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Abstract

One promising technology that offers a potential breakthrough in terms of energy recovery
from wastewater efforts is Microbial Fuel Cells (MFCs). This technology exploits the ability
of microorganisms, usually bacteria, to oxidise organic matter contained in wastewater and
harness the produced electrons to generate electricity. However, despite its promise, current
bottlenecks such as long start-up time, low power output and limited understanding of
microbial communities central to the process, prevent this technology to achieve its
maximum potential. Through this DPhil project, we have expanded our understanding of the
underlying science and mechanisms behind Microbial Fuel Cell technology, as well as
pushing towards its applications as a simultaneous solution for wastewater treatment and
energy crisis problems in industrial scale.

In this project, two main Extracellular Electron Transfer (EET) mechanisms for S. oneidensis
MR-1 — mediated electron transfer (MET) and direct electron transfer (DET) were evaluated
and analysed for their contributions. The results confirm that electron transfer via mediator
contributed 70% of power output, and genetic engineering of cells to include additional
flavin-production gene from B. subtilis increased the power output by over two-fold. In
addition, the in-situ transfer of flavin-overexpression genes into the bacterial cell using
ultrasound in an MFC setup was achieved for the first time. This study has also demonstrated
a significant scale-up to ultrasound gene transfer technology — with working volume of 300
mL, providing ~150X scale-up than those previously reported elsewhere.

Furthermore, the ability of S. oneidensis MR-1 to utilise acetate as sole carbon and energy
source in an MFC setup was demonstrated. A voltage of 0.032 + 0.011 V was generated
across 1kQ resistor with 20 mM sodium acetate as the sole carbon source, with maximum

power output that reached 1.2 + 0.1 mW/m?2. The acetate utilisation by S. oneidensis was also

demonstrated when using anaerobic digester liqguor as MFC substrates — with 16.2 + 4.1 mg/L



of acetate content consumed within 5 days, resulting in ~11% coulombic efficiency. This is a
novel finding — as there are no previous literatures that report successful utilization of pure
culture S. oneindensis to degrade acetate from real AD liquor for electricity generation.
Furthermore, this further supports claims that have been made by other researchers — that
acetate utilization by MR-1 is not limited only under aerobic condition.

Finally, the viable application of magnetic nanoparticles (MNPs) in MFC setup was
demonstrated. The deployment of silica-coated Iron-Oxide Nanoparticles (ION) prevented
oxidative nature of the iron core, while maintaining the magnetic property of the
nanoparticles. The combined result of these characteristics enabled the use of nanoparticles to
form engineered biofilm on the electrode surface without compromising its electricity
production. A voltage of ~40 mV was achieved using E. coli — S. oneindensis MR-1
consortium to degrade glucose, with maximum power production of 39.8 + 2.4 mW/m?2. The
biofilm composition was found to have shifted towards a community predominated by the
favoured electrigen which is MR-1 strains, reaching 38.3 + 7.0% of total cell population —
around 5-fold higher compared to 7.4 £ 4.2% of that the control where the nanoparticles were
not present. To the best of our knowledge, this is the first reported study of MNP application
in MFC as coating agent for bacterial cell — for the purpose of selective biofilm formation of
electrigen-enriched electrode.

Future research trends should be focused on the advancement of electrode materials towards
cheaper, more biocompatible, and higher effective surface area which promote better biofilm
attachment, and further understanding of the biology within bacteria consortium that is often
very complex — coupled with genetic engineering and modifications to implement capabilities
across bacterial species for complex substrate degradation and enhanced electricity
generation capabilities. This study has contributed majorly to some of these aspects through

its novel result and findings, although further studies, sensitivity analyses and development



are still required to reach our target end-state. In the future, we believe that the application of
MFC should not be limited to wastewater treatment, but also form part of important
integrations with other technologies such as biosensory systems, anaerobic digester as well as
energy storage and chemical productions. All these milestones should be achieved as we

advance our understanding of the science and underlying mechanisms behind the technology.
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Chapter 1: Introduction

1.1. Background

Based on 2021 annual reports published by 12 water and sewerage companies in the UK,
every day in the UK over 16 billion litres of wastewater are generated from homes,
municipal, and commercial and industrial premises [1]. In most, if not all cases, wastewater
contains potentially valuable energy locked within it in a form of organic matters. Typical
wastewater contains organic matters that is equivalent to chemical energy content of around
13 MJ/kg COD [2]. Despite this huge potential, ironically wastewater treatment processes
today are still net energy consumers. Globally, wastewater treatment plants (WWTP)
consume larges amount of energy, estimated at between 1 — 3% of global energy output [3].
Although some technologies, such as anaerobic digestion [4]-[6], biogas utilization [7], [8],
sludge handling processes [9]-[12] and thermal hydrolysis process [13], [14] have been
utilised to recover some portion of energy from wastewater, most of the useful energy within
it remains unrecovered, leaving significant rooms for further improvement in energy recovery
technologies. Through this DPhil, we focused our studies on Microbial Fuel Cell (MFC) as
one of the promising solutions to the simultaneous wastewater and energy problems. Through
better understanding of the science and mechanisms behind how MFC operates — we hoped
to push the barrier of our current knowledge on MFC - its potential, limitations and
opportunities / specific efforts needed for it to fulfil its true potential of industrial scale
applications. Hence, this DPhil study was intentionally focused on works within laboratory
scales, and less on industrial applications — to enable more efficient knowledge transfer with

previous studies/reports and content build-up.



1.2. Research aims and objectives

The aim of this DPhil research is to push further the development of Microbial Fuel Cell
(MFC) technology as a viable solution to renewable energy alternative using wastewater as
the sustainable energy source — through better understanding of its science and mechanisms.
To achieve this, we focused our works within laboratory scales and less on industrial
applications — to enable more efficient knowledge transfer with previous studies/reports and
content build-up. Nonetheless, we hoped that our results and findings through this study
could act as a foundation to improve the feasibility and long-term viability of MFC
applications for industrial applications — taking this technology to its full potential.
In this study, a comprehensive view of relevant objectives is considered and pursued,
considering three fundamental scientific factors — biological, chemical, and physical. The
three research objectives are set as the following:
1. Biological modification of key bacterial genes (i.e., genetic engineering) to maximise
extracellular electron transfer (EET) for greater power recovery
2. Investigation of alternative carbon source for energy generation in MFC system via
chemical analysis of short-chain organic acids
3. Physical manipulation and control of biofilm architecture on electrode surfaces to
favour electrogenic bacteria build-up for higher electrode usage efficiency
Objective (1) was addressed through determination of the most dominant EET mechanism of
studied bacteria, followed by identification of relevant genes required to enhance such
mechanism, and novel in-situ gene transfer technique via ultrasound. Objective (2) was
addressed thorough chemical analysis of MFC metabolites, validated with appropriate
electrochemical experimentations with anaerobic digester liquor as the experiment substrate.

Objective (3) was addressed via synthesis and selection of suitable magnetic nanoparticles,



key characterisation of synthesised nanoparticles and their application in multi-species

microbial fuel cell setup to degrade complex organic matters.

1.3.

Knowledge gaps and relevant achievements

The identified knowledge gaps found prior to this study includes the following:

1. Determination of the most dominant extracellular electron transfer (EET) mechanism

of studied bacteria (i.e., Shewanella oneidensis MR-1) in a dual-chamber MFC setup
— on-going debate of mediated electron transfer (MET) vs. Direct electron transfer
(DET) being the dominant extracellular electron transfer (EET) mechanism

Lack of feasible approach for in-situ genetic modification in MFC setup

On-going debate whether pure culture S. oneidensis MR-1 is able to utilize acetate as
sole carbon source in MFC setup i.e., limited publication on acetate utilisation for
power generation in MFC systems with single culture S. oneindensis MR-1

No publications on application of magnetic nanoparticles (MNP) as coating agent for
bacterial cell for the purpose of selective biofilm formation in MFC setup; previous
studies on nanoparticles application on MFC have mostly focused on electrode

surface modifications and mostly used non-magnetic nanoparticles

This DPhil project has contributed to the field by filling the identified gaps above, and

achieved the following through detailed experimental studies:

1. Successful demonstration of use of magnetic nanoparticles (MNP) to encourage

selective biofilm formation in a multi-species MFC setup (S. oneidensis — E. coli
consortium), increasing the coverage of electrode area by electrigen by over 5X fold,

generating 39.8 + 2.4 mW/m?with glucose as carbon source



1.4.

Use of silica-coating as protective layer for iron-oxide nanoparticles core, to prevent
its redox nature which competes with electrode as electron acceptors

Determination of flavin-mediated electron transfer (MET) as the key EET mechanism
for S. oneidensis in lactate-fed MFC dual-chamber setup, contributing up to 70% of
total power output

Successful demonstration of in-situ ultrasound gene transfer in MFC setup, increasing
current density level by 61% after addition of flavin-bioproduction genes with
significant Ultrasound DNA Delivery (UDD) application scale-up through 300mL
working volume

Confirmation of acetate as a viable carbon source for electricity generation in MFC
using single-culture S. oneidensis MR-1, generating 4.89 + 0.34 pA/cm? with

anaerobic digester liquor as the source of acetate

Structure of the thesis

This thesis was structured as to provide a clear run-through of what was done and achieved

through the DPhil project — written in chronological order so reader can follow the logics and

development of the study:

Chapter 1: Introduction (this chapter).

Chapter 2: Literature review — conducted as a base of our research, to populate the
current knowledge and understanding of the technology and to identify the gaps
relevant to our research objectives.

Chapter 3: Selective biofilm formation on electrode surface of microbial fuel cell
using iron-oxide magnetic nanoparticles — our experimental effort started with
development of biocompatible magnetic nanoparticles — synthesized through

chemical and biological methods. The produced nanoparticles were then used in

10



multi-species MFC to promote selective biofilm formation to enrich electrogenic
bacteria occupation on electrode surface for improved MFC performance.

Chapter 4: Genetic engineering biofilms in situ using ultrasound-mediated DNA
delivery — our second experimental study focused on 1) determination of dominant
EET mechanism, through study of different MR-1 mutants in lactate-fed MFC; and 2)
Once key mechanism was determined, we implemented a novel gene transfer method
via ultrasound to transfer flavin-synthesis pathway plasmid into wild-type S.
oneidensis to enhance electricity generation.

Chapter 5: Current generation in microbial fuel cells by Shewanella oneidensis MR-1
via assimilation of acetate — our final experimental study focused on further
utilization of acetate as the intermediate product of lactate metabolism by S.
oneidensis, for further electricity generation, thus expanding the substrate envelope
for MR-1 application in MFC system.

Chapter 6: Conclusions, limitations, and future directions — At the end of all
experiments and analysis, we summarized the key results and takeaways of our work

and provide recommendation and future directions for this technology development.
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Chapter 2: Literature Review

2.1. Wastewater: Current treatment and future projection

Based on 2021 annual reports published by 12 water and sewerage companies in the UK,
every day in the UK over 16 billion litres of wastewater are generated from homes,
municipal, and commercial and industrial premises [1]. In most, if not all cases, wastewater
contains potentially valuable energy locked within it in a form of organic matters. Typical
wastewater contains organic matters that is equivalent to chemical energy content of around
13 MJ/kg COD [2]. Despite this huge potential, ironically wastewater treatment processes
today are still net energy consumers. Globally, wastewater treatment plants (WWTP)
consume larges amount of energy, estimated at between 1 — 3% of global energy output [3].
Although some technologies, such as anaerobic digestion [4]-[6], biogas utilization [7], [8],
sludge handling processes [9]-[12] and thermal hydrolysis process [13], [14] have been
utilised to recover some portion of energy from wastewater, most of the useful energy within
it remains unrecovered, leaving significant rooms for further improvement in energy recovery

technologies.

2.2.  Microbial fuel cells (MFCs)

One promising technology that can offer a breakthrough in energy recovery from wastewater
is microbial fuel cells (MFCs). Such technology was first reported in 1910 — where bacteria
was shown to be able to produce electricity [15]. Further concepts and practical
developments were explored since, including Cohen’s 35-unit setup in 1931 [16], Karube et
al. catalyst study in the 70’s [17] and works on synthetic mediators by Benetto et al. in the
80s-90s which resulted in the development of so-called “Analytical MFC” that is known till

this date [18]. Microbial fuel cells (MFCs) exploits the ability of microorganisms, usually

13



bacteria, to oxidise organic matters contained in wastewater and harness the produced
electrons to generate electricity. In nature, bacteria grow by catalysing chemical reactions and
harnessing and storing energy in the form of adenosine triphosphate (ATP). In bacteria,
organic matters are oxidised and electrons are produced. These electrons then flow down a
respiratory chain — a series of enzymes that moves protons across an internal membrane to
create a proton gradient. Due to this gradient, the protons then flow back into the cells
through enzyme ATPase, creating 1 ATP for every 3-4 protons. As the last step, the electrons
are released to electron acceptors available, usually oxygen. The two half-reactions that
happen during the process (taking acetate as the organic substrate) are summarised in
Equation 2.1 and 2.2. Note that Equation 2.1 is written as a reduction reaction (due to the
international convention), although an oxidation reaction is what really takes place.

2HCOs3 + 9H* + 8¢ > CH3COO™ + 4H.0 Eq. 2.1

Ean =-0.296 V (Cspecies =5mM; pH = 7)

O2 + 4H* + 4e- > 2H20 Eq. 2.2

Ecat =0.805 V (pO2=0.2 ; pH =7)

In an MFC, the bacteria and the organic substrate are contained inside the anodic chamber in
the absence of oxygen or any other electron acceptors except the anode. Driven by the
potential difference between the electrodes, the produced electrons then flow through an
external circuit to reach the electron acceptors that are made available in a separate chamber,
the cathode. These flowing electrons, i.e., electrical current, is the energy recovered by the
MFC. The produced protons (H*) flow from the anode through an ion exchange membrane,
or sometimes salt bridge, to the cathodic compartment and recombine with the electrons and
its acceptor to form reduced products (water, for example, when the electron acceptors are

oxygen). The process is illustrated in Figure 2.1.
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Figure 2.1: Schematic diagram of MFC [19]
The difference in redox potentials of the reaction occurring in each chamber creates the
electromotive force Eemf (Ecat — Ean) within the MFC, which drives the current to flow.
Thermodynamically, positive Eemt means that the reaction is spontaneous and electricity is
generated. When acetate (Cspecies = 5 mMM; pH = 7) is the organic substrate and oxygen (pO2 =
0.2; pH = 7) acts as the electron acceptors, the cell Eemf is = 0.805 — (-0.296) = 1.1 V. This

calculated Eemf provides the upper limit for the cell voltage.

2.3. Performance of MFC

2.3.1. Open-Circuit Voltage (OCV)

The cell Eems is a thermodynamic value that does not consider potential losses. Open-circuit
voltage (OCV) is the actual potential measured between the anode and cathode in the absence
of current. In theory, OCV should approach Eemt. In practice, however, OCV will be lower
than Eemf due to various potential losses. These losses are usually referred to as

overpotentials, which is the difference between potentials at equilibrium and the actual
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measured potentials. For example, a typical measured potential of oxygen reduction reaction
at a cathode at pH 7 is about 0.2 V (vs SHE), which is significantly lower than the potential
under equilibrium conditions (0.805 V). In this case, the cathode overpotential is 0.805-0.2 V

=0.605 V.

2.3.2. Cell voltage (Ecen) and internal resistance

When the circuit is closed, current starts to flow through the external circuit. Due to the
internal resistance of the MFC, the cell voltage generated will be lower than OCV and can be
calculated using Equation 2.3. [20]

E.op = OCV —i.Ripe ; Eq.2.3

Where Ecen is cell voltage (V), Rint is the internal resistance of the MFC (Q2) and i is the
current (A). Besides ohmic losses, Rint also includes other current-dependent losses that occur
at the electrodes. These losses could be categorised as follows: i) activation losses; ii) mass

transport losses; iii) bacterial metabolic losses.

2.3.2.1. Ohmic losses

The ohmic losses in MFCs consist of resistance to the flow of electrons through the
electrodes and connection equipment, as well as the resistance to the proton flow through the
anodic and cathodic medium and exchange membrane (if present) [21], [22]. Ohmic losses
can be reduced by minimising the spacing between the anode and cathode, using high
conductivity electrode and low resistivity membrane, and increasing the conductivity of the

electrolytes to the maximum tolerated by the bacteria [23]-[26].
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2.3.2.2. Activation losses

Activation losses are attributed to the energy required to initiate the redox reaction at both
electrodes. At the anode, the transfer of electrons from the bacteria to the anode has been the
major source of activation loss [27]. At the cathode, the same problem occurs with the high-
energy barrier to pass the electrons to its acceptor, e.g. oxygen [28], [29]. Activation losses
can be reduced by increasing the electrode surface area, improving electrode catalysis, and

through the establishment of enriched biofilm on the anode surface [30]-[32].

2.3.2.3. Mass transport losses

Slow mass transfer rates of the chemical species from the bulk fluid to the electrode surface
(and vice versa) cause further loss in MFC. At the anode, mass transport losses are caused by
limited supply of substrate to the electrode, and by limited discharge of oxidised species from
the anode surface [28]. At the cathode, lack of dissolved oxygen (DO) on the cathode surface
often become major limitation in power generation of MFC [29], [33]-[35]. In continuous
MFC, mass transfer resistance can be reduced by having higher feed flowrate [36], [37]. In
batch MFC, stirring can help enhance the mass transport of chemical species to and from the
electrodes [38], [39]. However, stirring and higher flowrate require energy which could
sometimes be higher than the energy generation of the MFC itself, hence careful

consideration is needed.

2.3.2.4. Bacterial metabolic losses

In MFC, the actual anodic potential is higher, i.e. less negative, than the substrate potential
since some potentials are “stolen” for cell growth and reproduction. The higher the difference
between the substrate and the anode potentials, the greater the energy gain for bacterial

metabolic activities, but the lower the maximum recoverable potential for the MFC. To
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maximise voltage generation of MFC, the anode potential needs to be kept as low as possible.
However, if the anode potential is too low then electron transport will be inhibited, and

fermentation reaction may be favoured [20], [40].

2.3.3. Power generation
There are several ways to evaluate the performance of MFC; principally through power

output and coulombic efficiency. The power output is calculated as

P = i.Eceu ; Eq24‘

Where P is the power output (W). When a fixed resistor is used as load, the current can be

evaluated using Ohm’s Law:

E
=k, Eq.2.5

)
Rext

Where Rext is the external resistance (€2). Hence power output can be evaluated as follow:

2
Ecell

;
Rexe

P=i. Ecell = Eq26

The performance is usually expressed in terms of power density, that is the power output

normalised with respect to the anode area:

2
p* = Ecell .
- Y
AAnRext

Eq.2.7

where P* is power density (W/m?) and Aan is the anode total surface area (m?).

2.3.4. Polarisation curve

Polarisation curve is needed to evaluate the maximum attainable power of an MFC. In

polarisation curves, cell voltage is plotted as a function of current. Polarisation curves can be
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obtained by using potentiostat, where one can control the voltage of the fuel cell and observe
the generated current. If potentiostat is not available, a variable resistor box can offer an
alternative. By measuring the cell voltage and current (using Ohm’s Law) at different
resistance value, polarisation curves can be generated. Caution needs to be taken when using
variable external resistance technique, that measurements must be taken only when steady-
state conditions have been achieved (i.e. constant generation of current). In reality, the
produced current will rarely reach steady state - especially when operated in batch mode
where substrate concentration is finite [41]. Hence, pseudo steady-state is often satisfactory
to conduct the analysis e.g., changes less than 1% after 15 minutes [42]. From polarisation
curves, power as a function of current can be calculated easily. From this power curves, then

the maximum point at which MFC generates maximum power can be identified.

2.3.5. Coulombic Efficiency

Coulombic efficiency represents the ratio between the total coulombs recovered in electricity
generation to the maximum possible coulombs if all substrate removal produced current. The
total coulombs obtained is calculated by integrating the current over time, whereas the
maximum possible coulombs are calculated using Faraday’s Law of electrolysis. The

coulombic efficiency for a batch system is calculated using Equation 2.8.

M [Pidt

€=
¢ AC.V.z.F

Eq.2.38

Where €. is coulombic efficiency, M is molar mass of the substrate (gr molt), AC is change
of concentration of substrate (gr m3), V is anodic chamber volume (mq), F is faraday constant
(96485 C mol™), z is the number of moles of electrons generated per mole of oxidised
substrate (for acetate, then z = 8), and t» is total time of operation.

Coulombic efficiency is reduced by utilisation of alternate electron acceptors by the bacteria

besides anode, either those present in the medium (i.e. wastewater) or those diffusing through
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the exchange membrane (for example, oxygen). Other factors that decreases the efficiency
are alternative processes such as fermentation and/or methanogenesis and bacterial growth

[43], [44].

2.4. MFC Designs and components

2.4.1. MFC reactors type and architecture

Many types of reactors have been tested in MFC systems, but they all share the same
operating principle. Different configurations of MFCs have been/are being developed using a
variety of materials. As always, each type has some advantages over the others at a certain
operating condition. Generally, MFC reactor type could be classified into three categories: i)

double-compartment MFCs; ii) single-compartment MFCs; iii) Up-flow MFCs;

2.4.1.1. Double-compartment MFCs

This is the most widely used design consisting of two chambers with the anode and cathode
compartments separated by an ion exchange membrane. This design is generally used in lab-
scale research [45]-[47], as in this project, as the cathodic chamber often needs to be aerated,
requiring an input of energy which in practice would minimize the purpose of its industrial
applications. Furthermore, some literatures also suggest that the power output from these
systems are generally low due to relatively substantial energy / electrical losses, often created
by high internal resistance and large separations of the electrodes [48], [49]. An example of a

double-compartment MFC is shown in Figure 2.2 a).

2.4.1.2. Single-compartment MFCs
One-compartment MFC eliminates the need for the cathodic chamber by exposing the

cathode directly to air. This offers simpler designs hence easier to scale-up, also remove the
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energy requirement needed to aerate the cathodic chamber that happens in double-
compartment MFCs. In some studies [50]-[53], single-compartment MFCs could generate
higher power compared to the double-compartment ones, due to much shorter and simpler
connection between the anode and cathode in single-compartment MFCs, which reduces the
internal ohmic losses. However, single compartment MFCs often experience low coulombic
efficiency, due to leakage of oxygen into the anodic chamber [54], [55]. An illustrative

diagram of a single-compartment MFC is shown in Figure 2.2 b).

2.4.1.3. Up-flow MFCs

For continuous operation, up-flow MFCs offer some advantages. This cylindrical MFC
consists of an anode (bottom) and a cathode (top), separated by microporous and chemically-
stable materials such as glass wool and glass beads layers. The feed is supplied from the
bottom of the anode, the effluent passes through the cathode and exits at the top. Due to the
vertical design, the air that is bubbled from the top is unlikely to reach the anode, hence
oxygen contamination is minimal [56], [57]. Furthermore, bacterial cells remain at the bottom
of the cylinder due to its weight and the physical barrier [56]. The schematic diagram of an

up-flow MFC is given in Figure 2.2 c).
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Figure 2.2: a) Double-compartment MFC; b) Single-compartment MFC [58]; ¢) Up-flow

MFC [59]

2.4.2. Anode material and medium

For MFC systems, an ideal anode should have the following features: (i) good conductivity
and low resistance; (ii) good biocompatibility; (iii) good chemical stability and corrosion-
resistant; (iv) large surface area; and (v) appropriate mechanical strength and toughness [60]—
[62]. To achieve this, several materials have been investigated, including carbon, metals and
composites [60], [63]-[67]. Although metals present high conductivities, most of them can
suffer from corrosion and have lower microbial attachments compared to carbon materials
[61], [68], [69]. Therefore, optimization efforts have been conducted to get the best combined
features of both metals and carbon materials, including coating of metals with biocompatible
materials, such as carbon and polyaniline, grafting with chemical mediators through surface
hydrophilization and heat treatment [69]. Recent research has also been conducted on carbon
materials that were treated with metal, or metal oxide nanoparticles as electrode support to
improve electron transfer [70]-[73]. Carbon materials are an attractive option, due to their

biocompatibility, chemically stable and can present a high surface area. The conventional
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carbon-based electrodes used in MFC includes carbon cloth, paper, rod, brushes and activated
carbon [63], [74]. Carbon brushes offer 3D configuration, providing a higher area for biofilm
attachment which in turn increasing the direct electron transfer [75]. However, a trade-off
will occur between 3D structure vs. flat electrodes, as the former often result in larger
distance between the electrodes which increase the internal resistance, despite providing
higher surface area [75].

