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ABSTRACT

We demonstrated self-sustainable high power generation from
a microliter-scale bio-solar cell by using syntrophic interaction
between electricity-generating  heterotrophic  bacteria and
phototrophs. The device continuously generated light-responsive
electricity from the heterotrophic bacterial metabolic respiration
with the organic substrates produced by the photosynthetic
bacteria. Without the external input of organic fuels, the bio-solar
cell utilizing the mixed culture generated self-sustained current
more than 400 times greater than that of the bio-solar cell using
only photosynthetic bacteria. The device featured (i) a small-scale
microchamber to reduce the start-up time by increasing the
probability of cell attachment/biofilm formation, (ii) a carbon-
based anodic material to promote bacterial adhesion and (iii) a
sandwich configuration of the anode/proton exchange membrane
(PEM)/air-cathode to minimize the inter-electrode distance and
significantly reduce the internal resistance.

INTRODUCTION

With increasing concerns about the energy crisis and global
warming, heterotrophic microbial fuel cells (MFCs) have been a
major focus for renewable energy production [1-5]. The MFCs are
powered by live heterotrophic bacteria to efficiently degrade a
broad range of organic substrates under natural conditions and
offer clean and sustainable features. Although the MFCs are
capable of generating a high power density, they require a
continuous supply of organic substrate for energy, hampering the
entirely self-sustainable power supply. On the other hand, bio-solar
cells are another type of the MFC that can provide self-sustainable
power generation by using the photosynthetic and respiratory
activities of photosynthetic bacteria [1, 6-10]. The bio-solar cell
can continuously generate electricity from solar energy without
additional organic substrates since light energy absorbed by the
photosynthetic reaction splits water and generates oxygen, protons,
and electrons. Despite their promise as a self-sustainable power
source, however, the bio-solar cells have not yet been successfully
translated into commercial applications because of their persistent
power limits. Their power densities, which are typically several
orders of magnitude lower than that of even the smallest power
MFCs [11, 12], remain a significant challenge.

Recently, the “Plug and Play” photosynthetic concept has
been proposed by the Johnes’ group at Arizona State University as
a strategy to increase bio-solar cell performance; the light and dark
reactions can operate independently, coupling microbial
respiratory  metabolism to electricity generation using
photosynthetic co-cultures [13]. Also, several research teams
generated a wealth of new scientific and technological results that
clearly  demonstrated  synergistic =~ cooperation  between
photosynthetic microorganisms and heterotrophic bacteria [14-16].
However, much of this work is still in its nascent stages; the
evolution of this technology will require additional exploration
through practical application of established techniques and
comprehensive systematic integration.

In this work, we created a microfluidic bio-solar cell that
integrated both heterotrophic and photosynthetic bacteria for high
power density and self-sustainability. The heterotrophic bacterial
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Figure 1: Conceptual illustration of the hybrid bio-solar cell
based on the synergistic cooperation between photosynthetic
bacteria and heterotrophic bacteria

biofilm (Shewanella oneidensis MR-1), which formed first at the
bottom of the anode, oxidized organic substrates and efficiently
transferred electrons to the anode while photosynthetic bacterial
biofilm (Synechocystis sp. PCC 6803) formed over the
heterotrophic bacteria and provided the in-situ organic substrates
(Fig. 1). Without the external input of organic fuels, the bio-solar
cell utilizing the mixed culture generated self-sustained current
more than 400 times greater than that of the bio-solar cell using
only photosynthetic bacteria. Furthermore, bio-solar cell
miniaturization inherently produced favorable conditions for
increasing power density by reducing internal resistance and
improving mass transport [17, 18] while greater bacterial adhesion
was promoted by using the carbon-based anode materials
compared to an inefficient conventional inorganic materials [11,
17]. In addition, a sandwich configuration of the anode/proton
exchange membrane (PEM)/air-cathode minimized the inter-
electrode distance and significantly reduced the internal resistance
[12].

