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ABSTRACT

This study presents the simulation of a MFC with
Pseudomonas aeruginosa based on a metabolic flux
analysis (MFA) which arises as a linear programming
model that served as input for the fuel cell model. The
linear model was implemented in Xpress MP® and
the coupling model in Comsol Multiphysics®. The in
silico model predicted maximum potentials of 0.135 V
which were consistent with those obtained in the ex-
perimental cell. Afterwards, an optimization platform
based on multiobjective optimization approach was
implemented aimed to determine genes that increase
the average cell power. cysA, cysP and rpoS mutants
which were predicted to increase the power of the cell,
were experimentally tested with an air cathode fuel
cell finding an augment up to 35-fold in the average
power density for the rpoS mutant. Power densities
were obtained through experimentation in the range
of [0.13 - 5] mW/m>. Electron shuttle rise was qualita-
tive corroborated trough cyclic voltammetry tests,
which allowed to visualize the augment of the peaks
for rpoS mutation.

Keywords: Component; Formatting; Style; Styling;
Insert

1. INTRODUCTION

The increasing demand of global energy has set a drama-
tical searching for alternatives which could be based on
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renewable sources yet cheap in terms of materials needed.
Global fuels currently satisfy 80% of the energy demand
and this keeps increasing causing an increment in
greenhouse gases. It is also a fact that this demand is
scaled-based regarding its application, as this energy
must be supplied according to the device or the system
that would be using it.

Fuel cells have been identified as one of the most
promising technologies to supplement energy to low
scale devices. Generally, they generate electricity through
oxidizing substrates coupled with an adequate electrons
sinks. The based is electrochemistry as they are com-
posed of a cathode and an anode. Its classification is
derived from the substrate, chemical reaction and ma-
terials which are based on. Hydrogen fuel cells on one
hand have been popularized thoroughly. On the other
hand bacteria can be used for analogous purposes as they
are capable of catalyze the conversion of organic matter
into electricity using microbial fuel cells (MFC). In this
case, the anode promotes the formation of biofilms while
allowing electron transfer. However, electron transfer
demands the participation of electron shuttles and not all
bacterial species have the ability to synthesize; hence the
addition of artificial shuttle becomes unavoidable. For-
tunately, there exist facultative anaerobic species such as
Pseudomonas aeruginosa (P. aeruginosa) known to pro-
duce phenazine derivates partially regulated by quorum
sensing [1].

The important role of phenazine was established
utilizing a P. aeruginosa phenazine mutant MFC as the
performance of the cell decreased 95% [2]. In order to
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turn MFCs into attractive alternative, it is necessary to
enhance its performance by increasing its capability of
generating power. Several approaches have been chosen

in that regard involving material and kinetics engineering.

For example, the electron and proton transfer resistance
must be reduced through the election of adequate
materials for the proton exchange membrane (PEM)
responsible for facilitating the transfer of protons. Also,
new engineering efforts have been conveyed on pro-
posing structures that avoid biofouling and increase the
specific surface area using graphite fiber bush anodes in
air-cathode MFCs [3]. One of the main hurdles is the
electron transfer from the bacteria to anode which is
either limited by mass transfer or the global kinetics [4].
Kinetics limitations could be overcome by increasing
the synthesis of the electron shuttle phenazine for P.
aeruginosa through varying the physical chemical con-
ditions in the cell or, by utilizing more recently de-
veloped technologies based on molecular biology. Meta-
bolic engineering approaches are mostly based on trial
and error strategies which look for increasing the rate
reactions or abolish enzyme synthesis to redirect the
metabolites flow to specific interests. Nevertheless, ge-
nome scale models which are based on annotated and
sequenced genomes could be utilized to predict the meta-
bolic flux distribution by solving a linear programming
optimization model restricted by mass balances and
metabolites availability in an approach called flux ba-
lance analysis (FBA). This approach departs from a
metabolic network, which is the complete set of all the
metabolic processes that determine the physiological
and biochemical properties of a cell. The optimization
problem for the flux balance analysis can be formulated
as follows:
Maximize

Vcelular objective (l )

Subject to:

Zj:lsijvj =0
asv,<p

2

where o and S are upper and lower bounds and S
the stoichiometric matrix.

The objective function constitutes a critical step when
formulating the problem as it establishes the direction
where the biological system evolves. Generally, biomass
synthesis is utilized as objective function, but this has to
be reviewed carefully as biological systems could behave
differently when the electron receptor changes and this is
the case for P. aeruginosa in MFC where the presence of
oxygen must be reduced. Different objective functions
have also been tested in biological systems such as ATP
synthesis, redox potential and starch synthesis [5].