Besides organic substrates, anodic medium must also contain ions and minerals to sustain
bacteria lives. Moreover, the presence of ions will also enhance the conductivity of the
electrolyte. However, the ions’ concentration must not be too excessive to avoid cells
shrinkage. Although one could simply use tap water to provide the ions, the unspecified
composition of ions in tap water will leave an unknown factor in MFC study. Furthermore,
tap water might also contain microbes which will contaminate the pure culture. In most
studies, the minimal media (MM) solution is chosen as medium for cell growth and MFC
operation. MM solution is a standard medium for bacterial culture. It contains the necessary

ions to provide the suitable osmotic pressure for the bacteria to live [76].

2.4.3. Cathode material and medium

The electrons generated by the microbes would be flowing to the cathode through an external
circuit, where it will combine with protons and the electron acceptor to produce reduced
products. Since there are no microbes or substrate inside the cathodic chamber, a cathode
does not have to exhibit good biocompatibility. The main criteria for a good cathode are: i)
low resistance and good conductivity; ii) low reaction overpotential [61], [62]. Platinum (Pt)
is a great material for cathode because it provides good catalysis for oxygen-reduction
reaction [77]. This results in much lower activation energy hence more energy could be

recovered. However, it is too expensive to be commercially attractive [78]. Carbon-based
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materials are relatively cheaper, and they offer good conductivity. However, they often
introduce high reaction overpotential hence require the presence of catalysts [65], [79]. As a
result, work on this field has been focused on finding low costs catalysts as replacement of Pt
[80], [81]. Among them, activated carbon is the most commonly used cathode materials due
to its low price [82]-[85]. More recently, more studies have been conducted on metal-
nitrogen-carbon complex, and metal-organic framework as catalyst for cathodes, showing
their ability to fulfil the needs for efficient oxygen reduction reaction [86]-[88].

The efficiency of the cathodic reaction is also determined by the concentration and species of
the electron acceptor and the proton availability in the cathodic chamber. Besides oxygen,
other chemicals such as hydrogen peroxide and potassium ferricyanide (Ks[Fe(CN)s]) could
be used as electron acceptors [89]. The advantage of using ferricyanide is its low
overpotential in a plain carbon-based electrode, resulting in high power output [89].
However, such chemical needs to be continuously renewed, hence increasing operational
cost. In this study, oxygen (from air) was chosen as the final electron acceptor, because of the
cost (it is free) and safety considerations. Similar to anodic medium, cathodic medium must

also be electrically conductive to support ions flow.

2.4.4. Proton Exchange Membrane / Separator

Separator is an important component in an MFC to prevent electrical contact between anode
and cathode, avoiding short-circuits and increasing the open circuit voltage [62]. It also
prevents oxygen diffusion towards the anode, which negatively affects the anaerobic
environment within it. Proton exchange membranes (PEMSs) are widely used for this
application - semi-permeable membranes designed to conduct protons (H*) while being

impermeable to gases such as nitrogen or oxygen [90]. It is used in MFC systems to allow the
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produced protons at the anode to travel to the cathode and react with the electrons and its
acceptor. The most commonly used material for PEM in MFCs system is Nafion®.

However, they are not totally selective to protons, allowing the crossover of undesirable
species that are present in substrates used on the anode side, which accumulates on the
cathode side. This will lead to catalyst poisoning, pH change and decrease in cathode reaction
e.g., oxygen reduction rate [62]. Therefore, alternative separators such as cation exchange
membranes, CMI-7000 from Ultrex, agar salt bridges, sulfonated polyimides, polyethylene
and its derivatives, chitosan, nylon and glass fibres, and unconventional materials like natural
rubber or even laboratory gloves have been used [88], [91]-[95].

More recently, researchers have tried to attempt an eco-friendlier solution by building
membrane separators with sustainable materials such as cellulose [96], [97]. The presence of
exchange membrane, however, introduces physical barrier to the flow of H*. This creates a
large resistance to the system and is sometimes the dominant source of the cell’s internal
resistance [28]. To avoid this, scientists have tried to not use them [98], [99]. In single-
compartment MFC [51], although power generation could be increased by not using
exchange membrane, the coulombic efficiency was found to be greatly reduced due to the
oxygen leakage to the anodic chamber. Furthermore, potential biofilm development at the

cathode could greatly decrease the MFC performance [100].

2.4.5. Energy harvesting method for MFC

To complete the circuit and harvest the energy generated by the MFC, a fixed resistor is
usually used to represent external load. In MFC studies, resistors are chosen because they are
cheap and easy to model [20]. The only drawback of using resistor is that the energy is
dissipated as heat, which is not practically useful. Other energy-harvesting devices have been

proposed to replace resistor [101], but such devices require further knowledge, and often
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involve more complicated operations. Because of these reasons, most studies on MFC use a
fixed resistor to absorb the generated power [20]. Note that resistors are only useful for study
purpose; for real world applications, other energy harvesting circuits are required to collect

usable energy.

2.5. Bacteria and substrate for MFC application

Many bacteria possess the ability to oxidise organic compounds and transfer the produced
electrons to the anode. Different bacteria work more effectively with a certain organic
compound than the others, hence a choice of bacteria in MFCs system is crucial depending
on the composition of substrate used. Some examples of bacteria that have been investigated
for MFC application are listed in Table 2.1. Please note that the power densities that were
delivered by different bacteria across different studies as mentioned in Table 2.1 are not to be
compared — as these studies were conducted under different operating parameters, with

different optimization objectives.
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Table 2.1 Examples of previous MFC studies with pure culture bacteria

Culture Substrate Wastewater the substrate is Power Ref.
(MW/m?)
usually contained in

Citrobacter sp. LAR-1 Sodium acetate Domestic, pharmaceutical 610 [102]
Citrobacter freundii Z7 Citrate Domestic / municipal 204.5 [103]
E.coli (DH5a) Glucose Domestic / municipal 1606 [104]
Shewanella oneidensis MR-1 Lactate Domestic, pharmaceutical 6,600 [105]
Shewanella oneidensis MR-1 Sodium lactate Domestic, pharmaceutical 1460 [106]
Shewanella oneidensis MR-1 corn straw Food industry 660 [107]
Geobacter sp. Glucose Domestic / municipal 1296 [108]
Rhodopseudomonas palustris DX-1 Complex organics Industrial, pharmaceutical 2720 [109]
Escherichia coli Glucose Domestic / municipal 2420 [110]
Chlorella vulgaris Microalgae powder Medical, textile 1926 [111]
Anaeromusa spp. Cellulose Paper industry, textile 3220 [112]
Rhodoferax ferrireducens Glucose, xylose, sucrose, maltose Municipal wastewater 158 [113]
Pseudomonas aeruginosa Glucose, Fructose, Sucrose Municipal wastewater 136 [114]
Klebsiella pneumoniae L17 Glucose Municipal wastewater 41.7 [115]
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Table 2.2 Examples of previous MFC studies with multi-species consortium

Culture Substrate Wastewater the substrate is usually Power Ref.
(mW/m?)
contained in

Gammaproteo and Shewanella affinis Cysteine Domestic, textile 36 [118]
Clostridium celluloticum and G. sulfurreducens Carboxymethyl cellulose (CMC) Paper industry, textile 500 mA/m? [119]
Rhodococcus spp. and Paracoccus spp. Glucose Domestic / municipal wastewater 7000 mA/m? [120]
E.coli K-12 and manure leachate Cattle manure Farming industry 215 [121]
Mixed culture of cellulose degrading bacteria (CDBSs) Rice straw Food industry 190 [122]
Desulfobulbus and Clostridium Rice straw Food industry 138 mA/cm? [111]
S. oneidensis CP2-1-S1 (mutant) + E.coli Xylose Food industry, municipal 728.6 [123]
G. sulfurreducens and E.coli Acetate Domestic wastewater, pharmaceutical 918 [124]
G. sulfurreducens and C. cellulolyticum Carboxymethyl cellulose (CMC) Paper industry, textile 143 [125]
S. oneindensis + S. cerevisiae Glucose Municipal / domestic wastewater 123.4 [126]
S. oneindensis + K. pneumoniae Glycerol Pharmaceutical, industrial 19.9 [127]
Engineered MR-1 + Engineered K. pneumoniae Glucose + Xylose Municipal / domestic wastewater 104.7 [128]
Saccharomyces cerevisiae + Bacillus subtilis Glucose Municipal / domestic wastewater 287 [130]
E. coli + P. aeruginosa (+ Chlorella vulgaris in cathodic | Acetate Municipal, pharmaceutical, industrial 190 (248) [116]

chamber)
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Multi-species / community-based MFCs have also been studied to degrade more complex
organic compounds, as often one bacterial species does not have all the metabolic pathways
to degrade these complex chemicals completely, hence inter-species collaboration is required
to ensure complete degradation and better electron recoveries [116], [117]. Examples of
studies done on multi-species MFC are given in Table 2.2.

Study conducted by Gurung et al. [122] utilized a mixed culture of cellulose degrading
bacteria (CDBs) isolated by transferring 1gr of fertile soil to modified Dubos salt medium —
amended with carboxymethyl cellulose (CMC) as sole carbon source for inoculation. Double
chamber MFC with working volume of 160 mL was used, with carbon paper of 5.5 x 5.5 cm?
used as both anodes and cathodes. Reactors were inoculated with 5mL of mixed culture of
CDBs, with rice straw of 1 g/L concentration (cellulose ~50%, hemicelluloses ~25% and
lignin ~25%) used as sole carbon source in the anodic chamber, and potassium ferricyanide
in the cathode as terminal electron acceptors — generating maximum potential of ~0.6 V and
max. power density of 190 mW/m? with measured coulombic efficiency of 37%. A different
study on mixed culture of genetically modified Shewanella oneidensis and Saccharomyces
cerevisiae was able to produce 123.4 mW/m? power density, utilizing glucose as sole carbon
source [126]. In this study, ethanol pathway gene of S. cerevisiae was knocked out, replaced
with lactic acid biosynthesis pathway to enable glucose-to-lactate conversion. A porin protein
encoded by oprF gene from P. aeruginosa was incorporated into S. oneidensis to enhance
membrane permeability and its hydrophobicity to facilitate biofilm formation. The power
generated was ~2X higher compared to its wild-type counterpart. More recently, a co-culture
of Escherichia coli and Pseudomonas aeruginosa was employed to degrade acetate in dual-
chamber MFC system [116] — generating power density of 190 mW/m? which was higher
than when each bacteria was employed individually under the same setup (139 mW/m? for E.

coli and 159 mW/m? for P. aeruginosa). Moreover, inoculation of photosynthetic alga
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Chlorella vulgaris in the cathodic chamber improved electricity generation to 248 mW/m?, a
further ~40% rise vs. control. This has shown a promising synergistic effect when the co-
cultures were coupled with biocathode C. vulgaris towards better MFC performance.
Similarly, it is worth noting that the power generation by different mixed cultures across
different studies in Table 2.2 are not to be compared, neither with one another nor with the
studies done on single cultures as outlined in Table 2.1 — as the operational set-up, parameters

and study objectives were vastly different from one another.

2.5.1. Real vs. Synthetic wastewater

One of the most significant potential applications of MFC is in power generation from
wastewater treatment. Besides using real wastewater (either domestic or industrial),
researchers have also used synthetic wastewater in their experiments for good reasons [131]—
[133]. Synthetic wastewater is usually chosen as opposed to the real one, because of 1)
unavailability of real wastewater; 2) unknown composition of real wastewater; 3) changing
concentration and composition of wastewater, depending on when and where it is sampled.
These difficulties make consistent analysis extremely difficult, and sometimes impossible.
Synthetic wastewater used in MFC studies usually contains a single organic substrate with
known concentration, which constitute as the major carbon source present in a typical
wastewater. Table 2.1 and Table 2.2 summarises some previous MFC studies that have been

done, along with the substrate chosen and the type of wastewater it usually exists in.

2.5.2. Interaction between bacteria and anode
Understanding the electron transfer mechanism between the bacteria and the anode is key to
MFCs development. Generally, the mechanisms can be divided into two main categories: 1)

contact-independent; and 2) contact-dependent electron transfer.
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2.5.2.1. Mediated electron transfer (MET)

Some bacteria do not possess the ability to transfer electrons to the electrode by themselves.
For these types of bacteria, electrons must be transferred to the anode with the help of
mediators. Mediators, or sometimes refered to as electron shuttles, are chemicals capable of
receiving electrons from cells and transport it to the electrode. These compounds can either
enter the cells and receive the electrons intracellularly (For bacteria uncapable of transferring
the generated electrons to their outer membrane) [134], [135]; or take the electrons from the
cell’s outer membrane via interaction with the OM multiheme c-type- cytochromes (for
exoelectrogenic bacteria) [59], [136]. Mediators are important in MFCs that use bacteria such
as Escherichia coli, Bacillus, Proteus, and Pseudomonas species that are unable to effectively
transfer electrons gained from their metabolism to the outside of the cell [137]. Examples of
artificial mediators include thionine, benzylviologen, 2,6-dichlorophenolindophenol, 2-
hydroxy-1,4-naphthoquinone and various phenazines [89], [117], [137]. However,
application of artificial mediators has several major drawbacks. For continuous operation, the
mediator needs to be continuously added which adds operational expenses. Furthermore,
some artificial mediators are known to be toxic to human, hence handling and disposal are
not so straightforward to perform [117], [138]. In some cases, bacteria can produce their own
mediators to promote extracellular electron transfer. In metal reducing environment,
Shewanella spp is known to produce flavin mononucleotide (FMN) and its hydrolysed
product, Riboflavin (B2) to help conduct remote electron transfer [139]-[141]. Other bacteria
such as Geothrix ferementans [142], Lactobacillus and Enterococcus [143] species are also
capable to produce mediators. However, such processes often require a substantial amount of

energy [144]. The illustration is given in Figure 2.3 a).
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2.5.2.2. Direct electron transfer (DET)

Many studies have also been focused on bacteria that possess the ability to attach to the
electrode, i.e. forming biofilm and transfer electrons to the electrode directly [145]-[150].
Once attached, bacteria can transfer the electrons by: i) direct contact of outer-membrane c-
type cytochromes; and/or ii) contact via conductive pili or nanowires. C-type cytochromes
are water-soluble proteins that have been well studied as one of the most important
components of the electron transport chain inside bacterial cells. In some bacterial species,
such as Thermincola potens [148], Cellulomonas fimi [149], Geobacter sulfurreducens [146],
[147], [151] and Shewanella oneidensis MR1 (the subject of this experiment), these
cytochromes also appear at the outer membrane, enabling direct electron transfer to electrode
surface. Several studies have also observed the appearance of conductive pili, or sometimes
referred to as nanowire, produced by G. sulfurreducens [147], [152] and S. oneidensis [145],
[153], that helps the bacteria transfer electrons to electrode surface. This is particularly useful
in thick biofilms where some cells are not directly attached to the electrode. The cells in the
2n 3 (and so on) layer of the biofilm is able to transfer the electrons through the nanowires.
The ability of bacteria to transfer electrons directly to the electrode surface greatly reduces
the internal resistance of MFCs, therefore enhancing power generation [145], [147]. The

illustration of EET mechanisms is shown in Figure 2.3 b).

Mediator
E. coli (oxidised)

Figure 2.3: a) Mediated electron transfer [154]; b) Biofilm attachment on anode surface,
electrons are transferred using c-type cytochrome and conductive pili [155].
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2.5.2.3. Extracellular electron transfer (EET) mechanism of S. oneidensis MR-1

Shewanella oneidensis MR-1 is one of a few bacteria that are capable of combining both
direct and remote EET mechanisms in its anaerobic respiratory purposes [140], [156].
Although the suggestion that nanowires may play a role in EET is still controversial up to
this day [153], [157], both mechanisms share the same respiratory pathway which governs
the anaerobic respiration of the cell [158]. In the absence of oxygen, electrons are produced
via oxidation of carbon source inside the cell and passed on through a series of conductive
proteins to the cell outer membrane to reach extracellular electron acceptors. In this pathway
(Mtr Respiratory pathway), electrons (from NADH, the intracellular electron carrier) flow
through the menaquinol pool, CymA (inner membrane [IM] tetraheme c-type cytochromes),
MtrA (periplasmic decaheme c-type cytochromes), MtrB (B-barrel trans-OM protein) and
finally to MtrC and OmcA (two OM decaheme c-type cytochromes). The illustration is given

in Figure 2.4 [158] .
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It is worth noting, however, that several studies have observed the presence of other proteins
(MtrD, MtrF, DmsE) that could be involved in EET which are not listed in the primary
pathway. These proteins serve as alternatives when one or more of the primary proteins are

absent [159]. The proposed alternative pathways are illustrated in figure 2.5.
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Figure 2.5: Electron flow map for EET pathways; thick lines indicate primary pathway while

thin lines indicate pathways observed in their absence [159]

2.5.2.4. On-going debate; which one is the key EET mechanism for S. oneidensis?

In bioelectrochemical systems, there has been an on-going debate regarding which of the
EET mechanisms play the most dominant role. Although most believe that direct contact via
c-type cytochromes is key [160]-[162], other studies suggest that electron shuttling is more
dominant [163], [164]. In fact, both of these observations could be correct, as the most
dominant mechanism could potentially be affected significantly by the choice of carbon
source, reactors type and operating conditions [160], [164]. Unfortunately, most studies in
this regard have been conducted separately by different research groups, making their
comparison less informative [165]. Nonetheless, the determination of the most dominant EET

mechanism is necessary to further understand how this technology works, and to optimise it
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closer to its theoretical limit. If direct contact is the key, the establishment of biofilm would
need to be optimised. However, if electron shuttling is key then the optimisation of electron

shuttling, along with its production by the bacteria, are crucial for its improvement efforts.

2.6. Genetic modification for MFC performance improvement

Shewanella species synthesise FMN and Riboflavin via electron shuttle production pathway.
This pathway requires the protein ushA that converts flavin adenine dinucleotide (FAD) into
FMN in the periplasmic space of the cell. FAD is transported to the periplasmic space across
the inner membrane via a multidrug and toxin efflux transporter called bfe (bacterial flavin
adenine dinucleotide (FAD) exporter) [163]. Deletion of this gene would result in loss of
ability to transport the FAD into the perisplasm where FMN is synthesised, thus severely
reducing the extracellular flavins available for electron transfer. In contrast, enhanced
bioflavin production in S. oneidensis is possible through the addition of synthetic flavin
synthesis pathway from Bacillus subitlis [164]. This bacterium is one of the most robust
industrial riboflavin producers, and its flavin biosynthesis pathway is well studied [164],
[166]. This pathway could be encoded into plasmid pYYDT-C5, and inserted into S.
onediensis via conjugation, with High EET efficiency was able to be achieved [164].

Another step forward of improving the EET is by coupling improved flavin synthesis, with
metal-reducing conduit. A mutant encoding flavin biosynthesis gene cluster ribD-ribC-rib-
BA-ribE with metal-reducing conduit biosynthesis gene mtrC-mtrA-mtrB were experimented
and shown to improve EET efficiency and enhanced power generation of 3.5X compared to
control, and ~2X fold compared to mutant with only either gene cluster [167].

Cyclic diguanylate (c-di-GMP) is a second messenger well-known for its function to
regulates motility, biofilm formation, virulence and more in response to triggers from the

extracellular milieu. Overexpression of this molecule would favour a sessile lifestyle, often
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stimulating biofilm formation [168]. Plasmid pYedQ2 encodes yedQ gene from E.coli which
is responsible for the formation of c-di-GMP [169]. The insertion of this plasmid can increase
the production of cytoplasmic c-di-GMP, resulting in increased biofilm formation. It was also
reported that a transposon mutant of S. oneidenensis MR-1 deficient in the biosynthesis of
cell surface polysaccharides showed an increase ability to attach to carbon-based anode and
generate 50% more current in MFC system [170]. In addition, an engineered MR-1,
overexpressed a c-di-GMP biosynthesis gene MP biosynthesis gene ydeH, significantly
enhanced biofilm formation and EET efficiency [171].

Another approach to enhance biofilm formation is to enhance adhesiveness of cell outers to
electrode by genetic modification. S. oneidensis mutant CP2-1S1 was adopted with highly
hydrophobic cell outer feature, increasing its attachment to electrode. In a mixed consortium
between S. oneidensis and E.coli, the numbers of S. oneidensis on electrode surface was
increased by 3X, whereas the E. coli composition decreased by 99% [123]. Coupled with
addition of synthetic riboflavin pathway from B. subtilis, the electricity generation is
increased by almost 7X compared to wild-type control in the same setup.

Besides S.oneindensis, P. aeruginosa has also been favored by researchers because of its
ability to produce its own mediators phenazine-1-carboxamide, PYO [172], [173] and
pyorubrin [174]. PYO is a blue, phenazine-based soluble antibiotic and metabolite that serves
as electron shuttles between sessile cells and electrode surface in MFCs [175], and that is
absolutely required for biofilm formation since an enzyme PYO demethylase (PodA) was
shown to inhibit P. aeruginosa biofilm formation [176]. Studies conducted by Yong et al.
[177] has shown noticeable EET efficiency by overexpression of phzM, enhancing PYO
synthesis pathway, achieving power density by 4X compared to control WT strain.

Another strategy of gene modification to improve electricity generations is by direct or

indirect manipulation of the metabolism of electrogenic microorganisms [170], [178].
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Nicotinamide adenine dinucleotide (NAD+) or nicotinamide adenine dinucleotide phosphate
(NADP+) and their reduced products NADH and NADPH are essential cofactors and
electron mediators that are involved with catabolic and anabolic reactions, and concomitant
energy production [179]. Furthermore, NAD+ and NADH play a central role in biofilm EET
and metabolic pathways [56] — hence altering the ratio of NADH and NAD+ is a strategy to
improve MFC performance. It was reported that abolishment of the lactate biosynthesis
pathway in E.coli increased the NADH/NAD+ ratio, thus generating higher electrical output
of MFCs [180]. It was also found that the availability of intracecullar NAD+/NADH cofactor
pool that increased through overexpression of nadE (NAD+ synthetase gene), resulted in 3X
higher power generation compared to wild type [172]. In other bacteria, heterogenous
expression of formate dehydrogenase gene for NADH regeneration was applied to
Clostridium ljungdahlii. The resulted voltage generation is 3.8X higher compared to parent
strain, attributed to higher NADH pool which facilitate electron transfer in the system [181].

Table 2.3 provides a long list of experiments that have been performed to engineer S.

oneidensis for performance improvement of MFC.
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Table 2.3 List of experiments performed to engineer S. oneidensis for MFC improvement

Elements Remarks Power uplift vs. | Ref.
WT control (%0)

Biofilm formation

speF Gene repression by CRIPSRI 51 [182]

uvrY Gene repression by CRIPSRI 25 [182]

Metal reducing pathway

mtrCAB Overexpression through a medium-strength promoter 347 [183]

mtrC-mtrA-mtrB Gene cluster for metal-reducing pathway amplified and overexpressed 270 [167]

Cytochromes cymA Gene encoding c-cytochromes in S. oneidensis 18 [184]

Flavin biosynthesis

ribADEHC Overexpression of flavin biosynthesis pathway from B. subtilis 1321 [164]

ribD-ribC-ribBA-ribE Gene cluster for flavin biosynthesis from S. oneidensis amplified and overexpressed | 50 [167]

NADH regeneration

pfLB-fdh*-gapA2-mdh Plasmid constructed with both pfLB and fdh*, with individual placl 304 [185]

Ycel-pncB Genes encoding biosynthetic pathway to facilitate utilization of nicotinic acid and | 134 [186]

nicotinamide
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Most frequently used method for plasmid / genes insertion into bacteria is conjugation [187].
In such method, plasmids were often firstly transformed into an intermediate / carrier bacteria
or called donor cells using DNA transformation kit. The donor cells are often E. coli mutant
whose toxicity features has been deleted [188], chosen for its high efficiency of introduction
of DNA molecules into cells, rapid growth, and ability to express proteins at very high levels
[188], [189]. Once the donor cells have carried the desired plasmids, often proven upon
growing the bacteria with antibiotics (as the plasmid carries genes that enable antibiotic-
resistance), the plasmid would be conjugated into recipient cells / target bacteria by growing

the bacterial mixture together with appropriate antibiotics [189].

