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A relatively poor sensitivity is a critical challenge for the application of microbial fuel cell biosensors (MFC-bio-
sensors). This study investigated the effects of two control modes on sensor sensitivity and revealed the
underlying bioelectrochemical mechanism. The results demonstrated that the sensitivity of an S. loihica PV-4
MFC-biosensor increased by 6.1 times when the anode was controlled at a constant potential (CP) instead of
being operated with a fixed external resistance (ER). This obvious difference in sensor sensitivity was partly
attributed to themasking effect of the observable offset current under ERmode and the lower electricity produc-
tion capacity under CP mode. Moreover, the analysis of metabolic structure showed that under CP mode the an-
odic biofilm presented lower viability after toxic shock, due to a poorer ability to synthesize and secrete
extracellular polymeric substances. Electrochemical measurements further revealed a lower capacitance under
CP mode, which favored the permeation of Cd2+ into the biofilm.

© 2019 Elsevier B.V. All rights reserved.
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1. Introduction

Acute water pollution is one of themajor factors threatening human
security. Early warning systems for water quality monitoring can
achieve timely detection of toxic agents in the aquatic environment,
which is of significance for the assurance of public health. Traditional
water quality monitoring is usually conducted using physicochemical
methods. Though based on complex devices and complicated operation
procedures, these methods enable the accurate quantification of com-
mon pollutants. However, they fail to reflect the biotoxicity of multiple
contaminants and are not suitable for insitu and online monitoring [1].
Generic biosensors can compensate for the deficiencies of physico-
chemical methods and have been extensively applied for water quality
monitoring. Fish, algae, invertebrates and bioluminescent bacteria are
common testing organisms [2], as they can indicate the biotoxicity of a
water sample based on changes in behaviors or in metabolic character-
istics. Nevertheless, additional transducers which can convert biological
responses to measurable electrical signals are indispensable to these
biosensors. This element, however, would increase the complexity and
cost of these traditional biosensors. Recently, water quality monitoring
based on microbial fuel cell (MFC) technology, which uses an anodic
nce and Medical Engineering,
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biofilm as the sensing and transducing element, simplifies the opera-
tional process and is considered to be a novel and promising candidate
for future application [3].

The MFC is a device which can utilize electricigens as catalysts to
convert chemical energy from organic matter into electricity [4].
When an MFC is used as a biosensor (MFC-biosensor), the presence of
toxic agents in the water sample will alter or block the extracellular
electron transfer (EET) process of electricigens and further impact on
MFC output. Hence, on-linemonitoring ofwater quality can be achieved
by tracking the voltage or current of an MFC-biosensor. The major
advantages of the MFC-biosensor are high robustness and self-
sustainability due to the anodic biofilm serving as the sensing element
[5]. However, using such a biofilm as sensing elementmight cause dete-
rioration of sensor sensitivity to some extent. This is because the extra-
cellular polymeric substances (EPS), which are essential to biofilm
formation, play a critical role in the protection of microbes from toxic
agents [6]. Therefore, enhancing sensor sensitivity and addressing this
limitation is of significance for the application of the MFC-biosensor in
real world water monitoring.

A great deal of research has been conducted to optimize the config-
uration [7,8], shear rate [9,10], flow mode [11], external resistance [12]
and cathode/anode ratio [13] of the MFC-biosensor, which can partly
improve sensor sensitivity. However, the operational parameters have
differed between MFC-biosensors and optimal performance might not
be generalized. The control mode is another key factor affecting sensor
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sensitivity. Inmost of the previous studies, the anode and cathode of the
MFC is connected to an external resistance (ER) to form a closed circuit.
Under this mode, a toxic event is monitored by tracking the change in
the output voltage or in the current across the ER [14,15]. Another alter-
native mode is to control the anode at a constant potential (CP) and
measure the current generated to monitor the toxic event. Stein et al.
[16] first proposed this mode and reported that the MFC-biosensor
could deliver better sensitivity under CPmode. Similar results were fur-
ther demostrated over a broad range of anode potentials and various
corresponding resistances [11], which suggested that CP mode might
be widely applicable for improving sensor sensitivity.

