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Biophotovoltaic devices (BPVs), which use photosynthetic organisms as active materials to harvest light, have a range of attractive features relative to synthetic and non-biological photovoltaics, including their environmentally friendly nature and ability
to self-repair. However, efficiencies of BPVs are currently lower than those of synthetic analogues. Here, we demonstrate BPVs
−2
, a value five times that for previously described BPVs. We achieved this
through the use of cyanobacterial mutants with increased electron export characteristics together with a microscale flow-based
design that allowed independent optimization of the charging and power delivery processes, as well as membrane-free operation by exploiting laminar flow to separate the catholyte and anolyte streams. These results suggest that miniaturization of
active elements and flow control for decoupled operation and independent optimization of the core processes involved in BPV
design are effective strategies for enhancing power output and thus the potential of BPVs as viable systems for sustainable
energy generation.
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the Sun in a given time than is required by human consumption1,2. figurations and operating conditions of the electron generation and
Although several technologies exist to convert this extensively avail- power harvesting units independently, which allows their perforable sunlight into electrical current3,4, factors such as scarcity of mance to be optimized simultaneously. In particular, in the devices
production materials, high cost per delivered quantity of electricity described here, we use miniaturized geometries in the power delivand lack of equally efficient storage technologies have limited their ery unit. This operation at small length scales suppresses convective
adoption4–8. Biological photovoltaics (BPVs; also known as biopho- mixing18, enabling us to omit the semipermeable membrane from
tovoltaics and biological solar cells9) are emerging as an environ- the power delivery unit of the BPV, normally required to separate
mentally friendly and low-cost approach to harvest solar energy and the device into the anodic and cathodic compartments. In addi−2 organisms, tion to decreasing the internal resistance of the device, omitting the
convert it into electrical current10–12. In phototrophic
light is converted into high-energy charge-separated electron–hole membrane would reduce the cost of the system and make the operapairs, and the excited electrons are transferred through a number of tion easier, as membranes have been reported to dry out, degrade,
intracellular electron carriers, with a fraction eventually exported foul and clog19–21. More generally, the use of small length scales has
across the cell membrane and released to the external environ- the potential to decrease the resistive electrical losses of the system
ment13–15 (Fig. 1a). In BPVs, these secreted electrons are directed because it introduces elevated surface-to-volume ratios, enhanced
to an electrode (anode) and from there allowed to flow to a more mass-transfer coefficients and small electrode separation20–23.
positive potential electrode (cathode) through an external circuit,
We show that the use of such two-chamber flow-controlled BPVs
thus generating current16,17. Simultaneously, the protons released by results in a 2.5-fold increase in anodic power density compared with
the cells diffuse from the anodic chamber to the cathodic one where the maximum reported so far when using wild-type Synechocystis
water is re-formed on an appropriate catalyst (Fig. 1b). This process sp. PCC6803 cells as the phototrophic catalyst (Supplementary Table
leads to the generation of current without release of any chemical 1). When replacing these with Synechocystis mutant cells deficient in
side-products. A proton-permeable membrane separates the anodic the main photosynthetic and respiratory electron sinks (the termichamber from the cathodic one, ensuring that electrons travel only nal oxidases and the flavodiiron complexes Flv1/3 and Flv2/4), the
1density further increased to 5-fold24,25.
via the external load.
improvement in the power3
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BPVs demonstrated so far have relied on either on suspending
photosynthetic cells in solution or immobilizing them directly onto Device design and operation
the anode9. In these designs, electron generation and transfer to the1 The power delivery unit of the BPV was fabricated in
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electrical circuit occur in a single compartment, and the electrons poly(dimethylsiloxane) via soft photolithography as a rectangular
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design that allowed independent optimization of the charging and power delivery processes, as well as membrane-free operation by exploiting laminar flow to separate the catholyte and anolyte streams. These results suggest that miniaturization of
active elements and flow control for decoupled operation and independent optimization of the core processes involved in BPV
design are effective strategies for enhancing power output and thus the potential of BPVs as viable systems for sustainable
energy generation.

