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ABSTRACT: We present the change of light absorption of cyanobacteria in response to externally applied electrical polarization.
Specifically, we studied the relation between electrical polarization and changes in light absorbance for a biophotoelectrode assembly
comprising boron-doped diamond as semiconducting electrode and live Limnospira indicaPCC 8005 trichomes embedded in either
polysaccharide (agar) or conductive conjugated polymer (PEDOT−PSS) matrices. Our study involves the monitoring of
cyanobacterial absorbance and the measurement of photocurrents at varying wavelengths of illumination for switched electric fields,
i.e., using the bioelectrode either as an anode or as cathode. We observed changes in the absorbance characteristics, indicating a
direct causal relationship between electrical polarization and absorbing properties of L. indica. Our finding opens up a potential
avenue for optimization of the performance of biophotovoltaic devices through controlled polarization. Furthermore, our results
provide fundamental insights into the wavelength-dependent behavior of a bio photovoltaic system using live cyanobacteria.

■ INTRODUCTION
The use of living organisms for conversion of solar energy to
value-added products through the process of photosynthesis is
an exciting field of research that has regained interest
recently.1,2 Photosynthetic organisms, particularly algae and
cyanobacteria, can be deployed on various scales to generate
electricity,3 produce biofuels,4 synthesize valuable com-
pounds,5 or drive other electrochemical reactions, including
those for biosensing,6 depending on the specific biological
components and electrode materials used. Since biophotoelec-
trochemical cells (BPECs) utilize the natural process of
photosynthesis and maintain their performance as long as a
stable provision of photonic energy of adequate wavelength
and necessary nutrients is guaranteed, they are considered for
integration into regenerative life support systems (closed-loop
systems), such as those used in space exploration or other
harsh environments like deserts.7,8 BPECs and larger
bioreactors in space can generate electricity while recycle
carbon dioxide, generate oxygen and biomass to be utilized

either as supplementary food,9 biofertilizer10 or as construction
material (in the form of biopolymers), and a range of biofuels
and chemical products in the context of in situ resource
utilization,11 contributing to durable self-sustaining environ-
ments for space travel and colonization.7,12

BPECs can make use of intact microorganisms or photo-
synthetic components extracted from them.13 Either way, the
current density output of such BPECs is typically in the low
mA/cm2 range.14 In particular, devices containing intact cells
produce low to very low current outputs up to 1 mA/cm2.14 A
100 μA/cm2 current density is considered to be indicative for
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an enhanced biophotoelectricity generation.15 Since there is a
physical barrier that constrains, or impedes the charge
transport between the photosynthetic component and the
typically inorganic current collector, the use of certain
chemicals as redox mediators is widely practiced.16 Never-
theless, BPECs are seen mainly as instruments for sustainable
energy generation in niche applications rather than that for
high-power electricity generation. Using living cells can thereby
be beneficial in terms of their ability to overcome and adapt to
changing environmental conditions, providing functionality for
extended periods of time.17 Additionally, different micro-
organisms have unique metabolic pathways and capabilities,
allowing in principal for the production of a wide range of
valuable products depending on the chosen microorganism.18

Other important features of living photosynthetic micro-
organisms are that they can generate current under light and
dark conditions via photosynthetic and respiratory systems,
respectively,19 while they do not require the time and effort-
consuming procedures of photosynthetic component extrac-
tion and purification.
Cyanobacteria, being prokaryotes, are the most preferable

microorganisms used in this field because of their metabolic
and physiological simplicity compared to eukaryotes, e.g.,
algae. One of the promising candidates for designing BPECs
for space applications is Limnospira indica PCC 8005 (formerly
known as Arthrospira sp. PCC 800520) which has previously
demonstrated reliability under harsh space conditions.21

Examples of utilizing both freely floating cells22 and those
deposited through gravity-induced deposition,23 as well as
immobilized cells24 in BPECs, can be found in the literature.
However, encapsulating cells in an immobilizing matrix
attached to the current collector material can have several
advantages. Such a biofilm-like architecture can protect cells
from environmental stress25 and help avoid certain scalability
issues and limitations in precision electrode engineering. Good
connectivity between cells embedded in the matrix and
immobilized on top of the current collector allows for faster
electron transfer.26 Such compact and dense quasi-biofilm
architecture of the cells increases the number of cells that are
in close contact with the current-collecting material, resulting
in higher photocurrent as compared to cyanobacterial
suspensions. The 3D-bioprinting presents a promising
technique to cultivate immobilized cyanobacteria and micro-
algae.27 Due to their high water content and ability to facilitate
exchange of gas, nutrient, and charge mediator, hydrogels are a
suitable material for immobilizing cyanobacteria.28 An algal-
alginate biofilm within a biophotovoltaics (BPV) device
demonstrated a maximum power density output (obtained
by multiplying current density to corresponding potential) of
0.289 mW/m2, which is 18% higher compared to the
conventional suspension culture BPV.29 The BPV performance
is based on phenomena of extracellular electron transport
(EET), a biological process in which microorganisms, such as
bacteria, transfer electrons from the cell interior to external
electron acceptors, typically located outside the cell. Given that
cyanobacteria predominantly depend on photosynthesis for
their primary energy source, the extent of EET in these
photosynthetic organisms is generally limited when compared
to other bacterial species. Various strategies can be employed
to enhance electron transport between cyanobacteria and the
current collector.30 These strategies include using shuttling
molecules31 or a conductive polymer matrix to establish
mechanical contact between redox-active outer-membrane

proteins (e.g., c-type cytochromes) and the electrode materi-
al.32

Besides the photosynthetic components (biological cells)
and the supporting matrix, another crucial component in a
BPEC is the current-collecting material. Current collectors
must meet several criteria, most important the good charge
transfer across the bioelectronic interface,2 but also bio-
compatibility, suitability for cell adhesion, and also, afford-
ability. Many carbon allotropes are considered ideal candidates
for this purpose, including diamond and diamond like carbon.
Among them, boron-doped diamond (BDD) has garnered
significant interest. Boron doping substantially enhances the
electronic conductivity of diamond, making BDD electrodes
effective current collectors. BDD benefits from a large band
gap (5.47 eV), which is known for its wide electrochemical
potential window of 3−3.5 V33 and does not release any toxic
substances that could affect the biological components.34 In
addition, its electrochemical properties are tunable by the
boron concentration in the diamond lattice, presence of sp2
carbon, and surface termination,35 low background current,
and significant chemical inertness.36