Although, obvious enhanced sensitivity under CP mode was ob-
served in both studies [11,16], the bioelectrochemical mechanism for
this difference has not been specified. A common phenomenon in the
two studieswas thatwhen toxic shock occurred, the anode potential in-
creased under ER mode while remaining unchanged under CP mode. It
was speculated that four possible mechanisms, resulting from the in-
creased anode potential, could possibly contribute to the different sen-
sor sensitivities. Firstly, an offset current which could mask the
inhibition of the electricity generation capacity of electricigens, might
develop under ER mode. Furthermore, the substrate consumption rate
of electricigens could increase with the anode potential [17], and thus
the microbial activity as well as resistance to toxic agents would be af-
fected. Additionally, the extracellular electron transfer (EET) mecha-
nism might also change with the anode potential [18], which could
result in a changed capacity for power generation. Finally, the anodic
double layer capacitance behavior could vary with the anode potential
[19]; this might influence the permeation of a toxic agent into the
anodic biofilm. A combination of biological characterization and
electrochemical analysis might contribute to clarification of possible
mechanisms. Another issue in the previous studies was that the results
were both based on mixed culture MFCs [11,16]. Even under identical
conditions, large individual differences have been revealed between
mixed culture MFCs, so this type MFC was not suitable for a study of
mechanisms [4]. Moreover, the researchers of both studies investigated
the responses of MFC-biosensors to only one fixed concentration of
toxic shock agent, indicating a lack of quantitative comparison in sensor
sensitivity between the two control modes.

To address these limitations, a pure culture (S. loihica PV-4) MFC-
biosensor, whichwas considered to deliver better performance for toxic-
ity monitoring and have a homogeneous anodic microbial community
[20], was developed in this study. Toxic shocks at various concentrations
of Cd2+ were used to quantitatively investigate the sensitivities of MFC-
biosensors under different control modes. Cd2+ (as cadmium sulfate)
was used to simulate toxic shock because of its hazardous nature and
wide distribution in wastewater [21]. The main source of Cd2+ is indus-
trial activity, including mining operations, nonferrous metal smelting
and electroplating [22,23]. According to the British Geological Survey in
2016, the total world production of cadmium is around 26,500 tons
[24]. Therefore, Cd2+was normally used as amodel toxic metal in previ-
ous biosensor research [3,25,26]. The underlying mechanism for the ef-
fect of control mode was further revealed by combining electrical,
biochemical andbiological technologies. Coulombic yield (CY)was calcu-
lated to distinguish biological electricity production and offset current,
and cyclic voltammetry (CV) was employed to investigate the electron
transfer process. The compositions of extracellular polymeric substances
(EPS) were analyzed to explain the difference in biofilm viability.
Electroactive measurements combined with theoretical analysis were
conducted to interpret the changes in anodic double layer capacitance.

2. Material and methods

2.1. MFC construction

12 MFCs (MFCs 1–12) with the same H-type configuration were
constructed in this study. MFCs 1–4 were used to compare the
sensitivity of MFC-biosensors under different control modes, while
MFCs 5–8 andMFCs 9–12 were set to investigate biological and electro-
chemical mechanisms, respectively. Cylindrical reagent bottles (50 mL
each) sealed with polytetrafluoroethylene lids were used as the anodic
and cathodic chambers, and connected via a glass tube (15 mm diame-
ter, 40 mm height). A pre-treated proton exchange membrane
(Nafion117, DuPont, USA) [27] was used to divide the two chambers.
The anode was a 2.5 cm × 2.5 cm piece of carbon cloth (HCP330,
Hesen, China), which was pre-treated with acetone and ammonia be-
fore use [28]. The cathode comprised two 2.0 cm × 2.0 cm pieces of
0.5mgcm−2 Pt-loaded carbon paper (HCP120, Hesen, China). Two addi-
tional electrodes, including a 1 cm × 1 cm piece of Pt (Pt210, Aida,
China) as the counter electrode and an Ag/AgCl electrode (R0303,
AiDa, China; 0.205 V vs standard hydrogen electrode) as the reference
electrode, were inserted into the anodic chamber through the lid for
electrochemical measurement. Except for the Ag/AgCl electrode, all
the parts included in the MFC were autoclaved. The Ag/AgCl electrode
was soaked overnight in 75% alcohol and then sterilizedwith ultraviolet
radiation. All the MFCs were fabricated in a laminar flow cabinet
(SW-CJ-1F, Airtech, China).

