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Abstract: Soil microbial fuel cells (SMFCs) are an innovative device for soil-powered biosensors.
However, the traditional SMFC sensors relied on anodic biosensing which might be unstable for
long-term and continuous monitoring of toxic pollutants. Here, a carbon-felt-based cathodic SMFC
biosensor was developed and applied for soil-powered long-term sensing of heavy metal ions. The
SMEFC-based biosensor generated output voltage about 400 mV with the external load of 1000 Q).
Upon the injection of metal ions, the voltage of the SMFC was increased sharply and quickly reached
a stable output within 2~5 min. The metal ions of Cd?*, Zn?*, Pb?*, or Hg?* ranging from 0.5 to
30 mg/L could be quantified by using this SMFC biosensor. As the anode was immersed in the deep
soil, this SMFC-based biosensor was able to monitor efficiently for four months under repeated metal
ions detection without significant decrease on the output voltage. This finding demonstrated the
clear potential of the cathodic SMFC biosensor, which can be further implemented as a low-cost
self-powered biosensor.
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1. Introduction

Currently, water pollution caused by heavy metals has attracted great attention from
all over the world because water is basic source of life. The contamination of water bodies,
especially by heavy metals, is a serious threat to human health since the heavy metals cannot
be degraded in nature and easily accumulate in the human body [1,2]. Excessive accumula-
tion of heavy metals can lead to the impairment of the human central nervous system, the
reduction of energy levels, and the destruction of blood components, lungs, kidneys, liver,
and other important body organs [3]. Moreover, water bodies are also vulnerable to heavy
metals pollution caused by anthropogenic sources such as industrial waste or natural leakage
from the metal minerals [4]. Therefore, it is very important to develop in situ and long-term
stable water alarm sensors to monitor the heavy metals in the water body.

Traditional detection methods, such as spectrophotometry and atomic absorption
spectrometry (AAS), have high selectivity and sensitivity, but they cannot be used for in
situ monitoring because of their high cost and complicated sample pretreatment require-
ments [5]. Recently, microbial fuel cells (MFCs) have attracted much attention due to their
characteristics of energy saving, low cost, easy operation, and sustainability [6]. MFCs use
electroactive bacteria (EAB) as biocatalysts to convert chemical energy of organic substrates
into electrical energy [7-10]. By metabolizing organic matter with bacteria, electrons are
released (Equation (1)) and transferred to the anode, where the electrons are further passed
through the external circuit to the cathode and undergo a reduction reaction with the
electron acceptor (e.g., O2) (Equation (2)) [11].

At anode: (CH,O), + HyO — CO, + H + e~ 1)
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At cathode: O, + 4H' + e~ — 2H,O ()

More recently, MFCs have been explored for the development of self-powered biosens-
ing systems. However, most of these MFC-based biosensors are bioanodic sensors. The
contaminated water in the anodic chamber inhibits metabolic activities of EAB, resulting in
decreased electrons generation and lower electrical signal, which is then used as the indicator
for water toxicity detection [12]. However, one major disadvantage of such biosensors is that
they have difficulty with long-term and repeated monitoring, because toxic pollutants can
inhibit the activity of EAB, and the high concentration of pollutants even causes irreversible
damage, which renders the biosensor unable to operate stably for a long time and limits the
practical application of bioanodic sensors [13]. Thus, for long-term and stable monitoring of
MEFC-based biosensors, it is unrealistic to use anodes as sensing elements.

EAB are commonly found in aquatic environments such as swamps, lakes, and marine
sediments [14-17]. SMFCs can consume abundant organic matter in soil to generate electrical
signals by using EAB long-term [18]. The SMFC consists of an anode buried in the soil and
a cathode adjusted in the overlying water [19]. Since most of the heavy metal solutions
are acidic, the water containing heavy metal ions reduces the pH value near the cathode,
increasing the oxidation-reduction potential (ORP) of the overlying water and acting as
an electron acceptor, promoting the cathodic reaction rate; ultimately, the SMFC-based
biosensor generates response signals [20,21]. At the same time, the toxic effect of heavy
metals on EAB is limited because soil absorbs heavy metal ions and reduces their toxicity.
The SMFC-based biosensor can run stably for a long time [22]. However, the cathodic SFMC
biosensors reported usually use platinum as the cathode, which is high in cost and limits its
practical application. It is still unclear whether low-cost carbon electrodes can be used for
cathodic SMFC-based sensors.

