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SUMMARY
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The long-range electron transport of exoelectrogenic bacterium G. sulfurreducens
was recently discovered to be facilitated by a network of conductive protein wires. In
chapter 1 we provide an overview of our current understanding of these protein wires.
This newly discovered feature of the model organism for microbial fuel cells may provide
new avenues for optimization of biological power generation.

In particular a characterization of the wires’ effect on biofilm formation could pro-
vide approaches for increasing biofilm thickness and current density. Peripheral cells
may depend more heavily on inner cells’ properties than previously thought, since they
are required to utilize the inner cells’ conductive wires for electron transport to the elec-
tron acceptor. Such an effect is expected to be most visible in the early stages of biofilm
formation where independent single cells grow to interdependent cells in microcolonies.
Studies of early G. sulfurreducens microcolony growth are complicated by the toxic effect
of oxygen on growth.

In chapter 2 we describe a method for observing G. sulfurreducens early microcolony
growth under agar pads. We show the method is able to spatially and temporally describe
growth of single G. sulfurreducens cells into microcolonies and is able to discern differ-
ences between strains with or without wires. However, the significant variation in micro-
colony surface area between pads showed the method’s lack in reproducibility. Future
work should focus on maintaining equally anaerobic conditions between pads.

In addition to the potential for improving biological power generation, the poorly
understood electron transport mechanism potentially defines a hitherto unknown class
of electron transport proteins. Particularly the long range mechanism for efficient bio-
logical electron transport remains poorly understood. Some studies support the known
mechanism of hopping along cytochromes, yet other studies in cytochrome-denaturing
conditions show conductivity is maintained. Complicating full understanding further is
the fact that most of these studies use conventional techniques for measuring biological
electron transport, which happen to measure in bulk. To model an unknown mecha-
nism of electron transport depends on well-defined systems, such as a single nanowire
rather than an entire biofilm.

In chapter 3 we describe a novel method for making electrical contact with such
single nanowires. Using a stochastic deposition method, passive voltage imaging and
atomic force microscopy we visually confirm and make electrical contact with single
nanowires. We describe optimization of the sample preparation and chip design show-
ing that chemically untreated samples performed best, while an interdigitated chip de-
sign improved the chances of making contact. Ultimately we demonstrate the abil-
ity to manipulate temperature, providing valuable characterization of the temperature-
dependence of nanowires conductivity.

In chapter 4 we apply this method to characterize the conductive properties of single
nanowires. Current-voltage curves showed conductances in orders of magnitudes from
10713 S up to 1078 S. Measurements at varying temperatures identified activation ener-
gies from 0.36 eV to 0.41 eV. Arrhenius plots displayed features corresponding to a simple
model where electron transport rate was limited by injection barriers as well as a model
where electron transport rate is limited by intramolecular hopping. Future modeling is
required to fully describe the electron transport.

In chapter 5 we demonstrate the flexibility of the wire deposition method by mea-



suring another type of conductive biological wire. Cable bacteria are able to facilitate
electron transport along their cell membranes across several millimeters. We image suc-
cessful deposition of cable bacteria bundles and measure their conductance. Current-
voltage curves showed conductance in the orders of magnitude from 1071 S to 1077 S.
These initial proof-of-principle measurements can be followed up by further character-
ization of this poorly understood method of long-range biological electron transport.
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Het is recent ontdekt dat G. sulfurreducens elektronen over lange afstanden trans-
porteert door een netwerk van geleidende eiwitdraden. In hoofdstuk 1 geven we een
overzicht van ons huidige begrip van deze draden. Deze nieuw ontdekte eigenschap van
het modelorganisme voor microbiéle brandstofcellen kan nieuwe mogelijkheden bieden
voor optimalisatie van biologische stroomopwekking.

Met name een karakterisering van het effect van de draden op de biofilmvorming
kan opties identificeren voor het vergroten van de biofilmdikte en de stroomdichtheid.
Perifere cellen kunnen mogelijk meer athankelijk zijn van de eigenschappen van de bin-
nenste cellen dan eerder gedacht, omdat ze de geleidende draden van de binnenste
cellen moeten gebruiken voor elektronentransport naar de elektronenacceptor. Dit ef-
fect wordt verwacht het meest zichtbaar te zijn in de vroege stadia van biofilmvorm-
ing, waar onafhankelijke enkele cellen groeien tot onderling afhankelijke cellen in mi-
crokolonies. Onderzoek van de vroege groei van G. sulfurreducens microkolonies wordt
nog bemoeilijkt door het toxische effect van zuurstof op de groei.

In hoofdstuk 2 beschrijven we een methode om de vroege groei van G. sulfurre-
ducens microkolonies onder agar pads te observeren. We tonen aan dat de methode
in staat is om de groei van enkele G. sulfurreducens cellen tot microkolonies spatieel en
temporeel te beschrijven en verschillen kan onderscheiden tussen stammen met of zon-
der draden. Echter, de aanzienlijke variatie in oppervlakte van microkolonies tussen
pads toonde het gebrek aan reproduceerbaarheid van de methode aan. Toekomstig
werk moet zich richten op het handhaven van gelijkwaardige anaerobe omstandighe-
den tussen pads.

