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Abstract

Shewanella oneidensMR-1 is capable of respiring on an extraordinarily large and diverse
array of terminal electroracceptors, including extracellular insoluble metal oxides and
electrodes. The ability to perform extracellular electron transfer (EET) has sparked great
interest in MR1 which has become both a model organism for fundamental research into
EET and a candida microbe for microbial electrochemical systems. Here, cyclic
voltammetry was used to determine the relationship between the surface chemistry of
electrodes (modified gold, ITO and carbon) and the EET mecha@ismiltrasmooth gold
electrodes modified wh selfassembled monolayers containing carboxylic acid terminated
thiols, an EET pathway dominates with an oxidative onset at 0.1 V (SHE). Addition of the
siderophore deferoxamine abolishes this signal, leading us to conclude that this pathway
proceeds  an iron mediated electron transfer (MET) mechanism. The same EET pathway is
observed on other electrodes but the onset potential is dependent on the electrolyte
composition and electrode surface chemistry. EET pathways with onset potentialsCabove

V (SHE) have previously been ascribed to direct electron transfer (DET) mechanisms via
outer membrane cytochromes (MtrC/OmcA). We propose that the previously identified DET

mechanisms of MR need to be revaluated.

It has been proposed that MRcould usdlavins for locating insoluble electron acceptors
including electrodes. To assess the role of flavins in-MRwxis towards electrodes we
performed video microscopy cell tracking using a specifically designed capillary cell and
tracking algorithm suitedo low frame rates. Analysis of trajectories from WT NMRand
mutants ¢pmt r C/ candnyzbA, ehowed that MR had a tactic response towards
electrodes poised above the midpoint potential of riboflavinQ(25 V vs SHE) and a
negative response on switchirio potentials below the midpoint potential 25 V vs

SHE). The Mtr EET pathway was essential for this response.
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voltammogram mean peak potentials associated with ret
signals assigned to iron (Fe) species and riboflavin (RF). Disj
alongside the means are the maximum variations betw
repeats given as a rge. Experiments displayed were carried
using WT MR, with and without added 2 pM riboflavin or 1
UM FeGl4Rh = no¥FSXI YR nYdNI k2 v
CV were recorded using both 57:43 80H:8COOH and 100%
SAM modified Au wire electrodes. CVs were recorded muli
times throughout each repeat. The means were calculated fro
gl tdzS&a BI' o/ SEVOLII | FRNIN Q@Y
experiments had been conducted and MR- Fe, which had onl
been tried once. 80H refers to SAMs formed using 1 mM 100
mercaptol-octanol. 80OH:8COOH refers to SAMs formed usil
1 mM 57:43 mix of 8nercaptal-octanol: 8mercapto-1-octanoic
acid.
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the Crocker algorithm. The flow diagram gives a abst
summary of the general methodology used by the Croc
algorithm for generating the most likely trajectories from
particle/bacterial position list produced by the small algoritt
outlined inScheme 4.1

107

99

100



Scheme 4.3

Scheme 4.4
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Figure 1.2
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Flow diagram overview of the custom tracking algoritl
developed to address limitations with the original Matl
interpretation of the Crocker algorithmSgheme 4.2 The flow
diagram gives a summary of therocedures built around ¢
modified version of the Crocker algorithm for generati
trajectories with less artefacts and including traces fr
LINBGA 2dzat & WKARRSYQ 0 I Teaidkshiy
AlgorithmQ NBFSNA (G2 GKS a tthe arigioa
Crocker algorithm, which is used here as a sub function.

Flow diagram overview of the custom Shannon Entr
algorithm. The flow diagram gives a summary of the gen
procedure used by the algorithm for gerating Shannon entrop
images from a image stack.
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Cartoon of a basic Microbial Fuel Cell.

Diagram depicting the flow of electrons across the -Mi
periplasmic space dimg extracellular respiration of a
insoluble electron acceptor. Blue arrows indicate poss
electron transfer pathways. -ype haems are highlighte:
within the relevant proteins (CymA, FccA, and STC
comprised of 4 haems each, while MtrA, MtrC, anohd®
have 10 haems each). MtrC and OmcA are thought to em
the semiquinone form of riboflavin and FMN respectively
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co-factor (ot shown). Two monomers of CymA are sho
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Figure 2.1.3

Figure 2.2.1

Figure 2.2.2

Vi

lllustrations of the three predominantethniques used fo
bacterial taxis studies.Top swarm/swim plate assay
depending on the concentration of agar usddiddle) the
gualitative version of the chemical in well assay and
almost identical chemical in plug ass&attom) the capillary
assay

Cartoon representing a simple example of a thedectrode
electrochemical setip. An open beaker is acting as t
electrochemical cell vessel. Alternatively, a specific
designed vessel can be used as the elettemnical cell whict
can allow for temperature control, stirring, purging and
have the sample sealed from the outside (e.g. to create
anaerobic environment). It is also common to place
electrochemical cell in a Faraday cage to red
electromagneic noise.

lllustration of an idealised cyclic voltammogram (CV) for a
reversible electrochemical species along with concentra
profiles and potential energy curve$op leftis the standard
current vs potental plot of the CVTop rightshows how the
applied potential is varied with time, and directly below is t
current plotted in the time domainLeft middle depicts the
concentration profiles of the reduceded) and oxidisediue)

form of the redox activespecies during the forward/oxidisin
scan with reference to the numbered points on the GQMQ
4). Right middle through to right bottom depicts the
concentration profiles during the reverse/reducing scdrtq

7). Left bottom depicts potential energy cues for the
numbered points labelling the CY 1o 8) during the forward
and reverse for the reduced state and oxidised state v
fermi level electron from the electrode.
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Figure 2.2.3

Figure 2.2.4

Figure 2.2.5

Concentration profiles for the oxidised staté a hypothetical
reversible redox species shown at four different tim
Starting system at time zerao) with all species in the oxidise
state. The next time point displayeti, represents the
concentration profile after a short duration at a higr
reductive potentialg, relative to the species formal potenti
E'2At potential B, the rate constant for reductiorkeq, far
outweighs the rate constant for oxidatiokw,y, such that the
rate of oxidation is negligible, thus the concentration of t
oxidised species is essentialy zero. Time points twand
three ts, represent progressively longer durations at potent
E. With increasing duration &, there is a widening in th
diffusion layer/ depletion zone along with a decrease
concentration gadient, resulting in a reduction in flux.

Concentration profiles for potentials ranging from reducti
and oxidative extremes with respect to the formal potential
a hypothetical reversible redox active speciestia teduced
state A.

5SLIAOGARZ2Y 2F K2g CAO1Qa |
profile of an electrochemically active species in the oxidi
state A close to an electrode set at a highly reductive poten
E. At time zero (o), prior to the application of a reductiv
potential, the concentration oA at the interface is the sam
as the bulk concentratiorGy(to,Xo) = G*). The next time poini
displayedt;, represents the concentration profile after a shc
duration at a highly reductive potentiak, relative to the
species formal potentidf’ 2At potential g, the rate constant
for reduction keq, far outweighs the rate constant fc
oxidationkox, such that the rate of oxidation is negligible, th
the concentrationof the oxidised species is essentialy zerc
the interface.
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Figure 2.2.6

Figure 2.2.7

Figure 2.2.8

Relationship between Gibbs free energy and the reac
qguotient for a thermodynamically reversible reaction. The
intercept gives the value for Gibbs &e&nergy under standart
state conditions (i.e. activities/concentration of reactants a
products is equal to 1). Theaxis intercept is the point a
equilibrium, where the systems energy is minimis@dZ0)

and the reaction quotient is equal to the edbiium constant
(K). Here the line crosses theaxis where IQ) > 0 (i.eQ> 1),
indicating a state with more product than reactant

thermodynamically preferential to a state where tt
concentration of reactants is higher.

Cartoon depicting an idealised, multidimensional poten
energy surface of a reaction system. Here, only th
dimensions have been used, but many more dimensions c
be used, depending on the reaction system. Each dimen:
in addition tofree energy, represents a different parameter
the reactants/products and their local environment, such
vibrational energies, ligand bond lengths, solvent polarisa
and orientation, bond angles within the reactant molecu
etc.. In this cartoon, apecific bond angleqgf) is represented
by the xaxis, and a specific bond lengtty)( by the yaxis. A
plane has been placed through the least expensive
between reactant ground stategf) and product ground state
(gg). The 2D plane representation dlfie potential energy
surface has free energy as theayis and a reaction quotier
for the xaxis ). The reaction quotient is an abstract variab
representing the original mullimensional parameters, i.€
bond length and angle in the cartoon depidteere.

Potential energy curves representing the exam
electrochemical systemA( + e § B), depicting how the
transition state models relate changes in applied poten
with the free energies of activatiov;“and the free energy
of reaction¥q . Thered curve labelledA represents the
summation of energies for species A and théctrode
electron at the fermi level corresponding to the appli
potential E The dashed red line represemisand the electron
at the fermi level corresponding to the systems forn
potential (E'f? The blue line is the energy curve for th
product B. The area around the crossover point between
and B, covered by the grey box is enlargefiigare 2.2.9
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Figure 2.2.9

Figure 3.1

Figure 3.2

Figure 3.3

Figure 3.4

Xl

Enlargement of the area surrounding the crossover pao
covered by the grey box, ifigure 2.2.8to give a visal
interpretation of what the transfer coefficient represents in
the transition state model. Heré and . are the angles o
intercept for theA and B energy curves respectively.‘If=. ,
the intersection is symmetrical and from the equation in t
top left corner, one can see thatwill equal 0.5.q"(E) and
q’(E'f* are the crossover (transition state) reaction -c
ordinates for potentialE and the formal potential 'f
respectively.

Overview of the three proposetechanisms for MR ET to
electrodes. Electrons are passed on to the outermbrane
spanning MtrCAB/OmcA complex. From the MtrCAB/Or
complex, ET to electrodes can occur directly with or with
bound flavins as cofactors (1), by long ranged DET invo
WgANBAaQ TFT2N¥YSR o0& SEGNHzAA
periplasm (2), or MET by flavins (3).

Diagram of the bespoke electrochemical cell set up that
employed in the majority of electrochemical experiments
this chapter.

Cyclic voltammograms (CV) EfR-1 grown on TSG modifie
with SAMs of either pure-®H (neutral surfacehlue line) or
mixed 8OH:8COOH (negative surfacaed line), after
incubation with MRL (ODs0onm~ 0.3 in 10 mM lactate, 20 mM
MOPS, 30 mM N8Q, pH 7.4 at +0.25 V for ~ 22 Baselines
measured before incubation with MR for TSG electrode:
modified with SAMs of -®H:8COOH(grey line) and 80OH
(dashed grey line)All scans start at the immersion potential
=0 V. Scan rate = 0.01 V/s.

Cyclic voltammograms (CV) af pyrolytic carbon electrode
purged with ArBaseline oMOPS buffe{dashed black line)
Addition of MR1 to an Olgonm = 0.6 and lactate to
concentration of 40mM (blue). After 24 hour incubatiorat
+0.25 V (SHH)ed). All scans start at the immersion potenti
E =0 V. Scan rate = 0.01 V/s.
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Figure 3.5

Figure 3.6

Figure 3.7

Figure 3.8

Figure 3.9

Xl

Cyclic voltammograms (CV) of &M riboflavin (RF, 20 mM
MOPS, 30 mM N&Q, pH 7.4) a TSG electrodes modifie
with SAMs of either pure-®H (neutral surfacehlue line) or
mixed 80H:8COOH (negative surfacesd line). Baselines
measured before incubation with riboflavin féSG electrode:
modified with SAMs of -®H:8COOH(grey line and 8OH
(dashed grey ling All scans start at the immersion potentia
=0 V. Scan rate = 0.1 V/s.

Cyclic voltammograms (CV) of the growth medium usec
grow MR1 for ~23 hours in a MES agp after removing MRL
by cenrifugation and filtration (0.22 pm) using a TSG
electrode modified with a mixed SAM of-GH:8COOH
(negative surface,red line). Baselines measured befol
incubation with the growth mediunigrey line). All scans star
at the immersion potential E = 0 \t&h rate = 0.01 V/s.

Cyclic voltammograms (CV) of & FeClin 20 mM MOPS
30 mM NaSQ, pH 7.4 ona TSG electrode modified with
mixed SAM of ®H:8COOH (negative surface) befomed
line) and after addition of 6 M lactate plue line). Baselines
measured before addition of Fe@rey line. All scans start a
the immersion potential E = 0 V. Scan rate = 0.01 V/s.

Cyclic voltammograms (CV) &f8OH (neutral surface) pur
SAM modied TSG electrodeBaseline of MOPS buffer
(dashed black line) Addition of FeGn | Hh
concentration of 6.2 uM(red lines) All scans start at the
immersion potential E = 0 V. Scan rate = 0.01 V/s.

Cyclic voltammogms (CV) of MR (ORoonm= 0.55) in 10 mM
lactate, 20 mM MOPS, 30 mM 0, pH 7.4, measurel
directly after addition of MRL (blue line), after a ~23 houi
incubationat +0.25 V (SHEed line) and after addition of 14
UM deferoxamine and a further 30 mat 0.25 V(green ling
usinga TSG electrode modified with a mixed SAM -@H8:8
COOH (negative surfac®aselines measured before additic
of MR1 (dashed ling. All scans start at the immersic
potential E = 0 V. Scan rate = 0.01 V/s.
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Figure 3.10

Figure 3.11

Figure 3.12

Figure 3.13

Figure 4.1

X

Cyclic voltammograms (CV) af 80OH:8COOH (negativi
surface) mixed SAM modified TSG electro®aseline of
MOPS bufferdashed black ling Addition of FeGlon | H h
concentration of 5.6 UM and lactate to a concentration of !
mM (red). After addition of deferoxamine to a concentratic
of 16.3 uM(green). All scans start at the immersion potenti
E =0V, scan rate = 0.01 V/s.

Cyclic voltammograms (CV) ai 8OH (neutral surface) pur
SAM modifiel TSG electrodeBaseline of MOPS buffer
(dashed black line)After 24 hours incubatioat +0.25 V (SHE
with 1 uM RF, 10 mM lactate arddR-1 at an Olyonm = 0.45
(red). After addition of deferoxamine to a concentration of :
MM and a further30 min incub&ion at +0.25 V (SHEjark
green) All scans start at the immersion potential E=0 V. ¢
rate = 0.01 V/s.

Cyclic voltammograms (CV) withn ITO electrodeafter
incubation with MRL at +0.4 V (SHE) for 21 hours in [
medium before fed line) and after blue line) addition of 27
UM deferoxamineand a further 30 min incubation at +0.4
(vs SHE Baselines measured before addition of MRgrey
line). All scans start at the immersion potential E = 0 V. £
rate = 0.01V/s.

Cyclic voltammograms (CV) ah ITO electrodeBaseline of
MOPS bufferidashed black line) After 23 h incubation at
+0.25 V (SHE) with MRand 10 mM lactateg(red). After
addition of deferoxamine to a concentratiof 14 pMand 30
min further incubation at +0.25 V (SHHEark green) All scans
start at the immersion potential E = 0 V. Scan rate = 0.01 \

Cartoon schematics of the final electrochemical capillary
used for vileo microscopy cell tracking experiments, alc
with cartoons of the previous capillary cell iterations usec
trial experiments during the development stage. Capillary
versions/iterations are numbered one to five in chronologi
order.
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Fgure 4.2

Figure 4.3

XV

Left is a comparison of different centrifugal forces and

suspension medium on MR motility within a 5 pL drop on .
glass microscope slide and covered with a glass circular ¢
slip. [RF] = 2 L riboflavin,[MOPS] = 20mmM MOPS, 30

mMm NaSQ pH7.4, [lac] = 50 mm lactate, [fum] = 25 mm

fumarate, [DM] = Defined minimal media, [Culture media]
original micro aerobic MR culture (LB, lactate and fumarat
after overnight incubation[-] = no/negligible motility,[V] =

low/moderate motility, [VV] = high motility,[VVV] = very
high motility. Right is a diagram illustrating the simpl
experiment set up, highlighting the two areas used for h
and low Q concentrations.

Comparison between the origindland pass filter (bpass.n
and the custom filter (imgFilterF.m). Both filters where set
to achieve the same high and low cut off frequenci
Resulting images still differ slightly due to the differen:
between implementations, for example the kerrislapplied
in real space for bpass.m while for imgFilterF.m the kern
applied in Fourier space. The area cut from the ime
processed using bpass.m, is highlighted by the differe
between the inner and outer yellow boxes around the ime
resulting fom bpass.m.
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Figure 4.4

Figure 4.5

XV

Expanded selected area of a video frame (rows 225 throug
305, columns 495 through to 785 from a frame with 1C
rows x 1280 columns), overlaid with two sets of plotted tra
from results, obtained withite same input list of positions bt
using different tracking algorithms. Traces plotted biue
were obtained using the original Matlab implementation
the Crocker algorithm, with the max displacement set at
(30 pixels is the maximum valid max displaent value,
whilst using this position list and algorithm, due to exces:
linking combinations). Traces plotted ied were obtained
using the adapted Crocker algorithm developed during
project, with the max displacement set at 50 (although hig
values can be used). The blue trace only shows trajectc
obtained using the original algorithm that were not found
the adapted algorithm. In places where blue and red tra
follow the same path, only the red trace is visible. 1
selected area, exgnded in this figure, was chosen due to t
presents of extensive artefacts whilst using the origi
Crocker algorithm and illustrate the effectiveness of 1
developed algorithm at reducing such artefacts.

Bright fieldmicroscopylmages takerat the same locatioron

two consecutive days for two separate experimermisg). On
day 1, prior to the image taken, WT MRsamples were
loaded into the capillargells. Between taking the images ¢
day 1 and 2,he capillary ceflwere stored in the fridge at 4
°C for ~16 hr.Loaded sample contained MRin overnight
microaerobic culture diluted x5 with lactate (56nm)

supplemented MOPS buffer witfB) and without (A) added
riboflavin. A) Duringday 1 almost no motilityvas obsered.

By day 2, the only sign that bacteria motility hagrobably
increased considerably before declining between observati
on day 1 an®, was the significant buildp of bacteria close
to the electrode. B) Loaded sample contained MR in

overnight micr@erobic culture diluted x5 with lactate an
riboflavin supplemented MOPS buffer (lactate and ribofla
final concentrations were 50nM and 2 pm respectively).
During day low motility was observe@ompared torelatively
high motility on day 2. By day ®IR-1 had begun to cover th
electrode, albeit sparsely.
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Figure4.6

Figure4.7

Figure4.8

XVI

Cyclic voltammograms (CVs) at scan rates ofeff) and 100
(right) mV/s, recorded with capillary cells containing samg.
of WT MR1, in anaerobic media, dilute8-fold with MOPS
buffer and supplemented with 50 mM lactate, withred) or
without (black 10 pM FeGl4HO. CVs taken ~ 60 min fro
loading samples. The Working electrode was a gold wire
pm diameter) modified with a mixed-@ercaptol-octanol:8
mercgto-1-octanoic acid thiol solution. The counter ai
reference electrodes were a platinum wire (25 pm diamet
and an Ag/AgCl wire respectively.

Cyclic voltammograms (CVs) at scan rates ofeff) and 100
(right) mV/s recorded with capillary cells containing samp
of WT MR1, in anaerobic media, diluted-fold with MOPS
buffer and supplemented with 50 mM lactate, withred) or

without (black 2 uM riboflavin. CVs taken ~ 60 min frc
loading samples. The Working diece was a gold wire (2!
pm diameter) modified with a mixed-®@ercaptol-octanol:8

mercaptol-octanoic acid thiol solution. The counter al
reference electrodes were a platinum wire (25 pum diamet
and an Ag/AgCl wire respectively.

Cyclic voltammograms (CVs) at scan rates ofeff) and 100
(right) mV/s, recorded with a capillary cell, containi
naid NI kphYO! = Ay | yI-BIdRith MAQPS
buffer and supplemented with 50 mM lactate. CVs taken -
min from loading samples. The Working electrode was a
wire (25 um diameter) modifig with a mixed 8nercaptol-
octanol:8mercaptel-octanoic acid thiol solution. Platinur
wire (25 um diameter) and Ag/AgCl wire was used for
counter and reference electrodes respectively.
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Figure4.9

Figure4.10

Figure 4.11

XVII

100 mV/s Cyclic Voltammograrm$ a capillary cell over time
after inoculation with a suspension of MRdiluted 5fold
from overnight micreaerobic culture, using lactat
supplemented MOPS buffer. Time zem £ Q refers to the
moment the capillary is sealed with silicone greaseeAt5
minutes most of the oxygen has been consumed by
bacteria but a small amount is present, which slo\
decreases up until ~60 minutes after sealing, as seen in
reduction in the CV at T = 15 min compared to T = 65
Between T=65 and T=160 mim more changes are observe
with respect to reduction at potentials relevant to oxyg:
reduction.

The image on th&EFTis a representative frame of a capilla
cell video experiment. On theRIGHT is a graphica
representation of how the area is separated into the 10 zol
used to divide data, derived from either traces or Shani
entropy, according to the origin distance from the electro
surface (highlighted iteal). Zone 1 and 5 are used in the tin
traces offigures4.12+4.13

Coloured traces represent tracked WT MIRver a period of
10 seconds from the application of an applied potentiaiCoB
V (SHE). Yellow stars represent a proportion of direc
changes resultinfrom reversals or flicks. Traces are coloul
according to their swimming direction in relation to tt
electrode Red and orange represent traces of bacteria mo
in the general direction of the electrode, with dark red bei
the most direct. Blue repress traces of bacteria movin
away from the electrode, with dark blue for the most dire
traces. Green and yellow are swimming roughly in par:
with the electrode.
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Figure4.12

Figure4.13

XVIII

Time traces of the mean Shannon entro®RIGHT ard MR 1

motile population density (EFY from two spatially localiset
zones out of a total of 10 zones. The Shannon entropy of «
pixel was calculated using 10 s (~100 frame) intervals.
motile population density was calculated from the number
motile bacteria counted for a zone and divided by that zo
I NBF® LT GKS ol OGSNRAEFQa Y!
counted as motile. The zones are separated according to
distance to the electrode, each representing a range
roughly 20 um. Theed trace represents the first zone (zor
1) and is closest to the electrode with a mean distance o
pm from the electrode surface. Thalack trace represents
zone 5, at a mean distance of 93 pm from the electrc
surface. The video was taken after ~9@hrfrom loading the
capillary with MRL suspension and sealing the entrances w
silicon grease. The suspension consists of WT-1MR

anaerobic growth media, diluted-fold with MOPS buffer anc
supplemented with 50 m lactate and 2 p riboflavin. In
pard £ St (2 GKS @ARS2Y (KS LJ
OCP 0%0.18 V for the first 60 s prior to an applied potential
-0.3 V for 210 s, followed by +0.3 V for 210 s.

Graph of the mean Shannon entrofGH) and MR1 motile

population density (EFT against distance from the electrod
The Shannon entropy of each pixel was calculated using
(~20 frame) intervals. The video frames are separated

zones according to their distance to the electrode, ei
representing a range of roughly 20 um. The video was tak
90 min from loading the capillary with WT MRsuspensior
and sealing the entrances with silicon grease. The suspet
consists of WT MR in anaerobic growth media, dilutedféld

with MOPS bffer and supplemented with 50 knlactate and
2 uM riboflavin. In parallel to the video, the potentiostat ct
was left off for the first 60 s prior to an applied potential-o
0.3 V for 210 s, followed by +0.3 V for 210Bhkie lines

represent the last 635 of a 210 s period with an applie
potential of-0.3 V.Redlines represent the last 60 s of a 21(
period with an applied potential of +0.3 \Black lines
represent 60 s with the cell off (no applied potential).
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Figure4.14

Figure4.15

XIX

Hea maps using two different measures of MRmotility to

present the changes in motile activity over a period o
minutes, during changes in the applied potentials. Heatm
created using a jet colour scheme, overlaid onto
representative greyscale franfeom the video. The colormay
of heat maps on the left side is scaled according to-IV
average motility (lowim = 0, higHim = 30um/s), while that
of the right is scaled according to the normalised sumn
velocity (lowlim = 0, higdim = 1.671(um/s)/min/um?).

Dotted white lines highlight the electrode edges. The vic
was taken after >60 min from loading the capillary with-il
suspension and sealing the entrances with silicon grease.
suspension consists of WT MRn anaerobic growth mediz
diluted 5fold with MOPS buffer and supplemented with !
mM lactate and 2 p riboflavin. In parallel to the video, th
potentiostat cell was left off with a OCP 618 V for the first
60 s prior to an applied potential 9.3 V for 210 s, followet
by +0.3 Vdr 210 s.

Time traces of the MR motile population density from twc
spatially localised zones out of a total of 10 zones. The z
are separated according to their distance to the electro
each representing a rangef roughly 20 um. Theed trace

represents the first zone (zone 1) and is closest to

electrode with a mean distance of 13 um from the electrc
surface. Thélacktrace represents zone 5, at a mean distar
of 93 um from the electrode surface. The ¢es are spreac
over two consecutive videos, the second video was taken
min after the end of the first video (due to the time taken
save the first video). The first video was taken aftet600min
from loading the capillary with MR suspension andesling
the entrances with silicon grease (allowing {Rime to
consume any remaining dissolved oxygen and adapt to
new conditions). The suspension consists of WT-IMR

anaerobic growth media, diluted-old with MOPS buffer anc
supplemented with 50nm lactate and 2 p riboflavin. During
video 1, the potentiostat cell was left off with a OCR®A8 V
for the first 60 s prior to an applied potential of +0.3 V for Z
s, followed by-0.3 V for 210 s. Video 2 also began with the
off with a OCP =0.18 V for 60 s, but was followed by :
applied potential 0f0.3 V before switching to +0.3 V.
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Figure4.16

XX

Time traces of MR average/mean velocity from two spatial
localised zones out of a total of 10 zones. The zones
sepaated according to their distance to the electrode, ee
representing a range of roughly 20 um. Thed trace

represents the first zone (zone 1) and is closest to

electrode with a mean distance of 13 um from the electrc
surface. Thélacktrace represents zone 5, at a mean distan
of 93 um from the electrode surface. The traces are spr
over two consecutive videos, the second video was taken
min after the end of the first video (due to the time taken
save the first video). The first video sveaken after 4660 min
from loading the capillary with MR suspension and sealir
the entrances with silicon grease (allowing MRime to
consume any remaining dissolved oxygen and adapt to
new conditions). The suspension consists of WT-IMR

anaaobic growth media, diluted $old with MOPS buffer anc
supplemented with 50 m lactate and 2 pi riboflavin. During
video 1, the potentiostat cell was left off with a OCRA8 V
for the first 60 s prior to an applied potential of +0.3 V for Z
s, folloved by-0.3 V for 210 s. Video 2 also began with the
off with a OCP =0.18 V for 60 s, but was followed by i
applied potential 0f0.3 V before switching to +0.3 V.
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Figure4.17

Figure4.18

XXI

Graph of overall bacteria directional bias kvitespect to the
electrode against time for two videos recorded one after i
other with a gap of ~ 30 min between them (due to the tir
taken to save the first video). The first video was taken a
40-60 min from loading the capillary with MR suspensin

and sealing the entrances with silicon grease (allowing1v
time to consume any remaining dissolved oxygen and ada|
the new conditions). The suspension consists of WTF1IMR
anaerobic growth media, diluted-fold with MOPS buffer anc
supplementedwith 50 nwm lactate and 2 p riboflavin. During
video 1 the potentiostat cell was left off (OCRG=1L8 V) for
the first 60 s prior to an applied potential of +0.3 V for 21(
followed by-0.3 V for 210 s. Video 2 also began with the

off (OCP =0.18V) for 60 s, but followed was followed by i
applied potential of-0.3 V before switching to +0.3 V. Ea
point plotted, is the weighted mean of the direction travells
by bacteria relative to the electrode, expressed as a fract
calculated from vectorsof traces accumulated during th
respective time period. The number of traces used
calculate each point varies from 211 to 773 traces, witl
mean of 450.32.

Histogram representing the distribution of bacterial swing
speeds above 4 um/s. Each point constructed from tr
counts over a duration of one minute, within the respecti
velocity ranges. The video was taken ~60 min from loadinc
capillary with WT MHA. suspension and sealing the entranc
with silicon grease. The suspension consists of WT-IMiR
anaerobic growth media, diluted-fold with MOPS buffer anc
supplemented with 50 m lactate. During the video, thi
potentiostat cell was left off with OCP-8.027 V for the first
60 s prior to an applied potéial of -0.15 V for 60 s followe
by -0.25 V for 210 s, and then +0.3 V for the remaining 21
The bacterial velocities were calculated as the mean velc
over each complete trace (total trace length divided by !
duration of each trace). The mean pdation velocity for the
different periods are; OCR0(027 V) = 12.6 um/sp.15 V =
11.8 ym/s,-0.25 V = 7.7 um/s, +0.3 V = 13.6 um/s. For
modes; OCR@.027 V) = 7.8 um/sQ.15 V = 7.3 pm/s0.25 V
=7.0 um/s, +0.3 V = 10.7 pm/s.
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Figure4.19

Figure4.20

XX

Histogram representing the distribution of bacterial swimmi
speeds above 4 pm/s. Each point constructed from tr
counts over a duration of one minute, within the respecti
velocity ranges. The video was taken ~60 min from loattiec
capillary with WT MHA. suspension and sealing the entranc
with silicon grease. The suspension consists of WTLNIR
anaerobic growth media, diluted 5 fold with MOPS buffer ¢
supplemented with 50 m lactate and 2 pi riboflavin. During
the video, tte potentiostat cell was left off with OCPG:18 V
for the first 60 s prior to an applied potential of +0.3 V for Z
s followed by-0.3 V for the remaining 210 s. The bactel
velocities were calculated as the mean velocity over e
complete trace (toal trace length divided by the duration «
each trace). The mean population velocity for the differt
periods are; OCRQ.18 V) = 17.3 um/s, +0.3 V = 20.0 um/.
0.3V =10.3 pm/s. For the modes; O@P1B V) = 19.3 um/s
+0.3V =22.6 um/s0.3 V = B um/s.

Heat maps using two different measures of {lRnotility to
present the changes in motile activity at a range of app
potentials. Heatmaps created using a jet colour sche
overlaid onto a representative gyscale frame from the
video. The colormap of heat maps on the left side is sci
according to the normalised summed velocity (Hmr = 0O,
hightlim = 1.671 (um/s)/min/um?), while that of the right is
scaled according to MR average motility (lowim = 0, high
lim = 30um/s). Dotted white lines highlight the electrod
edges. Videos taken after >60 min from loading -M
suspension and sealing the entrancestwgilicon grease. Th
suspension consists of WT MRn anaerobic growth medic
diluted 5fold with MOPS buffer and supplemented with !
mM lactate and 2 p riboflavin. In parallel to the videos, th
potentiostat cell was left off with a OCP f.205 V ér the
first 60 s prior to applied potential including.3,-0.25,-0.15,
0, and +0.3 V.
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Figure4.21

Figure4.22

XX

Graph of the mean velocity frommtrC/nomcA swimming
above 4 um/s, against distance from the electrode (anytr
recorded below 4 pm/s, is assumed to be not moving by
own accord). Each point on the graph is calculated from
traces, passing through the respective zone for one ng@n
Each zone is within a set distance range from the electr
The video was taken as soon as possible (~15 min)

loading the capillary withnmtrC/nomcA suspension anc
sealing the entrances with silicon grease. At the time

video was taken a largéraction of the bacteria is highl
mobile, probably due to an aerokinetic response by -
bacteria to the remaining dissolved oxygen in the capilli
The suspension consists mtrC/nomcA strainin anaerobic
growth media, diluted Sold with MOPS buffer and
supplemented with 50 m lactate. During the video, ths
potentiostat cell was left off with OCP = +0.127 V for the |
60 s prior to an applied potential 60.15 V for 60 s followe
by +0.3 V for 210 s, and switching-3 V for the remaining
210s

Graph of overall bacteria directional bias with respect to -
electrode against time. Video taken 60 min from loading
capillary with n Y i NJ k psospedsion and sealing tr
entrances with silicon grease. The suspension consist
n Y i NI k mana@dbic growth media, diluted 5 fold wi
MOPS buffer and supplemented with 5Qurfactate. During
the video, the potentiostat cell was left fofvith an OCP -
+0.054 V for the first 60 s prior to an applied potential®i5
V for 60 s followed by0.3 V for 210 s, and then +0.3 V for t
remaining 210 s. Each point plotted, is the weighted meal
the direction travelled by bacteria relative the electrode,
expressed as a fraction, calculated from vectors of tre
accumulated during the respective time period. The num
of traces used to calculate each point varies from 35 to
traces, with a mean of 51.8.
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Figure4.23

Figure 4.24

XXIV

Heat maps representingimtrC/nomcA motility in videos
taken ~15 and 65 minutes from sealing the capillary cell, u
two different applied potentials (+0.3 &.3 V). Heatmap:
created using a jet colour scheme, overlaid onto
representative greyscaleame from the respective video. Tt
colormap is scaled according to average velocities-{ilow=
0, highlim = 30um/s) on the left and normalised summe
velocity (lowlim = 0, higHim = 1.67 (um/s)/min/un¥) on the
right. Dotted white lines highlighthe electrode edges. Th
suspensions containegimtrC/nomcA in anaerobic growth
media, diluted Sfold with MOPS buffer and supplemente
with 50 mm lactate. In parallel to the video, the potentiost:
cell was left off for the first 60 s prior to an appliedtential
of +0.3 V for 210 s, followed 9.3 V for 210 s.

