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Green microalgae are gaining attention in the renewable energy field due to their ability to convert light into
energy in biophotovoltaic (BPV) cells. The poor exogenous electron transfer kinetics of such microorganisms
requires the use of redox mediators to improve the performance of related biodevices. Redox polymers are ad-
vantageous in the development of subcellular-based BPV devices by providing an improved electron transfer
while simultaneously serving as immobilization matrix. However, these surface-confined redox mediators have
been rarely used in microorganism-based BPVs. Since electron transfer relies on the proximity between cells and
the redox centres at the polymer matrix, the development of molecularly tailored surfaces is of great significance
to fabricate more efficient BPV cells. We propose a bioanode integrating Chlorella vulgaris embedded in an Os
complex-modified redox polymer. Chlorella vulgaris cells are functionalized with 3-aminophenylboronic acid that
exhibits high affinity to saccharides in the cell wall as a basis for an improved integration with the redox
polymer. Maximum photocurrents of (5 + 1) pA cm 2 are achieved. The developed bioanode is further coupled
to a bilirubin oxidase-based biocathode for a proof-of-concept BPV cell. The obtained results encourage the
optimization of electron-transfer pathways toward the development of advanced microalgae-based bio-
photovoltaic devices.

1. Introduction

Chlorella vulgaris (C. vulgaris) is a green microalgae widely used in
pharmaceutical and nutraceutical industries [1-4] with great potential
as a renewable energy source as feedstock for biofuel cells [5-7] or
through direct light-to-energy conversion in biophotovoltaic (BPV) cells
[8-11]. BPV cells are a promising green energy technology since they use
photosynthetic microorganisms [8-10,12] or subcellular photosynthetic
apparatus, i.e., thylakoid membranes, chloroplasts, or even isolated
photosystems [13,14], enabling to harnessing solar light and generate
electricity using only water as electron source.

One of the most important factors limiting the performance of
microorganism-based BPVs is the cell-to-electrode electron transfer
(ET). Ideally, more environmentally friendly, cost-effective and long-
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lasting BPV devices could be achieved based on direct electron trans-
fer (DET) [15,16] between cells and the electrode through redox pro-
teins or pili-like structures on the cell wall surface as in the case for
electrogenic bacteria in microbial fuel cells (MFCs) [17,18]. However,
DET remains elusive for a great majority of microorganisms. Thus, the
use of electron mediators that boost the ET kinetics has become neces-
sary [19]. Among these, surface-confined redox mediators such as Os-
complex-modified redox polymers (P-Os) have shown to be promising
materials to electronically communicate with photosynthetic microor-
ganisms [20-22]. P-Os forms a 3D-hydrogel that can integrate the mi-
croorganisms, facilitating their immobilization and the electron transfer
to the electrode by electron hopping between adjacent Os-complexes
[23,24]. Higher and faster ET rates can be achieved if stronger in-
teractions that direct the redox centres to be in proximity with

E-mail addresses: ioanis.katakis@urv.cat (I. Katakis), felipe.conzuelo@itgb.unl.pt (F. Conzuelo), wolfgang.schuhmann@rub.de (W. Schuhmann).

https://doi.org/10.1016/j.bioelechem.2022.108128

Received 13 February 2022; Received in revised form 22 March 2022; Accepted 29 March 2022

Available online 5 April 2022

1567-5394/© 2022 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-

nec-nd/4.0/).


mailto:ioanis.katakis@urv.cat
mailto:felipe.conzuelo@itqb.unl.pt
mailto:wolfgang.schuhmann@rub.de
www.sciencedirect.com/science/journal/15675394
https://www.journals.elsevier.com/bioelectrochemistry
https://doi.org/10.1016/j.bioelechem.2022.108128
https://doi.org/10.1016/j.bioelechem.2022.108128
https://doi.org/10.1016/j.bioelechem.2022.108128
http://crossmark.crossref.org/dialog/?doi=10.1016/j.bioelechem.2022.108128&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/

