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Abstract. Recent advances in electrogenic capabilities of autotrophic microorganisms have given an
optimistic alternative for future renewable energy sources[1]. Cyanobacteria Anabaena sp. is
currently used as a fertilizer due to its nitrogen fixing ability. However, its application as an
electricity generator is not exploited because of the low throughput that is obtained.

A better understanding of the relation cells-electrode was intended in this project and optimization
of the current signal provided by the bacteria was also studied. The presence of an electro-active
natural mediator has been demonstrated and stress induction has appeared as an interesting factor
to increase the obtained current. Finally, in order to study the application of Anabaena sp. in the

anode of a fuel cell, a Photovoltaic Microbial Fuel Cell was constructed.

INTRODUCTION

Global energy demand is increasing every year
even more than population does. The amount
of electricity consumed in our planet nowadays
is 1,31x10%* kW per hour (5,7x103 kW per hour
is the demand per person in Spain) and fossil
fuels have been the main source to satisfy this
requirement so far [2].

Even though they are efficient, these fuels
come with two important drawbacks: (i)
petroleum, coal and gas, which are the three
components of fossil fuels, are getting depleted
and (ii) their combustion generates large
guantities of carbon dioxide which is the main
cause of the green-house effect. Consequently,
different CO2-neutral and renewable energy
sources have appeared in the last decades as
profitable alternatives to fossil fuels[3]. This
work focuses in those alternatives converting
sunlight to electricity, called photovoltaic
devices (sunlight provides to the earth
2,03x10°kW/hour) [4]. Especially it considers
those devices involving autotrophic bacteria.

Microorganisms have an extended capability to
exchange electrons with the environment,
either donating or receiving them [5][6][7]. The
electric charges travel continuously from some
molecules to others. It happens in
photosynthesis, where the electrons from the

water splitting are transferred to cytochromes
and ferredoxine; and energy is obtained by the
cells. When an excess of excited electrons are
present in autotrophic bacteria, these can be
redirected to an external acceptor, the
electrode[8]. This transfer of electrons from
cells to electrodes has potential applications in
electricity generation.

Previous studies have given an insight in the
process. Light dependency of the electrogenic
activity of cyanobacteria was demonstrated in
the 80s when the first evidences of this
application were investigated [9]. Later on, in
order to determine the exact origin point of the
electrons in the photosynthetic reaction chain,
some enzyme inhibitors were used [10]. The
variety of results though, didn’t end in a robust
conclusion. Furthermore, R. Bradley et. al.
genetically modified Synechocystis sp., knocking
out two thylakoid-localized terminal oxidases
genes and increased the yield obtained by 3-
fold [11].

Some research groups attempted to
demonstrate how the electrons are transferred
from cells to electrodes [12][13]. Natural
(hydrogen or quinones) and artificial (viologens
or vitamin K3) mediators appeared to serve as
good molecules to carry the charges [14][15].
Although conductive pili between cells have
been observed in cyanobacteria, direct electron
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transfer from cells to electrodes has only been
reported in heterotrophic microorganisms[16].

Since most of the previous works were
conducted on Synechocystis sp. [17][11] we
decided to use a different bacterial strain. We
used the cyanobacterium Anabaena sp. which it
has also been described to present electrogenic
activity [4]. It is a filamentous cyanobacteria
that exists as plankton in freshwater ponds and
backwaters; and it is also interesting due to the
presence of heterocysts which are specialized
cells, located at semi-regular intervals along the
filaments, that can fix atmospheric nitrogen
into ammonia [18].

Our aim was to provide a better understanding
of this cyanobacterium and its electronic
features. We wanted to characterize the
capacity of Anabaena sp. to donate electrons
and optimize the signal measured for its electric
generation applications.

In order to study this strain, we used an
electrochemical cell with a three electrode
configuration: working (WE), counter (CE) and
reference (RE) (Figurel). It is a well-known
setting that provides reliable information about
the redox reactions [19]. Basically, the potential
of the electrode is switched from negative to
positive values and the response is observed as
current values.

