(II) had biocidal effects of Vibrio fischeri biofilms was investigated
and the biosensor's recovery performance after the toxic shock was
examined.

2. Materials and methods

2.1. Materials

2.1.1. Bacterial culture
The freeze-dried luminescent bacteria (Vibrio fischeri NRRLB-11177)

was obtained from China General Microbiological Culture Collection
Center (CGMCC) (Beijing, China). The strain was cultured in a trian-
gular flask (Thermostat incubator, 26 °C) at a temperature of 121 °C for
20min using the sterile growth medium, which had a pH of 7 ± 0.2,
and contained 3% NaCl, 6.1 g/L NaH2PO4·H2O, 2.75 g/L K2HPO4·3H2O,
0.204 g/L MgSO4·3H2O, 0.5 g/L (NH4)2HPO4, 3mL glycerol, 0.5 g/L
yeast extract, and 3 g/L peptone (Wei et al., 2018; Yu et al., 2018). After
18 h, the cells in exponential phase were inoculated into a reactor de-
scribed as follows for water quality alert experiment. The phosphate
buffer (PBS) was removed in the process of water quality alert experi-
ment, and the toxic pollutant was CuCl2 in this study.

2.1.2. Biosensor set-up and start up
The biosensor device employed in this study comprised three parts:

BES, electrical signal monitoring system and optical signal monitoring
system (Fig. 1a). A 15mL-sized three-electrode system served as the
BES reactor, in which a working electrode made of cylinder-shaped
carbon felt (diameter:1.5 cm in diameter and 0.6 cm in thickness; Sanye
Carbon Co. Ltd., China) was placed at one third of the reactor for mi-
croorganism attachment (Fig. S1). Near the working electrode, a satu-
rated calomel electrode (SCE, +242 mV vs. standard hydrogen elec-
trode, SHE; Leici Co. Ltd., China) was set as the reference electrode.
Platinum (Pt) (Gaoss Union Co. Ltd., China) sheet was employed as a
counter electrode. A square transparent glass (5 cm in length) was used
as the top of BES reactor. The outlet was located below the transparent
glass to avoid the attachment effect of microbe. An electrochemical
workstation (Autolab, Metrohm Co. Ltd., China branch) was employed
to monitor electrical signals, while a photomultiplier (PMT, HAMAM-
ATSU Co. Ltd., Beijing, China) and a modular connector (HAMAMATSU
Co. Ltd., Beijing, China) were employed to collect optical signal. The

whole biosensor device was operated in a black box against external
photons in the whole experiments.

To start up the biosensor device, 2 mL cells solution were inoculated
into the reactor and recirculated at a constant flow rate of 5mL/min
and a hydraulic retention time (HRT) of 3min, to facilitated rapid
growth of the biofilm (Fig. 1b). When the biofilm was formed, con-
tinuous flow operation was applied afterwards. Air was pumped into
the influent to provide dissolved oxygen (DO) to fully support the
growth of the bioluminescence. In addition, all experiments were car-
ried out at room temperature.

3. Methods

Photon numbers and the current were considered as the parameters
of optical signal and electrical signal, respectively. These two signals
were recorded every 15 s, and the total toxic time was 30min. The
normalized optical signal (NOS) is determined as

=NOS P
P
n

(2)

where Pn and P are recorded photon number and the average photon
number in stable stage after feeding normal medium without toxic
pollutions, respectively.

3.1. While the normalized electrical signal (NES) is determined as

=NES i
i
n

(3)

where in and i are recorded current and the current in stable stage after
feeding normal medium without toxic pollutions, respectively.

Inhibition ratio (IR) is employed to evaluate the alert effects on both
optical and electrical signal (IRNOS and IRNES, respectively), as de-
termined by equation (4) and (5) (Jiang et al., 2017; Zhao et al., 2019).

⎜ ⎟= ⎛
⎝
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⎠
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where NOSnor and NESnor were the photon number and the current after
feeding normal medium without toxic pollutions, respectively; NOStox
and NEStox were the photon number and the current after feeding
normal medium with toxic pollutions, respectively.

