
Bio-Inspired Redox-Adhesive Polydopamine Matrix for Intact
Bacteria Biohybrid Photoanodes
Gabriella Buscemi, Danilo Vona, Paolo Stufano, Rossella Labarile, Pinalysa Cosma, Angela Agostiano,
Massimo Trotta, Gianluca M. Farinola, and Matteo Grattieri*

Cite This: ACS Appl. Mater. Interfaces 2022, 14, 26631−26641 Read Online

ACCESS Metrics & More Article Recommendations *sı Supporting Information

ABSTRACT: Interfacing intact and metabolically active photosynthetic
bacteria with abiotic electrodes requires both establishing extracellular
electron transfer and immobilizing the biocatalyst on electrode surfaces.
Artificial approaches for photoinduced electron harvesting through redox
polymers reported in literature require the separate synthesis of artificial
polymeric matrices and their subsequent combination with bacterial cells,
making the development of biophotoanodes complex and less sustainable.
Herein, we report a one-pot biocompatible and sustainable approach,
inspired by the byssus of mussels, that provides bacterial cells adhesion on
multiple surfaces under wet conditions to obtain biohybrid photoanodes
with facilitated photoinduced electron harvesting. Purple bacteria were
utilized as a model organism, as they are of great interest for the
development of photobioelectrochemical systems for H2 and NH3 synthesis,
biosensing, and bioremediation purposes. The polydopamine matrix preparation strategy allowed the entrapment of active purple
bacteria cells by initial oxygenic polymerization followed by electrochemical polymerization. Our results unveil that the deposition of
bacterial cells with simultaneous polymerization of polydopamine on the electrode surface enables a 5-fold enhancement in
extracellular electron transfer at the biotic/abiotic interface while maintaining the viability of the cells. The presented approach paves
the way for a more sustainable development of biohybrid photoelectrodes.

KEYWORDS: biophotoanode, photobioelectrochemistry, purple bacteria, quinone quantification in polydopamine,
semiartificial photosynthesis, redox polymers

■ INTRODUCTION

Biohybrid electrochemical systems, where biological catalysts
are coupled to abiotic electrodes, represent a sustainable
approach for a variety of technological applications spanning
from biosensing and water quality monitoring,1−4 bioelec-
trosynthesis,5−9 and micro to low power generation.10−12

Additionally, the use of photosynthetic entities as the
biocatalyst allows utilizing sunlight, one of the most attractive
energy sources, to power such systems, paving the way to the
field of semiartificial photosynthesis.13−17 Using whole,
metabolically active, microorganisms greatly simplifies the
preparation of the biocatalyst (no enzyme isolation/purifica-
tion required) and potentially enhances stability of the system
thanks to their self-repairing and replication features. Purple
nonsulfur bacteria have been used as model organisms for
studying bacterial photosynthesis.18,19 Additionally, purple
bacteria are of great interest for their potential application
for H2 synthesis,5,20 as well as bioremediation and biosens-
ing,21 with Rhodobacter capsulatus (R. capsulatus), representing
a very interesting candidate as biophotocatalyst due to their
extreme metabolic versatility.22 However, the cell membranes
of purple bacteria, and microorganisms in general, act as

insulating material hindering the transfer of electrons from
their redox active sites to the electrode surface.23 Recent
reports highlighted the photoinduced electron transfer process
(both anodic and cathodic) in purple bacteria,24,25 and the
approaches developed to accomplish and artificially tune the
extracellular electron transfer (EET) with intact photosynthetic
bacteria.26 These include utilizing artificial redox mediating
systems based on Osmium,27−29 or quinone-based redox
polymers,30 electrode surface engineering,31 and synthetic
biology.32−34 Quinone-based artificial redox mediating ap-
proaches have been reported for a variety of photosynthetic
organisms due to their biomimetic properties, as they compete
with the natural electron carriers in the microorganisms for
photoinduced electron extraction.35 At the same time,
commercial polymers or bioinspired materials have been
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utilized to immobilize biocatalyst, either enzymes or whole
bacteria,36 maximizing stability of the biohybrid system.37

However, the separate synthesis of redox polymers and
immobilization matrices complicate the preparation of
biohybrid electrochemical systems, limiting their utilization.
Herein, we targeted both the redox mediation and immobiliza-
tion challenges by employing dopamine (DA), a well-known
catecholamine neurotransmitter, which provides a flexible
surface coating in its polymerized form, polydopamine (PDA),
to develop purple bacteria-based biohybrid photoanodes. The
interest in utilizing this polymeric material is based on the
simultaneous presence of catechol and amine groups, which
mimic the adhesive mussel byssus that allows adhesion in
underwater conditions and under shear stress, thus providing
an interesting solution for the functionalization of biosurfaces
used in water environments.38 On the basis of the polymer-
ization conditions of dopamine (i.e., time, pH, temperature,
ionic strength, medium), polymers with different character-
istics can be obtained. For instance, PDA prepared exclusively
by electrochemical means is insulating,39 a characteristic absent
if obtained by oxygenic polymerization.40

Dopamine monomers have been recently utilized to modify
electrode materials, such as carbon nanotubes providing
adhesive properties for the deposition of thylakoids composites
for biophotocurrent generation,41 and silk fibroin electrodes in
microbial fuel cells.42 The entrapment of isolated photo-
synthetic reaction centers from purple bacteria in PDA films or
nanoaggregates for biophotoanode preparation has also been
reported,40,43 where diffusible exogenous redox mediators were
required to obtain PDA−enzyme biohybrid systems for energy
purposes. PDA has also been utilized to modify various
electrode surfaces for application in microbial electrochemical
systems, enhancing surface area and bacterial cell loading,44

decreasing startup times,45 and accelerating interfacial electron
transfer.46 In addition, PDA improved single-cell electrical
wiring for the model electroactive bacterium Shewanella
oneidensis MR-1,47,48 and enhanced the adsorption of self-
secreted flavins by Shewanella xiamenensis, resulting in
improved extracellular electron transfer.49 Furthermore, the
encapsulation of electroactive biofilms with PDA protected
them against acid shocks, which could enhance their
applicability in real environment.50 However, the capability

of PDA to harvest photoinduced electrons from the photo-
synthetic apparatus of intact photosynthetic bacteria, which do
not secrete redox active molecules, has not been elucidated to
date.
Here, we show that a one-pot procedure initiated by

oxygenic polymerization followed by electrochemical polymer-
ization leads to a PDA-redox-mediating matrix enabling
photocurrent production in whole bacteria-based biohybrid
photoanodes. The applicability of the biohybrid system was
validated utilizing glassy carbon electrodes and homemade,
polyhydroxylkanoates-based, porous electrodes.