The production of photocurrent in a BPEC depends on the
applied potential bias. Optimizing the applied potential can
significantly improve the performance of the BPEC. For
photoelectrodes where photosystem I (multisubunit enzyme
that uses light energy to catalyze the transfer of electrons
across the thylakoid membrane where light-dependent
reactions occur) is utilized, potentials lower than the open-
circuit potential (OCP) lead to an increase in cathodic
photocurrent. At the potential ranging from approximately
+200 to +400 mV vs OCP, the photocurrent was close to zero,
while at higher potential, anodic photocurrent was measured.37

Thylakoid-based devices demonstrated anodic photocurrents
at positive polarization, reaching saturation at +0.5 V vs Ag/
AgCl.38

Apart from electric role in electron extraction, polarization
may influence cell behavior and, consequently, photosynthesis.
Drastic changes like the reversal of an electric field could
impact the properties of cell membranes,39 including the
electrochemical gradients across thylakoid membranes40 within
cyanobacterial cells, or potentially disrupt the structure and
function of the photosynthetic machinery within these cells.41

Unfortunately, this aspect has not been systematically studied
so far and remains poorly documented in the literature.
Enhanced release of nicotinamide adenine dinucleotide
phosphate (NADPH), which is a reducing agent for
biosynthetic reactions and protector against toxic reactive
oxygen species (ROS), has been observed in cyanobacteria and
microalgae when living cells were associated with the anode of
a BPEC and an electrical bias potential was applied.42 It was
demonstrated that electric pulse fields can generate membrane
potential, leading to change in activation energy of reactions in
the photosystem resulting in delayed fluorescence and
fluorescence yield decrease.43 Furthermore, changes in
electrical potential may influence gene expression, although
short-term changes in electrical potential do not appear to
affect microorganisms.44 External electrical polarization can
also impact the oxidation state of cytochrome c, an essential
molecule of the electron transport chain.45

The technological focus of bioelectrochemistry research
directed toward the design of BPECs is to achieve a maximum
conversion efficiency and to obtain the highest current outputs
possible by optimizing the EET. However, it is essential to
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recognize that pursuing the highest efficiency may not
necessarily be the best choice for long-term autonomous
operation since, as outlined above, electric fields may affect
metabolic or enzymatic processes that are vital for cyanobac-
teria.
Unlike inanimate photoelectrochemical systems, those based

on living organisms involve a multitude of chemical reactions
and metabolites that take place within the cells. While
biophotoelectrochemistry is a well-developed field of science,
with comprehensive research on the photosynthesis process
and its application in electricity and fuels production, there are
still numerous factors that are difficult to control in
experiments or even to observe separated simultaneously.
Another factor limiting photosynthetic efficiency is the

saturation of the photosynthetic apparatus, often due to the
reduction of electron carriers like plastoquinone. Conse-
quently, polarization by external bias, leading to oxidation or
reduction processes, can influence the overall photosynthetic
efficiency. Furthermore, a reduction in electron-transfer
intermediates may result in the additional generation of
harmful ROS.46

In this study, we investigated the effect of electrochemical
polarization on a biophotoelectrode containing intact, living
cyanobacterial cells on their light absorption capability and
photocurrent production. Our focus was to understand how
this electrochemical modulation influenced the light absorp-
tion capabilities of the studied cyanobacterium L. indica and
subsequently affected the production of photocurrent when
exposed to monochromatic light.

■ MATERIALS AND METHODS
Diamond Electrode Preparation. BDD thin films were

coated on 40 mm × 10 mm fused silica substrates. Prior to the
thin-film deposition, the substrates were cleaned using an O2
gas discharge plasma following the method outlined in a ref 47.
Substrates were then seeded by drop-casting with a water-
based colloidal suspension of ultradispersed detonation
nanodiamond of size 7 nm followed by deionized water
rinsing and spin-coater drying.
Diamond growth was carried out in an ASTeX 6500 series

microwave plasma-enhanced chemical vapor deposition
reactor. The BDD film growth process was performed in a
CH4/H2/trimethylboron (TMB) plasma, with corresponding
gas flows of 5/395/100 standard cubic centimeters per minute
(sccm) that result in methane concentrations of 1% and a B/C
ratio of 20,000 ppm (TMB gas is diluted to 1000 ppm in H2).
The microwave power and pressure were set to 4000 W and 40
Torr, respectively. The substrate temperature, monitored using
a portable pyrometer, was maintained at 730 °C. The resulting
thickness of the film was 180 nm.
Cyanobacteria Cultivation. Axenic cultures of L. indica

PCC 8005 of helical trichome morphotype (P6)48 obtained
from SCK CEN (Mol, Belgium) were grown in 200 mL of
Zarrouk’s medium49 of optimized composition50 in 550 mL
cell culture flasks (CELLSTAR, Greiner Bio One, Austria) at a
constant temperature of 30 °C in an orbital shaker-incubator
ES20/60 (Biosan, Riga, Latvia) at 100 rpm and 0.5 mW/cm2

white light illumination produced by a light-emitting diode
(LED) strip. An aliquot of approximately 24 mL was taken and
distributed in small 2 mL centrifuge tubes. Cyanobacteria were
harvested by 1 min of centrifugation at 9000 rpm (5430g)
using IKA G-L centrifuge.

