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ABSTRACT: Photosynthetic microorganisms are promising candi-
dates for sustainable energy production in photobioelectrochemical
systems. However, integrating them with electrodes is challenging due
to the compartmentalized nature of photosynthetic organelles.
Microalgae, in particular, have a more complex cell structure than
cyanobacteria, leading to low electron transfer rates and compromising
electrochemical communication. In this study, we propose a hybrid
biophotoelectrode that integrates intact microalgae cells with a WO3
semiconductor electrode using polydopamine for cell entrapment and
charge transfer enhancement. The biophotoelectrode delivers photo-
currents of up to 24 μA cm−2 under visible light illumination with an
incident light power below 6.0 mW cm−2. The photoelectrode
performance and the origin of electron flow are investigated, confirming a substantial contribution of immobilized microalgae to
the overall photocurrent. We present a proof-of-concept application of the microalgae-based hybrid electrode in combination with a
formate dehydrogenase biocathode for the implementation of a biophotoelectrochemical cell for the conversion of CO2 to formate
assisted by light. The system demonstrates the potential for coupling photosynthetic processes with bioelectrochemical conversion,
achieving efficient and sustainable production of value-added chemicals. These findings advance our understanding of
photosynthetic cell−electrode interactions in hybrid systems, offering insights for developing photobioelectrochemical devices
and innovative conversion strategies for waste products.
KEYWORDS: microalgae, polydopamine, CO2 reduction, hybrid catalysts, biophotoelectrochemical devices

■ INTRODUCTION
The undeniable progress in social and industrial development
has undoubtedly delivered numerous benefits in our rapidly
expanding world. Yet, amidst the improved quality of life
witnessed over centuries, the repercussions of these advance-
ments are becoming more evident. Issues like energy crises and
environmental pollution are visible outcomes of this progress,
and the extensive use of non-renewable energy sources such as
coal, oil and natural gas, which are significant contributors to
environmental pollution and the emission of greenhouse gases,
mainly CO2.

1 The urgency of addressing climate change is
apparent, with atmospheric CO2 levels reaching 426.1 ppm in
June 2024 and projections indicating an expected rise.2,3 To
mitigate these impacts, the scientific community is growing
consensus on the need for efficient strategies to capture, store,
and convert CO2 into valuable products. In this context,
photosynthesis is a vital and intricate natural process adept at
transforming solar energy into chemical energy with
remarkable efficiency. Its successful integration into photobio-
electrochemical (PBE) devices has paved the way for diverse
technological advancements.4 These applications span from

generating bioelectricity, crafting biosensors for water quality
monitoring, and conducting bioelectrosynthesis to produce
valuable compounds.5,6 PBE devices utilize photosynthetic
components like isolated photosystems,7,8 thylakoid mem-
branes,9,10 chloroplasts,11,12 or entire organisms such as
cyanobacteria,13,14 purple bacteria,5 and microalgae,15 inte-
grated with electrodes. The biological components are
abundant and offer safety, affordability, easy recyclability, and
a relatively simple preparation. There is an increased interest in
employing whole organisms, especially microalgae, to assemble
PBE devices. Microalgae, due to their complete photosynthetic
structure, self-repair mechanisms against light-induced damage,
natural pathways to mitigate reactive oxygen species from
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photosynthesis, and capabilities for self-replication, constitute a
compelling choice for PBE approaches.16

Chlorella is a genus of unicellular green microalgae, with
species ranging in size from 3.0 μm to 8.0 μm and with
different morphology. This microorganism is known not only
for its applications in the pharmaceutical and nutraceutical
industries but also for its high photosynthetic capability due to
the abundance of photosynthetic pigments that help in
capturing light, serving in the production of renewable energy
in the fabrication of biophotovoltaic cells or as feedstock for
biofuel cells.17 These microalgae can be considered a potential
photosynthetic entity to be integrated into PBE systems and
are the research target of this work.