2.7. MFC challenges, limitations, and opportunities

2.7.1. Cost effectiveness

One of the largest bottlenecks in MFC scale-up efforts and eventual applications in larger
industrial scale is its cost effectiveness. The capital costs of scale-up system vary between
USD 735 /m3 to 36,000 / m® [190], [191] — much larger than other typical fuel cell
technologies. The electrode materials (especially cathode), and membrane separators have
been the primary source of costs [192], [193]. Therefore, developing cost-effective MFC
components from low-cost materials are key. More recently, focus of studies have been
slowly moving towards membrane-less MFCs [194], [195], or MFCs with low costs
membranes e.g., dynamic membrane [196], glass fibre separators [81] and nano filtration
membranes [197]. Apart from capital costs, operational costs such as aeration and effluent

pumping are also significant to energy usage and costs [198].
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2.7.2. Low power output

MFCs are generally known to generate much lower energy output than other fuel cell
technologies [199]. Moreover, as MFCs are scaled to deal with larger volumes, power
generations tend to worsen [200], [201]. Due to the non-linear inverse relationship between
power and size, stacking of small MFC reactors through series and/or parallel connections
has been shown to improve voltage and electrical current outputs [202]-[205]. However,
stacking often presents new issues due to kinetic imbalance i.e., shunt current formation,
voltage, and current reversal [206]-[208]. Different circuit connections also often result in
changes in microbial communities [203]. To solve these, recent studies have shown that such
challenges can be addressed through careful design of circuitry, coupled with use of
maximum power tracker and through usage of enriched electroactive microorganisms [206],
[209], [210]. Despite this, more work still needs to be done to enable better understanding
about molecular mechanisms of microbe-electrode interactions, biofilm compositions and its
synergistic effect, especially in large volume, to make this technology competitive with other

existing alternatives [199].

2.7.3. Operational stability and durability

In addition to high costs and low power delivery, there are also operational challenges, which
require considerations of substrate characteristics, operating conditions, and durability. Plenty
of studies have been explored to investigate and optimize operating conditions such as
temperature [211], pH [212], [213], salinity [214], start-up [215] and retention time [216].
However, these studies are often focused on specific substrates, making the optimization
efforts limited to case-by-case basis [199]. High salt content in typical wastewaters often

cause inorganic fouling, due to blockage of the precipitates that are rich in calcium and
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magnesium [217], [218]. Therefore, long-term durability remains a challenge, and further

studies are required especially regarding corrosion, biofouling, and potential clogging [219].

2.7.4. Long start-up time

Typical MFCs start-up time ranges from 10s of hours, to a few months, depending on the
inoculum, electrode materials, and other operating conditions [220]. Start-up time is defined
as the time required for obtaining maximum and stable power output from the beginning of
its operations [221]. Usually, the start-up time increases as the scale of the system is
increased [221]. Although start-up time can be reduced by increasing the operating
temperature [222], this reduces the dissolved-oxygen concentration in the cathode and could
potentially harm the MFC equipment. Furthermore, the resistance of electrical components in
the MFC increase with temperature. All these factors will result in reduction of power
generation. Long start-up time can be caused by multiple factors, including: 1) lack of
electron donor and terminal electron acceptor concentration; 2) low ionic strength of
electrolytes; and 3) slow biofilm formation [223]-[225]. To promote biofilm formation and
attachment to electrode surfaces — some studies have been done to improve electrode surface
adhesion and biocompatibility [226]-[229], as well as surface modification and genetic
modifications to enable quicker and stronger bacterial attachments on electrode surface
[230]-[232]. Furthermore, application of lower external resistance was shown to promote
biofilm formation, compared to open circuit condition [223]. Supplementary carbon sources
such as glucose and acetate were often added to low-BOD wastewater to promote bacterial
growth [233]-[235], and inoculum pre-treatment methods, such as chemical treatment,
oxygen and loading shock, and infrared were used on a variety of mixed cultures to inhibits
methanogens growth — which promotes current-producing biofilm formation for shorter start

up time [236].
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2.7.5. Cathodic limitations of MFCs

Typical MFCs utilise oxygen as the final electron acceptor in the cathode, giving out water
molecule as given in Equation 1.2. The problem with this reaction is significant
overpotential, and requirement of expensive catalysts such as Platinum to accommodate the
reaction [77]. In some MFC systems, the internal resistance was dominantly contributed by
the cathode [237]. To overcome this, researchers have tried alternative electron acceptors
such as potassium ferricyanide, Ks[Fe(CN)s], or other oxidising agents. Although higher
voltage could be generated, and the need for expensive catalysts can be exempted, such
chemical needs to be continuously supplied hence not sustainable for real-life applications

[89].

2.8. Integration of MFC with other technologies

In industrial scale, often MFCs have only been thought as wastewater treatment technology,
but not yet as renewable power generator [238]. This is mainly due to the very low power
density output, making MFCs not yet attractive to be considered for its energy recovery
ability. Furthermore, a relatively low voltage output (~1 V) of a single MFC makes it

unattractive to be applied as power source for direct-electrical appliances.

2.8.1. MFC with anaerobic digester

Studies have been carried out on the integration of anaerobic digesters (AD) with microbial
fuel cells (MFC) for wastewater treatment. In those studies, AD acts as the primary unit
whereas MFC acts as the secondary unit (taking effluent of AD as inlet). This integration is
useful primarily because what are considered as by-products of AD, volatile fatty acids
(VFA), are valuable substrates for MFC for electricity generation. Furthermore, COD of

wastewater could be further reduced by treating the effluent of AD with MFC technology.
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Around 16% extra COD removal has been observed by integrating AD with MFC, utilising
swine wastewater [239]. In another study [240], mediator-less two chamber MFCs were
constructed using dairy digester microbial population as biocatalyst in the anode to convert
ground pine tree digestate at 2% (w/v) to electricity — with addition on bovine rumen
microorganisms at 1% v/v dosage. Electricity generation reached power density between 17.6
— 67.2 mW/m?2. Separate study conducted by Cerrillo et al. [241] used pig slurry digestate to
run the MFC reactor — achieved COD removal efficiencies of 50% during AD operation
inhibition, with ammonia removal of 31%. It was identified that the main populations in the
anode belong to Bacteroidetes (Flavobacteriaceae), Chloroflexi (Anaerolineaceae) and

Methanosarcinaceae.

2.8.2. MFC with electrosynthesis

Voltage generation of a single MFC is usually considered too small for practical direct-
electrical applications. Although stacking is possible, the resulted size of the stacked MFC is
unfavourable. Other applications of MFC has been proposed, such as production of Hz in
Microbial Electrolysis Cell (MEC) [242]-[247], or other valuable chemicals from CO:
reduction through electrosynthesis coupled with bioanode [248]-[251].

Electrosynthesis is a chemical synthesis process in an electrochemical cell. In
bioelectrosynthesis process, where bacteria is used as biocatalyst in either anodic or cathodic
chamber, or both, chemical compounds can be formed in the cathode using electrons
recovered from wastewater degradation that takes place in the anodic chamber. Such

illustration is given in Figure 2.6.
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Figure 2.6: Bioelectrochemical system comprising of bioanode (oxidation of organics;

wastewater) and biocathode (i.e. reduction of COz2 into acetate). [252]

In the last decade, reduction of CO2 to form organic compounds in the cathode has been very
attractive thanks to its ability to reduce carbon emission. Reduction of CO2 can either be
physically/chemically assisted (abiotic) [253], microbially assisted (biotic) [254], [255], or
both [256]. As opposed to conventional chemical catalysts and metal electrodes (abiotic
system), microorganisms as biocatalysts offer great advantages such as higher efficiency
[257], milder operating conditions [254] and higher flexibility of target products [258].
Whereas abiotic system is efficient to make C1-C2 organic compounds, biocatalysts (i.e.
microorganisms) are much more efficient and sometimes the only way to make long-chain
carbon molecules [258]. Some whole-cell bacteria such as Methylobacteria and Acetogens
have been tested to produce formate [254] and acetate [257] from COq, respectively.
Extensive studies on Sporomusa ovata have demonstrated the ability of the bacteria to utilise
carbon dioxide and direct current as both carbon and energy source for synthesis of complex

organic compounds such as Polyhydroxybutyrate (PHB) [256].
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2.9. Magnetic nanoparticles (MNPs)

Nanoparticles technology has emerged as one of the most influential technologies for the
future in almost every industrial sectors. Nanoparticles have enormous potential because they
exhibit new and interesting properties (e.g. quantum entanglement, unique photonic,
electronic and catalytic properties) that bulk materials lack [259]. Magnetic nanoparticles
(MNPs) are a class of nanoparticles which can be manipulated using magnetic fields. Such
particles are commonly made of magnetic elements such as iron, cobalt, and nickel and
their chemical compounds. In recent years, MNPs have been the focus of much research
because they exhibit unique properties which could see potential uses in the following sectors
(please note this list is not exhaustive): i) medical diagnostic and treatments [260]-[262]; ii)

environmental remediation [263]-[266]; and iii) data storage [267]-[270].

2.9.1. MNPs application in microbiology

In NanoBio hybrid systems, which is an integration of nanotechnology in biological systems,
the combination of nanotechnology and microbiology endows bacterial cells with novel
functions which are supposed to have many potential applications, including energy
generation and biofuel production [271], optimisation of biosensors [272] and environmental
remediation [273]. Some biocompatible MNPs which can coat bacteria without disrupting
their viability have been discovered [272]-[274].

In MFC system, surface modifications of electrode with nanoparticles have shown concrete
promises of MFC performance improvements. Stainless steel felt electrode treated with flame
oxidation, which resulted in formation of iron nanoparticles on the surface, increased surface
area of the electrode by ~2X and favoured formation of biofilm (~40 um), while no biofilm
was produced without treatment — resulted in 16X higher current density vs. untreated control

[275] — however, no such mechanism is revealed so far which describes the direct influence
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of nanoparticles to facilitate EET [276]. Carbon nanotube hydrogel-modified carbon paper
used as an anode increased the EET rate and improved current density by more than 3X
compared to the control [277].

Nanoparticles application on electrodes not only affect the current densities, but also alter the
diversity in bacterial community in the biofilm. For an example, application of gold
nanoparticles on carbon paper used as anode in MFC, not only improved the power
generation and coulombic efficiencies, but also encourage a more diverse microbial
communities, as the amount of gold was increased [278]. Modifications of carbon paper with
nanoflaky NiO made the surface more hydrophilic, improving the bacterial adhesion and was
assumed to increase the DET between outer membrane cytochromes and electrode surface —
producing 3X more power compared to control [279].

In addition, EET rates un MFCs can be further facilitated by biogenic inorganic nanoparticles
to increase the power output. A study reported that Shewanella PV-4 in an MFC with
biomineralized iron sulphide nanoparticles showed a substantial increase in density [280].
Moreover, an in-situ biosynthesis of iron sulphide nanoparticles (FeS and FeS2) with mixed
consortia in an MFC setup improved electricity generation and resulted in 519 m\W/m? power
generation, 2x higher compared to control under the same experimental setup [281].
Biosynthesis of palladium nanoparticles by S. oneindensis MR-1 in-situ within MFC system
remained bound to the cell membrane, enhancing EET facilitation and showed an increase of
power density by 75% [282]. Interestingly, it was also observed that larger size of Pd
nanoparticles were produced with higher bacterial concentrations used for the biosynthesis.
Magnetite nanoparticles also have shown to enhance electocatalytic activity of electrigens —
improving current production when used in MFC with G. sulfurreducens [283] and increased
hydrogen production when used in MFC with Desulfovibrio paquesii as biocathode [284]. A

traditional carbon felt electrode, modified with iron-oxide (FesO4) nanoparticles via facile
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dip-and-dry methods, was able to improve power density of MFC employing sulfate-reducing
bacteria (SRBs) of almost 2X compared to untreated electrode [285]. Such effects are thought
to come from lower charge transfer resistance, higher conductance and increased number of
catalytic sites [285]. More recently, study on transfermembrane and outer-membrane silver
nanoparticles in a form of reduced graphene oxide-silver (rGO/Ag), was able to facilitate
Shewanella attachment to the nanoparticles scaffolds to form dense biofilms, and produce
Nanobacteria hybrid with greatly enhanced electron transfer efficiency [105]. The resulting
MFC system delivered max. power density of 6.6 W/m?, significantly higher to most of
reported MFC studies previously. However, despite the great outcome of improvements, the
complete mechanism underlying the stimulatory effect of these nanoparticles is still unclear
and under debate [105].

Magnetic FesO4 nanoparticles have also been studied for its effect in EET. It was reported
that the decolorization rate of Aeromonas jandaei strain SCS5 was significantly enhanced by
cell aggregation immobilized with magnetic FE304 nanoparticles, compared to regular
immobilization [286]. The possible reasons weer thought to be the ability of the nanoparticles
to facilitate microbial EET to electron acceptors through aggregation. A 3D coating of anode
with magnetite/multi-walled carbon nanotubes (MWCNT) composite enhanced electron
transfer from E.coli to the anode, while attracting more bacteria on the anode through
magnetic field created within the composite [287]. The result of this modification is 30%
higher power density (1050 mW/m?) vs control. Other studies involving magnetite
nanoparticles reported its ability to wire up acetate-oxidizing bacteria to trichloroethane
dechlorinating bacteria and result in 2-fold dichlorination rate [288]. Similarly, magnetite
nanoparticles were also reported to facilitate IET from G. sulfurreducens to Thiobacillus

denitrificans and promote acetate oxidation coupled with nitrate reduction [289].
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In this project, we explored the application of magnetic nanoparticles (MNP) of iron-oxide
(FesO4) as means to increase adhesion of bacterial cell to electrode surface, through
magnetisation of the bacterial cell. To our knowledge, there is no reported study that has
conducted the application of iron-oxide MNP in the same way that we did in this project
(direct coating on bacterial cell by MNP for electrode attachment) — hence this study would

expand the window of knowledge regarding application of MNP in microbial fuel cell setup.
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Chapter 3: Selective biofilm formation on electrode surface of

microbial fuel cell using iron-oxide magnetic nanoparticles

3.1. Introduction

In the real world, wastewaters contain dozens, if not hundreds of different organic matters,
sometimes very complex and require a community of bacteria to degrade completely. For
electricity generation, long carbon chain molecules are often degraded in a series of
metabolic pathways, each contributed by certain species in the community, into simpler
molecules such as small organic acids (ie. lactate, acetate, pyruvate, succinate) to be utilised
by exoelectrogens to release electrons to the electrode. Studies regarding MFC have been
done extensively using real wastewater, with inoculum coming from the wastewater itself.
COD removal between 80% up to 99% [290] and electricity generation in order of ~100 up to
>1000 mW/m? has been achieved [291]. Most optimization efforts on mixed culture have
been done on works surrounding reactor design [292]-[294], membranes [290] and electrode
materials [228], [230], [295]. Nonetheless, key bottlenecks remain such as slow start up time
[223], [225], [296] and limited electrode surface utilization [123], [297] due to complex
bacterial community and inefficient use of electrode surface i.e., mixture biofilm formation
consist of many non-conductive bacteria.

It is known that biofilm formation on anodic surface is deemed as one of the key important
factors in reducing MFC start up time and improve electricity generation [298]-[300]. Such
optimizations effort in accelerating biofilm formations have been conducted, for example via
surface modification of gold anodic electrodes [301], [302], manipulation of electrical circuit
through variation of external resistances [303], [304], and surface-to-surface biofilm transfer

[305]. Although it is only the exoelectrogens which contribute directly towards electricity
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generation, other bacteria in mixed culture MFCs often occupy the electrode surface resulting
in inefficient use of surface area [129], [306]. Hence, it is important to engineer the anodic
biofilm such that only the exoelectrogens occupy the electrode surface.

To promote selective biofilm formation, the concept of bacterial separations and enrichment
with MNPs is not uncommon, given such topic has been extensively studied in recent years
[274], [307]-[309]. For example, MNPs functionalized with target molecules such as
antibodies, bacteriophages and aptamers were used for bacterial separation and concentration
[310]. In a separate study, use of magnetic nanospheres (MNs) was successfully
demonstrated to achieve rapid and efficient enrichment of bacteria Salmonella typhimurium,
while maintaining 100% MNs recovery within 1 min with a simple magnetic scaffold [307].
The combination of the above two well-known observations provides a clear argument and
rationale of the ingoing hypothesis of this chapter — that is to use MNPs to accelerate biofilm
formation through selective targeted species build up on the anode surface, that will in turn
reduce start up time and enhance MFC performance.

In this study, Escherichia coli DH5a and Shewanella oneidensis MR-1 were employed to
form a consortium to generate electricity by degradation of glucose. This is a proof-of-
concept work to represent multi-species interaction to degrade rather complex organic matter.
E.coli will degrade glucose and produce lactate and formate as metabolites — which in turn is
used by S. oneidensis MR-1 for its metabolism and electricity generation. This symbiotic
interaction is necessary as wild-type MR-1 is unable to grow on glucose [311], and E. coli
DH5a is not able to generate electricity in MFC systems without mediators [312]. As it is
only MR-1 that contributes directly towards electricity generation, it is of great benefit to
engineer the anodic biofilm such that only MR-1 occupies the anode surface whilst keeping
E. coli DH5a stays planktonic in the medium. Previous study has shown that without

modification, surface coverage of the anode was almost 50:50 between MR-1 and E. coli
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DH5a, resulted in ineffective utilisation of anodic surface [123]. In this work, Iron-Oxide
Nanoparticles (ION) were employed to engineer biofilm formation selectively, to favour
S.oneidensis build-up on the electrode surface.

The nanoparticles used in this work was iron-oxide magnetic nanoparticles (FesOs MNP) —
synthesized through both biological and chemical methods. Under anaerobic conditions,
Shewanella oneindensis MR-1 was able to reduce metal to form its metallic form or reduced
oxides - often nanosized with magnetic properties [313]-[315]. We also explored the coating
of such nanoparticles with Silica layer, as an attempt to increase redox inertness of the

nanoparticles to prevent them from competing with the electrode as electron acceptors.

3.2. Materials and methods

3.2.1. Bacterial strain and media preparation

Initial colonies of bacteria were grown by streaking frozen (-80°C) stock on LB agar plates
using an inoculation loop. S. oneidensis plates were kept in a 30°C incubator for 24-48 hours,
sealed with parafilm and stored in a fridge. Overnight cultures were prepared through single
colony inoculation from the plate into 10 mL of LB media, grown at 30°C for 12-16 hours. E.
coli DH5a plates and overnight cultures were prepared in the same manner but were
incubated at 37°C.

LB plates were prepared by autoclaving 37 g of LB agar pellets in 1 L of deionised water
(dH20). LB liquid media was used to grow overnight cultures of bacteria, prepared by
autoclaving 20 g of LB pellets in 1 L of water. Glucose agar plates were used for anaerobic
growth experiments — these were made by autoclaving 11.28 g of M9 minimal salts in 475
mL of dH20, and 12 g of 1.2% Agar Technical (Agar No. 3) in a separate 475 mL of dH20.
After combining the mixtures, 10 mL of amino acids, minerals and vitamins were filtered in,

plus 20 mL of 1 M glucose media. A 20 mM glucose media was prepared by autoclaving
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5.64 g of M9 in 475 mL water, then filtering in 5 mL each of amino acids, vitamins and
minerals, and 10 mL of 1 M glucose stock. The 1M stock was made by dissolving 36 g of

D(+) glucose in 200 mL dH:20.

3.2.2. Single strain growth experiment

A growth experiment was performed to determine the individual growth rates of S.
oneidensis and E. coli DH5« in various media: LB, glucose, lactate, acetate and formate. This
demonstrated the effect of different carbon sources on bacterial reproduction and used to
determine the suitability of the bacteria and substrates in the MFC reactors.

1.5 puL of overnight cultures of each bacteria were transferred into 150uL of select media
inside a 96-well plate. The ODsoo of each well was monitored every 10 minutes over a 48-
hour period using plate reader (Tecan Spark®). The experiment was performed at 30°C and
37°C to represent optimum grow temperature for S. oneindensis and E. coli respectively.

Each system was done in quadruplicate.

3.2.3. Anaerobic growth
The metabolic interaction between S. oneidensis MR-1 and E. coli DH5a was tested
anaerobically using glucose as the sole carbon source and fumarate as the electron acceptor.
The ODsoo and colony growth after series dilution were measured for each of the following
samples:
1. 10 uL S. oneidensis + 8 mL of 20 mM glucose media + 2 mL of 1 M fumarate stock
2. 10 uL S. oneidensis + 1 uL E. coli + 8 mL M9 media + 2 mL of 1 M fumarate stock
3. 1 uL E. coli + 8 mL of 20 mM glucose media + 2 mL of 1 M fumarate stock
4. 10 uL S. oneidensis + 1 uL E. coli + 8 mL of 20 mM glucose media + 2 mL of 1 M

fumarate stock
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Samples 1 (MR1_Glu_Fum) and 2 (MR1 _E.coli_Fum) were used as negative controls,
whereas sample 3 (E.coli_Glu_Fum) was positive control. Sample 4 was the target system
(MR1_E.coli_Glu_Fum). Each bacteria was taken from their overnight cultures. The 1:10
ratio between E. coli and S. oneindensis was selected to balance the much faster growth rate
of E. coli compared to its counterpart. Each mixture was purged with N2 for 20 minutes prior
to incubation at 30°C for 24 hours. After incubation, 3 mL of each sample was extracted — 1
mL was transferred to a cuvette for its ODeoo measurement; A further 0.5 mL was transferred
to an Eppendorf tube to be used for series dilution. The remaining volume was used for
metabolite analysis using HPLC (acid column Hi Plex — H; Agilent. Eluent: 0.005 M H2SOa4,
flow rate of 0.6 mL/min, UV 210 nm detection at 55°C).

The OD measurements were used to determine the number of series dilutions necessary for
each sample. LB and glucose agars were used as plating medium. While both strains can
grow in LB, only E. coli is able to grow in glucose. Hence, the difference of colonies
numbers between the two plates would yield the number of S. oneindensis colonies.

It is important to note that high growth of S. oneidensis cells was unwanted, as this would
have interfered with the efficiency of the MNP coating. The initial culture S. oneidensis cells
would have been coated with sufficient MNPs to achieve a high efficiency. However, each
daughter cell would only have a coating of half the amount of MNPs as on its parent cell.
After a few rounds of replication, this would have led to an extremely low amount of coating
on each cell, negating the magnetic properties. Hence for this project, a low S. oneidensis

growth result was desired.
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3.2.4. lron-oxide magnetic nanoparticles (MNP) synthesis

3.2.4.1.  Bioproduction of MNP via iron reduction

One of the key attributes of MR-1 is its ability to reduce metals, including iron. Under
anaerobic condition, MR-1 was able to reduce Iron (111) into Iron (11) which would then mix
to form nano-sized magnetite [316]. The bioproduction of iron oxide nanoparticles were
conducted with Iron(111)-NTA as the complex ligand with lactate as the electron source. Two
target systems Target and Target_2 were set up — each contains 20 mM of lactate and 20 mM
of Iron NTA in a 10 mL anaerobic tube, with initial ODeoo of bacterial cell of 0.5 and 1.0
respectively. Several controls, C1 — C5 were also experimented to further understand the
effect of each key component in the system. The list of systems and controls with their
description is given in Table 3.1.