■ MATERIALS AND METHODS
Chemicals. All chemicals were used as received without further

purification. Ultrapure Milli-Q water (18 MΩ cm−1) was used for the
preparation of all the solutions.

Bacteria Growth. R. capsulatus strain DSMZ 152 was obtained
from Deutsche Sammlung von Mikroorganismen and Zellkulturen
GmbH (DSMZ) and grown in a liquid growth medium prepared as
previously reported.24 The pH of the medium was adjusted to 6.8
using 5 M NaOH prior sterilization at 125 °C for 25 min (Systec VX-
55). Trace elements, MgSO4, CaCl2, FeSO4, and biotin were added
after sterilization, by filtration through a 0.20 μm filter (Puradisc 25).
Bacterial cells were grown in sterile 50 mL bottles, sealed with airtight
stoppers. An incandescent 80 W light bulb was used during the
growth, performed at 28 °C in an incubator (IKA KS 3000 i control).

Biohybrid Photoanodes Preparation. The procedure for the
preparation of the biohybrid photoanode is reported in Scheme 1.
Specifically, after 72 h growth, R. capsulatus cells were collected by
centrifugation at 4000g for 20 min (Thermo Scientific Multifuge
X3R). The cells were resuspended in 1 mL of 20 mM MOPS buffer
(pH 8) + 10 mM MgCl2 + 50 mM malic acid and further
concentrated by centrifugation at 12 000 rpm for 10 min (Giorgio
Bormac S.r.l. Multispin 12). Finally, a solution with a bacterial cell
concentration of 2 g mL−1 was prepared using 20 mM MOPS buffer
(pH 8) + 10 mM MgCl2 + 50 mM malic acid. For the R. capsulatus−
polydopamine biohybrid photoanode (PDA-R), an aliquot of the
bacterial suspension was transferred to a 2 mL tube for a final
concentration of the bacterial cells in the reaction tube of 1 g mL−1,
together with 5 mM dopamine hydrochloride in MOPS buffer at pH
8.0. The solution was left to stir at 500 rpm (Metrohm 728 Magnetic
Stirrer) for 1 h under aerobic conditions to start the polymerization of
the dopamine monomer. This time was selected as PDA coating
formation is highest in the early hours of polymerization and film
formation properties are associated with early intermediates in

Scheme 1. Biohybrid Photoanodes One-Pot Preparation with 60 min Aerobic Polymerization in MOPS Buffer at pH 8
Followed by the Electrochemical Polymerization by Repeated Cyclic Voltammetries in MOPS Buffer at pH 7 (20 Cycles at 20
mV s−1)
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dopamine autoxidation as recently reported.51 After this time, 2 μL of
the obtained solution was dropcasted on a glassy carbon electrode (2
mm diameter) and left to dry for 20 min. The polymerization was
then finalized electrochemically by repeated cyclic voltammetry at 20
mV s−1 (Autolab potentiostat PGSTAT302N). To obtain the R.
capsulatus−polydopamine−hydroquinone biohybrid photoanode
(PDA-HQ-R), 8.6 mM hydroquinone (HQ) was also added to the
2 mL tube before the aerobic polymerization step. Additionally,
polyhydroxylkanoates (PHA)-based electrodes were prepared with
commercially available vapor-grown carbon nanofiber (VG-CNF, 5 to
30% in weight) used as electrically conductive carbon filler, together
with short chain length PHAs, namely poly-3-hydroxybutyrate (PHB)
as biopolymer matrix. The 1 cm2 electrodes were cut, and 50 μL of
the PDA-R solution was dropcasted and left to dry for 60 min prior to
performance of the electrochemical polymerization step to obtain
biophotoanodes on this support (PHB-PDA-R). It should be noted
that the desiccation times utilized (20 and 60 min for glassy carbon
and PHB-based electrodes, respectively) are consistently shorter than
the 6−7 h desiccation times that were previously reported to affect
biophotocurrent generation in R. capsulatus-based electrodes.52

Accordingly, the selected desiccation times are not expected to
significantly affect the performance of the biohybrid electrodes.
Epifluorescence Microscopy Studies. The viability and the

effective entrapment of R. capsulatus cells into the PDA matrix were
initially studied by means of epifluorescence microscopy. Specifically,
after the 1 h aerobic polymerization with PDA-R in the 2 mL tube, the
biohybrid matrix obtained was collected by centrifugation at 12 000
rpm and resuspended in the MOPS buffer pH 7.0. Following, 6 μL of
fluorescein diacetate (FDA) (1 mg mL−1 in acetone) was added to
600 μL of the PDA-R suspension and incubated for 2 h. FDA is
colorless and nonpolar. Intracellularly, or next to membrane-
associated esterases produced by metabolically active microorganisms,
FDA is hydrolyzed to a green fluorescent compound, fluorescein,
which can be detected spectroscopically by measuring its fluorescence.
Since dead cells cannot accumulate, or hydrolyze FDA, live/dead cells
can be distinguished. Control experiments were performed following
the same procedure but incubating 6 μL of FDA (1 mg mL−1) with
600 μL of R. capsulatus cells suspension only. Finally, the presence of
the PDA layer surrounding the viable R. capsulatus cells was studied
by adding 10 μL of rhodamine-G (0.5 mg mL−1 in water) to the PDA-
R and R. capsulatus-only samples after the 2 h incubation with FDA.
Rhodamine-G is a fluorescent stain capable of binding to PDA,
confirming the presence of the polymer surrounding bacterial cells.
Spectrofluorimetric Studies. The viability of R. capsulatus cells

after entrapment in the PDA matrix was quantitatively determined by
performing quintuplicates spectrofluorimetric measurements using
living cells of R. capsulatus, living cells coated with PDA (PDA-R),
dead cells obtained after heat-treatment for 4 h at 120 °C entrapped
in PDA (PDA-HT_R), and lone PDA to demonstrate that only viable
cells can convert diacetate residue into a fluorescent one. The various
samples, prepared as previously specified, were collected by
centrifugation at 7000g and resuspended in MOPS buffer at pH 7.0.
Following, FDA (1 mg mL−1 in acetone) was added to all the
suspensions and incubated for 2 h. Signals of fluorescent molecules
were detected using a spectrofluorimetric approach (Varian Cary
Eclipse Fluorescence Spectrophotometer), 488 nm excitation, 495−
650 nm emission window, excitation slit 2.5, emission slit 5, 1 cm
cuvette thickness.
Electrochemical Setup. All of the electrochemical measurements