Histogram representing the distribution of bacterial swimmi
speeds above 4 um/s. Each point constructed from tr
counts over a duration of one minute, \Wih the respective
velocity ranges. The videos were taken ~60 min from loau
the capillary with WT MR suspension and sealing tt
entrances with silicon grease. The suspension consist of e
WT MRL, nbfe, or nmtrC/nomcAin anaerobic growth media
diluted 5 fold with MOPS buffer, supplemented with 5@
lactate and in the case of one of the two suspensi
containing WT MR, 2  riboflavin (RF). During the on
minute for which the histograms represgrthe potentiostat
cell was left off. The bacterial velocities were calculated as
mean velocity over each complete trace (total trace len
divided by the duration of each trace). The mean populat
velocity for the different experiments are; WT MRwith RF =
19.3 um/s, WT MR = 12.6 um/s,nbfe = 12.4 um/s,
nmtrC/nomcA=6.3 um/s. For the modes; WT MRwith RF =
17.6 pm/s, WT MR = 125 um/s,nbfe = 7.9 um/s,
nmtrC/nomcA=4.5um/s.
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Figure4.25

Figure 4.26

XXV

Graph of the normalised sum of velocities from bacte
swimming speesl above 4 um/s against distance from t
electrode. Each point on the graph is calculated from

accumulation of velocities (each velocity is calculated frol
whole trace), over one minute, from the available area ¢
zone within a set distance rangeoin the electrode. The
videos were taken ~60 min from loading the capillary with
MR-1 suspension and sealing the entrances with sili
grease. The suspensions consist of either WT-1MRith

riboflavin = red | without = blacK, nbfe [green, or

nmtrC/nomcA plue] in anaerobic growth media, diluted- ¢
fold with MOPS buffer, supplemented with 5Qvrfactate and
in the case of one of the two suspensions containing WF
1, 2 W riboflavin (RF). During the one minute for which t
data of each line was obtained, the potentiostat was set
apply an oxidative potential (+0.3 V) [represented by full li
¢ ] or a reducing potential-Q.3 V or-0.2 V in the case of th:
suspension of WT and no added riboflavin) [representec
dotted linesX].

Graph of the mean velocity from bacteria swimming abov
pm/s, against distance from the electrode (anything recort
below 4 pm/s, is assumed to be not moving by its ©
accord). Each point on the graph is cadtedl from the traces,
passing through the respective zone during one minute. E
zone is within a set distance range from the electrode.
videos were taken ~60 min from loading the capillary w
WT, WT + 2 uM riboflavimmtrC/nomcA ornbfe suspension
and sealing the entrances with silicon grease. The suspen
consisted of the bacteriatrain in anaerobic growth media
diluted 5fold with MOPS buffer and supplemented with !
mM lactate and in the case of one of the WIR-1 samples, Z
UM riboflavin During the relevant parts of the videos, +0.<
was applied.
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Figure4.27

XXVI

Heat maps representing MR motility of two mutant strains
(hmtrC/nomcA and nBfe) along with WT MR with and
without 2 pM of exogenously added riboflavin, at tw
different applied potentials (+0.3 V &0).3 V). Heatmap:
created using a jet colour scheme, overlaid onto
representative greyscale frame from the respective video.
colormap is scaled according to MRnormalised smmed
velocity (lowlim = 0, higHim = 1.671 (um/s)/min/un).
Dotted white lines highlight the electrode edges. Video w
taken after >60 min from loading the capillary with MF
suspension and sealing the entrances with silicon grease.
suspensions contained bacteria in anaerobic growth me
diluted 5fold with MOPS buffer and supplemented with !
mMm lactate, and in one sample of WT MR2 pM added
riboflavin. In parallel to the video, the potentiostat cell w
left off for the first 60 s prior to an applied potential €f.3 V
for 210 s, fdbwed by +0.3 V for 210 s.
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List of abbreviations

extracellular electron transfer
electron transfer

direct electron transfer

mediated electron transfer

cyclic voltammetry/voltammogram
electrochemical impedance spectroscopy
Shewanella oneidendidR-1

standard hydrogen electrode

Indium tin oxide

self assembled monolayer

template striped gold

Lysogeny broth

open circuit potential
3-(N-morpholino)propanesulfonic acid
ethylenediaminetetraacetic acid
microbial fuel cell

microbialelectrochemical system






1. Introduction

Shewanellare a diverse genus of facultative anaerobic gram negative bacteria tha thriv

a range of marine and freshwater environments. The variation in environn&mtsvanella
occupy can be attributed to their ability to utilise an unparalleled array of dissimilar terminal
electron acceptors in the absence of oxygeneifbcological rats are equally diverse and
Shewanellahas been implicated ibiogeochemical metal cycling, corrosion, subsurface
bioremediation,food spoilage, opportunistic pathogenicity and symbiotic relationships. In
addition, multipleShewanellespecies are employed iresearch, for fundamental studies in
extracellular electron transfer and potential use in biotechnological applications, including
biosensingand energy production. From tHghewanellggenus,Shewanella oneidensidR-1
(MR1) is a strain of particular nability and since its discovery in 1988 has become a

model organism for extracellular electron transfer and microbial fuel cells (M#C)

The first species ddhewanellao be encountered wasShewanella ptrefacienswhich was
discovered in 1931 by Derby and Hammer from a sample of tainted Canadian butter.
Originally this new organism was designat&chromobacter putrefacierd after which it

was reclassified numerous times due to biochemical advances, firs®seéodomonasn

1941 and therAlteromonasin 1977. But it wasiot until 1985 that the orgaism was given

the new genusShewanelldy MacDonell and Colwéil.

Since the discovery of the firSthewanellaapproximately 50 additional species have been
classified under the same genlfis Collectively, species of tf#hewanellayenus are able to
utilise over 20 different terminal electron acceptors including, insoluble minerals containing
metals and metal oxides, sulphur compounddates, and organic compoundd. The
diversity in terminal electron acceptors allowShewanellato respire in almost any
environment®. Growth at low temperatures is another hallmark Sfiewanellavith many

able to grow at temperatures below’8 even though their optimal growth temperature is
significantlyhigher €.9.30°C in the case of MR) [, This unusual ability of Shewanella to
adapt to much lower temperatures than their ideal is not fully understood and is liaddg

the resut of multiple factors.In general, subjection obacterial species with ideal
temperatures around 30 °C to low temperatures (< 3°C) would severehaffect their
respiration. At low temperatures, phospholipid fatty acidslie membranetransition from

a fluid phase into a more rigid gel phase which retards the essential interaction between
qguinones and redox active membrane proteins. It is thought many Shewanella disturb the

gel transition of their lipid bilayers by increasing the amount of short highlgdbred lipids



(supress the transition temperature) along with incorporating eicosapentaenoic acid into

their bilayers (disrupt gel phase islanés)’.

As mentioned, MR isa model organisnwhich has been empl@g extensively for studying
EET mechanisms and evaluating potential MES applicdtiod MRM Qa NRf S | &
organism for EET is shared wibecies from theGeobactergenus™*%, Geobactersp.
generally yield higher current densitiesMESbut, as obligate anaerobes, stringent culture
conditions are required®®. In contrast, MRL is a facultative anaerobe thus exposure to
oxygen is not detrimental and consequently MRs easier to work with. MR is also
capable of transferring electrons to an unmatched array of terminal acceptors mialking

attractive choice for mechanistic sties into respiratiorandEET.

1.1 Microbial Electrochemical Systems (MES)

The necessityfor alternative energy sources along with reducing #rergy requirements

and cost of wastewater treatment was an early driving force behind research intd. lsliRd

other exoelectrogens. The general idea was to employ EET capable organisms in MFCs which
can break down undesirable organic matter in wastewater whilst generating electrical
power. A basic MFC desidig(re 1.1) consists of two separated compartments, eaakh

an electrode connected to the other by an electrical circuit. The compartments are
commonly separated using an ion or proton exchange membrane to prevent exchange of
dissolved gasses (e.g. oxygen and hydrogen). One of the compartments soatain
anaerobic suspension including exoelemenic bacteria and a metabdiisle
carbon/electron source (e.g. organic material in waste wat€r)'8l For the other
compartment a sustainable oxidiser is requiedy.oxyger). The electrode in the anaerobic
compartment with exoelectrogenic bacteria functions as the anodedswithe electrode
exposed to the oxidiser functions as the cathode. Bacteria in the anode chamber
oxidise/metabolise carbon sources, generating anesgcof electrons and protons in the
process. A relatively negative potential is then generated at the anode surface by transfer of
elections from respiring exoelectrogenic bacteria to the anode through mediators or directly
through outer membrane cytochroes. At the cathode, electrons are transferred out of the
electrode to the oxidiser, generating a positive charge/potential. In the case with oxagen
the oxidiser protons built up in the anaerobic chambeand diffuse across a proton

exchange membrane iatthe cathode chamber where they combine with oxygen on the

pu
(V)



cathode surface in a redox reaction to form water. The net potential difference between

anode and cathode can then be used for useful work.

There has been substantial development in MFC technedogjince their originahception,

but their useremainsvery limitedin practical applications, particularly those concerning
energy productionmainlydue to low power output along with high internal resistances and
prohibitive material costs (requireaf cathodes of the more efficient MFC%}* 2% Typical

MFCs for waste water treatment can at best produce power densities betweefl.D.1
W/m?2 B 21 Crucially, MF®ower output tends to scale poorly with increasing reactor
volumes. Power densities of MFC with reactor volumes 1 L or greater fall below the required
threshold for feasibility in industrial applications such as recovering energy from organic
material inwastewater” 225 A F FA Odzf GAS&a yR ftAYAGFGA2ya Ay
have in part, led to a diversification in the potential applications being explored, leading to
an explosion in numbers of egked devices collectively known as microbial electrochemical
systems (MES). Potential MES applications range from bioremediation and waste water
treatment to microbial electrosynthesis ariosensing all of which fundamentally rely on

the EET ability ofestain microbes.
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organics
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Anode membrane  Cathode

Figure 1.1Cartoon of a basic Microbial Fuel Cell.



1.2 ElectronTransfer across thé&eriplasm

S. oneidensiBIR-1 is usedas a model organism for biotechnological applications, especially
those relating to bioelectroni¢gglue to its alility to transfer electrons to a large array of
terminal acceptors including insoluble minerals and electrotiese the term bioelectronics
refers b electronic technologies and devices which incorporate biological mater and/or are
inspired by biologicaprocessors and architecture (MFC and biosensors are examples of
bioelectronic devices¥®. Most of the biotechnological avenues pursued finewanella,

dzG At AaS 2NJ YFyALMdz FdS GKS ol OGSNAIQa | oAfAGe
insoluble electron acceptors such as metallic or carbon based electrodes. It is therefore
imperative to understand the mechanism by which this occurs. For gram negative bacteria
such asShewanellato reduce insoluble extracellular electron acceptors they npassess
capabilities for transferring electrons from their cytoplasmic membrane quinone pool to
terminal reductases in their outer membrane. Therefore they require a system for passing
electrons across the 1025 nm wide periplasmic spa&&?¢. The mechanism by which this
happens has been studied extensivelsironeidensisR-1, but as of yethas not been fully

elucidated@™31,

During anaerobic respiration theymplasmic membrane cytochrom€ymA links the
oxidation of quinones from the cytoplasmic membrane to the reduction of several
periplasmic terminal reductases (e.g. fumarate reductase cytochrome c) and electron
transfer proteins (e.gsmall tetrahaem cytoalome c and MtrA) B2, However, during
extracellular respiration it is unclear whether CymA directly reduces MtrA or indirectly by
first reducing other periplasmic redox proteins or if both occur corentty figure 1.2).

MtrA forms a multiprotein complex with an outer membrane spanning barrel protein, MtrB,
along with outer membrane terminal reductases MtrC and OmcA. This complex allows for
electron transfer from MtrA to the outer membrane terminal redases®%. The outer
membrane reductases can either directly or indirectly (via soluble electron shuttles, e.g.

flavins) reduce insoluble electron acceptors such as metal oXid&%

Two of the most abundant periplasmic proteins found during anaerobic growth, small
tetrahaem cytochrome c¢ (STC/CctA) and the flavocytochrofueparate reductase
cytochrome c(FccA) are both up regulatd during extracellular respiration implying they
may be involved in periplasmic electron transfér®® 34 However evidence from individual
gene deletion mutants is ambiguauBxtracellular respirationis affected by knoclout

mutants but neither mutant results in the total annihilation of extracellular respiration. It



has therefore not been possible to confirm a distinct phenotype for extracellular reduction

[35].

Fonsecat al® used NMR spectroscopy to study protgirotein interactions in an attempt

to provide some insight on the shrouded mechanism by whichlMRinsfes electrons

across theperiplasm. The group carried out NMR docking studies of the most abundant
periplasmic proteins including STC and FccA. Their results showed CymA to have weak
interactions with both STC{K Hpn >a 0 ¢ YyRPYCOSOd 0 D YAYRA O Ay 3
weak transient complexes. This is suggestive of a high turnover rate between CymA and
interacting proteins. MtrA, which is clearly implicated in extracellular metal redudtfgn

was similarly found to interact with STC and FccA. Interestingly, although FccA and STC have
overlapping redox potentialand interaction partners, no interaction was found between
them implying two segregated electron transfer pathways. Bremal pointed out that both

FccA and STC have very negative surfaces at regions relevant to electron transfer.
Electrostatic repulsio could therefore explain for the lack of interaction between these

proteinssl,

The evidence from Fonsecet al for interactions between FccA:CymA and FccA:MtrA
supports the hypothesis by Schuetzal 7§ K| § COO! Q& YI Ay NRtS dzyRS
to act as an electron buffer. This could potentially enable-IM#&® temporarily continue
utilising a carbon/electron source when no terminal electron acceptor is available. At times
when the electron transfer to terminal electron acceptors is slow and becomes the rate
limiting step in respiration, FccA could take up excess electrons from either QyM#&A.

This would prevent stalling of the respiratory chain due to limiting terminal electron transfer
reactions. This hypothesis would explain why wild type-MBrows better thankfcca
mutants even when ferric iron is the sole electron acceptor. fildaisible that STC could
have a similar role and would explain why these two periplasmic proteins are excessively
expressed in MR during extracellular respiration. Currently, through deletion mutants, STC
has been shown to have a modulatory role in DM@@ous citrate and flavin reduction but

is not vital for any of then#\. As flavins are reduced by MtrC/OmcA and MtrA is responsible
for transferring electrons to MtrC/OmcA, it is probable that STC acts ateeinom shuttle
between CymA and MtrA. It should be noted that CymA has been observed to directly
interact with MtrA without the need for other periplasmic proteins such as E1%3 It is
widely thought that drect electron transfer between CymA and MtrA is the primary

pathway across the periplasm during extracellular respiration. Additionally, evidence



suggests that MtrA, while complexed to MtrB, could protrude sufficiently into the periplasm

to interact diretly with CymA=® (figure 1.2).
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Figure 1.2 ¢ Diagramdepicting the flow of electrons across the MRperiplasmic space during
extracellular respiration ofin insoluble electron acceptor. Blue arrows indicate possible electron
transfer pathways. ®&/pe haems are highlighted within the relevant proteins (CymA, FccA, and STC
are comprised of 4 haems each, while MtrA, MtrC, and OmcA have 10 haems each). MOG@hd

are thought to employ the semiquinone form of riboflavin and FMN respectively as cofactors (the
semiquinone form of flavins is highlighted in blue). It is worth also noting that FccA also employs FAD
as a cefactor (not shown).Two monomers of CymAra shown side by sideith a double headed

arrow to indicate a reversible dimer

1.3 Extracellular Electron Transfer (EET) by R

Once respiratory electrons reach the terminal reductases (MtrC/OmcA), they can be relayed

on to insoluble electron acceptorée.g. electrodes). Currently the are three different

mechanisms proposed to achieve this; 1) direct electron transfer (DET) between outer

membrane cytochromes and insoluble electron accepté?<© 2) long raged DET through

02y RdzOGA DS WgANBaQ F2N¥YSR o6& SEGNHAXRya 2F GKS
St SOGNRYAa I NB GK2dAK(G (2 aK2LX 0SGsSSy Oeidz20KNER
extrusions and 3) mediated eldéoon transfer (MET) achieved through ss#creted redox

mediators, in particulariboflavin (RF) and flavin mononucleotide (FMMW}jich shuttle

electrons between the outer membrane cytochromes and electrod&sBoth MET and DET

are thought to occur concurrently, although as to which is dominant in the natural MR



habitat or in a MES is debatable. It is widely accepted that flavins, specifically flavin
mononucleotide (FMN) and riboflavin (RF) have a role ETK4 4. But there is controversy

as to the importance of MET and flavins in MEEET. Some reports: 43 45 46largue that
flavins serve as primary electron acoeys for the MtrC/OmcA reducedakms and play an
important role in MRL respiration, whilst others consider them to be just one of many
terminal side routes linked to the Mtr pathway with DET as the dominant mode ofTBRET.

main mechanism in which flaviemhance the Mtr pathway is also frequently under debate

[44]

Prior to the discovery that MR secretes flavins, Lies al *"! demonstrated that MRL was
capable of transferring electrons to insoluble acceptors >50 um from its oonénbrane
surface. In their experiments MR was able to reduce Fe(lll) oxides precipitated within
nano-porous glass beads, suggesting-Mis secreting either small redox active molecules
acting as electron shuttles or chelators capable of returning s imack to the cell.
Experiments by Bonelt al*® corroborated the use of redox active electron shuttles by-MR

1. Once MRL had been grown for ~72 hours in an electrochemical cell and a steady state
current el KSRX GKS W2t RQ Odzf GdzNAy3I YSRAF Ay (K
(without disturbing the biofilm) for fresh media. The change to fresh media caused a sharp
decrease in current of around 70 %, which gradually recovers over the next 72 hours back to
pre-exchange levels. The supernatant from samples ofIMRown in electrochemical cells

was analysedy LCGMS, to find significant levels of flavifi@ the 100 nM range)Further
experiments by Bonet al led to the conclusion that MR and othershewarella strains

were capable of excreting riboflavin and FMDéing electrochemistry Boret al calculated

that EET mediated by flavins accounted for >70% of the total currert MBs producing

after 7296 hours of growth.

In support of a prominent role fdtavin MET, Alessandet al*¥ reported a dependency of

the maximum current densitgn the baseline corrected oxidation peak height, from non
turnover C\ (1 mV/s) assigned to flavMET, butdid not find any such dependency thre
oxidation peak assigned to DET. This dependency indicates the concentration of mediator
and not the number of DET sites is acting as the limiting factor for current generation by
MR-1. Alessandret alalso calculated the relative contributions of DET and MET taattad:
biolectrocatalytic activity of MR. Under their experimental conditions they estimated MET

accounted for ~52%=27 while DET accounted for 47%=16 of current generated.



MET with flavin as a soluble redox shuttle is thought to occur via a two elepnaiph
reaction3, Okamotoet al“*4 argues, that due to the redox potentials of FMN/FMNird
OmcAMtrCAB, this process would result in a strong endergonic ET reaction which conflicts
with the observatbns that flavins accelerate EET via the Mtr pathway. As a result of a study
by Okamotoet al into the mechanism by which flavins enhance EET, an alternative model
for flavin enhanced EET was proposed. From the half width potentials of differential pulse
voltammetry (DVP) signals, Okamago al calculated that, to the contrary of two electron
reactions with FMN/RF, one electron Ox/Sq redox reactions were more probable. Also the
redox potentials of FMN in the biofilm were shifted 115 mV more positive thanftindree

FMN indicating that the FMN redox properties were altered by interactions with the cells. In
support of a one electron mechanism, kinetic estimations of EET with a continuous influx of
electrons generated by metabolisnsuggest the one electromeaction of flavigyuinonef
flavinsemiquinoneycould serve as a more efficient ET process when compared with the two

electron reaction of flaviguinonef flavinydroquinone)

Contrary to the above mentioned reports, Retyal *® “lconcluded, that the majority of EET
from MR1 grown on either gold or carbon cloth electrodes poiseeDa® V vs Ag/AgCI (i.e.

0.1 V vs SHE) occurred via DET through the MtrC/OmcA protein complex with a relatively
small contribuion to current generation by MET/flavins. One explanation for the
discrepancies in results between the different reports is that -MRan adapt its
metabolism/EET to a diverse set of environments and the various reports differ greatly in
their experimentalconditions.Chao Wtet al®® demonstrated that the amount of and type

of flavin secreted and therefore their importance in EET varies greatly depending on the
type of electron acceptor availabli.has also been suggested that secreted flavins byIMR
havean additional role in mediated energy taxis, directing the bacterimsoluble electron
acceptors (including electrodes) and helping with the formation of conductive biofilms at

the electrode surfac&®.

The debate regarding MR EET has not been settled, with logical arguments and
experimental evidence for both MET and DET as the predominant EET pathway. One
potential reason for the conflicting results between reports is the diversity in experimental
conditions used for whole dle electrochemistry. A relatively simple whole cell
electrochemical experiment involves a myriad of variables, including temperature, pre
growth conditions (i.e. prior to transferring to the electrochemical cell), media/electrolyte
(electron acceptors, paetble mediators, carbon sources and other nutrients) for

growth/measurements, electrode material and surface characteristics (roughness, pores,



functionalisation), dissolved oxygen concentration and agitation from stirring, purging or
media exchanges. Tlage no standard conditions and little is known about the effects these
variables have on MR EET behaviour, which makes comparisons of results from separate

reports challenging at best.

MR-1 and otherShewanellaspecies secrete endogenous flavins (FMNM &hoflavin) into

their environment at significant concentrations (~200 nM) but their role as simple electron
shuttles is controversial. The addition of exogenous riboflavin or FMN certainly enhances
MR-1 EET towards electrodes through redox cycling betweuter membrane cytochromes

and the electrode in an electrochemical cell, but this does not automatically mean that their
main function is a mediator for MET. Synthesis and excretion of flavins requires a certain
amount of resources and energhat must be offset by some sort of advantage. One
obvious advantage is increased respiratioHowever, to keep an adequate local
concentration of flavins in their natural marine like environment may prove too costly if the
flavin is continually lost through diffumsi and convection, unlike an enclosed small volume
electrochemical cell which allows the concentration to build up without significant loss.
Alternatively, if their main role is as a-tactor for enhancing DET through MtrC/OmcA,
there would be no requiremnt for a high local concentration. The other potential role
suggested for flavins is as a soluble redox sensor for finding insoluble electron acceptors in a

mediated energy taxis type method.

Herein, effects on MR EET behaviour, arising from the usediffering experimental
conditions are examined with particular reference to electrode surface propefiibspter
3). The role of flavins relating to EET is examinezhapter 3whilst its potential role as an

agent for helping MR to locateinsoluble éectron acceptors is assessecchmpter 4
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2. Theory andBackground

2.1 Chemotaxis
2.1.1 Background

The ability to move in response to external stimuli can give bacteria an enormous advantage

over their sedentary counterparts. The most common hadsm utilised by bacteria (>80

of discovered bacteria) for traversing through liquids is to propel themselves using

motorised tail like appendages, known as flagéiaBacterial flagella can rotate at rate$

300 and 1300 Hz, using*lr Na' gradient powered statord®?, generatingenough

propulsion to carry them at 30 or 100 um/s respectively. Tallmwing these bacteria to

traverse agqueous environments and in some cases swarm over solid sutfaée8acterial

species without the traditionapropeller like flagella are not necessarily nanotile. Thee

are many other forms of prokaryote motility that do not require flagefar example

Spiroplasmaspp use their contractile cytoskeletons as linear motors for swimnfifig

ydzYSNRBdza o6F OGSNALFE &ALISOASE dzedd toddlctetiak LA T A (2
aLISOASAE WITARSQ I ONR&aa & dzaaFdxamPlé Fladabaktgfidm RA aa A YA€ |
spp move adhesive molecules across their surface in a tankk tike manner, whilst

cyanobacteriare thought to secragalJ2 f @ &1 OOKI NA RS Waf AYSQ 2dzi 2yS S

the opposite directior®” 58|

Suwival in constantly changing, sediment environments, whaost nutrients and electron
acceptors are concentrated into small pockets that can be few and far between,
necessitates capabilities to locate and move towardsséhrich pockets. MR gets its
agueous motility from a single polar flagella predominantly driven using a Na+ gradient
powered stator and to a lesser extent a H+ gradient powered stator, enablind kR
maintain motility in low Na+ environmeni®.. It is not uncommon for bacteria to use both
H+ and Na+ stators but usuatlyey are used for different types of flagelleor example
Vibrio parahaemolyticuand Vibrio alginolyticusise a Na+ stator system for their unipolar

flagella and a H+ stator for their lateral flageifa

Onits own, the ability to move is not particularly useful ardnsidering the considerable
energy expenditure required for bacterial motility, purely random movement would be
detrimental in the majority of cases. To justify movemengrdh must be an overatjain in
energy involved to repay the energy debt incurred from active movement. This is achieved

in prokaryotes, predominantly by chemotaxis and energy taxis mechanisms, allowing the
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bacterium to move in the general direction towards or away from gradieritfavourable
(e.g. carbon sources and electron acceptors) or unfavourable (e@:) lompounds

respectively(figure 2.1.J).

b
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chemotaxis or energy taxighe grey dotted line represents a possible patlirapolar bacterium

could taketowards a chemoattractant sourcé&.ellow stars indicatelirection changes with 4boint

stars representing reversals andp6int stars representing forward backward flicks.eTiacterium
changes direction at semi random intervals. The probability for a direction change is lowered when
traveling up arattractant gradient and increasedhen travelling down the attractant gradient. The
steeper the gradient, the greatéhe skew tovards a high or low frequency of direction changes.

2.12 Flagella based Chemotaxis mechanism

The general mechanisms for both chemotaxis and energy taxis in bacteria are similar and
are thought to share parts of the same pathway. This is at least trudefoolj where
chemotaxis and energy taxis has been best studied. Considering how conserved some
chemotaxis related genes are in the prokaryote kingdom, it would be reasonable to assume
the sharing of pathways for chemotaxis and energy taxis is a commppmach®Y. The

divergence between the two mechanisms is at the sensing end of the pathiaaggy taxis

YR

employs a generic sensor for a metabolic indicator, for examplgyitéorn - O2 YLR y Sy (i

of the proton motive force (pmf)Whereas chemotaxis uses sensors for specific molscule
62,631 One advantage of energy taxis, compared to chemotaxis, is that it does not suffer
from the potential problem in which structurally similar molecules to the target

chemoattractantcould trigger unnecessary responsdsliditionally,energy taxis does not
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require specific sensors for every molecule of interest unlike chemotaxis where each

chemoattractant will usually require its own complementary sensor.

Although receptors for chemoxds, the methyl accepting chemotaxis proteins (MCP) and

those receptors used for energy taxdiffer considerably at the sensing end, they are

functionally and structurally similar at the signal transduction éid One of the most

extensively studied energy taxis sensors is the methyl accepting chemébkaxjgrotein

(MCIP)Aer.! SNJ aSyasSa OKlIly3asSa Ay GKS ol OGSNAI Qa NBR2E
domain within the cytoplasm, while MCPs used for chemotaxis generally have their

receptors in the periplasm and sense specific ligands (for example a particular andro aci

electron acceptor)fl, Perhaps the most striking difference between MCPs used in

chemotaxis and the Aer receptor is the lack of a signalling domain with methylation sites in

Aer. Methylation and demethylation of MCP methylation sitesveeras a regulatory

mechanism for bacterial chemotaxis, the details of which are described later. Irrespective of

0KS aSyaAiy3a YSIiK2RZ 02GK !'SNJ FyR a/tQa NBflé& (K

regulators.

MCPs and MCIPs function as homodimers aredthought to be concentrated at the poles

of bacteria in trimers of dimergigure 2.1.2. Evidence from crosslinking studies suggest the
trimers of dimers can include more than one type of MCP in which the different MCP/MCIP
work synergistically by auggny G Ay 3 Sl OK 23 KSNRa FdzyOliAaAzyad C2NJ
energy taxis Aer receptor is expressed Hrcoli without other MCPs, the amount of
expression required to produce a similar aerotactic responsk.tmliexpressing all of its
MCPs was > 10 foléf!. This explains why some MCPs lacking motifs/doménasight to be
crucial for MCP functioning, are still able to functiohomhe type of MCP lacks a certain
motif/domain but is packed into a trimer of dimensith MCPs that do possess the required
motif/domain, then the MCP missing such motif/domain can still access the functionality of
the motif/domain. For exampled ® O Arfy An@ dap MCPs lack the NWETF pentapeptide
motif required for recruitment of the methyltransferase CheR, yet methylation at the
methylation sites on Trg and Tap still occurs. Evidence suggestsitigato close packing,
CheR recruited by MCPs with the WEF motif (Tsr and Tar E.colj are in close enough
proximity to the NEWTF absent MCPs, to enable inter dimer methyl&&#SP. Reversible
methylation, by MCP specific methyltransferase (CheR) and methylaster(CheB)f
specific residues on MCPis critical to their proper functioning within the chemotaxis

pathway. Methylation is used to moderate the signal output of MCPs allowing adaption to
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different ambient concentrations of chemoattractant/repellent. ughinsuring that only

changes in ligand concentration affect signalling rather than just the presence of figand

After agoniation of the receptor end oMCP/MCIPs a signal is translocated from the

sensing end to the highly conserved signalling domain, via alterations in the intera€tion

the MCP/ MCIP dimer helix bundl€§® | LJF NIi FNRBY | NBtFGAQOSte dz
6alt Ll FYR L*xo60X Fff aHidtidng kinase @dnylylxicla®2 y i I Ay
methylaccepting protein and phosphatasd AMP) domains. The role of HAMP domains is

to transmit signals, generated by the sensor domains, to the signalling ddiflafdne can

GKAY1l 2F Ilata Fa o0A2t23A0FE W {.Q OFofSaz C
into downstream conformational changes in the signalling domain through helix coiled coil

interactions(®”.

Conformational changes in the signalling domain can switch the domains effect between

F OGADI GAYAYOYKYROAYRABPAG2NE W2 7T T Qshardsaltdfy | £ & F
the bacteria moving in a nefavourable direction (e.g. up a repellent concentration
gradient), switch the signalling domain into a state of activation whilst signals due to travel

in a favourable direction are inhibitory. SNE (G KS | OGA @I 6SRkQ2y Q ai
increasing the rate of cheA tramaitophosphorylation whilst theinhibitory/ W 2 Et&te€
supressesheA transautophosphorylatioractivity. It should be noted that in@ne bacteria,

for exampleBacillus subtili€?, the signals have the opposite effects whilst maintaining the
sameultimate outcomein terms of increaigg or decreasing the probability of a direction

change. For example,the end response byoth E. coliand B. subtilis to increasing
concentrations of repellenis toincreas the probabilityf direction changes andice versa

for attractants the detailsof which are describeturther down

Chemotaxis protein CheA represents the link between MCPs and their response regulator
protein CheYas depicted irfigure 2.1.2 CheA homodimers bind to the signalling subdomain

of three MCP dimers arranged as a trinafr dimers, along with two receptor coupling

protein CheW monomergo form stable oligomeric complexéd® . CheA is a histidine

kinase with a basal level of traasitophosphorylation in the presence of ATP angf*. On

association with MCPs and coupling protein CheW the teatsphosphorylation level is

enhanced. The MCP signalling domain, along with CheW, regulate CheAautans
phosphorylation by adjusting the access to a phosphorylation site on one Cheémmeoto

GKS {AylFrasS aixidsS 2F (KS 204KSNJ/ KS! Y2y2YSNW L
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rate of CheA tranauto-phosphorylation is increased and vice versa for when the MCP is in

an inhibitory state.