Z. Herrero-Medina et al.

,______‘

I
I
I
I
| | I
I
I
I

— N\OS/N S
cr
| \"/cll\N Z |
\
/
SoY -

Bioelectrochemistry 146 (2022) 108128

Fig. 1. (a) Schematic of covalent binding of 3-APBA with polysaccharides on the cell wall of Chlorella vulgaris during the preincubation step. Chemical structures of
(b) poly(ethylene glycol) diglycidyl ether (PEGDGE) and (c) poly(1-vinylimidazole-co-allylamine)-[Os(2,2’-bipyridine),Cl]Cl (P-Os). (d) Schematic of the bioanode:
gold electrode modified with C. vulgaris with covalently bound 3-APBA embedded within a P-Os hydrogel matrix crosslinked with PEGDGE. Inset: proposed

crosslinking of amino groups of both P-Os and 3-APBA bound to cells.

phototrophs immobilized within the hydrogel matrix can be attained. In
this regard, boronic acid derivatives have been used to electronically
communicate cells to electrode surfaces for cytosensing purposes
[25,26] and in MFCs [27] by covalent binding to 1,2- and 1,3-cis-diols of
saccharides present in the cell wall and cellular membranes. More
recently, poly-(3-aminophenylboronic acid) has successfully been
employed to improve the photoelectrogenesis of C. vulgaris [28].

In this work, we report an improved electronic communication be-
tween an Os-complex modified redox polymer and boronic acid modi-
fied C. wvulgaris cells. 3-aminophenylboronic acid (3-APBA) is
incorporated to increase the intimate contact between the redox poly-
mer and the immobilized cells, thus improving the integration of
C. vulgaris with the polymer redox centers and enhancing the stability of
the resulting biofilm. Furthermore, as a proof of concept, the proposed
bioanode is coupled to a bilirubin oxidase biocathode to build a BPV cell.

2. Materials and methods
2.1. Cell culture

The C. vulgaris strain 211-11b was purchased from Sammlung von
Algenkulturen der Universitat Gottingen (SAG). Cultures were grown in
100 mL of Bold’s basal medium (BBM) [29] in 250 mL Corning poly-
carbonate Erlenmeyer flasks (Fisher Scientific) at (20 + 2) °C and 150
rpm with an irradiance of &~ 50 umol photons m2slonal2h light:12
h dark regime.

2.2. Anode modification

When cultures reached the exponential phase, they were centrifuged
at 4 °C and 4000 rpm for 10 min, washed in 0.1 M phosphate buffer (PB)
pH 7, centrifuged again and concentrated in a fresh solution of 2 mg
mL~! 3-APBA in 0.1 M PB pH 7 until an optical density at 680 nm
(ODggp) of 5 was achieved (cuvette of 1 cm optical path length). The
resuspended culture with 3-APBA was kept under agitation at 200 rpm
for 2 h at room temperature (RT). Afterwards, it was ultra-filtrated with
Vivaspin 500, 10,000 MWCO (Sartorius) tubes to remove the loosely

bound 3-APBA and resuspended in 0.1 M PB pH 7 to a final ODggg of 10.
Prior to modification, gold disk electrodes of 2 mm @ (CH Instruments)
were polished with diamond slurries of 0.1 ym (LECO) and subsequently
ultrasonicated in ethanol and deionized water for 5 min. Afterwards, the
electrodes were electrochemically cleaned in 0.5 M H3SO4 for 10 cycles
at0.1 Vs~! from —0.2 Vto 1.6 V vs. Ag/AgCl/3 M KCl. Au-coated wafers
prepared as reported in [30] were cleaned with Piranha solution and
rinsed with deionized water prior to modification. Afterwards, 3 uL of a
freshly prepared solution consisting of 1.7 mg mL™" of the redox poly-
mer poly(1-vinylimidazole-co-allylamine)-[Os(bpy)2Cl1Cl (P-Os, syn-
thesized as described in [31]), 0.033 mg mL ! of poly (ethylene glycol)
diglycidyl ether (PEGDGE, Mn = 400 g mol~?, Polysciences), and 6.25
OD mL™! of C. vulgaris were drop-cast on the electrode and desiccated
for 3 h at 21 °C and 10% relative humidity (RH). Next, the hydrogel was
collapsed by dipping the electrode for 30 min in Tris-HCl buffer
(AppliChem) pH 9 containing 10 mM CaCl,, 10 mM MgCl; and 100 mM
KCl, and was left to dry.

