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Abstract

The assessment of water quality is critical to implement preventive and emergency interventions aimed to limit/avoid environ-
mental contamination and human exposure to toxic compounds. While established high-resolution techniques allow quantitative
and qualitative determination of contaminants, their widespread application is not feasible due to cost, time, and need for trained
personnel. In this context, the development of easy-to-implement approaches for preliminary detection of contaminants is of the
utmost importance. Herein, a portable self-powered microbial electrochemical sensor enabling online monitoring of Cr(VI) is
reported. The biosensor employs a bio-inspired redox mediating system to allow extracellular electron transfer between a
bacterial isolate from chromium-contaminated environments and the electrode, providing a clear response to Cr(VI) presence.
The biosensor shows good linearity (R*>=0.983) and a limit of detection of 2.4 mg L' Cr(VD), with a sensitivity of 0.31 £
0.02 pA cm 2 mgCr(VI) ' L. The presented microbial bioanode architecture enhanced biosensor performance thanks to the
improved “electrical wiring” between biological entities and the abiotic electrode surface. This approach could be easily imple-
mented in engineered electrode surfaces, such as paper-based multi-anodes that maximize bacterial colonization, further improv-
ing biosensor response.
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Access to safe water is regarded as critical to fulfilling the
broad set of goals of the 2030 Agenda for Sustainable
Development set by the United Nations [1]. This includes
access to safe water for agricultural purposes, which signifi-
cantly contributes to economic development and food supply.
Accordingly, monitoring the presence of contaminants in wa-
ter is of the utmost importance to limit environmental harm
and avoid human exposure. Classical and established environ-
mental monitoring approaches through advanced analytical
techniques (i.e., high-performance liquid chromatography,
mass and atomic absorption spectrometry, etc.) allow for the
detection of metals, pesticides, and other toxic compounds
with high accuracy and at very low concentrations.
However, a drawback of such approaches is the requirement
of sample collection and transport to centralized laboratories,
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as well as trained personnel to perform the analysis.
Furthermore, these approaches are time-intensive and expen-
sive, making them not applicable for a preliminary, rapid, and
easy-to-perform in-situ monitoring of water in remote or wide-
spread areas [2, 3].