2.2. MFC start up

S. loihica PV-4 (ATCC®BAA1088™, ATCC, USA) was activated
overnight twice in Luria–Bertani medium after being taken out from a
–80 °C fridge. Subsequently, the culture was centrifuged to remove su-
pernatant and was resuspended in anolyte [29]. Finally, the bacterial
suspensionwas used to inoculateMFCs 1–12with the same inoculation
ratios (30% v/v). Each liter of anolyte consisted of 2.50 g NaHCO3, 0.08 g
CaCl2·2H2O, 1.00 g NH4Cl, 0.20 g MgCl2·6H2O, 10.00 g NaCl and 7.20 g
4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES). The
catholyte only contained NaCl and HEPES at the same concentrations.
Sodium lactate was added to the anolyte as carbon source with a final
concentration of 10mM [30]. After inoculation, all the MFCs were oper-
ated in ER mode during the startup process. Each anode was connected
to a cathode via a fixed external resistance of 680 Ω and all the MFCs
were operated in batch-mode at 25 °C. When the output voltage of
the MFCs decreased to 50 mV, the anolyte and catholyte were both re-
placed in a sterile environment. During the startup process, the anolyte
was forced to flow through the anode electrode and recirculated at a
flow rate of 3 mL min−1.

2.3. Biosensor test

After the enrichment of the biofilms, MFCs 1–4 were operated in
continuous-flow mode with the same flow rate as before and anolyte
containing a lower concentration carbon source (1mMsodium lactate).
Once stably operated, the four MFC-biosensors were challenged with
toxic shock at specific concentration under different control modes
(ER and CP). A schematic diagram of the two control modes is shown
in Fig. S1. Duplicate MFC-biosensors were conducted for each control
mode and all tests were performed in triplicate to guarantee repeatabil-
ity. Each toxic test included three steps. Firstly, non-toxic anolyte was
continuously pumped into the anodic chambers until the output volt-
ages and anode potentials became stable. Then two MFC-biosensors
(MFCs 1–2) were switched to operate in CP mode while the other two
MFC-biosensors continued to be operated under ER mode. In the con-
text of CPmode, the anode and cathodewas connected to the respective
working electrode and counter electrode of a potentiostat (CHI1030C,
ChenHua, China), and the anode potential was kept constant as
with the ER mode. Finally, when the four MFC-biosensors were re-
stabilized for one hour, the influent was switched to the toxic anolyte
containing specific concentration of Cd2+ (0.25, 0.5, or 0.75 mgL−1)
with an exposure time of 30 min. After the toxicity test, MFCs 1–2
were again switched to ERmode to obtain a faster recovery [16]. The an-
odic chambers of the four MFC-biosensors were drained in a sterile
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environment and comprehensively fed with non-toxic anolyte. Before
next test, the output voltage and internal resistance of each MFC-
biosensor were measured to ensure its complete recovery.