Biophotoelectrode Assembly. Harvested L. indica PCC
8005, helical P6 morphotype, were resuspended at 1:1 v/v in
0.75% agar (05040, Millipore, melted, 50 °C) or 0.5−1%
PEDOT/PSS in water (Sigma-Aldrich). The agar used in this
study contained, where noted, also 100 mM [Fe(CN)6]3+ as a
redox mediator. Thus, obtained BDD electrochemically tested
sample surfaces were limited to approximately 1 cm2 by
blanking off the rest of the specimen area using Lacomit
varnish (Agar Scientific, Stansted, UK). Bacterial cell
suspensions were drop-cast on the surface of BDD electrodes.
The obtained biophotoelectrodes are denoted as BDD/agar +
P6 and BDD/PEDOT−PSS + P6 further in the text. In current
density calculations, the exposed area of 1 cm2 were used even
though real surface area can be different due to different
polymer-embedded cyanobacteria layer micromorphology.
Cyanobacteria Viability Test. Embedding in a polymeric

matrix may be a stress factor to cyanobacteria, particularly
when using hot agar. Hence, we studied their viability (i.e., L.
indica PCC 8005, helical trichome morphotype, and substrain
P6) after contact with polymer by transferring 200 μL of cell
suspension in agar or PEDOT/PSS (1:1 v/v) into 20 mL of
Zarrouk’s medium for renewed cultivation under the same
conditions as described above. Cell growth was monitored
daily by measuring absorption of cyanobacteria suspension at
440, 555, 635, and 687 nm corresponding to chlorophyll b
(Chl b), phycoerythrocyanin (PEC), phycocyanin (PC), and
chlorophyll a (Chl a), respectively, using a SEC2000 UV−vis
spectrometer (ALS Electrochemistry & Spectroelectrochemis-
try, ALS Co., Ltd., Tokyo, Japan). Optical microscopy images
were recorded using a Motic AE2000 microscope (Motic
Europe, Barcelona, Spain) with 20× objective.
Light Absorbance vs Polarization Measurements. The

light harvesting ability of cyanobacteria under electric polar-
ization was measured in situ using a spectroelectrochemical cell
SEC-C (ALS Electrochemistry & Spectroelectrochemistry,
ALS Co., Ltd., Tokyo, Japan) with a SEC 2000 spectrometer
system of the same manufacturer utilizing a deuterium and
tungsten halogen lamp. Cyanobacteria embedded in agar or in
the PEDOT/PSS matrix were deposited on a gold gauze
electrode used as the working electrode in a three-electrode
electrochemical setup, together with a Pt-counter electrode
and an Ag/AgCl reference electrode in PBS solution (0.01 M
phosphate buffer, 0.0027 M potassium chloride, and 0.137 M
sodium chloride, Sigma-Aldrich). The transients of absorption
at +0.6 and −0.6 V applied DC bias were monitored.
Photocurrent Measurements. Photocurrents produced

by BDD/agar + P6, BDD/PEDOT/PSS + P6, and blank
photoelectrodes of the same composition but with no
cyanobacteria under illumination were measured by a Gamry
Interface 1010E potentiostat (Warminster, USA) in a three-
electrode setup with a Pt counter electrode and an Ag/AgCl
reference electrode. Measurements were performed in a single
custom-made single compartment electrochemical cell with an
optically transparent quartz window allowing the exposure of
the working biophotoelectrode. During chronoamperometry
measurements, the biophotoelectrode was periodically exposed
to monochromatic light from mounted LEDs (Thorlabs,
Newton, USA; specification see below). Approximately 1
min of illumination was followed by 1 min in darkness. Steady-
state dark current values were extrapolated for the entire time
of the chronoamperometric measurement. This extrapolated
dark current curve was used as a baseline and subtracted from
the measured curve to obtain the photocurrent curve.
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Illumination was provided by the LEDs with wavelengths 375
nm (M375L4, full width at half maximum, fwhm 9 nm), 420
nm (M420L4, fwhm 14 nm), 470 nm (M470L4, fwhm 28
nm), 505 nm (M505L4, fwhm 37 nm), 530 nm (M530L4,
fwhm 35 nm), 590 nm (M590L4, fwhm 15 nm), 625 nm
(M625L4, fwhm 17 nm) (Thorlabs, Newton, USA). Depend-
ing on the wavelength of the LED, their intensity, respectively,
the power density varied from 8 to 35 mW/cm2. During the
measurements, the current passing through the LED was
controlled. The light intensity was measured using a S120VC
Si photodiode detector and a PM100USB power and energy
meter (both from Thorlabs). Photocurrent values were
normalized to light intensity or photon flux and, when
mentioned, to the amount of photons calculated as emitted
light power divided by the energy per photon (Planck’s
constant times the frequency).

■ RESULTS AND DISCUSSION
Biophotoelectrodes. BPECs were constructed with a

bioanode, a platinum counter electrode, and an Ag/AgCl

reference electrode. The light-sensitive component of the
anode consisted of intact live L. indica PCC 8005 cells. The
anode current collector material consisted of BDD deposited
on a fused-silica substrate. BDD served as a solid substrate for
microbial attachment and as an electrical conductor for charge
transfer (Figure 1A,B).
Ideally, immobilization should preserve cell viability and

metabolic activity (sustained via photosynthesis when using
phototrophs) at high cell densities while minimizing the loss of
cells by detachment from the matrix. To achieve this, the
immobilizing matrix should meet several criteria: it should be
nontoxic, appropriately transparent, chemically stable when
exposed to growth media, and mechanically robust.
Despite the potential unfavorable effects of immobilization

procedures on light transfer,51 our focus here is on
immobilized cyanobacteria. This focus is driven by the
importance of electrochemically connecting bacteria to the
electrode for efficient charge transfer. Additionally, many
cyanobacteria including L. indica are robust organisms often
able to adjust their cellular machineries to stressful conditions.