FBA models should be framed in the environment
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where the cells evolve hence if one want to determine
which genes should be deleted or over-expressed in the
system in order to enhance the performance of the fuel
cell it is necessary to develop a model that connect the
kinetics of the cell, mass transport, and the electroche-
mistry behind the current generation process. Picioreanu
et al. [6] reported a biofilm based MFC model that consi-
ders the redox mediators and multiple chemical species.
This transient model is capable of predicting current,
voltage, and charge and power production. Transport
limitations were also considered by considering chemical
species transport inside the biofilm. However, this model
describes the kinetics of few metabolites and its kinetics
is rather simplistic as it does not consider the complete
metabolic network and its connectivity. Here, in this
work, we developed a novel genome scale model of P.
aeruginosa coupled with a single chamber MFC model
to determine genes susceptible of deleting in order to
increase the synthesis of electron carriers through
implementing a multi-objective optimization approach.
More importantly we found that sulfur metabolism and
celullar stress plays an important role in MFC perfor-
mance.

2. METHODS
2.1. Metabolic Network Reconstruction

Flux balanced analysis was based on the reconstruction
based on Oberhardt et al. [7]. The model incorporates
1056 genes related with 883 reactions including anabolic
pathways necessary for the synthesis of most cellular
biomass from basic metabolic precursors. Moreover the
model takes into account the metabolic processes in-
cludeing phenazine synthesis, which is the main focus
for our work.

2.2. Linear Programming and Objective
Function

Biomass as reported by Oberhardt and phenazine flux
was selected as the main objective for the biological
system studied [8,9]. Moreover, special restrictions were
imposed over oxygen flux as the electron shuttles are
mainly produced upon anaerobic conditions, to achieve
this conditions the flux that represented the oxygen
intake by the cell was reduced to almost zero. The opti-
mization problem posed “Eqs.1 and 2” was solved using
Xpress MP Professional®. The inputs for this model were
the stoichiometric matrix, the number of reactions and
metabolites.

2.3. Multi-Objective Platform

Multilayered optimization frameworks are often app-
lied to optimize systems where multi-objective hierarchy
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is present. In this case biomass growth is prioritized by
the cell regardless of the internal and external conditions,
then a bi-level optimization approach seems to be ideal.
Nevertheless, this approach demands an intensive explo-
ration in a intangible search space. Here in this work, we
switched our bi-level approach to a single level optimi-
zation problem by imposing an additional restriction to
the biomass flux based on the steady state value from the
in silico wild type strain. The optimization problem
could be posed as:

Maximize

V pnenazine 3)
Subject to:

Vbiomass = ¥ 4)
Subject to:

Y =0

oxygen intake

VGlucose input < 10

VGlucose Output = 0

where y is the maximum value of biomass flux and the
restrictions refer to substratum flux and micro-aerobic
conditions to promote phenanize flux.

First, the value of biomass restriction is determined to
the solution of a single level optimization problem,
where the biomass flux is the objective function to
maximize, with the same characteristics of the bi-level
optimization model. As a second step, this value of
biomass flux is used as a restriction in a new opti-
mization problem. This optimization model has the
objective function to maximize the phenanize flux with
the biomass flux fixed. Then, using Xpress MP Pro-
fessional” coupled with a MFC COMSOL" model we
finally determined candidates susceptible of mutating for
improving the voltage of the cell.

2.4. Substrate and Biomass Kinetics

Substrate variation in time was modeled by fixing the
substrate rate consumption and the phenazine-glucose
yield coefficient. The mathematical model is described
by the following “Eqs.5 and 6”

qs:Yixqg (5)
C
Qy =uxI’ (6)

where ¢, is the substrate consumption rate in Yy is -
c

formance coefficient, ¢ is the cellular growth rate in,
u is the specific growth rate and I'. is the cell con-
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centration. Standard values were obtained from literature
[10].

2.5. Two Dimensional Microbial Fuel Cell Model

In order to determine the power generated inside the
MFC we built a two-dimensional model that could be
further coupled with the FBA analysis [11]. This model
consists of four compartments: an anode, a proton
exchange membrane, a cathode and culture medium.
Each of the porous electrodes is in contact with a current
collector [12,13].

The mathematical model used to describe the mi-
crobial fuel cell was adapted from the model proposed by
Shi et al. [14] and Comsol Chemical Engineering
Module [13]. A conductive medium model describes the
potential distributions in the four compartments using
Laplace equations for electric potential.

