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The low-cost and early monitoring of metal ion contaminants is paramount to prevent widespread contamination
of water environments. Self-powered microbial electrochemical sensors represent an interesting approach to
achieving this goal. Purple non-sulfur bacteria have a versatile metabolism and a well-characterized photosyn-
thetic system, making them an ideal candidate for developing biohybrid technologies. In this work, we report the
use of these bacteria in biophotoelectrodes to develop self-powered monitoring systems for two common pol-
lutants, NiCly and CuSO4. The microbial biophotoelectrode was obtained on a homemade poly-hydroxybutyrate-
carbon nanofibers electrode modified with a redox-adhesive polydopamine matrix-based entrapping the purple
bacterium Rhodobacter capsulatus. The presence of 500 pM NiCl, resulted in a 60 % decrease in current density,
while the simultaneous presence of 100 pM NiCl,; and 100 mM CuSO4 led to an 83 % current inhibition. Given
the implementation of the biophotoelectrode in the field, the biohybrid system was tested in a complex matrix
containing beer, demonstrating the promising ability of the photoelectrochemical system to act as an efficient
biosensor in complex solutions. Finally, the biohybrid electrode was coupled to a cathode performing oxygen
reduction, which allowed obtaining a self-powered monitoring system, paving the way for the future imple-
mentation of a low-cost monitoring system for widespread metal ions contaminant monitoring.

1. Introduction compounds such as malic and succinic acid as substrates. Furthermore,
R. capsulatus can act under diverse environmental conditions, allowing
its efficient application as a biophotocatalyst (Giraud and Verméglio,

2008; Torquato and Grattieri, 2022; Beaver et al., 2022). Nevertheless, a

Microbial electrochemical systems have garnered significant atten-
tion in the last decades due to the various technological possibilities

enabled by the coupling of self-replicating biological catalysts and
abiotic electrodes (Fan et al., 2021(Bedendi et al., 2022)). Recently,
several studies have reported using photosynthetic entities as bio-
catalysts (Operamolla et al., 2015; Zhang and Tremblay, 2017; Zhu
et al., 2023). Among the photosynthetic entities, the use of intact bac-
terial cells attracted particular interest thanks to their versatile meta-
bolism that allows using various organic compounds as substrates and
their efficiency in converting sunlight energy to photoexcited electrons
(Operamolla et al., 2015). Specifically, Rhodobacter capsulatus
(R. capsulatus) is a purple non-sulfur photosynthetic bacterium (PNSB)
that presents excellent metabolic versatility by utilizing organic

recurrent hindrance when using intact PNSB systems for bio-
photoelectrode development is that the photosynthetic apparatus is
deeply buried in the bacterial cell membrane, which acts as an insulating
material, hindering the process of photoinduced electron transfer
(PEET) from the photosynthetic apparatus to the electrode surface
(Pankratova and Gorton, 2017; Kumar et al., 2017; Grattieri, 2020).
To address this issue, various artificial approaches were reported to
tune extracellular electron transfer including the use of exogenous redox
mediators, which provide the electrical wiring necessary to transport the
electrons during the PEET process (Longatte et al., 2018; Sayegh et al.,
2021). However, applying diffusible mediators is not preferable due to
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their toxicity and unwanted release into the environment, leading to the
search for more efficient alternatives (Longatte et al., 2018; Grattieri
et al., 2019). Given the challenges associated with the transfer of elec-
trons between the photosynthetic apparatus and the electrode surface,
various approaches have been studied to facilitate this process (Hasan
et al., 2014; Grattieri et al., 2020a, 2020b; Beaver et al., 2023). Notably,
the unique features of a catecholamine neurotransmitter, dopamine,
which provides a flexible surface coating like a redox adhesive matrix in
its polymerized form, polydopamine (PDA), have been recently explored
(Ding et al., 2016; Yun et al., 2022). A recent study from our group
demonstrated the 5-fold enhancement of photocurrent production
through entrapment of active purple bacteria cells on the electrode
surface in a PDA matrix (Buscemi et al., 2022). Such an increase in
photocurrent could be achieved thanks to both the redox mediation of
the PDA matrix and its capability to enhance the local concentration of
endogenous redox mediators (i.e., quinones and flavins) (Liu et al.,
2019; Buscemi et al., 2022).

Another important aspect is the choice of electrode material to be
utilized in the microbial electrochemical system, to ensure stability,
biocompatibility, and high microbial colonization. Among various ma-
terials, transition metal oxides could be of interest for their stability and
high surface area (Ahmad et al., 2023a; Ahmad et al, 2024).
Carbon-based electrodes represent another class of interesting materials
for microbial electrochemical systems (Santoro et al., 2017; Ahmad
et al., 2023b). Recently, our group reported using homemade, low-cost,
porous biobased electrodes with poly-3-hydroxypolybutyrate
(PHB)-carbon nanofibers (CF) electrodes to enhance bacteria-electrode
interaction and current production (de Moura Torquato et al., 2024).
CF has very attractive features such as large surface area, chemical/th-
ermal stability, and low cost, which provide an efficient electrode that
combines desired surface and structural properties (Niu et al., 2011;
Yadav et al., 2020).