Table 3.1: Description of the two targets and 5 negative controls of the iron reduction experiment
with Shewanella oneidensis MR-1

System  Description Comment

Target MR-1 (OD 0.5) + 20 mM Iron (111) NTA + 20 mM Lactate + N2

Target 2 MR-1(OD 1.0) + 20 mM Iron (111) NTA + 20 mM Lactate + N2 Cell 2x
C1 20 mM Iron (I11) NTA + 20 mM Lactate + N2 purge No cell
C2 MR-1 (OD 0.5) + 20 mM Iron (111) NTA + 20 mM Lactate Aerobic
C3 MR-1 (OD 0.5) + 20 mM Iron (111) NTA + N2 purge No lactate
C4 MR-1 (OD 0.5) + 20 mM Lactate + N2 purge No iron
C5 MR-1 (OD 0.5) + buffer solution + N2 purge No both

Overnight cultures of MR-1 were mixed with appropriate volume of lactate and Iron-NTA,
previously sterilized through 0.2 um-pore filter. Rubber stopper was placed to seal the tubes,
then purged with N2 for 20 min to remove oxygen. The tubes were incubated at 30°C, 200

rpm for 12 hours. The MNP-coated cells were collected with strong magnet and washed with
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PBS prior to plated on LB agar for cell counting to confirm the cell viability post-coating.
The supernatant, along with all the controls were also plate-counted to compare the results.
SEM images (Zeiss Merlin, FEG — SEM) were also taken to confirm the presence of iron

particles on the cells wall.

3.2.4.2.  Chemical synthesis

2 mL of 1 M FeCls solution (in 2 M HCI) was mixed with 0.5 mL of 2 M FeCl: solution (in 2
M HCI). 25 mL of 1 M NHsOH solution was added dropwise while stirring inside a
sonication bath. After stirring for 30 minutes, the nanoparticles were separated from the
supernatant with a permanent magnet and washed multiple times until the pH was near
neutral. 10 mL of washed MNPs was added into 100 mL of PAH solution (10 mg/mL) and
the mixture was sonicated for 15 minutes to coat the MNPs with the polymer. These MNPs
were centrifuged at 10,000 g for 15 minutes at 20°C, the supernatant removed and the solids
redispersed. This was repeated three times to remove all excess polymer coating before
testing was perfomed. Poly(allylamine hydrochloride, MW ~17,500), or PAH, were used as
stabilizing polymer while maintaining their intrinsic chemical properties. PAH was selected
as it was positively charged and hence was attracted to the negatively charged FesOa
nanoparticle core, providing good binding.

The synthesis of silica-coated iron oxide nanoparticles (ION-SIO2-PAH) was based on past
literatures [317], [318] with slight modifications. The previously synthesised FesO4
nanoparticles (100 mg) were suspended in a mixture of anhydrous ethanol (80 mL) and
deionized water (20 mL) and sonicated in a water bath for 5 min. Subsequently, 0.10 mL of
TEOS was added under N2 and vigorous stirring and the dispersion was left under stirring at
room temperature. After 10 min, 1.0 mL of NaOH solution (2 M) was added in 0.1 mL

portions over a period of 2 h and the mixture was stirred for an additional 6 h at room
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temperature. Finally obtained FesOs @SiO2 NPs were separated by an external magnet,
washed several times with deionized water and then absolute ethanol until the supernatant
was clear and stored in ethanol until required. For polymer coating, the FesOs @SiO2 NPs
were dispersed in freshly prepared 5% (v/v) solution of poly(allylamine hydrochloride)
(PAH, MW~17,500, Sigma Aldrich) and 1 mM acetic acid (99.7%, Sigma Aldrich) and
stirred for 60 min. After reaction, amine modified nanoparticles were separated by
centrifugation (4500 rpm, 10 min), washed 5-6 times with acetone and water (1:1). The
nanoparticles were then redispersed in water.

In addition to our self-made iron-oxide magnetic nanoparticles, amine functionalized MNPs
(diameter 30 nm) were purchased from Sigma Aldrich (item no. 747327) to be used as a
comparison. These were biocompatible, efficient, and stable in MFCs, though not very cost-

effective.

3.2.5. MNP biocompatibility and coating efficiency

Biocompatibility tests were used to provide a measure of MNP toxicity, i.e., how effective
the MNPs were at coating S. oneidensis cells without killing them. The efficiency of the
MNPs at coating the cells was also calculated. Overnight cultures of S. oneidensis were
washed in the centrifuge, at a speed of 4000 rpm for 6 minutes and at a temperature of 23°C.
The supernatant was discarded after each wash and the cells resuspended in 10 mL of sterile
dH20 in each tube. Upon washing, suspended cells were mixed with different volume of
MNPs to gather multiple data points as comparison. The mixture was placed in the 30°C
shaking incubator for 20 minutes to ensure the cells were coated. Once removed from the
incubator, each tube was positioned next a permanent magnet for 30 minutes to isolate the
MNP-functionalized cells. The supernatant was pipetted into a separate tube and the MNP

coated cells resuspended in sterile dH20. Series dilution for both the resuspended cells and
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supernatant was performed for plate counting. These were plated on LB agar and incubated at
30°C for 24 hours. Both cultures were also measured for their ODeoo. Biocompatibility and

efficiency were calculated following Equation 3.1 and 3.2.

# living coated cells

%Biocompatibility = Eqg. 3.1

# living coated cells + # dead coated cells

# coated cells

%Coating ef ficiency = Eqg. 3.2

# original cells culture
Biocompatibility was measured as the ratio of living coated cells to total number of coated
cells, including the dead ones. The number of living coated cells were obtained from CFU
calculation, whereas the total number of coated cells were calculated using the ODeoo to cell
number conversion, corrected by the MNP-only baseline. Coating efficiency was calculated
in a similar manner following Equation 3.2. ldeally, a good MNP should have both high

biocompatibility and coating efficiency.

3.2.6. Total carbohydrate assay

Total carbohydrate assay was conducted following protocol in literature [319]. Anthron
solution was prepared fresh prior to experiment by weighting 0.5 g of anthron and dissolved
in 10 mL of absolute ethanol. The solution was then added into 250 mL of 75% H2SO4
solution and stirred until fully mixed. 0.5 mL of samples were placed into COD tube, added
with 1 mL of 75% H2SO4 solution, then capped and vortexed to briefly mix. Then, 2 mL of
anthron solution was added into the mixture and re-mixed through vortexing. All mixing was
done on ice water. The mixture was put in reflux at 100°C for 15 minutes. After heating,
samples were let to cool down to room temperature, then read for its absorbance at 578 nm
using light spectrometer. The ODs7s reading was measured against blank solution as baseline

and referenced to standard curves previously constructed with known glucose concentration.
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3.2.7. Reactor assembly and setup

Double-compartment MFC reactors with a working volume of 50 mL was used to investigate
current production. The selection of smaller reactor size was driven by the fact that larger
reactors tend to introduce larger resistance hence losses, which might diminish any positive
effects MNPs would have in the MFC system. Using a smaller reactor mitigates these losses
by reducing the physical distance between electrodes, allowing for more efficient transfer of
protons. The smaller size also reduces the complexity of the reactors, which results in lower
resistance. The anode consisted of 1.5 x 1.5 cm? carbon cloth (H23, 95 g/m?, Quintech) — for
magnetic anodes, neodymium magnet of diameter 10 mm x 2 mm thickness was used and
sandwiched between two layers of carbon cloth. The cathode was carbon cloth with a Pt
catalyst (1 mg/cm?, PtC 60%, 1.5 x 1.5 cm?; FuelCellStore). Titanium wire was used to
connect the electrodes to the outside of the reactors. Nafion© 117 was used as the exchange
membrane to separate the two compartments. Reactors were assembled and initially filled
with deionised water, then autoclaved to achieve sterility. The water was then replaced with
appropriate media; M9 minimal salt with trace minerals and appropriate carbon source for
anodic compartment, and phosphate buffer saline (PBS) for cathodic compartment. Fixed
resistors (1 k) were used to complete the circuit. The anodic chamber was continuously
purged with nitrogen gas to maintain anaerobic conditions, whereas the cathodic

compartment was gassed with air.

3.2.8. MFC measurements

Potential difference across the 1 kQ resistor was measured every 10 minutes using
datalogger. Once the potential difference had plateaued (i.e., after 4-5 days of constant
resistance operation), resistance was removed to bring the reactors into open-circuit mode.

The open-circuit potential (OCP) was measured using potentiostat until the voltage remained
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constant (to 5.d.p) for 5 consecutive readings and used as starting point for linear sweep
voltammetry (LSV) (scan rate 0.1 mV/s) to construct polarisation curves.

From polarisation curve, the power was calculated as shown in Equation 3.3:

P=1V Eqg. 3.3

The peak power output was then normalised to the anode surface area (Equation 3.4), to

allow comparison with power generation of different MFC systems.

P, = — Eq. 3.4

Aan

2 mL of anodic media were sampled regularly — 1 mL was taken from each chamber and
filtered into an LC vial for metabolite analysis, whereas another 1 mL was taken for ODeoo

measurement.

3.2.9. Electrode cell composition quantification

At the end of MFC experiment, the electrode was collected and immersed in 20 mL sterile
PBS solution inside 50 mL falcon tube. The tube with its content was vortexed vigorously for
15 min to detach cells from the electrode. 1 mL sample were taken from the solution and
series diluted to be plated on both LB and agar plates. 100 pL of aliquot was used for each
plate to generate enough colonies (i.e., between 20 — 200) for counting. Each dilution for
each system were plated in triplicates. The plates were incubated at 30°C for 24-36 hours and
the number of colonies were counted for their CFU measurement. Number of colonies
formed on glucose plate would correspond to E. coli, whereas the difference between the LB

and glucose plates would tell the concentration of MR-1.
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3.2.10. MFC Systems

The MFC systems that were experimented in this chapter were given in Table 3.2. Each
system was run in triplicates. Overnight cultures of the bacteria were used, and washed 3x
with PBS buffer prior to injection to the MFC reactors. Suitable volume was injected to
achieve initial ODeoo of 0.05 for MR-1 and 0.01 for E. coli. Equal volume of MNPs (10

mg/mL) was used to either coat MR-1, or as free suspension in the anodic chamber.
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Table 3.2: Explanation of the different MFC systems being experimented

System

Comment

Negative controls
NoBac_Glu

NoBac_For

Two negative controls: anode chamber containing either only the formate or glucose solution and no bacteria. These controls were

intended to prove that electricity generation was due to the electron transfer facilitated by bacteria, rather than the carbon source itself.

Pure cultures

Separate pure culture MFCs of S. oneidensis & formate, and E. coli DH5a & glucose, were used to corroborate earlier findings from

growth experiments and literature. It was expected that S. oneidensis could oxidise formate, the metabolic product of E. coli in glucose, to

MR-1_For
generate electricity, while E. coli alone could not perform EET.
E.coli_Glu
Co-culture MFCs containing a co-culture were set up to investigate whether this combination of bacteria would yield a more power than either of the
MRL E.coli Glu pure cultures on their own. It was also used as a control, to compare against the electricity generated when using a co-culture plus MNPs

Co-culture + suspended MNPs
Self_MR1_E.coli_Glu
Si_MR1_E.coli_Glu

Sigma_MR1_E.coli_Glu

The MNPs in this experiment were not used to coat any cells, but were simply suspended in the solution, alongside the cultures. This was
done to determine whether the mere presence of MNPs affected the electricity generation, as opposed to the act of coating cells with
MNPs. Three different MNPs were experimented: self-made iron oxide nanoparticles with PAH coating (total particle diameter 35 nm),
silica-coated ION with 30 nm core, and commercial amine functionalized iron-oxide nanoparticles (core size 30 nm) purchased from

Sigma-Aldrich (product code #).

Target
Self MNP-MR1_E.coli_Glu
Si_ MNP-MR1_E.coli_Glu

Sigma_MNP-MR1_E.coli_Glu

MFC containing co-culture of MNP-coated MR-1 and E. coli DH5a to degrade glucose as sole carbon source
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3.3. Results and discussion

3.3.1. Growth curve

Shewanella oneidensis MR-1 and E. coli DH5a were grown in several media (LB, glucose,
lactate, acetate, and formate) at two different temperatures: 30°C and 37°C. Their ODsoo for
48-hour period was recorded and shown in Figure 3.1. It can be seen that both strains grew
relatively well in LB at both temperatures. Under glucose, only E. coli grew whereas MR-1
did not. For lactate utilisation, MR-1 grew better than E. coli DH5a at 30°C whereas the
opposite was observed at 37°C. This was expected as both strains grow best at corresponding
temperatures. For acetate, both strains grew at 30°C albeit not significant (Max. OD ~0.4),
with E. coli DH5a grew much better at 37°C. As expected, neither strain grew in formate at

either 30°C or 37°C.

e LB # E.cOli
== == LB+ MR1

Glucose + E.coli

= = Glucose + MR1
Lactate + E.coli

Lactate + MR1

Acetate + E.coli

= = Acetate + MR1

Formate + E.coli

Time (hours) Formate + MR1

e LB # E.cOli
== == LB+ MR1

Glucose + E.coli
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Lactate + E.coli

ODgg0

Lactate + MR1

Acetate + E.coli
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Time (hours)

Figure 3.1: Growth curve of E.coli and S.oneidensis MR-1 in different carbon source (LB, Glucose,
Lactate, Acetate and Formate) at a) 30°C and b) 37°C. Curves represent the mean value of
quadruplicate measurements, error bars not shown for clarity (all standard deviation are within 20%
of average)
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3.3.2. Anaerobic growth

Both single and co-culture of MR-1 and E. coli DH5a were cultured in glucose under
oxygen-free condition. This was to simulate similar condition in MFC setup when using
glucose as sole carbon source, although in this ‘tube’ experiment, fumarate (instead of an
electrode) was used as electron acceptor. The compiled results were given in Table 3.3. As
expected, MR-1_Glu_Fum did not generate any optical density as the bacteria was unable to
degrade glucose. Negative control MR1_EColi_Fum also did not show any significant growth
as there was no carbon source present. The small ODsoo of 0.005 £ 0.002 generated from this
system was expected to rise from consumption of amino acid present in the media — as
supported by previous study [320]. EColi_Glu_Fum generated ODsoo of 0.303 + 0.060
indicating growth, whereas MR-1_EColi_Glu_Fum generated highest ODesoo of 0.570 +
0.108. Plate count experiment on LB and glucose plates indicated E. coli CFU to be 2.33
0.22 x 108/mL, and MR-1 was ~2.80 x 10’/mL (~12% of total cell numbers). This was
somewhat as expected as the anaerobic metabolic product of glucose by E. coli DH5a mainly
consist of formate as confirmed by HPLC result (data not shown), which cannot be utilised
by MR-1 for growth hence the dominance of E. coli in the culture.

Table 3.3: Anaerobic growth result of single strain and co-culture of E. coli and S. oneidensis MR-1,
with glucose and fumarate as carbon source and electron acceptor, respectively. Cultures were
incubated at 30°C for 24 hr prior to OD measurement. Numbers in bracket represent standard
deviation from triplicate measurement

Sample ODs0o CFU on agar plate CFU on glucose plate
MR1_Glu_Fum 0.000 5.10x10% (0.20) N/A

MR1_Ecoli_Fum 0.005 (0.002)  ~8x10° ~8x105
Ecoli_Glu_Fum 0.303 (0.060)  1.38x108 (0.16) N/A
MR1_Ecoli_Glu_Fum 0.570(0.108)  2.33x108 (0.22) 2.05x108 (0.27)

63



It was also interesting to see that upon inclusion of MR-1, the growth of E. coli DH5a has
somehow boosted by almost 50%. Further experiment with dead MR-1 cells also showed an
increase in E. coli growth (data not shown). This has shown the presence of MR-1 and its
biological matter was able to increase E. coli metabolism, although by the time of this

writing, its explanation remains unknown.

3.3.3. Biosynthesis of Iron MNP via iron reduction

Upon incubation at 200 rpm, 30°C for 12 hours, the two target systems Target and Target 2
indicated successful reduction of iron to form black nanoparticles on the cells surface, as can
be seen in Figure 3.2.
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Figure 3.2: Bioproduction of iron-oxide magnetic nanoparticles via iron reduction with S. oneidensis
MR-1; a) two target systems and 5 negative controls in anaerobic tube, incubated for 20 hour at 30°C;
b) after incubation, the Target systems (in red circles) have turned colour and produced black
particles; c) collection of the MNP-coated cells using permanent magnet

The controls C1-C5 did not produce any nanoparticles as expected. Plate count analysis

showed that ~15% of Target’s cells were coated by the produced nanoparticles while

64



maintaining viability. Furthermore, it was observed that the Target system has produced
~10X more cells than in any of the controls (C1 — C5; Figure 3.3), confirming that bacterial
metabolism was only possible when both electron donors and electron acceptors were

present.

2.00E+06 ~

1.60E+06 -
1.40E+06

1.20E+06 -

CFU/ mL

8.00E+05

4.00E+05 A

1.40E+05 1.30E+05

- 7.30E+04 - 3.10E+04
0.00E+00 1 ——

Target total C2 C3 c4 Cc5

Figure 3.3: Colony forming unit (CFU) of the target system and negative controls of the iron
reduction experiment; target system produced ~10x more CFU than any of the controls, showing the
significance of both electron donor (lactate) and acceptors (Iron (I1I1) NTA) for growth; error bars
represent standard deviation of triplicate measurement

SEM imaging confirmed the present of the iron particles (Figure 3.4).
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Figure 3.4: SEM images of MR-1; a) MR-1 in free suspensions; b) MR-1 with self-produced iron-
oxide nanoparticles clumped on its cell wall.

Further experiment was done with different Iron concentrations (20, 25, 30, 35, 40 and 100
mM). Cell density of 0.8 was selected for MR-1 cells with lactate concentration of 20 mM.
Upon incubation, visual observation (Figure 3.5) indicated production of MNP for iron
concentration of 20, 25 and 30 mM. From 35 mM onwards, no iron MNP particles were

observed in the anaerobic tube.

Figure 3.5: Iron reduction experiment with iron (111) concentration of 20, 25, 30, 35 and 40 mM
(from left to right). Nanoparticles were shown to form at concentration 20, 25 and 30, whereas 35 and
40 mM did not produce nanoparticles.

Plate counting indicated linear increase of CFU from 20 mM up to 35 mM (Figure 3.6),
indicating that iron was the limiting factor for growth when its concentration was below 40
mM. This finding was interesting as this indicated a 1:2 stoichiometric ratio between lactate
and iron (for every lactate molecule that was oxidised, two iron irons were reduced). No cells

were able to survive when concentration reached 100 mM. Combined with visual
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observation, these results showed that although cell was able to survive in relatively large
range of iron concentration, the production of iron MNP happened at a narrower range. 25
mM of iron seemed to be the optimum concentration for iron reduction, as can be seen from

the thicker ‘black’ nanoparticles formed on the side of the anaerobic tube.
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Figure 3.6: CFU of bacterial cells at varying concentration of Iron (I11) NTA for iron reduction
experiment. Increasing CFU between 20 — 35 mM indicated iron being the limiting factor in cell
growth; 1:2 stoichiometric ratio was achieved when iron concentration was 40 mM. No cells survived
at iron concentration of 100 mM. Error bars represent standard deviation of triplicate measurements

3.3.4. MNP chemical synthesis

3.3.4.1. PAH-coated Iron Oxide Nanoparticles (ION)

The average size of the PAH-coated ION was analysed via Zetasizer and found to be 35 nm
with zeta potential of 56.8 mV (Figure 3.7a). Poly(allylamine hydrochloride, MW ~17,500),
or PAH, were used as stabilizing polymer while maintaining their intrinsic chemical
properties. Coating efficiency was found to be 99.71% through plate counting (Table 3.4).
When compared to uncoated bacteria as control, the MNP was confirmed to be fully

biocompatible as there is no significant difference between the coated and uncoated cell
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population. Cell functionality was also tested overtime using ATP-based assay and showed

that cells remained equally active even after 5 days post-coating (Figure 3.7b).

Table 3.4: Plate count result of S. oneindensis coated with PAH-coated ION; CFU of MNP-MR1 was
almost identical to those of the control, indicating full biocompatibility. Coating efficiency of 99.71%
was achieved when comparing MNP-MR1 CFU with its supernatant. Numbers in bracket represent
standard deviation from triplicate measurement

MR1 - control MNP-MR1 Supernatant
(10 dilution) (10 dilution) (10-3 dilution)
Plate 1 34 46 120
Plate 2 46 30 71
Plate 3 37 38 118
CFU/ml 3.9 x 108(0.6) 3.8 x 108 (0.8) 1.0 x 108 (0.3)

The coating efficiency was also tested for low bacterial cell concentration. Cell culture
containing 100 cells/ml and 10 cells/ml were coated with MNP for different time-period (15
min, 60 min and 24 hrs). It was found that with coating time of 15 min, MNP was able to
recover 4.2 + 1.1% of cells in 100 cells/ml culture and 3.4 + 1.8% of 10 cells/ml culture
(Figure 3.7¢). At 60 min, the coating efficiency rather stayed the same, and if left for 24 hrs,
17.8 £ 4.4% cells were able to be functionalised for 100 cells/ml and 9.1 + 3.2% for 10
cells/ml. This finding could be of significant as other applications of MNP include biosensor
and bioremediation. Being able to coat cells where there are not many presents, bring huge

opportunity for MNP to be used in bio-sensory system.
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Figure 3.7: a) Size distribution of PAH-coated ION; Measured in duplicates (blue and red) through
zetasizer. Average size 34.6 + 14.6 nm (zeta potential 56.8 = 4.4 mV); b) Luminescence per OD via
bacterial ATP assay; three negative controls (water, minimal media (MM) and MNPs used as
baseline. Luminesce of MNP-MR1 samples was measured for 7 days with no noticeable change in
activity, indicating longevity in viability post MNP-coating; ¢) Coating efficiency of PAH-coated
ION for low cell concentration of 100 cells/mL (blue) and 10 cells/mL (orange) at time of 15 min, 60
min and 24 hr. Error bars represent standard deviation of triplicate measurements

3.3.4.2.  PAH-SIO2-ION

Another different type of Iron MNP was synthesized, this time with silica coating
sandwiched between the iron core and the PAH shell. A core size of 30 nm was synthesized
with TEM images given in Figure 3.8a. Coating efficiency and biocompatibility of the
particles were found to be ~74% and ~92% respectively, showing good indicator for its usage
in MFC setup. FTIR analysis confirmed N-H bond (Figure 3.8b), which in turn confirmed the

presence of PAH coating.
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Figure 3.8: a) TEM images of PAH-SiO2-10N; images were taken using JOEL TEM 2100, with 200
kV beam; b) FT-IR spectrum of PAH-SIO2-I0N; bands indicate the presence of N-H bonds of PAH
polymers; Frontier FT-IR bench top spectrometer, scan range of 600 — 4000 cm™

3.3.5. Microbial fuel cells

All microbial fuel cell reactors were conducted in triplicate. Of all MFC systems that were
experimented, negative controls NoBac_Glu and NoBac_For did not generate any electricity
as expected (data not shown). Furthermore, single culture E.coli_Glu also did not generate
any meaningful voltage, confirming its inability to undergo extracellular electron transfer
(EET) to produce electrical current in MFC systems. The voltage of the other systems for a 5-
day period was given in Figure 3.9a. As can be seen, the positive controls MR1_E.coli_Glu
and MR1_For stabilised at ~40 mV, which was contributed by the bio-oxidation of formate
by MR-1 in the culture. MFC with PAH-SiO2-ION, both when used as cell coating (Si_MNP-
MR1_E.coli_Glu) and free suspension (Si_MR1_E.coli_Glu), reached the same voltage level

although the former took longer to reach steady-state. The initial peak of MR1_E.coli_Glu
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(72.5 £ 8.8 mV) could be attributed to intermediate production of longer chain organic acids
(i.e. lactate), that would generate higher voltage when utilised by MR-1.