In addition, recovery ratio (RR) for both optical and electrical sig-
nals are calculated according to equation (6) and (7).
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where NOSnor0 and NESnor0 were the initial photon number and the
current after feeding normal medium without toxic pollutions, respec-
tively; NOSnork and NESnork were the kth photon number and current
after recovery.

The sensitivity of dual-signal-biosensor includes electrical signal
sensitivity (ESS, L mg-1 cm-2) and optical signal sensitivity (OSS, L mg-1

cm-2), and the calculated method refer microbial fuel cell sensor (Di
Lorenzo et al., 2014). The equations are as following:

=ESS NES
C A

Δ
Δ

1
(8)

=OSS NOS
C A

Δ
Δ

1
(9)
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where ΔNES and ΔNOS are the unit change in the NES and NOS after
toxicity for 30min; ΔC (mg/L) is the change in the concentration of Cu
(II); A (cm2) is the total area of anode materials.

Electrochemical impedance spectroscopy (EIS) and cyclic voltam-
metry (CV) were performed with an electrochemical workstation
(Autolab, Metrohm Co. Ltd., China branch).

4. Results and discussion

4.1. The biofilm formation and electrochemical activity in BES

Two milliliters of cells solution were inoculated into BES for biofilm
formation (Fig. S1). Some cells were observed to attach on the carbon
felt the next day, and a mature Vibrio fischeri biofilm was obtained after
5 days of inoculation as evidenced by an obvious difference in CV
curves (Fig. 1c) where the oxidation and reduction peaks for V. fischeri
remained at -0.08 V and -0.38 V, respectively. In addition, the diffusion
was weak as suggested by EIS plot (Fig. S2), indicating again that the
biofilm had formed. These results were in line with those reported
previously (Tian et al., 2017).

4.2. The optimum electrode for biosensor device

The reduction and oxidation peaks for Vibrio fischeri biofilm in-
dicated that the bacteria could serve as both the electron acceptor and
donor. As the reduction peak was more obvious, the biofilm was tested
first as the biocathode (electron acceptor). With an applied potential of
-0.65 V, the optical signal started to increase with the time, while the
electrical signal continuously weakened (Fig. 2a). Optical signal is
known to be produced by Vibrio fischeri with the presence of both or-
ganic matters and DO, while electricity's production requires merely

DO. It was noticeable that once the organic matter was removed, the
output of electrical signal recovered soon, but the optical signal de-
clined (Fig. S3). When DO was removed afterwards, both optical and
electrical signal decreased. These findings suggested Vibrio fischeri
biofilm as the biocathode failed to deliver synchronous optical and
electrical signals.

On the contrary when Vibrio fischeri biofilm served as the bioanode
(electron donor), both optical and electrical signals increased with the
time (Fig. 2b). This experiment was performed in duplicate with two
freshly grown biofilms, while both biofilms delivered increasing optical
and electrical signals (Fig. S4). Specifically, optical signal (biophotons)
was produced mostly from the surface of the biofilm, where consider-
able amount of DO was consumed (Fig. 2c). With much reduced DO
inside the biofilm, the biophoton's production was greatly restrained,
but few O2 were beneficial for the electrode to capture the bioelec-
tronics and thereby improved the electrical signal. In conclusion, a
mature Vibrio fischeri biofilm as the bioanode could deliver both optical
and electrical signals in a biosensor (Fig. S5).

4.3. Dual-signal-biosensor's responses to Cu(II) toxic shocks

When the NOS and NES curves remained stable (with a fluctuation
less than 3%), Cu(II) toxic pollutants at different concentrations (1 mg/
L, 3mg/L and 6mg/L) were tested, respectively. These experiments
were repeated for twice with one biofilm and the results showed good
reproducibility (Fig. S6). The smallest concentration of Cu(II) (1 mg/L)
caused a slow decrease in NES, but had no effect on NOS, indicating
that 1mg/L of Cu(II) have no biocidal effect at all on Vibrio fischeri
biofilms (Fig. 3a). This finding supported a previous study claiming the
electrical signal output when the biosensor was shocked by toxic pol-
lutant at considerable low concentration was caused by the chemical