Hexavalent chromium (Cr(VI)) is highly toxic and carcino-
genic, as well as highly soluble in water. It usually exists as
HCrO,, CrO4>", or Cr,0,% and contaminates both surface
and groundwater due to its extensive use in several industrial
and human activities [4]. The industrial use of Cr(VI) is wide-
ly spread as it is applied in tannery and electroplating process-
es. As a consequence, Cr(VI) could be discharged in water
bodies with dramatic effects on biota if no treatment is ap-
plied. The United States Environmental Protection Agency
recommended limit of total chromium in dischargeable indus-
trial effluents is 0.1 mg L' (0.0019 mM) with a monthly
average Cr(VI) maximum value not higher than
0.077 mg mL™" [5]. Similar limits are fixed also for other
countries, such as the case of Argentina, setting 2 mg L' as
the limit for total chromium and 0.2 mg L! (0.0038 mM) for
maximum Cr(VI) levels in industrial wastewaters to be
discharged into either sewage or surface water systems [6].
In electroplating rinse baths, Cr(VI) levels as high as
10g L ! are used, with the risk of the unwanted release of
Cr(VD) in concentration orders of magnitude higher than reg-
ular conditions, defined as a Cr(VI) shock [2]. To prevent
environment and human exposure to high Cr(VI) levels, it is
important to develop easy-to-implement monitoring ap-
proaches applicable over widespread areas, which should then
be coupled to established and/or novel removal techniques
(i.e., chemical precipitation, sorption and biosorption, mem-
brane separation, etc.), as well as biotransformations [7-9].
Colorimetric detection of Cr(VI) can be used in a wide range
of concentrations as low as 1077 M (5.2 pg L_l)/IO_8 M
(0.52 pug L") range [10-12]. However, these colorimetric
approaches have some limitations, such as their difficult ap-
plication for continuous online monitoring. In this context, the
application of microbial electrochemical sensors constitutes
an interesting alternative to colorimetric sensors, as they pro-
vide an easy-to-measure electric signal. The sensing unit is
constituted by intact bacterial cells exchanging electrons ob-
tained from their metabolism of organic substrates with an
external electron acceptor (the electrode surface), a process
defined as extracellular electron transfer [13—15]. The pres-
ence of contaminants altering the catalytic activity of the mi-
croorganisms leads to variations in the current response, en-
abling the development of a cost-effective and sustainable
monitoring approach [16]. The use of microbial electrochem-
ical sensors has been successfully reported for the monitoring
of formaldehyde [17-19], arsenic [20], organic contaminants
[21-25], atrazine [26, 27], and chromium [28-31], among
others. Di Lorenzo and co-workers reported different ap-
proaches to develop miniaturized and cost-effective devices
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that could be employed for the detection of various com-
pounds [19, 32, 33]. Self-powered operation of a biosensor
refers to a condition where no external power supply is re-
quired, and the generated current/power response is propor-
tional to the analyte of interest, constituting itself the biosensor
signal [34]. Such a configuration was extensively investigated
for Cr(VI) monitoring by Li and co-workers, which employed
different engineering approaches for the sensing bioanode
coupled to Pt-based cathodes (0.5 mg cm > Pt load) in micro-
bial fuel cells (MFCs). Specifically, a batch-mode cube micro-
bial fuel cell allowed Cr(VI) shock (1 and 8 mg L") monitor-
ing based on the potential difference of the MFC [28]. Later,
they used flat filter membranes to develop the bioanode sens-
ing unit and studied Cr(VI) shocks in a range of 520 mg L™
[29]. A multi-anode geometry allowed enhancing power out-
put compared to MFCs with a single anode, resulting in a
better signal-to-noise response [30]. While the approaches re-
ported by Li and co-workers dealt with the engineering of the
bioanode, the enhancement of the extracellular electron trans-
fer process through an improved “electrical wiring” of bacte-
rial cells for Cr(VI) monitoring was not explored.
Accordingly, the aim of this work was to develop a portable
self-powered microbial electrochemical biosensor for the on-
line monitoring of Cr(VI) shocks. Pseudomonas veronii 2E (P.
veronii 2E), an autochthonous bacterial isolate belonging to a
Cr-contaminated environment in Buenos Aires (Argentina), is
utilized as the microbial sensing unit of the biosensor in a
Cr(VI) range of 4-50 mg L™'. The selection of this bacterial
strain was motivated by evidence of Cr(VI) reduction to
Cr(Il) performed by P. veronii 2E in both growing and non-
growing states, as reported in previous studies [7, 9].
Specifically, in non-growing states, a buffered viable cell sus-
pension without any nutrient supply showed Cr(VI) biotrans-
formation. Such a process was increased by the presence of an
external electron donor, such as NADH or glucose. As no
changes in total Cr concentration were registered in the super-
natant during the biotransformation kinetics experiments, an
extracellular Cr(VI) reduction to Cr(IlT) mediated by a biolog-
ical catalysis associated to cell envelopes is suggested.
Scheme 1 shows the Cr(VI) biotransformation process for P.
veronii 2E. Based on this metabolism, it was assumed that the
extracellular electron transfer between intact P. veronii 2E
cells and an electrode surface would be affected by the pres-
ence of Cr(VI), as electrons would be diverted to accomplish
the reduction to Cr(IIl) catalyzed by Cr(VI) reductase
(Scheme 1).

Self-powered operation for the microbial sensor is
achieved by coupling the anodic sensing unit, where a
bio-inspired naphthoquinone redox polymer enhances
electron harvesting from microbial metabolism, to a Pt-
free activated carbon—based cathode in a single-chamber
MFC. The current generated by applying a 1000-£2 resistor
between the anode and cathode electrode allows Cr(VI)
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Scheme 1 Cr(VI)
biotransformation process in P.
veronii 2E based on Cr(VI)

Pseudomonas
veronii 2E

reductase and an external electron
donor

shock monitoring with a linear response up to 18.5 mg L.
It should be noted that in general other toxic and inhibiting
compounds could affect the current response of the biosen-
sor. While this is an important aspect that will require fu-
ture studies, the non-specificity of the microbial sensor is
not considered a drawback. In fact, application of the bio-
sensor in the environment could provide early warning for
the presence of various toxic compounds, while the appli-
cation in specific environment as water streams resulting
from the electroplating process could allow for a prelimi-
nary quantification of chromium. It remains clear that the
current method is not supposed to substitute advanced an-
alytical techniques, but to provide an easy-to-use and cost-
effective early monitoring approach.