The high sensing potential of microbial electrochemical systems has
been reported in recent years, with interesting results enabled by the
microbial ability to self-replicate and enhance signals through metabolic
cascades and complex metabolisms (Prévoteau and Rabaey, 2017).
Electrochemical biosensors based on intact bacterial cells do not require
enzyme isolation and purification, making them more cost-effective and
easier to apply (ElMekawy et al., 2018; Cui et al., 2019). Recent studies
have shown the use of microbial fuel cell (MFC)-based biosensors to
obtain self-powered devices for the detection and monitoring of metal
pollutants in wastewater (Yu et al., 2017; Grattieri and Minteer, 2018;
Dai et al., 2019). In addition to wastewater (Kamali et al., 2023), these
devices could find application in monitoring effluents from petroleum
and metal industries (Hemdan et al., 2022; Kondaveeti et al., 2023).
Among different metal ions generated by various industrial activities,
nickel (Ni) is considered a widespread environmental pollutant (Das
et al., 2019). Ni represents a micronutrient crucial for human health by
stimulating hormonal activity (Zdrojewicz et al., 2016). However, pro-
longed exposure to higher doses of Ni through food or water intake can
cause serious side effects on human health (Das et al., 2019; Genchi
et al., 2020). MFC biosensors have been developed with the aim of
detecting and monitoring the presence of nickel ions in industrial ef-
fluents (Anchidin-Norocel et al., 2021) by potentiometric transduction
(Verma and Singh, 2006), electrochemical (Rezaei and Rezaei, 2006;
Nurak et al., 2013) and spectrophotometric techniques. An electro-
chemical biosensor based on enzyme inhibition was developed utilizing
Bacillus sphaericus MTCC 5100 to produce urease. This enzyme catalyzes
the hydrolysis of urea into NHZ and its activity is inhibited by Ni 2*. The
system allowed biosensing in industrial effluents of an electroplating
unit with a range of Ni 2+ detection of 0.03-0.68 nM (Verma and Singh,
2006). Tibazarwa et al. (2001) constructed a biosensor containing Ral-
stonia eutuopha strain AE2515 for the detection of Ni 2" in soil samples.
The bioluminescence response achieved a linearly correlated Ni 2 with
the range 0.1-60 pM, confirming the highly selective AE2515 biosensor
strain for nickel (Tibazarwa et al., 2001).
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The electrical wiring of intact biological catalysts to electrodes al-
lows obtaining simpler electrochemical biosensing systems (Grattieri
et al., 2020; Simoska et al., 2021), however, no previous studies dis-
cussed hybrid microbial electrochemical systems using photosynthetic
bacteria to obtain self-powered biosensors for monitoring of metal ions
in complex solutions.

Herein, we target the development of a bio-based, self-powered, and
low-cost monitoring system, where the biohybrid electrochemical de-
vice produces a power output that can directly correlate to a target
contaminant’s concentration. For this purpose, we report the design of a
biophotoelectrode containing R. capsulatus electropolymerized with
PDA onto bacterial-PHB-CF electrodes. Electrochemical and spectro-
scopic techniques assessed the performance and stability of the bacteria-
based photoelectrodes in the presence and absence of light. The effects
of different concentrations of nickel chloride (NiCly) and copper sulfate
(CuS0y4) are discussed, both during the system’s operation in a classic
three-electrode setup and in self-powered mode. The catalytic perfor-
mance of the hybrid system was also evaluated in a complex matrix such
as a commercial beer. The latter mode of operation opens the door to
developing portable devices performing sun-light driven on-demand
metal ions monitoring.

2. Experimental
2.1. Chemicals

Malic acid, magnesium chloride (MgCly), and 3-(N-Morpholino)
propanesulfonic acid (MOPS) were purchased from Sigma-Aldrich.
Dopamine hydrochloride (MW = 189.64 uma, CAS 62-31-7), NiCly,
and CuSO4 were purchased from Sigma Aldrich. All the solutions were
prepared by dissolving the appropriate amounts of the salts in Ultrapure
Milli-Q water (18 MQ cm ). All chemicals were used as received
without further purification.

2.2. Bacteria growth

R. capsulatus strain DSMZ 152 was obtained from the German
Collection of Microorganisms and Cell Cultures (DSMZ) and grown in a
liquid growth medium at 10 % v/v in sterile 50 mL bottles sealed with
airtight stoppers. The growth medium contained malic acid (4.0 g L™Y),
(NH4)2S04 (1.0 g L™, CaCl, . 2H,0 (75 mg L™1), MgS0, . 7H,0 (200
mg L_l), FeSO4 . 7H20 (12 mg L_l), EDTA (20 mg L_l), thiamine (1 mg
LY, biotin (15 mg L™1), KoHPO, (0.9 g L™1), KH,PO4 (0.6 g L™1), and a
trace elements solution (1.0 mL L™Y) prepared as previously reported
(Grattieri et al., 2019). Before sterilization of the culture medium at
125 °C for 25 min (Systec VX55), the pH was adjusted to 6.8 using 5 M
NaOH. After sterilization, the trace elements, MgSO4, CaCly, FeSO4, and
biotin were filtered through a 0.20 pm filter (Puradisc 25) and added to
the culture medium. Bacterial growth was carried out in an incubator
(IKA KS 3000 I control) at 28 °C under constant illumination provided by
an 80 W incandescent lamp.

2.3. Polyhydroxybutyrate - carbon nanofibers (PHB - CF) electrode
preparation

The PHB-CF electrode was prepared via the casting process following
the procedure reported by (de Moura Torquato et al., 2024). First, 360
mg of polyhydroxybutyrate (PHB) and 240 mg of carbon nanofibers (CF)
(ratio 3:2) were weighed and mixed in 20 mL of dichloromethane
(CH2Cly). The suspension obtained was heated to 100 °C and stirred at
700 rpm (Velp Scientifica Are magnetic heating stirrer) for 1 h. The
casted solution was then placed in a Petri dish to evaporate the solvent.
The final composite material was cut into slices measuring 1.5 x 0.5 cm
and washed with ethanol to remove the impurities. After that, the aer-
obic polymerization was performed by complete dip of the electrodes in
a 5 mM dopamine solution in MOPS buffer (pH 8) for 1 h. Finally, the
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electrodes underwent heat treatment at 170 °C for 1 h and stored at
room temperature until use.