It is essential to highlight that one of the significant
difficulties in building a photobiohybrid platform based on
whole organisms, such as microalgae, is to ensure that
immobilization leads to an efficient electron transfer (ET)
between the biological entity and the electrode surface.6 Due
to the complex morphology of these organisms, intricate
systems of external and internal lipid membranes, and
photosynthetic reactions occurring within the chloroplasts,
ET becomes limited after integration with electrodes.5,17

Achieving direct electron transfer (DET) continues to be
challenging for microalgae and most photosynthetic micro-
organisms.18 Therefore, the main focus of the scientific
community has been the search for efficient alternatives to
anchor intact organisms and guarantee a mediated electron
transfer (MET) between the biological component and the
electrode using electronic mediators and electrode surfaces
that potentiate ET. These mediators can be broadly classified
into two categories:19 (i) exogenous diffusible mediators and
(ii) polymeric-based mediators. Exogenous redox mediators
are highly effective in electronic communication, ensuring
electron transfer with complex biological entities even across
cellular membranes.20 However, freely diffusing redox
mediators can compromise the generated photocurrent due
to the poisoning effect of the photosynthetic chain and the
possible occurrence of short-circuiting pathways.21 Moreover,
improper disposal of such compounds could also cause
extensive environmental damage. As a result, this may not be
a viable choice for the long-term operation of PBE devices.
MET that uses polymer matrices has already been reported,
using, for example, redox polymers based on osmium14,15,22,23

or quinone groups24 in combination with photosynthetic
organisms, as they compete with natural electron transporters
in microorganisms for enabling photoinduced electron
extraction. Conductive polymers, such as polydopamine
(PDA), have also been used satisfactorily as electron mediators
for immobilization and electrical wiring of photosynthetic
entities, including chloroplasts11 and intact bacterial cells.25

PDA-based conductive polymers integrate functional groups
(quinones and semiquinones) that contribute to an efficient
ET between the biological material and the electrode. In
addition, PDA offers other favorable attributes such as solid
adhesion to electrode surfaces, low toxicity, photoexcitation by
light absorption in the visible region, and straightforward
synthesis.

Another crucial factor for constructing PBE devices is the
material used as electrode substrate in biohybrid platforms.
Some substrates reported in the literature include transparent
oxide semiconductors, such as fluorine-doped tin oxide
(FTO)26 and glass sheets coated with indium-doped tin
oxide (ITO),27 as well as reduced graphene oxide,28 and gold

electrodes.15 Tungsten trioxide (WO3), an n-type semi-
conductor, has been reported as an alternative material to
improve photoexcitation under visible light.29 In addition to
being widely applied in photocatalytic and photoelectrocata-
lytic processes due to its low band-gap energy (2.5−2.8 eV),
this material has been used in combination with biomolecules
due to its low cost, ease of synthesis, eco-compatibility,
chemical stability, and biocompatibility.30

This study presents the implementation and characterization
of a hybrid biophotoelectrode by integrating Chlorella sp. cells
with a WO3 electrode modified with PDA as a conductive
polymer. The resulting system offers a promising strategy for
developing photohybrid electrodes with enhanced energy
conversion performance. The approach significantly increases
the generation of photocurrents, taking advantage of the
photosynthetic nature of Chlorella cells, the conductivity of
PDA, and the semiconductor nature of WO3. The synergism
between the described components is shown to advance the
efficiency of sustainable solar energy conversion. Furthermore,
as a proof-of-concept application, the microalgae-based
photoanode developed is used in combination with a formate
dehydrogenase biocathode for the assembly of a biophotoelec-
trochemical cell enabling light-assisted CO2 conversion and the
synthesis of formate.

■ MATERIALS AND METHODS
Algae Strain and Culture Conditions. The green

microalga Chlorella minutissima was acquired from the Culture
Collection of Autotrophic Organisms (CCALA), Institute of
Botany, Trěboň, Czech Republic. Cultures were grown in 80
mL of Bold’s basal medium (BBM) in 125 mL corning
polycarbonate Erlenmeyer flasks at (23 ± 2) °C, with orbital
shaking at 160 rpm, and illuminated by a visible LED (Vis-
LED) system, using illumination periods of 12 h light:12 h
dark.

Microalgae-Based Biophotoelectrode Fabrication.
The WO3 electrode was synthesized and modified with a
PDA film as previously described.11 Briefly, 1.0 cm2 tungsten
foils of 0.025 cm thickness (Sigma-Aldrich) were polished with
sandpaper of different grain sizes (400, 800, 1000, and 2000),
followed by cleaning in an ultrasonic bath in acetone, ethanol,
and distilled water for 5 min each. Then, anodization was
performed by applying 40.0 V for 15 min in a 0.7% (w/v)
NH4F solution with 0.1 M Na2SO4. The electrode was calcined
at 450 °C for 2 h. For the deposition of the PDA film, the WO3
substrate was immersed in a solution containing 5.0 mg mL−1