On the other hand, MFC that were equipped with self-synthesized ION and amine-
functionalized ION from Sigma failed to reach the same voltage level. Sigma MNP-
MR1_E.coli_Glu was able to reach a peak votage of 47.3 £ 6.9 mV, before dropping down to
nearly zero. It seems that the presence of ION in these systems actually compete with the
electrode as electron acceptors, hence reducing the electrical current being generated. This
was supported by positive redox potential of such reaction as given in Equation 3.5, with
such effect could potentially be more severe in our system with relatively high internal
resistance caused by the simplified reactor setup. This result has shown that the presence of
silica-coating on the ION core was essential to preserve its redox inertness, so it would not
interfere with the electron transfers from the bacteria to the electrode.

Fe3* + e~ - Fe?t E%=+0.77V Eqg. 3.5

Polarization curve construction of the MFC provided more insights into their performance.
The polarisation and power curve of Si_ MNP-MR1 E.coli_Glu and Self MNP-
MR1_E.coli_Glu were compared in Figure 3.9b and ¢. The maximum attainable power of
Si_ MNP-MR1 E.coli Glu reached 39.8 + 24 mW/m? whereas the Self MNP-

MR1_E.coli_Glu was only able to reach 7.4 + 1.1 mW/m?,
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Figure 3.9: a) Voltage of MFC systems across 1 kQ resistor for 5 days; Positive controls
MR1_E.coli_Glu (blue) and MR1_For (grey), and both MFC with PAH-SIO2-ION (yellow and light
yellow) all reach steady state voltage of ~40 mV. Other MFCs dropped to ~5 mV. Data shown were
the mean value of triplicate measurements; Negative controls and error bars were not shown for
simplicity; b) Polarisation curve and c¢) power curve of Si_ MNP-MR1_E.coli_Glu (yellow, Pma = 39.8
+ 2.4 mW/m?) and Self MNP-MR1_E.coli_Glu (green; Pmax = 7.4 = 1.1 mW/m?); error bars represent

standard deviation from triplicate measurements

The glucose consumption and cell growth inside the reactors were also compared between the
positive control MR1_E.coli_Glu and the two MFC working with silica-coated ION (Figure

3.10a). Among the three systems, the positive control actually utilised the least amount of
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glucose (16.6 = 0.7 mM), despite generating highest cell density (~ODsoo 0.625). This
indicated higher efficiency of glucose assimilation for cell growth, deprioritizing its usage for

electricity generation.
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Figure 3.10: a) Concentration of glucose consumed (blue bar) and cell density of anodic culture
(orange line) of different MFC systems; error bars represent standard deviation of triplicate
measurements; b) %occupancy of MR1 cells on electrode surface of MFC anodes; measurement was
taken at the end of MFC experiment (day 5); error bars represent standard deviation of triplicate
measurements

Plate count of the bacterial community on the electrode surface post-MFC measurement
revealed that only 7.4 + 4.2% of surface was covered by MR-1 in the conventional
MR1_E.coli_Glu MFC (Figure 3.10b). In system where silica-coated ION was added in
suspension (Si_MR1-E.coli_Glu), this proportion was increased to 26.7 £ 6.6%, and further
up to 38.3 = 7.0% for Si_MNP-MR1_E.coli_Glu. This result was consistent with our
hypothesis that by coating MR-1 with biocompatible ION, we were able to engineer

community distribution on the electrode to favour the electrigens to increase electrode usage

efficiency.
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3.4. Conclusion

The intention of this work was to test the ability of nanoparticles to isolate electrogenic
bacteria from wastewater consortium for higher efficiency of electrode usage. A mixture of S.
oneidensis MR-1 and E. coli DH5a was used to degrade glucose to represent the organic
matter present in typical wastewater. The selection of nanoparticles played crucial role in the
final MFC output — misselecting the MNP type could result in lower electricity generation,
due to its competing nature with electrode as electron acceptors.

Of all MNPs that were trialled in this work, only PAH-SiO2-1ON generated comparable
electrical current (~40 mV across 1 kQ) when compared to positive control, while the other
MNPs affected electricity generation negatively. Although initially unexpected, this might
have been caused by two reasons — mainly 1) inhibitory effect of nanoparticles on biofilm
growth, and/or 2) competing redox effect of Fe3* as electron acceptors. On potential reason
no 1) — supporting evidence include a study on mixed consortia of MFC which showed that
cell viability was promoted by a small amount of iron sulfide nanoparticles but inhibited by
thick nanoparticle “shell” covered on the bacterial cells [281]. Another study was done on
Candida albicans biofilm —where it was shown that the MNPs had a significant inhibitory
effect on biofilm formation, which reduced biofilm formation of up to 88% [321].

For reason no 2) — reactiveness of the iron core (the Fe3* ions to be specific) can be explained
by the positive redox potential of its reduction reaction (Equation 3.5). Hence, shielding with
Silica layer might introduce physical barrier which reduce the reactiveness of the core —
allowing for the electrons to be transferred to the electrode. However, although improving the
redox and colloidal stability of iron oxide nanoparticles [317], [322], [323], it is also worth
noting that previous studies have suggested that increasing level of Silica may reduce the
conductivity and magnetic properties of MNPs [324], [325]. It is also known that biofilms

that are too thick (~100-200 um) can suffer from electron and mass-transfer limitation, with
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less-dense biofilm suffers the worst from this phenomenon [326]-[328]. Adding additional
layers of Silica-coated MNPs on cell surface may just create more spaces between the cells
within the biofilm, resulting in less dense biofilm and lower electron and mass transfer.
Hence, a thin layer of Silica is preferable to minimize the effect on magnetic and conductivity
dilution as well as the additional mass transfer resistances. Unfortunately, optimization of

silica layer thickness was not conducted in this project.

Nonetheless, we did observe ~5X occupancy improvement of MR-1 biofilm on the electrode
surface, with magnetized system able to produce biofilm with MR-1 occupying 38.3 + 7.0%
electrode area, versus only 7.4 = 4.2% in WT control. In system where direct electron transfer
(DET) plays the major role in electricity generation such as with Geobacter, this could bring
crucial and significant contribution. However, when this study was conducted — our choice of
Shewanella as our subject strain was driven by the hypothesis that DET was the most
significant mechanism in its electricity generation. However, our subsequent experiment
showed that 70% of electricity generated by Shewanella oneidensis MR-1 in MFC system
was contributed by mediated electron transfer through riboflavin [329]. This would mean that
its biofilm attachment enhancement only affected the minority of power generation, which
might explain why we did not see significant improvement in electricity production. This
could also explain the slower progression of voltage of Si_ MNP-MR1 _E.coli_Glu, as
significantly more MR-1 was immediately attached on the electrode, forcing the bacteria to
use direct electron transfer mechanism in higher proportion. Nonetheless, this work has
shown promising result that the use of ION MNP, shielded with Silica coating was indeed

feasible in MFC system to promote biofilm attachment.
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Chapter 4: Genetic engineering biofilms in situ using

ultrasound-mediated DNA delivery

4.1. Introduction

Microbial biofilms are amongst the most widely distributed and successful modes of life on
Earth, where they drive vital biogeochemical cycling processes of most elements in water,
soil, sediments and subsurface environments [330]. In the right place, biofilms are
fantastically useful and have long been exploited in bioengineered applications including the
degradation of wastewater and solids applied to the filtration of potable water [331], [332].
Their high cell densities, intrinsic robustness, self-renewal and stable process rates compared
to cells in suspension are stimulating growing interest for exploitation in bioreactors and
microbial fuel cells (MFC) to achieve biosynthesis of high-value chemicals and biofuels
[333], [334]. A key feature of most biofilms is that they are composed of diverse
communities that perform functions that are difficult or impossible for individual species to
perform on their own [335], [336]. Thus, there is a division of labour, each population
undertaking their specialist task with their metabolites acting as substrates for populations
further down the metabolic cascade [337].

The effective harnessing of microbial community functionality and robustness over
operationally useful timescales remains a key challenge for the deployment of multispecies
biofilms in industrial applications [338], [339]. Engineers and biotechnologists are limited in
what they can do when systems are performing sub-optimally or moving towards failure.
Furthermore, if poor management leads to biofilms becoming detached and dispersed (e.g. by
toxic shock from a sudden influx of heavy metals into a municipal water treatment plant),
they take a long time to re-establish resulting in significant downtime and economic loss

[340]. While biofilm-based technologies, such as microbial fuel cells (MFCs), are promising
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and sustainable in the long run, critical bottlenecks inherent to biofilm physiology such as
vulnerable to toxic shock, slow adaption to potential changing conditions and slow biofilm
growth remain to be addressed before their widespread applications in industrial settings
[339], [340].

The introduction of plasmids into bacterial cells holds great promise in terms of modifying
the fate and functioning of a biofilm, while addressing many of the bottlenecks associated to
biofilms-based technologies. These small DNA molecules are physically separated from the
main chromosomal DNA of the cell and can replicate independently, often endowing the cell
with self-maintaining genes which enable new functionalities and allow the cell to deal with
changing conditions [341]. Bacteria have been engineered via plasmid or other forms of
nucleic acids to perform various activities, ranging from treating radioactive waste [342]-
[344], generating bioelectricity [164], [167], [182]-[184], removing heavy metals from
industrial effluent [345]-[347], and even visualizing the gut microbiome in bees [348].
However, these applications require inoculation of engineered strains into respective
environments where many times the engineered strains may be unable to compete with native
strains or existing biofilm communities and hence fail to effectively colonise the environment
and perform their intended functions [349]. What is required is in-situ microbiome
engineering methods that enable manipulation of mature established multi-species biofilms in
their native context. However, there is no viable method to date that can introduce desired
genes into complex and niche biofilm communities (e.g. activated sludge, gut microbiome),
which mainly comprises of non-competent and/or nonculturable cells.

To accomplish our goal, more direct and immediate ways of augmenting biofilms central to
the functioning of many engineering systems (e.g. bioreactor) has been developed. In
previous study done by our research group, we reported on the successful applications of low

frequency 40 kHz ultrasound for transferring plasmids into three different bacterial species in
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their planktonic states and achieved a high rate (9.8 + 2.3 x 10® per mg) of gene uptake
[350]. This was one of the first literatures that suggested application of low frequency
ultrasound to deliver gene into bacteria. In that study, 40 kHz ultrasound bath was used to
successfully transfer plasmid pBBR1MCS2 into Pseudomonas putida UWCL1, E.coli DH5a
and Pseudomonas fluorescens SBW25. The optimum transformation efficiency at that time
was ~12"-5 transformants per cell — nevertheless this was already 9X more efficient than
conjugation, and 4X more efficient than electroporation [350]. The gene transfer mechanism
was primarily driven by cavitational effect, which physically generates reversible porosity in
the cell membrane [351], [352]. Fast forward to 2022, ultrasound-induced gene transfer has
commonly been experimented for bacteria-based tumor therapy. Recent study demonstrated
the ability to engineer an ultrasound-responsive bacterium (URB) which can induce the
expression of exogenous genes in an ultrasound-controllable manner [353]. Cytokine
interferon-y (IFN-y), an important immune regulatory that plays a significant role in tumor
immunotherapy, was successfully expressed via brief hyperthermia induced by focused
ultrasound — improving anti-tumor efficacy of URB in vitro and in vivo [353]. Our aim for
this study is to determine the potential of ultrasound-based DNA delivery (UDD) for biofilms

in MFCs, while demonstrating the scalability of this technology.
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4.2. Materials and Methods

4.2.1. Bacterial strain, plasmid and media preparation
List of Shewanella strains and plasmids used in the experiment, along with their description
are given in table 4.1.

Table 4.1: List of strains and plasmid used in this experiment

Strain or Plasmid Description Source

Shewanella Wild type strain of MR-1. Not naturally [354]
oneidensis MR-1

wild type (WT) competent.

MR-1 Abfe Abfe mutant of MR-1. Loss of ability to [163]
transport the FAD into the periplasm, reduced
extracellular flavins available for electron

transfer.
MR-1/YYDT-C5 s oneidensis MR-1: pYYDT-C5 This study
Plasmids
pYYDT-C5 Pllasmid with entire flavin biosynthesis gene [164]
cluster

ribADEHC cloned from Bacillus subtilis, Kan®

4.2.1.1.  Strain Construction

pYYDT-C5 plasmid was inserted into S. oneidensis by conjugation via pYYDT-C5 —
transformed E.coli WM3064. WM3064 strain is a Diaminopimelate (DAP) auxotroph as a
result of a mutation in dapA, and consequently cannot grow in the absence of DAP, which is
required for cell wall synthesis and is also an intermediate of lysine biosynthesis.
Transformation of WM3064 strain was achieved via electroporation. 200 uL overnight
culture of WM3064 cells was inoculated in 50 mL LB + 100 ug/mL DAP in a 250 mL flask
until ODeoo of 0.4 — 0.5 was reached. The flask was transferred immediately to ice and swirl

occasionally to facilitate even cooling. The cells were spun down at 5,000 g for 15 min at
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4°C, and resuspended in 25 mL ice-cold 10% v/v glycerol solution. The washing process was
repeated twice before reaching a final resuspension in 1 mL. 100 uL aliquots were transferred
into ice-cold Eppendorf tubes and stored at -80°C until needed. 1 uL of pYYDT-C5 plasmid
was added to an aliquot of electrocompetent WM3064 cells on ice. The mixture was mixed
by gentle flicking and then transferred to an ice-cold 2-mm gap electroporation cuvette. The
electroporation was performed at 2.5 kV and the cells were immediately recovered in 1 mL
LB with DAP at 37°C for 1 hour at 200 rpm. The cells were then inoculated on LB+DAP
agar plate supplemented with 50 ug/mL kanamycin antibiotics at 37°C. Colonies of
transformed cells appeared after overnight incubation. Conjugation of pYYDT-C5 plasmid
from WM3064 to S. oneidensis was achieved by mixing 250 uL overnight culture of both
strains on LB+DAP agar plate (without antibiotics) and incubate at 30°C. When preparing
overnight culture of transformed WM3064, the culture needed to be washed with fresh LB
before mixing to remove antibiotics. After overnight incubation, a large swab of cells was
taken using inoculation loop and resuspended in 1 mL sterile PBS. The suspension was
washed once in the same volume of PBS and a serial dilution to 10 was established. 100 ul
aliquot of each dilution was plated on LB agar supplemented with kanamycin (no DAP to
restrict WM3064 growth). After overnight incubation, single colonies of MR1-pYYDT-C5
appeared, from which a single clonal re-streak was performed. Overnight culture was
established to perform plasmid extraction to assess the success of conjugation via gel

electrophoresis.

4.2.1.2.  Plasmid extraction
pYYDT-C5 (10450 Bp), containing entire flavin biosynthesis gene cluster ribADEHC, was
employed as delivery DNA for S. oneidensis MR-1 WT. Briefly, plasmid DNA were

extracted and purified from bacterial cultures at their respective mid-exponential phase using
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a QlAprep Spin Miniprep kit (QIAGEN, Germany). DNA concentration was determined

using a NanoQuant Plate™ and Spark microplate reader (TECAN, Switzerland).

4.2.1.3. Media preparation

M9 medium supplemented with trace elements was prepared as previously described, but
with riboflavin omitted from the vitamin stock. For media containing 20 mM Lactate as
carbon source, 20 mL of 1M Sodium DL-Lactate stock was added via sterile filtration to 1L
of the M9 medium. PBS solution was prepared as previously described. Cathodic media was

1x concentration phosphate buffer saline (PBS).

4.2.2. MFC reactor setup

Dual-compartment MFC reactors with a working volume of 300 mL per compartment were
used to investigate bioelectrical current production. The anode was made of 3.0 x 3.0 cm?
carbon cloth (H23, 95 g/m?, Quintech). The cathode was carbon cloth containing a Pt catalyst
(1 mg/ cm?, PtC 60%, 2.5 x 4.0 cm?; FuelCellStore). Titanium wire was used to connect the
electrodes to the outside of the reactors. Nafion© 117 was used as the exchange membrane to
separate the two compartments. Reactors were assembled and initially filled with deionised
water, then autoclaved to achieve sterility. The water was then replaced with appropriate
media; standard M9 minimal salt, supplemented with trace minerals, amino acids and
vitamins was chosen as the anodic compartment media and prepared according to past
literature [355] with slight modifications. The list of chemicals and their corresponding
concentrations in each stock are given in Supplementary Tables S1, S2, and S3. The M9 salt
solution was autoclaved before the trace elements were added in 1:100 dilution from their
stocks via 20 um pore-size membrane sterile filtration. The final medium was supplemented

with 20 mM sodium DL-lactate and 0.75 mM IPTG as pYYDT-C5 plasmid inducer.
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Cathodic compartment media was phosphate buffer saline (PBS), prepared by dissolving two
500 mg PBS tablets in 1L deionised water, then autoclaved to achieve sterility. Fixed
resistors of 1 kQ) were used to complete the circuit. Keithley Instrument Datalogger 2701 was
used to measure the voltage across the resistor every 10 minutes. Before bacterial injection,
the anodic compartment was bubbled with nitrogen for 15 minutes to create anaerobic
condition. Throughout the experiment, the anodic and cathodic compartments was
continuously gassed with nitrogen and air, respectively. Three independent replicate reactors

were run for each different system.

4.2.3. Polarisation and power density curve construction

The power production of wild-type S. oneidensis MR-1 and its flavin deficient/enhancement
mutant counterparts was measured via polarisation curve construction. A potentiostat
(PalmSens 4-channel Multi EmStat®*) was used to perform linear sweep voltametry (LSV) on
the MFC reactors, with the voltage varied between the theoretical open-circuit potential to
zero. (Ebegin = 0.8V, Eend = 0.0V, Estep = 0.1V, scan rate = 0.1 mV/s). The power density curve
was then constructed using values derived from multiplying the applied voltage and the
corresponding measured bioelectrical current, yielding the total electric power in accordance
with Ohm’s law:

P=1v Eq. 4.1

Here P is total electrical power, I is bioelectrical current, and V is the applied voltage. The
total power measured in this manner was then normalised by the anode surface area, yielding

the power density.
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4.2.4. Planktonic and biofilm cell quantification

The concentration of planktonic cells in the reactor was determined by its optical density
(more commonly known as optical absorbance) using a light spectrometer (UV-1800
Shimadzu) to measure light absorption at a wavelength of 600 nm. A cuvette length of 1 cm
with sample size of 1 mL was employed, with fresh anodic media as a blank to exclude
background reading.

Biofilm cell concentration was measured using a crystal violet assay. The anode was
immersed in 20 mL of 0.1% crystal violet solution, then washed twice with 20 mL sterile
deionised water. Finally, the cell bound crystal violet was dissolved in 20 mL of 70%
isopropanol. The absorbance at 595 nm of four independent 100 pL replicates of the final
solution was measured and normalised with background reading of crystal violet originating
from a cell-free anode. The ODsgs value is proportional to the number of cells attached on the
biofilm, with the OD-to-cell number conversion was calculated using standard curve of

known cell density.

4.2.5. Metabolites quantification

The amount of remaining lactate and produced metabolites within the reactors were
quantified via high-performance liquid chromatography (HPLC) equipped with acid column
Hi Plex — H (250 x 4.6 mm, particle size 8 um, Agilent). The eluent was 0.005 M H2SOa4 with
flow rate of 0.6 mL/min, and signal was detected using UV detector at 210 nm and 55°C. One
mL of reactor medium was sampled and filtered using a 0.2 um membrane filter to remove
cells before being measured for its chemical concentration. Prior to the MFC experiment,
standard curves of lactate and possible metabolites (acetate, pyruvate, formate, and succinate)

were constructed.
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4.2.6. In-situ plasmid transfer into S. oneidensis MR-1 in MFC

The effect of pYYDT-C5 plasmid transfer into S. oneidensis MR-1 via ultrasound was
investigated in terms of the bioelectrical current production in an MFC system. Late-
stationary phase culture of MR-1 was injected into the reactor to achieve an initial OD of
0.01. After reaching stable bioelectrical current generation across 1 kQ resistor, 0.1 pg/mL of
the plasmid was injected into appropriate reactors (WT_P_US). Ultrasound was then
performed for 30s at a frequency 42 kHz (x 6%) to transfer the plasmid into the cell, and
bioelectrical current production was monitored. As controls, reactors with wild-type
(WT_US) and MR-1/YYDT-C5 strain (MR-1/YYDT-C5_US) without further addition of
plasmid were also experimented as controls. Another control of WT strain with plasmid
addition, but without ultrasound treatment, was also measured to exclude the effect of such
treatment (WT_P). Three independent replicate reactors were run for each system. Injection
of kanamycin and lactate was done using sterile syringe and needle through one of the ports
on the side of the reactor. Kanamycin was added from 50 mg/mL stock to achieve the desired
final concentration in the reactor. Lactate was added from its 1 M stock, pre-filter sterilised to

achieve sterility.

4.2.7. Ultrasound apparatus

A standard 42-kHz (£ 6%) ultrasonic cleaning bath (Model 3510E-DTH, Branson Ultrasonics
Corp., Danbury, CT, USA) with a maximum output power of 100 W was used in this study.
The ultrasonic sound field was measured with a hydrophone (Type 8103, Bruel & Kjaer,
Denmark) and consisted of bursts with a modulation period of 10 ms and a modulation depth
of about 90%. The sound field amplitude spectrum displayed a strong peak at 42 kHz with
harmonics extending up to almost 500 kHz. These harmonics were all between -23 dB and -

60 dB relative to the primary peak and could be have been caused by nonlinearity in the
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acoustic driver and cavitation noise in the waterbath. The pulse-average root-mean-square
acoustic pressure was 170 kPa, corresponding to a pulse-average acoustic intensity of 1.9
W/cm?. The mean and standard deviation of five measured waveforms was employed to
estimate the peak-positve acoustic pressure of the pulse, which was 398 + 62 kPa and the
measured peak-negative acoustic pressure was 362 + 41 kPa.

For each experiment, the bath was filled to the same level with type-1 water at laboratory
temperature (order 20°C) and local atmospheric pressure (order 1 bar). The dissolved air
content was not controlled and was believed to vary from 85% to 95% of saturation. The
biofilm sample holders used in each experiment (either a microfluidic flow cell or a microbial
fuel cell) were submerged to the same depth and same lateral location within the bath. No
exogenous cavitation-promoting particles, drops, or microbubbles (i.e., cavitation nuclei)

were employed in the study.

4.2.8. Flavin quantification

Fluorescence spectroscopy was used to detect and quantify riboflavin and flavin
mononucleotide (FMN) secreted by S. oneidensis in the MFC reactor. 100 pL of the cell-free
supernatant of anodic media was transferred to a clear 96-well plate and read at 440 nm
excitation and 525 nm emission. Four independent replicate aliquots were run for each
reactor, and the background fluorescence was corrected by using fresh anodic media as the
blank. Flavin concentration was determined using standard curves previously constructed

with known concentrations of FMN (concentration range: 1 mg-mL* to 1 ng-mL™?).

4.2.9. Plasmid sequencing and verification

At the end of MFC experiment, the anodic biofilm was collected and centrifuged to obtain

cell pellets. Plasmid extraction protocol using a Monarch Plasmid Miniprep Kit was
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performed, and the obtained plasmid was quantified using NanoDrop and a plate reader. The
primers PRTac-SF3 for and ribC-02_R8 rev (Supplementary Materials) was used to
sequence and identify the necessary plasmid fragment to confirm successful transfer of

pYYDT-C5 plasmid into S. oneidensis.

4.2.10. Statistical Analysis

For all measurements involving replication, nested mixed-factor ANOVA tests followed by
Tukey’s HSD post hoc tests were performed to determine the significance between different
treatment groups. A P value of less than 0.05 denotes a statistically significant difference

between the conditions of interest.
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4.3. Results and discussion

4.3.1. Flavin-mediated electron shuttling is the dominant mechanism of extracellular
electron transfer in Shewanella oneidensis MR-1

Microbial fuel cells (MFCs) produce electricity using a bacterial biofilm deposited on an

electrode to oxidise organic matter [20]. In this experiment biofilms of S. oneidensis MR-1

wild type (WT), MR-1 Abfe [knockout of bfe gene for bacterial flavin adenine dinucleotide

[FAD] exporter [163] and MR-1/YYDT-C5 [MR-1 with plasmid pYYDT-C5 containing the

entire flavin biosynthesis gene cluster ribADEHC cloned from Bacillus subtilis [164], [171]

were established in the microbial fuel cell (MFC) system.
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Figure 4.1: a) Electric current density | versus elapsed time, b) polarisation curve (current density vs.
potential) and ¢) power density curve of MFC reactors with S. oneidensis MR-1 WT (blue), MR-
1/YYDT-C5 mutant (orange) and MR-1 Abfe strains (grey) with 20 mM sodium lactate as sole carbon

source. Measurements were conducted via Linear Sweep Voltammetry, as described above. Error bars
represent the standard deviation of triplicate measurements.