2.4. Biohybrid electrodes preparation

The biohybrid electrodes were prepared following the procedure
previously reported by our group (Buscemi et al., 2022). Briefly, after
72 h of bacterial growth under constant illumination, R. capsulatus cells
were collected and centrifuged in two steps: (i) centrifugation at 5700
rpm for 20 min at 20 °C (MPW Med. Instruments-260 R), and (ii) the
cells were resuspended in 1 mL of the electrolyte pH 7 (containing 20
mM MOPS buffer + 10 mM MgCl, + 50 mM malic acid) and further
centrifugation at 10 000 rpm for 10 min (Giorgio Bormac S.r.1. Multispin
12). At the same time, a 10 mM dopamine solution was prepared and
dissolved in a buffer at pH 8 (containing 20 mM MOPS buffer + 10 mM
MgCly). After the second centrifugation, the bacterial suspension was
prepared at 2 g mL™! in 10 mM buffer pH 8.0. Subsequently, the bac-
terial suspension was transferred to a 2 mL Eppendorf in a 1:1 ratio with
the dopamine solution (final concentration of bacteria 1 g mL~ D). The
solution was stirred at 500 rpm (Metrohm 728 Magnetic Stirrer) for 1 h
under aerobic conditions to start the chemical polymerization of the
dopamine monomer (Buscemi et al., 2022; Alfieri et al., 2018).

To cover an electrode surface area of 0.5 cm?, 50 pL of the poly-
merized solution (50 mg of bacterial cells entrapped in the polymeric
matrix) was pipetted directly onto the PHB-CF electrode (de Moura
Torquato et al., 2024) and left to dry for 1 h before performing the
electrochemical polymerization step. If the bacterial cells entrapped in
the PDA matrix are left to dry on the electrode surface for times longer
than 2 h a loss of bioelectrocatalytic performance was obtained.
Accordingly, if the bioelectrode is not required for immediate use, the
entrapped bacterial cells should be stored at 4 °C until use (up to two
days). The electrochemical polymerization is performed through
repeated cyclic voltammetry (20 cycles) in a potential window of - 0.13
V-0.52 V vs Ag|AgCl (3 M NaCl) at a scan rate of 20 mV s L

2.5. Morphological characterization

Dehydrated samples of the biohybrid electrode were prepared using
subsequent 25%, 50%, 75%, 95%, and 100% ethanol solutions. The
samples were mounted on a stainless-steel sample holder and gold
sputtered before analysis. Scanning Electron Microscopy (SEM) analysis
was performed with a Zeiss-Sigma Field Emission-Scanning electron
microscope (Carl Zeiss Co., Oberkochen, Germany) operating at 5 kV
and equipped with an in-lens secondary electron detector and an INCA
Energy Dispersive Spectroscopy (EDS) detector.

2.6. Electrochemical experiments

All the electrochemical experiments were performed in triplicates at
room temperature using a PalmSens4 potentiostat equipped with a
three-electrode electrochemical cell.

A platinum wire was used as a counter electrode, Ag|AgCl (3 M NaCl)
was the reference electrode, and the working electrode was the R.caps-
PDA polymerized on the PHB-CF. Various control electrodes were also
prepared, as described below. The photobioelectrocatalysis performance
of R. capsulatus entrapped in the PDA matrix (R.caps-PDA) was investi-
gated by cyclic voltammetry (CV) and chronoamperometry experiments.
The utilized electrolyte for the electrochemical cell consisted of 30 mL of
50 mM malic acid, 10 mM MgCl,, and 20 mM MOPS. To confirm the
biotic origin of the photocurrent, control experiments were performed
with PHB-CF in two configurations: (i) heat-treated R. capsulatus for 2 h
at 120 °C (R.capsur-PDA), and (ii) an abiotic electrode coated with only
PDA. The effects of NiCl, on the photobioelectrocatalytic activity of R.
caps-PDA and R.capsy-PDA electrodes were studied under exposure to
concentrations of NiCl, in a range of 100-500 pM. Before the photo-
electrochemical analyses, Argon gas (Rivoira UN1006 compressed
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Argon 99% pure) was purged into the electrolyte solution for 20 min to
remove oxygen and obtain a controlled anaerobic environment. CV and
amperometric i-t tests were performed in the presence and absence of
illumination, which was provided with a fiber optic lamp (Schott KL
1500 LCD) equipped with a 10 W bulb, generating an output light in-
tensity of 150 mW cm ™2 (measured with Gigahertz-Optik MSC15) to
ensure light saturation.

The obtained biophotoelectrodes and control electrodes were char-
acterized by CV performed at a scan rate of 5 mV s~! in a potential
window from —0.13 to 0.52 V (vs Ag/AgCl) at 25 + 2 °C. The electro-
chemical performance of the CV’s with the different bioelectrode con-
figurations was evaluated by comparing the current density achieved for
the second anodic scan at a potential of +0.32 V. This potential was
selected to ensure a sufficient overpotential to drive the oxidation of the
redox centers in the polydopamine matrix. Chronoamperometry exper-
iments were performed at the potential of +0.32 V, switching the light/
dark condition. Comparison of the amperometric performance of
different PHB-based electrodes was evaluated based on average current
densities under illumination. Concomitantly, the stability of the
different working electrode configurations over time was evaluated by
comparing the current density values at the end of the dark cycle.

Power density tests were performed to evaluate the performance of
energy conversion of the photobioelectrochemical hybrid system oper-
ating as a self-powered biosensor. Accordingly, the developed bio-
photoelectrode was coupled to a Pt-cathode to obtain a complete photo-
microbial fuel cell operating in a single-chamber setup (anode and
cathode exposed to the same electrolyte, with no separator between
them). The biophotoanode was used as both the counter and reference
electrode, and the Pt cathode was used as the working electrode. Before
performing a linear polarization on the cell, stabilization of the open-
circuit potential (OCP) was allowed by recording the OCP for 10 min
or until the value was stabilized.