V(-Ky Vy ) =0 (7)

where K, is the effective electronic conductivity of
the media (S/m) (They are specified for each media in
Table 1) The potential (V) at the electrodes and the
membrane is denoted by =, ,n, for the electric poten-
tial. Ton current density at both anode and cathode is
described with the following equation:

Ve = Lact (1 _¢mac)‘]agg,e (8)

where the subscript for cathode or anode is e, L.,
represents the active layer thickness, ¢, the macro-
scopic porosity. J,., represents the current densities that
are given by the agglomerate model. Local current
density is based on Butler-Volmer Eq.9:

Jagg,e = —60!0 F [@] {1 - ﬂ“e COth(le )} ﬂe (9)

agg

_ }/OaﬂRazgg
: 2FFCBH 90N 3, ref Dagg

7/0CﬂR:gg ( F J
= |————exp| ~——¢, 11
& \/4FF Dy P T ¢ (h

02,ref ~a

-2F
B = |:FC13H9ON3‘ref —L 131003 ref eXP(Faaﬂ (12)

:BC = lﬁOZ,agg (13)

For the culture medium domain the phenazine concen-
tration reference level was given by the linear pro-
gramming problem solution. Over-voltages at the anode
and cathode are given by the following equations:

IBC = 1—‘Oz,agg &y =My — Ty — é‘eq,a (14)
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Table 1. Variable and constants for the kinetics and microbial fuel cell model with P. aeruginosa.

Variable Description Units Values
v Cell flux mMol-(g-cell-hr)
i Stoichiometric matrix
/e Maximum value of biomass flux mMol-(g-cell-hr)
q, Substrate consumption rate g/h 0.0706284
q, Cellular growth rate g1 h! 0.0345
u Specific growth rate h 0.02
I, Cell concentration g1’ 1.725
Y% Performance coefficient g glu-g™' cell 2.0472
s Effective electronic conductivity S/m 20.000
K et Membrane effective electronic conductivity S/m 0.124
P Electric potential \%
P Pressure Pa
P Reference pressure Pa 7.4660 x 10*
Drrac Macroscopic porosity 0.6
s Local current density A-mm’
q Gas velocity ms
a, Charge transfer number
u Gas viscosity Pa-s 2.1x107°
B Specific area of the catalyst 1/m 250
F Faraday’s constant % 96,465
- Particle radius in agglomerate um 0.1
et Reference concentration of species Mol/L
ia00 Concentration of species on the surface of agglometrate Mol/L
D, Binary diffusivities m’/s
W Mass Fractions
D, Gas diffusivity in the agglomerate m/s
Lo Active layer thickness um 10
Yoa Voc Reference exchange current densities A/mm?
£, &, Over-voltages at anode and cathode v
M Molecular weight
R Ideal gas constant J 8.314
mol x K
K, Permeability of the electrode m’ 1x10™
P Gas mixture density Kg/m’®
Srgar Oue Equilibrium voltage at anode and cathode \Y 0
T Temperature K
W Mass fraction

Copyright © 2013 SciRes.
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& =My — W, _5eq,c (15)

Boundary conditions for the electric potential of the
electrodes conserve with differences in the sign. The
potential difference between the current collectors on the
cathode and the anode matches the total voltage of the
fuel cell. Here we selected the current collector in the
anode as the reference level (zero value). Hence the total
voltage of the cell serves as a boundary condition in the
current collector at the cathode.

In order to model the gas flow at the cathode we used
Darcy’s law. The gas velocity is given by the continuity
equation:

V(pq)=0 (16)

where p represents gas mixture density (Kg/m®’) and
q represents the gas velocity (m/s). Darcy’s law for
porous media sates [15].

kp
q=-—-Vp (17)

Assuming ideal gas at the cathode the density can be
calculated using the following equation:

P
P—EZMixi (18)

where R is the ideal gas constant, P is the pressure, T is
the temperature and M is the molecular weight of each
gas. Also P ; and P constitute the boundary condi-
tions for the Darcy equation (inlet and outlet pressure
respectively)

On the border of the cathode, the gas velocity is
calculated from the total mass flow given by the

electrochemical reactions.

J

cathode M 1
LR [P :%[%*—(E_FAHZOJMHZO} (19)

Here, we take into account two species at the anode
C,;HyON,,H,0 and three at the cathode O,, H,O, N,
(air). For the mass transport we use of the Maxwell-

Stefan convective and diffusion model for each electrode.