[we] [RE] [cCE]

Figurel. Three electrode configuration

After characterization of Anabaena sp., our
second aim based on the construction of a
Photovoltaic Microbial Fuel Cell (PMFC). It was
built for future purposes, to study the electric
generation capacity of our strain. In a three
electrode configuration, we must apply electric
potential to study cell-electrode interaction, in
a PMFC however, oxidation in one electrode is
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coupled with a reduction reaction in a second
electrode and net electric energy is obtained.
The fuel cell is composed by two chambers
separated with a Proton Exchange Membrane
and an electrode in each one, the anode and
the cathode. Oxidation and reduction
respectively. The PMFC allows the electrons
coming from the cyanobacteria to be reduced
[20]. It can be seen as a battery that is runned
with microorganisms (Figure2).
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Figure2. Photovoltaic Microbial Fuel Cell Scheme

Even though an inorganic reaction usually
serves as the reductive process (Figure2),
biocathodes have also been studied. Different
microorganisms present the capacity to harvest
electrons coming from an electrode and use
them for its own metabolism. This combination
avoids the necessity to use metallic catalysts in
the cathodes (Platinum) [21].

PMEFC offers some advantages when compared
to similar technologies. In contrast with current
solar panels, cyanobacteria are self-sustainable
and self-repairing organisms really inexpensive
to be grown [22]. When compared to fuel cells
using heterotrophic organisms (HMFCs),
Photovoltaic MFCs don’t need a continuous
supply of organic matter as the carbon source.
Furthermore, the energy of the electrons
obtained in PMFCs is higher than those coming
from the by-products of metabolites respiration
(HMFCs case). Being the photosynthetic
reaction chain the origin of the electrons
implies that they are in its highest energetic
level, regarding biological means. From
photosynthesis on, these same electrons will be
powering the formation of organic matter that
afterwards, heterotrophic organisms  will



Nanoscience, Materials and Processes 2014-2015

consume. Electrons are transferring and so
losing energy in every step [23][24].

The main disadvantages that don’t allow PMFCs
to be implemented as electric factories are the
low power outputs and the high costs of the
materials usually used for constructing them.
This work attempts to provide a better
understanding of electron transfer processes
and PMFCs construction methods in order to
solve both these problems.

MATERIALS AND METHODS
Culture and cyanobacteria growth

The experiments were conducted on Anabaena
sp. BEAO858B. The strain was maintained at 21
+/- 2 2C under stirring conditions. It was kept in
sterile containers with filters located in the caps
that allowed oxygenation; under cycles of 16h
Light; 8h Dark (4x15W/m? fluorescent lights).
The culture was grown in recommended media
BG-11 and it was checked twice a week for
contamination using two different methods:
visual observation under microscope (Nikon Y-
FL HB-10104AF) and agar-plate culturing with
yeast extract where heterotrophic organisms
would grow if present. Culture growth was
monitored using a spectrophotometer (BioNova
Cientifica S.L. Spectra max 340PC) at 680nm of
wavelength for chlorophyll determination . This
parameter was correlated with the amount of
cells per micro-liter using a Neubauer chamber.
For analyzing, 20ml of sample were taken, in
sterile conditions.

Electrochemical cell and measurements

A 30ml glass container was used as three
electrode electrochemical cell. To fit in the
three electrodes, three holes were drilled in the
cap. All the experiments were carried out using
a Ag/AgCl reference electrode (CHInstruments
Ag/AgCl Reference electrode), a platinum mesh
(5mm x 10mm) as the counter electrode and a
graphite bar with constant active area as the
working electrode.
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Cyclic voltammetry (CV) was used for
electrochemical analysis with different scan
rates (from 1 to 100mV/s) and potential ranges
(from -0,2 to +0,7V) using a potentiostat
(Ecochemie-Autolab PGSTAT10). The chamber
was filled with BG-11 medium together with the
sample to be analyzed and the medium itself
and/or distillated water were used as the
negative control.

ChronoAmperometry (CA) was also conducted
with the same configuration of electrodes as CV
and a fixed potential of +0,6V vs Ag/AgCl. The
amount of sample used for testing was 20ml
and absorbance and pH were also measured.
The results of CVs and CAs are presented in
different formats throughout the report,
depending on what the study focuses in.