Phosphorylated CheA, in turn phosphotgkathe response regulator CheY to ClieXCheY

P is able to bind to FliM in the switch complex of the flagella motor to bring about a change
in rotation direction from counter clockwise to clockwi§8. For multi flageated bacteria

such a<t.colj clockwise rotation leads to the unbundling of flagella causing the bacteria to
transition froml W NXzys@immiigfoiwdrd)d y i 2 | stité anced theSsi@nal is
terminated through dephosphorylation of Che¥P the flagella resumes antilockwise
rotation and thereoriented bacteriumreengages forward swimming in a new directidiis
GeLlS 2F Y2aAtAGe Aa (1y26y |a WNHzy FyR Gdzyof SQ |
The situation is slightly different for upblar, mono flagellated bacteria such as MR
which are unable to tumbleThe chemotaxis/energiaxis signalling pathwaig thought to

be very similain MR1 as described foE.coli The end result of the chemotaxis signalling
cascade is also the same WIR-1 asE.coli In both bacteria theCheYP mediated signal
results in a reversal of flagella rotation from counter clockwise to clockwise and a
subsequent change in swimming directio@n switching fromcounter clockwise to
clockwise rotation, instead afimbling, MR1 swim direction reverses in a similar way to
V.choleraand other mono flagellated unipolar bacterlé. In addition to both being
unipolar flagelltes, MR-1 and V.cholerashare a substantial amount of homology in
chemotaxis related genes, both of which appear to have many more Ehemliindicating

more complex chemotaxis/energy taxis pathways with possible redundalfféies

The chemotaxis protein Chénctions as amllosteric activator of CheY g#osphorylation

Ay 3INI Y -pfdieBdadiefiaZafd regulates the duration of flagella clockwise rotation.
In Ecolithe CheZenhancedCheY dehosphorylationdramatically reduces the hdlife of
Che¥P from 20 s to 200 ms, thus shortening the chemotactic signal duration to a time scale
compatible with temporal sensiref! (figure 2.1.9. Deletion of CheZ i&.colileads to a non
chemotactic tumbling phenotype due to increased levels of phosphorylated. @teeZ is

also essential for chemotaxis in many otheiproteobacteria, includingPseudomonas
aeruginosaand S. enterica serovafyphimurium™l, MR-1 contains a homologue of CheZ
which one would presume has the same role in-MBs in many othef-proteobacteria,

and should therefore be required for MRchemotaxis and energy taxi€. However,one
should be careful in making such assumptions. The same assumption was previously made
about the only CheZ homologue found Vhcholerayet CheZ deletion did not appear to

detrimentally effect chemotaxi&Y. This is particularly relevant to MRbecauseV.cholera
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shares substantidhomology in regards tehemotaxis related genes with MRandis the

only organism known to share extensive regions of similar gene order, in addition to them
both having unipolar systems, unlike the peritrichdasoli(where CheZ is essential for
chemotaxis)®®. Thereforewithout assessing MR CheZ deletion mutants for chemotaxis, it

would be naive to speculate on the importance of CheZ forlMRemotaxis.

CheZ enhanced dephosphtation of CheY is not the only method used by bacteria to end
the clockwise rotation of flagella. For example, the ngoroteobacteriumSinorhizobium
meliloti, which does not have any CheZ homologues, instead expresses multiple homologues
of CheY which a@s phosphate sinks. Multiple homologues of CheY are frequently found in
bacteria, even in those with CheZ. Thire CheY phosphate sink is thought to be a common
mechanism in bacteria for terminating the signal for clockwise rotatiorhis instancenot

all the CheY homologues are functional and do not bind to the flagella motor to bring about
the switch in rotation from counteclockwise to clockwise but do still accept phosphates.
CheA is capable of transferring the phosphate groups from functidmaY @roteins to the
defunct CheY homologugsthus accelerating the rate of functional ChBY

dephosphorylatior?,

' FGSNI SIFOK FTOUAQGFGA2Yy 2F (GKS a/tQax bBdbadzZ A,
state to the new concentration of attractant/repellent is required for responding to further
changes in attractant/repellent concentration. Without rapid adaption the bacterium would
not achieve temporal sensing anduth only sense the presence of attractant/repellent
above a threshold instead of actual gradients. Adaption of the bacterial chemotaxis pathway
is achieved through methylation and -theethylation of conserved glutamate residues on
MCPs, by Chernéthyltransferas¢ and CheBnfiethylesterag) respectively as indicated in
figure 2.1.2 The level of MCP methylation regulates both the receptor affinity to ligand and
the capability of MCPs to augment CheA activity. Methylation of MByPsonstitutively
activeCheR, increases the sensitivitytloé system by increasing MCP enhancement of CheA
activity through MCRCheWCheA oligomeric interactions, whilst -deethylation and
concomitant methanol release by activated CheB results in an inhibitory effect on CheA

activity through the MCR-ZheWCheA coplex!,

On an increase in binding of attractant to MCP receptor arrays and resulting decrease in
CheA transautophosphorylation, the rate of CheY phosphorylation by CheA is lowered, thus
levels of CheP decline along with thprobability of flagda motor switching from counte

clockwise to clockwise. The ratio of constitutively active CheR to active, Cloe@ases
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thanks to a decrease in CheB phosphorylation by CheA. The equilibrium of MCP methylation
and demethylatiorshiftsin favour of methydtion andin turn returns the sensitivity of the
MCPs and CheA activity back to basal levels. On repellent binding or a decrease in attractant
binding, CheA activity is increased, thus increasing the proportion of phosphorylated CheY
leading to an increasklikelihood of flagella reversaln parallel, but at a slower rate, the
increased CheA activiiyicrease the proportion of phosphorylated Chet® CheR(figure

2.1.2. Thus, increasingMCP demethylationto cause an inhibitory effect on CheA
autophosphoryation. The result is a radjustment of the system to new levels of
attractants/repellents returning CheA activity to pséimulus levels. The rate of CheY
phosphorylation by CheA is significantly higher than the rate of CheB phosphorylation,
allowing fora CheYP mediated chemotaxis response to take place prior to methylation/de
methylation adaption. The rate of methylation is also substantially slower then
phosphorylation, which similarly helps to ensure the phosphorylation mediated chemotaxis

response akes place prior to adaptidff! 52,

The above description od bacterial chemotaxis mechanism is largely based on the model
bacterium E.coli where all the stepsare known. The overalthemotaxis pathway is
consideed to be relatively conserved across the prokaryotesd consequently the
chemotaxis description above can be taken as a general approach used by bacteria
However,there is a lot of diversity in the implementation details between bacterial species
and, asmore bacterial species are studied, tRecolimodel is beginning to look more like a
simplified version compared to many other species which have far more putative
chemotaxis genes. For example Buacillus subtilis,although the end results of the
chemotxis signalling cascade is the saméoag.colj certain key chemotaxis proteins work

in reversecompared totheir E.colicounterparts. On attractant binding tBacillus subtilis
MCPs, the phosphorylation rate of Che¥reases (in E.colithe rate is dereased), thus
levels of Che¥ increaseBut, unlike E.colj binding of CheP to the flagella motor in
Bacillus subtilislecreases the probability of a direction change, thus both species display the
same flagella response to attractants and repellefiise effects of MCP methylation/de
methylation forBacillus subtilisin nutrient rich environments, are more subtle then with
E.coli Depending on the specific residues, methylation of MCPs can either increase or
decrease CheA phosphorylationBacillus shtilis also expresses the Che@heY fusion
protein CheV under certain conditions. Although CheV is not presehtciolj it is fourd
GKNRdzZAK2dzi GKS LINRPGS206F OGSNAI O6AyOfdzRAY3 X

also be present withoufThissuggess that in some species CheV carries out a similar role to
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CheW. CheV is also implicated in chemotaxis regulation and adaptspedies expressing
both CheW and Chel® 74 75 As illustrated, mechanistic details within the chemotaxes

pathway of different species can differ substantially. Yet treneealso incredibly conserved

regonsC2 NJ SEIl YLX S |/ KS 2-prokeg@biciefiuthR. dgthae®itkBayi ( KS b
be used to restorélagellar rotation switching in &proteobacterian / K & Zolimutant 78],
MR-1 possess homologugsultiple in some case®f all the key proteinsdentified in the
E.colichemotaxis pathwayalthough MRM Q& OKSY2 4l EAa LI GKgl & &S8$§

higher degree of redundancy whecompared toE.coli Investigations into the putative
chemotaxis genes of MRonly found one gene that was essential for{¥IRhemotaxis. The
essential chemotaxis gene encodes for Gl3gad CheA homologue). In frame deletiorttue
gene encodingCheA3 results in mutants with a smooth swimming phenotype unable to
change directiod. In addition only one chemoreceptor30224) has been identified as
playing a sigificant role in electron acceptor chemotaxis in MRalong with 4 other
receptors which have an effect when deleted alongs&f@2240’".. In the case of electron

acceptor chemotaxis, the Mtr pathway has been found to be more important than that of

chemoreceptors.
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Figure 2.1.20verviewof a possiblechemotactic pathwayfor MR1 based onchemotaxis related
proteins found in MRL andwhich share substantial homology with proteins implicatedhie E. coli
chemotaxismodel pathway. Yellow arrows indicate interactions resulting in phosphorylation whilst
red arrows indicate Ephosphorylation. Methylation and demethylatioof methylation sites on
MCPs by CheR and Chels indicated by wite and black arrows respectively. The dashed black
arrows represent interactions between CheZ and GCRewhich causes an increase in GRete-
phosphorylationand therefore decreases the length of tinfkiM from the flagellar motor compleis
exposed to Chel. Here CheZ is acting as allosteric activator of CheY g#hosphorylation
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2.1.3 Background on common Techniques used to study Chenistax

The chemical in capillary method | guantitative Pfeffer methoddeveloped byAdleret al

[”8] 'was one of the first quantitative assays for measuring positive chemotaxis of bacteria

towards attractantsin this instancea capillary, closed off at one end and cdniag a small

volume of potential chemotactic chemical of known concentration, is placed open end first

into a small reservoir containing a bacterial suspension. If desired the entrance of the

capillary can be monitored microscopically. After a set duratize capillary is withdrawn

from the reservoirthe sealed end broken off and contents flushed through into growth

medium. Dilutions from the media, inoculated with the capillary contents, are plated

followed by an incubation period so that colony formingits can be quantified. If the

chemical in the capillary is a chemtaictant, one would expect to find a higher fraction of

iKS OFdzQa AyaAiARS ¢gA0K NBaLISOG G2 GKS NBASNB2ANI |
an inert solution If the chemicalof interest is a chemorepellent one would expect a
NERdzOGAZ2Y Ay OFdzQa O2YLI NBR (2 (GKS O2yGNRft OF LA
is that it is relatively laborious and although it has good sensitivity toward

chemoattractants it has relatvely poor sensitivity to chemo repellents requiringhigh

concentration before any effect can be quantified.

In response to the poor sensitivity of the chemical in capillary and varignts chemical in

pond capillary method)Adler et al " developed a series of alternative assays more suited

for negative chemotaxis and testedetm with a range of chemicals. The chemical in plug

F1F WL dzA Ay LRYRQ Faalé LINROSR G2 o685 GKS vyvYzal
added benefit of the chemical in plug method is its simplidisysetup consisting of a hard

agar (~2% agar) plugyeilibrated with a known concentration of the chemical of interest

surrounded by soft agar (~0.3% agar) containing an even dispersion of bacteria at a high

enough concentration of cells to give visible turbidity. If the hard agar plug contains a
chemorepelent the bacteria in the surrounding soft agar, in which the repellent diffuses

AyiG2zs gAff WaghkN¥YQ |gle& FTNRY (KS NBLISttSyiasx Sl
and a ring around the clearing containing a higher density of cells. The size/mafdibe

cleared area will be proportional to the concentration of the repellent in the plugnithe

other hand the plug contains an attractarthen bacteria in the soft agar around the plug in

which the attractant diffuses into and forms an attractayradient, willmigratetowards the

plug, creating an area of high turbidity around the plug and a corresponding area of low

turbidity from where the cells travelled from.
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The chemical in well assay is a slight variation of the chemical in plug assagsabden

used alternatively to the chemical in plug assay especiallyaifitifative results are desired

[77.8082] |nstead of a hard agar plug containing the chemical of interest aisvieltimed in

the bed ofsoft agarandfilled with a solution containing the chemiaa interest At the end

of the incubation period, as with the chemical in plug assay, qualitative observations of
accumulation or clearing are made. If a quantitative result is required theisolin the

Sttt Oy 06S RAfdziSR IyR LXFGSR 2dzi F2NJ G4KS
assessing many potential tactic agents quickly, a high throughput version of the chemical in
well assay has also been developed called chemicalin->well assay?® which has been

used b identify previously unknown chemotactic agents for {JRncludingL-malic acid

and bromo succinic acid
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Figure2.1.3 lllustrations of the three predominant techniques used for bacterial taxis studieg).
swarm/swim pate assay; depending on the concentration of agar uddildle) the qualitative
version of the chemical in well assay and the almost identical chemical in plug Bssym) the
capillary assay
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The swim and swarm plate assays are another agar platedbas¢hod frequently used to
study energy taxis and chemotaxisbacteria, including in MR 384 The setup for swim

and swarm plates is almost identical. Briefly, a small volume ¥1df highly concentrad

oF OGSNAI adzaLISyairzy Aa Wil K bd.8%dR Swimiplaieor (i K S
between 0.3to 1% for swarm plates)plate containing a known concentration of the
chemical of interest. Th@remiseis that the bacteria introduced into the soétgar will
metabolise the chemical of interest in its vicinity resulting in a concentration gradient which
the bacteria can travel up by chemotaxis if the chemical is a chegtractant or by energy
taxis. Depending on the specifics of individual experitmersually the swarming/swimming

of the bacteria outward from their origin can be monitored as increases in turbidity
(sometimes seen as concentric circlds) other experimentswhere the might not be a
noticeable difference in turbidity, if the chemicaf interest undergoes a colour change
(e.g. yellow to clear in the case of reduction of riboflavin byMRhen this can be used to

indirectly monitor the bacteria swarm boundary.

In addition to the traditional capillary assay and agar plate techridaestudying bacterial
chemotaxis a range of in house experimental -ge$ and commercially available
microfluidic based chemotactic chambers have been adopted. For exaNgs¢sonet al 2
developed an in house spectrophotometric set up and used it to assesi kRtic
responses to a range of electron acceptors and carbon sources. The main body ofupe set

is a plastic tube with a top end and a bottom end. The top end can be sealed off with a cap
holding an agar plug (containing the chemical to be tested). Just beneath the top end is a
small entrance in the wall of the tube for insertion of the dipping prab&rimeter which
measures the optical density of suspension close to the agar plug. The bottom end is sealed
off using a cap fitted with an @ing. Once the tube has been filled with a bacterial
suspension of defined Qf.mand tube entrances sealed upjith agar plug and dipping
probe in place, the QdynmOf the suspension at the plug end can be monitored in real time.

If the plug had been applied with attractant, one would expect thedglRat the plug end

to increase as the bacteria swim up the atttant gradient created from attractant diffusing

out of the plug and into the suspension. ComgzhAto most plate based assaywhere
frequently only a single end point measurement is takéng set up byNealsonet al is

suited for the collection of realime measurements throughout the whole experiment

whilst keeping the technique simple and accessile

Commecially available chemotaxis chambers are used quantitatiestiier as a primary

technique oras a secondary technique to validate results obtained from trausicor

O
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experimental technique$” & The generalayout for a basic chemotaxis slide mounted
chamber has 2 reservoirs connected by a thin channel. Once both reservoirs have been filled
with media (excluding the chemical of interest), a gradient of the chemical of interest can
be created in the connectg channel by adding a small volume of the chemical to one of the
reservoirs before adding the bacterisample into the opposite reservoir. The connecting
channel can then be monitored for the transmigration of bacteria towards the chemical of
interest, (in the case of chemoattractant)and compared against controls with no

chemoattractant or repellent added.

Although therange of toolsfor monitoring bacterial taxitias grown and diversified since

' f RSNRa OF LIATEFNE | YR Iplaé téthnigiies and capill&ydssyslj dzS&a > 0 2 (
are still wildly used for taxis studies. Regarding-MRixis studies they have been the
predominant technique used” 8% 818384 The continual use of agar plate techues is a
testament to their simplicity and accessibility. As mentioned, the agar plate techniques also
give quick results antave sensitivities to both attractants and repellents!. As with all
techniques, the agar plate methods also have drawbaCker the last decade the have

been numerous reports of discrepancies between ggate based techniges and other
techniques!’”- 88588l most notably the quantitative capillary assay developed by Adtlat

[l and described above. These discrepancies leet lai [ to assess the validity of the
chemical in plug assay using raimemotactic mutants of MR andH. pylori and found the
assay to give false positives for both species under certain condif®dnghe unreliable
nature of some agar plate technigudss encouraged researches to utilisecondary
techniques alongside agar plate techniquesuch as the capillary ass#¥, microfluidics
chemotaxischamber ! or in house custom made deds €°, Bl |n addition to the
mentioned issues with agar plate techniques, the extensively used capillary assay developed
by Alderet al 8 was repored to give unreliable results. For exampleet al % had to
discard results obtained by the capillary assay, for calculating oteetis constants required

by their model, because of duhis values given by the assay.

The techniques detailed in thigectiongive a backgroundn the principal technigues used

in bacterialtaxis studieswith a focus on MRL.. Most reports regarding MR taxis, including
towards electron acceptors and electrodes have been carried out using these techniques
described hereThe one technique not covered in tlsisctionis video microscopy, which is
covered inchapter 4 where it was used in conjunction Wwitelectrochemistry for

investigating the rol®f flavinsin MR1 taxis towards electrodes.
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2.2 Electrochemistry
2.2.1 Background

9f SOGNROKSYA&GUNR o6S3ly Ay (GKS mtnnQa .6A0K
Thisled to a series of )@eriments employing large friction machines for generating electric
WELI Nl aQ 6KAOK 6SNB LI aaSR (KNRdzAK 3JlaasSa
Although many interesting phenomena were observed during these experiméiats
example the generationf ozone), scientific understanding of the processes causing these
phenomena did nofprogresssignificantly until the turn of the century. The gre@vante
Arrheniusattributes the accelerated advancements in electrochemistry made during the

My nn Qarto Gafanilahd his infamous experimentation with frog I€§f$.In 1780
Galvaniet al applied a spark to the exposed nerve from a pais@fered frog legs. Galvani
noticed that the spark was immediately followed by a subsequent kicking of the legs, as if

the frog were alive. From these observatipasid a series of similar experiments, Galvani

SEGNI LRE I (SR G(KS (i KSwhiskBwalargely dcobpied byt the Sdieific NA& OA § & £

community at the time but not by a young Volta who had his own theory as to how the
electrodes caused the leg to kick. Disagreement between Volta and Galvani led to a long
standing rivalry, which has been altuted to the invention of the voltaic pile by Volta.e.

the invention of the first battery)and also to advances made by Galvani which laid the

foundations for electrophysiolod§?..

Electrochemistry is the study and applion of phenomena that relate to the interaction
between electrical and chemical effects. An electrical current can be both the cause of a
chemical change or conversely the product of a chemical change. By applying a potential
across a electrochemicakystem, one can initiate desirable chemical reactions like the
splitting (electrolysis) of water into hydrogen and oxygen for energy storage.
Electrochemical techniques are applied extensively in industry, for example electrolysis in
aluminium production, @ctroplating surfaces for preventing abrasion or corrosion, and for
signal transduction in bisensord®. Alternatively, and more relevant to this thesis, one can
probe a system in a variety of ways by controlling the potential (voltammetry) or current
across the system whilst monitoring one or more variables.egxample, while keeping a
fixed potential acrosstwo electrodes one can measure the subsequent current
(amperometry) resulting from electrochemical reactions on the electrode surface. Because
the current is directly related to the rate of a redox reactiong can use a technique known

as chronoamperometry (chronoamperometry is a type of amperometry which itself is a type
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of voltammetry) to obtain kinetic information on a chemical reaction of interest.
Measurable variables are not just restricted to ele@liparameters such as potential or
current. It is common to couple electrochemical techniques to other analytical techniques
such as spectrophotometry, in which case the measured variables may include absorption
spectra collected whilst controlling the paitial across a system of interest. Such coupling

of techniques can be useful for studying reaction mechani€ins

Instead of monitoring current as it varies with time at a specified constant holding potential,
one can scan through a range of potentials at a constant rate and measure the current as a
function of potential, in a technique known as linear swegtammetry. By performing
consecutive scans in opposite directions, with the second scan beginning where the first
scan endsone can obtairadditional information about a system, for example if a certain
electrochemical reaction is reversible or not.iditechnique is known as cyclic voltammetry

and is not exclusive tjust two scan procedureasany number of scans can be used. For
example to determime the stability of an electrocatalyst it is not uncommon to apply

hundreds of consecutive scafis.

2.2.2CyclicVoltammetry Overview

Cyclic voltammetry(CV)is used widelyfor both qualitative and quantitative analysis of
electrochemical system&. Its strengths are in its simplicity, availability and rate at which
results can be acquired. To interpret the resulting curfpatential (-E) curves from CV
procedures one must first develop a l@msinderstanding of the fundamental chemical and
physical processes involved at the electrode surf&&é.was used extensively throughout
the projects covered by thithesisand during this chapte€Vis employed as an example
electrochemical technique forexplaining fundamental aspects of electrochemistry. A
qualitative overview of the processes taking place during a simple CV procedure is outlined
below. Highlighted electrochemical processes from this description are subsequently
evaluated in a more quaitative and rigorous manner including derivations of the equations
used to model and explain electrochemical phenomdfar. reference purposes some of the
electrochemical terms used throughout this section are defined at the end of this chapter

(2.2.9EledrochemicalDefinitions).
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Reference electrode Working electrode
e.g. mercury- e.g. carbon rod

mercury sulphate
<«—— Counter electrode
e.g. platinum wire

Vessel containing sample

» Solvent.

Electrolyte.
electrochemically active
species .

Y VY

Figure2.2.1Cartoon of asimplethree-electrode electrochemicaet-up. An open beaker is acting as

the electrochemical cell vessel. Alternatively, a specifically designed vessel can be used as the
electrochemical cell which oaallow for temperature control, stirring, purging and to have the
sample sealed from the outside (e.g. to create an anaerobic environment). It is also common to place
the electrochemical cell inEaraday cage to reduce electromagnetic noise.

A standardelectrochemical systemfigure 2.2.1) consists of two or three electrodes, a
solvent (e.g. water), electrolyt¢e.g. an inert salt), and one or more electrochemically active
species. The hypothetical system used here for describing CV has one fulgfievBeq £

Sx + €) electrochemically active speciSsthe entirety of which is in its reduced forGeg,

and is at a concentration far lower than the electrolyte. As mentioned above, a CV
procedure consists of two or more potential scans with eadbsequentscan beginning
immediately after the previous scan and starting at the end potential of the previous scan.
When scanning a potential in the positive direction, fr&to E, only background current

is measured until reaching the vicinity B, (formal/midpoint potential of specie§), at
which point the current begins to rise above the background level. On moving further
towardsE, the overpotentiakisesleading to an increase in the rate §fq oxidation, and at
some point, the rate is highneugh to result in zero concentration 84 at distance 0xg)

from the electrode surface. At this point the rate of reaction, and therefore current,
becomes limited by mass transport, which reaches a maximum rate prior to decreasing as

the depletion eféct starts to prevail and the diffusion layer widens. Because of an
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SaasSydAalrtfe WERYmkhebulkDOtionBaieSvMllidRay@Nihig Fandard
experimental timescaleshe a significant flux oB8eq towards the interface and thus a
current, albeit an exponentially decreasing one. This creates the characteristic peak seen in
many CVs. On the reverse scan, initjalere is a sharp drop in oxidative current as the
driving force for oxidation decreases. On approach to the formal p@terfscanning
towards negative potentials) almost all of spectat the interface is in the oxidised state

Sx (generated from the forward scan). The rateSQf reduction will therefore overtake the

rate of Seq Oxidation to produce a net negative camnt even while the rate constant for
reduction is lower than that for oxidation. On reaching, and passing the formal potential the
rate will continue to increase, prior to levelling off and decreasing assthis depleted at

the interface. Unlike the favard scan, because the is no bulk concentratioigfthe will

be no continual influx. Thus, instead of an exponential decay to a point significantly
above/below zero current(determined by mass transport processes), the reverse scan will

decay towardghe background current.
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Figure 2.22 Idealised cyclic voltammogram (CV) for a fully reversible electrochemical species along
with concentration profiles and potential energy curv@ep leftis the standard current vs potential
CVplot. Top righttime domain plots for the appliedpotential and resultant current (below)Left
middle depicts the concentration profiles of the reduce@d) and oxidisediue) form of the redox
active species during the forward/oxidising scan with reference to the numberadsoon the CV(

to 4). Right middle through to right bottom depicts the concentration profiles during the
reverse/reducing scar(to 7). Left bottom depicts potential energy curves for the numbered points
labelling the CV1(to 8) during the forward andeverse for the reduced state and oxidised state with
fermi level electron from the electrode.
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2.2.3 The @argingQurrent

Not all the current measured in a CV procedure is from the electrochemical species of
interest Bven in cases where the system cointajust the electrochemically active species

of interest there will be a degree of background current. Without significant concentrations
of impurities the dominant contributor to background current is the charging current.
Applying a potential step fromesting potential to a more negative or positive potential
across two electrodes immersed in a reservoir of aqueous electrolyte, without any
electrochemically active species present, will not cause any electrons to transfer between
the electrode and thedution, (i.e. there is ndaradaic current), yet a current will still flow.

On applying the potential stefln MHE), the current will jump instantaneously from zero to

a level determined by the applied potential and electrolyte composition. If the pakig
0KSYy KSftR AYRSTFAyAGSteEe (GKS OdINNBYy -FIgNIKRI RED I
current described is known as the charging current and is present irrespectiazaofic
processes. The charging current is the result of rearrangeneitke electrical double layer

at the interface between electrode and solutid?¥. To set the electrode at a certain
potential charge is moved into the electrode either as electron& (¥ &) or as holes (iE >

B). In response, the electrical double layer the interface, rearranges to allow more
counter ions to move closer to the electrode surface, effectively shielding the charge on the
electrode. To keep the potential at the set value, more charge must move into the electrode
which manifests itself as theontinued current observed (movement of charge = current).
More counterions will again move towards the electrode and increase the local excess
concentration further. The increasing excess concentration of counter ionstiaefore,

order is countered ¥ thermal effects(entropy)to increase disorder and homogenise the
concentration of ions. The extra charge attterefore, current required to keep a constant
potential, decreases exponentially because of the increasing resistance provided by entropy
to further shielding by counter ions. Eventually a steady state is reached once the energy
required for further rearrangement of the double layé€to increase the local counter ion
excess concentration), reaches that of the electrostatic attraction from tlerge on the

electrode surface.
2.2.4 TheDepletion Hfect

The depletion effect is a mass transport phenomenon which gives the characteristic shape
to iEcurves seen in CVs of reversible redox reactions. The depletion effect can also be

observed during asimple potential step chronoamperometry procedure of a system
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containing electrochemically active species. Applying an oxidative over potential to a system
containing one fully reversible electrochemically active spe@esf( Sx + € in its reduced

state Seq, results in the oxidation ofeq into S« at the electrode surface. If the oxidation
overpotential is high enough and the electron transfer rate is fast, then effectivef gt

the electrode surface is immedidyeoxidised toS,, thus the concentration ofSed] at the
interface is effectively zero. Because the ET kinetics are much faster than the delivery (flux)
NI S 2 Beq,(WHHCNIB dekefnined by mass transport), mass transport becomes the
limiting factor for the reaction rate and therefore the measured current. Mass transport
encompasses multiple phenomena and is described in more detail later. For simplicity
this example system, the rate of mass transport is determined solely by diffusionafehe r

of flux due to diffusion of a species from pomtto X, is therefore directly proportional to

the concentration gradient of that species betwernandx 6 A @S & CA &uafich T A NA
2.2.3). Consequently, the current is also dependent on the eatration gradient. IfSeq
continues to oxidise immediately upon arrival at the interface it Is inevitable that the
distance between the electrode surface, where the concentratiofged] = 0and the bulk,
where the concentration remains at its initiafalue, will increasefigure 2.2.3. This
increasing zone between the two extreme concentrations is known as the depletion zone.
One can see fronfigure 2.2.3that the wider the zone becomes with time, the lower the
concentration gradient. It is this de@se in concentration gradient which is the cause of
the depletion effect angdbecause the rate of diffusion is dependent on the concentration
gradient, as described bjgure 2.2.5 the flux along with the current will decrease with

time.

f
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Figure2.2.3. Concentration profiles for the oxidised state of a hypothetical reversible redox species
shown at four different times. Starting system at time zer) (ith all species in the oxidised state.
The next time point displayeth, represents the concerdtion profile after a short duration at a
highly reductive potentiak, relative to the species formal potentied' At potential &, the rate
constant for reductiorkreq, far outweighs the rate constant for oxidatidax, such that the rate of
oxidationis negligible, thus the concentration of the oxidised species is essentialy zero. Time points
two t2 and threets, represent progressively longer durations at potenEalWith increasing duration

at B, thereis a widening in the diffusion layer/ depieh zone along with a decrease in concentration
gradient, resulting in a reduction in flux.
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Figure 2.2.4 Concentration profiles for potentials ranging from reductive and oxidative extremes
with respect to the formal potential of a hypothetical revelsilsedoxactive speciesin the reduced
state A.
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2.2.5Mass Transport

Mass transfer encompasses effects due to diffusion, migratma convection. The term
migrationrefers tothe movement of charged species in an electric field and is controlled by
electrostatic effects due to charge differences, rather than concentration differences which
control diffusion. Thus, neutral species are not affected by migration, whilst for charged
species the extent of the effect is dependent on the rest of the systemtgehdifference

are generated at the electrode surface by redox reactions of the electrochemically active
species moving electrons between solution and electrode. To compensate the charge
difference counter ioe must migrate towards the electrode. Countens include both
electrochemically active species carrying an opposite charge and electrochemically inert
ions (from the electrolyte). The ratio of a charged electrochemically active species to the
electrochemically inertcounter ions which must migratetowards the electrode, is
proportional to the concentration ratio of the different counter ion species. Thus, in the
case where the electrochemically active species concentration is negligible relative to the
electrolyte counter ion, the proportion of théotal counterions migrating toward the
electrode is also negligible, whilst the totmimber ofcounter ions required is dependent

on the concentration of electrochemically active species involved in the redox reaction. This
means in cases with excesseetrolyte, the overall effect of migration on electrochemically
active species imsignificant and almost all the mass transfer of electrochemically active
species is caused by diffusiamd convection Convection refers to fluid flow caused by
natural censity gradients or forced flow from stirring, vibrating or bubbling. If the system is
not stirred, kept still (free from vibrationsgnd the temperature of the whole system is

maintained constanteffects from convection can be broadly ignored.

2.2.6Hckd® Lawst Diffusion

Mass transport dominates the characteristics of electrochemistry performed on
conventional electrodes at high potential differences (relative to the equilibrium potential of
the electrochemically active species). In many cases, #inge$t contributor to mass

transport is diffusion.