of dopamine in 10.0 mM Tris-HCl pH 8.5 under stirring for 4
h at 4 °C. Afterwards, the electrode was rinsed with distilled
water to remove excess dopamine and PDA that was not
adsorbed on the surface. The electrode was then dried with N2.
For modification with Chlorella cells, when the culture reached
an exponential phase after 72 h of growth, the microalgae cells
were collected by centrifugation at 4000 rpm for 15 min at 4
°C, yielding a final concentration of 3.0×106 cells mL−1. The
cell concentration was determined by the Fuchs-Rosenthal cell
counting method. Then, 25.0 μL of the concentrated
microalgae solution were deposited by drop-casting onto the
PDA-WO3 electrode and allowed to dry at room temperature.
After drying, the microalgae-modified electrode was ready for
measurements.

Photoelectrochemical Setup. All electrochemical meas-
urements were performed in 0.1 M phosphate buffer solution
(PBS) pH 7.0 as electrolyte, using an electrochemical cell with
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two compartments separated by a Nafion membrane (N-115,
0.125 mm thick, Alfa Aesar). On one side, integrating a quartz
window for allowing illumination, the microalgae-based
biophotoelectrode prepared as described above was inserted
and used as the working electrode. An Ag/AgCl/3.0 M KCl
electrode was placed in the same compartment and used as the
reference electrode. A platinum wire (3.5 cm), used as an
auxiliary electrode, was placed in the secondary cell compart-
ment, thus ensuring that any reaction occurring at the counter
electrode does not interfere with the performance of the
biophotoelectrode. Electrochemical measurements were per-
formed using a Biologic potentiostat/galvanostat (SP-200, Bio-
Logic Science Instruments). A homemade low-power Vis-LED
system (power density 5.7 mW cm−2) and an LED revolver
(Instytut Fotonowy) equipped with LEDs of different
wavelengths and different power densities (453 nm, 3.1 mW
cm−2; 525 nm, 1.9 mW cm−2; 590 nm, 1.8 mW cm−2; and 623
nm, 3.7 mW cm−2) were used as light sources for the
photoelectrochemical measurements.

Photoelectrode Characterizations. The biophotoanode
performance was investigated by chronoamperometry under
chopped-light illumination. The photocurrent response gen-
erated by the hybrid photoelectrode was determined by
calculating the difference between current responses at the end
of the illumination period and those recorded under dark,
considering the geometrical electrode area (1.0 cm2). Electro-
chemical impedance spectroscopy (EIS) was recorded using a
5 mV potential amplitude, with measurements in the frequency
range from 1.0×105 Hz to 0.01 Hz, 10 points per decade.
Mott-Schottky analyses were obtained after recording
impedance spectra at different applied potentials (between
-0.6 and 1.0 V). Fluorescence confocal laser scanning
microscopy images were obtained for the electrode after
different fabrication steps to get information about the
microalgae-based biophotoelectrode interface. A fluorescence-
confocal laser scanning microscope (Zeiss LSM 880 with Fast
Airyscan) was used, with a 40× oil immersion objective lens
and a laser line of 561 nm. Characterizations by scanning
electron microscopy (SEM) were done using a Hitachi
Regulus 8220 field-emission scanning electron microscope. In
previous research, comprehensive analyses were conducted to
unveil the morphological and structural intricacies of the
substrate. These investigations employed, X-ray diffraction,
and diffuse reflectance spectroscopy, elucidating the specific
characteristics and distinct properties, as summarized in Ref.11

Photoluminescence spectra were obtained using a Horiba
Jobin Yvon Fluorolog-3 FL3-122 spectrofluorometer. The
measurements were performed at room temperature using a
450 W Xe-lamp; emission spectra were measured at an
excitation wavelength of 315 nm. The incident photon to
current conversion efficiency (IPCE) was calculated at a
wavelength of 453 nm, according to the following equation:

i
k
jjj y

{
zzz= ×j hc e

P
IPCE(%)

/
100nm453 (1)

where j is the photocurrent density (μA cm−2), P is the light
power of the illumination source, λ is the light wavelength (453
nm), h is the Planck constant, c is the speed of light, and e is
the elementary charge.