Figure 1. (A) Experimental setup of our three-electrode electrochemical cell: a working biophotoelectrode made of BDD substrate onto which
cyanobacteria were immobilized, an Ag/AgCl reference electrode, and a Pt counter electrode; the biophotoelectrode is exposed to light through a
quartz window; (B) photograph of the electrochemical cell illuminated by red light at 625 nm; and (C) scheme of electron flow in our experimental
BPEC when the biophotoelectrode is used as a biophotocathode (on the left) or as a biophotoanode (on the right).

Figure 2. (A) UV−vis light absorption spectra of liquid cyanobacteria suspension and cyanobacteria suspended in agar hydrogel and PEDOT/PSS,
Scyt�Scytonemin, Chl a�chlorophyll a, Chl b�chlorophyll b, Car�carotenoids, PEC�phycoerythrocyanin, and PC�phycocyanin, spectra are
normalized with respect to their maximum absorbance within wavelength range presented. (B) Evolution of the light absorption ability of L. indica
cells inoculated from matrix-free control culture, a mixture of L. indica cells with hot agar (we recall, above its melting point, around 50 °C) and a
mixture of L. indica cells with PEDOT/PSS. This graph shows the time evolution of absorbance for the main absorption bands at 440 nm (Chl b),
555 nm (PEC), 635 nm (PC), and 687 nm (Chl a). (C) L. indica matrix-free control culture. (D) Cyanobacteria in agar hydrogel on top of the
BDD electrode. (E) Cyanobacteria in PEDOT/PSS on top of the BDD electrode. (F−H) Optical microscopy images of cyanobacteria after 10 days
of cultivation in Zarrouk medium. (F) Free floating cyanobacteria in matrix-free Zarrouk medium. (G) Cyanobacteria-hot agar suspension. (H)
Cyanobacteria-PEDOT/PSS suspension.
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Hence, we considered the direct impact of immobilization on
the photosynthetic apparatus itself, i.e., inside healthy
cyanobacteria, as negligible.
Cyanobacteria were deposited on the BDD electrode

surface. We used two alternatives for immobilization: (i) an
agar hydrogel and (ii) a PEDOT/PSS layer. The choice of agar
is based on its ability to form stiff hydrogels that strongly
adhere to the surface, whereas PEDOT/PSS is chosen for its
properties as a translucent conductive polymer.52,53

The procedure for cyanobacterial immobilization involves
adding a concentrated cell suspension to hot agar (above its
melting point, around 50 °C). Although high temperatures are
typically considered a stress factor for bacteria, the limited
exposure time during which the agar cools down and gelates
and the intrinsic resistance of L. indica PCC 8005 to adverse
environmental conditions suggest that cell viability on the
whole would not be affected. In addition, PEDOT/PSS has
previously been reported to be fully biocompatible.54

Light absorption spectra of cyanobacteria in a liquid
suspension and cyanobacteria immobilized in both agar and
PEDOT/PSS were determined (Figure 2A). While the
baseline of the spectrum for the liquid suspension differs,
and the intensity of absorption bands varies significantly, all
spectra exhibit the same absorption features at the same
wavelengths: 364 nm (scytonemin), 430−440 nm (Chl b), 525
nm (carotenoids), 555−560 and 580 nm (PEC), 635 nm
(PC), and 660 and 687 nm (Chl a). These absorption bands
have been identified based on literature data.55,56 It is worth
noting that pigments absorbing in the blue-green part (400−
525 nm) of the spectrum may not always appear as separate
peaks.56

To evaluate whether immobilization procedures have a
negative effect on the normal growth and function of L. indica,
we recultured cell suspensions in hot agar and PEDOT/PSS in
fresh Zarrouk medium. The initial cell concentrations across
these cultures were approximately equal. 24 h after inoculating
fresh Zarrouk’s medium with cyanobacteria suspension, agar,
or PEDOT/PSS-embedded cyanobacteria, various absorption
bands were discernible at the wavelengths mentioned above
(Figure 2B). Additionally, we observed that the absorbance for
cultures inoculated from cyanobacteria exposed to hot agar and
PEDOT/PSS was higher compared to the control culture
inoculated with cyanobacteria suspension in water. In the
subsequent days, absorbance levels varied, with the control
culture or cultures inoculated from agar or PEDOT/PSS-
exposed cyanobacteria sometimes having higher absorbance
values (Figure S1A−C). Nevertheless, the general trend of
absorbance increase was consistent among all cultures,
indicating that the interaction with hot agar or the conductive
polymer had little or no influence on the reproductive ability
and viability of the cyanobacterial cells. Since chlorophyll, PC,
and PEC are a good proxy for cyanobacterial biomass,57

changes in absorbance over time at 440 and 687 corresponding
to chlorophylls and 555 and 635 corresponding to,
respectively, PEC and PC were monitored for L. indica PCC
8005 recultured from cells immobilized in agar, PEDOT/PSS,
and a control culture (Figure 2B)�a detailed resolution of the
spectral features can be found in the Supporting Information
file (Figure S1D−F). Some shifts in peak positions were
observed on the eighth day. For example, the absorption band
at 660 nm shifted to lower wavelengths, and in general,
absorption bands in the green-red part of the spectrum became
more complex to distinguish. However, these shifts were

consistently observed across all cultures studied in this
experiment.
L. indica trichomes in the matrix-free control culture or in