CA 01 Q& ¥ A N& lequitibng 2.223Tcand dsdddpirdlateythe dulk eh« (mol-s
Lem?), of species=at locatione and time ¢ with the concentration gradient, via the

diffusion coefficienty—. The diffusion coefficient is a species (i.e. species size relative to
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solvent) and system(i.e. temperature, pessure, viscosity eX), dependent constant

related to the average distance moved per direction change (step, sizd)average time

between each direction change. The larger the diffusion coefficient is for a species, the more
rapidly this species will fiise. In ann-dimensional system the diffusion coefficient for a

particle is related to the particles mean squared displacer@ntﬁby equation 2.2.1, from
9AYAaAlSAYyQa Tl Y2dza PN IRYKSNPEYAYY IRYARIAY.
LISNF2NXYAY3I RAYSyairz2yl f elohfding @efdldwing yhits ®Athe] Qa T
diffusion coefficient & 7<.e. cn¥-s?). The diffusion coefficient_can also be related to

temperature using the StokeSinstein equatior?*,

Equation2.2.1 o 2°mo y—yéi\y NBfFGAz2y (42 CAO1Qa ¥
8C,(xt) 8%C (xt) () Jx+da,b)
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active speciesi the oxidised staté\ close to an electrode set at a highly reductive potenBal At

time zero {o), prior to the application of a reductive potential, the concentrationAadt the interface

is the same as the bulk concentratioBa(to,Xo) = G*). Thenext time point displayedi, represents

the concentration profile after a short duration at a highly reductive potenialrelative to the

species formal potentiaf’ @At potential &, the rate constant for reductioked, far outweighs the

rate constant for oxidationkox, such that the rate of oxidation is negligible, thus the concentration of

the oxidised species is essentialy zatdhe interface
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separatirg two sides. On the left, gpositione, there isd _ e number of=molecules,
whilst on the right, at positiom Ye, there isll_ e Ye number of=molecules. If all
molecules are continuously moving at a rateYeffY €and can only mee left or right, with
a 50:50 probability of moving in either direction, after eathinterval, the net flux through

the plane of areal from left to right, using positiom for perspective, is given Bquation

2.2.2.1 One can then multiple both sd byi%, and replace the amount$_ with
concentrations = by substitution with 4_ =\ Ye , to get equation 2.2.2.2
Rearrangement oéquation 2.2.2.2results inequation 2.2.2.3 which can be simplified by
applying tre diffusion coefficientr— yy—: Additionally, itYe andY @approach zero, then

2yS Aa STl cepuatkn228.01 Qa FANRG fl1 g o

Equation2.2.2.1 0 oo

Equation2.2.2.2 0 ofd .

Equation2.2.2.3 0 oo .

¢

Equation2.2.3 0 ofd O

CAO1Qa TFANRG flF¢ LINPOARSE F YSGK2R 2F OFft Odz I (7
species towards an electrode surface from a concentration gradient but does not describe

how the concentration gradient changes over a distance between twotpaih known

concentration or how the concentration at a location changes over time. To model the
OKFy3Ay3 3IN}RASYG 208NI+ RA&aGFYOS 2N GAYS 2yS§ NE
derived from the first law. Using the same model as before but giging a thickne® o to

the plane separating left and right, one can calculate the difference between the flux

entering the plane on its left sidkeh«, with the flux exiting from its right sidée

B §« The change in flux over the distafesgives the chage in concentration per unit of

time for betweene ande M e(equation 2.2.40 ® ! LILI A OF G A 2 yequation CA O]l Qa FA |
2.2.3) to equation 2.2.4then results in Flicks second lagg(ation2.2.5.7).
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geometry.Planar electrodes werenainly usedin this thesis angquation 2.2.5.1has been

derived for such electrodes where diffusion is linear. Wire electrodes were also used during
GKS (KS&aAaa TFT2NJ Gl EAa aitddRASa KSNB cadiqQa as$s
based on a cylindrical sade to yieldequation2.2.5.2

¢
0«
0«

Equation2.2.5.2 (0] -

In a situation where the mass transport of electroactive spesijesccurs purely by diffusion
(e.g. A is a neutral species, or the system contains excess elgtdrand there is no
stirring), and the diffusion coefficient remains constant throughout any concentration
changes (e.g. The bulk concentrationfois dilute), then a direct relationship between the
flux and current is formed. The current is the ratestdctron transfer, which is proportional

to the rate of redox active species arriving to the electrode by the numbeir electrons

transferred per reaction, thus the relationship is giverelyation2.2.6.

Equation2.2.6. oM — ©
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2.2.7Derivation of the Nernst equation

The Gibbs free energy is a measure of the thermodynamic potential of a system, and gives
the maximum possible work that can be extracted fronsystem to its surroundings.
Whether or not a system will change its state from stat@or example the oxidised form of

a species)ito state B (for example the reduced form of a specieg)ontaneously, is
determine by the Gibbs free energy Afand B. If state A is of a higher energy level ah

state B, then the system may spontaneously move towards s@tom A %, Systems
move from higher energy states to lower energy states by discharging energy, either
through releasing heat (decreiag enthalpyH) or increasing the entrop$ of the system.

The relationship between systems energy levéle. Gibbs free energy) with enthalpys

and entropy] is given byequations 2.2.7, for a system at any given momefi2.2.7.1),
changing sta¢ at a constant temperatur&fﬂ (2.2.72), and under standard state conditions
Y13(2.2.73).

Equation2.2.7.1 ‘O 0 YY

e
@]
e
o)
<
<

Equation2.2.7.2

e
Q
'~<‘<
e
S
<

Equation2.2.7.3

¢ K Standardstate free energy of reactid¥n D)xsthe change in free energy for a system
under standard state condition#. gives a measure of how far away, and in which direction,
from equilibrium a system under standard statonditions isSandard stae conditionsare

a set of conditions for which stateslated properties have been determined and can be
used as a reference point for calculating the same state related properties astandard

state conditions. The standard state conditions for an aqueous solution of reactant and

product species requireall species at 1 M concentration and a pressure 6P,

The ratio between the activityeffective concentration)of a product and a reactant, or
reduced state and oxidised state in the case of an electrochemical system, gives the reaction
guotient (Q). By comparing the reaction quotient with the equilibrium constévitkof a
system one is able to predict if the system will move towards the reactarttsegproducts

or, in the case of electrochemistry, if a positive or negative net current will flow under
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specified condition®”. ¢ KS GSN¥Y | OGAGAGe NBFSNA (2 | YSI
and is used to substitute concentration where the properties of a species in a real solution
diverge from K G 2F +y WARSI{Q az2ftdzZiazyo ¢KS | OlA
concentration by an adjustment factor known as the activity coefficrett account for
RAGSNAESYOS FTNRY |y WARSIfQ aeadaSyeo Ly ARSI
infinitely dilute solution, thus no interaction between molecules of a species occur. In a real
solutionthe molecules of a dissolved species will bhat spaced infinitely apart and thus a

degree of interaction (attractive and repulsive)will exist between molecules. In certain

cases the concentration and activity are essentially equivalent, althougie thre many

instances where the value for actiyiand concentration depart significantlt high ionic
concentrations a phenomenon known as ion pairing becomes relevant, here oppositely
charged ions associate as loosely bound pairs, resulting in a decrease in free ionic species
and therefore a lower déctive concentration/activity. In general, the accuracy declines
significantly with concentrations > M, and calculating theeaction quotient using only
concentrations is no longer a reliable methodn these caseshe mentioned activity
coefficierts (5) must be applied to convert the concentrations into their respective activities

%81, The reaction quotient for the homogenous syste@les b SRxf " Skyb S2eqd (Where

h i ," And_, represent stoichiometric moles) is giveneiquation 2.2.8.1, whilst equation

2.2.8.2is for the heterogenous systemSyx +W & N Seq, Where the electron®\S eabe

fermi level electrons from the electrode surface and assumed to have an effective
concentration of onelt is important to note that only components in the gaseous or
agueous state appear in the equatiohny component which is a pure liquid or a sp{&lg.

electrode) has an effective concentration of one and therefore omitted from the equation.

. ¥ o} o} o)
Equation2.2.8.1 0 5 5
Equation2.2.8.2 0 2 QO ° o %l‘bﬁ ;’—

The reaction quotient for a system that has reached thermodynamic equilibriequial to
the equilibrium constant Y X A systemsequilibrium constant isdirectly related to the
systemsstardard-state fee energyEquation2.2.9.3& figure 2.2.6), thus variables that can

alter the free energy, like temperature and solvent choice, also determine the equilibrium
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constant®, The relationship between the Gibbs free eneq® and the standarestate
Gibbs fee energy is presented ifigure 2.2.6 The equation for the relationghi(the line
equation) is given iequation 2.2.9.1°8, whereRis the ideal gas constanfifiol*-K') andT

is the temperature in kelving.

fr-reermeree. 1 +86 [romrrmmrrremees
: :
] s il I
] ]
: :
] +  Equilibrium ]
i AG=0 i
i i
] [}
] 1
: !
- +In(Q)
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i i
] ]
] IF ]
' i
l— —————————————— & AG . e o e e e e o, J

Figue 2.2.6 Relationship between Gibbs free energy and the reaction quotient for a
thermodynamically reversible reaction. The Y intercept gives the value for Gibbs free energy under
standard state onditions (i.e. activities/concentration of reactants and products is equal to 1)xThe
axisintercept is the point at equilibrium, where the systems energy is minimipe@(@) and the
reaction quotient is equal to the equilibrium constai)).(Here theihe crosses the-axis where InQ)

>0 (i.e.Q> 1), indicating a state with more product than reactant is thermodynamically preferential
to a state where the concentration of reactants is higher.

Equation2.2.9.1 YO YA 'Y'Ya ¢ 0

At equilibrium¥ ~ and |F L, resulting inEquation2.2.9.2from Equation2.2.9.1
Equation2.2.9.2 T Y@ Y'Yag O
Rearrangind=quation2.2.9.2for S'/-" JgivesEquation2.2.9.3

Equation2.2.9.3 Y@  Y'Yag D
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The potential difference across two electrodes inedactrochemical system is correlated
with the tendency for the electrochemical reaction to take place and indicates how far away
the system is from equilibrium (the smaller the potential difference, the closer the system is
to equilibrium). As mentionedthe change in Gibbs free energy for a process specifies the
direction and extent a thermodynamic process will spontaneously mgwe reach
equilibrium). The electrical potential\{) of a thermodynamically reversible electrochemical
system is directly relate to the Gibbs free energy of reaction. More specifically the
electrochemical cell potential is equal to the changdrae energy per mole of electrons
transferred.Equation2.2.10.1& 2.2.102 give the relationship for any moment anchder
standard stateconditionsrespectively. Heré stands for theFaraday constant ashn for the

stoichiometric number of electrons involved in the reaction.

Equation2.2.10.1 YO ¢ 00

Equation2.2.10.2 y'a ¢ "QD

Substituting fobv’ﬂ J, inEquation2.2.9.3with Equation2.2.10.2 givesEquation2.2.11
Equation2.2.11 €Al Y'Ya g U

Substituting forygJand Y+ in Equation 2.2.9.1 with Equation 2.2.10.2 and Equation
2.2.10.1respectively, giveEquation2.2.12.1

Equation2.2.12.1 £ ’'00 & 'QD Y'Ya £he 'O™ ¢ QD YYa ¢ O
RearrangingEquation 2.2.12.1 for , leads to the famous Nernst equatiofEquation

2.2.12.2, which describes the relationigh between the potential at any moment with the

standard state potential via the reaction quotient.

Equation2.2.12.2 0O Q@ —atd

8 O

Equation2.2.12.3 o a a € Qb

at25xcM0 Q) —=—& ¢ "Qb
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The Nernst equabin is arguably one of the most useful equations in electrochemistry and
has wide ranging applicatior®!. For example, it can be used to relate equilibrium cell
potentials to concentration gradients across biological membranes, or to agdether a

given reaction will go to completion under a given setcohditions, or to evaluate the
extent of complexation for an electrochemically active iohn important factor in
determining the potential for many electrochemical systems, not mentioned thus far, is pH.
From the Nernst equation it is easy to perceive tielationship between the electrode
potential and pH for proton coupled reactions where the concentration of profétiswill

factor into the reactant quotient along with concentrations of other reactants and products.
At potentials outside a variable mdow, determnedby the system, water is broken down in

a process that effectively generates protons at oxidative potentials and consumes protons at
reductive potentials. Because applying a potential can affect the local pH and the pH in turn
can affect te measured potential, in systems with proton coupled redox reactions,
artefacts such as crossovers can be observed in CV with highly oxidative or reductive

potential limits.

2.2.8Kinetics
2.2.8.1 The Arrhenius Equation

The rate of reaction at the elecde (and therefore current) is controlled by both mass
transport and the electron transfer kinetics. At low overpotentials the net rate of reaction in
one direction is determined almost completely by electron transfer kinglicthis potential
region therelationship between rate and potential is explained adequately by models for
electron transfer. At higher overpotentials the reaction rate becomes limited predominantly
by mass transport and the rate of reaction does not represent the electron tranafer r
The potential window wherein electron transfer kinetics are visible can be broadened by
stirring or employing micro electrodes to mitigate the effects of mass transfer (i.e. delay the
potential at which mass transfer becomes limiting). However, the @ reaction will

always be restricted by mass transfer at high enough overpotentials.

To explain the differences in rates (kinetics) of reactions one requires a model which can
predict experimentally observable phenomena. Several such models have beelopkd,
including relatively simple models that can predict relationships within certain limits, along

with more extensive models which are more accurate for a greater range of conditions, but
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are more complex. For example, the Buti&slmer model provids a relatively simple yet

useful way of predicting rates from electrode potentials. In comparison the more complex

model developed by Marcus predicts some significant phenomena observed experimentally

YR AYLRNIIFyYyGfe SELX I AYRBKSNESDINE K2 H NN AT EN2
developed byGerischer® hasproven especially useful for explaining electron transfer in
aeadsSya dzaAy3a aSYAO02yRdzOG2NJ St SOGNRRSa® DSN
electrons can transfer from any occupied energy state of a donor into an unoccupied

overlapping energy statef@anacceptor®®,

The kinetic models outlined in thichapter all incorporate the concept of a heightened
energy state(transition state), required by the reactants before a reaction can occur. For a
reversible reaction, regardless of the difference in free energies between reactants and
products, the grond states of both reactant and product are considered to have energies
corresponding to local minima, separated by an energy barrier between the two states as in
figure 2.2.7. The rate of reaction is then determined by the height of this energy barrier
relative to that of theground states €nergy of activationEa or Gibbs free energy of
activation¥7 ). The relationship between reaction rate const&rand activation energga

is an important one which any kinetic model must address. An historicaléyam,
empirical derived, approximation of this relationship is given by the Arrhenius equation
(equation 2.2.13.0®7, HereX (the Arrhenus constan) is a frequency factor, commonly
thought to be representing the frequency of attempts a system makes to overcome the

activation energy barrier.

Equation2.2.13.1 Q " Q

- yd ygd
Equation 2.2.13.2 Q "2

o— 1 y d
Equation 2.2.13.3 Q e

Activation energy can be substituted by the change in enthalpy from ground state to
activation/transition state and entropy factored in to givguation 2.2.13.2 and thus
equation 2.2.13.3 %8l HereYq%is the standard free energy of activatioliy 9is the

standard enthalpy of activation and|“ is the standard entropy of activation.
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The relavance of the Arrhenius equation is not just isolated to reaction kinetics, it can also
be used to model other thermly induced processes such a® ttemperature dependance

of diffusion coeficients and biological processes in foods (for predicting shelffitesjhe
Arrhenius equation has proven practicaly very useful and has provided the foundations for
more detailed models in the form of Eerings equation and transition state theory. The
Eering equation is very similar to the Arrhenius equation but addressess previously
oversimplified factors. For example, the pegponential factor in the Arrhenius equatios

a simple constant yetin reality, the pre-exponential factor is not constant, althought the
variations are difficult to observe experimentaly. In the Eering equation, thexpenential
factor is broken down to reveal a temperature dependance in &iuito the exponential
temperature dependance. The Eering equation can be derived using transition state theory

as detailed bellow.

Tiee energy \G\

Figure2.2.7 Cartoondepictingan idealised, multidimensional potential energy surface of a reaction
system. Here, only tliee dimensions have been used but many more dimensions could be used,
depending on the reaction system. Each dimension, in addition to free energy, represents a different
parameter of the reactants/products and their local environment, such as vibratemelies, ligand
bond lengths, solvent polarisation and orientation, bond angles within the reactant molecule, etc.. In
this cartoon, a specific bond anglg) is represented by the-axis, and a specific bond lengiy) by

the y-axis. A plane has beeraged through the least expensive path between reactant ground state
(ga) and product ground stategé). The 2D plane representation of the potential energy surface has
free energy as the -gixis and a reaction quotient for the-axis (). The reaction quaent is an
abstract variable, representing the original mudimensional parameters, i.e. bond length and angle

in the cartoon depicted here.
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2.2.82 Transition statgheory

Models used to explain variations in electron transfer kinetics between differgaction
systems usually involve the concept of a transition stateepresentative of the previously
mentioned heightened energy state required for conversion of one stable state
(reactants) into another stable stateB (products). The transitiorstate1 is considered a
temporary state in between reactant& and productsB that shares characteristics with
both. For example, the redox systes g z | , including a transition state could
be writen as= g 2z 1 @ 2 1 2z | or simpy as=z 1 z |,
where stateA is inclusive of the fermi level electron from the electrode surface and the
oxidised form of a redox active species and stie the reduced form of the redox species.
The forward rate of reaction; can be calculated, either using the concentration of ground
state reactants[A] multiplied by a rate constank: (equation 2.2.14), or using the
concentration of the reactant species in the transition stfté multiplied by a frequency
factor[ f(equation 2.2.15. The frequency factcl jdetermins the probability a molecule

in the transition state will relax into the product ground state.

Equation2.2.14 b Qo6
Equation2.2.15 O Q1
Equation2.2.16 pd L

Whilst A is in equilibrium withB, A and B must also be in equilibrium with. The forward
equilibrium constanti‘i between A and1 is given byequation 2.2.16 Rearranging
equation 2.2.16for 1 and substituting intoequation 2.2.15 leads toequation 2.2.17.1

Equations2.2.14& 2.2.17.1can then becombined to giveequation2.2.17.2

Equation2.2.17.1 0 @ 6 0¢

Equation2.2172 08 '@ 809ma "Qo¢
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The fequency factorl jcan be aproximately treated as the molecular vibrational
frequency, in which cai 4is given byEquation 2.2.18.1 Here
constant, is the temperature in Kelvin anfA & t t | y |.Qubstitdiggyfcxl} kiry d
Equation2.2.17.2with Equation2.2.18.1 leads toequation2.2.18.2

| is the Boltzmann

Equation2.2.18.1 R —

Equation2.2.18.2 Q0 —of

Becaus@éA is in equilibrium withl , the thermodynamiequations2.2.7.3+ 2.2.9.3become
relevant and can be applied to the Gibipse energy of activatioﬁ’“d(equation32.2.19+
2.2.20.7). Combiningequations2.2.19& 2.2.20.1leads toequation 2.2.20.2

Equation2.2.19 yo Yo vy

<
=%

Equation2.2.201.  ¥d  Y'Yd¢rmo? Q
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Equation2.2.202 YO WY YYd¢rpasd

Substitution ford 9in equation 2.2.18.2 with equation 2.2.20.1 or equation 2.2.20.2
results in theEyring Equatiortequations2.2.21.7). Thegeneral form of the Eyring Equation
is Equation 2.2.21.2 which one can see is of a similar format to the Arrhenius equation
(equation 2.2.13.%c). The Eyring Equatiois frequently used for describing the variance of
temperture and was funamental for development of transition state theoR?. The pre
exponential factor of theEyring Equatiorcan include a transmission fact@mwhich takes
the value between zero and one. The transmision coeficiampresents the faction of
transition states, arising fro'A© 1 which convert intoB as aposed to relaxing back info
The transmission efficiency is frequently assumed to ®@24, thus avoiding the requirment

of the extra preexponential factor.
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_ yd yd
Equation2.2.21.1 Q —aQ Q
Equation2.2.21.2 Q —Q

For the reversible reaction between sta#eand B (A + € ¥ B), the forward rate of reaction

Vi, is related to the concentratiop— h< of reactantsA at the electrode surface at
time « by a rate constank:, by equation 2.2.22.1 As notedpreviously the rate is directly
related to the current. HereuF represents the anodic current for the oxidation process. The
net reaction ratevne: from state A to B, by taking into consideration the rate of reaction in
the reverse direction,, is therefore given bgquation 2.2.22.2 Rearrangment ofequation

2.2.22.2for ; results irequation2.2.22.3

Equation2.2.22.1 0 Q6 o —,

Equation2.2.22.2 0 O 0 Q6 M Q6 — 7 Ty

Equation2.2.22.3 N Q0 Q ¢0W0s M Q6 mo

If the electrode potential is at the systems formal poteny [, and the system can
equilibrate, then p_ Hh« g ha f Aa g WA« and ¥79_ Y39 (figure
2.2.9. Increasing the electrode potentigby Y, causes a concurrent increase in the
relative potential energy of electrons at the surface of the electrode. The shift in electron
potential erergy is proportional to the change in electrode potential dnyuation 2.2.23

wheres is theFaraday constant.

Equation2.2.23 "0 00 O
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A change in electrode potential is also related to the free energy of activdijoequation
2.2.241, for the reactant side (statd) andequation 2.2.24.2for the product side (stateB).
Idealised reaction cordinates of the discussed syster € e¥ B) are illustrated irfigure
2.2.8 here the relationship between applied potential and free enenfjyactivation (and
thus reaction rate) can be visualised. The transfer coefficiestdependent on the shape of
the systems potential energy surface at the transition state. It is easy to seefigone
2.2.9, that the value ob is always between @nd 1 as it is a ratio which attributes the

effect of changing potential between the activation energy of the reactants and products.

Equation22241 Yd Y¥d | ‘@ ©

Equation22242 Yd ¥d p | 00 ©

AG*, = AG, - aF(E-E°) | DG = AG* g, + (1-0)F(E-EY)

i

Standard free energy (G)

FE-E) | AGO N
~N

59 USE Y.

da a*e Qs

Reaction co-ordinate (q)

Figue 2.2.8 Potential energy curves representing the example electrochemical systene@ B),
depicting how the transition state models relate changes in applied potential with the free energies
of activation)7-"dand the free energy of retion )7-" . Thered curve labelledA represents the
summation of energies for species A and the electrode electron at the fermi level corresponding to
the applied potentialE The dasheded line representsA and the electron at the fermi level
correspanding to the systems formal potentié' ¥ Theblue line is the energy curve for the product

B. The area around the crossover point between A and B, covered by the grey box is enlarged in
figure 2.2.9
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Figue 2.2.9 Enlargement of the area surrounditige crossover point, covered by the grey box, in
figure 2.2.8to give a visual interpretation of what the transfer coefficientepresents in the
transition state model. Heré and . are the angles of intercept for thé& and B energy curves
respectively. If =, , the intersection is symmetrical and from the equation in the top left corner one
can see that will equal 0.5.9°(E) and g"(E'f*are the crossover (transition state) reaction-co
ordinates for potentiaEand the formal potential & f’respectively.

As discussed previously, when the relationship between a reactions rate constant and the
free energy of activation isatived, either empirically or using transition state theory
09&NAY3IQa SldzZ GA2y 0 2y S Sy, Reguatdeid.2.85 wihkre | y | NI
X ais the preexponential factor. The free energy of activatif® can be substituted with

the standard state free energy of activati&fmd, usingequations2.2.24.1and 2.2.24.2 for

the forward and reverse reactions resultinggquations2.2.26.1and 2.2.26.2respectively.
Contributions to the resulting activation energy at potentja(¥Y [ from the formal
potential f ) can be separated into those inherent to the system and independent of
changing potentials, represented by the standi@aate constant, and the part determined by

the potential. Thusequations2.2.26.1and2.2.26.2can be rewritten asequations2.2.26.3

and 2.2.27, where the potential independent portion @&quations2.2.26.1and 2.2.26.2is

simplified into the standardate constan Further substitution of both2.2.26.3 and

2.2.27 into equation 2.2.22.3 yields equation 2.2.28 otherwise known as the Buttler

Volmer equatiorwhich describes the current potential relationship.
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. y d

Equation2.2.25 Q'@

yd — yd
Equdions2.2261 Q ‘& u O 'aa 0

y d _ vy d
Equations2.2.26.2 Q ' &Q u 0 ey 0
Equation2.2.26.3 T wQ
Equation2.2.27. T o
Equation2.2.28 Q &¢CLO MOQ 6 mdQ

The ButtlerVolmer equation is used extensively for solving problems related to

heterogeneous electron transfer. The standard rate cons_; uf an electrochemical

values

system is a measure of the electron transfate at the working electrode. Lar
indicate the rate of electron transfer is fast thusn changing the electrode potential,
equilibrium will be reached rapidly and the system may be referred to as fully reversible.

Systems with |

values have high activation energies which slow down the rate of
electron transfer and result in irreversible electrochemical behaviour. Electrochemical
systems with alpha valuesclose to 0.5have symmetrical rate changes on varying the
potential, either side of the formal potential, for the forward and reverse reactions. If the
transfer coefficient value diverges significantly from 0.5, either towards 0 or towards 1,
the forward and reverse kinetics take on a lopsided character. For an eleetrochl

value but atransfer coefficient value of ~0.8ne can

see from the ButtleiVolmer equation(equation 2.2.28, that only small overpotentials are
required to reach large reduction curren{@ssuming no ®@&ss transport limits), whilst much
greater overpotentials in the opposite direction would be required to reach equivalent
oxidative currents. The cause of this effect can be visualisdijune 2.2.9 where the
relationship between the transfer coefficiemtand the distribution of energy, from changes

in applied potential, to the activation energies of the forward and reverse reactfon
determined by the relative steepness in potential energy surfaces of the reactant and

product states.
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2.2.83 Inner ard Outer Sphere Electron Transfer

Thus far no detail has been given to the mechanisms of electron transfer between
electrodes and redox active species. Developing accurate mechanistic models for electron
transfer reactiongprovides an advantage famderganding why certain reactions are faster
than others. Without addressing the mechanistic aspect of readtioetics,one cannot
expect to derive a realistic kinetic model for predicting electrochemical phenoniéree

are two distinct mechanisms by whicdlectron transfer between reaction centres is
achievedjnner sphere and outer sphere electron transfer. Both can occur simultaneously in
the same reaction system although one will usually dominate. If the example reaction above
(i.,e.A + ef B) followsan inners sphere electron transfer mechanism one would expect to
find a strong interaction between the species and the electrode. This strong interaction can
be facilitated by sharing of a ligand between the redox species and the electrode to create a
ligand bridge. For example inner sphere electron transfer duringOlH oxidation on a
YSNDdzNE St SO0 NP RD)Ican Akfsab strohgl Itoythie meérdury AndJct as
bridge for electron transfef®l, Orbital symmetries between reaction centres atite
bridging ligandprovidesa pathway for electron transfer. A key feature of inner sphere
electron transfer, and whatlifferentiates it from outer sphergs the making and braking of
bonds requiring a strong interaction between donor and acceptor. In the case of outer
sphere electron transfer thre are no strong interactions between reaction centres or a
convenient®ridgeto facilitate electron transferly 8 § S R L2t I NA &l A2y 27
solvent molecules play a central role in forming a transition state. Energy must be supplied
to the reactants (e.g. through the transfer of thermal energy from solvent molesj to

reach the higher energy transition staielncreased energy allows for reorganisation of free
solvent molecules in the outer shell in addition to small changes in the bond lengthsrof

B. The energy required to reach the transition state frdne reactanf? ground state is
determined by a crossover point where characteristics such as bond lengths and solvent
orientation are in a feasible, but unstablstate for both reactants and products. At this
point, once donor and acceptor orbital energiare equal and overlapping, electron tréars

may proceed via tunnellingf.
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2.2.84 MarcusTheory

Central to Marcus theory is the Fra@ordon principle. According to the Fra@krdon
principle, Eletron transferbetweenthe electrodeand redox active specigfn the agueous
phasé, occurs instantaneusly, relative to the timescales involve in nuclear motion, and
without absorption or emission of radiation. Thus, energy levels for the transferring electron
on the donor and acceptor must overlap and the reacting species cannot undergo any
structural clanges (e.g. ligand bond length shortening or lengthening or rearrangement of
associated solvent moleculegjuring the electron transfer process. Consequently, at the
point of electron transfer the reacting species must exist in a state that is vialheand

without the transferring electrof’®

From themodel proposed by Marcus, as with previous models, an Arrhenius style equation

(equation 2.2.29, canbe derived to relate the kinetics (rate constant) with the free energy

of activation. Here the prexponential factor is broken into three parts as oppddo just a

frequency factor as in the Eyring equation. Included is a precursor equilibrium constant

L e (equation 2.2.30, referringto § KS 02y OSy G N} GA2y NI dGA2 2F aLSO
LRAAGAZ2YQ |G GKS, giths GaderdhB&ogendall FEactions) to the bulk

concentration —. A nuclear frequency factos, related to attempts at overcoming the

energy barrier and determined in part by bond vibrations and the kinetic energy of

associated solvent molecule$he electronic transmission coefficieaL.which gives the

probability of electron tunnellinggevents which is primarily determined by the distance of

the species from the electrode surfalg.

yd

Equation2.2.29 Q OR0NQ

Equation 2.2.3Q 0 i

=2

As with previous models, Marcus theory depicts the reaction occurring Harailtonian

surface(i.e. potential energy surfacefollapsig the dimensions of the Hamiltonian surface

Ff2y3 GKS LXFYS NBLNBaSylAyd (GKS Ap&ttanth SAGQ 6f 2 6§
and stateB (product), allows one to map the reaction progress in terms of reaction co

ordinate A. For a system involvin outer sphere electron transfer, assuming the
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electrochemically active species in stakeis at a fixed position from the electrode, the
reaction ceordinate is varied by fluctuations in vibrational and rotational motion of the
species and alterations ithe position and orientation of solvent molecules. The standard
free energyfor A (2) and B (y ||) isassumed to depend quadratically with the reaction co
ordinate Aasshownin equations2.2.31.1and 2.2.32.1for state A and B respectivelywith

7= A- set as a reference poini.¢.— A ), so that the activation energy fothe

forward reaction )‘{’-"ﬁ) is equivalent to thestandard free energy foh (72) at the transition

state coordinate &7 (ie.Yyg - &) ©% In equations 2.2.31.1and 2.2.32.1

force constant relating to changes in bond lengthiletha_ and 4 are the equilibrium

atomic configurations for statd and B respectively.

Equation2.2.31.1 O nR - N N
d
wuy  2.2.31.2 ond - % A
Equation2.2.32.1 oR - 13 N YO
d w
Wy 2.2.32.2 o - /4 oq YO
Equation2.2.33 _ - N N

Equation2.2.34

In the caseof the electrochemical example systerfh + € £ B), the potential energy
surface curve representing the reactants is the sum of the energies for oxfdantl the
electron, at the fermi level corresponding to the applied potenkaffrom the electrode.
Thus, the curve representing the products (stBjein this examplgs just the energy curve

of the reduced specieghe electron transfer between the electrode and accepting species
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A occurs at the transition state, denoted by the crossover of energyesuat thereaction
coordinate &7 (figure 2.2.9. At the transition statg— a" ¢ 47, one can solvain
eguations2.2.35from equations2.2.31.2+ 2.2.322. Keeping the same reference as stated
above(q— A- ), SO thati’-"ﬁ 1= A7, one can then derivequation 2.2.36 with the
re-substation ofequation 2.2.35for 4%, into equation 2.2.31.2 Applying the reorganisation
energyf (Equation 2.2.33 to equation 2.2.36 yields equation 2.2.37.1 and substituting

3 F F for¥Yq intoequation2.2.37.1gives2.2.37.2

The reorganisation energy X is the energy required to make the changes in molecular
configuration from the ground state reaction-codinate (a-) of reactantAto the productB

ground stateco-ordinate (a). The energy attributed to reactant specig§ configuration

Ff GSNY GA2ya Aa GSNYSR {f KWhilsttheyegeRyNor SAVENNE | YA 3l A2y

arrangement and polarisation is the outer reorganisation eng¢rgy

Like all models reality has been simplified and for a real system the free energy of activation
is affected by more than just bond vibrations and solvent orientation. Free energy is also
involved in getting the species to the correct location, for examisleoverconing
electrostatic effects. To take into consideration extra contributions to the free energy of
activation additional work terms: _and<« | for A and B respectively can be included into

eguation 2.2.37.2to yieldequation2.2.37.3

Equation2.2.35 nd 2
Equation2.2.36 vy — p ——
Equaton2.237.1  Yd - p -
Equation2.2.37.2 Yd - p ——

Equation2.2.37.3 Yd - »p
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Marcus theory can be used to estimate the transfer coefficierand predict how the
transfer coefficient depends on the potential. In comparison the earlier Butler Volmer
model was only able to incorporate the transfer coefficient as a factor dependent on
potential but has no basis for predicting the way in which the coefficient is rel&temm

figure 2.2.9one can see that the free energy of activation for the forward reactib”ﬁ‘d) is

related tothe transfer coefficient by equation 2.2.38 Rearangement ofequation 2.2.38

and application ofequation 2.2.37.2leads to equation 2.2.39 which can be used to
estimate values fothe transfer coefficient . Another notable predictiorderived fromthe
Marcus modebf electron transfeiis the existencef an inverted region which is reached for
certain systemsnvolving veryhigh driving forcesetween states As the free energy of
reaction increases(High energy state foA relative to B), the free energy of activation
decreases, thus the reaction ratecreases up until the minimum poirferossover point)
where the free energy of activation becomes effectively zero. After this point, on increasing
the driving force further, the activation energy begins increasing dertain reaction
systems resultingn a reduction of the kinetics. However, once the crossover point has been
reached in an electrochemical system the kinetics will plateau. Unlike a redox reaction
between two individual molecules with discrete electronic energy states, bulk electrodes
effectively have a continuum of energy states. Consequently, even past the crossover point,
energy states where the energy of activation is zero still exist and maximum kinetics can be

maintained.

y y
Equation 2.2.38 yd | @@ o o | -

Eguation 2.2.39 - —
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2.2.9Electrochemical Definitions

The following are definitions of some fundamental electrochemistry terms in addition to an

explanaton of a small set of symbols and nomenclature used frequently during this chapter.