2.3. Electrochemical analysis of the anode:

All electrochemical measurements were performed in a three-
electrode electrochemical cell with the modified gold electrode, Pt
wire and Ag/AgCl/3 M KCl as the working, counter, and reference
electrodes, respectively. All potentials are referred vs. Ag/AgCl/3 M KCL
To assess the anode performance, cyclic voltammetry (CV) at a scan rate
of 10 mV s~} and chronoamperometry (CA) were performed using a
PalmSens2 potentiostat (Palmsens) in 0.1 M PB, pH 7 and at an irradi-
ation of 50 mW cm ™2 of white light supplied by a He-Xe lamp (LG8 type
03, Hamamatsu photonics). The applied potential for the CA was 350
mV, which ensures the oxidation of the P-Os, allowing the collection of
electrons coming from the immobilized cells.

To evaluate the action spectrum, the modified Au-electrodes with
and without C. vulgaris cells were polarized to 350 mV with an Autolab
PGSTAT302N (Methrom Autolab) under irradiation cycles of 20 s. Each
irradiation cycle was performed at different wavelengths ranging from
297 nm to 797 nm selected by a monochromator setup (Instytut
Fotonwy) placed immediately in front of a 150 W Xe lamp (Ushio) used
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Fig. 2. (a) CA of electrodes modified with P-Os integrating Chlorella vulgaris cells preincubated with 3-APBA (red line), P-Os with C. vulgaris and 3-APBA directly
mixed without preincubation (blue line), and P-Os integrating C. vulgaris in the absence of 3-APBA (green line). (b) CA of P-Os modified electrode without C. vulgaris
(grey line). Eqpp = 350 mV vs. Ag/AgCl/3 M KCl. Irradiation with 50 mW cm ™2 incident white light (yellow shadows). (c) Comparison of the average responses for P-
Os modified electrodes in the absence and presence of C. vulgaris (n = 3). Error bars represent the standard deviation. (d) CV recorded for electrodes after CA as

shown in (a) and (b). Scan rate: 10 mV s !. Electrolyte: 0.1 M PB buffer, pH 7.

as light source. The photocurrent at each wavelength was normalized to
the photon flux at each wavelength.

2.4. Chlorophyll a (Chl a) UV-Vis spectroscopy:

Extraction of Chl a from C. vulgaris was performed following a
method adapted from [32] under subdued light. Briefly, cultures were
centrifuged at 4 °C and 5000 rpm for 10 min, washed with 0.1 M PB pH 7
and the pellet was resuspended in the same buffer. Then, pellets were
lyophilized and resuspended in pure methanol (Sigma-Aldrich) (pre-
treated with magnesium carbonate to remove any acid) and kept at 4 °C
for 4 h. Then 0.1 mm zirconia beads were added, and the cells were
disrupted by means of MiniBead Beater-8 (Biospec) for 1 min. After-
wards, the cultures were centrifuged, the pellet was discarded and the
spectrum of the supernatant (Chl a) was measured from 350 nm to 800
nm in quartz cuvettes with an UV-Vis spectrophotometer Cary 100 Bio
(Varian).

2.5. DCMU and DCBQ experiments:

Solutions of 10 mM of the photosynthetic inhibitor 3-(3,4-dichlor-
ophenyl)-1,1-dimethylurea (DCMU, Sigma-Aldrich) and 10 mM of the
redox mediator 2,6-dichloro-1,4-benzoquinone (DCBQ, Sigma-Aldrich)
dissolved in pure ethanol (Sigma-Aldrich) were prepared for being

used at the final concentrations as further specified in the Results and
discussion section.