were performed in triplicate, at 24 ± 1 °C in 20 mM MOPS buffer
(pH 7) + 10 mM MgCl2 + 50 mM malic acid with the electrolyte
exposed to air (aerobic conditions). Average values are reported
together with one standard deviation. Photobioelectrocatalysis was
investigated in a three-electrode electrochemical cell by cyclic
voltammetry (CV) and amperometric i−t tests (Autolab potentiostat
PGSTAT302N). The working electrode was the biohybrid photo-
anode prepared as previously described. Control experiments were
performed with bare glassy carbon electrodes in the absence of R.
capsulatus cells (sterile electrodes), as well as glassy carbon electrodes
with only PDA or PDA-HQ. Furthermore, R. capsulatus cells were also

heat-treated at 120 °C and utilized in the PDA matrix to confirm the
biotic origin of the photocurrent. The counter electrode was a Pt foil,
and the reference electrode was a Ag|AgCl (3 M NaCl, Basi MF2052)
electrode. All potentials in this work refer to this reference electrode.
For the controls with the polyhydroxylkanoates-based electrodes, the
same procedure was followed, substituting only the substrate
electrode. Illumination during the photoelectrochemical studies was
provided with a fiber optic lamp (Schott KL 1500 LCD), equipped
with a light bulb of 10 W. For the comparison of the cyclic
voltammetries obtained with the different electrode configurations,
current densities were evaluated considering the anodic scan obtained
for the third cycle, at a potential of +0.32 V. For the comparison of
the amperometric i−t traces obtained with the different electrode
configurations on glassy carbon, the current densities were evaluated
at the end of the third illumination cycle (25 min), and the
biophotocurrents were calculated based on the average current
densities under illumination (25 min) minus average current densities
under dark after the third illumination cycle (28 min). Similarly, the
photocurrents for the control, sterile, electrodes were calculated based
on the current densities obtained at 25 and 28 min of the
amperometric i−t test. For the PHB-based electrodes, (bio)photo-
current densities were calculated based on the average current
densities under illumination (10 min) minus average current densities
under dark (13 min). In this case, the first illumination cycle was
utilized for the evaluation due to the drift in current response
obtained for PHB-PDA-R electrodes over time.

Hydroquinone Quantification in Polydopamine Matrix by
Absorption Spectroscopy. The HQ entrapment into PDA
structure was estimated by first derivate absorption spectroscopy of
the supernatant obtained after oxygenic polymerization of DA.
Specifically, increasing concentrations of HQ in MOPS buffer were
initially prepared in the presence of 5 mM DA and analyzed by
absorption spectroscopy. The selected final concentrations of HQ in
solution were the following: 0, 0.5, 1, 1.6, 2.3, 3, 3.6, 4.3, and 4.9 mM.
After UV−vis absorption measurements, the first derivate was applied
to obtain a calibration curve using the characteristic peak at 302 nm.
To ensure that DA/PDA do not share the selected peak at 302 nm,
absorption measurements were performed for solutions containing
both DA monomer and PDA resulting after 1 h of aerobic
polymerization. The samples for HQ determination in PDA after
oxygenic DA polymerization in the presence of 8.6 mM HQ where
prepared by centrifugation at 7000g for 10 min. The obtained
supernatant was immediately analyzed by absorption spectroscopy,
determining the amount of HQ that was not entrapped in the PDA
matrix. To further confirm the encapsulation of HQ into PDA matrix,
a similar quinone (2,3-dichloro-5,6-dicyano-1,4-benzoquinone, DDQ)
was used as probe due to the presence of nitrile groups that can be
distinguished from DA/PDA moieties. DDQ was first solubilized in
DMSO, and then added to a 5 mM of DA in MOPS buffer pH 8 with
a final concentration of 4 mM. The solution was kept overnight under
mild stirring, and exposed to air to promote oxidative polymerization
of DA. The prolonged reaction time was due to the presence of
DMSO (essential for DDQ solubilization), which resulted in a slower
reaction rate. After polymerization, the solution was centrifuged at
7000g for 10 min. The supernatant was removed, and the PDA-DDQ
pellet was washed two times with MOPS buffer at pH 7. The obtained
polymers, namely PDA (in MOPS), PDA-DDQ (in MOPS), and
DDQ (in DMSO/MOPS), were spotted onto glass and left to dry
prior to be analyzed by FT-IR/ATR.

Scanning Electron Microscopy. Electrodes morphology was
observed by a MERLIN Zeiss field emission gun scanning electron
microscope (FE-SEM) with an operating voltage of 5 kV, cutting
samples of the desired size directly from the free-standing electrode
and performing imaging analyses on such samples without any further
manipulation.

■ RESULTS

Among the possible strategies for tuning photoinduced
extracellular electron transfer, the immobilization of the active
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components in redox matrices has been reported including
Osmium27−29,53 and naphthoquinone-based redox polymers.30

However, these polymers require a separated synthetic
procedure and lack of adhesive properties. For this purpose,
dopamine was selected due to its capability to polymerize
directly in a bacterium compatible environment while
providing a multipurpose material with adhesion features and
tunable conductive properties. Dopamine polymerization
mechanisms have been extensively discussed in recent works,
with various parallel polymerizations including covalent
reactions and supramolecular interactions (hydrogen bond,
cation−π, and π−π stacking), which lead to a PDA chemical
structure being very complex and randomized.54 Here, we first
investigated if R. capsulatus cells could tolerate exposure to
dopamine monomer and its polymerization. Accordingly, FDA
was added to the PDA-R suspension, and epifluorescence
microscopy analysis of the obtained suspension was performed
after a 2 h incubation. The obtained epifluorescence
microscopy images are reported in Figure 1A showing that
fluorescein diacetate is hydrolyzed to fluorescein, confirming
the viability of the bacterial cells exposed to the dopamine
monomer and coated with PDA (top right), as obtained for the
control performed with free R. capsulatus cells (top left).
Interestingly, a different compartmentalization of fluorescein is
obtained for bare bacteria with respect to the polydopamine-
coated cells, which could be due to the PDA matrix retaining
the FDA molecule. Furthermore, to confirm that the PDA
matrix surrounded the viable bacterial cells, rhodamine was
also added together with fluorescein diacetate during
dopamine polymerization in the presence of R. capsulatus
cells. The rhodamine dye modifies the free polydopamine