The mass transport can be described from the following
three mass transport equations of Maxwell-Stefan who
assume that diffusion over temperature gradients is
negligible (oxygen = 1, water = 2, nitrogen = 3). The
following equations model the mass transport at the
cathode, at the anode the equations are similar but
without convective terms.

fmefaloent3)]

:_(PQ'le)
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2.6. Experimental Validation

2.6.1. Strains and Media

Wild type strain P. aeruginosa PAO1, P. aeruginosa
cysP-C10::ISlacZ/hah, P. aeruginosa cysA-A03::ISlacZ/
hah, and P. aeruginosa rpoS-B03::ISlacZ/hah were kindly
provided by University of Washington Genome Center
and contains an inserted tranposon in the stress response
genes cysP, cysA, and rpoS respectively. The strain of P.
aeruginosa was maintained in a petri dish with nutrient
agar. To ensure that the experimental results were not
erroneous due to contamination, all manipulations were
performed inside a vertical flow chamber in completely
sterile conditions.

2.6.2. Microbial Fuel Cell

The MFC utilized in experiments consists of an air
cathode single chamber fuel cell made in acrylic glass.
The cell has an anode compartment of 3 cm of length and
a tube length of 4 cm giving a total cell volume of 28.27
cm3 and total anode area of 7 cm”. Proton exchange
membrane consists of J-Cloth fabric type [16].

2.6.3. Microbial Fuel Cell Operation

MEFC was sterilized with UV light exposition during 24 h.
Cultures were grown in nutrient broth (Oxoid, Basing-
stoke, UK) for 24 h previous to inoculation (3 mL for 20
hours at 150 rpm and 30°C). Once inoculated, both,
cathode and anode are hooked to a circuit with an
external resistor of 500 W and incubated at 30°C for
periods of approximately 15 days. From the third day of
incubation 5 mL of the internal environment of the cell
was removed and 5 mL of 2.5 g/L sterile glucose solu-
tion of was added. The cells were monitored every 30
seconds during the whole incubation period with a data
acquisition card (PCI-6221, National Instruments) and a
connection module (SCB-68) with the Labview™ acqui-
sition software (National Instruments®).

2.6.4. Electrochemical Monitoring and Cycling
Voltammetry

Current, power density and columbic efficiency were
calculated based on equations reported by Logan [17].
Cyclic voltammetry tests were performed based on the
protocol by Park et al. [18]. in order to detect the
presence of the electron shuttles phenazine starting from
=450 mV to +900 mV at a scan rate 25 mV/s. Briefly,
the cell anode was connected to the working electrode
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terminal and the cathode to the counter electrode
terminal and a reference electrode Ag/AgCl (MF-2052
BASI) was utilized.

3. RESULTS AND ANALYSIS
3.1. Metabolic Flux Analysis

Metabolic fluxes were calculated for P. aeruginosa in
silico model using MFA. Maximum growth rate obtained
was 1.04793 and 0.0846 h-1 for aerobic and anaerobic
conditions respectively with a glucose uptake of 10
mmol xGlcxhr™, falling within the values that previ-
ously reported for similar conditions [19]. Phenazine and
biomass production were estimated for different glucose
consumption rates in order to assess the sensitivity of the
model.

3.2. Two Dimensional Microbial Fuel Cell Model
and Experimental Validation

FBA based model was then coupled to the 2D MFC
model previously described utilizing the kinetic equa-
tions described in Section 2.3. Phenazine flux was
calculated at different intervals of glucose using the FBA
model and voltage was evaluated from the flux predicted
in the FBA model with the 2D MFC model. All para-
meters were obtained from the literature (Table 1)
[20-29]. Our model was also validated through com-
paring the power density profile obtained assuming the
kinetics explained in Eqs.5 and 6 with an experimental
setup at 2.5 gr-1"" of glucose. The results obtained during
the first cycle of glucose agreed with the profile provided
by our model (Figure 1). Therefore, our model was
validated for the next goal: to determine candidate that
enable to improve MFC performance.

3.3. Multi-Objective Optimization Outcome

The multi-objective optimization approach was utilized
to identify reactions susceptible of deletion so the
synthesis of electron shuttles could be augmented. For
this work we fixed the initial concentration of glucose at
2.5 gr/l and estimated the glucose flux assuming passive
transport. Then, FBA was utilized to calculate the phena-
zine flux that was consider the input for the 2D MFC
model. In order to decrease the search space, we res-
tricted each run down to two possible mutations and a
genetic algorithm developed in Matlab® was used to
select candidates that both maintain the biomass growth
and increase the shuttle flux. Table 2 displays the results
obtained for each run. The fact of the appearance of
different genes for each run exhibits the presence of local
optima which are often elucidated when using combina-
torial approaches such as genetic algorithms also, our

Copyright © 2013 SciRes.

algorithm always provided one single mutations as best
candidates. In this case, we found an interesting trend
towards sulfur transport and metabolism as a target to
increase the synthesis of this electron shuttle as the
model predicts around 1.8 fold increase compared to the
value when no deletions occur (1.41 mmol phenazine-h-
1-g cell) when deleting cysT, cysW, shp, and cysP.

