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for real-time online alert of Cu(ll) shock

Xiang Qi, Pan-Pan Liu, Peng Liang*, Wen Hao, MemgXia Huang
State Key Joint Laboratory of Environment Simulatand Pollution Control, School

of Environment, Tsinghua University, Beijing 10008R China

Abstract

The development of real-time online warning systiem toxicity materials is
important to ensure the safety of water supplys®udy for the first time constructs
luminescent bacteriaiprio fischeri) biofilm to deliver both electrical and optical
real-time response for Cu(ll) toxic shock in a beatrochemical system (BES) sensor.
Compared to biocathode, bioanode was more sui@bleensitive elements. With
three tested concentrations of Cu(ll), i.e., 1 mdLmg/L and 6 mg/L, electrical
signals were raised. But optical signal failed éspond to the lowest concentration,
suggesting that electrical signal then was prodimedhemical reaction of Cu(ll) on
the electrode surface. For 3 mg/L and 6 mg/L Cwidck, more rapid optical signals
were observed than electrical signal, indicatingt thoth the biofilm's surface and
inner was affected. In addition, high concentratdrCu(ll) toxic as 6 mg/L caused
irreversible damage in the biosensor as there wezat fluctuation in the recovery
curve and large recovery ratio up to -10.39% fdioap signal. These results provided
a comparison between optical and electrical sigsataultaneously produced by a
biosensor and visual evidences for better undeaistgrof the toxicity process in the
biosensor.

Keywords: Biosensor, Biofilm, Optical and electrical signalsy(ll), Vibrio fischeri
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1. Introduction

Toxic pollutants (e.g. heavy metals) could entéo imydrosphere with the global
industrialization easily, and result in water conitaation. Therefore, the frequent
monitoring of toxic pollutants is important to ensuthe safety of water supply.
Toxicity monitoring of water quality mainly employish, daphnia, algae or
microorganisms for assays (Adekunle et al. 2019gvextheless, the existing
environmental monitoring technology usually spewodgtime to analyze in the
laboratory, and it will fails to early alert of daminants. Aiming to early warning the
toxicity, real-time on-line and on-site toxicity r@®rs have been studied in recent
years (Jiang et al. 2018; Lei et al. 2006), whishnormally consisted of three
components: the sensitive element, the transdunckthee detector. Different sensitive
elements have been used in toxicity sensors, imguahtibodies, organelles, cellular
receptors, enzymes, or even the whole cells (Psrkhe Mohan 2019). The redox
state will change while the sensitive elementsesufiorn the single (specific sensor)
or complex (broad-spectrum sensor) shocks of toxaterials (Shah et al. 2014).
After that, the produced signals are transformeal antransducer, the core component
of a biosensor. The transducer mainly depends ercliaracter of bioelements and
comprise a variety of signals, including electroul@l signals, optical signals,
piezo/pyro electric signals and respirometric sign@arkhey and Mohan 2019).
However, it is generally noticed that on-line taicsensors with the bioelements
mentioned above are normally inapplicable (e.g.eespve, difficult to operate and
maintain) during long-time operation with a conts influent.

Bioelectrochemical system (BES) could produce al@tyt through electricigens

biofilm, and has been tested as a biosensor farveptality early-warning (Kim et al.
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2007). Currently, BES sensor (e.g. microbial fusl sensor) is mainly considered as
a broad-spectrum biosensor for sewage alert (kamd 2018). The performance of
the BES sensor has been greatly improved througmsive studies on its sensing
element, electrode material, operation mode andigrgation (Jiang et al. 2017;
Jiang et al. 2018; Liu et al. 2014; Xu et al. 20Z6a0 et al. 2019). Comparing to
other technology, BES sensor have several advasjtageh as inexpensive, easy to
operate, maintain. But it is found that part ofcalieal signal produced by BES sensor
is caused by the chemical reaction on the electsngiface rather than biotoxicity,
which would result in inaccurate warning (Jiangaket2015). In addition, there is no
international standard established on BES sensbitasensing process.
As a comparison towards BES sensor, Luminescenetade.g.\Vibrio fischeri)

as the whole microbial cells are capable of engtwoptical signal (blue-green light)
through the oxidation of reduced flavin mononudi@®t(FMNH,) and a long-chain
aldehyde (RCHO) by diatomic oxygen with Luciferasethe mediator (Inouye 1994),

as expressed by

FMNH,,+RCHO+O, 0 EFE71, FMN + RCOOH + H,0 + hv(light) @)

In fact, luminescent bacteria have been used tecti¢he biotoxicity of ecological
environment foidecades (Girotti et al. 2008; Ma et al. 2014). Witberies of official
standards issued, e.g. GB/T 15441-1995 in Chh&I'M D5660-1995 in the U.S,,
DIN 38412-1990 in France, and EN ISO 11348 in Eaaspcountries, this method is
established worldwide to monitor the pollutants luding inorganic pollutants,
organic pollutants, general toxicity and the germity (Abbas et al. 2018).
Luminescent bacterial suspension is a widely-usdatator for ecotoxicity detection,
as it is cost-effective and is cultured rapidly. wéwer, it fails to deliver real-time

optical signal for online toxic alert due to thestability of luminescent bacterial



75

76

77

78

79

80

81

82

83

84

85

86

87
88

89

90

91

92

93

94

95

96

97

98

99

suspension (Ma et al. 2014).