Following stabilization, the OCP obtained was used as a starting
value to perform the quasi-stationary linear sweep polarization at 0.2
mV s~ 2, reaching a final potential of 0.01 V.

2.6.1. Bioelectrocatalysis assessment of the photosynthetic system
performance in complex matrix

To investigate the possibility of employing the developed hybrid
photocatalytic system for Ni ions monitoring in real samples, we char-
acterized the electrochemical response of the hybrid electrode in an
electrolyte containing a commercial beer with no further treatment
before use. The same procedure described in the Experimental Section
2.5 was performed by adding beer to the electrolyte in a final concen-
tration of 10 % (%v/v) and by stirring the solution for 15 min before
starting the experiments. The electrochemical characterization was
performed in the presence and absence of different concentrations of
NiCl; to test the capability of the biosensor to operate using a complex
matrix.

2.7. Spectrophotometric experiments

The evaluation of the photosynthetic apparatus of R. capsulatus cells
was carried out by UV-Vis spectrophotometric measurements in the
range 400-1000 nm using a Cary 5000 UV-Vis-NIR (Agilent Technol-
ogies) on samples containing R. capsulatus entrapped in the PDA matrix
(R.caps-PDA), R. capsulatus without PDA (R.capswy-PDA), and heat-
treated R. capsulatus (R.capsyr-PDA). The R.caps-PDA and R.cap-
swuPDA samples were also analyzed before and after exposure to 100,
200, and 500 pM NiCl, for 1 h. Samples of the bacteria cells were
collected according to the centrifugation procedures described previ-
ously, proceeding with the aerobic polymerization for 1 h. All samples
were incubated at room temperature for 1 h with different concentra-
tions of NiCl,. To evaluate possible damage to the photosynthetic
apparatus of the bacterium after exposure to NiCly, and obtain high
reliability of the results, the absorption spectra of R.caps-PDA and R.
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capswuPDA were recorded immediately after sample preparation and
after 1 h of incubation with different concentrations of NiCly. Therefore,
based on the intensity of the absorbance band observed after this incu-
bation period, the absorption spectra of cells exposed to NiCly was
compared with those of cells not exposed to the metal.

3. Results and discussion
3.1. SEM micrograph characterization

The SEM micrograph characterization of the biohybrid electrodes
showed a dense distribution of PDA-embedded R. capsulatus bacterial
cells over interconnected carbon fibers (Fig. 1A). At higher magnifica-
tion (Fig. 1B), the homogeneous PDA matrix appeared as lumps over the
R. capsulatus cells. The distribution of bacterial cells over the PHB-CF
electrode and the swelling of the PDA matrix appeared unchanged
prior (Fig. 1C) and after NiCly exposure (Fig. 1D). Furthermore, the
bacterial shapes exhibited no noticeable distinctions, suggesting that
exposure to 500 pM of NiCl, did not affect bacterial morphology.

The EDS analysis confirmed the presence of NiCl, embedded into the
PDA matrix (Fig. S1 A), which was not detected in control samples not
exposed to NiCl, (Fig. S1 B). In addition, signals from C, O, Na, Mg, S, P,
and Ca atoms were detected, due to the presence of bacterial cells and
carbon nanofibers. The EDS micrographs of electrodes exposed to NiCly
(Fig. 2 A) showed the mapping distribution of the metal into the PDA
matrix that embeds R. capsulatus bacterial cells (Fig. 2 B) as well as the
distribution of C, O, Na, Mg, S, P, and Ca atoms (Fig. 2 C). The same
atoms were also detected for the unexposed electrode used as control
except for NiCl; and Ca (Fig. S2).

3.1.1. Effect of different concentrations of NiCly on
photobioelectrocatalysis

CV experiments were conducted to evaluate the photo-
bioelectrocatalytic performance of the biohybrid electrodes. Fig. 3 dis-
plays the current density response for the photoelectrode and control
electrodes (heat-treated (R.capsyr-PDA) and only PDA-modified elec-
trodes under anaerobic conditions in light and dark with different NiCl,
concentrations.

Fig. 3 A and 3 B show the electrochemical response of the biohybrid
R.caps-PDA electrode (black line), the control electrodes with heat-
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treated, R.capsyr-PDA (red line), and with only PDA (blue line) in the
light and dark, respectively. Under illumination, the hybrid system
showed an increased current density (58 + 3 pA cm™?) at + 0.32 V
compared to the control electrodes with the metabolically inactive
bacteria or containing only PDA, corresponding to a 5-fold and 15-fold
higher current density, respectively. In the dark, the hybrid system
with active bacteria provided a 40 % lower current density compared to
light conditions, confirming the capability of the photosynthetic appa-
ratus to enhance energy conversion under illumination. The current
density obtained in the dark for the control electrodes showed a similar
trend compared to the results obtained in the light. The effect of
increasing additions of NiCly, namely 100, 200, and 500 pM, was studied
to evaluate the biocatalytic activity of the biohybrid system exposed to
the contaminant (Fig. 3C and D). The addition of NiCl; in the range of
100-500 pM promoted the decrease of the current density in the light
(Fig. 3 C) and dark (Fig. 3 D). Notably, the highest concentration added
in the electrolyte (500 pM NiCly) resulted in significant inhibition (50 %)
of the catalytic activity of R.caps-PDA with and without illumination.
However, it is important to note that only for the CV performed under
illumination it was possible to differentiate the current response ob-
tained in the presence of various concentrations of NiCl,. Conversely, in
the dark, the current density obtained at 4+ 0.32 V in the presence of 100
and 200 pM NiCl, was not significantly different. In addition, it should
be noted that the current density of the R.capsyr-PDA and the electrode
containing only PDA did not change even when exposed to NiCly
(Figure S3, and Figure S4, respectively), proving that the variation in
current results from the action of the pollutant on the metabolism of the
bacterial cells.