Material and methods
Chemicals

All of the chemicals used in this work, except magnesium
chloride hexahydrate (Fluka), dextrose anhydrous (Fisher
Scientific), calcium chloride (Fisher), and carbon black (Alfa
Aesar), were purchased from Sigma. They were utilized with-
out further purification.

Microorganism

P. veronii 2E is a native strain isolated from polluted sedi-
ments associated with the Reconquista River basin (Buenos
Aires Metropolitan Area) and identified by 500-bp 16S r-
RNA gene sequencing. Previous studies proved its ability to
remove Cd(Il), Zn(Il), and Cu(II) by biosorption processes, as
well as to biotransform Cr(VI) to Cr(Ill) in both laboratory
samples and industrial wastewaters [7, 9, 35]. P. veronii 2E
cultures were developed in nutrient broth (beef extract 3.0 g
and bactopeptone 5.0 g per 1 L ultrapure water
18.2 MQ em ') at 30 °C for 24 h at 120 rpm. Cells were
harvested by centrifugation at 4500g for 20 min and
suspended in 20 mM 3-(N-morpholino)propanesulfonic acid
(MOPS) buffer with 10 mM MgCl, (pH 7) for a final concen-
tration of 1 g mL ™.
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Bioanode preparation

Carbon felt (Sigracell® GFA 6EA, SGL group) was utilized as
electrode support, with a geometric area of 1 cm®. The elec-
trode surface was first modified with the naphthoquinone-
modified linear polyethyleneimine polymer (NQ-LPEI)
synthetized as previously reported [36]. Initial electrode mod-
ification was performed as follows: 37.5 pL of 10 mg mL ™"
ethylene glycol diglycidol ether was added to 1 mL of a
7.0 mg mL ' NQ-LPEI polymer solution, and 120 pL of the
obtained solution was deposited on one side of the 1 cm?
electrode. The modified electrode was dried in darkness for
15 h. Following, the modified electrodes were soaked for 60 s
in a P. veronii-sodium alginate suspension, prepared as fol-
lows: a bacterial cell suspension (10 g dry weight L™") mixed
with an equal volume of 15 g L™" sodium alginate solution,
and immediately immersed in 0.2 M CaCl, for 20 s. Finally,
the obtained bioanodes were washed in ultrapure water prior
to their use for electrochemical characterization. For negative
control experiments, autoclaved cells (125 °C for 25 min) and
a cell-free sodium alginate solution replaced living bacteria.
For application in the MFC setup (self-powered biosensor),
the bioanode was prepared with a geometrical area of 4 cm?,
modified with 240 uL of polymer solution deposited on each
side of the electrode, and following the same procedure to
soak the electrodes in the P. veronii-sodium alginate
suspension.

Additional control experiments were performed with bac-
terial cells directly deposited on an electrode surface (direct
electron transfer), or utilizing a diffusible redox mediator (p-
benzoquinone), rather than the NQ-LPEI redox polymer, to
confirm its role in the extracellular electron transfer process.
Details on the preparation of the control bioanodes are report-
ed in the Electronic Supplementary Material (ESM).

Electrochemical setup

A three-electrode cell was set up for initial characterization of
the bioanode utilizing a saturated calomel electrode (SCE,
CHI 150, CH Instruments, Inc.) and a Pt mesh as a counter
electrode. Cyclic voltammetry (CV) and amperometric i-t ex-
periments were performed with CH Instruments potentiostats
(CH Instruments, Inc.). A BioLogic potentiostat was used to
test the biosensor in self-powered configuration (the MFC
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setup). The supporting electrolyte was 20 mM MOPS-10 mM
MgCl, (pH adjusted to 7). Glucose solution was added as the
substrate for the bacterial cells to a 20-mM final concentration.
19.5 mM K,CrO; was used as Cr(VI) stock solution. Cr(VI)
shocks were explored in a concentration range from 4 to
50mg L.