Electrochemically active specieAny species that can be oxidiséldse electrons) or
reduced (gain electrons) by an electrode, which has been poised at the appropriate

potential.

Sandard electrode potential (E°): Thepotential of a redox system at standard state.
Standard state refers tsolutes (both oxidised and reduced forms of a species if applicable)
at 1 M effective concentration so that their activities are attynand gases at a pressure of

~1 atmor 1®Pa The standard temperature is usually3 >

Formal Potential @ % The potential of a redox couple with the oxidised and reduced forms
at 1 M concentrations under standard/specified conditions. The formtdrg@l is similar to
the standard potential except it is defined with concentrations instead of activities thus

making it a more practical measure.

Equilibrium potential &g): The potential at which the forward and backward reaction rates
are equal. At pen circuit, if a redox couple exists with an exchange rate > 0, electrons are
transferred in both directions between electrode and solution. In such a circumstance the
electrode potential at equilibrium is determideby the ratio of concentrations for the
oxidised and reduced forms of the redox active species. The following is a qualitative
explanation for how the equilibrium potential is determined by relative concentratiopat If

the electrode surface, a difference exists between the initial electrpdintial and the
potential required for the starting ratio between oxidised and reduced species to exist at
equilibrium, then the rates of the redox reactions at the electrode surface will be
unbalanced resulting in a net charge transfer between electrade redox active species.
Although the is a net conversion of species occurring at the electrode surface, the amounts
are unlikely to be sufficient to significantly change the ratio of concentrations in the bulk. If
the circuit is open, charge will buildp on the electrode surface, this change in surface
charge leads to a change in electrode potential. Alterations in electrode potential also
adjusts the relative rates of reaction for oxidation and reduction. Once the rates for
oxidation and reduction areequivalent the potential will also become stable and the

equilibrium potential is reached. The equilibrium potential is thus determined by the
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relative concentrations of reduced and oxidised species. The formal and standard potentials

are equilibrium potetials under specified conditions.

Chemical reversibilityin relation to electrochemical systems this refers to reversible redox
reactions where both the oxidised and reduced form of a species are stable to homogenous
chemical reactions in solutiomthia O2y GSEG GKS GSNY waidlotsSQ
the experimentlt is therefore possible for an electrochemical reaction to appear reversible
in one experiment, whilst irreversible with a slight variation to the experimental procedure.
For exanple, in a system containing an electrochemically active spefjestarting in a
stable reduced formSes. On oxidation 0fSeq, a chemically wstable radical may be
generatedSx". If Sx~ degrades in solution via a homogenous reaction with alifalimuch
greater thanthe time taken to complete a scan at raXe (i.e.X>> 1/_geg), thenthe XV/s CV

will appear reversibleAlternatively, if a much slower scan ratas applied which takes a
duration to completea scanthat is comparableto the degralation half-life _geq Or much
greater (i.e.Y << 1/ _geg), then the X V/s CVwill appear irreversible. Atate (Y V/s) the
majority of unstableSx~ generated at the electrode from the forward scan would have
degraded through a nocrlectrochemical reactio in solution, before the reverse
electrochemical reaction (reduction) during the return scan can take plmses little to no
faradaic current will be observable in the reverse scan. At the much fasteraeafX V/s),

the reverse scan takes place befcany significant fraction of the unstable oxidised form
can take place, thus the current peak on the reverse scan will be comparable in size to the
oxidation peak on the forward scan. Chemically reversible systems have the possibility of
also being thermadynamically reversible but do not have to be, while chemically irreversible

systems cannot be thermodynamically reversible.

Thermodynamic reversibility: A process is thermodynamically reversible if it can be
reversed by an infinitesimally small changéha driving force. If a system at stafecan be

driven forward to stateB by increasing some parametiiin the systems surroundings from

Xoto X1, and if after reversing the driving force the systems state is returned &ong with
returning X back o X, without altering anything else in the surrounding, then the system
can be classified as thermodynamically reversible. Regarding a potential scan and thinking
about the changing potential as a series of small steps rather than a continuum, for m syste
to appear thermodynamically reversible, after each potential step, the system must reach
equilibrium before the next step. Thus, at one scan rate a process may be
thermodynamically reversible but at a much faster scan rate it may be thermodynamically

irreversible.

A



56

Electrochemical reversibilitytf the rate of electron transfer between the electrochemically
active species in solution and electrode during the redox reaction is fast (i.e. the
thermodynamic barrier is low) then the reaction is classed astrelehemically reversible.
Electron transfer reactions that are in between fast and slow, relative to the experiment
time scale can be classed as quasversible. Regarding CV procedures, a gtasrsible
reaction may appear reversible at slow scaresabut give an irreversible characteristic at

high scan rates.

Examples & Nomenclature/Symbol3 hroughout this chapter various example systems are
used to illustrate certain aspects of electrochemisffile most frequent of which uses a
standard three eletrode setup, consisting of a planar working electrode, a counter and
reference electrode with a hypothetical, reversible, electrochemically active species in an
agueous system. The only other species the system contains is an electrochemically inert
eledrolyte at a concentration 100@old that of the electrochemically active species. The
electrochemically active species is given the syn®ahd has two possible redox states,
oxidisedSy designated stated, and reduceds.q, designated statd® (sometines written as

B8. The reversible redox reaction with the electrode occurs with the transfer of one
electron(Sxb B &g ! bf SEInpotential energy diagrams, stata refers to the
combined free energy of the species in staté.e. the oxidised speci€x) and to the fermi

level electronS &om the electrode, whilst statd refers just to the species in stai(i.e.

the reduced specieSeq).
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3. Effect of Surfaces on MR EET Mechanisms and soluble Iron as a

mediator

3.1Introduction

Microbial electrochemical systems (MES) interface exoelectrogenic microbes to electrodes,
and exploit them for useful applications, such kissensing, bioremediation, chemical
synthesis and energy productidn® & 18 18 Unfortunately, as mentioned ichapter 1, the
performance of MES, especially for energy production, is relatively=lolihe general
approach to increasing the performance of MES is to engineer the microtherathe
electrode surface to increase electron transfer (ET) efficiency. This requires a detailed
fundamental understanding of EET and species fromGhebacterand Shewanellegenus

have been studied extensively for this purpdse®

As described ichapter 1and summarisé infigure 3.1, MR1 hasmultiple mechanisms for
transferring electrons to extracellular insoluble electron acceptors which include direct
electron transfer (DET) and mediated electron tr@ams{DET).Whole cell (in vivo,
electrochemical studies of MR have been performed on a variety of electrodes ranging
from gold and ITO to carbon based electrdde® %4 and a range of potentials have been
reported for MET via flavins (betwee®.25 and-0.13 V vs SHE) 3l and DET via
MtrC/OmcA (between 0 and +0.4 V vs SHEY. 48 194potentials assigned toMtrC/OmcA
DETin vivoare unexpectelty high/positivewhen compared tahe in viro potential ranges

of MtrC/OmcA (between0.4 to 0 V vs SHBptained using protein film voltammetry on
multiple surfaces (including graphite, SAM modified gold and.FOY® The increased
potential assigned taMtrC/OmcADETIin vivohas been attributed to differences in the micro

environment at the microbe/electrode interfad¥!
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MR-1 Periplasmic space

Figure 3.1. Overview of the three proposecthechanisms for MR ET to electrodes. Electrons are

passed on to the outemembrane spanning MtrCAB/OmcA complex. From the MtrCAB/OmcA

complex, ET to electrodes can occur directly with or without bound flavins as cofactors (1), by long
ranged DET involviig 6 A NSaQ F2NNX¥SR o0& SEGNHzA2y&a 2F GKS 2dziSNJ YS
by flavins (3).

The relevance of the different EET pathways in MES is under debate with strong arguments
for both MET and DET as the dominant pathWay? °There is also significant variation in

the reported redox potentials assigned to DET through MtrC/OmcA as summarisadle

3.1. This variation might be due to the different electrode materials used but little is known
about their surface properties and influence on MRQ& A Y G0SNI OGA2Yy GAUK (KSY
Artyushkovaet all*%®l modified gold electrodes with different selissembled monolayers
(SAMs) and found that changing the electe surface properties leads to significant
differences in the morphology and current output of the bacterial biofilm. The EET
mechanism to the different modified surfaces was not investigated by Artyush&baeh

Here, we adapted the approach of Artyushia et al to investigate the effect of surface
properties on MRL EET mechanisms. Uksenooth gold electrodes were modified with
SAMs terminated in different functional groups to alter the electrode surface chargel MR
was then grown on the SAM modifiegbld electrodes along with pyrolytic carbon and

indium tin oxide (ITO) electrodes and the EET mechanisms were studied with voltammetry.
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's N
Working electrode - .
Potential SHE d
Working electrode potential during biofilm Growth conditions in EC cell LI E] ) assigne Reference
to DET through MtrC/OmcA
attachment (vs SHE)
Shewanella basal medium (salts,
minerals, vitamins and 15 mm
5X-A b 0.24V ’ ~0Vv tred d 104
R * lactate) buffered with 100 mm (centred around) [104]
HEPES
50 mm PBS, 100 mm lactate, 30
fi te (for initial
Carbon felt 0.1V MM Tumarate i nitla +0.2 V (onset of oxidation) [a9]
adaptation to respire on
electrode)
] - . Defined media (DM) containing
Tin-doped indium Oxid
in-cope (I$O;um rice +0.4V 10 m lactate, deaerated with | +0.05 V (midpoint potential) [a0]
N,.30°C
o —— R Minimal media (MM) including 18| +0.13V 1-0.017. V (Formal [14]
mm lactate potential)
Glassy carbon +0.24V Lshp(:;:;’f: ;ﬁfigrn;::lsfglg?‘l ~0V (onset of oxidation) [109]
- J

Table 31: A sample of the different experimental conditions used in-MEET studies and the
corresponding potentis ascribed to MR DET.

3.2 Materials and method
Cultures and media

All chemicals and materials were obtained from Sigidrich unless otherwise state&.
oneidensisMR-1 cultures were grown aerobically in LB @& 200 rpm, 16 hours) to an
ODsoonm> 1. 1 ml of this culture was used to inoculaterdlOof LB supplemented with 5@m
lactate and 25mm fumarate in a 50 ml falcon tube. The tube top was fastened shut and the
culture grown overnight (0O rpm, 3%C). The bacteria reached a maximumegafa of ~0.7

and pH of 6.2%.30 before growth ceased. Tltells were pelleted via centrifugation (3220
g, 15 min) and washed twice with 10 ml MOPS buffemaMOPS, 30nm N&:SQ, pH 7.4)
before resuspension in 5 ml of MOPS buffer. The washedlNs stored at 4C and used

as soon as possible (withir2lh) br electrochemical experiments.

Defined media (DM) contained the following ingredients (per litre): 1.5 g eENiiMelford),

0.1 g of KCI (BDH laboratory supplies), 0.625 g g@fiR@ (Melford), 0.213 g of N&Q,
0.103 g of Cagb H,D (Fisher Scientific.095 g of MgE[ACROS organics), 1.51 g of PIPES,
2 ml of trace minerals solution and 10 ml of vitamin solution. In addition to this, lactate was
added to a concentration of 16wm. The pH of DM was ~7.4. DM was sterilised by filter
sterilisation (0.22um).

The trace mineral solution contained (per liter) 1 g of ke@bD, 0.5 g of Mn@b n.0, 0.3
g of CoGto c20, 0.2 g of Zng10.05 g of NaMoOsw H20 (ACROS organics), 0.02 g 8@
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0.1 g of NiS& c20, 0.002 g of Cu@ HO (ACROS organics), 0.ap6f NaSeQuw p-20,

0.008 g of NaWQuw H20 (ACROS organics). The vitamin solution containediifggr0.002

g of biotin, 0.002 g of folic acid, 0.001 g of B6 (pyridoxine) HCI, 0.005 g of B1 (thiamine) HCI,
0.005 g of B2 (riboflavin), 0.005 g of nicotia@id, 0.005 g of pantothenic acid (Santa Cruz
Biotechnology), 0.005 g pfaminobenzoic acid, 0.005 g of lipoic acid, 0.2 g choline chloride,
and 0.001 g of B12 (cobalamin) crystalline.

Selfassembled monolayer (SAM) modified electrodes

Templatestrippedgold (TSG) electrodes were prepared as described previdtisko form
SAMs, TSG glass slides were incubated in 1 s with 1mm of thiol, either 8mercaptol-
octanol (80H) or a 57:43 mixture of-®@H and 8mercaptooctanoic acid (EOOH). Slides
were incubated in the thiol solution at ®€ for at least 16 h. Prior to usdeetrodes were

washed with isopropanol before drying under a stream of N
Electrochemistry

In general, for electrochemical experiments, a bespoke glass, single chamber
electrochemical cell, housed inFaraday cage, was used with a standard thedectrode
setup (figure 32). As the working electrode, TSG (modified with a SAM) or ITO was
SY6SRRSR Ay | LI {(RTEES lioNdr withza M riddsedl Bxpdsing an
electrode area of 0.24 cth The working electrode was placed in the electrochuaincell

along with a platinum wire counter electrode and a saturated mercury/mercury sulphate
(Hg/Hg@SQ) reference electrode (Radiometer analytical, Franédl) potentials given were
converted with respect to a standard hydrogen electrode (SHE), u€iffy mV vs SHar

the Hg/HgSQ referenceelectrode. MOPS buffe20 mm MOPS, 30nm NaSQ, pH 7.4)
continuously purged with Argon, was used as the basal electrolyte solution for all

experiments unless stated otherwise.

Prior to experimerd the SAM condtion was qualitatively assessed using electrochemical
impedance spectroscopy (EIS). EIS is an exceptionally sensitive technique capable of
detecting the presence of pin hole defects in thin films and as such isexsedsively for
determining the qualityof SAMs[! 1121 Briefly, the packing density and presence of
defects such as pin hole defects, contribute to the overall impedance of a SAM via effecting
the permeability of ions through the SAM (i.e. howKgahe SAM is)n a Bode phase plot
increases in permeability present significantdecreasesn the phase angle from 9@uring

relatively low frequencies (< ~50 Hz). If the phase angle drops markedly 8&lpthien the
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SAM is determined to be of poauality and not used in the experiment. Two or three

St SOGNRRSE 6SNB YIRS F2N SIOK SELISNAYSyids
quality then it can be swapped for another and the testing repeated.

For a typical experiment, washed MRwvas aded to the electrochemical cell to an @Bm

= 0.45. Sodium lactate was then added from a 200 stock solution to a final
concentration of 10nm (acting as the sole electron/carbon source for bacterial respiration).

To promote EET to the working electmdhe electrode was poised at +0.25 V (vs SHE). At
various time points the interaction of bacteria on the SAM modified electrodes was probed

via cyclic voltammetry. Small variations to this general method are detailed, where relevant,

in the results seatin. In some experiments a defined media (DM) was used instead of MOPS

buffer as the basal electrolyte solution.

Electrochemical experiments using pyrolytic graphite edge (PGE) electrodes followed the
same experimental method as described for TSG electroolet required a different
experimental setup. A bespoke, two chamber, glass electrochemical cell, housed in a
Faraday cage was used with a standard thedectrodesetup. The PGE working electrode
(geometrical area ~0.24 &nwas inserted, along with platinum wire counter electrode,

into the main chamber an@ saturated mercury/mercury sulphate (Hgh3®) reference
electrodewas inserted into the side chamber. The two chambers were dcanected via a

narrow glass tube, allowing for the diffusionadéctrolytes between the two chambers.

Electrochemical measurements were obtained using an Autolab electrochemical analyzer
(Ecochemie, Utrecht, Netherlands) equipped with a PGSTAT 128N potentiostat, SCANGEN
and ADC750 modules, and FRA2 frequency anafifzoerchemie). CV measurements were
routinely carried out by holding the potential at 0 V for 5 s before cycling between +0.4 V to
bneén = o0@a {190 4 I aO0ly NraGS 2F wmn 2N mnan

here were performed at 20C.
Supenatant analysis

MR-1 with an Olgonm= 0.25 was incubated for ~22 hours in 2 ml MOPS buffer witmx.0
sodium lactate on a 80OH:8COOH (57:43) mixed SAM modified TSG electrode poised at +0.25
V (SHE)To separate cells from supernatant, contents from thecEICwere centrifuged at

4500 g and filtered through a 0.22 pm polyethersulfone (PES) filter. The filtered supernatant
was analysedby voltammetry, using fresh TSG electrodes that were prepared as described

above.
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Counter electrode
Platinum wire

Large rubber O-ring

Front
Small rubber O-ring
Copper wire J Back
Working electrode
Template striped gold (TSG)
modified with SAMs. Teflon TSG electrode holder

. Holder screws

Reference electrode
Red rod (Ag/AgCl sat. KCl)
or
Mercury-mercury sulphate
(Hg/Hg,S0, sat. Na,S0,)

Plastic cell holder top

Plastic cell holder base

Water jacket
outlet B it

Water jacket
inlet

Figure3.2. Diagramof the bespoke elecbchemical cell set up that was employed in the majority of
electrochemical experiments for this chapter.
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3.3 Results

Rough, predominantly carbdmased electrodes are generally desired for MES as they
exhibit large electrochemical surface areas for mie® to interface with enabling higher
currents and thus performance. In contrast, here we have employed-siitraoth gold
electrodes to enable the assembly of wiglimed, uniform SAMs with reproducible surface
characteristics that result in low capacitas; enabling sensitive voltammetric studies of the
EET mechanism. Furthermore, to prevent complications in the analysis due to trace
elements and other redox active small molecules, a minimal electrolyte oi2MOPS, 30

mmM NaSQand 10mm sodium lactatevas used in the majority of experiments.

MR-1 was first grown overnight, anaerobically in LB supplemented with lactate and
fumarate. The bacteria from the overnight culture were subsequently washed to remove

growth medium and added to the electrochemicalls fitted with gold electrodes modified

with SAMs of either pure -Bhecaptooctanol or a mixture of-Biercaptooctanol and 8

mercapto2 OlG I yAO | OAR® . 240K SfSOGNRBRSa KI @S K@&RN
also has a negative surface charge. Fioene on, these electrodes will be designated as

neutral and negative electrodes respectively.

1.2 T T T T T T T

—— Negative SAM - Blank
—— Negative SAM - MR-1

“E 0.8} = = Neutral SAM - Blank 4
o — Neutral SAM - MR-1

E

~— 0.4 T
—

C

o |\ ST - - .
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5 00 2
O

//
0.4+ i

-0.3 -0.2 -0.1 OjO 0.1 0j2 OjS 04 05
Potential (V) vs SHE

Figure3.3. Cyclic voltammograms (Cbf) MR-1 grown on TSG modified with SAMs of either pure 8
OH (neutral surfacehlue line) or mixed 8OH:8COOH (negativeurface,red line), after incubation
with MR-1 (ORoonm~ 0.3) in 10mM lactate, 20mm MOPS, 30nMm N&SQ, pH 7.4 at +0.25 V for ~ 22
h. Baselines measured before incubation with MRor TSG electrodes modified with SAMs of 8
OH:8COOHgrey line)and 80H (dashed grey line)Allscans start at the immersion potential E =0 V
with an initial scan direction towards negative potentidigr clarity the initial negativpartial scan is
not plotted. Scan rate = 0.01 V/s.
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To encourage respiration with the elegctles lactate was used as the sole carbon/electron
source and the electrodes were poised at +0.25 V. After ~3 hours catalytic waves were
observable with onsets that differed significantly between the two electrode surface types
(at -0.2 V and +0.1 V for ¢hneutral and negative electrodes, respectivefygure 3.3),
confirming that the surface chemistry has a profound effect on the mechanism by which
MR-1 transfers electrons to electrodes. When pyrolytic carbon electrodes were used
catalytic currents were mch lower However,two oxidative signals were observed with
onsets at-0.2 and +0.1 \(Figure 3.4), suggesting each onset is due to a different EET
mechanism and that the pyrolytic carbon electrodes can support both. Catalytic currents
observed at an ongeof about-0.2 V are commonly accepted to originate from an EET
mechanism via flavins either as freely diffusing electron mediators or boundfastoos to

outer membrane cytochromes! 43 4% 118IAg expectd, when either RF or FMN was added,
the catalytic wave retained the same onset potential, but the current increased.

1_0: = =MOPS buffer
= MR-1 to an OD =0.603,

1 600nm
0.8 ] 40 mM sodium lactate
064 — 24 h incubation at +0.25 V

0.4
0.2
0.0-
0.2
-0.4-
-0.61
0.8

Current (mA/cm?)

-04 -d.2 OjO 012 0j4 0.6
Potential (V) vs SHE

Figure 3.4. Cyclic voltammograms (CW} a pyrolytic carbon electrode purged with .Aaseline of
MOPS buffefdashed black line)Addition of MRL to an Olgonm= 0.6 and lactate to a concentration
of 40 mm (blue). After 24 hour incubation at +0.25 V (SHE). All scans start at the immersion
potential E = 0 Wvith an initial scan direction towards negative potls. For clarity the initial
negative partial scan is not plotte&can rate = 0.01 V/s.
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To determine why different onset potentials were observed with neutral and negative
electrodes the electrochemical behaviour of flavin was determined with leddctrodes.

The reaction of riboflavin on neutral electrodes is reversible, indicating rapidFigtre

3.5), whereas the electron exchange between riboflavin and negative electi&itpare3.5)

is indicative of a quasor irreversible ET reaction. Tlasence of an efficient ET reaction
between flavin and negativelgharged surface electrodes limits a flamrediated EET
pathway and likely gives rise to the observed prevalence of an alternative EET pathway at

higher potentials.

2+ i
C\T-\
5 of -
£
A —
- 2 T
c
[¢)]
= —— Negative SAM - Blank
8 Ar —— Negative SAM - 10 "M RF
— = Neutral SAM - Blank
6L — Neutral SAM - 10 nM RF |

-04 -0I.2 OjO Oj2 0.4
Potential (V) vs SHE

Figure3.5. Cyclic vabkmmograms (CV) of 18M riboflavin (R 20 mm MOPS, 30nm N&SQ at pH
7.40n TSG electrodenodifiedwith SAMs of either pure-®H (neutral surfacéylue line) or mixed 8
OH:8COOH (negative surfaced line). Baselines measured before incubation withoflavin forTSG
electrodes modified with SAMs of@H:8COOH({grey line and 80H (dashedgrey line. All scans
start atthe immersion potential E = 0 V with an initial scan direction towards negative potefitals
clarity the initial negative partiacan is not plottedScan rate = 0.1 V/s.

Similar, higher potentialonsets have been previously reported in the literature on carbon

and ITO electrodes and the EET pathway is proposed to be DET through MtrGiOthcA.

104 However, as discussed above, the redox potentials of MtrC and OmcA do not overlap
GAGK (KS 2yaSi LROGSYUAIHE Q2990 KB PKEBE® ¢ KSNES
into this alternative EET pathway was carried out. First, it twaked whether the higher

potential redox wave can be attributed to a redox compound released byl NtiRo the

electrolyte. After growing on a negative electrode for about 23 hours the contents of the
electrochemical cell were extracted and the electrohygeparated from bacteria using

centrifugation and 0.22 pm filtration. The filtered electrolyte was then analysed using a
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fresh electrode(Figure 3.6). Notably the cyclic voltammogram shows redox signals at the
alYS LROSYGAILR G 60 AIKIBEY S99e¢HMg Lilat this EET pathway

involves a mediator.

02 T T T T T T T

= Blank
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0.1} .

0.0+ :
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Current (mA/cm?)

_0.3 1 1 1 1 1 1 1
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Potential (V) vs SHE

Figure3.6. Cyclic voltammograms (CV) of the growth medium used to growlNtR ~23 hours in a
MESset-up after removing MRL by centrifugation andiltration (0.22 pm)usinga TSG electrode
modified with a mixed SAM of-8H:8COOH (negative surfaced line). Baselines measured before
incubation with the growth mediunfgrey lin€). All scans start at the immersion potential E =@ith
an initial scan direction towards negative potentidfer clarity the initial negative partial scan is not
plotted. Scan rate = 0.01 V/s.

In an effort to identify the redox active compound, the filtrate was analysed witM&C

without success. To test if the redox active compound was a cytochrome the eleztnaly

filtered through a 3 kDa cff filter. However, the redox active compound passed through

the filter suggesting a molecular weight below 3 kDa. By elimination we speculated the

redoxactive compound was anorganic compound, most likely iron. Ggaloltammograms

of iron at negative electrodef~igure3.7) show a reversible ET reaction at the same onset
LRGSYdArt Fa (GKS WKAIK LRIGESYOGAlIfQ 9FEgtre LI Kgl &3 ¢
3.8) almostno redox signal is obtained. Importantlgctate causes a large change in the Fe

reduction signal leading to a more reversible Egure 3.7). It should be noted that the

reduction potential and voltammetry characteristics oflgetate are remarkably similar to

the noni dzNJ th@iGMDIJ A4 ddstribed in the literature as DET through M@GYCAL:

104]
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Figure3.7. Cyclic voltammograms (CV) of &2 FeCl in 20mm MOPS, 30nm N&SQ, pH 7.4on a
TSG electrode modified with a mixed SAM @l8:8COOH (negative surface) befored line) and
after addition of 6mm lactate plue line). Baselines measured before addition of R&@ley ling. All
scans start at the immersion potential E = Owith an initial scan direction towards negative
potentials For clarity the initial negative partial scan is not plott&dan rate = 0.01 V/s.
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Figure3.8. Cyclic voltammograms (CV)aB-OH (neutral surface) pure SAM modified TSG electrode.

Baseline of MOPS buffédashed black line)Addition of FeGlon | vh (2 | O2y &Sy i NI A
(red lines) All scans start at the immersion potential E = @&ith an initial scan direction towards

negative potentialsFor clarity the initial negative partial scan is not plott&dan rate = 0.0¥/s.
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124 = - MOPS buffer
| =——=MR-10D,,, ~0.9, 10 mM lactate
1.0H =23 hincubation at-0.25V
I == 27 min incubation at -0.25 V
E 0.8 with 14.0 nM deferoxamine
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Figure3.9. Cyclic voltammograms (CV) of MRORoonm = 0.55) in 10nm lactate, 20mm MOPS, 30
mM NaSQ, pH 7.4, measured directly after addition of MRblue ling), after a ~23 hour incubation
at +0.25 V (SHEgd line) and after addition of 14 y deferoxamine and a further 30 min at 0.25 V
(green ling usinga TSG electrode modified with a mixed SAM -@H:8COOH (negative surface)
Baselines measured before addition of MRdashedline). All scans start at the immsion potential

E =0 V. Scan rate = 0.01 V/s.
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Figure3.10. Cyclic voltammograms (C¥)a 80H:8COOH (negative surface) mixed SAM modified
TSG electrode.Baseline of MOPS buffefdashed black ling Addition of Fe@on I H h 02
concentration of 5.6 m and lactate to a concentration of 5.5 (red). After addition of
deferoxamine to a concentration of 16.31{green). All scans start at the immersion potential E=0V
with an initial scan direction towards negative potentidigrclarity the initial negative partial scan is
not plotted. Scan rate = 0.01 V/s.
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To further confirm whether the higpotential EET pathway observed on negative
electrodes originates from irchased MET, deferoxamine was added. db@famine is a
siderophore that strongly chelates free iron but is unable to dissociate iron from
cytochromes, such as MtrC and OmcA. Indeed, the addition of deferoxamine almost
obliterates the higlkpotential EET pathway, whilst leaving the smaller catalytic wave caused
by flavin MH unaffected(Figure 3.9). A control CV of the Feleferoxamine complex
confirms that this complex does not give reversible voltammetry signals on negatively
charged electrodegrigure3.10). Itis important to note that deferoxamine only complexes
Fe(IlNo dzii dzy RSNJ F SNRO6AO 2NJ YA ONR2AESANRIGIMAACR yar y2RTA (G
Fe(Ill) as it influences the Fe(ll)/Fe(lll) redox equilibHitiThe results repord here were
recorded under micreaerobic conditions. Under strict anaerobic conditions; €@®.1 ppm

using a glove box), it was observed that deferoxamine did not significantly affect the high
potential EET pathway which we attribute to the reducing dtads, decreasing the ability

of deferoxamine to complex iron. Importantly, under these strict anaerobic conditions,
addition of 90nv EDTA was still able to obliterate the high potential kgitential EET
pathway.

= 37 min incubation with
14 nM deferoxamine at +0.25 V

= = MOPS buffer
2.84 =24 h incubation at +0.25 V with 1 M riboflavin,
24 _ 10 mM lactate and MR-1 OD, = 0.5

Current (mA/cm?)

'0-8 ] T T T T T T T T T T T T T T T
-02 01 00 01 02 03 04
Potential (V) vs SHE

Figure 3.11 Cyclic voltammograms (CVW¥f an 8OH (neutral surface) pure SAM modified TSG
electrode.Baselineof MOPS buffe{dashed black line)After 24 hours incubation at +0.25 V (SHE)
with 1 pM RF, 10mm lactate and MRL at an Obbonm= 0.45(red). After additionof deferoxamine to a
concentration of 16 p and a further 30 min incubation at +0.25 V (SHE)k green) All scans start

at the immersion potential E = 0 With an initial scan direction towards negative potentiaisr
clarity the initial negative paidl scan is not plottedScan rate = 0.01 V/s.
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To rule out the possibility that deferoxamine is toxic todRn experiment was performed

in which deferoxamine was added to MRgrown on a neutral SAM with exogenous RF
(figure 3.11). No effect was obserde upon deferoxamine addition nor was an effect
observed upon prolonged incubation (> 30 min), confirming that deferoxamine, at the

concentrations used here, has no detrimental effect on-MR

12 T T T T T T T T T

o
o
—

©
~
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Current (mA/cm?)

L = Blank
1.2+ — MR-1
— MR-1, 27 mM deferoxamine

-1.6 1 . 1 . 1 . 1 . 1 .
-04 -0.2 0.0 0.2 0.4 0.6

Potential (V) vs SHE

Figure3.12 Cyclic voltammograms (CWjth an ITO electrodefter incubation with MR1 at +0.4 V
(SHE) for 21 hours in DM medium befored( line) and after plue line) addition of 27
deferoxamine and a further 30 min incubation at +0.4 V (vs .B4E¢lines measured before addition
of MR-1 (grey ling). All scansstart at the immersion potential E = OWith an initial scan direction
towards negative potentialg-or clarity the initial negative partial scan is not plott&dan rate = 0.01
V/s.