Correspondence
gsuel@ucsd.edu

1 Cell migration
Fred Chang and
Nicolas Minc2 4 Embryonic polarity
Cell growth
Cell division
a
nergy demand driven by a rising global population must reach the anode and generate current as soon as they have been
Columbia University
College
of Physicians
increasingly be satisfied from renewable alternatives to fos- secreted. Here, we propose a two-chamber
system in
which
chargand Surgeons, New York, New York 10032; email: fc99@columbia.edu
sil fuels, as the latter release extensive amounts of greenhouse ing (reduction of the electron carrier molecules by exoelectrogenic
2
Department of Chemistry, University of Cambridge, Cambridge, UK. Department
of Biochemistry,
University
of Cambridge,
Cambridge,CNRS,
UK. Laboratory
Institut
Jacques
Monod,
UMR7592
75205 Paris cedex 13, France;
gases with potentially devastating
consequences
for ourUniversity
ecosystem.
electrons)
delivery
of Molecular Plant
Biology, Department of Biochemistry,
of Turku, Turku, Finland.
Fluidic Analyticsand
Limited,power
Cambridge, UK.
Cavendish (electron transfer to the external elecLaboratory, Department of Physics, University of Cambridge, Cambridge, UK.
Present minc@ijm.univ-paris-diderot.fr
address: School of Biological Sciences, University of East Anglia,
Solar power is considered toNorwich,
be aUK.particularly
attractive source, asemail:
on
trical circuit) are spatially decoupled from one another (Fig. 1). In
Christopher J. Howe and Tuomas P. J. Knowles contributed equally to this work. *e-mail: ch26@cam.ac.uk; tpjk2@cam.ac.uk
average the Earth receives NATURE
around
10,000 times more energy from such a system, it becomes possible
to design the geometrical conENERGY | VOL 3 | JANUARY 2018 | 75–81 | www.nature.com/natureenergy
75
1,2
the Sun in a given time than is required by human
consumption
. Springerfigurations
and operating conditions of the electron generation and
© 2018 Macmillan
Publishers Limited, part of
Nature. All rights reserved.
Although several technologies exist to convert this extensively avail- power harvesting units independently, which allows their perforable sunlight into electrical current3,4, factors such as scarcity of mance to be optimized simultaneously. In particular, in the devices
production materials, high cost per delivered quantity of electricity described here, we use miniaturized geometries in the power delivand lack of equally efficient storage technologies have limited their ery unit. This operation at small length scales suppresses convective
adoption4–8. Biological photovoltaics (BPVs; also known as biopho- mixing18, enabling us to omit the semipermeable membrane from
tovoltaics and biological solar cells9) are emerging as an environ- the power delivery unit of the BPV, normally required to separate
mentally friendly and low-cost approach to harvest solar energy and the device into the anodic and cathodic compartments. In addi10–12
convert itbinto 1electrical
tion
to decreasing the internal resistance
the device, omitting the
2 Tissue
3 of
Woundcurrent
healing . In phototrophic organisms,
regeneration
Development
light is converted into high-energy charge-separated electron–hole membrane would reduce the cost of the system and make the operapairs, and the excited electrons are transferred through a number of tion easier, as membranes have been reported to dry out, degrade,
intracellular electron carriers, with a fraction eventually exported foul and clog19–21. More generally, the use of small length scales has
across the cell Wound
membrane
and
released
to30:317–36
the external environ- the potential to decrease the resistive electrical losses of the system
Annu. Rev. Cell
Dev.
Biol. 2014.
Keywords
ment13–15 (Fig. 1a). In BPVs, these secreted electrons are directed because it introduces elevated surface-to-volume ratios, enhanced
20–23
First
published
online
as
a
Review
in
Advance
on to a more
mass-transfer
coefficients electric
and small
electrode
separationcytoskeleton,
to an electrode (anode) and from there allowed
to flow
.
cell polarity,
electrochemistry,
fields,
ion transport,
14, 2014 (cathode) through an external circuit,
positive potentialJuly
electrode
We show that the use of such two-chamber flow-controlled BPVs
small
GTPases
16,17
thus generating current
Simultaneously,
the protons released by results in a 2.5-fold increase in anodic power density compared with
The Annual .Review
of Cell and Developmental
the maximum reported so far when using wild-type Synechocystis
the cells diffuse from
anodic
chamber to the cathodic one where
Biologythe
is online
at cellbio.annualreviews.org
Abstract
water is re-formed on an appropriate catalyst (Fig. 1b). This process sp. PCC6803 cells as the phototrophic catalyst (Supplementary Table
This article’s doi:
Localized
ion fluxes
at the
plasma
replacing
these
with membrane
Synechocystisprovide
mutantelectrochemical
cells deficient in graleads to the generation
of current without release of any chemical 1). When
10.1146/annurev-cellbio-100913-013357
dients the
at the
cellphotosynthetic
surface that contribute
to cellelectron
polarization,
migration,
main
and respiratory
sinks (the
termi- and
side-products. A proton-permeable membrane separates the anodic
c 2014
Copyright
⃝
Annual Reviews.
chamber from the
cathodic
one, by
ensuring
that electrons travel only
nalIon
oxidases
and thelocal
flavodiiron
complexes
Flv1/3 and
Flv2/4),and
theorgadivision.
transporters,
pH gradients,
membrane
potential,
All rights reserved
24,25
via the external load.
improvement
in the
power density
further
increased
to 5-fold
.
nization
are emerging
as important
factors
in cell
polarization
mechanisms.