In this study, a carbon felt cathode SMFC-based biosensor was developed, which not
only generated power from soil but also repeatedly monitored the heavy metal ions of Cd?*,
Zn?*, Pb%*, and Hg?" in the water for 4 months. During 4 months of repeated heavy metals
detection, the SMFC showed relatively stable voltage output, while also exhibiting reliable
analytical performance towards different samples. Further, the underlying mechanism for
the cathodic response to the heavy metals was also explored. The development of a carbon
felt cathodic SMFC-based biosensor in this study might promote the practical application
of low-cost self-powered SMFC-based biosensors.

2. Materials and Methods
2.1. Sampling of Soil

The sediment soil was taken from the sediments of the lake in the campus of Jiangsu
University, China (N 32°11'35", E 119°35/37"'), at a depth of 3040 cm. After sampling, large
particles in the soil were removed with a 2 mm mesh and settled naturally for two days.

2.2. SMEC Sensor Setup and Operation

Soil was placed ina @ 15 cm x 17 cm (diameter x height) PE bucket with a soil layer
height of 7-9 cm, then the lake water was added into a PE bucket where the water level
was 5-7 cm above the soil surface. Each biosensor consists of an electrode material, an
electrode wrapping material, and a porous polymethyl methacrylate (PMMA) tube. Carbon
felt (TW-YB, carbon energy, Taiwan) was selected as the electrode material for anode and
cathode, the size of each was 15 cm x 4 cm (length x height), and the thickness of carbon
felt was 0.5 cm. The porous polymethyl methacrylate (PMMA) tube was & 6 cm X 18 cm in
size, the tube wall was uniform with holes (& 0.5 cm), and the electrode wrapping material
was pearl cotton. The anode and cathode were connected to a 1000 ) external resistor
with titanium wires. The anode was buried in the flooded soil to collect the electrons
produced by natural EAB, while the cathode was immersed in the covering water using
dissolved oxygen as the electron acceptor. A data collector (MPS-010602, QIChuang Mofei
Electronic Technology, Beijing, China) was used to record the output voltage across the
1000 Q) external resistor every minute (Figure 1).
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Figure 1. The schematic diagram (a) and prototype (b) of the SMFC-based sensor. The red arrow in
(b) indicates the anode and cathode assembly of the SMFC.

2.3. Heavy Metal Ions Detection

After 30 days’” domestication, four SMFCs with stable voltage output were used as
the biosensors for heavy metal ions detection. During the four-month operation, heavy
metal solutions of CdCly, ZnCly, PbCly, or HgCl, were added to SMFC-based biosensors.
To avoid cross-talk between different heavy metals, one SMFC-based biosensor was only
used to detect the selected ions.

When the output voltage was stable, the data collector was used to record the voltage
data for one hour. Then, the final concentrations of 0.5, 1, 5, 10, 20, 30, 40, and 50 mg/L of
Cd?* were added to the surface water and then the voltage data were recorded for an hour.
The detection method of Zn2*, Pb2*, or Hg2+ ions was the same as that for Cd2*.

The voltage signals difference before and after the heavy metal addition was used as
the heavy metal response signal. The average value of the voltage until 20 min, 10 min, and
0 min before the injection of heavy metal solution was denoted as the baseline voltage. The
average value of the voltage until 10 min, 20 min, and 30 min after the injection of heavy
metal solution is denoted as the peak voltage. The voltage increment (AV) as the response
of the SMFC-based biosensor was calculated as the following:

AV =V, -V, 3)

Here, V}, is the peak voltage after the addition of heavy metal solution and Vj, is the
baseline voltage before the addition of heavy metal solution.

The detection of specific ion was operated repeatedly in one SMFC (without medium
or electrode amendment or replacement) for the whole biosensing process from day 30 to
day 100, while different ions used different SMFCs.

2.4. Electrochemical and Physical Analysis

Electrochemical impedance spectroscopy (EIS) was performed using an electrochem-
ical workstation (CHI660E, Chenhua, Shanghai, China). A three-electrode system was
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constructed to detect the charge transfer resistance of the cathode. The saturated calomel
electrode (CHI150, Chenhua, Shanghai, China) was used as the reference electrode. The EIS
was operated in the frequency range of 10 mHz~100 kHz with an amplitude of 10 mV. The
Nyquist diagram was fitted to the equivalent circuit using ZView software. After the heavy
metals were detected by the SMFC-based biosensor, four groups of SMFC cathode carbon
felt (0.25 cm?) were cut and their elemental and chemical states on the cathode surface were
characterized by an X-ray photoelectron spectrometer (PHI-1600, PerkinElmer, Waltham,
MA, USA). The concentrations of ICP in water samples were also quantified with ICP-MS
(ICPE-9000, Shimadzu, Japan) using the method described elsewhere [23,24].