In CVs there are two parameters which are
mainly relevant: the height of the peaks and its
position in the X axes. The height is an intensity
value and it is proportional to the concentration
of molecules that are reacting. It is used as a
guantitative value to express electrogenic
activity. The position is expressed in Volts and it
corresponds to the formal potential of the
redox reaction under analysis.

In CAs, bar graphs are used to express the
intensity values obtained.

Surface area calculation

Active surface area of the working electrode
could be calculated from Randles-Sevcik
equation (1). Using CV in 2mM Fe(CN)3s / 1M
KNOs solution and a potential range of +0V to
+0,6V. The reduction peak’s intensities were
plotted against the square root of the scan
rates (25, 50 and 100mV/s) and by performing
linear regression the slope (k) could be
obtained. One can express the area as a
function of k (2).

ir=(2.69%x10°)n3¥2D%*CAv”* (1)
A=k/((2.69%x10°)n¥2D%C) (2)

n stands for the number of electrons exchanged
in the reaction. Since ferricyanide is converted
to ferrocyanide, just one electron s
participating in the system. D is the diffusion
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coefficient (6.70 x 10°® cm? s71), C is the molar
concentration of the solution (mM), A is the
active surface area (cm?) and v is the scan rate
(V s2) [25].

Equipment and reagents

Different equipments and instruments were
also used for different applications reported:
pH-meter (CRISON Basic20), centrifuge (MPW
350R), grinding machine (MiniBeadBeater —

Biospec), dialysis membrane (Sigma-Aldrich
D9777-100FT), tester instrument (Digital
Multimeter DT830D), spectrophotometer

(BioNova Cientifica S.L. Spectra max 340PC) and
the air compressor (Turbolet M-101 - ICA).
Glucose (Glucose 99%, Sigma Aldrich) and
Ferrocyanide (PamReac — MontPlet&Esteban
SA) were the reagents utilized.

RESULTS

01. Characterization:

Electrodes performance and characterization

Graphite bars of 3mm in diameter and 6cm long
were cut to be used as working electrodes. They
were introduced in heat shrinking tubes so the
whole bars were isolated with exception of the
edges. When performing experiments, the
electrodes were half introduced into the
solution and the part that remained outside
was connected to the potentiostat with an iron
crocodile.

Low resistances ranging from 1 to 1,5Q were
observed using a tester instrument. The active
surface area was obtained to calculate the
current density (intensity/active area). We used
CV and the Randles-Sevcik equation. It ranged
from 0,45 to 0,55cm?.

Determination of the presence of electro-
activity

Cyclic Voltammetry is a versatile technique that
allows us to see the presence of any electro-
activity in the medium [26]. When either direct
electron transfer or mediated electron transfer
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occur, it appears in voltammograms as intensity
peaks. These peaks excel from the background
noise or capacitive current that is always
present when a voltage is applied.

We compared the medium BG-11 as the
negative control with a cyanobacteria culture.
The results show both the oxidation and the
reduction peak only when bacteria cells are
present (Figure3). It demonstrates electro-
activity dependence of the cyanobacteria.

CV of medium and sample
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Figure3. Cyclic Voltammogram comparing BG-11
medium as negative control and cyanobacteria. A
scan rate of 1mV/s was used.

Quantitative analysis of the voltammogram

Different information such as the reversibility of
the reaction, the rate limiting factor (electron
transfer or diffusion), or the formal potential
can be elucidated from Cyclic Voltammetry [27].
All these parameters give an insight in the
electro-active process and its potential
application to Fuel Cells.

For this experiment, absorbance of the sample
was measured using a spectrophotometer. It
was 1,236 (680nm) which could be correlated
with the concentration of cells. pH was also
tested using a pH-meter which was 8,97.

The distance peak to peak (AE) was constant
but has a value of 190mV. It was higher than
expected (59mV) (Figure4). The formal
potential (E”) was +0,315V vs Ag/AgCl and the
ratio between cathodic and anodic peaks was
around 0,92. These results indicate slow
electron transfer kinetics and reduction
reaction slightly favored versus the oxidation.
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CV of sample at different scan rates
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Figured. CVs of Anabaena sp. sample comparing
different scan rates (1mV/s, 5mV/s and 10mV/s).