7-336. Downloaded from www.annualreviews.org
Warwick
10/04/17.
For Biol.
personal
use only.
Annu.onRev.
Cell Dev.
2014.30:317-336.
Downloaded from www.annualreviews.org
Access provided by University of Warwick on 10/04/17. For personal use only.

E

In Brief
© 2018 Macmillan Publishers Limited, part of Springer Nature. All rights reserved.

Article

Species-Independent Attraction to Biofilms through
Electrical Signaling
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Ion-channel-based electrical signaling by
B. subtilis biofilms attracts distant motile
cells, leading to incorporation of diverse
species into a pre-existing biofilm
community.

Cells as masters of electrochemistry
Cell Physiology Arising From Electron Flow
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CHEMISTRY OF OXYGEN SPECIES

Internal redox / charge limitations
Much of the behavior of molecular oxygen and its partially reduced species
derives
influencing
metabolic fluxes

rom their reduction potentials and molecular orbital structures. Molecular oxygen
self is a rarity, a stable diradical, with two spin-aligned, unpaired electrons in its
i antibonding orbitals (Figure 1). An important consequence of this structure
s that organic molecules with spin-paired electrons cannot transfer more than
ne electron at a time to oxygen. Because oxygen is a relatively weak univalent
lectron acceptor (and most organic molecules are poor univalent electron donors),
his restriction ensures that oxygen cannot efficiently oxidize amino acids and
ucleic acids. However, the unpaired electrons of dioxygen readily interact with
he unpaired electrons of transition metals and organic radicals.
In contrast, the reduction potentials of O2 , H2O2, and hydroxyl radical dictate
hat in thermodynamic terms they are much stronger univalent oxidants than dioxyen is (Figure 2). However, the anionic charge of O2 inhibits its effectiveness as
n oxidant of electron-rich molecules, while the reactivity of H2O2 is diminished
y the stability of its oxygen-oxygen bond. Neither of these features applies to the
ydroxyl radical,
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HO· reacts
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dioxygen is used as the standard state for the first step.

Interrogating metabolism as an
electron flow system.
Christian Zerfass, Munehiro Asally, Orkun S Soyer
Current Opinion in Systems Biology 13: 59-67 (2019).

Solid surface
electron exchanges

Extracellular metabolites and electroactive biomaterials

Multi-cellular interactions and division
of labour in communities

Engineering microbial communities using
thermodynamic principles and electrical interfaces.
Christian Zerfass, Jing Chen, Orkun S Soyer,
Current Opinion in Biotechnology 50:121-127 (2017).
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1st BEE WORKSHOP
30/31 May 2018
TO EXPLORE BEE REMIT
Targeted UK only, with broad representation from all related fields; Cell biology,
microbiology, environmental biotechnology, plant biology, neuroscience, and
electrochemistry.
For presentations, see;
https://warwick.ac.uk/fac/sci/lifesci/research/beehive/beeworkshop_program
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2nd BEE WORKSHOP
28/29 March 2019
TO EXPLORE BEE REMIT
International, small workshop focusing on ‘electrical cell biology’ with support from
Physics Of Life Network (EPSRC)
For program, see;
https://warwick.ac.uk/fac/sci/lifesci/research/beehive/bee_hub/2nd_bee_workshop/
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