Biophotoelectrochemical Cell for Light-Assisted CO2
Conversion. FdhAB was purified with an affinity chromatog-
raphy in a Strep-Tactin gravity flow affinity column (IBA
Lifesciences) equilibrated with binding buffer (100 mM Tris,

10 mM NaNO3, 150 mM NaCl and 10% (v/v) glycerol at pH
8.0). The soluble fraction was loaded in the column and
washed five times with binding buffer. The flow-through
fraction was collected. Elution buffer (100 mM Tris, 10 mM
NaNO3, 150 mM NaCl, 10% (v/v) glycerol, 50 μM D-
(+)-biotin, pH 8.0) was then added to the column. The first
two elutions were collected separately from the next six
elutions. After column treatment, the flow-through solution
was concentrated and loaded into the column following the
same protocol. After affinity purification the sample buffer was
exchanged to 20 mM Tris, 10 mM NaNO3, 10% (v/v)
glycerol, pH 7.6 buffer and stored at -80 °C under anaerobic
conditions. The quality of the purification was assessed by
running sodium dodecyl-sulfate polyacrylamide gel electro-
phoresis (SDS-PAGE). An ITO-coated glass slide (100 nm
ITO thickness, 14 − 16 Ω □−1; Ossila) was used as an
electrode for Fdh immobilization. The electrode was first
cleaned in an ultrasonic bath using acetone, ethanol, and water
for 5 min each. Following this, 4.0 μL of a 20 μM Fdh solution
were dropped onto the electrode surface (0.5 cm2) and
allowed to dry. The modified electrodes were characterized by
cyclic voltammetry in a 0.1 M PBS solution, pH 7.0, containing
0.5 mM methyl viologen as soluble redox mediator. Before
measurement, the electrolyte solution was bubbled with argon
for 20 min to remove O2. After the initial characterizations in
the absence of enzyme substrate, 100 mM sodium bicarbonate
was added, and the cell was bubbled with CO2. A double
chamber cell was used for coupling the microalgae-based
biophotoanode and the Fdh-biocathode, using a Nafion
membrane (N-115, 0.125 mm thick, Alfa Aesar) to separate
the two electrode compartments, each of them with 10.0 mL of
electrolyte solution. The polarization curve was obtained by
recording the current flow under illumination and in the
presence of CO2 at different applied cell voltages using a
Biologic potentiostat/galvanostat (SP-200, Bio-Logic Science
Instruments) operated with the EC-Lab software. Formate
quantification was performed using an enzymatic assay with
commercially available formate dehydrogenase from Candida
boidinii (Sigma-Aldrich). The enzyme was added to a 100 μM
NAD+ solution (buffered with 57 mM sodium phosphate, pH
7.0) at a final concentration of 0.02 U mL−1. An aliquot of 50
μL sample was mixed with 150 μL of the Fdh-NAD+ solution
in a 96-well plate and incubated at 37 °C for 180 min.
Absorbance at 340 nm was then measured to detect NADH
produced, using an extinction coefficient (ε340 nm) of 6.22
mM−1 cm−1. Since the reaction has a 1:1 stoichiometry, the
amount of NADH produced is directly related to the formate
concentration in the sample.

■ RESULTS AND DISCUSSION
Performance of Microalgae-Based Hybrid Photo-

anodes. The photocurrent responses associated with the
integration of the different components of the hybrid
biophotoelectrode were first investigated. As illustrated in
Figure 1A, the photocurrent generated by the WO3 substrate
alone (a) had a minor contribution of about 5.0 μA cm−2

under Vis-LED illumination (see Emission spectrum in Figure
S1). When modifying the WO3 substrate with microalgae
(Figure 1A,b), the photocurrent signal did not experience a
significant increase, implying that DET between the microalgae
and the inorganic semiconductor material is rather limited due
to the complex cell membrane structure of the photosynthetic
microorganism. As a strategy to improve ET, the WO3
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electrode was modified with a PDA film for the subsequent
immobilization of microalgae under MET with the electrode
surface. The photocurrent responses indicated a prominent
increase after each modification step. After the integration of
the PDA film, the increase in photocurrent (Figure 1A,c) was
expected as a result of PDA light absorption in the visible
region of the electromagnetic spectrum, which promotes
charge separation in combination with the semiconductor
electrode (Figure S2A).31,32 This has been confirmed by a
Mott-Schottky analysis (Figure S3) revealing substantial
changes in the flat-band potential (Efb), leading to a lowering
in Efb after PDA modification as a result of the PDA film as an
effective photosensitizer for the absorption of visible light, as
also confirmed by photoluminescence spectra (Figure
S2B).32−34 After additional modification with microalgae, a
substantial increase in photocurrent was observed (Figure
1A,d), confirming the possibility for extraction of electrons
from the photosynthetic cells, in agreement with previous
reports.35−37 PDA promotes ET through the presence of
redox-active groups involving catechol/quinone pairs in the
polymer structure, which was also confirmed by control
experiments replacing the semiconductor substrate (see Figure
S4). Moreover, PDA provides a biocompatible matrix for the
strong adhesion of biological material ensuring the immobi-
lization of microalgae onto the electrode.11,38,39 A comparative
analysis of the photocurrents obtained after the distinct stages
of photoelectrode construction is presented in Figure 1B
showing the different contributions to the overall response
after each modification step. The results obtained highlight a
notable performance in photocurrent generation with the
hybrid assembly.