surface via noncovalent interactions (π−π stacking and
hydrogen bonding), and its positive charge also promotes
electrostatic interaction with the negatively charged polydop-
amine surface.55 The investigation via bidimensional fluo-
rescence microscopy revealed a localized rhodamine fluo-
rescence surrounding bacterial cells (bottom right), indicating
that the polymer ubiquitously covered the viable cells as
colocalized signals with FDA (yellow). Conversely, exposing R.
capsulatus cells to rhodamine in the absence of dopamine
resulted in a spread fluorescence of rhodamine with hidden or
absent fluorescein emission and a nontypical round shape of
the bacterial cells, indicating that rhodamine had a negative
effect on cell viability. The results indicate that PDA not only
provides a matrix for immobilization of viable bacterial cells
but also has a protective role against inhibitor of bacterial cells
activity, further supporting the use of this polymer for bacteria
entrapment. Furthermore, the quantitative determination of R.
capsulatus cells viability after entrapment in the PDA matrix
was studied by spectrofluorimetric measurements (Figure 1B).
As shown in the representative spectra (top) and by the
intensity of emission histograms (bottom), we obtained a clear
emission signal only with living R. capsulatus cells and with
cells entrapped in PDA (PDA-R). The lone PDA polymer and
heat-treated cells entrapped in PDA did not hydrolyze the
diacetate moiety, clearly confirming that viable cells are present
in PDA-R. ANOVA online statistical correlation has been
applied to the histograms, and validation passes for p-value <
0.05.
Once the viability of the cells after 1 h aerobic PDA

polymerization at pH 8 was confirmed, the obtained
suspension was dropcasted on glassy carbon electrodes to

Figure 1. (A) Top (FITC filter cube set): Fluorescence microscopy images of R. capsulatus cells (left) and PDA-R matrix after a 2 h incubation
with FDA. Bottom (combination merge of TRITC and FITC filter cube sets): Fluorescence microscopy images of R. capsulatus cells (left) and
PDA-R matrix after a 2 h incubation with FDA plus overnight incubation with Rhodamine-G. Scale bar 10 μm. (B) Top: Representative
fluorescence spectra of the different samples investigated; 488 nm excitation, 495−650 nm emission window, excitation slit 2.5, emission slit 5, 1
cm cuvette thickness. Bottom: Comparison of fluorescence intensities at 514 nm for the different samples, the inset shows an optical image of the
four samples under blue light.
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perform the electrochemical polymerization step. DA oxygen-
driven polymerization is rather slow,51 with a possible
detrimental effect on cell viability. Conversely, pure electro-

chemical polymerization is considerably faster but leads to a
dense and continuous PDA coating showing insulating
properties,39,56 which might hinder its application in

Figure 2. Left: Electropolymerization of the PDA-R matrix by repeated cyclic voltammetry. Scan rate, 20 mV s−1; CE, Pt; RE, Ag|AgCl 3 M NaCl.
Right: Peak current density at +0.23 V versus cycle number.

Figure 3. Cyclic voltammetry for the biohybrid photoanodes under light (continuous lines) and dark conditions (dashed lines). Scan rate, 1 mV
s−1; CE, Pt; RE, Ag|AgCl 3 M NaCl. (A) R. capsulatus only; (B) PDA-R; (C) PDA-HQ-R; (D) PVA-R.
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biophotoanodes. Here, after the aerobic polymerization, a
series of 20 cyclic voltammetries at 20 mV s−1 was performed
using an electrolyte at pH 7 (where the aerobic polymerization
is extremely slow) to finalize the biohybrid photoanode
(Figure 2, left). Over the CV cycles during the electrochemical
reactions, the intensity of the dopamine oxidative peak at 0.23
V progressively decreased (Figure 2, right) and the PDA-R
structure stabilized.
Photobioelectrocatalysis for the obtained biohybrid photo-

anode was then studied by performing 1 mV s−1 cyclic
voltammetry, reported in Figure 3. A potential of +0.32 V was
selected for comparing the photobioelectrocatalytic perform-
ance of the various electrodes as under those conditions a
quasi-steady state current was reached for all the systems
investigated. The biohybrid electrodes with bacteria deposited
directly onto the electrode surface (Figure 3A) gave a minimal
light response, with a current of 0.13 ± 0.01 and 0.11 ± 0.02
μA cm−2 at +0.32 V in light and dark conditions, respectively.
Conversely, the PDA-R biohybrid systems revealed a clear light
response, with an onset of the anodic current at 120 ± 20 mV,
and current densities of 0.42 ± 0.03 and 0.16 ± 0.02 μA cm−2

at +0.32 V were recorded in light and dark conditions,
respectively (Figure 3B). Furthermore, photobio-
electrocatalysis for the biohybrid system obtained after adding
8.6 mM hydroquinone during dopamine polymerization
revealed a comparable onset of the anodic current at 140 ±
10 mV (Figure 3C), and higher current in light and dark

conditions (0.94 ± 0.05 and 0.30 ± 0.10 μA cm−2 at +0.32 V,
respectively). It should be noted that while the redox peaks
due to HQ entrapped in the PDA matrix are not clearly visible
in the PDA-HQ-R biophotoanode, they can be identified from
the cyclic voltammetry of the control electrode PDA-HQ (in
absence of R. capsulatus cells) reported in Figure S1B
(Supporting Information), with the pair of redox peaks having
a formal redox potential of approximately +0.1 V versus Ag|
AgCl (3 M NaCl) in accordance to previous literature.24 The
biophotocurrent results obtained for the PDA-R biohybrid
system can be explained thanks to the redox mediation
properties of the prepared PDA matrix, where the available
quinones shuttle the photoinduced electrons. In addition, PDA
ensures bacteria cells adhesion at the biotic/abiotic interface,
resulting in an improved contact between bacteria and
electrode surface. Such conditions could enhance the role of
endogenous quinones produced by the bacterial cells on
current generation by shuttling the electrons from the
photosynthetic apparatus to the electrode surface that is
maintained in close proximity. Despite their origin being either
endogenous or from the PDA matrix, quinones play a central
role in the redox mediation process, as confirmed by the
comparable onset of the anodic current obtained with PDA-
HQ-R and the system composed of only PDA-R. Future
studies should be focused on unveiling the detailed electron
transfer process inside the PDA matrix. Here, the higher
current reached for the PDA-HQ-R system compared to the