This study for the first time employed luminescdyacteria Yibrio fischeri)
biofilm as the responsive element in BES sensordalt-time online alert of Cu(ll)
toxic shock. When the biofilm was applied as theabbde, the biosensor raised alerts
at three tested Cu(ll) concentrations from 1 to ¢LmA comparison was provided
between the electrical signal that is produced B Bensor with optical signal from
Luminescent bacteria that has been employed by nméesnational standards related
to sensing process. How different concentrationofll) had biocidal effects of
Vibrio fischeri biofilms was investigated and the biosensor’s vecp performance

after the toxic shock was examined.

2. Materials and methods
2.1 Materials

2.2.1 Bacterial culture

The freeze-dried luminescent bacteriib(io fischeri NRRLB-11177) was
obtained from China General Microbiological Cult@ellection Center (CGMCC)
(Beijing, China). The strain was cultured in angalar flask (Thermostat incubator,
26 [1) at a temperature of 121 for 20 min using the sterile growth medium, which
had a pH of 7 + 0.2, and contained 3% NaCl, 6.1 §JAH,POy- H,O, 2.75 g/L
KoHPO,- 3H,0, 0.204 g/L MgS0O4- 34D, 0.5 g/L (NH).HPO,, 3 mL glycerol, 0.5 g/L
yeast extract, and 3 g/L peptone (Wei et al. 2018et al. 2018). After 18 hours, the
cells in exponential phase were inoculated inteeactor described as follows for
water quality alert experiment. The phosphate bufffBS) was removed in the
process of water quality alert experiment, andtthec pollutant was CuGlin this

study.

2.2.2 Biosensor set-up and start up
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The biosensor device employed in this study coredrithree parts: BES,
electrical signal monitoring system and opticahsigmonitoring system (Figure 1a).
A 15 mL-sized three-electrode system served a8Ht reactor, in which a working
electrode made of cylinder-shaped carbon felt (diaml.5 cm in diameter and 0.6
cm in thickness; Sanye Carbon Co. Ltd., China) plased at one third of the reactor
for microorganism attachment (Figure S1). Near wloeking electrode, a saturated
calomel electrode (SCE, +242 m¥. standard hydrogen electrode, SHEjci Co.
Ltd., China) was set as the reference electroggingm (Pt) (Gaoss UnioGo. Ltd.,
China) sheet was employed as a counter electrodgquére transparent glass (5 cm in
length) was used as the top of BES reactor. Théetowtas located below the
transparent glass to avoid the attachment effectnimiobe. An electrochemical
workstation (Autolab, Metrohm Co. Ltd., China brBhavas employed to monitor
electrical signals, while a photomultiplier (PMTAMAMATSU Co. Ltd., Beijing,
China) and a modular connector (HAMAMATSU Co. Lt&eijing, China) were
employed to collect optical signal. The whole bits®w device was operated in a
black box against external photons in the wholeserpents.

To start up the biosensor device, 2 mL cells sotutivere inoculated into the
reactor and recirculated at a constant flow rat® ofL/min and a hydraulic retention
time (HRT) of 3 min, to facilitated rapid growth tife biofilm (Figure 1b). When the
biofilm was formed, continuous flow operation waspked afterwards. Air was
pumped into the influent to provide dissolved oxyg®O) to fully support the
growth of the bioluminescence. In addition, all exments were carried out at room

temperature.

2.1 Methods

Photon numbers and the current were consideretieaparameters of optical



125 signal and electrical signal, respectively. These signals were recorded every 15
126  seconds, and the total toxic time was 30 minutes. Aformalized optical signal (NOS)

127 is determined as

128 NOS=5
P

129  (2)

130 whereP,, andP are recorded photon number and the average photober in stable
131  stage after feeding normal medium without toxidygadns, respectively.
132 While the normalized electrical signal (NES) isatatined as

133 NES =n
|

134  (3)

135 wherei, and i are recorded current and the current in stablgestdter feeding
136 normal medium without toxic pollutions, respectivel

137 Inhibition ratio (R) is employed to evaluate the alert effects on logtical and
138  electrical signallRnos andIR\es, respectively), as determined by equation (4) @&hd

139 (Jiang et al. 2017; Zhao et al. 2019).