2.6. Scanning photoelectrochemical microscopy (SPECM):

SPECM measurements were performed with the C. vulgaris-based
bioanode as the sample interrogated by the SPECM tip. The electro-
chemical cell was filled with 0.1 M PB, pH 7, and the bioanode, a Pt
mesh and a Ag/AgCl/ 3 M KClI were the working (sample electrode), the
counter and reference electrodes, respectively. The tip was a Pt disk
microelectrode (25 pm @ Pt wire, Goodfellow). Full details of the SPECM
setup are described elsewhere [33]. Local illumination of the sample
with white light was attained by coupling the lamp with the top glass of
the tip microelectrode by means of a light fiber (HITRONIC POF Simplex
PE). Photochronoamperometry was performed with the tip microelec-
trode positioned at one tip radius distance above the sample surface. The
sample was polarized to 350 mV and the tip microelectrode was poised
to —600 mV for the reduction of O.

2.7. Preparation and characterization of the biocathode:
Prior to modification, graphite electrodes of 3 mm @ (SGL Carbon)

were polished with sandpaper and then rinsed with deionized water.
Then, the electrodes were modified by oxidation of 2-aminobenzoic acid
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Fig. 3. Comparison of the absorption spectrum of chlorophyll a (Chl a)
extracted from Chlorella vulgaris (top) and the action spectra of P-Os modified
electrodes (bottom) integrating either BSA (green) or C. vulgaris (black). Eqpp =
350 mV vs. Ag/AgCl/3 M KCl. Electrolyte: 0.1 M PB buffer, pH 7.

(2-ABA) (Sigma-Aldrich) in 0.1 M KCl solution at 0.8 V for 60 s as
described elsewhere [34]. Subsequently, the modified electrodes were
rinsed with deionized water to remove loosely bound 2-ABA and shortly
dried at RT. 20 pL of a solution of 5 mg mL ™! of Myrothecium verrucaria
bilirubin oxidase (Mv-BOD) (Sigma-Aldrich) in 0.1 M phosphate buffer
saline (PBS) (Sigma-Aldrich) pH 7 were drop-cast on the electrode sur-
face and allowed to dry at RT. Afterwards, the electrodes were washed
with deionized water to remove loosely bound enzyme. Mv-BOD-
modified electrodes were characterized by CV from 0.6 V to 0 V at a scan
rate of 10 mV s ! in 0.1 M PBS pH 7 in both air and Ar atmosphere.

2.8. Biophotovoltaic measurements:

A single chamber BPV cell was constructed by coupling the
C. vulgaris-modified photoanode with the Mv-BOD biocathode. The
electrolyte solution was 0.1 M PB pH 7. The bioanode surface with an
area of 0.636 cm ™2 was exposed to white light with an incident power of
~ 200 mW cm 2. Polarization and power curves were calculated by
measuring the steady-state current in dark and light conditions at
different applied cell voltages using a PGU-BI 100 potentiostat (IPS
Jaissle).

3. Results and discussion

C. vulgaris-based bioanodes were constructed by modifying a gold
electrode surface with C. vulgaris cells embedded within a P-Os hydrogel
matrix crosslinked with PEGDGE. Prior to the integration of the micro-
algae in the hydrogel, C. vulgaris cells were functionalized with 3-APBA,
which covalently binds to 1,2 and 1,3 cis-diols of saccharides present in
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the cell wall, in order to improve the crosslinking between the P-Os and
the cells. Although it is not expected to be a quantitative reaction, the
ring-opening of the epoxide by the substituted aniline without catalyst in
water is expected [35-37] (Fig. 1). Similarly to previously reported
enzyme and photosystem-modified bioelectrodes, the use of PEGDGE
during electrode modification assists in the formation of a more stable
film over the electrode as a highly cross-linked matrix can be obtained
[31,38].