EXPERIMENTAL SET-UP
Operating principle

In this hybrid bio-solar cell, the main biocatalyst to generate
electricity was the heterotrophic bacteria. The bacteria
extracellularly transfer electrons to the anode while they oxidize
organic substrates in the micro-chamber [19]. The phototrophic
biofilm formed over the heterotrophic bacteria captures solar
energy to convert carbon dioxide and water (generated from
heterotroph’s respiratory reactions) into oxygen and organic matter,
which are subsequently used for both bacterial respiratory
reactions (Fig 1), offering self-sustainable and self-maintainable
features. During those reactions, electrons are released through
extracellular electron transfer pathways and flow to the cathode
through the external electrical circuit. Released protons
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Figure 2:
device.

Figure 3: Photo-images of the fully assembled biological solar
cell: (a) the bottom view and (b) the top view

simultaneously diffuse from the anodic chamber to the cathode,
where they re-combine with electrons and oxygen to re-form water.
The photosynthetic bacteria themselves can also be biocatalysts to
continuously harvest electrons from microbial photosynthetic and
respiratory activities under day-night cycles [20-22]. However,
their electron transfer efficiencies are low and not practical to be
used as a practical power source [11, 12].

Device Fabrication

The bio-solar cell was assembled as shown in Fig 2 & Fig 3,
where the main body of the device was comprised of four
polymethly methacrylate (PMMA) substrates and the sandwiched
electrode assembly. Five different functional layers were cut by
the laser cutting machine (Universal Laser System,VLS3.5): (i) a
top PMMA layer, (ii) a PMMA microfluidic chamber layer, (iii) a
rubber gasket, (vi) an anode/PEM (Nafion 117)/air-cathode
sandwiched electrode assembly, and (v) a bottom PMMA layer.
All layers were carefully aligned and assembled with 10 small
screws. The device utilized the air-cathode to allow freely
available oxygen to act as an electron acceptor by the installation
of the catalyst side of the air-cathode to face toward the chamber
while the opposite side was exposed to air. The air-cathode was
fabricated from 30% wet-proofed carbon cloth with four layers of
polytetrafluoroethylene (PTFE) coating [23, 24]. The other side of
the cathode was coated with Pt/C catalysts (0.5mg/cm2 Pt loading).
The electrodes were pierced with a 0.5mm thick Ti wire as a
current collector. The bio-solar cell had two holes for fluidic
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cultures and (b) the enlarged image of the chamber, showing
green colored photosynthetic bacteria.

inlet/outlet. Tubes (CODAN, 0.35 mL volume) were plugged into
the holes with adhesive to form a fluidic channel. The 1.6mm-thick
PMMA microfluidic chamber layer (ii) and 0.508mm-thick rubber
gasket layer (iii) were precisely laser-machined to define a 90uL
chamber over the electrodes. The size of a completely assembled
device was 6cm x 3.5cm. The assembled device was sterilized with
70% ethanol and ultraviolet light for 24 hours.

Inoculum and Catholyte

Synechocystis sp. PCC 6803 (phototrophs) were grown from -
80°C glycerol stock cultures by inoculating 15mL of BG-11
medium with gentle shaking under a 24h light cycle (12h
light/dark). The BG-11 contained 1.5 g NaNOs, 40 mg K,HPO,, 75
mg MgSO,, 36 mg CaCl,, 1 mg of EDTA, and 6 mg of citric acid
and of ferric ammonium citrate per 1 L of distilled water. The
continuous aeration and illumination were provided by fluorescent
lamps for 2 weeks. Growth was monitored by measurement of the
optical density at 600 nm (ODygq) and the culture we used reached
an ODgyg of 1.4. Shewanella oneidensis MR-1 (heterotrophs) were
grown from -80°C glycerol stock cultures by inoculating 20mL of
L-broth medium with gentle shaking in air for 24h at 35°C. The L-
broth media consisted of 10.0g tryptone, 5.0g yeast extract and
5.0g NaCl per liter. The culture we used reached an ODgq of 2.0.
Both cultures were then centrifuged at 5,000rpm for Smin to
remove the supernatant. The bacterial cells were re-suspended in a
new medium and used as an anolyte for the device.

Measurement Setup

We measured the potentials between the anodes and the
cathodes with a data acquisition system (National instrument,
USB-6212), and recorded the readings every 1 min via a
customized LabView interface. An external resistor connected
between the anode and the cathode closed the circuit. The current
through this resistor was calculated using Ohm’s law.