Self-powered biosensor setup

All MFC experiments were performed in a single-chamber
electrochemical cell with 60 mL 20 mM MOPS-10 mM
MgCl,, pH 7, and glucose 20 mM. Carbon felt (4 cm?
geometrical area) electrodes were used as a support to im-
mobilize P. veronii 2E and used as the anode. Air-breathing
activated carbon—based electrodes were used as the cath-
ode, prepared as previously reported [37, 38]. Briefly, 3.5 g
activated carbon, 0.5 g carbon black, 2.5 mL
poly(tetrafluoroethylene) (PTFE), and 2.0 mL water were
mixed and the paste was pressed onto a stainless steel mesh
disk at 140 °C with 5000 psi for 5 min. The electrical
circuit between anode and cathode electrodes of the MFC
was completed by setting a specific ohmic resistance
(1000 ©2) between the cathode (utilized as the working
electrode), and the anode (utilized as counter and reference
electrode), employing the BioLogic potentiostat. By utiliz-
ing this setup, the ohmic resistance between the electrodes
was accurately controlled while continuously monitoring
the current response (presented as current density, j, based
on the anode geometric area) of the microbial fuel cell.
Cr(VI) shocks were studied by performing subsequent ad-
ditions of Cr(VI) from a 19.5 mM K,CrO5 stock solution.
Scheme 2 shows the setup that was employed.

NQ-LPE! redox
polymer

Statistics and data analysis

At least three independent replicate experiments were per-
formed for all the measurements. Mean values are reported,
with the errors and error bars indicating one standard devia-
tion. Data were evaluated for outliers by the O-test.

Results and discussion
Bioanode evaluation

Preliminary experiments were aimed to investigate the possi-
bility to perform direct electron transfer between P. veronii 2E
and the electrode surface, as well as the optimal glucose con-
centration for bioelectrocatalysis studies. The results obtained
by cyclic voltammetries showed that direct electron transfer
between bacterial cells and the electrode was possible, but
only limited current values were achieved (ESM Fig. S1),
motivating our interest in exploring different approaches of
mediated electron transfer. Furthermore, a broad concentration
range of glucose was tested, (0—180 mM, ESM Fig. S2), with
the best results in terms of maximum current response obtain-
ed at a concentration of 20 mM glucose, which was selected
for further experiments.

In order to facilitate the extracellular electron transfer, a
bio-inspired NQ-LPEI redox mediating system developed in
our group was employed. In this artificial mediating system,
naphthoquinone redox moieties resembling redox carriers
present in bacterial cells are confined on the polymer back-
bone. Such a bio-inspired redox system was recently shown to
enhance extracellular electron transfer for Shewanella

Self-powered

]
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Alginate-entrapped i biosensor
P. veronii 2E | Electrons flow
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Activated carbon-
based cathode

p i e

Activated carbon +
carbon black + PTFE

Scheme 2 Bioanode and activated carbon—based air-breathing cathode components and their setup in the self-power biosensor. Electrons flow from the
anode to the cathode through a 1000-2 resistor, as indicated in the right side of the scheme
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Fig. 1 Cyclic voltammograms for Pseudomonas veronii 2E immobilized
on carbon felt electrodes modified with NQ polymer (blue line). Control
experiments with autoclaved bacteria (red line) or cell-free electrodes
(black line) in 20 mM MOPS buffer (pH 7) + 10 mM MgCl,.
Substrate, 20 mM glucose; scan rate, 1 mV s !: reference electrode,
saturated calomel electrode; counter electrode, Pt