The maximum photocurrent ((6.0 + 0.7) pA cm’z) was obtained for
this bioanode during the first illumination cycle and it decayed to almost
half after the fifth cycle of illumination (Fig. 2a). To investigate the role
of 3-APBA in enhancing the intimate contact and thus contributing to an
improved electronic communication between microalgae and the redox
polymer, the photochronoamperometric performance of the C. vulgaris-
based bioanode was compared with P-Os modified electrodes in the
absence of C. vulgaris. After subtracting the photocurrent arising from
photoexcitation of the redox polymer alone (Fig. 2b), the average net
photocurrent for C. vulgaris was (5 + 1) pA em 2 (Fig. 2c). This photo-
current is almost 10 times higher than that obtained in previous reports
(0.64 pA cm™2) with C. vulgaris immobilized within an alginate matrix
[10] and more than two times higher than the maximum reported so far
(2.0 £ 0.6 pA cm™2) with C. vulgaris immobilized on poly(3-
aminophenylboronic acid)-modified electrodes [28]. In addition, con-
trol experiments were performed by fabricating biophotoelectrodes with
a mixture of cells and 3-APBA but without a preincubation step and
without 3-APBA (Fig. 2a). In contrast to the optimized bioanode, lower
photocurrents (about 33% lower) were obtained when the cells were
directly mixed with P-Os and 3-APBA before drop-casting (i.e., without
preincubation with 3-APBA). These lower photocurrents might be due to
a shorter time for interaction preventing the formation of covalent bonds
between the boronic acid moiety in 3-APBA and polysaccharides of the
cell wall than in the situation when cells are preincubated with 3-APBA.
Moreover, when the cells were immobilized in the absence of boronic
acid, the photocurrent response was also lower and less stable (see
Table S1).

CVs in dark conditions recorded after photochronoamperometry for
electrodes integrating C. vulgaris within the redox hydrogel showed
larger peak-to-peak separations for the redox peaks associated with the
0s2*/3* interconversion than those for electrodes without the micro-
algae (see Fig. 2d and Table S2). This indicated the successful incorpo-
ration of C. yulgaris into the hydrogel matrix, with the cells hampering to
some extent the electron-transfer kinetics between the Os-centers within
the polymer deposited over the electrode [10]. In addition, higher
anodic and cathodic peak currents were also obtained when the cells
were preincubated with 3-APBA while the controls using cells without
preincubation and without 3-APBA delivered similar or lower peak
currents in comparison with P-Os alone (Table S2). These results support
our hypothesis that 3-APBA favours the covalent attachment of amino
moieties of P-Os via PEGDGE crosslinking [25] to the amino groups of 3-
APBA at the cell wall. Supposedly, this crosslinking is contributing to
bringing the Os centers in close proximity to the cell wall of C. vulgaris,
which facilitates the electron transfer from the microalgae via P-Os to
the electrode causing increased photocurrent generation (Fig. 2a and c).

To demonstrate that the origin of the photocurrent is due to the
presence of C. vulgaris and that the Os complex-modified polymer is
responsible for the electron transfer to the electrode, the action spectrum
of the bioelectrode was assessed by polarizing the electrode at a constant
potential while varying the wavelength at each illumination cycle in the
wavelength range from 300 nm to 800 nm. As a control, an electrode
with bovine serum albumin (BSA) replacing C. vulgaris was used
(Fig. S1). BSA is a non-redox active protein able to stabilize the polymer
matrix after crosslinking and prevents hydrogel over-swelling leading to
a more comparable electron transfer in contrast to electrodes based on P-
Os alone [39,40]. Fig. 3 shows that the action spectra profile of redox
polymer-modified electrodes with and without C. vulgaris are substan-
tially different.
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Fig. 4. (a) Schematic of the photosynthetic electron transport chain with the relevant midpoint potentials (V vs. SHE as indicated in [42]). Solid black lines indicate