RESULTS AND DISCUSSION
Biofilm formation
In this work, we constructed a hybrid bio-solar cell comprised

of two microbes, namely Shewanella oneidensis MR-1
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Figure 5: Photosynthetic bacterial biofilm formed on
heterotrophic bacterial biofilm. The extracellular polymeric
substance of the heterotrophic microbes facilitate the adhesion
of phototrophic ones rapidly forming their biofilm.

(heterotrophic) and Synechocystis sp. PCC 6803 (photosynthetic).
For better understanding of the biofilm formation, we used our
previous microfabricated MFC designed for both optical and
electrical studies of the bacteria [25, 26]. The MFC included a
transparent thin gold as an anode and a protruded anode chamber,
which could be directly placed under an optical microscope for
observing live bacterial behavior. After the heterotrophic bacterial
biofilm was first formed, photosynthetic bacterial inoculum was
introduced (Fig. 4). Although further study needs to be done, we
could claim that the biofilm extracellular polymeric substance of
the heterotrophic microbes might facilitate adhesion of
phototrophic microbes rapidly forming their biofilm. In this way,
cultivating photosynthetic bacterial biofilms could be maximized
by using co-cultures with heterotrophic bacteria. Fig 5 shows the
rapid (< 12 hours) and densely-packed biofilm formation of the
phototrophs over the heterotrophic bacterial biofilm.

Current generation

The efficiency of photosynthetic electron transfer can also be
improved via co-cultures with heterotrophic bacteria. This
statement is based on the fact that electron transfer rate among
heterotrophic bacteria is much more efficient than that of
photosynthetic bacteria, which leads to significantly increased
power generation in the absence of an electron donor [4]. Although
the understanding of the individual and synergistic roles for key
microbial populations is still missing, some studies have already
shown increased power generation from mixed microbial
communities [5-7]. The bio-solar cell utilizing the mixed culture
generated light-responsive current from organic matter released by
the photosynthetic bacteria. Without external introduction of
organic substrates, the bio-solar cell with co-cultures generated
self-sustained current density (6pA/cm?) (Fig 6a), which was more
than 400 times greater than that of the bio-solar cell using only
photosynthetic bacteria (15nA/cm?®) (Fig. 6b). During operation at
12h/12h light/dark cycles, the device with the co-cultures shows
the negative light response (Fig 6b) which is consistent with the
mechanism where photosynthetic bacteria produces organic fuels
that feed heterotrophic bacteria, and the respiratory electron-
transfer chain of the heterotrophic bacteria is the source of
electrons deposited on an anode. A current decrease during
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Figure 6: Current densities measured from the (a)

photosynthetic bacteria only and (b) co-cultures of Shewanella
oneidensis MR-1 and Synechocystis sp. PCC 6803 . The white
bars indicate the illuminated period and the shadow indicates
the dark period.

illumination was presumably due to the negative impact of
photosynthetically evolved oxygen. While the oxygen abiotically
reacted with the anode decreasing the open circuit voltage of the
device, it could also compete with electron transfers of the
heterotrophic bacteria and, therefore, decrease the current
generation. Approximately a four-fold higher current was
generated during the dark than during the illumination.

On the other hand, a positive light response was observed
from the bio-solar cell loaded only with photosynthetic bacteria;
approximately a three-fold increase was generated during the 12h
of illumination than during the dark phases. This positive light
response indicates that the photosynthetic electron transfer chain is
the source of the electrons harvested on the anode. During the dark
periods, bacterial respiration produced energy from the organic
substrates (which is the product of photosynthesis) to keep the
current generation above zero.

CONCLUSION

In this work, we created a microfluidic bio-solar cell which
continuously generated an entirely self-sustainable current by
using syntrophic interaction between heterotrophic biocatalysts and



photosynthetic bacteria. We could generate much higher current
density (6pA/cm?®) than that of the bio-solar cell using only
photosynthetic bacteria. Moreover, by using an innovative device
architecture in a miniaturized chamber, the bacterial adhesion was
improved and the internal device resistance was reduced, leading
to higher current/power generation. This work could result in
barrier-transcending advancements in miniature bio-solar cells that
could facilitate higher performance with self-sustainability,
releasing bio-solar cell technology from its restriction to research
settings, and translating it to practical, real-world applications.
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