The steady-state bioelectrical current density generated by the MR-1 WT reached 13.7 + 0.3

HA/cm?, compared to 7.6 + 0.1 pA/cm? for the MR-1 Abfe and 31.5 + 1.8 pA/cm? for the
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MR-1/YYDT-C5 mutant (p<0.05) (Fig. 4.1a; Table 4.2). After about 6 days of operation,
MR-1/YYDT-C5 exhibited the highest bioelectrical current density vs. potential, compared to
MR-1 WT and MR-1 Abfe (Fig. 4.1b). The maximum output power density of the MR-1 WT
was 2.61 + 0.35 pW/cm?, compared to 0.83 + 0.19 pW/cm? from the MR-1 Abfe, whilst MR-

1/YYDT-C5 reached 5.25 + 1.18 uW/cm? (p<0.05) (Fig. 4.1c and Table 4.2).

Table 4.2. The steady-state bioelectrical current density and maximum output power density (power
per unit electrode surface area) of the MFC running with MR-1 wild-type and mutants.

Current Density [uA/cm?] Max. Power Density [uW/cm?]

MR-1 WT 13.7+0.3 2.61+0.35
MR-1 Abfe 76%0.1 0.83+0.19
MR-1/YYDT-C5 315+1.8 5.25+1.18

The ODsoo of anodic culture in the MR-1 WT reactors reached 0.129 + 0.005, whilst that of
MR-1/YYDT-C5 and MR-1 Abfe peaked at a density of 0.098 + 0.005 and 0.114 + 0.005
respectively (Fig. 4.2a). The ODsgs of cell-bound crystal violet solution from anodic biofilm
cells of the MR-1 WT was found to be 0.411 + 0.030, and 0.267 = 0.031 for MR-1/YYDT-
C5 and 0.458 + 0.030 for MR-1 Abfe (Fig. 4.2b). This translated into the number of attached
cells in the biofilm as (2.74 + 0.18) x 10° /cm? for MR-1 WT, (1.78 + 0.24) x 10° /cm? for
MR-1/YYDT-C5 and (3.05 + 0.20) x 10° /cm? for MR-1 Abfe. Consumption of lactate in
MR-1 WT, MR-1/YYDT-C5 and MR-1 Abfe were measured to be 12.0 = 0.6 mM, 9.5 £ 0.7
mM and 11.6 + 0.6 mM respectively (Fig. 4.2c). The reduction of flavin by bfe gene
knockout in MR-1 Abfe only produced 31% power, whilst the increase of flavin by
overexpression of ribADEHC in MR-1/YYDT-C5 boosted power generation by 2-fold, in
comparison with MR-1 WT (Table 4.2). These results demonstrate that flavin-enabled

electron shuttling was the dominant mechanism of MFC-based bioelectricity generation in S.
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oneidensis MR-1 — contributing towards ~70% of power generation, which is in-agreement
with previous study [163]. It also suggests that the introduction of gene cluster encoding
flavin biosynthesis (e.g. pYYDT-C5) into the bacteria of MFCs has the potential to

significantly enhance electricity production performance.
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Fig. 4.2: a) Measured optical density at 600nm (ODego) of anodic culture of MFC reactors utilising S.
oneidensis MR-1 WT, MR-1/YYDT-C5 mutant and MR-1 Abfe strains with 20 mM sodium lactate as
sole carbon source. Measurement were done using 1 cm cuvette (1 mL sample size). b) Biofilm
quantification using crystal violet assay: optical density at 595nm (ODsgs) of cell-bound crystal violet
solution from anodic biofilm cells of the MFC reactors. ¢) The amount of lactate consumed by each
reactor. Produced metabolites were mainly acetate, with succinate and pyruvate in trace amounts (data
not shown). Measurements in Figure d), e) and f) were done at the end of MFC experiment (day 13).
Error bars represent standard deviation of triplicate measurements. P values on top of the bars denote
differences between sample pairs based on nested mixed-factor ANOVA test followed by Tukey’s
HSD post hoc test. P values showing statistically significant (p < 0.05) differences are presented in
bold.
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4.3.2. Ultrasound-mediated DNA delivery (UDD) to biofilms in microbial fuel cells
(MFCs)
The transfer of pYYDT-C5 plasmid into MR-1 WT biofilms via UDD in an MFC was
performed employing the setup shown in Figure 4.3, where the acoustic parameters and water
bath properties are the same as in the previous study [350]. The effect of pYYDT-C5 on
bioelectricity generation in established biofilms was investigated in a double-compartment
MFC setup. The MFC system with plasmid transfer via UDD (WT_P_US) was compared to
several controls: a positive control with MR-1/YYDT-C5 strain (MR-1/YYDT-C5_US), and
two negative controls: the addition of plasmid without ultrasound (WT_P) and ultrasound

treatment without plasmid (WT_US).

Biofilms
Electrode
S. oneidensis Ultrasound
MR-1 wave

Fig 4.3. Schematic diagram of ultrasound-based DNA delivery (UDD) into bacterial cells of mature
biofilms established in microbial fuel cell (MFC). Ultrasound treatments were applied in a
commercially available 42 kHz ultrasound cleaning bath. Diagram is not drawn to scale.

Consistent with the previous experiment, the electricity generation of MR-1/YYDT-C5
positive control (28.0 + 3.3 pA/cm?) was significantly higher than the WT systems
throughout the experiment (Fig. 4.4a). Once the bioelectrical current generation reached
steady state after approximately 4 days, the addition of plasmid and/or ultrasound treatment
was conducted between day 5 and 6. Bioelectrical current production in all treated MFC
systems dropped immediately after ultrasound treatment was performed, which might have

been caused by shock disturbance and stress, but it fully recovered after approximately 24 hrs
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(Fig. 4.4a). This observation indicates that ultrasound treatment can result in temporary
disturbance of the MFC system, possibly due to the physical disruption of the biofilm
structure by acoustic cavitation and/or mechanical stress. However, cells in the biofilm were
able to restructure themselves and fully recover with no permanent detriment afterwards. It is
important to note that the nature and extent of ultrasound physical effects depend critically on
a number of acoustic parameters. These effects, which were primarily mechanical and
thermal in nature, can serve to both disrupt biofilms and promote gene transfer. We believe
that, for a given system, there will exist optimum sets of acoustic parameters and exposure
protocols that minimize biofilm disruption and cell death while enhancing gene delivery.

This subject lies beyond the scope of the current work and is a topic of ongoing study.
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Fig. 4.4. a) Electric current density | of double-compartment MFC reactors running at 1kQ load with
20 mM initial concentration of sodium lactate; b) extracellular flavins concentration of MFC reactors
after 14 days of operation. Four different type of reactors: MR-1/YYDT-C5 strain (MR-1/YYDT-
C5_US, orange), MR-1 WT with addition of plasmid and ultrasound treatment (WT_P_US, blue),
MR-1 WT with only ultrasound treatment (WT_US, yellow), and WT with only addition of plasmid
(WT_P, grey). Ultrasound was performed for 30s on day 6 (black arrow) for appropriate MFC setups.
On day 9, kanamycin (10 pg/mL) and 10 mM of additional lactate was added into each reactor (light
blue arrow). On day 13, additional kanamycin was added to reach final concentration of 50 pg/mL
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(green arrow). Shaded regions represent standard deviations of triplicate measurements. P values on
top of the bars were calculated for the last day of measurement and denote differences between
sample pairs based on nested mixed-factor ANOVA test followed by Tukey’s HSD post hoc test. P
values showing statistically significant (p < 0.05) differences are presented in bold.

Forty-eight hours after plasmid transfer using ultrasound treatment, the WT_P_US system
started generating higher bioelectrical current than that of WT_US and WT_P. At the end of
the experiment, the WT_P_US system generated a bioelectrical current of 21.9 + 1.2 pA/cm?,
61% higher (p<0.05) than that of the WT_US system (13.6 + 1.6 pA/cm?) (Fig. 4.4a; Table
4.3). The application of UDD to treat the biofilms established within the MFC resulted in the
increased production of flavins by the WT_P_US system over time. The WT_P system
produced similar bioelectrical current to WT_US (14.9 + 0.6 pA/cm?), indicating that
bacterial transformation only occurred in treatments in which plasmids were introduced in the
presence of ultrasound.

Three days after ultrasound treatment, kanamycin (10 pg/mL) and lactate (10 mM) were
added to all reactors to induce selection pressure for transformed cell growth and to maintain
high electron donor concentration, respectively (Fig. 4.4a, light blue arrow). A three-day time
gap was selected to enable the transformed bacterial cells, which were maintained at room
temperature, to produce the necessary proteins in low-growth minimum media to resist the
antibiotics. Additional kanamycin (40 pg/mL) was added on day 13 (Fig. 4.4a, green arrow).
The addition of antibiotics on the separate occasions had no detectable effect on the
bioelectrical current produced by the controls, since the mode of action of kanamycin did not
initiate immediate killing of cells but instead interferes with protein synthesis and prevents
cell replication [349]. This indicated that the established cell density in those reactors had
reached optimum concentration before the antibiotics was added and that the whole process

was not catalyst-limited. Injection of additional lactate on day 9 also had no detectable effect
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of improving performance on bioelectricity production, indicating that the reaction was not
substrate-limited either (Fig. 4.4a, light blue arrow).

The quantity of flavin electron shuttles secreted by the Shewanella strain played a significant
role in influencing bioelectrical current generation in the MFC system [164]. After 14 days of
operation, the amount of extracellular flavins in each MFC reactor was quantified. The
WT_P_US system produced an approximately 50% higher concentration (p<0.05) of
extracellular flavins (103.3 £ 8.3 uM) compared to the WT_US and WT_P systems (70.9 £
5.9 uM, and 74.8 £ 7.3 UM respectively) (Fig. 4.4b, Table 4.3). Enhanced flavin production
in the WT_P_US system was attributed to the additional synthesis pathway encoded in
pYYDT-C5 plasmid, which was introduced into the S. oneidensis biofilm via UDD. This
quantitative analysis of flavin confirmed that the transfer of the plasmid was achieved via
ultrasound. The MR-1/YYDT-C5 positive control system contained the greatest
concentration of flavin (289.7 £ 57.7 uM), which is consistent with the bioelectrical current
generation result.

The extraction and sequencing of plasmids from transformed cells in the WT_P_US MFC
system (see the Supplementary Materials) provided additional evidence for the successful
transfer of the pY'YDT-C5 plasmid into a S. oneidensis MFC biofilm. These results combined
provide strong evidence of the ability of UDD to deliver desired genes in situ into bacterial
biofilm. This demonstrates that UDD is able to enhance biofilm-based bioelectrochemical
performance in MFCs in-situ without the need of restarting the bioreactor and re-building the
biofilm, which is highly desirable for large-scale industrial applications involving continuous

bioreactors.
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Table 4.3. Final electric current density (current per unit electrode surface area) and extracellular
flavin concentrations of UDD-treated MFC systems (measurement done in triplicate)

Current density [HA/cm?] Flavins concentrations [uM]
WT_P_US 219+1.72 103.3+8.3
WT _US (-ve control) 13.6+1.6 70.9+5.9
WT _P (-ve control) 149+0.6 748+7.3
MR-1/YYDT-C5_US 28.0 £3.3 289.7 £57.7

(+ve control)

4.4. Conclusion

4.4.1. UDD induced in-situ bacterial transformation in MFC

The double-compartment MFC reactor employed in this study allowed reliable evaluation of
the impact of UDD on bioelectricity output by MR-1 strains exhibiting varying flavin
production and bioelectricity generation capabilities. MR-1 was selected as a model organism
due to its unique extracellular electron transfer ability [146] and the fact that it is not
naturally competent. The pYYDT-C5 plasmid was chosen as delivery DNA into S.
oneidensis MR-1 WT biofilms as the plasmid contains the entire flavin biosynthesis gene
cluster ribADEHC cloned from Bacillus subtilis, which has previously been shown to
improve the bioelectricity generation of the transformed MR-1 as compared to the MR-1 WT
[164]. Although not tested in this study, it is known that flavin concentrations are directly
related to electricity production, although such relationship is not linear [163].

We have demonstrated that applying low frequency ultrasound (42 kHz) to S. oneidensis
biofilms growing on electrodes in the presence of plasmids results in the in-situ uptake of
pYYDT-C5 plasmid by bacterial cells, which generated almost twice as much bioelectricity

in the MFC after 8 days of incubation as compared to negative controls. The low frequency
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of 42 kHz was selected to maintain consistency of operating parameter with previous study
[350], also due to apparatus standardization (most sonication baths come as 40-42 kHz
frequency). The pYYDT-C5 plasmid used here is a relatively large plasmid (10450 Bp).
While it is well recognised that transformation efficiency decreases with increasing plasmid
size [350], [356], our results showed that the UDD technology is not limited to the delivery
of small plasmids but is also effective for delivering relatively large plasmids as well. By
selecting the proper acoustic parameters (primarily frequency and acoustic pressure
amplitude), it may even be possible to achieve bacterial transformation via UDD involving
the uptake of mega plasmids and genomic DNA fragments [357].

There have not been many studies conducted on UDD application on bacteria, as the
technology is very novel. The proposed cavitation mechanism for the UDD is in fact a novel
finding through studies conducted in our research group, for which we are currently filing for
a patent (a scientific paper will be published once patent is filed). Nonetheless, ultrasound
applications on mammalian cells have been extensively studied [358]-[363], from which
some comparisons might be drawn. A study conducted on 3T3 mouse cell suspensions [358]
have indicated that a low frequency range of 20-100 kHz encouraged uptake of calcein, with
cell viability observed to increase as higher frequency was used, for the same applied energy
density. Across all applied frequency, the energy density corresponding to maximum calcein
delivery increased with increasing frequency, suggesting higher energy requirement to reach
maximum delivery when higher frequency is used. Interestingly, the maximum fraction of
cells that were reversibly permeabilized (6-8%) is nearly independent of the frequency,
suggesting that the uptake efficiency is mostly driven by applied energy density, and not so
much on frequency selection. Another study conducted on human triple negative breast
cancer MDA-MB-231 cells [364], low frequency ultrasound of 40 kHz was also employed to

sonoporate the cells and introduce FD4 staining chemical into the cells. Three different
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parameters were varied to study the effect of each on sonoporation frequency — mainly
energy density, time of irradiations and microbubble concentration. The study suggested that
all three parameters have an optimum point — at which the sonoporation efficiency was
peaked. In the setup used in this particular study, a maximum efficiency was achieved when
300 mW/cm? of energy was applied (~14%) compared to 1% at 230 mW/cm? and 11% at 370
mw/cm?, Irradiation time have slightly smaller effect, with 10% efficiency achieved in 2 min,

compared to 7% in 1 min and 9% in 3 min.

UDD-treated biofilms in MFC were only able to match around 70% of the level of
bioelectricity generated by MR-1/YYDT-C5 positive control system by day 14 (Fig. 4.4a). It
is evident that bacterial transformation efficiency can be a limiting factor preventing treated
biofilms from achieving the maximum theoretical productivity. To alleviate this limitation,
the appropriate use of selection pressure can amplify the effects of UDD treatment on the
biofilm to exhibit high productivity. In bacteria, plasmids facilitate rapid adaptation by
shuttling a vast variety of advantageous traits across microbial communities. However, under
non-selective conditions, maintaining plasmid often becomes a costly activity for host cell. In
this study, we used antibiotics as a selection pressure mechanism to limit the growth of non-
transformed cells, allowing the transformed cells to thrive. Besides this, our system also
allowed for a natural plasmid preservation — through biofilm formation. Previous studies have
suggested that biofilms can act as a spatiotemporal reserve for plasmids, enabling them to
persist under non-selective conditions [365]-[367].

It has been previously suggested that the mechanism of transdermal protein delivery using
low frequency ultrasound, such as 20 kHz, is attributed mainly to acoustic cavitation physical
effects [368]-[370]. It is possible that the mechanism of UDD in biofilms is similarly via

acoustic cavitation where microbubbles, formed on the surface of or within biofilms, are
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made to volumetrically oscillate under periodic acoustic forcing. Associated with this
behaviour is a host of physical effects that include fluid microstreaming, shock wave
production, localized viscous heating, and the formation of re-entrant liquid jets due to
asymmetric bubble collapse [371], [372]. Potential bioeffects on cells stemming from these
physical effects of acoustic cavitation have been reviewed in the literature [373], [374]. For
example, microstreaming breaks down boundary layers and promotes the convection of
plasmids proximal to the cell surface. Jetting pokes small holes in the cell, leading to
transient enhancement of cell membrane porosity. The biofilm matrix contains extracellular
polymeric substances such as lipids, polypeptides and polysaccharides of diverse chemical
charges [355], [375]-[377], and is an ideal adsorption material for extracellular DNA or
plasmids to be introduced to the biofilms. The high cell density in the biofilms [378],
potentially coupled with proximity between the bacteria and plasmids of interest in the
biofilm matrix, provides a suitable environment for ultrasound-mediated horizontal gene
transfer to take place within non-competent bacterial biofilm communities. While ultrasound
treatment and its associated physical effects can aid gene transformation in biofilm, the very
same effects can also disrupt the biofilm structure and stability. At present, the mechanistic
details of UDD remains elusive and further studies are required to optimize acoustic
parameters and exposure protocol, such as ultrasound intensity, duration, duty cycle, types of
transducer, temperature and ambient pressure etc., for more efficient and reproducible gene

transfer.

97



4.4.2. Scaling up UDD in biofilms for industrial applications

The goal of this study was to introduce new functionalities into non-competent established
biofilms in bioreactors of different scales via in-situ UDD. Current conventional gene transfer
techniques (such as electroporation, heat shock and conjugation) are optimised for small scale
laboratory use, typically < 2 mL [379], [380], but all have limitations that make them
unsuitable for larger scale, in-situ applications. Electroporation requires salt-free conditions
and typically kills >90% cells with transformation usually limited to specific strains. Heat
shock requires a rapid and drastic change in temperature (>30 °C) of the cells and their liquid
medium. Conjugation requires direct physical contact between donor and recipient strains.
Theoretically, ultrasound-mediated DNA delivery (UDD) is capable of engineering bacterial
culture and biofilms in-situ without these inherent limitations at larger scale. In this study,
UDD-induced gene transfer on non-competent biofilms grown in microbial fuel cell (MFC)
systems was successfully demonstrated, with working volumes of 300 cm?3, achieving a
significant scale-up in operating volume using the same acoustic exposure system. To the
best of our knowledge, there has not been any technique designed to enable bacterial
transformation within biofilms in-situ and/or in operating volumes larger than 2 mL.

These results provide solid evidence that UDD-based techniques hold promise in terms of
achieving efficient bacterial transformation at industrial scales. DNA fragments containing
genes of interest may be introduced in-situ into established biofilms cultured in bioreactors,
reducing downtime and ensuring continuous operations. It may also be possible to influence
gut microbiome of animals and human beings for agricultural or medical purposes
respectively using this approach. Thus, the ability to alter the phenotype of established
biofilms creates new possibilities for influencing their behaviour in environmental, industrial,
and medical settings. While UDD technology clearly has huge potential, further research into

its physical mechanisms is required for optimisation and/or industrial scale exploitation.
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As suggested in previous studies [381], [382], effective scale ups may be achieved by
ensuring uniform cavitational activity distribution throughout the processing volume, as non-
homogenous and dynamic behaviour of such activities often create problems in scale up
strategies. Although it was indicated that sonication time played little to no effects for scaling
up — maintaining constant energy density is deemed to be key in scaling up UDD process.
Furthermore, although not necessarily for UDD in bacteria, other studies have explored novel
reactor designs [383]-[386] to ensure constant cavitational distributions for larger volumes in
different ultrasound applications i.e., emulsification, chemical extractions.

Nonetheless, by demonstrating that in-situ gene transfer in biofilms via UDD is possible for a
bioelectrochemical system such as MFC, this exciting proof-of-concept opens the door to
opportunities for the exploitation of this novel technology to enhance the controllability and

efficiency of biofilm-based processes in the environmental, industrial, and medical contexts.
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Chapter 5: Current generation in microbial fuel cells by

Shewanella oneidensis MR-1 via assimilation of acetate

5.1. Introduction

Electricity generation from organic compounds via microbial fuel cell (MFC) has been
intensely studied, using a variety of compounds and bacterial strains. The technology relies
on the ability of some bacteria to degrade organic matter and transfer the released electrons to
extracellular insoluble electron acceptors (i.e. electrode) that are then harvested as electric
current. Such bacteria are called exo-electrogens and several mechanisms have been
proposed for this extracellular electron transfer (EET): 1) via direct contact using outer
membrane (OM) multi-heme c-type cytochromes; 2) outer membrane extensions referred to
as nanowires; and 3) non direct-contact via electron shuttles. Different exo-electrogens utilise
distinct mechanisms, and some have been shown to utilise all three [140], [156] whereas the
others are only capable of employing one or two of the proposed mechanisms [145], [387].
Furthermore, certain exo-electrogenic bacteria have the capability to utilise organic
compounds that others cannot, due to different metabolic and respiratory pathways, some of
which are yet to be fully understood [388]-[390].

Two of the most extensively studied exo-electrogenic bacteria for bio-electrochemical
systems are members of the genus Shewanella spp. and Geobacter spp [276], [391]-[396].
They are dissimilatory metal-reducing bacteria (DMRB), able to couple metal reduction with
their metabolism. Shewanella oneidensis MR-1 is a Gram-negative facultative anaerobic
bacterium, notable for its ability to reduce metal ions via EET. One of its most significant
properties that distinguishes it from that of Geobacter spp. is that it does not require direct

contact with its substrates for electron transfer. This key feature is due to its ability to
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produce extracellular electron shuttles such as riboflavin, which Geobacter spp. do not
possess [397], [398]. This ability is potentially very beneficial in microbial fuel cell where
direct contact to electrodes is often difficult to achieve [163].

Due to its interesting and robust feature, Shewanella oneidensis MR-1 has been extensively
studied for multiple real-life applications: such as development of gene editing tools [399]-
[401], environmental bioremediations of toxic metals and electro-fermentations [401]-[404]
as well as its applications in bioelectrochemical system (BES) [405]-[409]. It is able to
generate energy by coupling the oxidation of organic compounds such as lactate, pyruvate
and hydrogen to the reduction of a wide range of electron acceptors including Oz, fumarate
and Fe(lll) [406], [409]. Figures S1 [320] provide the typical metabolic pathway for
Shewanella showing multiple carbon sources which the bacteria can use as electron donors.
Lactate was one of the most favourable carbon sources for anaerobic respirations of MR-1
[410]-[412]. The lactate metabolism continues with oxidation to pyruvate, acetyl-CoA,
acetyl-phosphate formation and acetate generation to produce 1 ATP per lactate molecule
[410].

One interesting possible electron donor is acetate — which have raised certain opposing views
among researchers as to whether Shewanella can utilize it under anaerobic conditions.
Although many literatures have suggested that acetate utilization by Shewanella is limited
only under oxygen-rich condition [405], [410], [412], [413], such inablility has not been fully
understood and explained, especially since Shewanella spp. have a complete tricarboxylic
acid (TCA) cycle and are able to oxidize acetate to CO2 under aerobic conditions utilising
acetate kinase SO2915 and phosphate acetyltransferase SO2916 enzymes [320], [410].
Previous studies have only gone so far to suggest that such inability might be caused by
insufficient energetic requirements by the interruption of the TCA cycle under anaerobic

conditions [412], or the bacteria’s inability to re-oxidize NADH that it was only possible to
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utilize such organic compounds if the generated NAD(P)H from its catabolism does not
exceed the needs of anabolism under anaerobic conditions [410], [414].