Electrochemical Characterizations. The microalgae-
based biophotoelectrode was investigated by means of
electrochemical impedance spectroscopy to characterize and
understand the electronic communication after integrating the
different components used to modify the WO3 electrode.
Figure S5 shows Nyquist plots obtained for the EIS
characterizations under dark and light conditions using
[Fe(CN)6]3−/[Fe(CN)6]4− as a redox probe. From the data
obtained, the charge transfer resistance (Rct) was calculated
and used to estimate the corresponding kinetic rates for
electron transfer (k0),40 as summarized in Table S1. The
results revealed a larger impedance for the unmodified WO3
substrate in the dark compared with the experiment performed

under illumination, in line with the expectations for a
semiconductor material. After modification with PDA, the
charge transfer resistance decreased significantly. This result
underscores the impact of PDA, promoting electronic
communication and favoring charge separation when the
photoelectrode is illuminated. After modification of the
electrode surface with microalgae cells, an increase in charge
transfer resistance was observed due to a partial blocking of the
electrode surface by the immobilized cells, leading to an
increase in resistance for the transfer of electrons between the
redox probe and the electrode surface. This confirmed the
additional function of PDA as a suitable support for the
entrapment of cells over the electrode surface, enabling
microalgae immobilization.

The hybrid nature of the biophotoelectrode requires finding
the optimal conditions for maximum photocurrent generation
supported by the contribution of the different components
under light excitation. The applied potential significantly
influences the electron transfer from the different light-
sensitive sources, which is essential for photocurrent
generation with the biological and semiconductor components.
Figure 2 demonstrates the impact of the applied potential on

photocurrent generation with WO3 (a), PDA-WO3 (b), and
microalgae-PDA-WO3 (c) electrodes. For the WO3 electrode,
increasing the applied potential resulted in a gradual increase
in photocurrent for Eapp ≥ 400 mV (vs. Ag/AgCl/3.0 M KCl).
However, the WO3 electrode alone exhibited only a limited
photocurrent response compared to the modified electrodes.
The modification with PDA proved crucial for enhancing
electron transfer. Thus, even without microalgae, the PDA-
WO3 electrode displayed a superior photoelectrochemical
response already at Eapp = 100 mV (vs. Ag/AgCl/3.0 M KCl).
For the complete hybrid electrode (microalgae-PDA-WO3) the
highest response was attained at an applied potential of 500
mV (vs. Ag/AgCl/3.0 M KCl). This value was selected for
subsequent measurements and characterizations.

Hybrid Photoelectrode Optimizations. To achieve the
optimal biophotoelectrode composition, the thickness of the
PDA layer was first investigated. For this, electrodes were
prepared using different PDA deposition times and the
photocurrent responses were compared in the presence and
absence of microalgae. As summarized in Figure S6, only small
variations in photocurrent output were observed for electrodes
without microalgae modification. In contrast, electrodes in the
presence of microalgae exhibited a clear optimum when PDA
deposition was performed for 4 h. The observed superior

Figure 1. (A) Current density responses under chopped-light
illumination for WO3 (a), microalgae-WO3 (b), PDA-WO3 (c), and
microalgae-PDA-WO3 (d). Responses at an applied potential of 0.5 V
(vs. Ag/AgCl/3.0 M KCl). PBS 0.1 M, pH 7.0. Vis-LED, 20 s on/off
cycles. (B) Comparative analysis of the photocurrent responses,
showing the contribution after the distinct stages of biophotoelec-
trode construction, difference in responses as indicated in panel (A).
Error bars represent the standard deviation (n = 3 different
photoelectrodes).