The effect of the concentration of cells on the
signal

In order to determine the optimum
concentration of cells required for high
intensity throughputs, we analyzed a variety of
samples that presented different amounts of
cells per milliliter and compared it with the
signal that we obtained. The concentration is a
parameter that directly depends on the growth
state of the culture. Both the concentration and
the state were studied at the same time [28].
Culture was sampled periodically, based on
previous data of the group. From day zero, it
takes 27 days to reach the stationary state.
Samples were taken from the batch culture so
that bacteria cells were in different
concentrations every time. After CVs
measurements were conducted, the results
showed that the signal rose when 15 days
passed (Figure5). The peaks intensity kept more
or less constant and did not drop when the
stationary state was reached.
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Figure5. Correlation of the anodic peak intensities
(red bars) obtained with CVs at 5mV/s and the
growth state of the cyanobacteria (blue line).

We concluded that, after approximately 7 days,
the concentration of cells present in the sample
does not affect the peak height values. From
this experiment on, all samples had a minimum
absorbance of 1,0 to assure that concentration
did not affect the signal.

pH dependence of the formal potential

After determining the effect of concentration of
cells on the electro-activity, we also wanted to
study if different concentrations of protons
switched the formal potential to different
values.

Following the Nernst equation (1), a direct
relation exists between the electrochemical
potential and the concentration of the
reactants [27]. A dependence of pH with the
observed potential would demonstrate the
implication of protons in the reaction.
Concentrated nitric acid and concentrated
potassium hydroxide were used in order to
modify the pH of the samples. Although the
amount of the reactants added is not known,
the pH could be tested using a pH-meter. The
theoretical values were obtained taking the first
experimental potential (+0,3048V) as the initial
value and using equation (1) to calculate all the
others.

. Ox][H*]
E = -0,0591/n log L2XH"]
[RedH]

Ox+H"+1e- <= RedH (2}



Nanoscience, Materials and Processes 2014-2015

Ox. Peak | Theoretical
pH [H+] Potential Values
7,87 1,34*10"-8 0,3048 0,3048
8,43 3,7%107-9 0,3563 0,3378
8,75 1,77*10"-9 0,4063 0,3567
8,97 1,07*10"-9 0,4246 0,3696
9,31 4,89*107-10 0,4504 0,3902

Tablel. Different values for pH, protons
concentration, experimental oxidation peak

intensities and the theoretical values calculated
from Nernst equation.

Potential dependence on the pH
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Figure 6. Experimental measurements of the
oxidation peak potentials at different pH values (CVs
at 5mV/s) (blue line) and the theoretical values
calculated from Nernst Equation (red line).

A direct proportionality exists between the
concentration of protons and the position of
the peaks in the CVs (Figure6). Higher pH
implies more positive potentials. However,
when compared with theoretical values, the
experimental data doesn’t fit as expected.
Experimental bias or different activity
coefficients of the protons might interfere.

We demonstrate the implication of protons in
the system.

Separation of the culture in different phases

A centrifugation step was carried out, previous
to CV, in order to separate bacteria cells from
the BG-11 medium and outer molecules. If the
signal appeared in the supernatant part, it could
be attributed to extra-cellular components
(natural mediator).

40 ml of sample were centrifuged at 5000rpm
during 5 minutes with a spinning centrifuge. All
the cells were deposited at the bottom of the
“falcon” tube and the sample was divided in
two, 20ml each. One was just made of medium
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and the other was composed of medium mixed
with the re-suspended cyanobacteria.

To discard that cellular components released to
the medium from broken cells were responsible
for the activity, another sample was taken and
all the biological matter was grinded. An
automatic bead-beater and zirconium/silicon
pearls (0,1 to 0,5mm) were used.

The experiment demonstrates that electro-
activity appears in bacteria samples but does
not appear in the supernatant (Tablel). In the
case of grinded cells, no signal was detected
whatsoever. Direct electron transfer might be
the cause of electro-activity. However, further
analysis is required since no evidences of this
phenomenon have ever been observed.

Dialysis membrane barrier

We performed a new experiment in order to
complement the data previously observed
(Table2). We analyzed the possibility of direct
electron transfer using a membrane as a
barrier.