2.4. Biofilm analysis

Similar to MFCs 1–4, four other MFC-biosensors (MFCs 5–8) were
fed with a continuous flow of influent after the start-up process. After
stable operation, the four MFC-biosensors were challenged with the
same toxic shock (0.5 mgL−1 Cd2+) under different control modes to
compare the changes in biofilm properties. This test was performed in
triplicate and was conducted in following steps. Firstly, non-toxic
anolyte was continuously pumped into the anodic chambers. After the
stabilization ofMFC-biosensor output, a 0.5 cm×2.5 cmpiece of biofilm
sample was collected from the same location at each anode. Then two
MFC-biosensors (MFCs 5–6) were exposed to 0.5 mgL−1 Cd2+ for
30 min under CP mode and the others under ER mode. After the toxic
event, all the MFC-biosensors were sampled again with the same sam-
pling procedure stated above. Each biofilm sample was divided into
two parts. A small part (0.5 cm × 0.5 cm piece) was used to observe
the metabolic structure of the anodic biofilm, and the other part was
used for EPS analysis.

The biofilm metabolic structure was observed with a confocal laser
scanning microscope (CLSM, TCS SP8, Leica, Germany). Before observa-
tion, all the samples were stained for 15 min with the LIVE/DEAD®
BacLight™ Bacterial Viability Kit (7012, Invitrogen, USA) and were
rinsed three times with 0.85% NaCl solution. The specific excitation/
emission wavelengths for the two dyes (SYTO9 and propidium iodide)
used in this study were 488/500 nm and 488/635 nm, respectively.
For each sample, at least three locationswere randomly selected for ob-
servation and the three-dimensional structure of the biofilmwas recon-
structed by scanning in the z-stack mode.

The EPS of the anodic biofilms was extracted with a modified heat
extraction method [31]. Before heating, the biofilm was collected from
each anodic sample by vortex oscillation at 1000 rpm for 15 min. The
collection was filtrated at a 0.22 μm polyethersulfone membrane and
thefiltratewas concentrated for EPSmeasurement. Protein components
were measured by the Bradford method [32], while the polysaccharide
components were determined by the anthrone-sulfate method [33].

2.5. Electrochemical analysis

The last four MFC-biosensors (MFCs 9–12) were used to conduct
electrochemical impedance spectroscopy (EIS) at different potentials
after start-up. Subsequently, the four MFC-biosensors were challenged
with 0.5 mgL−1 Cd2+ for 30 min under different control modes (MFCs
9–10 under CP mode, MFCs 11–12 under ER mode). Meanwhile, CV
curves were recorded before and after the toxic event to study the
changes in the EET process and electrochemical activity under each con-
trol mode. After complete recovery, all four MFC-biosensors were chal-
lenged with the same toxic shock again under CP mode. Short-term
amperometric (j-V) tests were conducted before and after the toxic
shock according to a previous protocol [11].

All the electrochemical experiments were performed in a three-
electrode system. EIS wasmeasured via an electrochemical workstation
(Zennium E, Zahner, Germany) with a frequency range of 10 mHz
−100 kHz and a signal amplitude of 10 mV. The anode potential was
controlled at 20−80mV against the reference electrode and the settling
time before the EIS measurements was 15 min. For the CV test, CV
curves were recorded via the potentiostat at a scan rate of 10 mVs−1.
The scan range was −0.8−0.6 V and the holding time was 10 s. A
short term j-V test was also conducted via the potentiostat. The initial
anode potential was 20 mV and then the applied potential increased
from 20mV to 80 mVwith an interval of 20mV. Each potential was ap-
plied for 15min and the average current in the final 15 s was defined as
the stable current in each phase.
2.6. Analysis and calculations

The output voltage of the MFC was recorded by a data acquisition
system (USB-1608FS, Measurement Computing Corporation, USA)
with a sampling interval of 5 s. The corresponding current was calcu-
lated according to Ohm's law. CY was calculated by integrating the cur-
rent over the test time. EIS data were analyzed via Zman 2.0 software
(WonATech, South Korea) with an equivalent circuit model Ra/Qa + Rs
[19]. In this model, Rs and Ra referred to the ohmic and charge transfer
resistances of anode, respectively, andQawas a constant phase angle el-
ement [19,34]. The inhibition ratio (IR) of the current was employed to
assess sensor sensitivity and can be calculated based on:

IR ¼ In−Itð Þ
.