oneidensis MR-1 [39], for the photosynthetic purple bacteri-
um Rhodobacter capsulatus [40], as well as for a gram-
positive bacterium [41]. As shown in Fig. 1, the polymer in
the presence of P. veronii 2E cells allowed a clear
bioelectrocatalytic response (blue line) compared to cell-free
electrodes (black line) and electrodes with inactive cells
(autoclaved, red line). Furthermore, it is important to note that
extracellular electron transfer was significantly enhanced
compared to direct electron transfer conditions, reaching a
current density of —16+4 pA cm 2 To further explore the
effectiveness of the NQ-LPEI redox system in enhancing the
extracellular electron transfer, bioanodes employing a
quinone-based diffusible redox mediator were also prepared.
Accordingly, P. veronii 2E cells were immobilized in a calci-
um alginate matrix and 0.3 mg mL ™" of activated carbon was
incorporated to the matrix to improve conductivity, following
the approaches recently reported by our group [42, 43]. p-
Benzoquinone was added to the cell-alginate suspension as
an exogenous electron transfer mediator, since its capability
to diffuse through the cellular membrane of bacterial cells and
act as a redox shuttle has been reported for several bacterial
species [44, 45]. As shown in ESM Fig. S3A, the maximum
current density for such a mediating system was —9 =+
5 uA cm 2, confirming the outstanding role of the redox poly-
mer in harvesting the electrons from microbial metabolism.

Chromium(VI) effect and online monitoring

The effect of Cr(VI) on the biocatalytic response of P. veronii
2E was first explored by cyclic voltammetry utilizing a Cr(VI)
shock of 50 mg L™ (Fig. 2a). The current signal obtained from
the bioanode (blue continuous line) was considerately

suppressed in the presence of the contaminant (blue dashed
line), opening for the possibility to utilize the developed sys-
tem for Cr(VI) monitoring. Conversely, when inactive cells
were employed (red), no significant difference was obtained
in the presence or absence of Cr(VI) shock. Following this
preliminary test, the quantitative application of Cr(VI) inhib-
itory effect was investigated for Cr(VI) shocks in a concentra-
tion range from 4 to 50 mg L' (Fig. 2b). As shown, the
biosensor presented a linear current response to Cr(VI) con-
centration in the range between 4 and 18.5 mg L™ of Cr(VI).
The performance of the biosensor with the NQ-LPEI redox
polymer was again compared to the biosensor prepared
employing p-benzoquinone as a diffusible redox mediator
(ESM Fig. S3B), revealing that the use of the redox polymer
outperformed the diffusible redox mediator (0.31 =+
0.02 pA cm 2 mgCr(VI) ' L, R*=0.98; 0.22+
0.04 pA cm > mgCr(VD) ' L, R*=0.94, respectively). It
should also be noted that a satisfactory calibration curve could
not be obtained for the bioanode employing the diffusible
redox mediator, and a lower concentration range was consid-
ered for the comparison of the two bioanode architectures.
These results further underline the importance of utilizing
the NQ-LPEI redox polymer for biosensor development. It
is important to note that the low redox potential of the NQ-
LPEI redox polymer allows harvesting the electrons obtained
from bacterial metabolism with a lower overpotential com-
pared to the diffusible mediator.

Analyzing the performance of the biosensor in view of
current legislation, it is important to note that even if the
biosensor employing NQ-LPEI ensures a lower limit of
detection (2.4 mg L") and limit of quantification
(8.1 mg L") compared to the configuration employing p-
benzoquinone (0.7 mM) + activated carbon (lower limit of
detection 6.4 mg L_l, limit of quantification 21.2 mg L_l),
such performance does not allow reaching the required
limits settled by the Argentinian legislation for chromium
release in industrial wastewaters. However, the current sys-
tem is of interest for the early detection of Cr(VI) shocks,
where concentrations can largely exceed the limits settled
by law resulting from the malfunctioning of chromium re-
moval processes, and to allow the implementation of
preventive/emergency interventions. P. veronii 2E
electroactivity and the discussed chromium-inhibiting ef-
fect constitute the bases for the development of an online
Cr(VI) monitoring system. Based on these results, the pos-
sibility to use the bioanode employing NQ-LPEI as a redox
mediating system in a MFC was explored as a self-
powered Cr(VI) biosensor.