the immobilized form displayed a healthy green color (Figure
2C−E). Also, optical micrographs of different representative
samples demonstrated that the immobilization procedures we
deployed did not negatively affect the filamentous structure
and physical integrity of the studied L. indica cells (Figure 2F−
H).
Based on these results, we concluded that L. indica cells

embedded in agar or PEDOT/PSS matrices were unaffected in
growth.
Biophoto-Electrode Light Absorption Dependence

on Potential Bias. Oxygenic photosynthesis is a vital process
that sustains life on Earth by generating oxygen (i.e., using
water as electron donor) and producing energy-rich molecules
crucial for the growth and metabolism of cyanobacteria, algae,
and plants. Our interest here is primarily on the light-
dependent processes that occur in the thylakoid membranes of
the cyanobacterium L. indica. These processes involve multiple
steps, including the absorption of light energy by chlorophyll
and other pigments, liberation of protons (H+) and electrons
(e−) from water while evolving oxygen (the “splitting” of water
molecules), the transfer of electrons through a series of protein
complexes, and the formation of the energy storage molecule
adenosine triphosphate (ATP) and the reduced electron
carrier NADPH.58

In essence, the photosynthesis process involves a sequence
of oxidation and reduction reactions that facilitate the transfer
of electrons from oxidized water molecules to ATP and
NADPH. As previously demonstrated, maximum photocurrent
values were achieved at positive potential bias (e.g., +0.6 V).
However, electric polarization can influence the electron
transport chain, a crucial component of the photosynthetic
process.59 Our experimental setup consisted of a BPEC
composed of a working biophotoelectrode of immobilized L.
indica on BDD (connected as a cathode or an anode) and a Pt
counter electrode, with electrochemical measurements at
different external potential biases (Figure 1C). While this
scheme does not take into account complex processes within
photosynthetic cells, it clearly demonstrates how photo-
synthetic activity can be utilized for the production of electric
current and valuable biochemicals (Figure 1C demonstrates
hydrogen production but depending on system materials and
-setup, as well as choice of organism, substrate, and mediator,
BPECs are applicable in a wide range of solar-to-chemical
productions).
When comparing the absorption of cyanobacteria embedded

in agar and PEDOT/PSS (Figures 2A and S2A), a shift of Chl
a and Chl b peaks can be noted (Figure S2B) with short
wavelength peak (Chl b) shifts from 426 to 437 nm and long
wavelength peak (Chl a) shifts from 670 to 680 nm. The PEC
peak is much better pronounced for cyanobacterial cells
embedded in conductive PEDOT/PSS as compared to PEC
profiles for cells in agar; however, the position of the PEC peak
remains unchanged. In fact, the PC peak was clearly discernible
as a shoulder to the PEC peak in absorbance profiles for L.
indica in the PEDOT/PSS matrix but appears as a separate
peak for agar hydrogel-embedded cyanobacteria (Figure S2A).
Also, a shift of the carotenoid absorption band position can be
seen from the second derivative of the absorption spectra
(Figure S2B). Additionally, a small peak in the infrared part of
the spectrum, which may correspond to phytochrome A, is
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present in the spectrum obtained for PEDOT/PSS-embedded
cells and liquid suspension (Figure 2A) but not for agar-
embedded cells. A possible explanation is that phytochromes
are known to be thermosensitive,60 and the procedure of
embedding cyanobacteria into an agar gel assembly requires a
melting temperature over 50 °C. An effect of absorbance peak
shifting induced by an external electric field was reported for
extracted chloroplasts and explained by polarization and
changes in the orientation of Chl a and carotenoids.61 Even
though these data were obtained for cyanobacteria embedded
in different polymer matrices but with no external field applied
yet, this absorption shift can be attributed to self-bias emerging
due to the interaction with conductive and electrochromic
polymers. Changes in light absorption spectra over time under
applied electric polarization bias are depicted in Figure 3 for
PEDOT/PSS (A,B) and agar (D,E)-embedded cyanobacteria.
As can be seen from Figure 3, when cyanobacteria are
embedded in a polymer matrix, they exhibit the main
absorption features typical for cyanobacteria as reported
before,62 including chlorophyll absorption bands at 680−690
(Chl a) and 440 nm (Chl b), a wide absorption band
corresponding to β-carotenes and PEC (appearing as a right
shoulder to the Chl b peak), and a PC peak at 625−635 nm.
When comparing the absorption of cyanobacteria embedded in
agar and PEDOT/PSS, it is notable that higher absorption of
yellow light (which can shift the PC peak) is observed in cells
embedded in the conducting polymer. Additionally, a small
peak is seen at wavelengths above 700 nm, which may originate
from phytochrome A.
With respect to the baseline (no electric polarization), we

observed an increase in PEDOT/PSS + P6 layer absorbance
under reductive conditions�(−0.6 V vs Ag/AgCl polar-

ization) (Figure 3A). An abrupt change in absorption
corresponded to the moment when electric polarization was
switched on (Figure 3 panel C, solid lines). However, changes
in absorption in the green and red parts of the visible light
spectrum show some delay compared to the blue, violet, and
far-red regions. After switching off external polarization and
allowing for relaxation under open-circuit conditions, there is a
slight decrease in absorption, but it does not immediately
return to the initial values, indicating a lasting effect of electric
polarization or a delay in response (data were collected up to
200 s after polarization switch-off) (Figure 3C). Furthermore,
no changes in the peak position were observed for spectra of
the polarized biophotoelectrode in comparison to the spectra
for nonpolarized biophotoelectrode (Figure S3).
In contrast, positive polarization did not lead to increase of

absorbance at chosen wavelengths (Figure 3B). Spectroelec-
trochemical measurements of absorbance evolution for
selected wavelengths (absorbance peak positions) do not
indicate any significant response to electric polarization
(Figure 3, panel C, dotted line).
Figure 3D−F demonstrates that similar phenomena are not

observed for agar-embedded cyanobacteria probably due to
low conductivity of agar hydrogel preventing any reduction/
oxidation reaction or electric field influence. Figure S4A
demonstrates charge flow through electrodes made of
cyanobacteria-containing agar or -PEDOT/PSS as well as
pure PEDOT/PSS when polarized. From this, we conclude
that the electric conductivity of PEDOT/PSS-based electrodes
is higher than as compared to agar-based electrodes. There is
as well a significant positive contribution of cyanobacteria in
the conductivity of cyanobacteria-containing polymeric ma-
trices albeit more pronounced when PEDOT/PSS is used.