In
� 100% ð1Þ

where In and It referred to the currents before and after toxic event, re-
spectively [35]. The viability of the biofilm (VB) was defined as the pro-
portion of viable bacteria in total biomass and was calculated according
to:

VB ¼ Iv
�

IvþIdð Þ � 100% ð2Þ

where Iv and Id were the integrated optical densities of viable and dead
bacteria [36] obtained from CLSM images by Image J 1.8.0_112 software
(National Institutes of Health, USA), respectively. All the potentials
given in the subsequent discussion are provided with respect to an
Ag/AgCl electrode reference.

3. Results and discussion

3.1. Effect of control mode on sensor sensitivity

During stable operation, the anode potentials of theMFC-biosensors
stabilized at approximately 50 mV and thus under CP mode the anode
potentials were constantly controlled at this value during the detection
of Cd2+. Theperformance of theMFC-biosensors (MFCs 1–4) challenged
with 0.5mgL−1 Cd2+ shock under the two control modes (CP and ER) is
shown in Fig. 1a. It could be seen that the MFC-biosensors generated
stable currents with a fluctuation of less than 5% before the toxic
event. When the influent was switched to toxic anolyte (in the 600th
second), under CP mode the current decreased dramatically and
reached a new steady state after 15 min of exposure, resulting in a
final IR of 27.4% after 30 min of exposure. By contrast, the response of
the MFC-biosensor under ER mode was quite different (Fig. 1b). Al-
though a decrease in current was also observed after the toxic shock,
the rate of decline wasmuch slower than that under CPmode, suggest-
ing a mild inhibition of microbial activity under ER mode. After 30 min
toxic exposure IR merely achieved 5.5%, indicating a low sensitivity to
the toxic shock under ER mode. Moreover, the anode potential in-
creased from 48.0 mV to 59.3 mV as the toxic event occurred and still
presented an uptrend at the end of the event (Fig. 1b).

The higher sensitivity of theMFC-biosensor under CPmodewas fur-
ther verified by conducting Cd2+ shocks at various concentrations. As
shown in Fig. 1c, the IR at each concentration was much higher under
CP mode. Meanwhile, IR under the two control modes increased with
the concentration of Cd2+ and two good linear relationships were ob-
served (R2 = 0.99 for CPmode, R2 = 0.93 for ER mode). The sensitivity
of the MFC-biosensor can be quantified by the slope of the IR-
concentration relationship [7]. In this study, the sensitivity for the de-
tection of Cd2+ was 65.1%/ppm under CP mode while only 9.2%/ppm
under ER mode. This result indicates that the sensor sensitivity can be
enhanced 6.1 times when the MFC-biosensor was operated with CP
mode.

The four MFC-biosensors shared the same configuration and culture
conditions. Therefore, the discrepancies in sensor sensitivity could be



Fig. 1. (a) Output current (black line) and anode potential (blue line) of an MFC-biosensor challenged with 0.5 mgL−1 Cd2+ shock under CP mode. (b) Output current (black line) and
anode potential (blue line) of an MFC-biosensor challenged with 0.5 mgL−1 Cd2+ shock under ER mode. (c) Relationships and fitting lines between Cd2+ concentrations and IR under
CP (black square) and ER (red circle) modes.
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attributed to the different control modes. Notably, the anode potentials
were about 50 mV under non-toxic condition with both control modes.
During a toxic event, the anode potential increased continuously under
ER mode and remained constant under CP mode due to potentiostatic
control (Fig. 1a-b). The increased anode potential will release negative
charge into the circuit and thus cause an offset current, which has the
same direction as the current generated by the electricigens. Thereby,
the inhibition of electricity generation induced by a toxic shock might
be masked. Furthermore, the electrochemical activity of a biofilm
could also vary with the anode potential. In order to investigate the ef-
fect of the controlmodeon the anodic reaction, the CYs generated under
non-toxic condition as well as during the toxic shock were calculated,
shown in Fig. 2. As the initial anode potentials were almost the same,
the electricity production capacities under non-toxic conditions were
similar under the two modes (232.0 mC/2400 s and 240.3 mC/2400 s
for CP and ER modes, respectively). When the MFC-biosensor was ex-
posed to 0.5 mgL−1 Cd2+ shock, an obvious difference in CY was ob-
served (171.1 mC/2400 s for CP mode, 232.0 mC/2400 s for ER mode).
Different from CP mode, the CY under ER mode derived from the
offset current and the bioelectrochemical reaction at the anode.
Based on charge conservation, the CY from the latter source can be cal-
culated and it was 199.6 mC/2400 s under ER mode, while still
b171.1 mC/2400 s under CP mode. This phenomenon indicates that
the same toxic shock results in a poorer electricity generation capacity
of electricigens under CP mode.
Fig. 2. Electricity generation capacities under the two controlmodes. Total CYs under non-
toxic condition (A) and toxic condition (B). The CYs due to the increase of anode potential
(C) and bioelectrochemical reaction in anode (D).
3.2. Effect of control mode on extracellular electron transfermechanism and
microbial activity