Figure 2. Effect of applied potential on the photocurrent response
obtained for WO3 (a), PDA-WO3 (b), and microalgae-PDA-WO3 (c).
Applied potentials (Eapp) vs. Ag/AgCl/3.0 M KCl as indicated in the
graph. PBS 0.1 M, pH 7.0; Vis-LED, 20 s on/off cycles.
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response could be attributed to an ideal film thickness ensuring
adequate immobilization of cells and an efficient ET. This was
supported by previous observations indicating similar optimal
conditions.11 In addition, the amount of microalgae used for
electrode fabrication was optimized. As shown in Figure 3A,
solutions of variable microalgae concentration in the range of
(0.5 to 10.0)×106 cells mL−1 were investigated for this
purpose. An increase in photocurrent was observed with an
increasing amount of cells, reaching a maximum photocurrent
response when a concentration of 3.0×106 cells mL−1 was used
for electrode modification. This amount was selected as the
optimum for biophotoelectrode fabrication. For higher
concentrations, a decreasing trend in photocurrent response
was observed, most likely due to a blocking of the electrode
surface at high cell loadings, preventing a sufficient and
homogeneous arrival of light to other immobilized cells and
the underlying semiconductor/PDA material, consequently
leading to a decrease in photocurrent. To further investigate
the hybrid photoelectrode, the optimal assembly was
characterized by confocal fluorescence microscopy (Figure
3B). No fluorescence response was observed for WO3 only and
PDA-modified WO3, as these materials do not present
autofluorescence under the excitation conditions used.11,41 In
contrast, the image obtained for the microalgae-PDA-WO3
electrode confirmed the presence of bright red spots spread
across the electrode surface, which originated from the
autofluorescence of chlorophyll in microalgae and confirmed
the immobilization of Chlorella cells over the electrode.
Scanning electron microscopy characterization was also
performed (Figure S7). These images revealed the character-
istic nanoporous structure of WO3,

42,43 without substantial
structural changes after modification with PDA. For the
complete hybrid electrode, the presence of microalgae was
evident, showing photosynthetic cells spread over the electrode
surface, which contribute to the photocurrent response while
allowing light reaching the electrode surface underneath for the
overall production of photocurrent with the hybrid bio-
photoelectrode.

Response under Different Illumination Conditions.
The performance of the biophotoelectrode in terms of
photocurrent response was evaluated at a constant applied
potential of 500 mV (vs. Ag/AgCl/3.0 M KCl) using different
illumination intensities, ranging from 0.4 mW cm−2 to a
maximum of 5.7 mW cm−2 provided by a Vis-LED illumination
system. The results obtained (Figure 4A), exhibited a
continuous increase in photocurrent response with increasing
illumination intensity until a maximum of 28.2 μA cm−2 for
100% light power. The responses observed demonstrate the

capability of the hybrid biophotoelectrode to generate
remarkable photocurrents even when using a low-power LED
illumination system that delivers a maximum power below 6
mW cm−2. The performance of the biophotoelectrode is
significant, considering that the biological component con-
tributing to photocurrent generation is a microalgae, a
photosynthetic organism with a more complex cellular
structure than conventionally used bacterial counterparts,
such as cyanobacteria, in PBE devices.44 A comparison of
performance for different biophotoelectrodes based on the use
of oxygenic photosynthetic microorganisms is presented in
Table S2. The photoelectrode developed is clearly superior to
other microalgae-based photoelectrodes and even several
cyanobacteria-based photoelectrodes, even when considering
only the contribution of the photosynthetic cells to the overall
photoelectrochemical response (see Figure 1). Moreover, since
different components contribute to the total photocurrent
generated as a result of the hybrid nature of the photo-
electrode, the performance obtained is remarkable.

Origin of Electron Flow. The biophotoelectrode perform-
ance was investigated using monochromatic illumination of
different wavelengths within the visible range of the electro-
magnetic spectrum. Figure 4B summarizes the photocurrent
response obtained for WO3 only, WO3 modified with PDA,
and the complete microalgae-PDA-WO3 biophotoelectrode
under different illumination conditions. The responses have
been normalized by the intensity of the diverse illumination
wavelengths and are also compared with the photocurrent
obtained using white light illumination (see Figure S1). The

Figure 3. (A) Photocurrent response for different amounts of microalgae used in the fabrication of the hybrid biophotoelectrode. Error bars
represent the standard deviation (n = 3 different electrodes). (B) Characterization of WO3, PDA-WO3, and microalgae-PDA-WO3 electrodes by
fluorescence confocal laser scanning microscopy (CLSM).