Figure 3. Differences in L. indica absorption spectra depending on polarization bias under various conditions. In conductive PEDOT/PSS polymer
(A−C) under applied potential bias: (A) −0.6 V vs Ag/AgCl, (B) +0.6 V vs Ag/AgCl, (C) with time-evolved absorbance of PEDOT/PSS-
embedded cyanobacteria at main absorbance bands and the timing of ON/OFF switching of polarization bias; solid line, negative bias; dotted line,
positive bias. In agar hydrogel (D−F) under applied potential bias: (D) −0.6 V vs Ag/AgCl, (E) +0.6 V vs Ag/AgCl, and (F) time-evolved
absorbance of agar hydrogel-embedded cyanobacteria at main absorbance bands with the time of switching on and off of polarization bias.
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Figure 4. (A) Evolution of light absorption bands of PEDOT/PSS under −0.6 V potential bias, (B) comparison of the relative increase of
absorption for PEDOT/PSS only and PEDOT/PSS containing cyanobacteria.

Figure 5. (A) Chronoamperometry curves for BDD/PEDOT/PSS biophotoelectrode with cyanobacteria. Colored bars designate periods of
illumination by UV light (375 nm) and green light (530 nm) at applied potential biases of +0.6 and −0.6 V. (B) Steady-state photocurrents
(extracted from chronoamperometry curves and normalized to photon flux) produced by the BDD/PEDOT/PSS biophotoelectrode with
cyanobacteria under illumination by monochromatic light at applied potential biases of +0.6 and −0.6 V. These photocurrents are normalized to
photon flux and plotted together with the absorption spectrum of BDD/PEDOT/PSS + P6 for reference.
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Another feature that could explain the absorbance increase
at reducing potential is the electrochromic behavior of
PEDOT/PSS, which involves fast, real-time, and efficient
reversible color changes due to redox processes under the
influence of an electric field.63

In general, the pattern of absorbance changes for PEDOT/
PSS and the same polymer with embedded cyanobacteria
(PEDOT−PSS + P6) is similar (Figure 3A,B). Absorbance
increases when polarization is switched on, followed by
stabilization. There is almost no absorbance increase observed
in the UV-A region of the spectrum (350 nm), but there is a
nearly 8% increase for green light (502 nm), approximately 5%
for other regions of the spectrum (red-orange and blue), and
about 5−6% for far-red and blue light. For PEDOT−PSS + P6,
there is an 11−12% increase in absorbance for the green-red
part of the visible light spectrum, a 5−6% increase for far-red
and blue light, and only around 3% for UV (Figure 4B).
As for the possible reasons that change the amplitude of the

absorbance, but without a shift on the wavelength position, we
consider following. Cyanobacteria have pigments embedded in
their thylakoid membranes, which absorb light which provides
the necessary energy for photosynthesis. Electrical polarization
across the membrane can alter the membrane potential,64

which may influence the orientation and spatial arrangement of
proteins.65 Changes in pigment orientation can affect how light
is absorbed, potentially enhancing, or diminishing light
absorption efficiency.66−68 Such reorientation can change the
effective concentration of pigments in specific orientations,
affecting the overall absorbance without shifting the wave-
length.
Electrical polarization is also closely related to the

generation and maintenance of the proton gradient.69 Changes
in the proton gradient can impact the activity of photosystems
and other components of the photosynthetic electron transport
chain, potentially altering the overall efficiency of light
absorption.70

Another noteworthy point is that switching off polarization
for PEDOT−PSS coating does not lead to a further decrease in
absorbance (Figure 4A). Although PEDOT−PSS electro-
chromic behavior is fully reversible, it requires opposite
polarization to reverse its effects.
In contrast, the polarization effect on living cells can be

reversed after polarization is released due to L. indica’s
apparent ability to self-heal and maintain internal integrity.
Therefore, the effect of a BDD/PEDOT/PSS + P6 absorbance
change under electrical polarization cannot be fully attributed
to the electrochromic properties of the polymer matrix.
Photocurrent Measurements. BDD is a wide band gap

p-type semiconductor and is expected to exhibit cathodic
photocurrent when illuminated with photons, respectively,
radiation with wavelengths less than 250 nm corresponding to
its ∼5.5 eV band gap.
When cyanobacteria are exposed to light, their pigments

absorb photons, leading to the release of excited electrons.
These electrons can then be harvested by the electrode surface
to produce electrical energy. Therefore, photoinduced current
generation increases under illumination and decreases in
darkness due to the shutdown of light-driven electron
transport.
BPECs are designed to operate under sunlight, which has a

complex spectrum (between 200 and 2500 nm at sea level,
with a wider spectrum including electromagnetic radiation
below 200 nm�most of this is blocked by the Earth’s

atmosphere�and higher irradiance in space). In this study, the
ability of L. indica to produce photocurrent was tested under
different applied potential biases and illumination with
monochromatic light of various wavelengths. With this
approach, we set out to assess the contribution of different
photosynthetic pigments to photocurrent generation, taking
into account our observation that the absorption characteristics
of L. indica changed with positive versus negative potential bias
(electric polarization), and absorption bands showing different
responses to this polarization, even though they all exhibited
an overall trend of increased absorbance during a negative
potential bias.
In BPEC, water is split by the cyanobacteria using sunlight in