The increased anode potential might impact microbial electricity
generation capacity in two ways. Shewanella can employ different EET
processes at different potentials [18], hence the changed potential
might alter the electron transfer pathway and further affect electricity
generation capacity. Meanwhile, potential can significantly affect the
activity of anodic biofilm [37], also resulting in different electricity pro-
duction capacities at different potentials.

CV is widely used to study the electron transfer mechanisms and
bioelectrocatalytic activity of electrode biofilms [38]. As shown in Fig. 3,
CV curves were measured under the two modes before and after a
0.5 mgL−1 Cd2+ toxic event. All the curves showed a typical sigmoid
shape, which was consistent with the Nernst-Monod equation [39].
Under non-toxic condition, a major redox system was observed
(Fig. 3a-b), with an oxidation peak at−0.066 V and a reduction peak at
−0.254 V, respectively. This pair of peaks centered at approximate
−0.160 V, which was probably related to outermembrane c-type cyto-
chromes that control the direct electron transfer (DET) process [40]. An-
other electron transfer pathway, i.e., electron transfer through amediator
(MET), has also been found in Shewanella [41]. In the MET process, elec-
tron transfer is completed through an additional or a self-secretedmedi-
ator (e.g., riboflavin), which commonly shows a more negative peak
potential in CV curves according to a previous study [37]. However,
MET was not observed in this study, which might be due to the fact that
S. loihica tends to generate electricity via the DET process in the context
of a highanodepotential (50mV).Meanwhile, the continuousflow inan-
odic chamber is not favorable to the accumulation of redoxmediator [42].

As shown in Fig. 3a-b, the CV curves recorded after the toxic shock
appeared as a similar sigmoid shape and the peak potentials remained
constant as before. Moreover, no additional redox system emerged
after the toxic event under the two modes; this phenomenon suggests
that the electron transfer pathway do not change during the detection
of Cd2+ under both modes. However, an apparent decline in limiting
current density could be observed after the toxic shock and an obvious
difference was noted between the two modes. The current density de-
creased from 4.1Am−2 to 3.3Am−2 under CP mode while it only
dropped by 0.1 Am−2 (from 3.9 Am−2 to 3.8 Am−2) under ER mode.
The descent rate (DR) of the limiting current density is defined as the
portion of the decrease of the limiting current density after the toxic
shock, which can reflect the redox property changes of biofilms induced
by toxic agents [36]. In this study, DR was 16.3% under CP mode while
only 4.7% under ER mode (Fig. 3c), indicating more severe damage to
bioelectrochemical activity after the same toxic event under CP mode.

The more serious damage of biofilm activity under the CP mode
could be demonstrated by the CLSM images more directly (Fig. 4a-d).