the linear electron transport (LET) from the oxidation of water by photosystem II (PSII) to th

e reduction of NAPH by Fd-NADP™" reductase (FNR). Putative electron

pathways to decrease the over-reduction of the LET during the light phase of the photosynthesis are represented with different colours: cyclic electron transport
around photosystem I (PSI) (blue dashed lines), pseudocyclic electron transport or water-water cycle for the photoreduction of O, (orange solid lines), photores-

piration catalysed by RuBisCO (green solid line), NAD(P)*/NAD(P)H interchange between

mitochondria and chloroplast (light blue solid line). APX, ascorbate

peroxidase; CBB, Calvin-Benson-Bassham cycle; DCBQ/DCHQ, 2,6-dichloro-1,4-benzoquinoe/hydroquinone; DCMU, 3-(3,4-dichlorophenyl)-1,1-dimethylurea;
LHCII/LHCI, light harvesting complexes II and I; Nhd-2, type I NADH dehydrogenase; Fd, ferredoxin; Flv A/B, flavodiiron proteins; PC, plastocyanin; PGR5 and
PGRL1, proton gradient regulation 5 and proton gradient regulation like 1; PQ, plastoquinone; SOD, superoxide dismutase. (b) CA of a C. vulgaris-based bioanode in
presence and absence of DCMU (50 uM) and (c) with pre-treatment of C. vulgaris cultures with 150 uM DCMU for 30 min. E,p, = 350 mV vs. Ag/AgCl/3 M KCL.
Electrolyte: 0.1 M PB buffer pH 7. Irradiation with 50 mW cm ™2 incident white light (yellow shadows).
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In the absence of C. vulgaris cells, P-Os only exhibits a small photo-
activity in the violet to blue wavelength range (from 390 to 520 nm)
with a maximum of 0.9 x 10 UHA ;.1W’1 at 400 nm. In contrast, when
cells are present inside the P-Os film, the photocurrent is up to four times
higher than in the absence of cells and the photoresponse persists

300 1.6
-m- Polarization curve o
Ll -@- Power curve A
250 \a - S o -1.4 %
" L ’ 5
z TN o’ ! - 1.2
E 200 ./ 22
~ ~ \/ ., z
[
g) , 7 \. - \ = 1.0 b
S 150 o ~._ \ =
g / m_e -0.8 S
= 100 / ~ S
3 o W\ |06 3
/ \.. %
e W fosano
[}
0 . . . . 0.2
0 3 6 9 12 15

Photocurrent density / pA cm?

Fig. 7. Polarization (black) and power (red) curves for the assembled BPV cell
with a P-Os modified electrode integrating Chlorella vulgaris functionalized with
3-APBA as photoanode and a Mv-BOD modified electrode as biocathode. The
photoanode was irradiated with white light at a power of ~ 200 mW cm 2.
Electrolyte: 0.1 M PB buffer pH 7.

throughout a longer wavelength range (from 390 to 720 nm), with two
local maxima of 4.5 x 10" and 2.0 x 10"* pA yW™! at 400 and 680 nm,
respectively. The profile of this action spectrum concurs almost perfectly
with the electronic transitions of Chl a pigments present in the chloro-
plasts of C. vulgaris as it can be seen in the absorption spectrum of Chl a.
This strongly supports our hypothesis that photocurrent generation is
related with the photosynthetic machinery of C. vulgaris and productive
electron-transfer communication between the polymer-integrated cells
and the electrode via P-Os is established.

To further investigate the source of electrons, the photosynthetic
inhibitor DCMU was added to the electrolyte to a final concentration of
50 pM during the third cycle of illumination. DCMU blocks the reduction
of the plastoquinone intermediate Qg by the plastoquinone intermediate
Qa (both located in the photosystem II (PSII) reaction center), pre-
venting further electron transfer to redox proteins of the photosynthetic
electron transport chain [41] (Fig. 4a). After the addition of DCMU no
significant decrease in photocurrent was observed even after 10 min of
illumination, compared to a sample where only the solvent (ethanol)
was added (Fig. 4b).