In terms of experimental setup, one of the earlier studies that claimed Shewanella’s inability
to utilize acetate anaerobically [413] — which was cited by many other literatures that follow
— only attempted to couple acetate oxidation with reduction of Iron (I11) and Manganese (V)
— but not with other oxidising metals nor under bioelectrochemical (BES) setup with
electrode as electron acceptor. A more recent study which suggested the same observation
did use MFC setup to run the wild-type strain with acetate as sole carbon source [412] —
however ferricyanide [Fe(CN)s]* was used as the final electron acceptors in the cathodic
chamber instead of the usual air purging / exposure. This could be the reason why acetate was
not utilized in this setup — as the selection of electron acceptors would play major role as to
whether acetate would be utilized under anaerobic condition. This hypothesis was supported
by a study conducted by Yoon et al., where acetate was utilized by Shewanella spp. under
nitric reducing environment, but not with ferric iron or fumarate reduction [415].

The first study which suggested potential utilization of acetate under oxygen-free condition
by Shewanella MR-1 was actually done in 2001 — where the strain was grown under Hz-
acetate environment with nitrate as the electron acceptor, resulting in growth yield of 9.4 gr
cell/M of substrate [416]. Fast forward in 2013, study conducted by Yoon et al. reported
similar observation which is the utilization of acetate as electron donor by Shewanella spp.
under nitric reducing environment, but not ferric iron or fumarate reduction [415]. Another,
more recent study has shown degradation of acetate by Shewanella under anaerobic
conditions with concomitant implementation of EET via external mediators such as
riboflavin, AQDS and hexacyanoferrate [417]. This was the first reported case of utilization
of acetate as electron donor on Shewanella anodes in bioelectrochemical setup, despite only

able to achive 6% carbon utilization to support biomass (5%) and current generation (1%).
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Another study conducted by Dai et al. in 2020 has shown successful degradation of acetate
from bamboo fermentation effluent by Shewanella oneidensis MR-1 in an MFC setup —
achieving 98% utilization after 8 days of operation [418]. Finally, a study done by Calderon
et al. has also shown acetate consumption by Shewanella spp. isolated from Odentesthes
regia via double compartment MFC, achiving 0.11 mA cm? steady current after 72 hrs with
65% coulombic efficiency under anaerobic conditions [419]. These studies have provided
boosts of optimisms for Shewanella’s application in microbial fuel cell, as acetate has often
been considered as valuable by-products whose chemical energy is relatively easy to recover
due to their simple VFA structure, which often present in waste of many industrial processes
and wastewaters such as anaerobic digesters [420]-[422]. Hence, integrating MFC with
anaerobic digester to utilise the unwanted acetate would optimise the overall carbon and
energy efficiency. To date, most studies of acetate utilisation as electron donor in MFC
systems have relied on bacterial communities, usually present in anaerobic sludges [139],
[423], [424]. However, these systems are difficult to engineer and optimise, because of the
complexity and uncertainty regarding bacterial community composition, interactions and
metabolic activities of different bacterial species present in the consortium [425]. Hence, it
would be of significant advantage to have a well-studied bacterial strain capable of utilising
acetate to generate electric current, preferably via both direct contact and electron shuttles
mechanisms.

In this study, lactate-fed MFC composed of pure culture of Shewanella oneidensis MR-1 was
investigated for its electrical current generation in batch mode. As lactate had been
completely depleted, the bacteria were forced to switch its metabolism to assimilate the
produced acetate to survive, generating additional electricity at a lower potential. As
previously reported, Shewanella strain will first utilize lactate, followed by pyruvate and

acetate [417]. To confirm utilisation of acetate by S. oneidensis, separate studies of acetate-
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fed MFC with digestate from Anaerobic Digester (AD) were established. The results confirm
that S. oneidensis was able to utilise acetate under anaerobic conditions producing electric
current in MFC system. To the best of our knowledge, no reported study has yet to utilize
direct AD liquor as carbon source and electron donor to drive EET on pure Shewanella
anodes. This study thus expands our understanding of Shewanella ecophysiology and its

potential applications in bioelectrochemical systems.

5.2. Materials and Methods

5.2.1. Bacterial strain and media preparation

The strains used in this study is listed in Table 5.1.

Shewanella oneidensis MR-1 wild-type strain was inoculated on LB plate from a -80°C stock.
The plate was incubated at 30°C for 24 hr until single colonies were formed, from which a
single clonal re-streak was obtained. A single colony was inoculated in 10 mL LB broth
overnight (~18 hr) to reach late stationary phase. The culture was washed with PBS three
times and diluted accordingly before being injected into MFC reactors. Standard M9 minimal
salt, supplemented with trace minerals, amino acids and vitamins was chosen as the anodic
media and prepared based on Cao et al. [355] with slight modifications. The list of chemicals
and their corresponding concentrations in each stock are given in Supplementary Materials
(Table S1, S2 and S3).

The M9 salt solution was autoclaved before the trace elements were added in 1:100 dilution
from their stocks via 20 um pore-size membrane sterile filtration. The final medium was
supplemented with sterile carbon source (sodium DL-Lactate or sodium acetate; also via
filtration) to reach a final concentration of 20 mM. The cathodic media employed was PBS
solution, prepared by dissolving two 500 mg PBS tablets in 1L deionised water, then

autoclaved to achieve sterility.
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Anaerobic digester (AD) liquor was obtained from a high-rate hydrolyser using maize silage
as feedstock. The liquor was centrifuged at 10,000 g for 15 minutes to remove solid

particulates and filtered through 0.2 um pore to achieve sterility.

5.2.2. Reactor Assembly and Setup

Double-compartment MFC reactors with a working volume of 300 mL was used to
investigate current production. The anode consisted of 3.0 x 3.0 cm? carbon cloth (H23, 95
g/m?, Quintech). The cathode was carbon cloth with a Pt catalyst (1 mg/cm?, PtC 60%, 2.5 x
4.0 cm?; FuelCellStore). Titanium wire was used to connect the electrodes to the outside of
the reactors. Nafion© 117 was used as the exchange membrane to separate the two
compartments. Reactors were assembled and initially filled with deionised water, then
autoclaved to achieve sterility. The water was then replaced with appropriate media; M9
minimal salt with trace elements and appropriate carbon source for anodic compartment, and
phosphate buffer saline (PBS) for cathodic compartment. Fixed resistors (1 kQ — 10 MQ)
were used to complete the circuit. The anodic chamber was continuously purged with
nitrogen gas to maintain anaerobic conditions, whereas the cathodic compartment was gassed

with air.

5.2.3. Performance evaluation of MFC reactors

S. oneidensis MR-1 (MR1_Lac) was investigated for its current production ability and
checked against a negative control that was lacking the bacteria (NOMR1 Lac). Late-
stationary phase culture of MR-1 was injected into the reactors to achieve an initial OD of
0.01. Variable resistance experiment was conducted to construct the polarisation curve of the
MFC system. At the initiation of the experiment, external resistor of 1 kQ was used for 8

days to start bacterial build-up. After reaching stable electricity generation, the resistance was
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gradually stepped up to 10 MQ. The voltage across the external resistor was measured every
ten minutes with Keithley 2701 Dataloggers instrument. All systems were conducted in
triplicate and the reactors were run for a total of 60 days.

At different resistance, the produced electric current could be calculated from the measured

voltage using Ohm’s Law:

1=% Eq. 5.1

R

And generated power density (W/m?):

2

The current was then plotted against the corresponding voltage and power density to identify
the maximum deliverable power output.

To confirm the utilisation of acetate in bioreactors by S. oneidensis, acetate-fed MFC systems
were investigated. Sodium acetate (20 mM) was used as the sole carbon source, and the
bioreactors (MR1_Ac) were measured for their current production ability. Two negative
controls, each lacking either the bacteria or the carbon source (NoMR1_Ac and MR1_NoAc,
respectively) were also investigated. In reactors where bacteria were supposed to be present,
late-stationary phase culture of MR-1 was injected into the reactors to achieve an initial OD
of 0.005. All bioreactor systems were triplicated. 1 kQ resistor was used to represent load for
6 days, before the resistor was switched to 10 kQ and was let to run for additional 45 days.
Polarisation curves were constructed using PalmStens 4+ Potentiostat, with Ebegin = 0.7 V,
Eend = 0.0V and scan rate 0.1 mV/s.

For MFC experiment running with AD liquor, 1.1 mL of sterile liquor (Cac = ~8 g/L) was

injected into the anodic chamber to achieve initial acetate concentration of 30 mg/L inside the
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reactor. Trace elements of amino acid, vitamin and minerals were added to stimulate growth.
Three different bacterial strains were used: wild-type, pYYDT-C5 and ABFE mutants. One
kQ resistor was used to represent load for 5 days, and the voltage across it was measured

every 10 minutes.

5.2.4. Chemical Analysis and Coulombic Efficiency

The concentration of the remaining lactate (or acetate) and the produced metabolites in the
reactors was determined via High Performance Liquid Chromatography (HPLC), with acid
column Hi Plex — H from Agilent. The eluent was 0.005 M H2SO4 with flow rate of 0.6
mL/min, and signal was detected via UV 210 nm at 55°C. One mL of reactors’ medium was
sampled regularly for the concentration analysis. The sample was filtered using 0.2 ul pore-
size membrane filter to remove cells before being measured for its chemical concentration.
Prior to the MFC experiment, standard curves of lactate and possible metabolites (acetate,
pyruvate, formate, and succinate) were constructed.

VFAs content of AD liquor-fed MFC was analysed using gas chromatography (Shimadzu
GC-2010, Japan) equipped with a flame ionisation detector (GC-FID) and a 30 m x 0.25 mm
x 0.25 um fused silica capillary column (ZB-FFAP). The temperatures of the detector and
injector were 350 °C and 250 °C, respectively. The oven temperatures were set at 100 °C for
2 min and then increased at a rate of 8 °C/min. Helium was used as the carrier gas at a flow
rate of 5.53 ml/min. Sample volume of 1.5 ml was inserted into GC vial and acidified with
3% (v/v) formic acid. Prior to the start of the experiment, standards containing 7 different
type of VFASs (acetic acid, propionic acid, isobutyric acid, n-butyric acid, isovaleric acid, n-
valeric acid and n-hexanoic acid) with known concentrations were used to construct standard
curve. The retention time for each detectable VFAs are 3.83 min, 4.76 min, 5.07 min, 5.85

min, 6.36 min, 7.27 min and 8.65 min respectively.
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Coulombic efficiency indicated the portion of charge generated by the oxidation of the
carbon source that was successfully converted into useful current. The amount of useful
charge was calculated via integration of produced current with respect to time:

Q= idt; Eq.53

Whereas the total charge released by oxidation of acetate was calculated using Faraday’s Law
of Electrolysis:

Qtor = zF(VAC); Eq.5.4

Where z = 8 for the oxidation of acetate to CO2; see equation 5.5.

CH;CO00™ +2H,0 - 2C0,+7H*+8e" Eq.5.5

F = 96485 Cmol?; V is working volume of the reactor and AC is change in carbon source

concentration. Coulombic efficiency was then calculated as:

e=-2":  Eq.56

1
Qtot

5.2.5. Bacterial cell quantification

One mL of samples from the anodic compartment of the reactors was taken regularly to
determine the Optical Density via 600 nm light spectrometer (ODeoo) of cultures. This
measurement provided a direct correlation with cell concentrations in the medium, which was
proportional to the number of planktonic cells in the anode. Plate counting was also
conducted to quantify the number of colonies forming unit (CFU) of anode culture. One mL
of anodic media was sampled and diluted in series up to 10-° dilution. A 100 ul aliquot of

each dilution was plated in triplicate for CFU count.

5.2.6. Carbon and mass balance
Mass balance was calculated under several assumptions [426], [427]. Bacterial cell’s

empirical formula is taken as CH1.7700.49No.24, and that OD-to-cell dry weight conversion of
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0.39 g/L per ODsoo. From OD measurement, empirical moles of bacterial cell were calculated
and compared to the amount of acetate consumed to deduce the portion of carbon source used

for cell growth.

5.2.7. Microscope (SEM) imaging

At the removal from the anodic compartment, the anode samples were immediately sliced by
a sterilized bistoury and fixed by phosphate buffer saline (PBS) with 2.5% glutaraldehyde
(pH 7.2-7.4) for 1 hour. The samples were then washed 3x with the same buffer and
dehydrated stepwise with a series of ethanol solutions (30, 50, 70, 80, 90 and 100%). The
electrode samples were finally critical-point dried with tertbutyl-ethanol and sputter coated
with a thin layer of gold. The biofilm was observed in high vacuum using Zeiss Merlin
Compact Field Emission Gun — Scanning Electron Microscope (FEG — SEM). Electron high
tension voltage of 2.00 kV was used with a working distance of 6.2 mm to optimise image

resolutions.

5.3. Results and discussion

5.3.1. Electricity generation and metabolites quantification of Lactate-Fed MFC

The lactate-fed MFC (named as MR1_Lac) was operated in a dual-chamber reactor with
working volume of 300 mL using a pure culture of Shewanella oneidensis MR-1. In the
anode chamber, 20 mM sodium D-lactate was used as the sole carbon source, supplemented
by trace elements to support growth [355] (Table S1 — S3). A negative control without
bacteria was also investigated. A fixed resistor of 1 kQ was used to start the experiment and
the voltage across it reached stability at 0.10 + 0.02 V after ~3 days (Fig. 5.1a). The external
resistance was increased step-by-step to establish polarisation curve (Fig. 5.1b). Maximum

attainable power was measured to be 2.39 + 0.61 pW/cm?2. The negative control did not
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produce any detectable current at any applied resistance, demonstrating that oxidation of

lactate was only possible via biocatalysis by bacteria.
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Fig. 5.1: a) Voltage of Lactate-fed MFC across 1 kQ resistor over time; the resistance was increased
gradually to establish a polarisation curve. MR1 Lac system (green) showed a step increase in voltage
each time the resistance was increased, whereas NOMR1_Lac system did not generate any current; b)
Polarisation curves of MR1 Lac system showing a maximum attainable power of 2.39 = 0.61
UW/cm?; ¢) Concentration of lactate (solid) and acetate (dash) over time in MR1_Lac (green) and
NoMR1 Lac (yellow) systems. Error bars/region represent the standard error of triplicate

measurements.

Around day 20, the generated voltage across the 10 MQ dropped from 0.75 + 0.08 V to 0.48
+ 0.04 V (Fig. 5.1a), and HPLC analysis indicated complete depletion of lactate (Fig. 5.1c).
Interestingly, a substantial amount of voltage remained, suggesting that further utilisation of
metabolites (in this case acetate) could have been responsible for the additional production of

electric current. Acetate, pyruvate, and succinate were identified as metabolites of lactate
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oxidation (Supplementary Fig. S2). Acetate was generated from lactate oxidation which
reached a peak concentration of 11.5 + 2.4 mM after 21 days before decreasing (Fig. 5.1c),
which was consumed in the process to enable further electricity generation. All acetate was
depleted after around 60 days. The control NoMR1_Lac exhibited no change in
concentrations as expected. Pyruvate was detected at the initial stage of the operation (<15

days), reaching a concentration of 0.25 + 0.03 mM. Small quantities of succinate were also

produced (0.26 + 0.08 mM) (Fig. S2).

5.3.2. Confirmation of Acetate Utilisation in Acetate-Fed MFC

The ability of acetate utilisation in S. oneidensis to produce electric current was further
confirmed in the acetate-fed MFC experiment. In these reactors, 20 mM sodium acetate was
used as the sole carbon source (named as MR1_Ac) and the MFC was operated under a
constant external resistance of 1 kQ. A triplicate of acetate-fed MFC reactors was run
alongside two negative controls, each lacking the bacterial cells or the carbon source (named
as NoMR1_Ac and MR1_NoAc, respectively).

Voltage generation of MR1_Ac initially increased within the first 9 hours, before approaching
steady state at 0.032 + 0.011 V after 2 days (Fig. 5.2a). The maximum attainable power was
0.12 £ 0.01 pW/cm? (Fig. 5.2b). MR1_NoAc initially generated a small voltage of up to 0.008
+ 0.002 V, but eventually decayed to zero. This negligible level of electricity generation was
attributed to the oxidation of trace amino acids present in the media, as it has been reported
that S. oneidensis MR-1 was able to utilise them as carbon source [320]. NoMR1_Ac did not

generate any voltage at any point during the study as was expected.
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Fig. 5.2: a) Voltage of Acetate-Fed MFC systems over time across 1kQ resistor for 6 days, MR1_Ac
(orange) and NoMR1_Ac (blue) was fed with 20 mM acetate whereas MR1_NoAc (grey) has no
carbon source; b) Polarisation curve of MR1 _Ac established on day 6 with potentiostat showing
maximum power output of 0.12 + 0.01 pW/cm? c) Concentration of acetate in the anodic
compartments of MR1_Ac (orange) and NoMR1_Ac (blue) on day O (stripes) and day 6 (dots); d)
Optical density at 600 nm wavelength (ODeqo) of anodic culture of MR1_Ac (orange) and MR1_NoAc
(grey) on day 0 (stripes) dan day 6 (dots). Error bars/region represent standard error of triplicate
measurements.

HPLC analysis indicated that 0.42 + 0.11 mM of acetate was consumed within the first 6
days of operation in MR1_Ac (Fig. 5.2c). The concentration of acetate in the NoMR1_Ac
system remained unchanged after 6 days, evidence that the consumption of acetate only took

place in the presence of bacteria. No soluble metabolites were detected throughout the

experiment, suggesting that carbon dioxide may have been the final oxidation product. After
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being left running for 50 days, the concentration of acetate remaining in the MR1_Ac reactor
was 1.72 + 0.22 mM (data not shown).

ODsoo of MFC_Ac anodic consortium reached 0.036 + 0.018 by day 6 (Fig. 5.2d). Plate
counts of the planktonic cells at this stage generated of 4.1 + 1.0 x 10° CFU/ml. Maximum
OD was reached after 35 days (0.153 + 0.007; data not shown). MR1_NoAc system did not
show any detectable increase in ODesoo Over 6 days, indicating that there was no bacterial
growth in the absence of acetate.

Carbon — mass balance analysis further confirmed acetate utilisation both as a carbon and
energy source in anaerobic conditions. Assuming the empirical formula for a bacterial cell to
be CH1.7700.49No.24 [426], and that OD-to-cell dry weight conversion of 0.39 g/L per ODsoo
[427], it can be estimated that 67.5 + 11.2 % of the acetate was used for cell replication. The
energy balance based on chemical-to-electrical energy conversion indicated a coulombic
efficiency of 14.1 + 1.8%, which represented 81.6 + 13.0% of the known carbon usage. Low
coulombic efficiencies have been previously reported with MFCs running with acetate as sole
carbon source [139], [428]-[430]. The remaining undetected carbon could be attributed to
energy and/or mass losses to the surrounding and/or cathodic chamber as acetate is quite
volatile by nature (as observed in the negative control that the acetate concentration slightly
dropped; Fig. 5.2c). Furthermore, some studies have suggested the ability of bacteria to store
acetate within the cell [431], hence is not detected in the media, although no specific

evidence that this occurred for Shewanella strains in this study.

5.3.3. Microbial fuel cell acetate utilisation from anaerobic digester liquor
One of the key sources of acetate in industrial sector is anaerobic digester by-products. In this
study, industrial sample of anaerobic digester liquor, obtained from a high-rate hydrolyser

using maize silage as feedstock, was used as carbon source in microbial fuel cell. AD liquor
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containing ~8 g/L acetate (along with ~4 g/L propionate (C3), ~3¢g/L of butyrate (C4), <1 g/L
valerate (C5) and <1 g/L caproate (C6)) was sterile-filtered and fed into 300 mL dual-
chamber MFC reactor to achieve initial acetate concentration of 30 mg/L with S. oneidensis
as single culture biocatalyst (remaining volume filled with M9 minimal media). Three
different Shewanella oneidensis strains: wild-type (WT), pYYDT-C5 and ABFE were
examined and compared. The comparison between different strains can be seen in Table 5.1.

Table 5.1: Bacterial strains and plasmids used in this study

Bacterial strain  Genotype, description Reference or
or plasmid source

Strains

Shewanella Wild type strain of MR-1 [354]

oneidensis MR-1
wild type (WT)

MR-1 ABFE ABFE mutant of MR-1. Loss of ability to transport [163]
the FAD into the periplasm, reduced extracellular
flavins available for electron transfer

MR-1/YYDT-C5 S. oneidensis MR-1: pYYDT-C5 [329]
Plasmid
pYYDT-C5 Plasmid with entire flavin biosynthesis gene cluster [164]

ribADEHC cloned from Bacillus subtilis, Kan®R

A voltage of over 1 kQ resistor was immediately observed with the MFC which gradually
increased in the first 20 days, before it dropped off due to acetate depletion. The pYYDT-C5
strain generated the highest voltage at 0.044 + 0.003 V, with the WT came second with 0.033
+ 0.002 V and ABFE producing the lowest voltage at 0.019 = 0.003 V (Fig. 5.3a). This
indicates that the deletion of FAD transport gene in ABFE mutant — disabling the flavin
excretion for EET, has resulted in drop of voltage generation by ~42%. The consumption of
acetate in the liquor was confirmed by gas chromatography. After 5 days, 13.0 + 2.8 mg/L of
acetate had been consumed by pYYDT-C5, 16.2 + 4.1 mg/L by WT and 23.3 + 2.9 mg/L by

ABFE respectively (Fig. 5.3b). Changes in concentration of other VFAs present in the liquor
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were too small to be detected. The optical density of the anodic culture in the MFC systems
were also measured. The ABFE MFC had the highest biomass (Day 5; ODsoo 0.042 + 0.009)
vs. 0.019 + 0.006 for pYYDT-C5 and 0.022 + 0.003 for WT, despite generating less
electricity (Fig. 5.3c).
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Fig. 5.3: a) Voltage of MFC systems fed with AD liquor across 1kQ resistor for 5 days, all systems
were injected with 1.1 mL AD liquor to achieve initial acetate concentration of 30 mg/L inside the
reactors. Wild-type strain (blue) reached a voltage of 0.033 + 0.002 V, consistent with acetate-fed
MFC result (fig. 4.2); pYYDT-CS strain (green), dBFE (yellow) and negative control No Bac (orange);
b) Concentration of acetate inside MFC reactors at day 0, 3 and 5. Acetate concentration in no Bac
reactors remained unchanged; c) optical density of anodic culture at day 0, 3 and 5. dBFE gave the
highest cell growth of (ODgo 0.042 + 0.009). This showed that in strain lacking capabilities to
produce electron carriers, acetate was predominantly used for cell growth over electricity production.
Error bars/region represent standard error of triplicate measurements.
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As ABFE is unable to pump out riboflavin to produce electricity, the energy was
predominately used for biomass. This indicates that more carbon source was used for cell
replication and less for electricity generation by Shewanella oneidensis MR1. This
observation further emphasises the need of electron transporter genes in Shewanella spp. for
electricity production optimisation. The resulting coulombic efficiencies were 10.7% for WT,
19.7% for pYYDT-C5 and 4.4% for ABFE. This result is consistent to our recent report
[329], where riboflavin was demonstrated to enhance electricity production in Shewanella

oneidensis MR1.

5.3.4. SEM Images

At the end of the experiment, the anodic electrode was collected, and the images were taken
using Scanning Electron Microscope (SEM). The bacterial cells were seen attached on the
carbon fibres of the anode (Fig. 5.4a), with thick biofilm found at some areas of the electrode

surface (Fig. 5.4b). The image of planktonic S.oneidensis MR-1 is shown in Fig. 5.4c.
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Fig. 5.4: a) Scanning Electron Microscope (SEM) image of Shewanella oneidensis MR-1 biofilm on
carbon cloth electrode; b) thick biofilm was found at some parts of the electrode surface; c) planktonic
S. oneidensis isolated from the anodic media.