SAM modified gold electrodes are not typically used in MES nor g@esnented MOPS
buffers as growth medium. For thigason,experiments were repeated using the more
typical electrode materials, pyrolytic carbon and inditim oxide (ITO), along with DM as
growth medium. During incubation with MR cyclic voltammetry wagperformed to
examine the bacterial EET. On ITO electrodes, agutntial signawas observed with an
apparentmidpoint potential of ~+50 mV alongside a catalytic wave corresponding to flavin
MET. This higpotential signal was again confirmed to origie from soluble iron by the
addition of deferoxamingFigure 3.12). For a better comparison between ITO and SAM
modified gold electrodes experiments were also performed with MOPS buffer

supplemented with lactate and a holding potential of +0.2%Fgure 3.13). Underthese
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conditions the apparent midpoint potential of soluble iron on ITO was ~+130 mV.
Interestingly, the redox potential of high potential peaks/signals on ITO electi@dgsre
3.12) is shifted in the negative direction with respect to negatgold electrodeg¢Figure3.9

and 3.10) and pyrolytic carbon electrodggigure3.4). Redox potentials of soluble iron are
expected to depend on the electrolyte composition as many anions tiev@ropensity to
coordinate to iron. Most media used for MRcontains lactate which will coordinate to iron
but additional factorssuch as pHwill also influence the reduction potential. Furthermore,
the surface properties of the electrode material will influence the interfacial ET kinetics,

which can alter thenset of a catalytic wave.

o
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Current (mA/cm?)
B B O & o o
o)} N (o] AN o N

= = MOPS buffer
/ ——MR-1toanOD,,, =0.83and 10 mM
I lactate, incubated at +0.25 V for 23 h
17 = 30 min incubation at +0.25 V
t with 14 mM deferoxamine
T T T T T T T T T T T
-0.4 -0.2 0.0 0.2 0.4 0.6

Potential (V) Vs SHE

Figure3.13 Cyclic voltammograms (Cbfan ITO electrodeBaseline of MOPS buffédashed black
line). After 23 h incubation at +0.25 V (SHE) with-M&nd 10mm lactate (red). After addition of
deferoxamine to a concentration of 14mvuand 30 min further incubation at +0.25 V (SH&rk
green) All scans start at the immersion potential E = Qvith an initial scan direction towards
negative potentialsFor clarity the initial negative partial scamit plotted. Scan rate = 0.01 V/s.
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r )
D
Riboflavin Fe species
Dusationbt Reduction peak Oxidation peak Turnave[ onset Reduction peak Oxidation peak T”"‘”"ef onset
Exogenous| MR-1 Lactate E H potential of E : potential of
SAM Riboflavin | Incubation | present potential potential oxidation potential potential oxidation Repeats
at +200 mV| Mean Range Mean Range Mean Range Mean Range Mean Range Mean Range
80H v No MR-1 X -279.8 31 -181 4 - - - - - - - 4
80H v 1-2h v -269.5 21 -153 27 -237.8 16 - 4
80H v 18-26 h v -261 22 -100 12 -270 10 - 2
80H:3CO0H v No MR-1 X -242.5 15 -188 4 - - - - - 2
80H:3CO0H v 1-2h v -237.5 5 -178 16 -255 10 117 0 151.5 37 68 24 2
80H:3CO0H v 18-26 h v -250 20 -120 50 -231.3 18 124 4 190.3 46 85.3 22 E
80H:8CO0H X 1-2h v = - = 139 17 211 35 65.8 72 6
80H:8COCH| X 18-26h v -196.7 70 156 42 266.2 114 98.8 78 6
|80H:8COOH X ih X - - 2235 13 266.5 33 - - 2
\ J
r ™
00 ca
Riboflavin Fe species
Duration of| I Oxidati Turnover onset L L Turnover onset
SAM E)fngenm'.ls Bl lomii pmentigleak pmtenti::leak v —.I of potenti:IBak ° potenﬁgleak putt_anti.'al of Repeats
Riboflavin | incubation | present oxidation oxidation
at +200 mV| Mean Range Mean Range Mean Range Mean Range Mean Range Mean Range
80H v No MR-1 X -292.3 24 -163 1 - - - - - - - - 4
80H v 12h v -301.8 24 -132.8 26 -233.8 7 4
80H v 18-26 h v -309 50 -93.5 7 -240 6 2
|80H:8CO0H v No MR-1 X -252.5 35 -181.5 g - = - = - = - = 2
80H:3CO0H v 1-2h v -248.5 27 -168.5 35 -240.5 1 127.5 19 156.5 47 75 2 2
80H:3CO0H v 18-26 h v -217 70 -95.5 67 -221.7 35 146.3 78 155 45 105.3 32 3
80H:8COCH| X 1-2h v - = - - > 150 5 222.2 43 96.8 33 6
B8OH:8CO0H X 18-26 h v -108.7 98 118.3 94 273.8 98 50.2 102 6
|8OH:8CO0H X 1h X - = 240 30 307 24 - = 2
\ J

Tables 3.2. Tables comparingedoxpeak potential{vs SHE3ssociated with redox signals assigned to
iron (Fe) species and riboflavin (RFFpm 10 mV/s TOR and 100 mV/s ROTTOM cyclic
voltammograns. In addition to peak potentials catalytic wave onset potentials are also displayed

where applicableDisplayed alongside the mean potentiase the maximum variations between
repeats given as a rangdéncludedexperiments are limited téhose carried out usag SAMmodified
TSG working electrodegith SAMsformed usingeither 1 mv 100% 8mercaptal-octanol (80OH) oa
1 mmv 57:43 mix of 8nercaptol-octanol: 8mercaptol-octanoic acid80OH:8COOHThenumber of
repeats used to calculate the means for each type of erpemt are displayed at the end of each
O2f dzvyy a
indicatingthe addition/presence ofiboflavin/lactate whilstred crosses indicatintpeir absence.

table. L ¥
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3.4 Discussion
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Artyushkovaet al previously performed a detailed study in which the influence of the

surface chemistry of SAlhodified gold electrodes on the biofilm formation by MRwvas

investigated with electrochemistry, confocal and electron microsd®fly.Positively

charged (amineterminated SAMs)and hydrophilic surfaces (hydrotgrminated SAMS)

were found to present the most uniform biofilms. Importantly, as observed here, also

negatively charged surfaces (carboxgaid erminated SAMs) were found to support

biofilm formation, although the films were more heterogeneous. In contrast to the work of

Artyushkovaet al., who used SAMs of pure mercaptoundecanoic acid to create negatively

charged surfaces, here a mixture ofirercapto-1-octanol and 8mercaptooctanoic acid

(57:43 ratio) was used.

NA O 2 F i
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EET of MRL on hydroxyterminated SAMs (neutral surface electrodes) is dominated by MET

with a reversible ET reaction between electrode and flavin. In contrast, on carboxylic acid
terminated SAMs (negatively charged surface electrodes) ET from flavin to electrodes
0S02YSa datdaA3IAaKé GAGK | ljdZt &A ANNBOISNEAOGT
alternative EET pathway becomes apparent at higher potential. Here, we have shown that

this high-potential pathway is mediated by iron in solution. It is well known thatMé&an

use iron as a terminal electron acceptét and that iron (e.g. ferricyanide) can mediate ET

from bacteria to electrodé’® Importantly, however, catalytic waves and redox signals

similar to the ones reported here have previously been ascribedD#T through
MtrC/OmcAll* 48 104 byt this assignment needs to be-ewaluated in light of the data

presented here.

One principle reason for assigning the redox signals between 0 and 0.2 V to outer
membrane cytehromes originates from N{gation experiment$® When NO was
introduced to a biofim of MR gown on an ITO electrode the signal at +50 mV
disappeared and a new signal at +650 mV was observed. It was inferred that NO ligates with

the haems of outer membrane cytochromesausing a shift in their redox potential.
However, this same result would alsoS O2yaAradaSyid ¢AGK GKS T O

iron in solution, raising the redox potential of the iron complexes.

The question remains what the source is of the extracellular iron. The medium in the
electrochemical experiments contained only flan and lactate and therefore can be
excluded as a source. It is also unlikely that significant concentrations of soluble iron were
transferred when adding MR to the electrochemical cells since the MRvas washed
twice in buffer prior to transfer. Fuimermore, if iron was transferred with MR it would

have been immediately observable in the CV. Typically, the catalytic wave tunmenver

redox signals were not observed until at least one Wbéincubation with MRL. We
therefore propose that ironsi released from MR, either via active release (as is thought to

be the case for flavins) or as a result of cell lysis. We propose that it is unlikely thkat MR
actively releases soluble iron since iron is an essential trace nutrient fet.MRe most
likely cause of soluble iron accumulation is therefore cell lysis where iron could get released

from, for instance, iron storage proteid¥linto the electrolyte.

Although we cannot exclude DET as an EET pathaayMR1 we propose that the
al t 4GS NY I-potended signaks Ja@ Klue to iron mediated ET between-M&nd the
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electrode. We thus recommend that iron chelators, such as deferoxamine, should be used

to confirm or disprove DET mechanisms in future cham@sations of MES.

The absence of clearly distinguishable redox signals that can be ascribed to DET might raise
the question as to whether the extensive use of {lRs a model organism for EET in MES is
appropriate. However, it has been shown that MRS capable of significant DET to certain
surfaces in its natural habitat such as haemaiité 1 There hasecentlybeensubstantial

effort directed towards novel electrode materi&f8 2! and surface modifications of
established electrode materiaf$? 12°INew materials could result in more suitable surfaces

for DET with MR.. DET is generally more desirable than MET i M¥&en if the microbe
produces its own redox mediators like flaving i@scertain applicationsthe electrolyte in

MES is frequently or continuously replaced. This would lead to the constant loss of mediator

impairing the electrochemical interaction betee electrode and microbes.
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4. Havin Mediated Energy taxis towards Electrodes

4.1 Background
4.1.1 MR-1 Taxis and its3gnificance

As mentioned irchapter 1, the poor performance of MFCs has prevented their adoption as
an alternative renewable engy producer. Much of the research into MRhas been
focused on understanding and enhancing the EET processes for the development of
improved MES. The EET is essential for MESs but it is not the only factor to determine the
performance of MES. MES usingtegia capable of forming thick and stable biofilms on the
surface of electrodes are more likely to be driven by DEAn bacteria that exist
predominantly in a planktonic state and do not form biofilms or form thin and sparsely
distributed biofilms wheréMET is more prevalent. As discussed previously, DET is generally

preferred over MET for more efficient EET.

Geobacter sp, are capable of forming thick and stable biofilms on elect{bgasallywith

full electrode coverage, 285 >m thick) 1?41261and achieve relatively higlhaximum current
densities compared to other EET organisms. The dominant mechanism used by these
bacteria is DETIn contrast to Geobacter sp, MRforms relatively insubstantial, loosely
bound biofilms(typicallywith only partial heterogeneous electrode coveradel6 >m thick

[126129] 1t js therefore not surprisinthat Geobacter sp generally perform better within MFC
compared to MRL. The increased current density achieved by Geobacter sp can be related

back to having wellormed biofilms on electrodes that help to increase EET through DET.

If MR1 could form more substantial biofilms at the electrode interface, it would likely lead
to an increase in contribution from DET towards overall EET resulting in increased currents
and thus enhance performance in MFC. fEhkave been some encouraging results from
recent efforts to improve MR biofilm quality either through engineering electrode
materials to increasebiocompatibility with enhanced electrodeytochrome connectivity

and denser cell coveragé®® or engineering the microbes themselves to enhance their
biofilm forming capabilities*?®. For example, Liwet al M?% over expressed YdeH, a
diguanylate cyclasewhich catalyses the biosynthesis of -(@0-50"-cyclic dimeric
guanosine monophosphatéc-di-GMP) from guanosine triphosphate. High levels -@fi-c

GMP promotes the expression of adhesive matrix components which in turn enhance
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bacterial biofilm formation. Compared to WT MRthe strain in which-di-GMP was over
expressed formed better bidilms with a significantly increased biomass and ~2.8 fold

increase in maximum power densitsf.

Prior to the formation of biofilms on electrodes bacteria must first locate, migrate towards
and then colonise the electrode surface. Understanding the steps iwola MR1
migration towards insoluble electron acceptors would undoubtedly be beneficial for
designing improved MES with better efficiency by providing an environment conducive to
MR-1 migration towards and colonisation of the electro&nce the discovg of MR1 from

Lake Oneida in 1988, relatively little has been reported specifically on the topic 4f MR
taxis towards electrode surfaces although there has been numerous reports iioguss
MRMQa AYGSNI OGAZ2Y 6AGK Ay a2MRHzdnt cgeling adsitidn 2 EA RS &
metals within the environment3. It is evidenf MR1 did not evolve the abilityat locate
manmade electrodes and subsequently utilise them for respiration. The electrode respiring
phenotype is a consequence of developing the apparatus forspatific respiration of

insoluble metal oxides.

Details of mechanismasmployed by MRL for taxis towards metal oxides will therefore have
relevance for electrode taxis andce versa As highlighted below, taxis towards soluble
electron acceptors may also share mechanistic aspects with taxis to insoluble electron
acceptors. It is therefore useftd understand the details of MR electron acceptor taxis in
general. With regards to the literature concerning MREA taxis, a series of repoaser the

past two decaded’” 884 132 138lhas provided someénteresting findings with compelling

evidence regarding different taxis mechanisms, towards electron acceptors.

4.1.2MR-1 Hectron Acceptor Taxis

In general, bacteria achieve migration towards points of interest via chemotaxis and energy

taxis. Energy tds and chemotaxis differ predominantly in their respective sensory
mechanismsas discussed ichapter 2 Briefly, energy taxis employs a generic sensor for a

YSilFo2ft A0 AYRAOFG2NE F2NJ SEFYLXS GKS npLI 2N p.
(pmf), whereas chemotaxis uses sensors for specific molecule e.g. a carbon source or

electron acceptor®? ! Both chemotaxis and energy taxis are generally studied using

equipment, that apart from a few exceptions has not changed significantly in almost 50
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years since Aldest al developed the agar platand capillary techniques that are still widely

used today.

In aquatic systems MR is found concentrated in and around pockets containing high
concentrations of electron acceptors, such as found in sedim&ht®, in an otherwise
electron acceptor limited environment. Steep redox gradients exist at the interface of these
pocketswhich MR-1 can migrate up either directly or indirectly tetay near to locations

with abundant electron acceptorsEnergy taxis is amppealing strategy for MR taxis
towards pockets of electron acceptors, due to the wide array of electron acceptors EIR
capable of respiring on, some of which are reduced-specifically via the outer membrane
cytochromes An alternative option ishat MR1 may sensechanges in redox conditions
directly, possibly with a sensor, comparable to the Aerotaxis receptor (A&lalf, with a

Flavin adenine dinucleotidé C! 50 | 4 &2 OA I (i 3uRtSim YBAS)fdamdB, fof A 1| S Q
detecting redox statu€’l. Importantly, in the case of insoluble electron acceptorsldding
electrodes in MES), there is not necessarily any gradient of soluble molecules to allow either
chemotaxis or energy taxis. Therefore MIRnust possess othaneansfor locating these

electron acceptors.

A large proportion of studies into MR taxis bwards electron acceptors have used agar
plate assays, namely chemical in plug/well and swarm plate, as their main techiiigug-

83.84] Recently, as described @hapter 2issues have been encounteredtivthe traditional
techniques, includinghe capillary assay andgar plate based technique$he previously
identified issues with the standard tools for probing chemotaxis has encouraged researchers
to turn to other more direct techniques like video mascopy with cell tracking®?*34. This
technique can monitor both population resporsseand single cell behaviours in a
quantitative manner making it a versatile techniqgue. Once bacterial positions have been
located in the image stack making up the video bacterial traces are obtained either
manually, which is inherently tedious and time consuming, or by computational methods
usually in the form of purpose built imouse programs assembled in MATLAB or similar
environments Manual tracking is typically more accurate but not practical for large
numbers of frames and/or bacteria. The computational method, although fast and
convenient can suffer from artefagtespecially if the average path length of the bacteria
between frames is close to or longer than the average distance between individual bacterial

cells (I.e. when the cells are closely pact +/or moving rapidly).
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The use of electrodes to couple electrochemistry with video microscopy allows for more
control ove tracking experiments and can provide valuable insight inteIM&xis. With this

type of set up, MRL attachment or swimming behaviour can be correlated with the
electron transfer rate to insoluble electron acceptors in real time. If a soluble redox
mediator was to be investigated, the redox state of the mediator can be rapidly altered
close to the electrode allowing for a clear distinction between-MResponses tahe
oxidised and reduced forms of a chemical, or even form well defined redox gradights wi
the right setup ™. Harris et al 132 133 poticed that MR1 demonstrated a relaxation
between switching potentials. This effect wduhave been difficult to pick up without

having the ability to control and rapidly alter the redox state of a surface.

Inspired by the work offarriset al, an experimental platform was developathd a series of
experiments carried out in order to specHily look at the effects riboflavin has on MR
behaviour around electrodes relative to the applied potentials. $aeup was designed
with the aim to obtain high quality electrochemical measuremeantsl microscopy videos.
By extracting bacterial trajesties from the videos, individual and population level

behaviours of MRL can be analysed.

4.2 Experimental platform design
4.2.1Capillary electrochemical cell

The electrochemical capillary cell used fordRaxis experiments was originally developed,
based on the custom capillary cell constructed by Neitstom (32 133 The final capillary cell,
used in all the reported taxis experiments here, was produced after numerous design cycles.
Trial experiments usp each successive capillary cell iteration informed thdegigning of

the following iteration. A summary of the different capillary cells constructed and trialled is
displayed irfigure 4.1 In summaryiteration 1 only usediwo electrodes with no dedated
reference electrode and prevented one from poising the working electrode at a known or
reproducible potential. Additional issues related to leaking from sealed openings and
unreliable electrical connections with the fragile wiréerations 2and 3 largely solved the
aforementioned issues, including the lack of reference electrode, thighaddition of a
reservoir allowing inclusion of a conventional red rod or saturated mercury sulphate
reference electrodelteration 3 is a variation o2 which usesa custom base to enable the

use of short distance/high NA objectives including oil emersion. Oxygen diffusion into the
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capillary cell through the reservoir was the main issue with bdmd 3. In the presenceof
oxygen, MRL will preferentially travel upthe oxygen gradient opposed to any other
electron acceptoFl], and thus itpresences intolerable when studying the potential effect

of riboflavin as a mediator for electron acceptor tatigration 4 was designed around a
commercialmicrofluidic chamber and incorporate@mplated gold working electrodesin
replacement of the gold wire. The small compartment for inserting counter electrode and
standard reference electrode was sealed using a modified cap and silicog.@rrom the
analysis of trial microscopy videos, usitgration 4, in addition to responding to applied
potentials at the working electrode MR had a strong tactic response towards the edges of
the device. Threfore either a small amount of oxygen was diffusing ianirthe edges,
through the adhesive between glass coverslip and plastic top piece, or the adhesive contains
substance(s) that act as chemoattractant for {MRn dther casethis would complicate the
interpretation of any results from theetup. Iteration 5 resemblesiteration 1 except for

the addition of a separate reference wire, inserted along the side of the counter wire,
separated by a small inner capillary (fdetails of thefull setup, refer to materials and
methods).lteration 5 performed satisfatorily and produced reproducible results, although
variations in overall bacterial motility was high between experiments. The downside to
Iteration 5 is manifested as an awkward and fidddgt-up, particularly regarding the

capillary end in which must coaih 2 wires and an inner capillary tube.

Leaking of sample suspension from the capillary, through the openings at either end, was a
major cause of the high failure rate in setting up a workable capillary Tledl. leaking
originates from the wettability ofhe glass slides, to which the capillaries are fixBue un
treated glass slides wet easily grehce the area around the capillary moutecomeswet,
capillary forces exerted by the narrow gap eixigunderneath the capillary accelerates the
loss of lquid from the main capillary tube. Once flow of liquid out of the capillagg
establishedand the glass surface around the opening wettemhy attemptto seal the
openings withsilicone grease becomehitile. By pretreating the glass slidesvith a
hydrophobic coating §gmacote)before usewetting was greatly reduced, aridaking issues

became practically noexistent
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Figue 4.1 Cartoon schematics of the final electrochemical capillary cell used for video microscopy
cell tracking experiments, alongith cartoons of the previous capillary cell iterations used in trial

experiments during the development stage. Capillary cell versions/iterations are humbered one to
five in chronological order.
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4.2.2Sample preparation

Preparation of bacteria prior to wsin capillary cell experimentziginallyinvolved a series

of washes usingentrifugation (3220 g, 15 mirnd separate bacteria from culture media.
After washing the final pellet was either-seispended in lactate supplemented MOPS buffer
with or without riboflavin or minimal media. Once the capillary cell was set up with the
washed bacteria loaded initiabservations (30 min after sealitige capillary) showed little
motility of the bacteria, throughout the capillary. Over the following 5 hours of jirio
videos, using the applied potential regimes described in materials and methods, only
diminutive change was observe€onsequentlyfor most experiments too few motile
bacteria were present to obtain any meaningful results from video processing. Dtidlgy t

in which bacterial samples were dilutedf@d directly from culture with the same buffers as
mentioned, without any centrifugation and washing, a significantly higher proportion of
motile MR1 in the capillary cell was observed consistently and lavel suitable for video

processing.

The possibilityfor a detrimental effect on motility incurred through the washing procedure
was briefly explored. It is well documented in the literaté#&*%8 that centrifugation can

both damage bacterial structures, particularly those on the outer surface, and reduce cell
viability. Damage to the bacteria is not just determined by the centrifugal force applied
although it is an important factor. Container geomednyd bacerial properties (determined

by species/strain and growth phadé¥!, together with the centrifugal force determines the

damage aused by centrifugation.

To assess whether centrifugation was having a significant effect on bacterial motility three
different centrifugation centrifugal forces were comparét,000, 5,000, 10,000 glong
with a noncentrifuged control. The experimentas performed twice, each with MR

initially grown from different starting colonies.

From the three centrifuged samples almost no motile cells were observed in the main body
of the drop whilst at the border of the drops (liquid air interface) a high propo of highly
motile cells was observed. No significant difference or trend was seen between the different
centrifugation speeds. The wentrifuged control (still in original culture medium) gave a
similar result to the three centrifuged samples at timerfacial region (high oxygen) with
highly motile cells. A notable difference was observed within the main body of the control
drop where there wasa higher proportion of motile cells compared to the centrifuged

samples althoughin absolute termsthe motility was much lower relative to the edges
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where most of the cells had migrated. This experiment was repeated with no significant

difference in resuk.

As therewas no observable difference between 1000 g and 10 000 g, with a high proportion
of motile @lls at the air interface in both samples, it would sugghst centrifugation at
3220 g is unlikelto be thecause of low motility in the capillary observed after the washing
steps. The facthat the uncentrifuged sample had motile cells in the middiethe drop
(lower G concentration) could be due to the buffer/medihat the cells were suspended in.

To assess the impact on MRmotility from resuspension in different media/buffers MR

was centrifuged at low speed and-seispended in different buéfs/media (as described in
materials and methods), before evaluating motility by the same method as described for
above. MR1 resuspended in either minimal media or MOPS buffer supplemented with
lactate and riboflavin displayed motility confiheonly to areas close to the liquid air
interface. In contrast, samples -sispended in LB or MOPS buffer, supplemented with
lactate and fumarate, had a contingent of swimmers throughout with a higher proportion of
swimmers in the supplemented LB relative to the seppénted MOPS buffer. Results from
inquiries into both centrifuge induced damage or media exchange as the cause for the

observed decreased mobility are summarised qualitatiirefigure 4.2

The one consistent factor relating the samples observed witthdrigmotility in the
anaerobic capillaries to the samples in the tabliefigure 4.2 with motility in the low
oxygen regionis the presence of an anaerobic electron acceptor (fumerate). In the case of
samples diluted directly from overnight microaerobidtare it is expected only a relatively
low level of fumerate is present, assuming the majority is consumed in the overnight
incubation, which is subsequently diluteef@d before addition into the capillary tube. Any
remaining fumarate could act as a pastory bridge between ©exhaustion and any

adaptions required to respire either directly or indirectly with the electrode.
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Susianston Centrifugal | Mobility Mobility at Glass slide «——— Coverslip
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DM 5,000 : Yol vy . viewing area
DM 1,000 - V2% e s
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MOPS + lac + fum 1,000 v 24 e = drop
LB + lac + fum 1,000 v vV

FHgure 4.2 Leftis a comparison of different centrifugal forces andstespension medium on MR
motility within a 5 pL cop on a glass microscope slide and covered with a glass circular cover slip.
[RF]= 2 pL riboflavinflMOPS]=20 mM MOPS, 30nM Na&SQ pH7.4,[lac] = 50 nM lactate, [fum] = 25

mM fumarate,[DM] = Defined minimal media, [Culture media] = original micro aerobielMRiture

(LB, lactate and fumarate) after overnight incubatiph = no/negligible motility[V] = ow/moderate
motility, [VV] = high motility,[VVV] = very high motilityRightis adiagramillustrating the simple
experiment set up, highlighting the two areas used for high and lewo@centrations.

To be certain that centrifugation was not having afject on motility and that the low
motility observed, in the capillary cells was caused by the absence of fumarate or any other
utilisable soluble electron acceptor, a more vigorous investigation would be required.
Because it was possible to obtain relmesults with the current dilution procedure and

the time limited nature of the project further investigation to obtain definitive answer was

not practical.

4.2.3SAMchoice

In chapter 3it was demonstrated that thiols terminated with differing functiah groups
could be used to modify the electrochemical characteristics of a gold electrode to give
selectivity to certain redox active molecules. Bo investigaton ofthe effects of riboflavin

on the taxis of MRL towards electrodes poised at oxidatigetentials it is necessary for the
electrode to effectively rexidise the reduce riboflavin on the surface to create the
oxidised riboflavin gradient hypothesised to enhance-Mfxis towards insoluble electron
acceptors. Whilst working with the ultsidat and clean template striped gold electrodes we
reported that pure 8mercaptel-octanol SAMs gave better selectivity towards riboflavin as
opposed to F&/Fe* and its complexes, whilst a mixeen@&rcaptol-octanol: 8mercapto
1-octanoic acid SAM was nmiselective for the F¥Fe** and its complexes with a more

sluggish electron transfewith flavins(figures 3.5& 3.7).
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When comparing the mixed and pure SAMs on the Au wire significant difference
between pure and mixe@AMs jn both the riboflavin edctrochemistry and the response of
MR-1 to appled potentials above and below the riboflavin midpoint potentialas
recorded. The only difference between the two SAMS was in the case of iieeFeredox
reaction. Thegold wire with thepure 8-mercaptel-octanol SAMdisplayeda good electron
transfer couple with riboflavin buhot with Fe speciessimilar to observations made with
the clean ultraflat gold Conversely, themixed 8mercaptol-octanol: 8mercaptcl-
octanoic acid SAMhodified gold wire dislayed relatively facile electron transfer with both
riboflavin and Fe speciefigures4.6 & 4.7). As therewasno significant difference between
pure and mixedSAMsin riboflavin electrochemistrghe mixedthiol (8-mercaptol-octanol:
8-mercaptcl-octanoc acig SAMwas used in most experiments to enable observations of

Fe effects on the MR taxis response alongside riboflavin

SAM formation is very sensitive towards surface properties, including topograptly
surfacefouling 13141, When compared to TS@e surface of gold wireare expected to
have higher surface roughnes3SGelectrodes experience only very limited (<rinute)
exposure to unfiltered lab air prior to SAM formation, thus the opportunity $arface
fouling is kepto aminimum. In contrast, the gold wireas subject to prolonged (weeks to
months) exposure to the lab environment and its storage conditions prior to delivery are
unknown, thus the wire almost certainly has a relatively high degré surface fouling
compared to TSGSAM formed on thegold wire areexpected to be less compdordered

and containmore defects comparedvith those formed onTSGH. Electron transfer
between SAM modified goldelectrode and electrochemically activespecies is highly
sensitive to theSAM quality (for example the amount of pinhole defediss differences in
electrochemical behaviour between the SAM modified TSG and the SAM modifiedeAu
(25 um diamete) could be a consequence of differing surface properties. The surface
fouling could be reduce using a cleaning procedure but due to the fragility of the gold wires

(25um diameter) cleaning regimes using harsh conditions were avoided.

4.2.4Video microscopy

For cell trackingvith video microscopythe optical microscope techniqgue employed, must
provide sufficient contrast between the objects of interest (e.g. bacteria) and the
background.Huorescent microscopy itherefore often the technique of choice, although

bright field and phase contrast are also used if sufficient contrast can be obtained. Both
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fluorescence and bright field microscopy have been reported in the literature for cell
tracking experiments involving MR*3 134 For cell tracking experiments in this project

bright field microscopy was employed to avoid the requirement of a fluorescent probe.

The microscope objective magnification should be selected with two primary
consicerations. Firstlythe magnification must be great enough to clearly distinguish the
bacteria from the background with a size considerably larger than a pixel so not to be
effected by pixel noise (much more relevant for bright field mode than fluoresceite)
resolution should also be high enough to not act as the limiting factor for the smallest
identifiable feature in an image. Secondly, the objective should permit the observation of a
sufficient area. In the case of the capillary cell experiménsifiicient. means an area

size large enough to observe both an area close to the electrode and one sufficiently far
away, to establish a relationship between bacterial movement and distance from the
electrode. If the required area cannot be viewed within dreeme an alternativenethod is

to sequentially video the required areas, although this would be far from ideal farethe
experiments. Ithe fluorescent modds usedhe numerical aperture (NA) also becomes very

important, especially with low fluorescence.

Both a 40 x in air objective with a long working distance but low NA and a 60 x oil immersion
objective with high NA (1.4) were used during pilot experiments. Although Identification of
bacteria was enhanced with the 1.4 NA objective and the frame arpeav&s acceptable,

the issues caused by the very short working distance and emersion oil on the capillary
outweighed any benefit. Using the standard base for the capillary tube required flipping the
cell to obtain contact between lens oil and capillarye ™apillary face is ridlat making it
difficult to keep stable after connecting to the potentiostat cables. The emersion oil also
ends up flowing from the capillary centre to both ends and mixing with the silicone grease
sealant. Unfortunately, problemsils occur with a capillary cell base specifically designed for
the 60x obijective dell design iteration3 of figure 4.1). A special opening in the base
underneath the capillary for the lens to contact the capillary also leaves a section of the
capillary with no support. This section sticks to the oil and deforms when moving the stage.
The 40 x objective was sufficient to allow bacteria identification in images, allows for a good
size viewing area, and has a large working distance in air making it siraphark with.
Consequently, instead of continuing efforts to make the capillary celligetompatible for

use with the 60 x, the 40 x objective was used for all subsequent experiments. It is worth
noting, prior to adapting the original Matlab interpretatioof the Crocker algorithm, in

relation to the position locating function, it was problematic to locate a sufficient proportion
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of the bacteria accuratelyithout false positives from 40 x bright field videos. To provide
the bacteria more contrast and makiheir identification easier, a londistance phase
contrast 60 x objective was trialled. Unfortunately, in addition to substantial drawbacks, the

bacteria were not madé easiel. to identify over an acceptable depth.

Higher frame rates and resolutianable more accurate tracking of bacterial trajectories in

the resultant videos. With the hardware availalittevas not possible to achieve high frame
rates atacceptable resolutions and the majority of video microscopy experiments were
limited to 10 FPS ith 2x binning (final resolution 1280 x 1088} higher frame rates the
capture rate becomes inconsistent, with the actual average frame rate of the saved videos
far lower than the input frame rate. In addition to inconsistent frame rates, huge sections o
frames for up to 5 seconds were missing. This made analysis more complex and unreliable.
Large frame stacks of thinned images (2560 x 2160) resulted in excessively long saving
times > 1 hour. While videos were saving no measurements could be takeengireythe
obsenation ofany changes taking place in the hours following loading the bacteria into the

capillary setup.