Fig. 1. The biofilm formation and electrochemical activity in BES. (a) Schematic diagram of dual-signal-biosensor, (b) image of Vibrio fischeri biofilm, and (c) CV of
Vibrio fischeri biofilm.
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reaction of Cu(II) on the electrode surface, rather than the response of
the biofilm (Jiang et al., 2015). The dual signals were restored after-
wards to its original level, and then 3mg/L Cu(II) toxic pollution was
added into the system. The NOS responded to toxic pollutions

immediately, followed by NES, suggesting that the biotoxicity took
place in the biofilm now. When a high concentration of toxic pollutions
as 6mg/L Cu(II) shocked the biosensor, the NOS once again responded
faster than NES. The fact that the biosensor delivered more sensitive
optical signals as compared to electrical signals would be attributed to
the understanding that optical signal came from the surface of the
biofilm as mentioned previously (Fig. 2c). Compared with the inner of
the biofilm, the surface was more responsive to toxic substances. The
biotoxicity mechanism is directly linked to the cellular metabolic status,
which include the effects of electron transport chain. Therefore, the
bioluminescence and extracellular electron transfer (EET) will be in-
fluenced by the destruction of electron transport chain.

Regardless of different sensitivity and response time of optical and
electrical signals for three tested concentrations of toxic pollutant, the
dual-signal-biosensor raised alerts for Cu(II) concentration of above
3mg/L. The average value of IRNOS and IRNES achieved 13.61% and
15.39%, respectively, for 3mg/L Cu(II) toxic shocks at a response time
of 30min (Fig. 3b). Although the planktonic Vibrio fischeri is more
sensitive than biofilm in the process of toxicity alert, it is inapplicable in
real-time online operation with continuous influent. In addition, the IR
of both signals displayed a good linear relationship at different con-
centrations of Cu(II) toxic shocks (R2

NOS=0.99846 and
R2
NES=0.99888) (Fig. S7). The analysis of sensitivity based on the

anode total area showed that optical signal (0.81 Lmg-1 cm-2) was more
sensitive than electrical signal (0.54 Lmg-1 cm-2) in the range of 1to
6mg/L Cu(II) for biotoxicity. Although the dual-signal biosensor was
considered as an integrated toxicity warning system for water quality,
the monitoring of some polluted-water might require the selectivity
which was still under exploration in BES sensor studies. Recently, some
researchers used BES sensor to monitor volatile fatty acids during the
anaerobic digestion process, and the core technology was anion ex-
change membrane (Jiang et al., 2019; Jin et al., 2016).

Regarding the recovery performance of the dual-signal-biosensor,
both optical and electrical signals (NOS and NES) were able to well
recover at 1mg/L and 3mg/L Cu(II) with a relative stable recovery
curve (fluctuation less than 2%, Fig. 3c) and a small recovery ratio of
proximately zero (Fig. 3d). However, when a high toxic concentration
of 6mg/L Cu(II) was applied, the recovery curve could not be restored
to original status and the recovery ratio became much larger (-10.39%
for RRNOS and -2.91% for RRNES). In addition, CV curves obtained after
the toxicity revealed that 6mg/L Cu(II) strongly inhibited Vibrio fischeri
biofilm's bioelectrochemical activity (Fig. S8). These findings suggested
that 6mg/L Cu(II) toxic shock led to an irreversible damage to the
biosensor.

5. Conclusions

This study employed luminescent bacteria (Vibrio fischeri) biofilm as
the responsive element in BES sensor for online alert of Cu(II) toxic
shock. During startup period, Vibrio fischeri could form a biofilm on
carbon felt that delivered electrochemical activity and bioluminescence
simultaneously. This biofilm was then applied as the bioanode rather
than the biocathode to fabricate the dual-signal-biosensor, and tested
for its responses to Cu(II) toxic pollutants at different concentrations
(1 mg/L, 3mg/L, and 6mg/L). In addition, the optical signal was more
sensitive than electrical signal for biotoxicity. These findings suggested
that the bioluminescence, employed by international standards as
warning signal, could be regarded as a reference for the electrical alerts
raised by the biosensor, especially for relative high concentration of
toxic pollutants. In addition, the comparison of the two signals revealed
how the biosensor responded to toxic pollutants.
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