2.5. High-throughput 16S rRNA Gene Sequencing

PCR amplification, PCR product purification and quantification, and sequencing were
conducted with the Illumina MiSeq platform (Shanghai Sangon Biotech Co., Ltd., Shang-
hai, China). Amplicon libraries were constructed using bacterial universal primers 341
F (5'-CCTACGGGNGGCWGCAG-3') and 805 R (5'-GACTACHVGGGTATCTAATCC-3').
Data analysis was performed as described elsewhere [25,26].

3. Results and Discussion
3.1. Bioelectricity-Producing Performance of the SMFC

The SMFCs equipped with the carbon felt as the anode and cathode were constructed by
using the lake sediment as the inoculum. Upon the incubation of the SMFC under 30 °C, the
voltage output was gradually increased and reached the steady voltage of about ~330-400 mV
over 1000 Q) resistor (Figure 2a). The open circuit voltage (OCV) for SMFC1-SMFC3 was
over 750 mV (Figure S1). Next, the power output of the SMFCs was evaluated by measuring
the polarization curves. The highest power of 54 uW among these four SMFCs was obtained
(Figure S1). These results indicated that the SMFCs were successfully constructed.
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Figure 2. The voltage output of the four SMFCs (a) and the microbial community analysis of the
anodic biofilm of the SMFC (b,c).
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Then, the MiSeq sequencing of the 16S rRNA gene was used to analyze the diversity of
the microbial community of the anode biofilm (Figure 2b). It was found that, after one month
of SMFC operation, the portion of the Proteobacteria in the anode biofilm was increased ob-
viously compared with the original soil. It was reported that a lot of soilborne EAB belong to
Proteobacteria, such as Pseudomonas aeruginosa and Geobacter Spp [27]. As shown in Figure 2b,
Proteobacteria accounted for 33.87% of the total number of microorganisms on the anodic
carbon felt, which was 1.33 times that in the original soil (25.54%). Bacteroidetes, another
main phylum in the SMFC anode, was also increased compared to that of the original soil [28].
Further, according to the analysis at the genus level, it was found that Desulfobulbus was dra-
matically enriched in the anodic biofilm (Figure 2c). As reported previously, the electrogenic
bacteria species belongs to Desulfucapsa, Desulfobulbus, or Desulfuromonas acetoxidans, which
are usually enriched in the biofilm of different SMFCs [18,29]. All these results indicated that
the electrogenic bacteria were enriched in the anodic biofilm and further confirmed that the
SMFCs were successfully constructed.

3.2. Development of Carbon Felt Cathodic Sensing System with SMFC

To develop the cathodic sensing system with the SMFC, the response of the voltage
output to the addition of different heavy metal ions was tested. It could be observed that
after 30 days operation, these four SMFCs reached steady voltage output (Figure 3). It was
speculated that they were ready for sensing system construction. As shown in Figure 3a,
upon the addition of 20 mg/L Cd?, the voltage output suddenly increased and reached
the highest output in about 7 min, while the voltage increased from ~490 mV to ~510 mV.
The net voltage increment was about 20 mV. More impressively, the voltage output further
reached the high and stable value of about 507 mV. The results substantiated that this
cathodic sensing mode did not significantly influence the electricity-generation capacity
of the anode. For the Zn?* addition, the output voltage was increased from 486 mV to
511 mV in ~6 min, which was reached the stable value of ~511 mV (Figure 3b). The net
voltage output increment was ~25 mV, even higher than that induced by the Cd?* addition.
Next, the effect of more toxic heavy metal of Hg?* or Pb?* on the voltage output of the
SMFCs was evaluated (Figure 3c,d). As shown in Figure 3¢, upon the addition of 20 mg/L
Hg?*, the voltage output was quickly increased from ~252 mV to ~458 mV in about 2 min.
The net voltage increment was about 206 mV, which was much higher than that from the
Cd?* or Zn?*. Tt also reached a relatively stable output of about 425 mV. For Pb?* detection,
as it easily participated under alkaline condition, the sample solution was adjusted to a low
pH of about 4. After addition of the Pb?* solution, the voltage of the SMFC also quickly
increased (Figure 3d). Upon the addition of 20 mg/L Pb?*, the voltage output was quickly
increased from ~480 mV to ~536 mV in about 3 min. The net voltage increment was about
56 mV. However, the voltage quickly decreased, as described by other groups [13,27]. All
the results indicated that the addition of different heavy metals in the cathodic part did not
significantly impair the bioelectricity generation capacity, while the voltage output quickly
increased in response to the heavy metal addition. These results suggest that the SMFC
might be adopted as the self-powered sensing system for the detection of heavy metals.