Capillary cell experimentsriginallylasted ~5 hours after initial set up. During experiments it
was frequently observed thaafter the initial 3660 minutes from adding the bacterial
suspension to the capillary cell activity was very low regardless of applied potential. Over
the proceeding 5 hours activity would gradually increase with no signs of stopping/slowing.
It was therefore deided to extend the monitoring time. The experimental-sptwas not
designed for long experimental times over multiple days and it was not known how long the
setupcouldf F ad F2NJ gAGK2dzi € SIF1AYy3 2N RNipAtyd 2dzid ¢ 2
was stored in the fridge (40, between observation periods (overnight). Advantages of the
low temperature for storage include a longer doubling time thus supressing overgrowth
which can cause numerous issues. A slower metabolism preserves remainingtsudriel
keeps the bacteria alive for longer. Using the fridge for overnight storage capillary cells were
typically monitored with periodic videos for@3 days after initial setip although in some
cases this was extended to 5 or even 8 days. It is impbib note that the length of time

MR-1 would stay active for varied greatly between experiments.
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4.2.5Cell tracking

From videos stacks of images (frames) are extracted and bacterial locations identified, either
by hand or using algorithms. An examplea simple locator algorithm uses image filters to
enhance the objects of intereswhile supressing noise, prior to finding peak intensities.
Alternatively more sophisticated algorithms, which identify individual bacteria by their
shape along with theineighbours have been used in cases of high bacterial crowding where
the bacteria are moving slowly over flat surfaces either by growth or swariifntf® Once

the bacterial positions have been located in tineage stack bacterial traces are obtained

either manually or with the help of tracking algorith#],

The algorithm develop by Crocket al **°!, for submicron particle tracking, has been used

and built upon extensively within diverse fields ranging from colloidal sciences for tracking
colloidal particles undergoing Brownian motion to migi@logy for tracking seffropelled

chemotactic bacterid!4®1*44, Since the tracking algorithm was published in 1995, it has
received over 1700 citaton8 & 2 F nAMKMHK MT ,aYarggpgropation2ofF { OA S
which implement a version of the method outlined by Crocker. The #tierthe paper has

enjoyed is a tribute to the simplicity and versatility of the algorithm and resulted in its
validation in a range of varied systenit.is important to note that a modified Matlab
implementation was used successfully to generate tracesah acceptable degree of

accuracy with MR as the test organism byarriset al!**l,

The Crocker algorithm is tolerant to noise and capable of distinguishing between particles by
size This is useful when working with biological samples where debris may be of concern or
particles/bacteria in the plain of interest are obscured by out of focus particles/bacteria.
Fluorescent labelling of the particles of interest is not required with theckar algorithm

and it works well with bright field images undeterred by sub optimal contrast. Particles
moving in and out of focus can be an issue for tracking, for exarti@ealgorithm may
identify each reappearance of the same particle in the plandoofis as a new particle
NBadf GAy3 Ay 6KIG aK2ddR 068 2yS (NI O] 0502
algorithm saves the location of the last known position of particles from traces which
disappear and can identify the reappearing particle as dmaes particle so long as spatial

and temporal translations are within a specified limit. Indeed, the Crocker algorithm works
to reduce the creation of new tracks by applying a penalty to combinations in which new
tracks are formed. This is an essential ézatwhen working with highly motile bacteria such

as MR1 which are free to move in all 3 dimensions. For these reasons, and becauséesthe
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an up to date Matlabversion of the algorithm freely available, the Crocker algorithm was
chosen as the base coffer extractingquantitative results from the video data generated by

capillary cell experiments.

The actual Matlab code watownloaded as four functions (bpass.m, pkfndamtrd.m, and

track.m), from a repository maintained byDaniel Blair and Eric Dufres HpassmQs an

AYF3S FAEAOGSNE GKAOK dzaSa vYdzZ dALXS Ortta G2 GKS
produce the desired band pass, for gupssing both pixel noise and long wavelength
features (above an input length valueyhilst retaining featuresof a specified size range.
Pkfind.mQis a peak finding function for locating the origins of the enhanced features,
retained by the band pass, to pixel level accuracy.efuired an additional function
Wntrd.mCan be used to obtain sub pixel accurdépally, 'rackmdis a function for finding

0KS WY2a4Q LINRPOIFotS GNI2SOG2NASa FTNRY GKS t20F A

Subpixel accuracy was not necessary for the purposes of tracking bacteria from the videos
obtained in this project. Image rekition, feature contrast and the irregular shape of
bacteria would have made it difficult to obtain legitimate spiRel accurate particle
locations using théentrd® Yfdnction. Thusentrd.mQwas not used in the video processing
script. Originally the &ipt was built around the thredéunctions Wpass.nf gkfnd.mQ and
Wack.mQ Prior to processing video sections bpass parameters were calibrated, using a
representative image from the video, to find the best parameters for locating bacteria. Then
sectims from videos(as image stacks), along with a table containing frame times, was
processed usinthe mentionedscript to obtain sorted position lists, grouped into probable
traces and ordered chronologically. From the lists traces were plotted and exdmine
alongside the original video to check how well the resultant traces correlate with the actual
video of swimming bacteria. Unfortunately, the script using the unadulterated image filter
and tracking function was only capable of forming acceptable trates small subset of
videos. Those videos where acceptable traces were formed generally had relatively sharp
contrast with large separations between bacteria. Even under these conditions many
obvious bacterial trajectories observed in the video were missinthose tracked by the

code. In addition to missing traces numerous artefacts were observed in the plotted traces.

The artefacts and missing traces were not caused by any one single factor but instead the
result of many contributing factors. Those facgadentified as causing issues and the steps

taken to improve the processing script are outlined below.
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Boundary conditions

Zero padding is a common step in many image filtering functions for dealing with
boundaries before applying kernels over images either in real or Fourier space. The band
pass filterBpass.nQused for highghting bacterial positions, zeros the borders of the image
with a thicknesgelatedto the input feature lengthlUsually the borders imposed by bpass

are relatively thin, but If multiplecalls to bpass are required for the same imamethe
feature sizds relatively largethe effectcan become an issuén addition, the peak finding
Tdzy OliAz2zy WL FYROYQ Ol yy gtiusifaheivRorderdsOritradidcdy” a

the space available for locating positions is furthenfuced.

To have full antrol over boundary conditions and prevent border cropping or distortion, the
custom filter imgFilterF.m wasdeveloped, using the matlab fast farrier transform
implementation. A band pass function was then created using ImgFilterF.m. Briefly, a low
passfiltered image with cut off at frequency X is subtracted from a filtered image using
another low pass filter but with a lower cut off frequency Y. The resultant image is thus
made from frequencies between X and Y resulting in a band pass with upper bamdl X
lower bound Y.rhportantly the flter ImgFilterF.mdeals with boundariedy reflectinga
section ofthe bordersprior to transforming into Fourier space and applying the desired
kernel. The function does natesult in any croppingr distortion ofimage borders and gives

the user more control over the band pass rargmmpared tobpass.m.This function was
also ideal for creating precise masks and finding the borders of certain features wdiieh w
required for data processing later. The downside to fllisction, as with many custom
functions using matlab, is processing time compared to bpass which uses in built matlab
functions, althoughdue tothe benefits of the new function the extra processing time was

tolerable.

Of
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Figue 4.3 Comparison betweenhte original band pass filter (bpass.m) and the custom filter
(imgFilterF.m). Both filters where set up to achieve the same high and low cut off frequencies.
Resulting images still differ slightly due to the differences between implementations, for extémeple
kernel is applied in real space for bpass.m while for imgFilterF.m the kernel is applied in Fourier
space. The area cut from the image, processed using bpass.m, is highlighted by the difference
between the inner and outer yellow boxes around the imaggulting from bpass.m.

With the original script it was possible to locate features of high (bright spots) or low (dark
spots) relative intensity, within a narrow size range. But it was not possible to locate both
high and low relative intensities in theame image or use multiple size ranges for locating
bacteria. This is not anssue if all the particles/bacteria of interest occupy a single pkme
that they all share the same size range and relative intensity compared to the background
In the case othe capillary cell experimentthe bacteriaare free to move withira relatively
largedepth range (50 um). Depending on the plane a bacterium is in, relative to the plane in
focus, itcan appearas a darker or lightefeature in the imageln addition treir apparent

size and sharpness also varies with distance from the focal glaiseherefore desirable to
locate both light and darfeature of multiple sizestepresenting bacteriat varying depths

to include positions over a larger depth range whigh in turn increase the average trace

length.

To increase the depth in which bacteria are located the difference between the low and high
bandpass filters can be increased and threshold intensity decreased. The decrease in
selectivity resulting from tle broadening between band pass filters and decrease in
threshold intensity, inadvertently increases the frequency of false positive bacterial
locations. To overcome this, at the cost of cpu time, one can separately apply multiple band
pass filters to an imge, forming multiple processed images all with a different feature size
selected for. This method reduces false positives while increasing the proportion of correctly

located bacterial positions. Occasionally the different band pass filters identifyame s
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bacteria usually with a difference of a few pixels between them. To prevent processing
multiple positions for the same bacteripositionsfound with one band pass filtewithin

~15 pixels of a position foungasing a different parameter setre compare and the lowest
relative intensity location deletedThese changes to the process of locating bacteria were
implemented as additional logim a locator function which also incorporatea wrapper
containing® Y 3 C A f (leSasiijdpasemandW¥ LI] T ¥sRub Yufictions. An abstraction

of the process for locating bacterial positiosglescribed ischane 4.1

In all microscopy videos taken only a sudpulation of MRL were motile with a much
higher proportion of normotile bacteria. Previous investigahs involving video microscopy

of MR1 have also reported only sub population of motile cell83*134, To acquire large
Sy2dzZaK WyQ @I ftdzSa FT2N) agAYYAy3d o6FOGSNAF YR
the bacterial density had to be sufficiently high. The penalty for processing frames with a
greater bacterial density is an increase in probability for neighbouring bacteria crossing
paths and having a shorter inter bacterial distance then the distaraaeelled per frame of

the fastest bacterialnter bacterial trace tangling becomes an issue otiwe average inter
bacterial distance becomesgquivalent tq or lower than the distance searched for
consecutive bacterial locations between framéster baderial tracetanging is obviously

not desirable andeads to spurious results and longer processing times (due to increased

linking combinations).

Stationary objects withpixel intensities at the edge of théreshold applied become
identified as valid beterial locations in only a portion of the frames, appearing as transient
positions. When there are two or more instances of transient stationary positions, within
the max displacement distance of each other, artefacts emerge in the resulting traces. Even
with only one such transient point artefacts can arise from bacteria swimming past. In the
event the sensitivity for locating bacteria is too high, arbitrary positions are falsely identified
from noise, which usually is not a problem unless they occuedims transient position or

in high frequencyArtefacts usually appear as highly repeated patterns of positions within a
trace that ca be easily spotted, as shownfigure 4.4by the blue tracesSuch artefacts can
significantly impact the analysis Wiinadvertent effects on the resulting average velocity

and average swimming direction extracted from the traces.
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Figure4.4. Expanded selected area of a video frafmews 225 through to 305, columns 495 through

to 785 from a frame with 1080 rows x 1286lumns) overlaid with two sets of plotted traces from
results, obtained with the same input list of positions but using different tracking algorithms. Traces
plotted in blue were obtained using the original Matlab implementation of the Crocker algorithm,
with the max displacement set at 30 (30 pixels is the maximum valid max displacement value, whilst
using this position list and algorithm, due to excessive linking combinations). Traces plotézt] in
were obtained using the adapted Crocker algorithm @leped during this project, with the max
displacement set at 50 (although higher values can be used). The blue trace only shows trajectories
obtained using the original algorithm that were not found by the adapted algorithm. In places where
blue and red taces follow the same path, only the red trace is visible. The selected area, expanded in
this figure, was chosen due to the presents of extensive artefacts whilst using the original Crocker
algorithm and illustrate the effectiveness of the developed athamiat reducing such artefacts.

To form traces from fast moving bacteria, without creating excess linking combinations and
at the same time reduce the potential for artefacts and spurious traces, a new tracking
algorithm was developedThe new tracking gbrithm incorporates a slightly modified
version of the originattack.m(Xthe Crocker algorithm) as a sub functigin abstractlow
diagramof which has been laid out schane 4.3 The custom algorithm takes substantially
longer to process position tss compared to the original algorithm but the resulting traces
are formed with considerably less artefacts. Importantly, the custom algorithm can track
bacteria traveling at velocities over 250% of the max velocity trackable by the original
algorithm fromthe same data set. It should be made clear, that if a higher frame rate was
used for the videos or the spatial density of bacteria was lower, the original Crocker
algorithm should work well. The custom algorithms main advantatgeasable the tracking

of higher velocities from videos of a soptimal frame rate (e.g. 10 FPS).
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4 .3 Materials and Methods
Mutant strains

¢tKS R2dz0f S RSt SGA2Y n Yl MitanpoRSrobdidensigVR-1pwas Ty K { h t
obtained as a kind gift from J. butt and L. B

The p 6 Tnfitant (deletion of SO_0702 which encodes a multidrug and toxin efflux
transporter, renamed to bacterial flavin adenine dinucleotide exporter hfe) of S.

oneidensidvIR-1 was obtained as a kind gift from the J. A. Gralif¢k

Growth and media

S.oneidensisMR-1 and mutantsjf Y i NJ ka Y ©Fvre grown weekly on LB plates

from -y n c/ It eOSNRt aiz201ae {Ay3dftS O2f2yArsSa:z
to inoculate LB (15 mL) in a 50 mL falcon tube. With cap loosened, the cultures were

Ay Odzo I G SR | & R@pni, Tbh)ftofa optical densit®Dyoonm>1. A small sample

(~500pL) of this culture was used to inoculate LB {10 supplemented with 56m lactate

and 25mM fumarate in a 50nL falcon tube. To facilitate microaerobic/seariaerobic

conditions, he top of the tube was fastened shut and the culture was grown overnight (O
NLYZ on c/0® hyOS (KS RAaazzt gSR 2E&3Sy KIF& o
as a replacement electron acceptor. This set up allows for a gradual transition frotricaero

to anaerobic.

After overnight semanaerobic incubation, cultures reached @Dyonm Of approximately
0.7 and pH of 6.2%.30. In preparation for experiments, 2 mL sample from the 50 mL
cultures was dilutedb-fold with appropriate bufferto 10 ml. he buffer usé in most
experiments was MOPS buffe(20mm MOPS, 3nm Na&SQ in HO at pH7.4)

supplemented wittb0 mM lactate, with or without 2 pm riboflavin.

Capillary electrochemical cell set up

For reference, the capillary cell set up describedehisrdepicted as iterationumber 5in
figure 4.1 All equipment used in thesetup, entering the capillary cell, was autoclave
sterilised where possible or treated with isopropanol for raartoclavable itemsHigh purity
Gold(99.99+%, silver(99.99% and platinum(99.9+%wire (25 um diameter, GoodFellows),
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along with carbon fibre (7 um diameter fibres from untreated tow, GoodFellows) was used
as the capillary cell electrodeSapillary electrochemical cellgere constructed orstandard

25 x 75 mmmicroope glass slides (Fisher Scientific). Before use the glass sletes
treated, as per instructions, with Sigmac&téhydrophobic coating from sigma). Glass
capillary tubes (0.05 x 0.5 x 50 miicroslide Tube, Camlab, Ytwere placed onto the
centre of he glass slide and kept in place with two ~3 x 15 mm pieces of siageear

both ends of the capillary tube. A further, smaller capillary tube (0.02 x 0.2 x ~15 mm
Microslide Tube, Camlab, Yishortened fromits original 50 mm length, was placed otesi

one end of the larger capillary tube, with a ~2 mm section left out. The purpose of the
smaller capillary tube is to spatially separate the counter and reference wire to prevent
contact. On one side of the capillary opening/end with the smaller protgdiapillary, a
platinum wire (25 um diameter, 4050 mm long) was inserted along the gap between the
outer and inner capillary, extending slightly {31Inm) beyond where the end of the inside
capillarywasresting. Through the gap on the opposite sidettid same end in which the
platinum wire was inserted, a Ag/AgCl wire (25 pm diameter,3Mmm long) was inserted,
parallel to the platinum wire but physically separated by the smaller capillary. Both wires
extended ~15 mm into the main capillary wit@5- 35 mm left protruding out from the
capillary. If required, small adjustments can be made at this point, using tweezers and
microscope, until both the Ag/AgCl and platinum wires extend-Byrim beyond the end of

the inside capillary. Once the platinumire (counter electrode) and Ag/AgCl wire (reference
electrode) had been positioned correctlgilver conductive paint (Electrolube, HK
Wentworth Ltd, UKWwas used to fix the wires in place by liberal application ovenire
endson the outside of the gaillary in contact with the glass slide. A ~10 mm gags left
between each of the two painted areas. After ~5 min, once the silver paint had become set,
conductive adhesive copper tape strips (~ 10 x 40 mm) were firmly stuck onto each painted
area separatly, preventing any contact between them. Most of the copper tape length
protrudes out of the glass slide enabling connection to potentiosttles viacrocodile

clips.

To fill the half assembled capillary cell with bacterial suspensioproximately 1.5mL of
Bacteria suspension, prepared as described above, was transferred into a sterile 1.5 mL
Eppendorf tubeThe scotch tape was removed from near the end of the capillary with no
wires inserted and the capillary tube prised gently away from the glads wlhile still
attached with scotch tape at the other end. Under sterile conditions (i.e. under a blue

flame), with the Eppendorf in an upright position and lid wide open, the free end of the
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capillary tube is submerged into the bacterial suspension pedow the surface. The
capillary tube was filled with suspension through capillary action beforefidaremoval

from the Eppendorf. The time taken to fill the capillary varied, from a few seconds to a few
minutes With the right lighting, it was possib® see the liquid level re&s Once removed

the liquid levels caalsobe checked under microscope aridinadequate, the filling process
repeated. Once adequate liquid levédad beenconfirmed the free end was #ixed onto

the glass slide with a thinisé of scotch tape. To prevent liquid level receding due to
evaporation and to minimise delays between adding the bacterial suspension to the
capillary cell and tracking experiments, the remainder of thess#iup must be completed

rapidly.

Silicon vacum grease was applied to the opening, of both the larger and smaller capillary,
at the end where Ag/AgCI reference and platinum counter wires were inserted. A SAM
modified Au wire (25 pm diameter, 4060 mm long) was then inserted into the unsealed
end ofthe main capillary, reaching 220 mm and keeping ~1520 mm distance between

the Au wire and the reference/counter wires inserted into the opposite end. The unsealed
end, with inserted Au wire, was then sealed with silicon vacuum grease and the sefttion
Au wire extending out of the capillary, was fixed to the glass slide using silver paint, prior to
sticking copper tape onto the painted area as previously described for the reference and
counter wires. Once the silver paint is fully set (~10 mins)gaatite clips were used to
connect the copper tape with the potentiosté€hié04c, CH Instruments, Inc., Texas, U.S.A)
Thecell was placed on the microscope viewing area such that the lens is aligned with the

end of the Au wire in the capillary.

SAM moified gold wires

The most frequently used thiol solution uséa modify the surface of gold wires, prior to

their use in experimentswas a 1 m1 57:43 mix of 8mercaptol-octanol:8mercato-1-

octanoic acid in isopropandl.o form SAMs, goldires (25 pm dimeter, 40¢ 50 mm long)

were submerged into 10 mL of thiol solution contained in 15 mL disposablevigés©nce

the container cap was screwed shut the wires would be left to incubate for ~48 h at room
temperature 20¢ Hp ¢/ 0® t NA2NJ (2 dzaS Ay OF LAt € NE

isopropanol and the excess isopropanol readily evaporated in <1 min.
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Ag/AgCl reference wire

Ag/AgCIl reference electrode wires were produced electrochemically using a standard three
electrodesetup. Saturated potassium chloride in®was used as the electrolyte. A red rod
Ag/AgCI reference electrode was used as the referemzk @atinum wire as the counter.
Pure Ag wires (25 um diameter, B0 mm long) were used as the working electrode with
one end submerged by 20 mm into the electrolyte. Due to the fragility of the thin Ag wire,
direct attachment to the potentiostat cablassing crocodile clips was not practical. Instead

~ 10 mm of the norsubmerged end was attached to a strip of peptape with silver paint
Qocodile clips could then be conveniently connected via thgpeo tape. To form a layer of
AgClonthe Agwirelal2 G Sy G A+t 2F bunn Y+ 6@a !'3Ax! I/ f0 st a |
the submerged part of the wire had changed from shiny silver to a dull brown/black colour.
The wire was then removed from theet-up and rinsed with B prior to storage in sterile
plagic petri dishes with lint free microscope tissue lining (prevents the wires
electrostatically,\8ticking2o the plastic petri dishes). Just before use in the capillary cell
experiments the previously attached copper tape is cut off leajtiaggthe wirg with a total

length of 40- 50 mm.

General Experiment Procedure

All potentials are given are versus standard hydrogen electrode (SHE) unless stated
otherwise. For potentials recorded at room temperature, using Ag/AgCl wire reference
electrode in pH 7.4 differed solutions containing 3dM CI (as used in the capillary cells),

the potential versus SHE is obtained by adding 0.308 V to the applied/measured potentials.
The 34mM Clt arises from the Sold dilution of LB based media which originally contains
10dL (~171mM) of NaCl.

Once the capillary cell was fully prepared with loaded bacterial suspension visual checks
were made around the electrodes in the capillary to qualitatively asses the initial bacterial
motility using arinvertedoptical microscopeHclpse TiU, Nikon Instruments, U.Kwith 40

X air objective N.A. = 0.@nd attached to anAndor Zyla 5.5 sCMOS camera (Andor
Technology Ltd., U.K.The capillary cell was then connedtto the potentiostat(Chi604c,

CH Instruments, Inc., Texas, U.S.A)tanged on. After connecting the capillary cell wires to

the potentiostat cables, using the copper tape as a flexible conductive bridge, the capillary

cell stability and electrical connections between wimgsre checked by electrochemical
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techniques. The en circuit potential was monitored for one minute; if the voltage was
stable, cyclic voltammetry was used to check for riboflavin and a redox peak at more
positive potentials attributed to Factate inchapter 3 These redox signals were useful for
cheching the potential of the Ag/AgCl wire reference electrodes before attempting to set

the working electrode at a desired potential for video experiments.

After the stability of thesetup was confirmed electrochemically the capillary cell was left
for ~ 30 ninutes, in most cases, to allow the bacteria to exhaust the remaining oxygen and
reach a relatively steady state. A suitable (visually clear) location was identified for the
experiment using the optical microscope in bright field mode. The working elextnas

put in focus (required for the video processing), preferably with the plane of focuswaig
between the floor and ceiling of the capillary interior. Videos were taken at 10 FPS with 2 x
binning for a typical duration of 89 minutes (sing the40x air objective andndor Zyla 5.5
sCMOS came)yain parallel to a preset regime of changes to the applied potential using
chronoamperometry to record the current. Typical chronoamperometry programs used are
described below. After the videos were savedwvng times can take 20 60 minutes,
electrochemical measurements (10 and 100 mV /s CVs betw#@h to +600 mV) were
taken. Typically, a further 2 to 3 videos along with complementary electrochemical
measurements were performed. At the end of the esipent the capillary cell was
disconnected and stored in the fridge at°@ Frequently extra videos were taken on the

following days, for up to a maximum Bflays (8 days in one case).

Chronoamperometry regimes

The most common regime of applied potersiaonsisted of3 phases. The first phases had

an initial period of 60 s with & potentiostat cell turned off at thepen cell potentia(OCP)

this was to get a baseline of activity prior to applying any potentials. Phase 2 and 3 were
periods of up to 2@ s, each with a different constant applied potential. The potential
applied in phases 3 would usually be of the opposite relative figexample if a relatively
negative potential{0.3 V) is applied in phase 2, then a relatively positive potential3(¥)

is applied in phase 3 four phase regime was also commonly used, the extra phase was
between 60 to 120 s in duration and involved an applied poteot@de to or just abovéhe
midpoint potential of riboflavin(e.g. -0.15 \J. The extra phase is dated between the

original phase 1 and phase 2.
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Centrifuge and buffer exchange effect on{URhotility

50 mL of overnight micro aerobic MRculture was prepared as described. 4 x 1 mL samples
of the MR1 culture were transferred into sterile 1.5 mL Epgerf tubes. Three of the
samples were pelleted atither 1,000 g, 5,000 g, or 10,000 g id¥ minutes Supernatant

was thendiscarded,and each pellet resuspended in 1 mdefined minimal media The
remaining sample was left unchanged, to be used as &ralon5 pL from each of the 4
samples was pipetted on to separate glass slides and covered with coversliismdtiity

was then recorded using video microscopy in a qualitative manner at two separate zones
(figure 4.2, the edge and in the centre foiidh and low dissolved oxygen concentrations

respectively.

Four 1 mL samples, taken from 50 mL of overnight micro aerobid MRture, grown as
described were pelted {,000 g, 4 °C 15 minutes) and rsuspended in four different
buffers/media (either 1 rh ofdefined minimal media MOPS buffer supplemented with 50
mM lactate and 2 priboflavin, MOPS buffer supplemented with 50dactate and 25 mi
fumarate, or LB supplemented with 50vnfactate and 25 mi fumarate). MR-1 motility was

then recorded using geo microscopy as described above.
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s Duplicate check
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imgFilterF.m considered as separate
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\_ J

Schene 4.1 Flow diagram overview of the bacterial position locating algorithm. The flow diagram
gives a summary of the general procedures used by the code for locating bacterial positions from a
stack of images and tis translating the images into a list of-ocdinates with time signatures that

can be input into the tracking algorithmsseheme 4.2+4.3.



100

Input
» Ordered position list.
» Parameters.
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missing for within a trace.
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the ne?(t posIS|bIe position of a Loop start
bacterial trajectory.
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required to form a trace.

frame n and n+1, within the
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of paired positions between
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FALSE If possible combinations
I Return error. for sets of related positions
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TRUE

l
Select the most probable
Details oF linked positions combingtion of Iinkefj positions for
stored along with any the particle trajectories. The
previously linked positions combinati(?n that best minimises
of prospectiveiraces’ the total displacement between
linked pairs and the creation of new
traces is selected.

—___1
Position glssi i
selection

If position i of frame n has

i s TRUE - ;
been paired OR originates Position pool for use in

from a frame < allowed the following iteration.

Position i is
‘forgotten’.

number of missing frames.

Loop end I

Discard positions unable to
form traces of sufficient
position ‘length’.

Schene 4.2 Flow diagram overview of the original Matlab interpretation of the Crocker algorithm.
The flow digram givesan abstract summary of the general methodology used by the Crocker
algorithm for generating the most likely trajectories from a particle/bacterial position list produced
by the small algorithm outlined iSchene 4.1
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( Input

» Maximum displacement limit.
» Ordered position list.
» Parameters

Select parameters for the pre-

processing tracking run.

- Low max displacement.

- Very high missing position
allowance.

- High minimum required

\ positions to form a trace.

Tracking
Algorithm

Save slow/non-motile
traces formed from a
high number of
positions. Remove these
positions from position
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displacement value, according

to the spatial density of

positions.
Position pool.
| Loop start. I
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max disp. I max disp.
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FALSE Combinations < X TRUE
TRUE
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Tracking If max disp. <X
. &
Algorlth m Viable traces exist with

Save all traces formed and current position pool

remove positions from the
position pool, from traces |

which fall bellow a velocity -
threshold which is Position filter Position pool.
proportional to the mean

velocity of all the traces
formed from this particular
tracking iteration.

Trace sorting

Traces from all iterations are
accumulated and organised. Where
multiple traces use the same
positions, the smaller of the two
traces is deleted

Schene 4.3 Flow diagramoverview of the custom tracking algorithm developed to address
limitations with the original Matlab interpretation of the Crocker algorith8ciiene 4.2. The flow

diagram gives a summary of the procedures built around a modified version of the Crockéhaigo

F2NJ ASYySNI GAy3 GNI2SOiGi2NRASE oAGK fSaa FNILSTFOGaA

G NI 2SO0 2 Nacking MgolitBMISNBPF SNAR (2 GKS aft A3a3Kifte Y2RATFASI
algorithm, which is used here as a subdtion.
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Input
. ) » Image stack.
Pixel time trace » Frame times.

» Parameters

A 4

Intensity

Transform stack of images,
representing a specified
Time duration of video, into lists
containing frame time and
intensity values for each
pixel.

Histogram

v

Calculate spread of
each pixels intensity
values and their
corresponding
occurrence frequency.

Frequency

Intensity

\ 4

/Using the intensity frequencies, \
calculate values representing the
entropy for each pixel using the
equation for Shannon's entropy

Note

* p = probability for the 0-255
pixel to have intensity k E(x) =— Z e logp(x)]
at any one time. \ =

v

Output
Stack of transformed images,
where each pixels intensity
represents the amount of
information contained within
the pixels time trace over a set
duration.

Schene 4.4 Flow diagram overview of the custom Shannon Entropy algorithm. The flow diagram
gives a summary of the general procedure used by the algorithm for generating Shannon entropy

images fromanimage stack.
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4.4 Results

Capillary electrdaemical cells were frequently monitored overd2days. After the initial
adaption period (approximately one hour) from loading samples into the capillary cell,
bacterial motility was generally low and varied considerably between repeats of the same
conditions. Over the next & 48 hours, both the population of motile bacteria and average
velocity increased to a peak. In a few rare cases, motility was diminished almost entirely
after overnight storage. These cases typically had little motility within tret Srh after
sealing. The only indicatiaemainingof an increased activity around the working electrode,
was a buildup of stationary bacteria around the electrode, observable the following day
(figure 4.95. Of theexperiments with high motility on theirkt day, the electrode surface
frequently developed a sparse covering of loosely bound bactéigaré 4.5), a similar
observation was previously reported by Hares al % using carbn/graphite fibre

electrodes and Ms0; particles.

Figure 45. Bright field microscopymages takerat the same locatiomn two consecutive days for
two separate experimentsA#B). On day 1, prior to the image taken, WT {¥lRamples were
loaded into the capillargells. Between taking the images on day 1 anc@,dapillary cefi were
stored in the fridge at 4C for ~16 hr.Loaded sample contained MRin overnight microaerobic
culture diluted x5 with lactate (50nm) supplemented MOPS buffer wittB) and without (A)
added riboflavin.A) Duringday 1 almost no motilityvas observedBy day?2, the only sign that
bacteria motility hadprobablyincreased considerably before declining between observations
day 1 and2, was the significant buitdp of bacteria close to the electrod®) Loaded sample
contained MRL in overnight microaerobic culture diluted x5 with lactate and ribofla
supplemented MOPS buffer (lactate and riboflavin final concentrations werend@nd 2 pm
respectively). During day lbtw motility was observedomparedto relatively high motility on day
2. By day 2, MR had begun to cover the electrode, albeit sparsely.
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The first measurement taken of any experiment was the open circuit potential (OCP). This
was primarily to check that the capillary cell was connected properly, and the electrode
wires were not bort circuiting. The initial measurement was generally not a good
representation of the OCP for the system in general as the system takes a while to reach an
acceptable steady state and the OCP to become stable and hold a consistent value on the
hour time frame. Here steady state is related to when the dissolved oxygen concentration

becomes constant (i.e. after the bacteria have finished consuming the left over oxygen).

As mentioned in the methods, cyclic voltammograms at 10 and 100 mV/s were performed
after initial setup of the capillary cells and periodically throughout the experiment. Oxygen
levels were monitored qualitatively g the CVs and observed to rapidly decrease (on a
timescale of minutes) after the capillary cell was sealed. After 15 minutes most of the
dissolved oxygen had been consumed by the bacteria. The level continued to slowly
decrease further for the next 45 giidzi S& FyR F FGSNJ cn YAydziSa WS dz
reached, as determined by no more changes in the reduction level for ox¥pur€4.9).