3.4. Experimental Validation

P. aeruginosa cysP-C10::ISlacZ/hah, P. aeruginosa
cysA-A03::ISlacZ/hah, and P. aeruginosa rpoS-B03::
ISlacZ/hah with transposons inserted in the sulfate
transporter cysP, sulfate binding precursor CysA, and
stress response factor rpoS respectively, were utilized in
order to corroborate the outcome of the proposed
algorithm. Even though RpoS is not an outcome of the
model as it is not directly metabolic related, it is reported
that regulates sulfate related genes [30]. The perfor-
mance of the cell, evaluated thorough determining the
power density average and coulombic efficiency was
then compared to the performance of the wild type P.
aeruginosa PAO! reported by Garcia et al. [31]. More-
over, we obtained voltametric cyclic curves in order to
detect qualitative changes in the production of the
electron shuttles. Interestingly, for all cases, the modi-
fication of the strains leads to an increase in both peak
and average power density, demonstrating the effect of
these genes on the phenazine production (Table 3).
Nevertheless, the relation between sulfate transport and
phenazine is not trivial, as this molecule does not content
sulfur in its structure. So it seems that the connectivity of
the network causes a modification on the flux of this
metabolite. In order to corroborate our results, we ran the

Table 2. Outcome of the Multiobjective optimization platform
for the improvement of the performance of a P. aeruginosa
based air cathode microbial fuel cell.

Phenazine flux Power
Gene Product name mmol/(gr-cell-h) density
g predicted
Wild type 2.41 0.11
cysA Sulfate binding protein 261 0.59
precursor
Sulfate-binding protein of
cysP ABC transporter 2.61 0.53
cysT Sulfate transport protein 2.61 0.51
cysW Sulfate transport protein 2.61 0.58
Ribose-phosphate
prsA pyrophosphokinase 1.63 0.65
ribF Riboflavin kinase/FAD 332 0.63
synthase
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Figure 1. Power density profile for an air cathode based on P. aeruginosa obtained from a flux
balance model coupled with 2D microbial fuel cell model (---) and an experimental setup with P.
aeruginosa PAO1 (-).

Table 3. Power density peak and average and Columbic efficiency for air cathode microbial fuel cell with P. aeruginosa PAO1 and
mutants.

Strain pl;;)lv(v (e;lisn;:?;) av;(;vgveer(:le‘;s’i;ly(z) Coulombic efficiency (%)
P. aeruginosa PAO1 0.23 0.13 4.60
P. aeruginosa cysP-C10::ISlacZ/hah 0.71 235 3.06
P. aeruginosa cysA-A03::ISlacZ/hah 2.20 1.49 4.53
P. aeruginosa rpoS-B03::1SlacZ/hah 0.71 5.00 11.56
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Figure 2. Cyclic voltammogram for cysP-C10::ISlacZ/hah (a) and P. aeruginosa rpoS-B03::ISlacZ/hah (b) air cathode micro-
bial fuel cell set up.
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algorithm for several times finding the same trend.
Regarding the voltametric cyclic curves we did not
detect a significant difference regarding the place and the
intensity of the oxidation and reduction peaks for cysP
and cysA mutants (see Figure 2(a) for cysP mutant). On
the other hand rpoS mutant displayed an interesting
difference in this diagram as the peaks (Figure 2(b)),
which represent the presence of the shuttles are higher
for the mutant, suggesting an increasing in its con-
centration. This dramatical increment was also reflected
on the power density average as the mutation of these
genes leads to a 13-fold increment. Also rpoS deletion
enabled the cell to use the electrons wisely and this was
revealed in the coulumbic efficiency (2.5-fold incre-
ment)

4. CONCLUSION

Here in this work we demonstrate that by coupling FBA
and spatial models which include mass transport and
other physics such as electrochemistry is possible to im-
prove the performance of different systems where kinet-
ics and mass transport are limiting such as MFC. We also
demonstrate that multi-objective optimization strategies
where the second level is switched to a restriction for the
first level seems to work satisfactorily with heuristics
approaches such as genetic algorithms because it reduces
computation infrastructure and time. On the other hand
we also found that the sulfate transport a stress play a big
role in P. aeruginosa MFC performance as we reached a
13-fold increment in the performance through deleting

rpoS.
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