3.3. Analytical Performance of the SMFC Self-Powered Biosensing System

Next, the analytical performance of the SMFC-based self-powered biosensing system
was determined. Firstly, the SMFC responses to different concentrations of the heavy metal
were recorded. It was found that the SMFC showed a significant response to Cd?* from the
concentration of 1 mg/L (Figure S2). The highest voltage increment of 54.9 + 3.3 mV was
recorded with the addition of 40 mg/L of Cd?*, while the voltage increment became lower
after the addition of Cd2* over 50 mg/L. For 7n2t the response became obvious from the
concentration of 1 mg/L, while the highest voltage increment of 34.9 £ 2.3 mV occurred at
the concentration of 30 mg/L (Figure S3). For Hg?*, it was observed that obvious response
occurred from 0.1 mg/L to 30 mg/L, while the highest voltage increment at 30 mg/L
was 211.1 4 0.5 mV (Figure S4). For Pb?*, the significant response was observed from the
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concentration of 0.5 mg/L (Figure S5), while the highest voltage increment of 54.6 &= 2.1 mV
occurred at the concentration of 30 mg/L. These results substantiated that the output of the
SMEFC-based sensing system showed dose-dependent responses to different heavy metals,
which implies that quantification of these heavy metals might be possible with this system.
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Figure 3. The response of the SMFC voltage output to the addition of Cd?* (a), Zn?* (b), Hg?* (c), or
Pb%* (d). The green arrow indicates the injection of the heavy metal ions.

Thus, the calibration curves for different heavy metal ions were determined. As shown
in Figure 4, a linear relationship between the voltage increment and the concentration of
Cd?%*, Zn?, Hg2+, or Pb2* was obtained. It was found that the linear correlation coefficients
were 0.999, 0.991, 0.997, and 0.988 for Cd%*, Zn2*, Hg2+, or Pb%*, respectively. The linear
ranges were 1-20 mg/L, 1-30 mg/L, 0.5-30 mg/L, and 0.5-20 mg/L, respectively (Figure 4).
The representative SMFC-based sensing systems for detection of heavy metals reported in
the recent years are summarized in Table 1. Compared with other cathodic SMFC-based
sensing systems, the sensing system developed here showed the advantages of low-cost
cathode material or wider linear detection range. Moreover, although repeated detection of
heavy metal ions was applied (from 30 to 100 days) during the operation, these four SMFCs
still maintained relatively stable electricity generation (Figure S6).

Then, the quantification of Pb?* in water samples by this self-powered SMFC-based
sensing system was demonstrated. Five different samples with different concentrations
of Pb?" were quantified by the sensing system and compared with the results obtained
with the ICP. It was clear that the coefficients of variation between these two methods were
lower than 9% (Table 2), implying that it was reliable to use this developed sensing system
for heavy metal quantification. However, as the real-life environment and conditions were
more complicated, more sophisticated design in consideration of the real samples and
in-field test would be desirable before its practical implementation.
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Table 1. Comparison of the analytical performance of representative MFC-based sensing systems reported recently.
Heav Sensitivity
Configuration Sensing Element Electrode Material Met ly Electric Change MEFC Voltage Linear Range for Detection (Estimated) References
etals (mV/mg)
. Anode, carbon felt; 24 124 Cd** 0.1-4 mg/L i
Dual-chamber MFC Bioanode cathode, CuO/ZnO Cu“t, Cd Decrease 200 mV Cu* 10-80 mg/L [30]
Dual-chamber MFC Bioanode Anode, carbon felt; Zn?* Increase 250 mV Zn2* 20-100 pM ~0.5 [31]
cathode, carbon felt
Cu?* 5-20 mg/L Cu?* ~4.5
. . Anode, graphite; Cu?t Cré, Cré* 5-20 mg/L Cré* ~6.5
Single-chamber MFC Bioanode cathode, graphite Zn2* N2+ Decrease 200 mV Zn?* 520 mg,/L 702t ~5.0 [32]
Ni?* 5-20 mg/L Ni?* ~4.0
Single-chamber MFC Cathode Anode, stainless steel; Cu? Increase ~170 mV Cu?* 12.5-400 mg/L ~0.1-0.3 [22]
cathode, platinum
Single-chamber MFC Cathode Anode, stamlegs steel; Cu?t Increase ~200 mV Cu?t 0.3-2.5 mg/L ~0.1 [13]
cathode, platinum
Cd?** 1-30 mg/L Cd?* ~0.92
. Anode, carbon felt; Cd%*, Zn?, Zn%* 1-30 mg/L Zn?* ~0.98 .
Single-chamber MFC Cathode cathode, carbon felt Pb2+, Hg2" Increase ~42,700 mV Pb2* 0.5-30 mg/L Pb2+ 1.87 This study
Hg?* 0.5-20 mg/L Hg?* 7.65
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Figure 4. The calibration curves for Cd** (a), Zn>* (b), Hg?* (c), or Pb?* (d) as detected by the developed
SMFC-based sensing system.