Figure 4. UV−vis absorption spectra of (A) PDA, HQ, and a mixture of PDA and HQ; (B) first derivate of absorption spectra of DA 5 mM with
increasing concentrations of HQ indicated by the black arrow (0, 0.5, 1, 1.6, 2.3, 3, 3.6, 4.3, 4.9 mM); (C) DA at time 0 and after 1 h of aerobic
polymerization; (D) calibration plot for HQ concentration versus first derivate of the absorption at 302 nm.
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PDA-R system can be explained with a higher abiotic
photoresponse of the PDA-HQ system compared to the
abiotic PDA system, as shown by control cyclic voltammetric
studies (Supporting Information, Figure S1). Finally, the redox
mediation role of the PDA matrix was further confirmed by
comparing the PDA-R biohybrid system with a control
biohybrid system obtained combining R. capsulatus cells with
polyvinyl-alcohol (PVA), a known adhesive, optically trans-
parent polymer having no redox mediation capability. The
cyclic voltammetry under light/dark conditions for the control
PVA-R photoanodes resulted in no photocurrent generation, as
shown in Figure 3D.
The entrapment of HQ in the control PDA-HQ-R matrix

was confirmed by absorption spectroscopy of the supernatant
obtained after the preparation of the matrix. It should be noted
that the detection of HQ in the supernatant turned out to be
more complicated than expected due to the fact that DA/PDA
and HQ present similar functional groups, thus having
overlapping absorption bands (Figure 4A). However, the first
derivative of the absorption spectra allowed resolving of the
contributions of DA/PDA and HQ. A calibration of HQ (both
with and without DA) as absorption first derivate was
performed: by increasing HQ concentrations, a peak at 302
nm was obtained, and increases for increasing concentrations
of HQ (Figure 4B). The same peak is not present for PDA
alone (characterized by the peak at 290 nm, Figure 4C), thus
allowing separation of the absorption response of HQ while in
the presence of DA. On the basis of the first derivative of the
UV−vis spectra obtained for the supernatant of PDA-HQ-R
preparation, a calibration curve was obtained (Figure 4D). The
concentration of HQ in the supernatant after oxygenic
polymerization was 6.5 ± 0.3 mM; thereby, the average
concentration of HQ in the PDA-HQ-R biohybrid matrix was
2.1 ± 0.6 mM. Furthermore, the possibility to coimmobilize
quinone mediators in the PDA matrix was investigated by FT-
IR/ATR directly using the PDA matrix with DDQ as probe
(Figure S2, Supporting Information). The detection of a peak
at 2211 cm−1 related to the stretching of triple bond in C≡N
for the PDA modified with DDQ confirmed the effective
coimmobilization of the mediator into PDA matrix. This
characteristic signal of DDQ is not present in the bare PDA

control (blue line), providing additional evidence of the
successful entrapping of quinones in the PDA matrix.
Photobioelectrocatalysis was further studied by chrono-

amperometry performed at +0.32 V versus Ag|AgCl 3 M NaCl
for all the biohybrid photoanodes prepared (Figure 5A). This
potential was selected based on the cyclic voltammetry results,
which revealed that under this condition a quasi-steady state
current is obtained. Furthermore, for the best comparison of
the current densities obtained, the first two light cycles were
not considered, and only the response at the third illumination
cycle is discussed (obtained after 25 min of polarization at
+0.32 V). This allowed the stabilization of the current response
obtained with all the abiotic controls (Figure 5B) and their
optimal comparison with the biotic systems. The system with
PDA-R showed the highest current response (red line),
reaching 0.44 ± 0.08 μA cm−2 at the third illumination
cycle, for a biophotocurrent of 0.18 ± 0.08 μA cm−2. Only the
system having the modified PDA-HQ-R biohybrid photo-
anodes showed comparable performance (blue line), reaching
0.52 ± 0.02 μA cm−2 at the third illumination cycle, for a
biophotocurrent of 0.17 ± 0.03 μA cm−2. The biophotoanodes
prepared with only R. capsulatus cells on the glassy carbon
electrodes showed a limited biophotocurrent due to the
hindered direct photoinduced electron transfer between
bacteria and the electrode surface (black, 0.03 ± 0.01 μA
cm−2). Entrapping R. capsulatus cells in the PVA matrix
resulted in no photoresponse (orange), confirming the results
previously discussed for the cyclic voltammetry studies.
Various control electrodes were prepared to confirm both
the biotic origin of the photocurrent and the role of the PDA
matrix for photoinduced electron transfer (Figure 5B).
Specifically, utilizing heat-treated bacterial cells in the PDA
matrix, no significant photoresponse was obtained (green
dots), with light/dark currents comparable to a bare glassy
carbon electrode (black dots). The control electrodes prepared
with abiotic PDA (red dots) and PDA-HQ (blue dots)
matrices gave a limited photoresponse, reaching 0.05 ± 0.04,
and 0.08 ± 0.03 μA cm−2, respectively. It is interesting to note
that the abiotic PDA-HQ system gave a slightly higher
photoresponse compared to the abiotic PDA system despite
the latter performing better in the biohybrid system, thus