NOS,, - NOS,,
140 IR\os(%0) = ( %NO%or ! j x100% (4)
NES. - NES
141 | %) = nor 10X | x 100% 5
RNES( 0) ( NESnor J ¢ (5)

142 where NOS,, and NES,, were the photon number and the currafter feeding

143  normal medium without toxic pollutions, respectivel]OS,, and NES_, were

144  the photon number and the currafter feeding normal medium with toxic pollutions,
145  respectively.

146 In addition, recovery ratioRR) for both optical and electrical signals are
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calculated according to equation (6) and (7).

NOS,,, - NOS,,
NOS,

nog

RRyos (%) = ( : ] x100% (6)
NES,, — NES,,,
NES

nog

RRNES(%F( ]xlOO% W

Where NOS,,, and NES,, were the initial photon number and the currafter

feeding normal medium without toxic pollutions, respectiveNOS,, and NES,,

were thek™ photon number and curreatter recovery.

The sensitivity of dual-signal-biosensor includes electrical sigmeasitivity
(ESS, L mg cm® and optical signal sensitivity (OSS, L thgem?), and the
calculated method refer microbial fuel cell sensor (Di Lorenzo et al4)20he

equations are as following:

o ANES 1 ®)
AC A

ogg = ANOS 1 ©)
AC A

WhereANES and ANOS are the unit change in the NES and NOS after toxicity for 30
min; AC (mg/L) is the change in the concentration of Cu@NYcm?) is the total area

of anode materials.

Electrochemical impedance spectroscopy (EIS) and cyclic voltamni@wy
were performed with an electrochemical workstation (Autolab, MetrohmL@b,

China branch).

3. Results and discussion

3.1 The biofilm formation and electrochemical actiity in BES

Two milliliters of cells solution were inoculated into BES fmofilm formation

(Figure S1). Some cells were observed to attach on the carbon fetdheéay, and a



169  matureVibrio fischeri biofilm was obtained after 5 days of inoculation as evidenced
170 by an obvious difference in CV curves (Figure 1c) where theation and reduction
171 peaks forV. fischeri remained at -0.08 V and -0.38 V, respectively. In additiba, t
172  diffusion was weak as suggested by EIS plot (Figure S2)¢atidg again that the
173  biofilm had formed. These results were in line with those redagsteviously (Tian et

174 al. 2017).

175 3.2 The optimum electrode for biosensor device

176 The reduction and oxidation peaks #dbrio fischeri biofilm indicated that the
177  bacteria could serve as both the electron acceptor and donor. Asltictiare peak
178  was more obvious, the biofilm was tested first as the biocathoeetr(a acceptor).
179  With an applied potential of -0.65 V, the optical signal stattethcrease with the
180 time, while the electrical signal continuously weakened (Figaje Optical signal is
181  known to be produced bvibrio fischeri with the presence of both organic matters
182 and DO, while electricity’s production requires merely DO. It wasceable that
183  once the organic matter was removed, the output of electrical signal recevered
184  but the optical signal declined (Figure S3). When DO was recha¥terwards, both
185 optical and electrical signal decreased. These findings suggesidad fischeri
186  biofilm as the biocathode failed to deliv@mnchronous optical and electrical signals.
187 On the contrary whewbrio fischeri biofilm served as the bioanode (electron
188 donor), both optical and electrical signals increased with the (Frgure 2b). This
189  experiment was performed in duplicate with two freshly grown bigsfilmhile both
190  biofilms delivered increasing optical and electrical signals (Fi@4#e Specifically,
191  optical signal (biophotons) was produced mostly from the surfad@eobiofilm,
192  where considerable amount of DO was consumed (Figure 2c). With madabed

193 DO inside the biofilm, the biophoton’s production was gkesgktrained, but few O
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were beneficial for the electrode to capture the bioelectronics and therplbyvéed
the electrical signal. In conclusion, a matibrio fischeri biofilm as the bioanode

could deliver both optical and electrical signals in a biosef#sgure S5).

3.3 Dual-signal-biosensor’s responses to Cu(ll) taxshocks

When the NOS and NES curves remained stable (with a fluctuatiorthkss
3%), Cu(ll) toxic pollutants at different concentrations (1 Im¢& mg/L and 6 mg/L)
were tested, respectively. These experiments were repeated for twicengvibiobim
and the results showed good reproducibility (Figure S6). Theleshabncentration
of Cu(ll) (1 mg/L) caused a slow decrease in NES, but had no effetiQf,
indicating that 1 mg/L of Cu(ll) have no biocidal effect at all \dbrio fischeri
biofilms (Figure 3a). This finding supported a previous gtadiming the electrical
signal output when the biosensor was shocked by toxic potlait considerable low
concentration was caused by the chemical reaction of Cu(ll) on ttteoele surface,
rather than the response of the biofilm (Jiang et al. 2015). ThE signals were
restored afterwards to its original level, and then 3 mg/L Ctgijc pollution was
added into the system. The NOS responded to toxic polautromediately, followed
by NES, suggesting that the biotoxicity took place inkildilm now. When a high
concentration of toxic pollutions as 6 mg/L Cu(ll) shocked ltiosensor, the NOS
once again responded faster than NES. The fact that the biosenseredemore
sensitive optical signals as compared to electrical signals vwmukaktributed to the
understanding that optical signal came from the surface of thénbiad mentioned
previously (Figure 2c). Compared with the inner of the biofilme, urface was more
responsive to toxic substances. The biotoxicity mechanisnrastlg linked to the
cellular metabolic status, which include the effects of electron transbain.