3.1.2. Evaluation of the effect of NiCl, and CuSO4 on
photobioelectrocatalysis

To further investigate the possibility of utilizing the biohybrid elec-
trode for metal ions monitoring, we tested the behavior of the hybrid
system in the simultaneous presence of two metal ions. Fig. S5 displays
the current density of the R.cap-PDA in the presence of both 100 pM
NiCly and 100 pM CuSOy in light and dark conditions. Under illumina-
tion (Fig. S5 A), the hybrid system in the presence of both metals showed
a decreased catalytic activity (12 + 0.5 pA cm™2) compared to R.caps-
PDA and R.caps-PDA + NiCly, providing 70 % and 55 % lower current
density, respectively. The comparison of the CVs obtained in the
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Fig. 1. SEM images of PHB-CF electrode with R. capsulatus cells in the PDA matrix not exposed (A) and exposed to NiCl, (B). High magnification of the same samples

not exposed (C) and exposed to NiCl, (D).
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Fig. 2. SEM micrograph of PHB-CF electrode with R. capsulatus cells in the PDA matrix exposed to NiCl, (A), EDS mapping of NiCl, (B) and other atoms on the same

electrode area (C).

150 150
Light no NiCl Dark no NiCl
~ 2| 2
'E 120 b e 1204
3] —— R.capsulatus-PDA o —— R.capsulatus-PDA
<t1 90 {— R.capsulatus, -PDA i 90 {— R.capsulatus,-PDA
- —— Only PDA - —— Only PDA
~ S 4
5 60+ s 60
g 30 g 30-
h-] k-]
- ™
s 04 c 04
g £
3 -304 3 301
Al ] B
02 01 00 01 02 03 04 05 0 02 01 00 01 02 03 04 05 06
El vvs Ag/AgCI El Vvs Ag/AgCl
150 — - 150
Light + NiCl, Dark + Nicl
AL 120 Y 1204 :
£ — R.capsulatus-PDA € R.capsulatus-PDA
o —— R.capsulatus-PDA + 100 uM © R.capsulatus-PDA + 100 ;M
< 904 R.capsulatus-PDA + 200 uM < 90 R.capsulatus-PDA + 200 .M
= —— R.capsulatus-PDA + 500 uM - R.capsulatus-PDA + 500 ;M
= 604 ™ 60-
2 )
I K]
s 304 s 304
3 3
T 04 T 0
[ @
£ £
S -304 =30
3 30 C a 30
-604 -604
T T T T T T T T T T T T T T
02 01 00 01 02 03 04 05 06 02 01 00 01 02 03 04 05 06
El Vvs AglAgCI El vvs Ag/AgCI

Fig. 3. CVs for the biophotoanode under light (A) and dark conditions (B), for R.caps-PDA (black line); heat-treated R.capsyr-PDA (red line); and only PDA (blue
line). The performance of the R.caps-PDA biohybrid photoanodes (black line) was evaluated with exposure to 100 pM (green line), 200 pM (orange line), and 500 pM
(magenta line) NiCl, in the presence (C) and absence of light (D). CE: Pt; RE: Ag|AgCl (3 M NaCl). Scan rate = 5 mV s’l; temperature = 25 °C.

presence of both metal ions at 100 pM and the CVs obtained for heat-
treated microbial cells (Fig. 3 A) shows that the simultaneous presence
of Ni and Cu ions resulted in the complete inhibition of the microbial
activity. The same behavior was observed also in the dark, with a 40 %
decrease in catalytic activity in the presence of both metal ions. Inter-
estingly, the inhibitory effects of both metal ions could be better evi-
denced when studying the performance of the biophotoelectrodes under
illumination, remarking on the relevance of utilizing photosynthetic
organisms for the development of the biosensor. Based on these results,
we further investigated photocurrent generation over time when the
biophotoelectrodes are exposed to different concentrations of NiCl, and

CuSOy4 (Fig. 4).

Fig. 4 A shows the profile of the amperometric curves acquired for
the hybrid electrode that revealed an active system under illumination
at 1000 s (22 + 2 pA cm ™ 2), generating a 3-fold and 6-fold higher cur-
rent density compared to the R.capsyr-PDA and only PDA, respectively.
Indeed, the R.caps-PDA catalyst electrode generated a total charge of 63
+ 4 mC, which was 3-fold and 7-fold higher than the total generated
charge achieved with the R.capsyr-PDA (22 + 1 mC), and only PDA (9
+ 1 mC), respectively. This result further confirms the enhanced cata-
lytic interaction between R. capsulatus and the electrode by the elec-
tropolymerized PDA, which improves the transfer of electrons to the
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Fig. 4. Amperometric i-t traces at + 0.32 V for (A) R.caps-PDA (black line); heat-treated R.capsyr-PDA (red line); and only PDA (blue line). (B) Performance of the R.
caps-PDA biohybrid photoanodes (black line) after being exposed to 100 pM (green line), 200 uM (orange line), and 500 pM (magenta line) NiCl, in the presence and
absence of light. (C) Performance of the R.caps-PDA biohybrid photoanodes (black line) exposed to only 100 pM NiCl, (green line) and 100 uM of NiCl, + CuSO4
(blue line) in the presence and absence of light. D) Comparison of the current density generated vs different NiCl, concentrations at different timing: 1000 s (black
square), 1500 s (red circle), and 2000 s (blue triangle). The experiments were performed in three steps: 600 s in the dark, 1800 s in the light, and 600 s in the dark.

Experiment total time = 3000 s. CE: Pt; RE: Ag|AgCl (3 M NaCl).

electrode surface.

While the CV experiments revealed that the hybrid system achieved a
high catalytic activity, we aimed to evaluate further the variation in
current generation over time of the R.caps-PDA biophotoelectrode when
exposed to NiCl, to develop the biosensor. As shown in Fig. 4 B, the
biohybrid system (black line) showed a gradual decrease in current
density for increasing concentrations of NiCly, eventually reaching a 40
% decrease after the addition of 500 pM NiCl; for 35 + 2 mC of charge
generated.