Self-powered biosensor

The possibility to employ the developed bioanode with an air-
breathing Pt-free activated carbon-based cathode in a MFC
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Fig. 2 a Cyclic voltammograms for Pseudomonas veronii 2E with
Cr(VI) addition in 20 mM MOPS buffer (pH 7) + 10mM MgCl,,
0 mg L' Cr(vD (continuous line), 50 mg L! Cr(VI) (dashed line).
Control experiments with autoclaved bacteria (red). Substrate, 20 mM

was first explored by performing power curves, as shown in
Fig. 3a. Quasi-stationary polarization curves at 0.1 mV s '
with the cathode as the working electrode and the anode as
the counter and reference electrode were performed to deter-
mine the power output. The power was calculated based on
the formula P =E x I, where P is the power, E is the potential,
and [ is the current density. P. veronii 2E cells immobilized in
the presence of the NQ-LPEI redox polymer achieved a sig-
nificantly higher power generation (57+7 mW m ?) that in
the absence of the polymer (1.7 + 0.7 mW m?). Interestingly,
control experiments performed with autoclaved cells and the
NQ-LPEI polymer, or only the NQ-LPEI polymer, also
showed a limited power output, which could be explained
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Current Density, j | pA cm™

Fig. 3 a Power density (mW m?) vs. current density for P. veronii 2E
immobilized in calcium alginate with or without NQ-LPEI redox medi-
ating system (continuous red and dashed red, respectively). Control ex-
periments were performed with autoclaved bacteria with and without NQ-
LPEI (continuous black and dashed black, respectively), and with cell-
free electrode with and without NQ-LPEI (continuous blue and dashed
blue, respectively). The inset shows the power curve for cell-free
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with the limited capability of the polymer to catalyze the ox-
idation of the carbon substrate.

Based on the power outputs, the successful implementation
of the developed bioanode in a MFC was demonstrated,
allowing for its operation without the need for an external
power supply (self-power mode). The current production of
the self-powered biosensor is shown in Fig. 3b. Upon setting
the 1000-€) resistance between the anode and cathode, current
density stabilized at 124 +£4 mA m 2. The addition of Cr(VI)
resulted in an immediate decrease of the current response,
which reached 50+ 10 and 24+7 mA m > for final Cr(VI)
concentrations of 12.5 and 18.5 mg L™, respectively, suggest-
ing a linear behavior. Comparison with the control experi-
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electrode without NQ-LPEIL b Self-powered operation of the biosensor
showing current density vs. time for P. veronii 2E immobilized in calcium
alginate (black), and with NQ-LPEI (red). Control experiments were per-
formed using cell-free electrode with and without NQ-LPEI (light blue
and blue, respectively). Arrows show Cr(VI) additions and final Cr(VI)
concentration in solution
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Fig. 4 Cathode polarization curves performed in the absence of Cr(VI)
(blue and black continuous lines) or in the presence of 6.6 and
12.5 mg L' Cr(VI) (yellow and red dashed lines, respectively). Scan
rate, 0.2 mV s~ !

010 -005

ments (autoclaved cells and cell-free anodes) clearly shows
that the current response is resulting from a biological activity
related to bacterial cells. Furthermore, in order to confirm that
Cr(VID) inhibition was affecting the bioanode and not the per-
formance of the air-breathing activated carbon—based cathode,
cathodic polarizations in the presence and absence of Cr(VI)
were performed and are reported in Fig. 4. It can clearly be
noted that no significant difference was obtained for the po-
larizations performed in the presence of different Cr(VI) con-
centrations (from 0 to 12.5 mg Lh.

The result confirms that the oxygen reduction reaction tak-
ing place at the cathode electrode is not affected by the pres-
ence of Cr(VI), and the variation in current output obtained for
the MFC after Cr(VI) addition is related with the inhibition of
the P. veronii 2E cells at the bioanode. When comparing the
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0 50 100 150 200

Current Density, j | pA cm?