the anodic chamber, and the released electrons are then
captured by the anode (via a diffusible redox mediator or by
microbial surface redox proteins) and transferred to the
cathode to drive the evolution of pure hydrogen.71 Positive
polarization is usually required to facilitate this process.
However, biophotoelectrodes can also be utilized in cathodic
processes.72 Arthrospira (Spirulina platensis) can produce
hydrogen under complete anaerobic and dark conditions.73 In
general, cyanobacteria use nitrogenase and hydrogenases to
generate hydrogen gas.74 In the presence of these catalysts and
under anaerobic conditions, protons are the sole possible
electron acceptors, leading to H2 evolution thus associated
with cathodic current.
We measured the current densities by illuminating the

biophotoelectrode in an electrochemical cell with a platinum
counter electrode but under potential biases of +0.6 and −0.6
V vs an Ag/AgCl reference electrode using monochromatic
light of wavelengths 375 (Figure 5A), 420, 470, 505 nm
(Figure S5), 530 nm (Figure 5A), 590, and 625 nm (Figure
S5). To obtain pure photocurrents (i.e., current occurring
solely due to illumination), the dark currents from positive
polarization were subtracted from the measured traces.
Photocurrent curves obtained for 420, 470, 505, 590, and

625 nm are shown in the Supporting Information (Figure S5).
Here, only data for two wavelengths are presented: 375 nm
(high absorbance by cyanobacteria) and 530 nm (low
absorbance by cyanobacteria). Figure 5A demonstrates photo-
current densities obtained after subtracting the dark current for
375 and 530 nm illumination. Monochromatic light with
wavelength 375 nm produced the maximum photocurrent. For
other wavelengths, there is a decreasing trend with longer
wavelengths, with slightly higher photocurrents for 505 nm and
almost zero photocurrent for 530 nm. This observation aligns
well with the absorption spectra of cyanobacteria in the
PEDOT/PSS matrix (Figure 2A), demonstrating high
absorption for red and blue light and low absorption for
green light.
When the BDD/PEDOT/PSS + P6 biophotoelectrode is

negatively polarized (−0.6 V), it generates a cathodic
photocurrent. In this case, electrons flow in the opposite
direction, moving from the BDD electrode to the cyanobac-
teria embedded in the PEDOT−PSS matrix.
It is worth noting that cathodic photocurrents at negative

polarization were recorded even at illumination wavelengths
where anodic currents were zero during positive polarization,
such as at 530 nm (Figure 4A). This phenomenon may be a
consequence of the increase in absorbance at negative voltage,
as demonstrated in Figure 3. However, even after being
polarized at −0.6 V for an extended period, the absorption of
PEDOT/PSS + P6 in the red-yellow (590 and 625 nm) region
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of the visible light spectrum remains lower compared to the
blue part of the spectrum (420, 470, and 505 nm).
Nevertheless, cathodic photocurrents produced by the
negatively polarized PEDOT/PSS + P6 biophotoelectrode
when illuminated with red light (680 nm) are almost
equivalent to those produced by 360 nm light.
Figure 5B summarizes data on photocurrents generated by

PEDOT−PSS-embedded cyanobacteria under +0.6 and −0.6
V potential bias and monochromatic illumination in the visible
light range. Correspondence between light absorption and
current density generated per photon of incident light can be
observed in general. However, cathodic photocurrent density
measured at negative polarization for red light (625 nm) is
higher than that can be expected from the absorption
spectrum. Also chlorophyll absorption feature at the UV-blue
region (380 nm) does not find reflection in photocurrent
density curve: high light absorption result in low photocurrent
density measured. However, when photocurrents were
measured for a PEDOT−PSS layer only (i.e., without
cyanobacteria), cathodic photocurrent was measured at
negative potential bias for UV (375 nm) and red (625 nm)
illumination only, whereas anodic photocurrent was obtained
for all other wavelengths tested.
At +0.6 V polarization, photocurrents for pure (cell-free)

PEDOT/PSS-coated BDD electrodes were significantly higher
at wavelengths <500 nm comparing to the biophotoelectrode
(Figure S6). Even though PEDOT/PSS is reported not to be
photoactive and does not contribute to photocurrent
generation in biophotoelectrochemical systems,75 it may
influence the semiconductor photopotential and hence affect
produced photocurrents.53 It indeed may be a possible
explanation for the higher anodic photocurrents we measured
for cell-free BDD/PEDOT/PSS but as this is beyond the scope
of the present study, we did not further pursue this. At negative
polarization, cyanobacteria embedded in PEDOT/PSS are
responsible to cathodic photocurrent appearance because pure,
cell-free PEDOT/PSS on top of BDD displayed a photoanodic
response for 400−600 nm range.
As demonstrated here, BDD/PEDOT/PSS + P6 biopho-

toelectrodes can be utilized as photocathodes and photoanodes
in BPV and BPEC cells. Cathodic processes appear to be more
efficient, generating higher photocurrents, and they utilize the
entire visible spectrum to generate photoelectricity. However,
no anodic photocurrent is produced with green illumination,
likely because it is poorly absorbed by photosynthetic pigments
in cyanobacteria.