A dialysis membrane, 14kDa of pore, was
placed between the active area of the electrode
and the sample. The setting allows only those
molecules smaller than 14kDa, to pass through
the membrane and reach the electrode.
Anabaena sp. cells are not able to pass through
such small hole. Both demonstration of the
presence of mediators and delimitation of its
size, is the aim of this experiment.

CVs test were performed to 20ml of sample. A
peak was obtained in the cyclic voltammetry
meaning that most of the electrogenic activity
observed until the moment can be attributed to
extra-cellular charge carriers (Table2). No direct
electron transfer is possible through the dialysis
membrane.

We attributed the lack of signal in the
supernatant (experiment above explained) to
the centrifuging step. It was probably
precipitated with the rest of the biological
matter. Different times of centrifugation should
be tried in future experiments.
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Sample Peak Intensity (mA)
Positive Control 0,00022
Negative Control No peak

Precipitate 0,00017
Supernatant No peak
Grinded sample No peak
14kDa membrane 0,00015

Table2. Oxidation peak intensities of the CVs
(5mV/s) for the different samples measured.

02. Optimization:

Light/Dark cycles.

It is well-known that light is an essential
requirement for electrogenic activity in
photosynthetic organisms [4]. To demonstrate
the implication of the photosynthesis in the
process we put the sample through different
light and dark cycles.

Anabaena sp. sample was cultured under 3
hours light / 3 hours dark and CA
measurements were taken periodically (every
hour). The results showed a difference of
0,0017mA between light and dark conditions
(Figure7). However, this behavior is only
observed in the first cycle. When a second
illumination period was applied, the signal did
not raise again. After some repetitions, no
changes were observed.

We hypothesize that this behavior is due to a
possible contamination. When the samples are
analyzed in the electrochemical cell, we are not
able to assure sterile conditions. Heterotrophic
organisms might grow in the sample perturbing
the data acquired.

Light/Dark cycles
0,0025
0002
£ o0us
2 0,001 =
0
g O T T T T T T T T T T T
A A A A A
FF ST ST TS
I NN N S S SN SN
Cycle (hours of light/dark)

Figure7. Oxidation peak intensities of CVs (5mV/s)
taken at different times under light/dark cycles.
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Bubbling of the chamber

When kept in steady conditions, Anabaena sp.
tends to aggregate in a compacted mass around
the electrode. We wanted to avoid this
compaction agitating the sample using a
constant airflow. We introduced an air pump
into the electrochemical cell and the mass
transport was disturbed so that diffusion effects
were no longer appreciable. Convection was
predominant and a constant movement of the
species was observed [27].

Cyanobacteria sample was analyzed using
ChronoAmperometry (CA) and a fixed potential
of +0,6V vs Ag/AgCl. The signal changed from
0,002mA to approximately 0,0025mA (Figure8).
By causing a constant movement of the species,
they reached the electrode at higher rates and
so the intensity rose as expected.

Stress induction

Under non-optimum conditions,
microorganisms attempt to adapt by changing
either the environment or its metabolism [29].
Any change in their growth medium can be
followed by new behavior and/or new secreted
molecules. We wanted to put our sample
through stressed conditions and analyze its
effect on the signal.

Anabaena sp. culture was introduced in a
sealed container and was left for 24 hours in
steady conditions. No exchange of gases was
received by the bacteria during this time.

The sample was analyzed after that period by
CA and a fixed potential of +0,6V vs Ag/AgCl.
The signal was the highest obtained in the
optimizations, with values above 0,003mA
(Figure8). The impossibility of the cells to
obtain, neither carbon dioxide nor oxygen,
might have made the cells produce electro-
active compounds. The sort of molecules
analyzed or their origin is not known. Further
measurements must be performed.
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Glucose as a carbon source

Previous studies of the group showed that the
metabolism of either cyanobacteria or
eukaryotic algae change when an external
carbon source such as glucose is supplied. Since
electrogenic activity is directly related with the
energy generation (photosynthesis) of cells, a
different energy source would theoretically
diminish the signal [23].

Different concentrations of glucose (0,5% 1%
3%) were added to the medium of Anabaena
sp. and CA analysis were conducted.

No differences between concentrations were
observed (Figure8). Although the sample with
1% of glucose is slightly lower than the positive
control, the result is not statistically significant
(0,0005mA deviation of the values).