Figure 4. (A) Impact of white-light LED illumination intensity on the
photocurrent response for the microalgae-PDA-WO3 biophotoelec-
trode. Inset: exemplary amperometric traces under chopped-light
illumination for the different light intensities. Applied potential: 0.5 V
(vs. Ag/AgCl/3.0 M KCl). PBS 0.1 M, pH 7.0; 20 s light on/off
cycles. (B) Effect of illumination wavelength on the photocurrent
response for the different steps of biophotoelectrode construction.
The photocurrent response is normalized by the light power under
each light condition. Error bars represent the standard deviation (n =
3 different electrodes).
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results revealed the contributions of the different components
constituting the hybrid biophotoelectrode. For WO3, photo-
current generation was evident at 453 nm, while only a minor
contribution was obtained at higher wavelengths, in line with
the bandgap of the semiconductor material, presenting
minimum light absorption for wavelengths higher than 500
nm.45,46 The responses for PDA-modified WO3 underlined the
capability of the polymer to absorb visible light and contribute
to photocurrent generation. The integration of microalgae
made it possible to further increase the photocurrent response
due to the photosynthetic nature of the microbial cells,
absorbing light in the visible region. The peculiar behavior
observed at 525 nm, resulting in a negligible increase in
photocurrent after the integration of microalgae, aligns with
the absorption spectrum of the microbial cells in solution
(Figure S8), presenting a minimum absorption within this
spectral region. As expected, the use of white light increased

the response for all components due to the higher number of
illumination wavelengths contributing to photocurrent gen-
eration. The quantum efficiency of the photoelectrode was
evaluated as the incident photon to current conversion
efficiency (IPCE), calculated at a wavelength of 453 nm.
The calculated efficiencies were 1.0% for WO3 only, 2.1% for
PDA-WO3, and 4.2% for the microalgae-modified photo-
electrode. The IPCE results are consistent with the photo-
current responses shown previously, where the maximum was
obtained for microalgae-PDA-WO3 electrodes.

Since the immobilized microalgae have a significant
contribution to the photocurrent generated (Figure 1 and
Figure 4B), the source of electrons from the photosynthetic
electron transport chain was also investigated. For this, the
performance of biophotoelectrodes was compared before and
after incubation with 3-(3,4-dichlorophenyl)-1,1-dimethylurea
(DCMU), a known photosynthetic inhibitor that prevents the

Figure 5. (A) Effect of the addition of DCMU to the photocurrent generated by the microalgae-based hybrid biophotoelectrode. Applied potential:
0.5 V (vs. Ag/AgCl/3.0 M KCl). PBS 0.1 M, pH 7.0; 20 s light on/off cycles. (B) Schematic of electron transfer at the microalgae-based
biophotoanode. The photosynthetic microorganisms oxidize H2O and transfer some of the resulting energized electrons to the electrode. An
extracellular electron transfer pathway is shown, mediated by PDA.

Figure 6. (A) Biophotoelectrochemical cell constituted by the microalgae-based hybrid electrode as photoanode and an Fdh-modified electrode as
biocathode. The assembly allows CO2 reduction to formate assisted by light. ITO: indium-doped tin oxide electrode. MV: methyl viologen. PEM:
proton exchange membrane. (B) Voltammetric characterization of the Fdh-biocathode in the absence (blue curve) and presence (pink curve) of
CO2 in solution (third cycle, see Figure S9). Electrolyte: 0.1 M PBS, pH 7.0 with 0.5 mM MV as redox mediator in solution. Scan rate: 10 mV s−1.
(C) Polarization curve obtained in the characterization of the biophotoelectrochemical cell. Photoanode under light or dark conditions (as
indicated) and biocathode in the presence of CO2. Error bars represent the standard deviation (n = 3 different electrodes). (D) Formate
quantification after 30 and 60 min of BPV operation. Eapp = 1.0 V.
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flow of electrons exiting photosystem II (PSII) to reach further
steps in the photosynthetic chain. The presence of DCMU
caused a drastic decrease in photocurrent, reaching similar
values as those observed for photoelectrodes in the absence of
microalgae (Figure 5A). Therefore, it could be concluded that
electrons are extracted from PSII after performing water
oxidation and contribute to the overall photocurrent response
obtained with the hybrid electrode (Figure 5B).

Biophotoelectrochemical Cell for Light-Assisted CO2
Conversion. As a proof-of-concept application of the
developed biophotoelectrode, a biophotoelectrochemical cell
was assembled constituted by the microalgae-based hybrid
photoanode coupled to a formate dehydrogenase (Fdh)
biocathode. Fdh-modified electrodes have proven to be a
promising strategy for the biocatalytic conversion of CO2.