To exclude the effect of conductive and electrochromic
polymers, we also made biophotoelectrodes with cyanobacteria
embedded in the polysaccharide matrix of agar. Figure S7
demonstrates chronoamperometry curves for agar-embedded
cyanobacteria with photoresponses to monochromatic illumi-
nation designated by colored bars. As can be seen from this
figure, the photoresponse is not very consistent: not every
illumination period corresponds to rise and fall of current
measured, and also some current oscillations are observed
without respect to illumination. Furthermore, if we assume that
current rise is attributed to electricity generated by photo-
synthetic microorganisms, the current is of the same order of
magnitude as the one measured for PEDOT−PSS, even
though at any rate agar is much less conductive in comparison
to PEDOT/PSS (Figure S4A). Also, oscillations in current
were observed for illuminations of BDD/agar + P6 with green
and yellow light (530 and 590 nm) which is not expected
according to the “agar + P6” absorption profile.
Addition of the artificial mediator ferricyanide, [Fe-

(CN)6,]3+, has been reported to significantly enhance the
current.76 [Fe(CN)6]3+ accepts electrons from NADPH at the
external surface of the cells.3 In the case of agar-embedded
cyanobacteria, the addition of [Fe(CN)6]3+ made the system
indeed more conductive (Figure S4A) with values of currents
an order of magnitude higher than values of current in the
absence of [Fe(CN)6]3+. However, oscillations in current
during measurements apparently not related to illumination
were also observed (Figure S8). These “photocurrents” were 1
order of magnitude higher comparing to pure agar, and also
low currents were observed for green and yellow illumination
which could indicate bioderived photocurrent. Such incon-
sistencies in light response hampers further analysis since it
leads to mean square deviation values compared to average
values of photocurrent. Figure 6 demonstrates responses in
current for the BDD/agar + P6 electrode under +0.6 V
potential bias at 375 (A) and 530 (B) nm illumination. Data
normalized to light intensities and number of photons are
presented in Figure 5, panel C.
In heterogeneous systems like BPEC cells, there is indeed a

requirement for a charge carrier at the interface between
cyanobacteria and the current collector. The thickness of the
film or matrix, in which the cyanobacteria are embedded, can
play a significant role in the small current output. When the
film becomes too thick, it can impede the efficient diffusion of
charge carriers or shuttling molecules to the interface, which
can result in decreased photocurrents. Additionally, if the film

Figure 6. Photocurrents generated by the BDD/agar + P6 biophotoelectrode under illumination by (A) UV light (375 nm) and (B) green light
(530 nm) at applied potential biases of +0.6 V, (C) photocurrents produced by the BDD/agar + P6 biophotoelectrode under illumination by
monochromatic light at applied potential biases of +0.6 V normalized to photon flux and plotted together with the agar + P6 absorption spectrum
for reference. Colored bars designate periods of illumination.
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becomes too thick, it may lead to the formation of a
nonconducting layer of cells, further reducing current output.
Therefore, optimizing the film thickness and the overall design
of the BPEC is crucial for achieving higher photocurrents and
overall performance.

■ CONCLUSIONS
We have shown the relationship between electrical polarization
and the photosynthetic activity of cyanobacteria on BDD
substrates. In this, we demonstrated that matrix conductivity
plays a key role not only for charge-transfer efficiency but also
for a better biological absorbance under polarization
conditions. The observed increase in cyanobacterial light
absorbance under negative electrical polarization, along with
cathodic and anodic photocurrent generation depending on
polarization, underscore the importance of investigating the
interplay between electrochemical conditions and molecular
biological processes in the design of energy-generating
technologies that are based on living microorganisms. The
ability of cyanobacteria to harness light energy and enhance
their light absorbance in response to negative electrical
polarizations opens up interesting perspectives for rational
biophotocathode design. This knowledge is crucial for the
optimization of conditions in the development of more
efficient bioelectrochemical systems comprising cyanobacteria
and BDD substrates.
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(20) Nowicka-Krawczyk, P.; Mühlsteinová, R.; Hauer, T. Detailed
characterization of the Arthrospira type species separating commer-
cially grown taxa into the new genus Limnospira (Cyanobacteria). Sci.
Rep. 2019, 9, 694.
(21) Barone, G. D.; Cernava, T.; Ullmann, J.; Liu, J.; Lio, E.;
Germann, A. T.; Nakielski, A.; Russo, D. A.; Chavkin, T.; Knufmann,
K.; et al. Recent developments in the production and utilization of
photosynthetic microorganisms for food applications. Heliyon 2023, 9
(4), No. e14708.
(22) Chin, J. C.; Khor, W. H.; Ng, F. L.; Chong, W. W. F.; Wu, Y.
T.; Kang, H. S. Effects of anode materials in electricity generation of
microalgal-biophotovoltaic system�part II: Free-floating microalgae
in aeration mode. Mater. Today: Proc. 2022, 65, 2992−2999.
(23) Bombelli, P.; Zarrouati, M.; Thorne, R. J.; Schneider, K.;
Rowden, S. J. L.; Ali, A.; Yunus, K.; Cameron, P. J.; Fisher, A. C.;
Wilson, D. I.; et al. Surface morphology and surface energy of anode
materials influence power outputs in a multi-channel mediatorless bio-
photovoltaic (BPV) system. Phys. Chem. Chem. Phys. 2012, 14 (35),
12221−12229.
(24) Bombelli, P.; Savanth, A.; Scarampi, A.; Rowden, S. J. L.;
Green, D. H.; Erbe, A.; Årstol, E.; Jevremovic, I.; Hohmann-Marriott,
M. F.; Trasatti, S. P.; et al. Powering a microprocessor by
photosynthesis. Energy Environ. Sci. 2022, 15 (6), 2529−2536.
(25) Flemming, H. C.; Wingender, J.; Szewzyk, U.; Steinberg, P.;
Rice, S. A.; Kjelleberg, S. Biofilms: an emergent form of bacterial life.
Nat. Rev. Microbiol. 2016, 14 (9), 563−575.
(26) Buesen, D.; Hoefer, T.; Zhang, H.; Plumere, N. A kinetic model
for redox-active film based biophotoelectrodes. Faraday Discuss. 2019,
215 (0), 39−53.
(27) (a) Krujatz, F.; Lode, A.; Brüggemeier, S.; Schütz, K.; Kramer,
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