Fig. 5 a Power density (mW m?) vs. current density for P. veronii 2E
immobilized in calcium alginate with NQ-LPEI system performed in the
absence or with chromium addition: in absence of Cr(VI) (black), after
the first addition of Cr(VI) 12.5 mg L' (red). Replaced with fresh elec-
trolyte (blue), and after a new addition of Cr(VI) 12.5 mg L! (green). b

performance of the portable self-powered biosensor devel-
oped in this work with self-powered microbial electrochemi-
cal sensors for Cr(VI) shocks reported in the literature, it can
be noted that the range of Cr(VI) concentrations that could be
monitored (2-50 mg L") is comparable to other works
[28-31]. Direct comparison of the sensitivities for the different
biosensors reported is more complicated, since most of the
work reported the effects of Cr(VI) in terms of variation of
the difference of potential of the MFCs, or changes in power
output, rather than current production. However, it is critical to
note that while the approaches reported in literature focused
on bioanode and MFC engineering, this work tackles for the
first time the extracellular electron transfer process. By
employing a bio-inspired redox polymer, an improved “elec-
trical wiring” of the intact bacterial cells was achieved.
Specifically, it was possible to enhance the extracellular elec-
tron transfer between the autochthonous Pseudomonas and
the anode, enabling higher power and current densities in the
developed self-powered biosensor. Accordingly, the presented
system could be easily implemented also in other anode con-
figurations reported, with the possibility to greatly improve
the performance of self-powered biosensors.

Finally, we further investigated the possibility to reuse the
self-powered biosensor after initial exposure to Cr(VI).
Accordingly, the solution containing Cr(VI) was removed
and replaced with fresh electrolyte. Power generation and cur-
rent production in self-powered operation were then tested
with new additions of different Cr(VI) concentrations
(Fig. 5a and b, respectively). Replacing the electrolyte did
not allow recovering the initial performance of the biosensor;
however, it was still possible to monitor the presence of
Cr(VI) due to the variation in power/current production.
Future studies will be aimed to explore the possibility to re-
cover the initial performance of the biosensor in order to mon-
itor multiple Cr(VI) shocks with the same system.
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Self-powered operation of the biosensor showing current density vs. time
for P. veronii 2E immobilized in calcium alginate NQ-LPEI after replac-
ing the solution with fresh electrolyte (red). The arrow shows Cr(VI)
addition and final Cr(VI) concentrations in solution
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Recent literature on microbial electrochemical sensors
highlighted the critical challenge of establishing electrochem-
ical communication between intact bacterial cells capable to
operate in contaminated solutions and an electrode surface
[26, 46-48]. However, in view of the future implementation
of the presented self-powered biosensor in the field, future
studies should focus on the detection of Cr(VI) in real water
samples. In this context, it should be noted that together with
Cr(VI) levels as high as 10 g L', electroplating rinse baths
contain also Pb (ca. 0.1 ppm), Cu, and Zn (ca. 100 ppm each).
In view of future studies focused on the application and opti-
mization of the biosensors for the monitoring of Cr(VI) re-
leased from these baths, it is important that the utilized bacte-
rial strain can cope with the presence of the indicated toxic
compounds. Outstandingly, it was previously shown that, re-
gardless of the presence of other metals, a 100% of Cr(VI)
reduction was achieved by P. veronii 2E immobilized in cal-
cium alginate while working with electroplating rinse baths
with the described composition [9], opening a door for the
application of the biosensors with real samples.

Conclusions

Cost-effective and easy-to-apply approaches for online water
monitoring are critical to avoid the release of toxic compounds
in the environment. This work represents a proof of concept
for the possibility to use the current produced by P. veronii 2E
employing NQ redox polymer for the monitoring of Cr(VI) in
water with a linear range of 4 to 18.5 mg L™" and a sensitivity
0f 0.31+0.02 pA cm 2 mgCr(VI)"' L. The system could be
utilized to obtain a portable self-powered biosensor, which
could be employed in the field for early detection of Cr(VI)
with no need of trained personnel. The use of this autochtho-
nous bacterial strain able to biotransform Cr(VI) opens for the
possibility to develop bioelectrochemical systems for its si-
multaneous monitoring and removal. Furthermore, the pre-
sented approach could be coupled with bioanode engineering
and MFC miniaturization approaches reported in the litera-
ture, allowing for the development of easy-to-apply self-
powered biosensors with improved performances.
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