The R.caps-PDA electrode exposed to Ni 2 and Cu ?* (Fig. 4 C) under
illumination at 1000 s achieved 4 + 0.5 pA cm ™2, generating a 5-fold
and 3-fold lower current density compared to the R.caps-PDA and R.
caps-PDA + NiCly, respectively. The chronoamperometric measure-
ments corroborate with the results obtained by CV, providing a sharp
decrease in the catalytic activity when the hybrid system is exposed to
more than one pollutant. These results underline the challenge of
obtaining selective sensing systems utilizing intact metabolically active
bacteria. However, promising results have been reported on the possi-
bility of utilizing synthetic biology (Atkinson et al., 2022) or specific
operating modes (Jiang et al., 2017) to achieve selectivity in
bacteria-based biosensors.

We also conducted chronoamperometry experiments with R.capsyr-
PDA (Figure S6 A) and only PDA (Figure S6 B) in the presence and
absence of NiCl, and no significant variation in current density was
observed, which agrees with CV results (Figs. S3 and S4). On the other
hand, the results with the control electrode containing only PDA
confirmed that the current density profile is similar in the presence or
absence of metal ions, due to the pollutants not affecting the abiotic
photocurrent obtained.

Fig. 4 D highlights the correlation obtained between NiCl, concen-
tration and current density obtained for the biohybrid systems at
different sampling times. Interestingly, the best linear correlation is
already obtained after 1000s, shortening the time required for metal

ions monitoring. Based on the promising results obtained, future studies
should focus on exploring the effects of different metal ions and their
simultaneous presence in the electrolyte on photocurrent response.

3.2. Spectroscopic studies

Spectroscopic studies were performed to investigate if the exposure
to NiCl, affected the stability of the photosynthetic apparatus in the
bacterial cells. As shown in Figure S7 (A-D) the spectroscopy results did
not show wide alteration in the photosynthetic apparatus of the bacte-
rium, even with the addition of the pollutant, with no major shifts for the
characteristic absorption peaks. Accordingly, it can be concluded that
the exposure to different concentrations of NiCl, does not significantly
affect the photosynthetic apparatus, and the loss in photocurrent ob-
tained in CVs and chronoamperometry studies is not directly related to
an inhibition of the photosynthetic apparatus but rather of the metabolic
activity of the bacterial cells. These findings agree with the work of
Torquato et al. (de Moura Torquato et al., 2023), where exposure of
R. capsulatus cells entrapped in a PDA matrix to 300 pM 2,4-dinitro-
phenol did not significantly affect the photosynthetic apparatus.

3.3. Photoelectrochemical assessment of R. capsulatus-PDA in a complex
matrix

Following the initial characterization of the biohybrid system in a
simple electrolyte, we studied the performance of the hybrid system
when operating in a complex electrolyte containing 10 % commercial
beer with the addition of different concentrations of NiCly. Fig. 5 A
shows the chronoamperometric assays for R.caps-PDA (black line), R.
caps-PDA in the complex matrix (red line), and R.caps-PDA with the
addition of different concentrations of NiCl,, specifically 100 pM (green
line), 200 pM (orange line), and 500 pM (magenta line). Fig. 5 B displays
the relation between the current density achieved at 1000 s vs the
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Fig. 5. A) Amperometric i-t traces at + 0.32 V for R.caps-PDA with 10 % beer exposed to 100 pM (green), 200 pM (orange), and 500 pM (magenta). B) Comparison of
the current density generated at 1000 s for R.caps-PDA in regular electrolyte (black) and with the additon of 10% beer (v/v). The experiments were performed in
three steps: 600 s in the dark, 1800 s in the light, and 600 s in the dark. Experiment total time = 3000 s. CE: Pt; RE: Ag|AgCl (3 M NaCl).

different configurations performed for R.caps-PDA, R.caps-PDA con-
taining 10 % beer, and R.caps-PDA with 10 % beer and NiCly.

The amperometric profile for the hybrid system achieved, at 1000 s,
a current density of 19 + 1 pA cm 2, while the bioelectrode containing
10 % beer showed a decreased response, reaching 11 + 1 pA cm™2,
accounting for a 40 % decrease in catalytic activity when operating in
the complex electrolyte. On the other hand, despite the decreased cat-
alytic activity in the presence of beer, it is important to note that it was
still possible to obtain a linear relation between the current density and
the concentration of NiCly, with decreasing current densities of 8 +- 1 pA
em™2,7 4+ 1 pA cm™2 and 3 + 1 pA ecm™2 at 1000 s for 100, 200, and
500 pM NiCly, respectively. Therefore, the system containing 10 % beer
and 500 pM of NiCly, showed a decrease of 80 % in photocurrent
generated compared to the R.caps-PDA electrode (Fig. 5 A). The sensi-
bility of the hybrid system based on [NiCly] vs. current density com-
parison shown in Fig. 5 B is 0.019 pA cm™2 L mol ! operating in the
regular electrolyte while in the complex matrix is 30 % lower (0.014 pA
cm~2 L mol™Y). Therefore, while the biophotoanode in the regular
electrolyte proved to be more sensitive, the biophotoelectrodeallowed a
good linear correlation also in the system containing 10 % beer (R? =
0.99). Additionally, the low standard deviation confirms the good
reproducibility of the approach. Table 1 highlights and compares the
charge generated for all bioelectrodes analyzed in Figs. 4 and 5 during
the amperometric tests.