Figure 5. Amperometric i−t traces at +0.32 V versus Ag|AgCl 3 M NaCl under light/dark conditions for: (A) biohybrid photoanodes (red, PDA-R;
blue, PDA-HQ-R; black, R. capsulatus only; orange, PVA-R); (B) control electrodes (red dots, only PDA; blue dots, only PDA-HQ; black, bare
glassy carbon electrode; green, dead R. capsulatus cells in PDA matrix).
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highlighting the biophotocurrent production in the PDA-R.
Furthermore, when comparing the cyclic voltammetry results
of Figure 3 and the amperometric i−t traces of Figure 5, it
could be noted that PDA-HQ-R gave the highest current
density under illumination in the cyclic voltammetry, while
comparable current densities are obtained for PDA-HQ-R and
PDA-R in the amperometric studies. This result can be
explained considering the higher capacitive contribution to the
current response in the case of the PDA-HQ-R biophotoanode,
as shown by the cyclic voltammetry studies. However, in
amperometric i−t studies, the capacitive component of the
current normally falls to zero in short times (up to a few
seconds depending on the system under investigation), thus
allowing comparison of the current resulting from only faradic
processes in both PDA-HQ-R and PDA-R biophotoanodes.
Finally, it should also be noted that even after the 1 h
amperometric i−t characterization, no HQ could be detected
in the spent electrolyte, as shown in Figure S3, indicating that
the PDA matrix can successfully entrap the HQ and the
evolution of the photoresponse is not due to loss of HQ in
solution.
With the aim to validate the presented approach for redox-

adhesive biohybrid photoelectrodes preparation, we further
investigated its applicability with biocompatible, flexible, and

cost-effective electrodes. Accordingly, the PDA-R biohybrid
matrix was prepared on electrochemically active surfaces based
on nanocarbon composites with natural synthetic biopolymer
matrices. PHAs are intracellular polyesters that are accumu-
lated by a number of microorganisms as energy and carbon
reservoir, and can be produced from agri-food byproducts and
waste sources in a circular biobased economy approach.
Because of their natural origin, they are highly biodegradable in
a wide range of conditions and highly biocompatible. Along
with their environmental friendliness, PHAs are thermoplastic
resins with good mechanical properties, thus being ideal
candidates as structural components for composite 2D or 3D
objects. The use of such biopolymers as binders for electrically
conductive nanostructured carbon materials can lead to unique
benefits in fabricating all-carbon biocompatible electrodes for
bioelectrochemical systems. Only few studies are available on
the use of PHAs as functional and structural materials for
nanocarbon composite bioanodes in bioelectrochemical
systems, showing promising features of these systems for the
development of free-standing biocompatible all-carbon electro-
des.57 The homogeneous, flexible, free-standing film produced
by pouring a solution with a mass loading of 25 mg cm−2 on
paper towel, and following removing the layer of paper,
obtaining the electrode cut into the desired shape is shown in

Figure 6. Top left: Bare PHB-based electrode and PHB-PDA-R biophotoanode. Top right: Amperometric i−t traces +0.32 V versus Ag|AgCl (3 M
NaCl) under light/dark conditions for the biohybrid PHB-PDA-R photoanodes (red continuous lines). Control sterile PHB-PDA (red dashed
line), and bare PHB-based electrodes (black continuous line). Bottom: SEM images of the bare PHB-based electrodes.
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Figure 6 (top, left). Fifty microliters of the solution of PDA-R
was casted on the substrate and let to dry before the
electrochemical polymerization step was performed as
previously discussed. Amperometric i−t traces of the PHB-
PDA-R biophotoanode are reported in Figure 6 (top right, red
continuous line), with a biophotocurrent of 1.3 ± 0.1 μA cm−2.
Control experiments with abiotic PHB-PDA and PHB-based
electrodes only were also performed (red dashed line and black
line, respectively), revealing limited (0.22 ± 0.03 μA cm−2)
and no photoresponse, respectively. The obtained results not
only confirmed the applicability of the developed biohybrid
matrix on different electrode substrates but also allowed a
significant increase in biophotocurrent possibly due to the
porous surface of the PHB-electrodes (Figure 6, bottom) that
results in a higher surface area compared to glassy carbon
electrodes. Interestingly, the PHB-PDA-R electrodes also
showed a remarkably higher background current compared
to the two control electrodes due to the current resulting from
the heterotrophic metabolism of R. capsulatus for malic acid
oxidation that prevails in the absence of illumination. Dark
currents have been previously reported for R. capsulatus
bioelectrodes27,30,58 and represent an important feature of
these biohybrid electrodes enabling current generation in the
absence of light. Additionally, the dark current showed a drift
over time, after the first and second light cycles, toward higher
values. Such drift might be due to an increased wetting of the
PDA-R matrix deposited on the PHB-based electrode. It
should be noted that the PHB-PDA-R system has not been
optimized for maximum bio(photo)electrocatalytic perform-
ance, and future studies should focus on characterizing the
detailed electrode material effects on the PDA-R biohybrid
system. Finally, it should be underlined that the current
densities achieved with the PHB-PDA-R biophotoanode match
the highest current densities reported in literature for purple
bacteria-based photoanodes employing Os-based29 or quinone-
based30 artificial redox polymers while avoiding the time-
consuming and separate synthesis of those polymeric matrices.

■ CONCLUSIONS

A bioinspired redox-adhesive polymeric matrix obtained by
one-pot dopamine polymerization with purple bacterial cells
provided a sustainable and cost-effective approach for the
preparation of biophotoelectrodes. The presented biohybrid
system enhances photocurrent production thanks to the
facilitated photoinduced electron transfer at the biotic/abiotic
interface, without requiring the addition of diffusible redox
mediators in the matrix, thus simplifying the system and
avoiding the risk of mediator release in the environment. This
could be achieved thanks to the redox-active catechol groups in
PDA and the possible accumulation of endogenous quinones
at the biotic/abiotic interface. The biocompatibility of the
presented approach does not require the separate synthesis of a
redox polymeric matrix, a significant advantage over other
polymeric redox-matrices reported in literature for intact-
bacteria redox mediation. This sustainable biophotoanode
paves the way for the future implementation of biohybrid
electrochemical systems for the sun-powered electrosynthesis
of valuable chemicals as well as biosensing and bioremediation
of pollutants in water environments.

■ ASSOCIATED CONTENT

*sı Supporting Information
The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acsami.2c02410.