Optimization of the signal
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Figure8. Anodic Peak Intensities (CVs at 5mV/s) of
different samples: Distillated water and BG-11
(Negative Controls), Positive Control (Anabaena sp.),
Bubbling (cyanobacteria sample under a constant air
flow), Stress induction (cyanobacteria sample after
24h left in a sealed container) and 0,5% Glucose, 1%
Glucose and 3% Glucose (concentration of the
glucose added).

03. Fuel Cell Construction:

We designed and constructed a two chambers
fuel cell adapted to fit in both electrodes
(anode and cathode) and the Proton Exchange
Membrane.

The fuel cell is composed by two walls and two
inner cages attached together with four screws
(Figure9A). To avoid leaking issues, we placed
rubber gaskets between each piece. AutoCad®
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software was used for designing the prototypes
(Figure9B).

PolyMethilMethaAcrilate (PMMA) was the
material chosen because of its good light
transmittance properties, its feasible machining
capability and its affordable price.

For cutting purposes we draw the design on the
PMMA and we used different instruments such
as a power saw and a carbon dioxide laser
available in our department. Sanding machine
and sandpaper were used for final tweaks.

Once the structural pieces were formed
(Figure9D), we placed a Proton Exchange
Membrane (PEM) that splits and isolates the
anode and the cathode (Figure9A). At the same
time, it allows the protons generated in the
metabolism of bacteria (photosynthesis) to flow
from one side to the other (Figure2). A carbon
fiber anode or negative electrode was placed in
one chamber together with cyanobacteria while
a platinum cathode or positive electrode was
placed in the other chamber

There are some processes whose kinetics affect
the throughput of the PMFCs and they had to
be taken into account when constructing it. (i)
Inside the fuel cell, cyanobacteria’s metabolism
generates the protons that move from one
semi-chamber to the other (the distance
between electrodes had to be as short as
possible.). (ii) These same protons then react
with the oxygen introduced by the bubbling and
regenerate water (cathode is platinum due to
its catalyzing properties). (iii) The electrons
must be transferred from mediators to the
electrode (if low transfer kinetics are measured
from natural mediators, artificial ones had to be
supplied).

All these factors create what is called the
internal resistance of the fuel cell, and they are
part of the cause of the low vyields that are
obtained from PMFCs [30][31]. All the reactions
(i, ii and iii) are connected so the process that is
rate limiting will be diminishing the velocity at
which all the others are occurring.

Once all the pieces were assembled and the
PMFCs was constructed, we installed a Fuel Cell
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Tester in our lab (Maccor Instruments Series
4100 and MultiPlexer 4300) to carry out the
cycles,

battery  tests  (culture/discharge
polarization curves, etc.)

o
Figure 9. A. Assembling scheme of the PMFC parts
B. One of the AutoCad designs prepared for
construction C. While performing the fuel cell. D.
The final device constructed.

CONCLUSIONS

A characterization and quantitative analysis of
the interaction between the cyanobacteria
Anabaena sp. and a graphite electrode has
been reported. An extra-cellular mediator <
14kDa of size has been demonstrated to
produce most of the signal obtained in CVs and
protons have showed to take part in the redox
reaction. The current density (current/active
area) measured  (0,002mA/0,5cm?)  was
4uA/cm? when +0,6V (vs Ag/AgCl) were applied
to the working electrode. It is 10-fold higher
than the density measured in similar conditions
using Synechocystis sp. [19]. The formal
potential observed in non-modified conditions
(+0,315V vs Ag/AgCl) would allow us to couple
this reaction with the reduction of protons and
oxygen (+1,01V vs Ag/AgCl) in a fuel cell
construction. Theoretically, it would provide an
electromotive force of 0,695V.

The stress induction under sealed conditions
provided an increase of the intensity signal that
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should be taken into account in future studies.
The molecules or metabolism changes
implicated could offer new strategies to raise
the power of the PMFC.

Finally, a Photovoltaic Microbial Fuel Cell device
was constructed in the lab as a model of
electricity generator. The material used
(PMMA) and the procedure followed, allow us
to build low-cost fuel cells (= 4€/cell).
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