Therefore, the bioluminescence and extracellular electron transfer (EETpewill
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influenced by the destruction of electron transport chain.

Regardless of different sensitivity and response time of opéiodl electrical
signals for three tested concentrations of toxic pollutant, tla-signal-biosensor
raised alerts for Cu(ll) concentration of above 3 mg/L. The average wfllR\os and
IR\es achieved 13.61% and 15.39%, respectively, for 3 mg/L Cu(lixtsltocks at a
response time of 30 min (Figure 3b). Although the planktdfbicio fischeri is more
sensitive than biofilm in the process of toxicity alert, itnggplicable in real-time
online operation with continuous influent. In additiore kR of both signals displayed
a good linear relationship at different concentrations of Cu(Xictshocks Rnos=
0.99846 and”¥’\es= 0.99888) (Figure S7). The analysis of sensitivity basethen
anode total area showed that optical signal (0.81 £ ang®) was more sensitive than
electrical signal (0.54 L mgcm?) in the range of 1to 6 mg/L Cu(ll) for biotoxicity.
Although the dual-signal biosensor was considered as anatedgioxicity warning
system for water quality, the monitoring of some polluted-watethimnigquire the
selectivity which was still under exploration in BES sensadiss. Recently, some
researchers used BES sensor to monitor volatile fatty acids dimngnaerobic
digestion process, and the core technology was anion exchange memiarzgnet(al.
2019; Jin et al. 2016).

Regarding the recovery performance of the dual-signal-biosensor,opttal
and electrical signals (NOS and NES) were able to well recover atllamg 3 mg/L
Cu(ll) with a relative stable recovery curve (fluctuation less thanR2gtire 3c) and a
small recovery ratio of proximately zero (Figure 3d). Howevererwh high toxic
concentration of 6 mg/L Cu(ll) was applied, the recovery curve aoailde restored
to original status and the recovery ratio became much larger (%F@9RR\os and

-2.91% forRR\es). In addition, CV curves obtained after the toxicity revealed @hat
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mg/L Cu(ll) strongly inhibitedVibrio fischeri biofilm’s bioelectrochemical activity
(Figure S8). These findings suggested that 6 mg/L Cu(ll)ctekiock led to an

irreversible damage to the biosensor.

4. Conclusions

This study employed luminescent bacterMib(io fischeri) biofilm as the
responsive element in BES sensor for online alert of Cu(ll)ctgkiock. During
startup periodMbrio fischeri could form a biofilm on carbon felt that delivered
electrochemical activity and bioluminescence simultaneously. Thfgnbiwas then
applied as the bioanode rather than the biocathode to fabricate the
dual-signal-biosensor, and tested for its responses to Cufi¢ follutants at
different concentrations (1 mg/L, 3 mg/L, and 6 mglh)addition, the optical signal
was more sensitive than electrical sigimalbiotoxicity. These findings suggested that
the bioluminescence, employed by international standards as waigiva, could be
regarded as a reference for the electrical alerts raised by the biosspswially for
relative high concentration of toxic pollutants. In additidre tomparison of the two

signals revealed how the biosensor responded to toxic pollutants
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Highlights
Luminescent bacteria biofilm was constructed as a sensing el ement
Simultaneously production of photons and electrons by Vibrio fischeri biofilm
Compatible Vibrio fischeri biofilm as bioanode rather than biocathode with
biosensor

Both optical and electrical signals respond to Cu®* shock



Credit Author Statement
The authors declared that they have contributethit work. We
promised that there is no any credit problem fer tfanuscript entitled,
“Dual-signal-biosensor based on luminescent bactdsiofilm for

real-time online alert of Cu(ll) shock”.



Declaration of Interest Statement
We declare that we have no financial and persaiationships with
other people or organizations that can inapprogsiahfluence our work,
there is no professional or other personal inteseéany nature or kind in
any product, service and/or company that could basttued as
influencing the position presented in, or the rewvief, the manuscript
entitled, “Dual-signal-biosensor based on luminasbacteria biofilm for

real-time online alert of Cu(ll) shock”.