The charge generated for the hybrid electrode operating in the
complex electrolyte was 2-fold lower related to the R.caps-PDA,
revealing a decrease in energy generation by the metabolic activity of
the bacteria. Furthermore, it is important to note that all electrodes
containing 10 % beer and NiCl;, provided low charge values after 3000 s
of polarization. The R.caps-PDA containing 10 % beer and 500 pM NiCly
reached only 9 &+ 1 mC, achieving a final charge 4-fold, and 7-fold lower
than R.caps-PDA +500 pM NiCl; and R.caps-PDA, respectively.

Fig. S8 shows the cyclic voltammetry experiments for R.caps-PDA
(black line), R.caps-PDA in the complex electrolyte containing 10 % beer
(red); and R.caps-PDA with 10 % beer + 100 pM (green), 200 pM

Table 1

Evaluation of the charge generated during the amperometry tests for the R. caps-
PDA bioelectrodes in the presence and absence of the real sample and addition of
100, 200, and 500 NiCl,.

Charge R. R.caps- R.caps- R.caps-
generated caps- PDA + PDA + PDA +
(mC) PDA 100 pM 200 pM 500 pM

NiCl, NiCl, NiCl,
Without 63 + 55+3 48 + 2 35+2
beer 4
With 10 % 32 + 21 +1 18+ 1 9+1
beer (real 3
sample)

(orange), and 500 pM (magenta) NiCly in both light (A) and dark (B).
The voltammetric responses obtained with the complex electrolyte in
the absence and presence of contaminants corroborate the results pre-
sented in Fig. 5, which pave the way for implementing the biohybrid
electrode in complex solutions.

3.4. Self-powered operation

Power density tests were performed by coupling the developed bio-
hybrid photoanode to a Pt cathode, to evaluate (i) if the system could
produce power, operating as a photo-microbial fuel cell, and (ii) if the
presence of NiCl, would affect the performance of the device, enabling
operation as a self-powered biosensor. Fig. 6 A displays the power
density tests for the R.caps-PDA (black line); heat-treated R.capsyr-PDA
(red line); and only PDA (blue line) electrodes, while Fig. 6 B shows the
influence of 500 pM of NiCl, on the power density.

The maximum current and power densities of the R.caps-PDA (black
line) were 4.2 + 0.3 pA cm ™2 and 0.46 + 0.04 pW cm ™2, respectively.
While the R.capsyr-PDA (red line) achieved a maximum current and
power densities of only 1.6 = 0.1 pA cm ™2 and 0.12 + 0.02 pW cm 2,
respectively. Also, for the control cell obtained using as anode the
abiotic electrode modified only with PDA the power density was 0.10 +
0.03 pW cm 2. Remarkably, the biohybrid anode achieved a power
density 4-fold higher than the cell operating with the control anodes R.
capsyr-PDA and only PDA.

It is interesting to underline that the power density profile for the
two-electrode self-powered system with the photosynthetic hybrid bio-
anode demonstrated a decrease in catalytic activity as the metal con-
centration was increased (Fig. 6 B). Specifically, in the presence of 100
M and 200 pM NiCl,, power densities of 0.26 + 0.02 pyW cm ™2 and 0.17
+ 0.01 pW cm 2 were observed, respectively. Consequently, the energy
output of the self-powered microbial electrochemical sensors was
reduced by 45 % and 55 % when exposed to 100 pM and 200 pM of
contaminant, respectively. When increasing the concentration of the
contaminant to 500 pM NiCl, (Fig. 6 B, magenta), the photo-microbial
fuel cell with R.caps-PDA as anode provided maximum current and
power densities of 1.3 + 0.3 pA em 2 and 0.10 + 0.01 pW cm 2,
respectively, corresponding to an 80 % decrease compared with the
operation of the device in the absence of NiCly. It should be underlined
that while the power production of the photo-microbial fuel cells is
relatively low, it allowed self-power operation of the biosensor and
correlation of the power density with metal ions concentration. Future
studies should be focused on further improving power output perfor-
mance, exploring different device geometries and electrode materials
(Saar et al., 2018), which could pave the way to the use of the biohybrid
system for localized power production coupled with environmental
monitoring.

Figures S9 A and S9 B show the control-fuel cells with R.capsyr-PDA
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Fig. 6. A) Power density curves performed under illumination for R.caps-PDA (black line); heat-treated R.capsyr-PDA (red line); and only PDA (blue line). B)
Performance of the complete photo-microbial fuel cell with R.caps-PDA photoanodes in the presence of 100 (green), 200 (orange), and 500 (magenta) pM NiCl,. C)
Calibration plot of the self-powered system for the power density generated in the absence of NiCl, compared to the system exposed to 100 pM, 200 pM, and 500 pM
NiCl,. D) Comparison of the power density percentage over the number of reuses of the complete photo-microbial fuel cell with R.caps-PDA photoanodes after

successive applications.

and only PDA anodes in the absence (black line) and presence (red line)
of 500 pM of NiCl,. The results of both control-fuel cells achieved similar
power density values, showing that the presence of metabolically active
bacteria is needed to monitor the contaminant. A further control was
performed by adding in the complete photo-microbial fuel cells a vol-
ume of only MOPS buffer (without NiCly) equal to the one used for NiCly
addition. The results presented in Fig. S10 confirmed that the addition of
electrolyte without metal ions does not interfere with the device’s power
generation.

The power density results for the photo-microbial fuel cell exposed to
different metal-ions concentrations unveiled an inverse correlation be-
tween power density and NiCl, concentration (Fig. 6 C). Interestingly, a
linear correlation could be obtained up to 200 pM NiCl,. Increasing the
metal-ions concentrations to 500 uM resulted in the apparent complete
loss of biocatalytic activity (power density similar to the one obtained
with dead bacteria and in the absence of bacteria, Fig. 6 A) with the
power density output no longer linearly correlated to the metal-ions
concentration. Accordingly, the results underline that a preliminary
correlation between power density and NiCl; can be performed for low
concentrations in the range 0-200 uM, while an on/off type of response
of the self-powered system is obtained in the presence of higher con-
centrations of the contaminant.