In order to discard the possible impact of 3-APBA and P-Os on the
diffusion of DCMU to the immobilized polymer-integrated C. vulgaris
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Table 1
Comparison of quantum yields calculated with the power reported using photosynthetic elements (subcellular and cellular) as bioanode in biophotoelectrochemical
cells:
Photosynth. element Anode Cathode Power output Power input Quantum yield (%) Ref.
[\ cm’z) (mW cm’z)
PSI Au/P-vio CC/GOX 3.7 100 3.7 x 107 [53]
PSII 10-TiO,/PbS/ P-Os 10-ATO/PC/ BOD 45 100 45 x 102 [54]
Thylakoid CP/PFP MWCNT/ PBSE/ BOD 0.33 100 3.3 x10* [55]
Thylakoid ITO/Au/CNT? BOD/KB/WPCC 50 434 1.2 x 107 [56]
Nostoc sp. CNT/CP® Laccase/ CNT/CP 10 76 1.3 x 102 [12]
C. vulgaris ITO/alginate ITO 2.6 x 102 2.6 1.1 x 1074 [10]
C. vulgaris Au/P-Os BOD/ Graphite 1.5 200 7.4 x 107 This work

ATO, antimony-tin oxide; GOX, glucose oxidase; IO, inverse opal; ITO, indium-tin oxide; KB/WPCC, ketjen Black-modified waterproof carbon cloth; MWCNT, mul-
tiwalled carbon nanotube; PBSE, 1-pyrenebutyric acid N-hydroxysuccinimide ester; PC, pyrenecarboxylic acid; PFP, poly(fluorene-ait-phenylene); P-vio, viologen

aand b

modified polymer.

used diffusing mediators ruthenium hexaamine trichloride and 1,4-benzoquinone, respectively.© calculated from the stated photon flux on the

reports converted to power density using Eq. S2. ¢ subtracting power output in dark.

cells, a culture of free cells was treated with 150 uM DCMU in 0.1 M PB
pH 7 for 30 min prior incubation with 3-APBA and further immobili-
zation with P-Os. Fig. 4c shows that the photocurrent responses were
very similar when the cells were exposed to DCMU or using unexposed
C. vulgaris cells. Moreover, a photochronoamperometric measurement of
a C. vulgaris-based bioanode was performed in presence of the free-
diffusing redox mediator DCBQ after a few irradiation cycles. As
shown in Fig. 5a, the addition of DCBQ did not result in an increased
photocurrent response meaning that the redox mediator was not
reduced to 2,6-dichloro-1,4-hydroquinone (DCHQ) by PSII inside the
cells [43] (Fig. 4a). The prevention of the DCBQ electron transfer within
the hydrogel could be discarded since an additional pair of redox peaks
with a formal potential of 0.11 V vs. Ag/AgCl/3 M KCl for the DCBQ/
DCHQ interconversion was observed in the CV of the bioanode (Fig. 5b).
All these findings confirm that Qp is not implicated in photocurrent
generation by communication with the redox polymer, and thus, an
alternative electron pathway should be involved. As it is unlikely that
the redox polymer is able to cross the cell wall and wire the Q, site at
PSII to the electrode as it has been reported for biophotoelectrodes
integrating isolated PSII [30,44], the obtained results suggest that there
is a source of electrons that interplays downstream of Qp to eventually
be excited by PSI [45].