Control cyclic voltammetries, FT-IR/ATR spectra of
modified PDA, UV−vis spectrum of spent electrolyte for
PDA-HQ-R (PDF)

■ AUTHOR INFORMATION

Corresponding Author
Matteo Grattieri − Dipartimento di Chimica, Universita ̀ degli
Studi di Bari “Aldo Moro”, Bari 70125, Italy; IPCF-CNR
Istituto per i Processi Chimico Fisici, Consiglio Nazionale
delle Ricerche, Bari 70125, Italy; orcid.org/0000-0002-
1795-3655; Email: matteo.grattieri@uniba.it

Authors
Gabriella Buscemi − Dipartimento di Chimica, Universita ̀
degli Studi di Bari “Aldo Moro”, Bari 70125, Italy; IPCF-
CNR Istituto per i Processi Chimico Fisici, Consiglio
Nazionale delle Ricerche, Bari 70125, Italy

Danilo Vona − Dipartimento di Chimica, Universita ̀ degli
Studi di Bari “Aldo Moro”, Bari 70125, Italy

Paolo Stufano − CNR-NANOTEC, Institute of
Nanotechnology, Consiglio Nazionale delle Ricerche, Bari
70125, Italy

Rossella Labarile − Dipartimento di Chimica, Universita ̀ degli
Studi di Bari “Aldo Moro”, Bari 70125, Italy; IPCF-CNR
Istituto per i Processi Chimico Fisici, Consiglio Nazionale
delle Ricerche, Bari 70125, Italy

Pinalysa Cosma − Dipartimento di Chimica, Universita ̀ degli
Studi di Bari “Aldo Moro”, Bari 70125, Italy; IPCF-CNR
Istituto per i Processi Chimico Fisici, Consiglio Nazionale
delle Ricerche, Bari 70125, Italy; orcid.org/0000-0003-
3018-4069

Angela Agostiano − Dipartimento di Chimica, Universita ̀
degli Studi di Bari “Aldo Moro”, Bari 70125, Italy; IPCF-
CNR Istituto per i Processi Chimico Fisici, Consiglio
Nazionale delle Ricerche, Bari 70125, Italy

Massimo Trotta − IPCF-CNR Istituto per i Processi Chimico
Fisici, Consiglio Nazionale delle Ricerche, Bari 70125, Italy;
orcid.org/0000-0002-8220-4597

Gianluca M. Farinola − Dipartimento di Chimica, Universita ̀
degli Studi di Bari “Aldo Moro”, Bari 70125, Italy;
orcid.org/0000-0002-1601-2810

Complete contact information is available at:
https://pubs.acs.org/10.1021/acsami.2c02410

Author Contributions
M.G., G.M.F., M.T., P.C., and A.A. conceived the study and
designed the experimental setup. R.L. and M.G. grew bacterial
cells. G.B. and M.G. performed the electrochemical and
spectroscopic characterization. D.V. performed the fluores-
cence microscopy characterization. P.S. prepared the
polyhydroxylkanoates-based electrodes. The manuscript was
written through contributions of all authors and all authors
have given approval to the final version.

Notes
The authors declare no competing financial interest.

ACS Applied Materials & Interfaces www.acsami.org Research Article

https://doi.org/10.1021/acsami.2c02410
ACS Appl. Mater. Interfaces 2022, 14, 26631−26641

26639

https://pubs.acs.org/doi/10.1021/acsami.2c02410?goto=supporting-info
https://pubs.acs.org/doi/suppl/10.1021/acsami.2c02410/suppl_file/am2c02410_si_001.pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Matteo+Grattieri"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-1795-3655
https://orcid.org/0000-0002-1795-3655
mailto:matteo.grattieri@uniba.it
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Gabriella+Buscemi"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Danilo+Vona"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Paolo+Stufano"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Rossella+Labarile"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Pinalysa+Cosma"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0003-3018-4069
https://orcid.org/0000-0003-3018-4069
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Angela+Agostiano"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Massimo+Trotta"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-8220-4597
https://orcid.org/0000-0002-8220-4597
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Gianluca+M.+Farinola"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-1601-2810
https://orcid.org/0000-0002-1601-2810
https://pubs.acs.org/doi/10.1021/acsami.2c02410?ref=pdf
www.acsami.org?ref=pdf
https://doi.org/10.1021/acsami.2c02410?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


■ ACKNOWLEDGMENTS
M.G. would like to acknowledge the funding from Fondazione
CON IL SUD, Grant “Brains to South 2018”, Project No.
2018-PDR-00914. G.B. would like to thank the European
Union’s Horizon 2020 Research and Innovation Programme
for funding under Grant Agreement No. 800926 (HyPhOE,
Hybrid Electronics Based on Photosynthetic Organisms).

■ REFERENCES
(1) Grattieri, M.; Minteer, S. D. Self-Powered Biosensors. ACS Sens.
2018, 3, 44−53.
(2) Simoska, O.; Gaffney, E. M.; Minteer, S. D.; Franzetti, A.;
Cristiani, P.; Grattieri, M.; Santoro, C. Recent Trends and Advances
in Microbial Electrochemical Sensing Technologies: An Overview.
Curr. Opin. Electrochem. 2021, 30, 100762.
(3) Olias, L. G.; Di Lorenzo, M. Microbial Fuel Cells for In-Field
Water Quality Monitoring. RSC Adv. 2021, 11, 16307−16317.
(4) Gaffney, E. M.; Simoska, O.; Minteer, S. D. The Use of
Electroactive Halophilic Bacteria for Improvements and Advance-
ments in Environmental High Saline Biosensing. Biosensors 2021, 11,
48.
(5) Vasiliadou, I. A.; Berná, A.; Manchon, C.; Melero, J. A.;
Martinez, F.; Esteve-Nuñez, A.; Puyol, D. Biological and Bioelec-
trochemical Systems for Hydrogen Production and Carbon Fixation
Using Purple Phototrophic Bacteria. Frontiers in Energy Research 2018,
6, 107.
(6) Chen, H.; Dong, F.; Minteer, S. D. The Progress and Outlook of
Bioelectrocatalysis for the Production of Chemicals, Fuels and
Materials. Nature Catalysis 2020, 3, 225−244.
(7) Dong, F.; Lee, Y. S.; Gaffney, E. M.; Liou, W.; Minteer, S. D.
Engineering Cyanobacterium with Transmembrane Electron Transfer
Ability for Bioelectrochemical Nitrogen Fixation. ACS Catal. 2021,
11, 13169−13179.
(8) Omidi, M.; Mashkour, M.; Biswas, J. K.; Garlapati, V. K.; Singh,
L.; Rahimnejad, M.; Pant, D., From Electricity to Products: Recent
Updates on Microbial Electrosynthesis (MES). Top. Catal. 2021.
DOI: 10.1007/s11244-021-01503-3
(9) Gai, P.; Yu, W.; Zhao, H.; Qi, R.; Li, F.; Liu, L.; Lv, F.; Wang, S.
Solar-Powered Organic Semiconductor−Bacteria Biohybrids for CO2
Reduction into Acetic Acid. Angew. Chem., Int. Ed. 2020, 59, 7224−
7229.
(10) Chouler, J.; Padgett, G. A.; Cameron, P. J.; Preuss, K.; Titirici,
M.-M.; Ieropoulos, I.; Di Lorenzo, M. Towards Effective Small Scale
Microbial Fuel Cells for Energy Generation from Urine. Electrochim.
Acta 2016, 192, 89−98.
(11) Ieropoulos, I. A.; Stinchcombe, A.; Gajda, I.; Forbes, S.;
Merino-Jimenez, I.; Pasternak, G.; Sanchez-Herranz, D.; Greenman, J.
Pee Power Urinal − Microbial Fuel Cell Technology Field Trials in
the Context of Sanitation. Environ. Sci.: Water Res. Technol. 2016, 2,
336−343.
(12) Caizán-Juanarena, L.; Borsje, C.; Sleutels, T.; Yntema, D.;
Santoro, C.; Ieropoulos, I.; Soavi, F.; ter Heijne, A. Combination of
Bioelectrochemical Systems and Electrochemical Capacitors: Princi-
ples, Analysis and Opportunities. Biotechnology advances 2020, 39,
107456.
(13) Kornienko, N.; Zhang, J. Z.; Sakimoto, K. K.; Yang, P.; Reisner,
E. Interfacing Nature’s Catalytic Machinery with Synthetic Materials
for Semi-Artificial Photosynthesis. Nat. Nanotechnol. 2018, 13, 890−
899.
(14) Pankratov, D.; Pankratova, G.; Dyachkova, T. P.; Falkman, P.;
Åkerlund, H.-E.; Toscano, M. D.; Chi, Q.; Gorton, L. Supercapacitive
Biosolar Cell Driven by Direct Electron Transfer between Photo-
synthetic Membranes and CNT Networks with Enhanced Perform-
ance. ACS Energy Lett. 2017, 2, 2635−2639.
(15) Saar, K. L.; Bombelli, P.; Lea-Smith, D. J.; Call, T.; Aro, E.-M.;
Müller, T.; Howe, C. J.; Knowles, T. P. J. Enhancing Power Density of
Biophotovoltaics by Decoupling Storage and Power Delivery. Nat.
Energy 2018, 3, 75−81.