Furthermore, the possibility of reusing the photo-microbial fuel cell
as self-powered biosensors for multiple analyses was assessed by
repeating sequential power density analyses (Fig. 6 D). After three reuse
cycles, the system maintained 70 % of its original maximum power
density. This value allows for the use of the self-powered system for
NiCl, monitoring paving the way to the promising possibility of per-
forming the early monitoring of metal ion contaminants via rapid
analysis. Additional reuses caused a drop in maximum power density
(52 and 36 % of the maximum power output for four and five reuses,
respectively), which would not allow a proper application of the
biosensor. It is important to remark that the reuse was tested without
exposing the bacteria to the contaminant.

Table 2 compares the photocurrent production obtained in the pre-
sent work with studies published in the last years employing a photo-
bioelectrocatalytic system containing intact photosynthetic bacteria,
underlining the increasing research interest in photosynthetic bacteria-
modified electrode. Notably, our biophotoelectrode significantly
improved the photocurrent generated compared with the previous
studies. Thereby, the enhanced biohybrid system opens opportunities
for the future application of intact photosynthetic bacteria-based pho-
tobioelectrochemical systems for biosensing and remediation platforms
in wastewater.

4. Conclusion

We have shown that hybrid biophotoelectrodes obtained on a bio-
based PHB-CF electrode modified with a PDA-Rhodobacter capsulatus
matrix allowed studying the effects of metal ions contaminants on pur-
ple bacteria photobioelectrocatalysis, unveiling a linear relation be-
tween current density generation and Ni2* in the range 100-500 uM
when operating in a three-electrode system. The obtained biohybrid
photoanodes could also operate in a complex electrolyte while main-
taining a linear relation between Ni2* and current density generation.
Finally, the implementation of the biophotoelectrode in a complete
single-chamber photo-microbial fuel cell resulted in a power output
affected by the presence of NiCl, in the electrolyte, paving the way for
the future development of low-cost, on-demand, self-powered bio-
sensors performing in-situ monitoring of pollutants in the water envi-
ronment with no need for trained personnel.
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Table 2
Comparison of photocurrent density for different electrode configurations based on photosynthetic bacteria.
Highlights Photosynthetic organisms Photocurrent density Applied Self-powered Reference
potential biosensor
operation
Photosynthetic bacteria-based electrodes for Purple non-sulfur bacterium 458 + 3 pA cm 2 (value from cyclic +0.32 Vvs. yes Our work

self-powered metal ions monitoring Rhodobacter capsulatus voltammetry) Ag|AgCl
Microbial fuel cell with purple bactéria Rhodopseudomonas palustris ~ 430 pA cm~ (value from cyclic +0.0 Vs, no (Xing et al.,
DX-1 voltammetry with carbon paper Ag|AgCl 2008)
electrodes)
Cyanobacteria-based biosensor with redox Cyanobacterium Anabaena ~30 pA cm~2 with diffusible +0.5 Vs no (Tucci et al.,
mediator variabilis mediator; 9 &+ 3 pA cm 2 with SCE 2019b)
immobilized redox mediator
Cyanobacteria-based biosensor with direct Cyanobacterium 0.7 pA +0.4 Vs no (Tucci et al.,
electron transfer Synechocystis PCC6803 Ag|AgCl 2019a)
Determination of rate determining step in Purple non-sulfur bacterium 2.9+ 0.5 pA cm 2 +0.36 V vs. no (Grattieri et al.,
purple bacteria PEET Rhodobacter capsulatus SCE 2019)
Electrochemical characterization of metal Purple non-sulfur bacterium 17 + 0.2 pA cm 2 +0.10 V vs. no (Borghese et al.,
nanoprecipitates by Rhodobacter capsulatus Rhodobacter capsulatus Ag|AgCl 2020)
Elucidation of salinity effects on Purple non-sulfur bacterium 3.4 + 0.2 pA cm 2 +0.36 V vs. no (Gaffney et al.,
biophotoelectrocatalysis Rhodobacter capsulatus SCE 2020)
Quinone-based redox polymer for PEET and Purple non-sulfur bacterium 2.7 + 0.9 pA cm 2 +0.073Vyvs.  no (Grattieri et al.,
decreased inhibition Rhodobacter capsulatus SCE 2020b)
Determination of substrate modulation effects ~ Purple non-sulfur bacterium 10 + 2 pA cm 2 +0.36 V vs. no (Beaver et al.,
on photobioelectrocatalysis Rhodobacter capsulatus SCE 2022)
Bio-Inspired Redox-Adhesive Polydopamine Purple non-sulfur bacterium +0.94 + 0.05 pA cm 2 +0.32 Vvs. no (Buscemi et al.,
Matrix for Intact Bacteria Biohybrid Rhodobacter capsulatus Ag|AgCl 2022)
Photoanodes
Photobioelectrocatalysis of Photosynthetic Purple non-sulfur bacterium +1.02 + 0.28 pA cm 2 (value from +0.32 Vvs. no (de Moura
Bacteria Exposed to Dinitrophenol Rhodobacter capsulatus cyclic voltammetry) Ag|AgCl Torquato et al.,
2023)
Bacterial- polyhydroxybutyrate for Purple non-sulfur bacterium +48 £ 10 pA cm ™2 (value from cyclic ~ +0.32 V vs. no (de Moura
Biocompatible Microbial Electrodes Rhodobacter capsulatus voltammetry) Ag|AgCl Torquato et al.,
2024)

In vivo polydopamine coating of Rhodobacter
sphaeroides for enhanced electron transfer

Purple non-sulfur bacterium
Rhodobacter sphaeroides

+8.56 + 0.13 pA cm?

+0.23 Vvs. no (Labarile et al.,
Ag|AgCl 2024)
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