A closer examination of the mechanism related to the photocurrent
generation was performed using SPECM to locally evaluate the oxygen
evolution of the system. SPECM has been shown to be a valuable tool for
analysing light-reactions at a specific location of the sample, such as
oxygen evolution and generation of reactive oxygen species (ROS) by
means of microelectrodes polarized at specific potentials [30,46]. In the
improbable case of P-Os wiring to Qa, the oxygen evolution complex
(OEC) would be functional, and thus an increase in O collection effi-
ciency associated with the generated photocurrent response would be
expected under illumination. Conversely, the obtained SPECM results
(Fig. 6) show a considerable decrease in the tip current for O5 reduction
when the sample with immobilized C. vulgaris is irradiated, meaning that
there is O, consumption instead of its production at the analyzed sample
under illumination. When the experiment was repeated with a control
electrode fabricated with BSA instead of C. vulgaris, only a minor (5
times lower) Oy consumption was observed under illumination, con-
firming that the observed consumption of O is correlated with the
generation of the photocurrent. It is important to note that despite the
fact that the photosynthetic and respiratory systems in Chlorella are
located in separated organelles, there is evidence of cross-talk between
them [47-49].

Not only oxygen is consumed by respiration in the mitochondria, but
it is also consumed in the chloroplast during the light and dark phases of
photosynthesis (chlororespiration, photorespiration, Mehler and
Mehler-like reactions) [47,50] as a mechanism to avoid the over-
reduction of the photosynthetic machinery under stress conditions (i.
e., high light intensity, low concentrations of CO, and nutrient

starvation) [51,52]. Thus, the oxygen uptake observed in the SPECM
might indicate that alternative electron pathways are activated to avoid
light photodamage. These results together with the observations from
the action spectra (Fig. 3) and the experiments with DCMU and DCBQ
(Fig. 4b-c and 5) strongly support our hypothesis that electrons stem
from processes downstream of Qg that involve PSI, whether oxygen is
directly involved or not, i.e., cyclic electron transport (CET) (Fig. 4a). To
elucidate the exact electron transfer mechanism, further investigation
with other inhibitors, mediators and knockout cells should be per-
formed, which is the aim of future research to confirm this hypothesis.

As a proof of concept for a functioning BPV cell, the C. vulgaris-based
bioanode was coupled to a Mv-BOD biocathode. The BPV cell perfor-
mance was assessed under light and dark regimes (Fig. 7). CVs of the Mv-
BOD cathode under argon and air were conducted to ensure that the
cathode was not limiting the BPV performance (Fig. S2). The open cir-
cuit voltage (OCV) of the BPV cell was around 270 mV. After subtracting
the background outputs in darkness, a maximum current density of
13.66 pA cm 2 and a power output of 1.48 uW cm ™2 at 130 mV were
obtained. The quantum yield (QY) of the BPV cell was calculated
dividing the power output by the power input (light supply) and
compared to quantum yields for previous works of bio-
photoelectrochemical cells. The quantum yield attained (7.4 x 10 %)
was lower than the obtained with devices using subcellular elements or
cyanobacteria as a bioanode (Table 1), since the electron transfer is
hampered due to the presence of biological barriers to surpass. Never-
theless, the quantum yield obtained with our system was greater than
other configurations using C. vulgaris as a bioanode.

4. Conclusions

A bioanode comprised of Chlorella vulgaris cells functionalized with
3-APBA embedded in an Os complex-modified polymer matrix has been
developed. The binding of 3-APBA with the cells increases the stability
of the resulting film as well as promotes the photocurrent presumably
due to an improved crosslinking between the redox polymer matrix and
immobilized cells. Furthermore, the overlap between the absorbance
spectrum of Chl a and the action spectrum of the bioanode, indicates
that the photocurrent is mainly due to the photoexcitation of the
photosynthetic machinery of the immobilized C. vulgaris cells. The
addition of DCMU and DCBQ demonstrated that Qg was not involved in
photocurrent generation. Moreover, SPECM results indicate that elec-
trons might originate from alternative electron pathways linked to PSI. A
BPV device was assembled by coupling the proposed bioanode to a BOD-
based biocathode which resulted in a considerable current density and
power output for such microalgae-based devices. These results show
boronic acid derivatives as promising element in tailoring bioanodes for
microorganism-based BPV cells.
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