Fig. 3. (a) CV curves before (black line) and after (red line) the toxic shock under CPmode. (b) CV curves before (black line) and after (red line) the toxic shock under ERmode. (c) The DR
of limiting current densities under the two modes.
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Based on the differences in the permeability of cell membrane, viable
bacteria were imaged as green while dead bacteria as red. It is clearly
shown that the anode surface was almost entirely colonized with alive
bacteria before the toxic shock (Fig. 4a, c), suggesting a high biofilm vi-
ability under non-toxic condition. Calculated from integrated optical
densities [36,43], the viable bacteria proportions under the two modes
were 95.6% (CP mode) and 97.7% (ER mode), respectively. After the ex-
posure to 0.5mgL−1 Cd2+ for 30min, dead bacteria increased obviously
(Fig. 4b, d) under the two control modes; this was due to that the pres-
ence of Cd2+ could change the functional groups on cell walls and inac-
tivate the intracellular enzymes [44]. However, the proportion of viable
bacteria presented a larger decline under CP mode. It sharply decreased
from 95.6% to 48.3% while it only dropped to 79.7% under ER mode.
This result suggests that the anodic biofilms with similar activity pres-
ent quite different resistance to toxic agents under different control
modes.

3.3. Bioelectrochemical mechanism for the effect of control mode on sensor
sensitivity

EPS plays an important role in the self-protection of a biofilm and
functions as a protective barrier to hinder the intracellular penetration
of heavy metals. Therefore, it is regarded as one of the indicators of mi-
crobial resistance to toxic agents [45]. In this study, the EPS contents
clearly increased under the two control modes after the toxic shock
(Fig. 5a), indicating that exposure to Cd2+ could activate the self-
protectionmechanism and promote the secretion of EPS [46]. However,
the enhanced EPS contents showed an apparent difference under the
two control modes (28.2 μg cm−2 under ER mode and 11.4 μgcm−2

under CPmode), suggesting that the anodic biofilmunder ERmode pos-
sessed a higher resistance to toxic agents.

The protein (PN) components in EPS,which contain somenegatively
charged functional groups (e.g., carboxyl and hydroxyl) andmight effec-
tively bind metal cations, are a key factor for a biofilm to attenuate the
toxicity of a heavy metal [47]. In this study, the secretion of PN was
greatly stimulated due to Cd2+ shock under bothmodes (Fig. 5b). Nota-
bly, it increased by 155.3% under ER mode (from 15.4 μgcm−2 to 38.8
μgcm−2) while only 64.1% under the CP mode (14.5 μgcm−2 to 23.8
μgcm−2). Meanwhile, the changes in the polysaccharide (PS) content
of EPS followed a similar trend (Fig. 5c); it increased by 57.8% and
26.3% under ER and CPmodes, respectively. This phenomenon suggests
that the anodic biofilm under CP mode has a lower resistance to a toxic
agent due to the poorer ability to synthesize and secrete EPS, and thus
the MFC-biosensor under CP mode delivered higher sensitivity than
ER mode.

The synthesis and secretion of EPS requires a large amount of energy
[48], which derives from the oxidation reaction at anode [49]. The cur-
rent generation of the MFC is considered to be an indicator of the
reaction rate and can be calculated according to the previous studies
[50,51] by:

i ¼ φeq−φað Þ.
Ra

ð3Þ

where i is the current generated, φeq is the initial anode potential (i.e.,
the equilibrium potential), φa is the actual anode potential and Ra is
the charge transfer resistance of anode. A previous study has demon-
strated that φa had an obvious effect on Ra [19], which can be assessed
by EIS measurement at different anode potentials. As shown in Fig. 6a,
the diameter of the semicircle in the Nyquist impedance spectra largely
increased as anode potential decreased. According to the fitted results,
Ra was only 34.4 Ω at 80 mV, which sharply dropped from the 283.2
Ω at 20 mV (Fig. 6b). This phenomenon suggests that the rising anode
potential can increase the overpotential (φa–φeq) and decrease Ra si-
multaneously, resulting in a higher magnitude of current and
electroactivity of the biofilm. Thereby, the increased anode potential
might be favorable for the synthesis and secretion of EPS under ER
mode. Moreover, due to the fact that electron transfer rate is usually
higher than the electrode reaction rate, positive charge commonly accu-
mulates on the electrode surface with anodic polarization [52]. The
magnitude of residual charge (q) can be obtained according to:

q ¼
Z φa

φ0

Cdφ; ð4Þ

where C is the double-layer capacitance and φ0 is the zero-charge po-
tential. The anode non-ideal capacitance (Ca) can be calculated based
on the fitting results of Ra and Qa [53]. As shown in Fig. 6c, Ca increased
from22.8mF at 20mV to 25.7mF at 80mV, presenting a similar trend as
a previous study [19]. This phenomenon indicates that q will increase
with φa. Therefore, the increased anode potential under ER mode
might be detrimental to the permeation of homocharge Cd2+ into the
biofilm. This might be the reason why the anode potential still pre-
sented an upward trend after the MFC-biosensor was exposed to Cd2+

for 30 min under this mode (Fig. 1b).
To further verify the conjecture above and optimize anode potential

under CP mode, four MFC-biosensors were challenged with toxic shock
under CP mode and short term j-V curves were recorded before and
after the shock. The corresponding IR values at different potentials
were calculated and are presented in Fig. 6d. Notably, IR reached
30.7% at 20 mV while decreased to 25.0% at 80 mV. This result suggests
that the increase in anode potential will diminish the response of MFC-
biosensor and a lower anode potential should be set to enhance its sen-
sitivity under CP mode.

In this study, one toxic pollutant (i.e. Cd2+) was chosen to quantify
the effect of control modes on MFC-biosensor sensitivity. However,



Fig. 4.Metabolic structures and viabilities of anodic biofilms. Themetabolic structures before (a) and after (b) the toxic shock under CPmode. Themetabolic structures before (c) and after
(d) the toxic shock under ER mode. The viabilities of biofilms (e).
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Fig. 5. EPS contents (a), PN contents (b) and PS contents (c) before and after toxic shock under the two control modes.
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water pollution emergencies usually occur as combined contamination
in real aquatic environment [12]. Different types of toxic pollutants (e.g.
heavymetals, organic contaminants, acidic and basic components) may
coexist in the pollutedwater. Due to the known biotoxicity of these sub-
stances, it is reasonable to infer that anMFC-biosensor operatedwith CP
mode can providemore sensitive warningwhen these substances pres-
ent. However, the enhanced sensitivity of an MFC-biosensor with CP
mode might also increase the false warning caused by the changes of
Fig. 6. Effect of the anode potential on biofilm electroactivity and sensor sensitivity. (a) The Ny
(red circle) and 80 mV (black square). (b) The values of the anode charge transfer resistance R
potentials. (d) The IR values at different potentials.
thewater conductivity or the organicmatter. Previous studies have pro-
posed some measures to reduce the false signal of the MFC-biosensor,
such as adding high concentration NaCl to the water sample to avoid
the effect of conductivity on the MFC-biosensor [54] and optimizing
the background concentration of organic matter in water [55]. Never-
theless, a systematic optimization research on the accuracy of toxicity
assessment by anMFC-biosensor under CPmode has not been reported
yet and needs further study in the future.
quist plots at different anode potentials: 20 mV (blue triangle), 40 mV (green star), 60 mV
a at different potentials. (c) The values of the anode non-ideal capacitance Ca at different
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4. Conclusions

The sensitivity of the S. loihica PV-4 MFC-biosensor increased by 6.1
times when it was operated in CPmode instead of ERmode. The biolog-
ical analysis coupling with the electrochemical measurement revealed
the underlying mechanism. The increased anode potential after toxic
shock under ER mode resulted in the generation of offset current and
higher resistance to toxic agents, which largely deteriorated the sensor
sensitivity. For detecting positive charged pollutants, a low potential
setting was more applicable to obtaining higher sensitivity. Future
study will optimize anode potentials for detecting different types of
pollutants.

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.bioelechem.2019.04.001.
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