(16) Zhu, H.; Meng, H.; Zhang, W.; Gao, H.; Zhou, J.; Zhang, Y.; Li,
Y. Development of a Longevous Two-Species Biophotovoltaics with
Constrained Electron Flow. Nat. Commun. 2019, 10, 4282.
(17) Fang, X.; Kalathil, S.; Reisner, E. Semi-Biological Approaches to
Solar-to-Chemical Conversion. Chem. Soc. Rev. 2020, 49, 4926−4952.
(18) Allen, J. P.; Feher, G.; Yeates, T. O.; Komiya, H.; Rees, D. C.
Structure of the Reaction Center from Rhodobacter sphaeroides R-26:
Protein-Cofactor (Quinones and Fe2+) Interactions. Proc. Natl. Acad.
Sci. U.S.A. 1988, 85, 8487−8491.
(19) Yeates, T. O.; Komiya, H.; Chirino, A.; Rees, D. C.; Allen, J. P.;
Feher, G. Structure of the Reaction Center from Rhodobacter
sphaeroides R-26 and 2.4.1: Protein-Cofactor (Bacteriochlorophyll,
Bacteriopheophytin, and Carotenoid) Interactions. Proc. Natl. Acad.
Sci. U.S.A. 1988, 85, 7993−7997.
(20) Li, S.; Sakuntala, M.; Song, Y. E.; Heo, J.-o.; Kim, M.; Lee, S. Y.;
Kim, M.-S.; Oh, Y.-K.; Kim, J. R. Photoautotrophic Hydrogen
Production of Rhodobacter sphaeroides in a Microbial Electrosynthesis
Cell. Bioresour. Technol. 2021, 320, 124333.
(21) Grattieri, M.; Labarile, R.; Buscemi, G.; Trotta, M. The
Periodic Table of Photosynthetic Purple Non-Sulfur Bacteria: Intact
Cell-Metal Ions Interactions. Photochem. Photobiol. Sci. 2022, 21,
101−111.
(22) Madigan, M.; Jung, D.; Resnick, S. Growth of the Purple
Bacterium Rhodobacter capsulatus on the Aromatic Compound
Hippurate. Arch. Microbiol. 2001, 175, 462−465.
(23) Grattieri, M. Purple Bacteria Photo-Bioelectrochemistry:
Enthralling Challenges and Opportunities. Photochem. Photobiol. Sci.
2020, 19, 424−435.
(24) Grattieri, M.; Rhodes, Z.; Hickey, D. P.; Beaver, K.; Minteer, S.
D. Understanding Biophotocurrent Generation in Photosynthetic
Purple Bacteria. ACS Catal. 2019, 9, 867−873.
(25) Guzman, M. S.; Rengasamy, K.; Binkley, M. M.; Jones, C.;
Ranaivoarisoa, T. O.; Singh, R.; Fike, D. A.; Meacham, J. M.; Bose, A.
Phototrophic Extracellular Electron Uptake is Linked to Carbon
Dioxide Fixation in the Bacterium Rhodopseudomonas palustris. Nat.
Commun. 2019, 10, 1355.
(26) Grattieri, M.; Beaver, K.; Gaffney, E. M.; Dong, F.; Minteer, S.
D. Advancing the Fundamental Understanding and Practical
Applications of Photo-Bioelectrocatalysis. Chem. Commun. 2020, 56,
8553−8568.
(27) Hasan, K.; Patil, S. A.; Gorecki, K.; Leech, D.; Hagerhall, C.;
Gorton, L. Electrochemical Communication Between Heterotrophi-
cally Grown Rhodobacter capsulatus with Electrodes Mediated by an
Osmium Redox Polymer. Bioelectrochemistry 2013, 93, 30−6.
(28) Hasan, K.; Bekir Yildiz, H.; Sperling, E.; O'Conghaile, P.;
Packer, M. A.; Leech, D.; Hagerhall, C.; Gorton, L. Photo-
Electrochemical Communication between Cyanobacteria (Leptolyng-
bia sp.) and Osmium Redox Polymer Modified Electrodes. Phys.
Chem. Chem. Phys. 2014, 16, 24676−80.
(29) Hasan, K.; Reddy, K. V. R.; Eßmann, V.; Górecki, K.;
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