Only samples with the additionalf@V riboflavin had a clear characteristic redox couple; at

0.2 V, correspondingotriboflavin Figure4.7). In the 10 mV/s CV. The riboflavin oxidation
appears as a catalytic wave, indicating the bacteria are actively turning over the riboflavin
for respiration. A redox couple at higher potentials (midpoint potential +0.14 to +0.21 V),
was observed in almost all samples. The potential matches that of signals assigned in the
literature to DET via outer membrane cytochromes (mtrC/omcA) although, after our own
investigation into this signatkapter 3, the author is more inclined to asnighis peak to
Felactate. In concurrence with this, CV taken johtrC/nomcA deletion mutant during
capillary cell experiments, maintains a redox couple with a midpoint potential of ~0.16 V
and clear oxidation peaks at 0.175 V and 0.22 V for 10 and 100 medfisctively(Figure

4.8). Figure 4.6 displays CVs of WT MRwith and without 10um FeCl-4H0O, the small
oxidation peak at 0.175 M the 10 mV/s CV from WT MR is substantially enhanced in the
presence of 10uM Fe, suggesting that the peak is originating from Fe complexes as

suspected.
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Figure4.6. Cyclic vlammograms (CVs) at scan rates of [E8t) and 100 ight) mV/s, recorded with
capillary cells containing samples of WT-MRn anaerobic media, diluted-f6ld with MOPS buffer
and supplemented with 50 mM lactate, withe¢l) or without plack 10uM Fe@-4HO. CVs taken ~
60 min from loading samples. The Working electrode was a gold winenfZiameter) modified with

a mixed 8mercaptol-octanol:8mercaptol-octanoic acid thiol solution. The counter and reference
electrodes were a platinum wire (38n diameter)and an Ag/AgCl wire respectiveBl sans start at
the immersion potential E =0 Vwith an initial scan direction towards negative potentidisr clarity
the initial negative partial scan is not plotted.
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Figure4.7. Cyclic voltammograms (CVs) at scan rates ofeff) &nd 100 right) mV/s, recorded wh
capillary cells containing samples of WT-IRn anaerobic media, diluted-fold with MOPS buffer
and supplemented with 50 mM lactate, withe¢l) or without plack) 2 uM riboflavin. CVs taken ~ 60
min from loading samples. The Working electrode wasld gire (25 um diameter) modified with a
mixed 8mercaptol-octanol:8mercaptel-octanoic acid thiol solution. The counter and reference
electrodes were a platinum wire (38n diameter) and an Ag/AgCl wire respectivéllf.sans start at
the immersion poéntial E =-0 Vwith an initial scan direction towards negative potentidtsr clarity
the initial negative partial scan is not plotted.
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Figure4.8. Cyclic voltammograms (CVs) at scan rates ofeff) &nd 100 ight) mV/s, recorded with

a capillary ck, containingnMtrC/nOmcA, in anaerobic media, dilutedf@d with MOPS buffer and
supplemented with 50 mM lactate. CVs taken ~ 60 min from loading samples. The Working electrode
was a gold wire (29um diameter) modified with a mixed -Bercaptol-octanol:8mercapto1-
octanoic acid thiol solution. Platinum wire (38m diameter) and Ag/AgCl wire was used for the
counter and reference electrodes respectivelgans start at the immersion potential E~8 Vwith

an initial scan direction towards negative potentidfor claity the initial negative partial scan is not
plotted.
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Figure 4.9. 100 mV/s Cyclic Voltammograms of a capillary cell over time after inoculation with a
suspension of MR diluted 5fold from overnight micreaerobic culture, using lactate supplemented
MOPS buffer. Time zerdl' (= Q refers to the moment the capillary is sealed with silicone grease. After
15 minutes most of the oxygen has been consumed by the bacteria but a small amount is present,
which slowly decreases up until ~60 minutes after sealingegn in the reduction in the CV at T = 15

min compared to T = 65 min. Between T=65 and T=160 min, no more changes are observed with
respect to reduction at potentials relevant to oxygen reductiddl. scans start at the immersion
potential E =0 Vwith an initial scan direction towards negative potentiafor clarity the initial
negative partial scan is not plotted.
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Strain Additives SAM Mean Range |Repeats
MR-1 2 uM RF 80H -163 20 3
MR-1 - 80H:COOH -19 13 3
MR-1 2 uM RF 80H:COOH -181 33 6
MR-1 10 uM Fe 80H:COOH -112 1
AmtrC/AomcA - 80H:COOH 64 127 2
Abfe - 80H:COOH -88 69 2

Table 4.1 Table comparing open circuit potentials (OCP) of WTLMRith and without added 2y

riboflavin or 10 m FeCGl-4kbh = n ORF SIEY N0 k 2 YO! @ L V-1 GCRSwef@ Iredofled2 ¥ 2 ¢
using both 57:43 80H:8COOH and 100% 80H SAM modified Au wire electrodes. OCPs were recorded
once they had become stable. At the start of an experiment the OCP drifts in one direction until
reaching apoint of relative stability. The means were calculated from n values >= 3, except for

n Y NI k2YO! whére/dRly twa répSathad been conducted and MR+ Fe, which had only

been tried once. Displayed alongside the means are the maximum variationedretgpeats given

as a range. 80H refers to SAMs formed usingvl1®0% 8mercaptol-octanol. 8OH:8COOH refers

to SAMs formed using a Imb7:43 mix of 8nercaptol-octanol: 8mercaptol-octanoic acid.

10 mV/s CV
Fe redox peak mid points [mV) | RF redox peak mid points (mV)
Reduction Oxidation Reduction Oxidation
Strain Additives SAM Mean Range | Mean Range | Mean Range | Mean Range | Repeats
MR-1 2 uM RF 80H 193.3 22 237 6 -207.7 23 -150.7 8 3
MR-1 - B0OH:COOH | 119.5 29 168.5 7 - - - - 3
MR-1 2 UM RF |80OH:COOH| 158.8 77 205.9 67 |[-2142 33 1447 28 6
MR-1 10 pM Fe |80OH:COOH| 100 - 179 - - - - - 1
AmtrC/AomcA - BOH:COOH | 127.5 25 168 4 - - 2
Abfe - BOH:COOH | 123.5 3 165 10 - - 2
Fe redox peak mid points (mV) | RF redox peak mid points (mV)
Reduction Oxidation Reduction Oxidation
Strain Additives SAM Mean Range | Mean Range | Mean Range | Mean Range | Repeats
MR-1 2 UM RF 80H 157 38 282 8 -246 12 | -126.3 8 3
MR-1 - 80H:COOH| 126 8 208 16 - - - - 3
MR-1 2 UM RF |8OH:COOH| 160.8 27 258.1 605 |-242.8 45 -123.8 29 6
MR-1 10 pyM Fe [80H:COOH| 85 - 240 - - - - - 1
AmtrC/AomcA - 80H:COOH | 150.5 31 216.5 1 - 2
Abfe - 80H:COOH| 148 14 205.5 7 - 2

Tables 4.2. Tables comparingedoxpeak potentias (vs SHE3ssociated with redox signals assigned to

iron (Fe) species and riboflavin (RFFpm 10 mV/s TOR and 100 mV/s ROTTON cyclic
voltammograns. Displayed alongside the means are the maximum variations between repeats given

as a range. Experimentisplayed were carried out using WT {¢Rwith and without added 2 m

riboflavin or 10 m FeCl4hh = no¥SX | YR n Y i NI k2 ¥iOCVdwere récorded S O & S
using both 57:43 80H:8COOH and 100% 80H SAM modified Au wire electrodes. CVs were recorded
multiple times throughout each repeat. The means were calculated from n values >= 3, except for
NYGNI k2YO! IyR no¥S 6KSNB 2yt e u-15Edigkhhaboyili a
been tried once. 80H refers to SAMs formed usingM ¥80% 8mercapto-1-octanol. 80OH:8COOH
refers to SAMs formed using a B 7:43 mix of 8nercaptol-octanol: 8mercaptael-octanoic acid.

KIR
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After ~60 minutes from loading the samples, videos were recorded in parallel to a
chronoamperometry program, to gather data on the response of differentIM&rains
(WT,npmtrC/nomcA, nbfe) to relevant applied potentials, and in the case of WT, the effects
of adding 2uM riboflavin or 10 yM FeCGl-4H,0O. Except forWT MR-1 with added Fe, all
experiments were repeatedor reproducibility. Specificallyexperiments of WT MR
without riboflavin were repated three times, experiments of WT MRwith riboflavin were
repeated six times and experiments using the mutant stains were repeated tWwatdes

4.1 & 4.2). Each repeat used a completely neat-up and the bacteria samples were grown
using a single cohy from a fresh plate (<= 3 days old). Because variation in the bacterial
motility can be high between repeats the analysed data from the WT + Fe videos is not
reported here due to the absence of any repeats. Ideally, if time permittedte repeats of
each experiment would be carried out. Video microscopy experiments with the mutants
were only carried out twice per mutant and the results obtained were consistent between

repeats.

Once videos had been processed using the tracking algorithm descrilseane 4.3, the
resultant traced trajectories could be processed further to remove effects frommotile
bacteria before calculating the average and instantaneous velocities from the trajectories or
simplifying each trajectory into vectors using their stamtd end points. Once in vector form,

the overall direction and magnitude (distance travelled) relative to the electrode can be
calculated for each trajectory. After obtaining a selection of desired parameters from each
trace the available area for which ttaria can move through was segmented into a series of
zones according to distance from the electrode surface. The range of distances covered by
each zone (i.e. the thickness) was kept equal for all zdnefigure 4.10 the zones have

been highlighted forone experiment. This enables plotting of variablssch as average
bacterial velocity against the distance from the electrode, to visualise any potential
NBfliGA2yaKALA RSLISYRIyldG 2y (GKS oF OGSNRI Qa
interest, for example directional bias of the bacterial movemecdén be compared over

time in relation to an applied potential.

LINR E A )
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Figure4.10. The image on theEFTis a representative frame of a capillary cell video experiment. On
the RIGHTis a graphical repesentation of how the area is separated into the 10 zones used to divide
data, derived from either traces or Shannon entropy, according to the origin distance from the
electrode surface (highlighted inal). Zone 1 and 5 are used in the time tracefigfires4.12 +4.13,

To visualise the relationship between bacterial velocity and motile population density with
respect to location heat maps were generated using two different intensity factors, the
mean velocity and the normalised sum of velocities. Ti@an velocity as the intensity

factor allows one to visualise the distribution of bacterial velocities around the electrode,
while the normalised sum of velocities indicates both velocity and motile population

density.

The normalised sum of bacterial veities is calculated using the sum of velocities from all
the bacteria traveling through an area, over a set duration, which is then normalised to a
specified area (lJm?). Each bacterial velocity is calculated as the mean velocity from the
o I O S Nadltrgectoryi Nier@atively, one can use the sum of instantaneous velocities
(i.e. the velocity of bacteria between consecutive frames) for a higher resolution result. The
normalised sum of bacterial velocities can be viewed as a measure of motileyafriwit

bacteria over an area directly comparable to other areas of various sizes.

Where video tracking experiments are reported in the literature it is common to see both
traces obtained algorithmically and manually (for shorter durations). This wagdbteracy

of the algorithm can be checked. Manual tracking is also useful for measuring the frequency
of certain behaviours such as changing direction, i.e. reversing and foreeedseflick in

the case of MRL.. The identification of reversals and forwanelerseflicks requires very
accurate traces of a high time resolution and is highly sensitive to any artefacts arising from

automated tracking algorithms. In the experiments carried out here, each video consists of
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>= 48,000 frames, and each frame cawéhdundreds of motile bacteria alongside > 1,000
stationary bacteria, making manual tracking impractical for obtaining quantitative results
regarding the frequency of direction changes. Even manual tracking for short periods of
time would be an issue duatthe number of bacteria per frame, thus manual tracking to
form traces in a quantitative manner was not undertaken. Instead, the videos were watched
alongside the automatically generated traces to check that the bacterial swimming paths, as
determined byeye, overlap with the traces formed by automatic tracking. With the original
algorithm it was observed that the high velocity bacteria were not being tracked. This was a
major incentive for developing the custom algorithm, as discussed in the experimental
development section. With the custom algorithm these high velocity bacteria were tracked
along with most bacteria that were relatively close to the focal plane. By eye it was possible
to see trajectories of out of focus bacteria that could not be tracedhleyalgorithm and to
follow bacteria beyond their automatically generated trajectories. It was also possible to
observe, by eye, phenomena that the automatic tracking could not pick up. For example, at
the surface of the electrode bacteria would frequgnttick transiently to the electrode
adzNF I OS | THiRbehddolravasteSacerbated during oxidative potential®®V vs
{190 {dz2NFI OS LIKSYy2YSyl ¢l a WAYy@AraAroftSQ (42 GKS
masking the electrode to preverfialse positive locations due tasualartefacts related to

the light reflecting of the gold electrode surface. Overall the algorithm used here tracks MR
1 to an acceptable standard for abstracting variables such as bacterial velocity and average
swimmingdirection. Individual bacterial behaviours such as reverse and forward reverse

flick are also clearly present in the tracked trajectorfagufe 4.11).
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Figure 4.11 Coloured traces represent tracked WT {Pover a period of 10 seconds from the
applcation of an applied potential 00.3 V (SHE). Yellow stars represent a proportion of direction
changes resulting from reversals or flicks. Traces are coloured according to their swimming direction
in relation to the electrode Red and orange represerdcgs of bacteria moving in the general
direction of the electrode, with dark red being the most direct. Blue represents traces of bacteria
moving away from the electrode, with dark blue for the most direct traces. Green and yellow are
swimming roughly in @rallel with the electrode.

Shannof @ntropy

As an alternative to manual tracking for validating the tracking algorithm, videos were
analysed using an unrelated processing method. The alternative method is based on
{KIyy2yQa Sy i NP Lkon waskihgfacteRa? thagctosie’. (ThusyJb doés not

require the identification of bacterial locations or linking up of possible trajectories, all of

which can be biased depending on the tracking algorithm used. Instead, the method simply
calculatesavezS F2NJ S OK LIAESt Ay (GKS @ARS2: ol asSR
a specified duration, representing the degree of uncertainty for each pixel. The value
calculated is known as the Shannon entropy which can be applied to any probabilistic
digribution and has previously been used in the analysis of time series data in numerous
fields including meterology, ecology, astronomy, and most importantly bacterial
population motility by Nisenbaurat al *4¢l. A summary of how the videos were processed

using Shannorentropy can be viewed ischeme4.4. For the videos recorded here two
FILOG2NA FNB LINAYEFENAfE NBALRY&aAAOES F2NJ OF NRALG

movement of some contrasting image features, such as a bacterium. Therefore, the
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Shanna entropy value for pixels in areas of high bacteria movement will be higher than
areas of low or no movement. Assuming the tracking method is relatively accurate, one
would expect a good correlation between the average Shannon entropy value (determined
in part by bacterial motility) and the number of motile (> 4 um/s) bacteria per area (motile
population density) for the same area, calculated using the trajectories formed by the
tracking algorithm. For comparison, graphs of Shannon entropy have been pllacerside
graphs of motile bacteria population densitijgire 4.12 & 4.13). Qualitatively identical
results were obtained using either measure for bacterial motility either directly by analysing
the automatically tracked results or indirectly from the aBhon entropy. Agreement
between results obtained from trajectories and an independent processing method which
was previously verified suggests the trajectories obtained here, by the custom algorithm,

are valid.
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Figure4.12. Time traces of the mean Shain entropy RIGHT andMR-1 motile population density
(LEFTfrom two spatially localised zones out of a total of 10 zones. The Shannon entropy of each pixel
was calculated using 10 s (~100 frame) intervaitee motile population density was calculatedrr

GKS ydzYoSNJ 2F Y2(GAtS ol OGSNALF O2dzyGiSR F2NJ I 1T2yS$§
mean velocity is >= 4 um/s then it is counted as mofilee zones are separated according to their
distance to the electrode, each representing a ranfieonighly 20um. Thered trace represents the

first zone (zone 1) and is closest to the electrode with a mean distance joh1fBom the electrode
surface. Thélacktrace represents zone 5, at a mean distance ofi88from the electrode surface.

The videowas taken after ~90 min from loading the capillary with-MBuspension and sealing the
entrances with silicorgrease. The suspension consists of WT-IMiR anaerobic growth media,
diluted 5fold with MOPS buffer and supplemented with 5&actate and 2um riboflavin. In parallel

to the video, the potentiostat cell was 1e®ffQ & A (G K F0y8 ol the fist¥60 s prior to an
applied potential 0f0.3 V for 210 s, followed by +0.3 V for 210 s.
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Figure4.13. Graph of the mean Shannon entrofIGH) and MR-1 motile population densityLEFT
against distance from the electrode. The Shannon entropy of each pixel was calculated using 2 s (~20
frame) intervals. Thevideo frames are separated intwonesaccording to their distance to the
electrode, eactrepresenting a range of roughly 20n. The video was taken 90 min from loading

the capillary withWTMR-1 suspension and sealing the entrances with silicon grease. The suspension
consists of WT MR in anaerobic growth media, dilutedféld with MOPS bifier and supplemented

with 50 mM lactate and 2um riboflavin. In parallel to the video, the potentiostat cell was left off for
the first 60 s prior to an applied potential 6.3 V for 210 s, followed by +0.3 V for 21®lse lines
representthe last 60s of a 210 s period with an applied potential-0f3 V.Red lines representthe

last 60 s of a 210 s period with an applied potential of +0.Blatk lines represent60 s with the cell

off (no applied potential).

From the plots of motile bacteria poptlon density against distance from the electrode in
figure 4.13, one can observe an increase in the number of motile bacteria per area while
approaching the electrode during potentials above a certain threshold. This dependence on
proximity to the electrale is dramatically reduced as seen by both measures (Shannon
entropy and motile bacteria per area), after switching the potential to a relatively low
(reducing) potential 0f0.3 V (SHE). Heataps of the same experiment are displayed in
figure 4.14, coloured according to average velocity and the normalised summed velocity.
The heatmaps representing average velocity show thiat addition to an increase in the
overall population of motile bacteria with proximity to the electrode, the average velocity of
the swimming bacteria also increases on approach to the electrode at relatively positive

(oxidative) potentials.

In general, the entropy and population density of motile bacteria (> 4 um/s) follow similar
trends with respect to distance from the electradaut as one can see iilgure 4.13 there
are areas where the two measures diverge. For example, close to the electrode surface (<

40 um) an upward inflection is observable for both the entropy andIMRuotile population
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density at positive (+0.3 V) and opeincuit potentials {0.18 V), whilst at negative potentials
(-0.3 V) the inflection for motile bacteria density is abolisivéldereas the inflection for
entropy only decreasebut is still present. For most experiments the electrode rests on one
of the cajllary inner side walls. At this region, the glass is curved which effects the local
illumination and in the case ofigure 4.11or 4.10, has resulted in a bright band extending
predominantly into the area around the electrode. As mentioned above, ther&ma
entropy value for a pixel is determined by variations in the pixels intensity. The magnitude
of aLJA EiBténsity variations is affected by the base level of illumination it receives. Thus,
the persistent inflection in entropy, present to a degree=ga during the negative potential
(-0.3 V) could be an artefact introduced by uneven illuminatigm additional difference
between the two measures can be seen in the mid to long distance region (> 50 um), where
the entropy stays relatively constant bedwn the different potentials but the motile
bacterial population density significantly rises in this region on switching to a negdti@e (

V) potential.
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motile activity over a period of 8
minutes, during chages in the
applied potentials. Heatmaps
created using a jet colour scheme
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for the first 60 s prior to an
applied potential of-0.3 V for 210
s, followed by+0.3 V for 210 s.
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Figure4.15. Time traces of th&R-1 motile population densityfrom two spatially localised z@s out

of a total of 10 zones. The zones are separated according to their distance to the electrode, each
representing a range of roughly 20n. Thered trace represents the first zone (zone 1) and is closest

to the electrode with a mean distance of 3}8n from the electrode surface. Thelack trace
represents zone 5, at a mean distance of 88 from the electrode surface. The traces are spread
over two consecutive videos, the second video was taken ~30 min after the end of the first video (due
to the time taken to save the first video). The first video was taken afte6@onin from loading the
capillary with MRL suspension and sealing the entrances with silicon grease (allowinf tvte to
consume any remaining dissolved oxygen and adapt to the new d¢onsg)it The suspension consists

of WT MR1 in anaerobic growth media, dilutedféld with MOPS buffer and supplemented with 50

mM lactate and 2uM riboflavin. During video ,Xhe potentiostat cell was left offvith a OCP =0.18 V

for the first 60 s priora an applied potential of +0.3 V for 210 s, followed-® V for 210 s. Video 2

also began with the cell offith a OCP =0.18 \for 60 s, but was followed by an applied potentiat of

0.3 V before switching to +0.3 V.

Time traces for the zone closdstthe electrode (23 um) and a zone at mid distance (83

103 um) form the electrodeare compared infigure 4.15 & 4.16, using either motile
population density or average Shannon entropy value as a measure of motile bacteria. The
number of motile bacted around the electrode suddenly drops when switching from an
open circuit potential (OCP/cell off) of approximate).18 V to a relatively
negative/reducing potential 0f0.3 V at t = 60 s, while the activity in the mid distance zone
increases. On watchinthe video, one can observe a high amount of highly motileIMR
around the electrode during the open circuit potential and more positive potentials and a
low number of motile bacteria further away from the electrode. When the potential is
switched to a ngative potential e.g-0.3 V, the highly motile MR close to the electrode

moves away from the electrode, almost instantly. In doing so, the highly motild Nd&ss



117

through areas further away from the electrode that originally had very low levels ofanoti
bacteria. In occurrence with the move array from the electrode but on a significantly longer
timescale the velocity of the bacteria also decreases. This observation explains the
decreases in motility close to the electrode and increase in motility éurttway from the
electrode, seen irfigure 4.16, on switching the potential t60.3 V. On switching the
potential back to a relatively positive potential (+0.3 V) the number of motile bacteria
around the electrode rises again and, in the video, this i® s=ea recovery in the motility

of bacteria in the vicinity of the electrode and migration towards the electrode by bacteria

further away from the electrode.
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FHgure 4.16. Time traces oMR-1 average/mean velocitfrom two spatially localised zones out a

total of 10 zones. The zones are separated according to their distance to the electrode, each
representing a range of roughly 20n. Thered trace represents the first zone (zone 1) and is closest

to the electrode with a mean distance of 38n from the electrode surface. Thélack trace
represents zone 5, at a mean distance of 88 from the electrode surface. The traces are spread
over two consecutive videos, the second video was taken ~30 min after the end of the first video (due
to the time taken tosave the first video). The first video was taken aftes6@0min from loading the
capillary with MRL suspension and sealing the entrances with silicon grease (allowinf Mk to
consume any remaining dissolved oxygen and adapt to the new conditidressuEpension consists

of WT MRL in anaerobic growth media, dilutedfbld with MOPS buffer and supplemented with 50

mM lactate and 2uM riboflavin. During video ,the potentiostat cell was left offvith a OCP =0.18 V

for the first 60 s prior to an apied potential of +0.3 V for 210 s, followed 3 V for 210 s. Video 2

also began with the cell offith a OCP =0.18 Vfor 60 s, but was followed by an applied potentiat of

0.3 V before switching to +0.3 V.
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Figure 4.17. Time trace of bacterid directional bis with respect to the electrode ovetwo
consecutivevideos with a gap of ~ 30 min between them (time taken to save the first video). The first
video was taken after 460 min from loading the capillary with MR suspension and sealing the
entrances with silicon grease (allowing MRime to consume any remaining dissolved oxygen and
adapt to their new enviromen). The suspension consists of WT -Mih anaerobic growth media,
diluted 5fold with MOPS buffer and supplemented with 50mntactate ard 2 pum riboflavin.
Chronoamperometry regime consisted of 60s at OOR§ V)prior to an applied potential of +0.3 V

for 210 s, followed by0.3 V for 210 s. Videol#gan with theOCH-0.18 V)for 60 s, followed by an
applied potential 0f0.3 V beforeswitching to +0.3 V. Each point plotted, is the weighted mean of the
direction travelled by bacteria relative to the electrode, expressed as a fraction, calculated from
vectors of traces accumulated during the respective time period. The number of traess ta
calculate each point varies from 211 to 773 traces, with a mean of 450.32.

As described above, Mris observed in the videos rapidly moving away from the electrode
on switching from the OCP0O(18 V) or positive (+0.3 V) potentials to negativegmbials ¢

0.3 V) and tis qualitative observatiofis also backed up bthe time traces infigure 4.12.

The is also a general decrease in all bacteria velocity as time progresses while applying a
negative potential. Switching the potential to positive (3®) caused a gradual increase in
bacterial velocity in the electrodesicinity, parallel to a bias in direction of bacteria
movement towards the electrode. As bacteria move closer towards the electrode their
velocity also increases. Observations regardiligctional bias of bacterial motility are
confirmed by thequantitative data obtained from traces expressed as a fraction and plotted
against time figure 4.17). To reach a fraction representing the direction of travel for a
bacterial trajectory relativao the electrode the traces were first converted into vectors
using the ceordinates of the trace beginning and endB. The closest cordinate on the
electrode surfacd=to the beginning cabrdinate A of each trace was then found and used to

generate asecond vector using the eardinates of A and E The angle" at A, between
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vectorsABand AE, was then calculated and finally the angle turned into a fractjevheref
=1whenh = @ andf =0 whenh = 180. After all the trajectories were assigned adtion
representing their overall direction of travel, relative to the electrode, the average
movement direction representing all the bacteria in frame over a set duration was then
calculated using this direction factor. Each direction factor was weightedrding to the
vectors magnitude (i.e. distance between start and finish point) prior to calculating the

mean direction factor as used figure 4.17.

The shift in bacterial velocities on changing the applied potential is evident in the velocity
histograns, plotted for periods at no applied potential (OCP), along with periods at
relatively positive (oxidative) and relatively negative (reducing) potentiajsré 4.18 &

4.19). For WT MR without additional riboflavin, the mean velocities, for three diéfist
potentialsplus the OCROCP =0.027 V), were 7.pm/s at50.25 V, 11.&im/s att0.15 V,
12.5um/s with the cell off, and 13.@m/s for +0.3 VWT MR1 samples with an additional 2

MM of riboflavin had substantially higher average velocities of 10.3, 17.3, and 20 um/s for
b n ®ERand +0.3 Yespectively

100

— OCP (-0.027 V)
— -015V
— -025V
— +03V

B ) [+
o o o

Frequency (1/minute)

N
o

0 10 20 30 40
Velocity (um/s)

Figure 4.18. Histogram representing the distribution of bacterial swimming speeds aboum/4.
Each point constructed from trace counts over a duration of one minute, within the respective
velocity ranges. The video was taken ~60 min from loading the agpillith WT MR-1 suspension

and sealing the entrances with silicon grease. The suspension consi$f§ MR-1 in anaerobic
growth media, diluted Sold with MOPS buffer and supplemented with 5@dactate. During the
video, the potentiostat cell was left bfvith OCP =0.027 Vfor the first 60 s prior to an applied
potential of-0.15 V for 60 s followed b¥).25 V for 210 s, and then +0.3 V for the remaining 210 s.
The bacterial velocities were calculated as the mean velocity over each complete tracdréogal
length divided by the duration of each trace). The mean population velocity for the different periods
are; OCP{.027 V)= 12.6um/s,-0.15 V = 11.8im/s, -0.25 V = 7.um/s, +0.3 V = 13.gm/s. For the
modes;OCP{.027 V) 7.8um/s, -0.15 V = Bum/s,-0.25 V = 7.Qum/s, +0.3 V = 10.{m/s.
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Fgure 4.19. Histogram representing the distribution of bacterial swimming speeds aboum/4.
Each point constructed from trace counts over a duration of one minute, within the respective
velocity rangesThe video was taken ~60 min from loading the capillary WhMR-1 suspension
and sealing the entrances with silicon grease. The suspension consiéf3 dMR-1 in anaerobic
growth media, diluted 5 fold with MOPS buffer and supplemented with 30lactate and 2um
riboflavin. During the video, the potentiostat cell was left with OCP =0.18 Vfor the first 60 s prior

to an applied potential of +0.3 V for 210 s followed-By3 V for the remaining 210 s. The bacterial
velocities were calculated as thieean velocity over each complete trace (total trace length divided
by the duration of each trace). The mean population velocity for the different period<€,0.18
V)= 17.3um/s, +0.3 V = 20.Qm/s, -0.3 V = 10.3um/s. For the modesQCP .18 V)=19.3 um/s,
+0.3V =22.6m/s,-0.3 V = 5.9um/s.

By applying a series of potentials, whilst measuring the bacterial response through
quantifiable parameters (bacterial velocity and direction), one can identify the potential at
which the change in baetial behaviours occurred and if the change in behaviour is gradual
or abrupt. The shift in behaviour occurred suddenly betwe®@5 and-0.15 V for WT MR,

with or without added riboflavin. For MR with riboflavin, the window where the change
occurredcould be narrowed further by considering OCPs, as seen in theniegag offigure

4.20, wherethe change occurs betweef.25 V and0.205 V As discussed later, the range
between-0.25 and-0.15 V is significant in relation to the hypothesis on flavins o MR1

taxis towards insoluble electron acceptors, because it coincides with the potential region

where the midpoint potential for riboflavin is located.
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As described abovédigures 4.15 & 4.16 represents time traces of MR motile population
densty (4.15) and average velocityl(L6), over two consecutive videos. Bo#tll5 and 4.16
represent the same experiment and compare the area closest to the electrode surface (zone
1, representing 3; 23 um from the electrode surface) with a miistance aregzone 5,
representing 83; 103 um). By zone 5 the number of motile bacteria is relatively low, thus
0KS WyQ @lItdzSa F2NJ OFfOdA GAy3d GKS YSIya I NF
values are associated with high uncertainty which manifestea@se when plotted (as can

be seen ind.16). The high noise level, in the average velocity trace of zone 5, makes it
difficult to establish a valid relationship with regards to the effect of switching potential on
bacterial velocity for this zone. Takimgio account the noise, the average velocity does
appear to rise gradually in zone 5, with high potentials (+0.3 V) and decrease on applying
negative potentials-0.3 V) whilst at zone 1, the average velocity is affected significantly
with changing poteriails. From a positive potential (+0.3 V) or O@PL8 V), the average
velocity decreases by approximately half within one minute from switching to a negative
potential 0.3 V). On applying a positive potential, the average velocity returns to its

origind velocity.
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Mutants

In addition to WT MR, two mutant stains were also evaluated, the douphatrC/nomcA
deletion strain LS784 (severely deficient in EET) anghife deletion strain*?’l. bfe stands

for bacterial flavin adenine dinucleotide gorter and thenbfe strain is severely deficient in
extracellular flavin secretion. Results obtained usimatrC/nomcA suggest the EET
pathway is important for tactic responses towards insoluble electron acceptors. Similar
results have been previously reported in thedature using different EET deficient mutants.
For exampleHarriset al**2 reported that ancymA deletion mutant (deficient in EET) failed

to respond to a carbon fibre electrode poised at +0.7 V (Ag/AgCl) or to, par@cles,
whereas WT MR responded to both.
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Figure 4.21. Graph of the mean velocity frommtrC/nomcA swimming above 4um/s, agairst
distance from the electrode (anything recorded belowd/s, is assumed to be not moving by its
own accord). Each point on the graph is calculated from the traces, passing through the respective
zone for one minute. Each zone is within a set distancgyeafrom the electrode. The video was
taken as soon as possible (~15 min) from loading the capillary jwitinC/nomcA suspension and
sealing the entrances with silicon grease. At the time the video was taken a large fraction of the
bacteria is highly mobile, probably due to an aerokinetic response by the bacteria to the remaining
dissolved oxygen in the capitly. The suspension consistgwifitrC/nomcA strainin anaerobic growth
media, diluted Sfold with MOPS buffer and supplemented with 5&actate. During the video, the
potentiostat cell was left offvith OCP = +0.127 f@r the first 60 s prior to an apgd potential of-

0.15 V for 60 s followed by +0.3 V for 210 s, and switchin@.8V for the remaining 210 s.
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nmtrC/nomcA (LS784

High motility was observed with thhemtrC/nomcAstrain within the initial 15 minutes after
loading into the capillary celbut there was no relationship between velocity or population
density with distance to the electrode and all motility rapidly declined to almost zero after
60 minutes. During a video experiment conducted within the first 15 minutes, on the
application ofan oxidative potential (+0.3 V), no effect was observed, but on applying a
reducing potential 0.3 V), a significant decline in the average bacterial velocity was
observed figure 4.21), with a possible negative relationship with distance from the
electrode. At-0.3 V, dissolved oxygen is reduced into water, thus it is possible that a
negative concentration gradient of dissolved oxygen is established around the electrode,
leading to the observed decrease in velocity around the electrode. Heat méigsirie 4.23,
illustrate the even spread of high velocities during the first 15 minuils is in contrast
with the heat maps from other strainfiqures 4.14, 4.20 & 4.27) where a clear dependency
with proximity to the electrode can be seelt.should be als noted that no directional bias

was observedfigure 4.22).
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Figure4.22. Time traceof bacterid directional bias with respect to the electrode against time. Video
taken 60 min from loading the capillary wifimtrC/nOmcAsuspension and sealing the eanhces

with silicon grease. The suspension consistarofrC/nomcAin anaerobic growth media, diluted 5

fold with MOPS buffer and supplemented with 5@1tactate. Chronoamperometry regime consisted

of OCP = +0.054 V ftre first 60 s prior to an appliedopential of-0.15 V for 60 s followed b¥.3 V

for 210 s, and then +0.3 V for the remaining 210 s. Each point plotted, is the weighted mean of the
direction travelled by bacteria relative to the electrodeglculated as described fdigure 4.17. The
number of traces used to calculate each point varies from 35 to 67 traces, with a mean of 51.8.
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