Table 2. Quantification of Pb?* in different lake water samples with SMFC sensing system and ICP.

Sample Detected by SMFC Detected by ICP Coefficient of
(mg/L) (mg/L) Variation (%)
Sample 1 3.58 3.64 —1.68
Sample 2 5.28 5.26 0.38
Sample 3 8.11 8.49 —4.75
Sample 4 12.81 13.50 —5.39
Sample 5 16.70 18.20 —8.98

3.4. Underlying Mechanism for the Cathodic Sensing of SMFC

Furthermore, the underlying mechanism for the cathodic sensing was discussed. It
was speculated that the voltage increments upon the addition of heavy metal ions might be
due to the cathodic reducing of the metal ions to zero-valent metals. The EIS was measured
one hour after the addition of Cd?*, Zn?*, Pb?*, or Hg?*, respectively. The Nyquist plot
of the cathode is shown in Figure 5. Obviously, with the increase of the concentration of
Cd?*, Zn?*, Pb?*, or Hg?*, the diameter of the semicircle was decreased. The diameter of
the semicircle indicated the charge transfer resistance (R.t), which was an indicator of the
electrochemical reaction rate of the electrode surface [33]. The decrease of Rt indicated that
the addition of heavy metal ions promoted the cathodic reaction rate.

XPS was further applied to analyze the chemical state of the heavy metals on the
cathode surface after biosensing (Figure 6). The results showed that a Cd’3ds,, peak
appeared at the binding energy of 405 eV [34], a Zn"2p; , peak appeared at the binding
energy of 1022.5 eV [35], a Pb%4f; , peak appeared at the binding energy of 136.6 eV [36],
and a Hg4f7/2 peak appeared at the binding energy of 102.3 eV. The results indicated
that Cd%*, Zn?*, Pb?*, and Hg2+ were reduced as electron acceptors and deposited on the
cathode surface in the form of Cd(0), Zn(0), Pb(0), and Hg(0). Therefore, it can be concluded
that the addition of Cd?*, Zn?*, Pb?*, or Hg?* provided electron acceptors, promoted the
cathodic reaction, and resulted in the voltage increment, which would be the underlying
mechanism for the SMFC-based cathodic sensing heavy metal ions.
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Figure 5. The EIS spectrum of the SMFCs after the detection of Cd?* (a), Zn?* (b), Hg?* (c), or Pb* (d).
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4. Conclusions

In this study, a carbon felt cathode SMFC-based sensing system for the detection of four
typical heavy metal ions was developed. This SMFC-based sensing system was continuously
operated efficiently for 4 months. This self-powered SMFC-based sensing system can use
heavy metal ions such as Cd?%*, Zn%*, Pb2*, or Hg2+ as the electron acceptor and shows dose-
dependent response with a relatively wide concentration range. This work demonstrates
that low-cost carbon felt could be used as the cathode for the development of SMFC-based
cathodic sensing systems, which would be promising for the development of in situ and
long-term monitoring devices for the remote areas that are short of electric power.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/bios13010145/s1, Figure S1: The power output (a) and polarization
curves (b) of these four SMFCs; Figure S2: The response of SMFC based sensing system to the addition
of Cd?* at different concentrations; Figure S3: The response of SMFC based sensing system to the
addition of Zn?* at different concentrations; Figure S4: The response of SMFC based sensing system
to the addition of Hg?* at different concentrations; Figure S5: The response of SMFC based sensing
system to the addition of Pb?* at different concentrations; Figure S6: The long-term voltage output of
these four SMFCs.
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