47−50

The aim of this assembly was to demonstrate the possibility of
using the electrons generated by the photoanode to assist the
enzymatic conversion of CO2 into formate (see Figure 6A).
The biocathode consisted of an indium-doped tin oxide (ITO)
electrode on which FdhAB from Desulfovibrio vulgaris Hilden-
borough51 was adsorbed and made use of methyl viologen
(MV) as redox mediator in solution. The bioelectrode was
characterized by cyclic voltammetry (Figure 6B). In the
absence of CO2, the characteristic response for the MV2+/
MV•+ redox couple was observed (Figure 6B, blue curve).
When introducing CO2, a significant increase in cathodic
current was obtained (Figure 6B, pink curve), reflecting the
enzyme-catalyzed CO2 reduction reaction mediated by MV for
the transfer of electrons between the ITO electrode and the
immobilized enzyme. After coupling the two electrodes in the
biophotoelectrochemical cell, the polarization curve for the
assembly was investigated (Figure 6C). No current flow was
observed under dark conditions as the photoanode is unable to
deliver electrons. Under illumination, a significant current flow
was observed already at an applied voltage of 600 mV, as
expected from the photoanode characterization presented in
Figure 2 and the increase in catalytic current with the
biocathode at potentials more negative than -500 mV vs. Ag/
AgCl/3 M KCl (Figure 6B). A maximum current output of 14
μA cm−2 was obtained at voltages above 1.0 V. The
biophotoelectrochemical cell was also investigated in terms
of formate production under constant illumination conditions,
being able to produce up to 42 nmol of formate after 60 min of
continuous operation (Figure 6D). Note that under dark and
in the absence of current flow no formate production was
detected. The production of formate over time under
illumination confirmed the sustained electrocatalytic activity
of the assembly at least for the first 30 min, with a calculated
Faradaic efficiency of 86%. The production rate was observed
to decrease at longer times. This could be explained by the
rather limited stability of the hybrid photoanode, as shown in
Figure S10 for the evaluation of long-term photocurrent
generation. Although the photoelectrode requires further
investigations aiming on an improved stability, the results
highlight the feasibility of using the biophotoelectrochemical
system for carbon dioxide fixation, effectively combining the
light-harvesting capabilities of the hybrid photoelectrode with
the specific catalytic activity of Fdh.

■ CONCLUSIONS
In this study, we implemented a hybrid system for photo-
current generation based on a semiconductor substrate
modified with intact microalgae. To construct the biophotoe-

lectrode, Chlorella sp. cells were immobilized on the surface of
nanoporous WO3. Experimental characterizations showed that
photocurrent generation through DET between the photo-
synthetic cells and the electrode surface was challenging,
yielding only a negligible increase in photocurrent response
when compared to the bare semiconductor material as a result
of the complex microalgae cellular structure compromising
communication between the photosynthetic chain within the
cells and the electrode. To overcome this challenge, we
proposed the additional modification of the electrode substrate
with PDA. This polymer exhibited advantageous properties to
enhance the performance of the hybrid system, including a
stable adsorption over the semiconductor electrode, a suitable
matrix for the entrapment of microalgae cells, and the
improvement of charge separation and electronic communica-
tion. This contributed to the generation of photocurrents as
high as 28.2 μA cm−2. We performed different character-
izations of the biohybrid photoelectrode, including the
influence of the applied potential on photocurrent generation,
showing a maximum performance at 500 mV vs. Ag/AgCl/3.0
M KCl. Additionally, we investigated the influence of the light
power used for photoelectrode excitation, revealing that
relatively high photocurrents are already obtained even when
using a low-power LED-based illumination system providing a
maximum power of 5.7 mW cm−2. We have also shown that
the biological component, i.e., the photosynthetic microalgae
cells, has a substantial contribution to the overall photocurrent
generated by the hybrid system, accounting for about 50% of
the total response. This is a promising result, as we show the
possibility for an improved extraction of electrons from a
complex microorganism, such as microalgae, interfaced with an
electrode, complementing the majority of reports nowadays
available in literature dealing with the use of cyanobacterial
cells as biological photosynthetic components. Finally, the
developed hybrid photoelectrode has been successfully applied
in a biophotoelectrochemical system in combination with an
enzymatic biocathode to attain a photoelectrochemical cell for
light-assisted CO2 reduction. The results presented in this
work open up possibilities for applying this microalgae-based
system in biophotovoltaic devices, offering an exciting
alternative for developing sustainable light energy conversion
systems.
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