5.4. Conclusion

This is the first reported case of acetate utilisation to generate electric current in lactate-fed
microbial fuel cell (MFC) and anaerobic digester (AD) liquor using pure cultures of
Shewanella oneidensis MR-1. Double-compartment MFCs were used in this study with
carbon cloth acting as electrode materials. Sodium lactate 20 mM was fed into the reactors in
batch mode, and the polarisation curve through variable resistance experiment was
constructed. Towards the end of lactate utilisation, the reaction taking place inside the anodic
chamber switched to acetate oxidation, resulting in lower voltage generation. Acetate

consumption was confirmed by detection of breakdown metabolites using High Performance
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Liquid Chromatography (HPLC). SEM images were also taken to confirm the formation of
biofilm in the MFC reactors.

To confirm utilisation of acetate by the MR-1 strain, subsequent MFC system experiments
were performed with acetate as the sole carbon source. Here, 20 mM sodium acetate was fed
in batch mode into fresh MFC reactors and inoculated with MR-1 strain sampled from the
lactate-fed MFC at its end-stage. A voltage of 0.032 + 0.011 V was achieved via acetate
oxidation after two days when 1 kQ resistor was used to represent the load. The performance
of the acetate-fed MFC was investigated and compared to two negative controls, neither of
which generated any significant current. The optical density (ODsoo) of the media in anodic
compartment also increased throughout the experiment, indicating growth of bacterial cells.
These observations confirmed that the oxidation of acetate by S. oneidensis and supported
cell growth under anaerobic condition resulting in the generation of current.

The study was further pushed towards a more realistic industrial application. Real anaerobic
digester liquor, which contained mostly acetate (Cac = 30 mg/L) with other volatile acids in
trace amount, was used to generate electricity in the same MFC setup. A current density of
3.67 + 0.22 pAlcm? was generated with pure-culture S. oneidensis MR-1 as the biocatalyst,
with its pYYDT-C5 mutant strain counterpart delivering 4.89 + 0.34 pA/cm? (33% higher).
Energy and mass balance confirmed the utilisation of acetate in the AD liquor as both carbon
and energy source for S. oneidensis in a microbial fuel cell setup. The obtained coulombic
efficiencies were 10.7% for WT, 19.7% for pYYDT-C5 and 4.4% for ABFE respectively. To
the best of our knowledge, this is the first reported study of AD liquor utilization by pure
culture S. oneidensis to degrade the acetate content within the liquor for electricity
generation.

Further studies such as operation of fuel cell in potentiostatic mode would enable a more

controlled experiment and internal resistance determination via electrochemical impedance
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spectroscopy (EIS) might provide further insights into source of losses and the bottleneck of
optimisation effort. Nonetheless, this study has opened the possibility of new carbon source
options for electricity generation using S. oneidensis in microbial fuel cell. Historically,
despite of all of its advantages, one key limitation of S. oneidensis that prevents its vast
application in industrial applications was its “pickiness” of carbon sources that it can utilize
under anaerobic condition. Through this study, we have pushed further the on-going research
of acetate utilization by pure culture S. oneidensis — using real AD effluent as source of
acetate for electricity generation. Moreover, we have also successfully demonstrated the
ability of increasing electricity generations capability of S. oneidensis via genetic
modification. Moving forward, this study can act as a foundation of more studies on pure
culture S. oneindeisis to degrade acetate-based real industrial wastewater, enabling more
straightforward optimization efforts compared to using mixed-culture that is naturally
available in the wastewater e.g., activated sludge, whose exact biology and mechanisms are

still poorly understood till this day.
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Chapter 6: Conclusion, limitations, and future directions

6.1.

Conclusion

The research undertaken in this study has expanded the understanding and application of

microbial fuel cell as wastewater treatment technology as well as one for energy generation.

The following conclusions can be drawn from this DPhil thesis:

Determination of flavin-mediated electron transfer as the most dominant Extracellular
Electron Transfer (EET) mechanism for S. oneidensis MR-1. The results of this
research confirm that electron transfer via mediator contributed towards 70% of
power output, and genetic engineering of cells to include additional flavin-production
gene from B. subtilis increased the power output by over two-fold.

First reported case of the transfer of flavin-overexpression genes into the cell using
ultrasound in microbial fuel cell setup. This study has also demonstrated a significant
scale-up to ultrasound gene transfer technology — with working volume of 300 mL,
providing ~150X scale-up than those previously reported elsewhere [379], [380].
Demonstration of the ability of S. oneidensis MR-1 to utilise acetate as sole carbon
and energy source in an MFC setup. A voltage of 0.032 + 0.011 V was generated
across 1kQ resistor with 20 mM sodium acetate as the sole carbon source, with
maximum power output that reached 1.2 + 0.1 mW/m?.

Utilisation of anaerobic digester (AD) liquor as source of acetate for electricity
generation by S. oneidensis — with 16.2 + 4.1 mg/L of acetate content consumed
within 5 days, resulting in ~11% coulombic efficiency.

Selective biofilm formation on anode surface favouring electrigen species S.

oneindensis in MFC system containing E. coli — S. oneindensis consortium, via
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deployment of silica-coated iron-oxide nanoparticles (ION). The biofilm composition
was found to have shifted towards a community predominated by MR-1 strains,
reaching 38.3 £ 7.0% of MR-1 population, compared to 7.4 £ 4.2% in the control
where the nanoparticles were not present. A voltage of ~40 mV was achieved using E.
coli — S. oneindensis MR-1 consortium to degrade glucose, with maximum power

production of 39.8 + 2.4 mW/m?2,

6.2. Limitations

The research presented in this thesis makes significant contributions to several fields in fuel
cells, gene modification and delivery, biofilm and nanotechnology. Despite these
achievements, there were several limitations to the study which had been contributed by
several factors, both methodological and circumstantial — one interlinked with another.
Methodological limitations were mainly driven by the unavailability of necessary equipment
to conduct complementary analysis such as 1) EDX spectroscopy to confirm the presence of
iron core NPs which was bio-synthesised by S. oneidensis; 2) electrochemical impedance
spectroscopy (EIS) to measure the internal resistance of MFC reactors; and 3) confocal laser
scanning microscope (CLSM) to allow for 3D imaging (z-stack) and thickness measurement
of biofilms. This set of equipment might have been available at different research groups;
however, scheduling challenges and lack of suitable operators prevented us from proceeding
with renting such equipment. These challenges were made worse by COVID-19 pandemic,
where most labs were closed for a prolonged period in 2020. Even when re-opened, lab
access was fairly restricted which added further unexpected challenges and delays to our
research. Works that involved people collaboration (e.g., using shared equipment at other

departments) were made impossible, as health and safety of personnel must be put as priority.
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Nonetheless, despite the unprecedented challenges, these results have provided a substantial

foundation for future projects and continuation of the works in the field.

6.3. Future directions

In the future, we believe that the application of MFC would not only be limited to wastewater
treatment but become integrated with other technologies such as biosensory systems,
anaerobic digester as well as energy storage and chemical productions. Moving forward, we
see more of such studies to be conducted — which are made possible through better
understanding of the science and underlying mechanisms. It is well known that the biggest
opportunities for improvements for MFC lie within the advancement of electrode materials
towards cheaper, more biocompatible and higher effective surface area which promote better
biofilm attachment [432]-[434], and further understanding of the biology within bacteria
consortium that is often very complex [56], [435] — coupled with genetic engineering and
modifications to implement capabilities across multi species for complex substrate
degradation and enhanced electricity generation capabilities [117], [230], [436]. This study
has contributed to some of these areas, although further studies and development are still
required to reach our target end-state.

The successful demonstration of in-situ gene transfer via ultrasound achieved in this study
has opened new windows of opportunities for genetic engineering in MFC systems.
Previously, any genetic modifications were done prior to operations, which create almost
impossible hurdles when it comes to applying to real wastewater treatment plants. With the
possibility of in-situ modifications, the situation has been completely changed. In order to
make sure that this could be done in industrial cases, the results of our findings need to be
further validated in larger scale experiments — towards reactor sizes in the order of litres.

Furthermore, further studies on the effect of ultrasound parameters, such as frequency, power
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and selection pressure would be crucial for optimization efforts — to enhance key
performance outputs such as plasmid transfer / transformation efficiency and transformed cell
viability. Use of different genes and bacterial species such as Geobacter would also be
important to expand the current application. Geobacter, being one of the most efficient
known wild-type electrigens [437], [438], require direct contact with electrode in order to
pass electrons. The addition of genes responsible for stronger / more enriched biofilm
formation, could potentially enhance its capabilities to generate more energy in MFC
systems. An example of such genes are Plasmid pYedQ2, encodes yedQ gene from E.coli
which is responsible for the formation of c-di-GMP [169]. The insertion of this plasmid can
increase the production of cytoplasmic c-di-GMP, resulting in increased biofilm formation.
Although the study on the utilisation of acetate in AD liquor by pure culture S. oneidensis
MR-1 to generate electricity has generated new optimism in respect to the technology, we are
also aware that further validations are required. Moving forward, it would beneficial to test
similar systems using different electron acceptors in the cathodic chamber (other than oxygen
/ air) — not only to validate whether selection of final electron acceptors is the source of
contradictive findings by different researchers, but also to expand our understanding on the
implications of electron acceptor selections towards overall acetate-fed MFC performance.
Furthermore, more studies on different acetate sources from other industrial / municipal
wastes would also be important to understand the full potential of S. oneidensis MFC in
industrial applications — considering the abundance of acetate in industrial wastewaters.
Finally, comparison with other pure culture electrigens on acetate utilisation from AD liquor
would also be beneficial, to further understand its comparative performance and what further
optimisations are required to allow for maximum potential to be achieved.

Moving forwards, we will see nanotechnology being the “go-to” solutions to many real-life

challenges, including medical, energy and climate change. We have shown the use of Iron-
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Oxide Nanoparticles (ION) as viable solutions to engineer biofilm formation, but other
nanoparticles also need to be trialled as comparisons. Possible nanoparticles to be trialled
include gold-based [439], silver-based [440], or other iron-based species (e.g., NaFeO:2 core)
[441]. Furthermore, use of different bacterial strains, and preferably in a larger scale, would
further validate its importance and significance in bringing real improvement to MFC system.
Our findings of silica coating as protective layer to prevent iron core reductions also need to
be further tested and optimized. Its effect on mass transfer and electrical conductivity of the
system needs to be further understood — through testing of different thickness and/or Si:Fe
ratio. This would enable better optimization efforts — to find the optimum thickness and/or
structure for best trade-off between iron core reduction prevention and minimizing any

negative effects on implied conductivity and mass transfer kinetics.
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Appendices

Appendix A: Detailed designs of MFC double-compartment reactor (250 mL)
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Appendix A (continued)
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Appendix B: Engineering drawing of MFC double-compartment reactor (50 mL)
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Table S1: Ingredients of vitamin stock (x100)

Chemical FW mg/L
Biotin (d-biotin) 244.3 2
Folic acid 441.1 2
Pyridoxine HCI 205.6 10
Riboflavin 376.4 5
Thiamine HCI 1.0 H20 355.3 5
Nicotinic acid 123.1 5
d-Pantothenic acid, hemicalcium salt  238.3 5
B12 1355.4 0.1
p-Aminobenzoic acid 137.13 5
Thioctic acid (or lipoic acid) 206.3 5

Table S2: Ingredients of mineral stock (x100)

Chemical FW g/L
Nitrilotriacetic acid 199.1 1.5
MgS04.7H20 246.48 3
MnS04.H20 169.02 0.5
NaCl 58.44 1
FeSO4.7H20 277.91 0.1
CaCl2.2H20 146.99 0.1
CoCl2.6H20 237.93 0.1
ZnClI2 136.28 0.13
CuS04.5H20 249.68 0.01
AlIK(S04)2.12H20 474.38 0.01
H3BO3 61.83 0.01
Na2Mo0O4.2H20 241.95 0.025
NiCI2.6H20 237.6 0.024
Na2WO04.2H20 329.86 0.025

Table S3: Ingredients of amino acid stock (x100)

Chemical FW g/L
L-Glutamic acid 147.13 2
L-arginine 174.2 2
DL-serine 105.09 2
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Sequencing results

pYYDT-C5 fragment to be detected by PRTac-SF3_for and ribC-02_R8_rev for UDD
confirmation in MFC

Forward:
NNNNGGNNNNNNNNAGAGGAGAATCTAGTATGTTCCACCCAATCGAAGAAGCTT
TAGATGCTTTAAAAAAAGGTGAAGTTATCATCGTTGTTGATGATGAAGATCGTGA
AAACGAAGGTGATTTCGTTGCTTTAGCTGAACACGCTACTCCAGAAGTTATCAAC
TTCATGGCTACTCACGGTCGTGGTTTAATCTGTACTCCATTATCTGAAGAAATCG
CTGATCGTTTAGATTTACACCCAATGGTTGAACACAACACTGATTCTCACCACAC
TGCTTTCACTGTTTCTATCGATCACCGTGAAACTAAAACTGGTATCTCTGCTCAAG
AACGTTCTTTCACTGTTCAAGCTTTATTAGATTCTAAATCTGTTCCATCTGATTTC
CAACGTCCAGGTCACATCTTCCCATTAATCGCTAAAAAAGGTGGTGTTTTAAAAC
GTGCTGGTCACACTGAAGCTGCTGTTGATTTAGCTGAAGCTTGTGGTTCTCCAGG
TGCTGGTGTTATCTGTGAAATCATGAACGAAGATGGTACTATGGCTCGTGTTCCA
GAATTAATCGAAATCGCTAAAAAACACCAATTAAAAATGATCACTATCAAAGAT
TTAATCCAATACCGTTACAACTTAACTACTTTAGTTGAACGTGAAGTTGATATCA
CTTTACCAACTGATTTCGGTACTTTCAAAGTTTACGGTTACACTAACGAAGTTGA
TGGTAAAGAACACGTTGCTTTCGTTATGGGTGATGTTCCATTCGGTGAANAACCA
GTTTTAGTTCGTGTTCNNTCTGAATGTTTAACTGGTGATGTTTTCGGTTCTCANCG
TTGTGATTGTGGTCCACAATTACNCGCTGCTTTAAACCAAATCGCTGCTGAAGGT
CGNGGNGTTTNNTAAACTTACGTCANNNAGGTCNNNGTATCGGTTTAATCANNA
AATTAAAAGCTTANAAATTANNNNAACAAGGTTANAANNNNGNTNNNNCTANN
NNNNNNTNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNN
NNNNNNNNNNNNNNNNNNNANNNNNNNNNNNNNNNNNNNNNCNNNNANNNNN
NNNNNTANNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNN
NNNAA

Reverse:
NNNNNGCTTCNNNGTNNNCCNTTTTCNNNTTGTTCAGTTAATTCTTTTGATACCG
TTGAATTTACGTTCAGAACGGATACGTTTGTACCATTCGATTTTGATAGCAGCAC
CGTAAACTTCTTTGGTTGAAATCGAATAAGTTAACTTCGATAGATGGTTGTTTCT
GGACGTTTTTCGTAGAAAGTTGGTTTGTAACCGATGTTACAAACACCGTTTGTAA
ACTTCACCGTTAACTTCAGCTTTAACAGCGTAAACACCAGTTGGTGGAACGATGT
AAGAGTTGTTTAAACCAACGTTAGCAGTTGGGAAACCGATAGTACGACCACGTT
TATCACCGTGGATAACGATACCTTTGATGAAGTATGGTTGACCTAATAAAACGTT
AGCTAATTCAACATCACCGTTTTGTAAAGCAGTACGGATGTAAGAAGAAGAGAT
TTTTTTATCTTGTTCAGTTAATTTTTCAACCATAGTACAACCAGCTTTACCATCTA
AATCATCTGGCATAGTTTTCATAGTACCTTTACCGTATTTACCGTAAGTGAAATC
GAAACCAGCAACAGCGTGTTGAACGTTTAAACCGATGATGTATTGATCGATGAA
TTGTTTTGGAGATAAAGAAGCGAAAACTTCGTTGAATTTAACAACGTATAAAACT
TCAGTACCTAATTGTTCGATTTGGTTGATTTTATCTTCTAATGGAGTGATTAAATC
TTTTGGTTCTTTATCACGACCTAAAACGTGAGATGGGTGTGGGTGGAAAGTCATA
ACAGCTAAAGTTAAACCTTTTTCTTCAGCGATTTGTTTAGCAGTACCGATAACTTT
TTGGTGACCTAAGTGAANNCCATCGAAGTAACCTAAAGCCNNAACAGATTTAGC
TTGNTCTCNTTGATAATGGNGGGGNNNNNNNNNNGGGGAAANTNTNNNCNNNA
GTTNNNNCNNNNNNNNNNNNNTANNNNAAANAACGGTTANNTNNNNNNTNNNN
NNNNNNNNNNTTGACTANNNNACANATNNNNNNN
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Sequencing result of UDD-treated MFC-biofilm plasmid

Forward:
NNNNGGGNNNNGAAGAGGAGAATCTAGTATGTTCCACCCAATCGAAGAAGCTTT
AGATGCTTTAAAAAAAGGTGAAGTTATCATCGTTGTTGATGATGAAGATCGTGA
AAACGAAGGTGATTTCGTTGCTTTAGCTGAACACGCTACTCCAGAAGTTATCAAC
TTCATGGCTACTCACGGTCGTGGTTTAATCTGTACTCCATTATCTGAAGAAATCG
CTGATCGTTTAGATTTACACCCAATGGTTGAACACAACACTGATTCTCACCACAC
TGCTTTCACTGTTTCTATCGATCACCGTGAAACTAAAACTGGTATCTCTGCTCAAG
AACGTTCTTTCACTGTTCAAGCTTTATTAGATTCTAAATCTGTTCCATCTGATTTC
CAACGTCCAGGTCACATCTTCCCATTAATCGCTAAAAAAGGTGGTGTTTTAAAAC
GTGCTGGTCACACTGAAGCTGCTGTTGATTTAGCTGAAGCTTGTGGTTCTCCAGG
TGCTGGTGTTATCTGTGAAATCATGAACGAAGATGGTACTATGGCTCGTGTTCCA
GAATTAATCGAAATCGCTAAAAAACACCAATTAAAAATGATCACTATCAAAGAT
TTAATCCAATACCGTTACAACTTAACTACTTTAGTTGAACGTGAAGTTGATATCA
CTTTACCAACTGATTTCGGTACTTTCAAAGTTTACGGTTACACTAACGAAGTTGA
TGGTAAAGAACACGTTGCTTTCGTTATGGGTGATGTTCCATTCGGTGAANAACCA
GTTTTAGTTCGNGTTCACTCTGAATGTTTAACTGNNGATGTTTTCGGTTCTNACCG
TTGTGATTGTGGTCCACAATTACNCGNTGCTTTAAACCAAATCGCTGCTGAAGGT
CGNNNTNTTTTATNANACTTACGTCANNNAGGTNNNGGTNTCGGTTNAATCAAC
AAATTAAAAGCTTACAATTACANNNACAAGGTTANAAANNNNNNNNNNNTAAN
NANNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNN
NNNNNNNNNNNNNNNNNNNNNNNNNNANNNNNNNCNNNNNNNNNNNNNNANN
NNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNA

Reverse:
NNNNNCTTCTTTGTTTATCTTTTTCGATTTGTTCAGTTAATTCTTTGATACCGTTGA
ATTTACGTTCAGAACGGATACGTTTGTACCATTCGATTTTGATAGCAGCACCGTA
AACTTCTTGGTTGAAATCGAATAAGTTAACTTCGATAGATGGTTGTTCTGGACGT
TTTTCGTAGAAAGTTGGTTTGTAACCGATGTTACAAACACCGTTGTAAACTTCAC
CGTTAACTTCAGCTTTAACAGCGTAAACACCAGTTGGTGGAACGATGTAAGAGTT
GTTTAAACCAACGTTAGCAGTTGGGAAACCGATAGTACGACCACGTTTATCACCG
TGGATAACGATACCTTTGATGAAGTATGGTTGACCTAATAAAACGTTAGCTAATT
CAACATCACCGTTTTGTAAAGCAGTACGGATGTAAGAAGAAGAGATTTTTTTATC
TTGTTCAGTTAATTTTTCAACCATAGTACAACCAGCTTTACCATCTAAATCATCTG
GCATAGTTTTCATAGTACCTTTACCGTATTTACCGTAAGTGAAATCGAAACCAGC
AACAGCGTGTTGAACGTTTAAACCGATGATGTATTGATCGATGAATTGTTTTGGA
GATAAAGAAGCGAAAACTTCGTTGAATTTAACAACGTATAAAACTTCAGTACCT
AATTGTTCGATTTGGTTGATTTTATCTTCTAATGGAGTGATTAAATCTTTTGGTTC
TTTATCACGACCTAAAACGTGAGATGGGGTGTGGGGTGGAAAGTCATAACAGCT
AAAGTTAAACCTTTTTCTTCAGCGATTTGTTTAGCAGTACCGATAACTTTTTGGTG
ACCTAAGTGAACACCATCGAAGTAACCTAAAGCNATAACNNNTTTAGNTTGNTC
TTCTTTGATTAANNGNGGGGGTGAATGANNNNNAAAANTTT
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propionate

‘ propionyl-CoA synthetase S02743
propionyl-CoA
2-methyleitrate synthase S00344

2-methyleitrate intermediary metabolism

‘ 2-methyleitrate dehydratase SO0343/50342
2-methyl-cis-aconitate
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methylisocitrate hydratase 500432
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phosphate acetyltransferase S02916

glycerol
‘ glyeerol kinase 504230
glyecerol-3-phosphate
glycerol-3-phosphate dehyvdrogenase SO0978

dihydroxy-acetone-phosphate

formate dehydrogenase
S00101/500102/500103,
SO4509/3045 10804511,
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lactate dehydrogenase NONE FOUND

acetate kinase 502915

acetyl-CoA ~— acetylphosphate —a————m—

acetate-CoA ligase SO2743

acetaldehyde dehydrogenase
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acetaldehyde -«———— |  ethanol
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Fig. S1: Enzymes in S. oneidensis MR-1 for utilization of one-, two-, and three-carbon
compounds. Enzymes involved in the degradation of compounds with one carbon (formate),
two carbons (acetate, ethanol), and three carbons (propionate, glycerol, lactate, and pyruvate)
are shown by their names and predicted S. oneidensis locus tags (SO number). The function
predictions were based on sequence similarity to proteins with experimentally verified
functions. Predicted isozymes are shown as SO numbers separated by a comma. Enzyme
complexes are indicated by SO numbers separated by a forward slash. TCA, tricarboxylic

acid.

157



309 ;en‘tion Time @ lactate ao
Solvent |
20 . i I 20
B impurities (| .
] B [ ]
“geme (Mpsg || s smezs § =k BEEHC Py o
G GO i h:\l E G @s e B @ am D SESTT oo
o T L1y s P M TR 1 T T T,
T | Ll | | | I L | | | [
a ?i 4 ] l; 10 12
Mnules
Retention Time
| ;
104 | 10
) |8 | : Day 14
E 5 | @ ] i' 5 E
] | B ol | =) r~ o
BEHNETE T
B\_ [\ l\\”"m' © @~ o P e s=xr -
0 P Ll | il IR T |
R L L <"1 1 I L |
a ?i 4‘. I L] é 10 12
Mnutes
104 Fieterﬂinn'l'imt{';; @ L1a
o
r |
. I [ o Day 21
$ s |- succinate / \ ts 2
Il o =1 | - I~ I~
22 8 || E 38818 e g &5 EeEEsb
sa - i\ﬁ m's\m' S Go o~ mw god S
0 |1 U | ™~ | | | 1l | LI N Lo
IR | | \_V = | | | | I I
0 B 4 ' 5 8 10 12

Fig. S2: HPLC chromatogram of lactate-fed MFC anodic media at a) start of the experiment;
b) day 14 and c) day 21. Pyruvate (retention time = 3.12 min) was detected as an
intermediate product at day 14; succinate was detected in trace amount (retention time = 3.82

min). Other peaks: lactate = 4.06 min; acetate = 4.71 min; solvent impurities = 2.16 min
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