Naast het potentieel voor verbetering van biologische stroomopwekking, legt het
slecht begrepen mechanisme voor elektronentransport mogelijk een tot nu toe onbek-
ende klasse van elektronentransportproteinen bloot. Met name het mechanisme voor
efficiént biologisch elektronentransport op lange afstand blijft slecht begrepen. Som-
mige studies ondersteunen het bekende mechanisme van hoppen langs cytochromen,
maar andere studies in omstandigheden waarin cytochromen worden gedenatureerd to-
nen aan dat de geleidbaarheid behouden blijft. Verdere complicaties voor het volledige
begrip zijn het feit dat de meeste van deze studies conventionele technieken gebruiken
voor het meten van biologisch elektronentransport, die voornamelijk in bulk meten. Om
een onbekend mechanisme van elektronentransport te modelleren is een gedefinieerd
systeem van belang, zoals een enkele nanodraad in plaats van een hele biofilm.

In hoofdstuk 3 beschrijven we een nieuwe methode om elektrisch contact te maken
met dergelijke enkele nanodraden. Met behulp van een stochastische depositiemeth-
ode, passieve spanningsbeeldvorming en atomaire krachtmicroscopie bevestigen we vi-
sueel de aanwezigheid van enkele nanodraden en maken we elektrisch contact daarmee.
We beschrijven de optimalisatie van de monster bereiding waarbij onbehandelde mon-
sters het beste presteerden. Een chipontwerp gebaseerd op in elkaar grijpende vingers
verbeterde de kans op contact. Uiteindelijk demonstreren we de mogelijkheid om de
temperatuur te manipuleren. Dit levert waardevolle karakterisering van de temperatuur
afhankelijkheid van geleidbaarheid op.

In hoofdstuk 4 passen we deze methode toe om de geleidende eigenschappen van
enkele nanodraden te karakteriseren. Stroom-spanningscurves toonden geleidbaarhe-
den in grootteordes van 10713 S tot 107 S. Metingen bij verschillende temperaturen



identificeerden activeringsenergieén van 0,36 eV tot 0,41 eV. Arrhenius-plots vertoon-
den kenmerken die overeenkomen met een eenvoudig model waarbij de snelheid van
elektronentransport beperkt werd door injectiebarrieres, evenals een model waarbij de
snelheid van elektronentransport beperkt werd door intramoleculair hoppen. Verdere
modellering is vereist om het elektronentransport volledig te beschrijven.

In hoofdstuk 5 demonstreren we de flexibiliteit van de draaddepositiemethode door
een ander type geleidende biologische draad te meten. Kabelbacterién zijn in staat om
elektronentransport langs hun celmembranen over meerdere millimeters te vergemakke-
lijken. We visualiseren de succesvolle depositie van bundels kabelbacterién en meten
hun geleidbaarheid. Stroom-spanningscurves toonden geleidbaarheid in grootteordes
van 1071% S tot 1077 S. Deze initiéle proof-of-principle metingen kunnen opgevolgd wor-
den voor verdere karakterisering van dit andere slecht begrepen mechanisme van biolo-
gisch elektronentransport over lange afstand.
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INTRODUCTION

G. sulfurreducensuses conductive protein nanowires to make electrical contact with extra-
cellular insoluble electron acceptors. Electron transport through these nanowires is poorly
understood. Further characterization of electron transport depends on current-voltage
measurements of single wires at varying temperatures. The effect of wire conductivity on
growth has been explored in bulk or full biofilms, its effect on early microcolony growth is
unknown. This thesis describes a method for measuring single wire conductivity as well
as a method for measuring early microcolony growth.



2 1. INTRODUCTION

1.1 ELECTRONS AND LIFE

Biological electron transport is fundamental to life as we know it. Both respiration and
photosynthesis, nature’s two main energy-capturing mechanisms, depend on the trans-
port of electrons. Both processes enable efficient capturing of chemical energy by facil-
itating electron transfer from a high electrochemical potential to a low electrochemical
potential ("potential” in short). An electron in a state with high potential tends to move
towards a state with a lower potential when given the option. However, in order to do so
it must transfer the difference in energy to something else, a fact that organisms readily
utilize by capturing that energy in chemical bonds. In principle any pair of high and low
potential states can be used by organisms. The only prerequisite is that both states occur
in physiologically relevant conditions and that the unfacilitated transition rate in those
conditions is relatively low. Organisms can then facilitate transition through a series of
proteins capturing chemical energy in the process. Typically it is captured in the form
of a covalent bond between phosphate and adenosinediphosphate (ADP) resulting in
adenosinetriphosphate (ATP). ATP is the predominant biological short term energy stor-
age molecule, upon dephosphorylation to ADP the chemical energy can be transferred
to whatever metabolic reaction is required.

Non-photosynthetic organisms use pairs of molecules called electron donors and
acceptors for energy capture. Electron donors are molecules of which electrons are in
a state of higher potential than states available in the electron acceptor. Organisms can
use a variety of electron donors and electron acceptors, micro-organisms in particular
use a variety of electron acceptors. For humans the electron donors are a variety of sug-
ars, while the electron acceptor is only one type of molecule: oxygen. Despite the variety
of electron donors, one central series of proteins is used to transfer the energy of the po-
tential difference to chemical energy. Regardless of the type of sugar we consume, our
metabolism ensures that electrons are transferred from the sugar to a flavin molecule
of slightly lower potential, either NADH or FADH. Those flavins then serve as the inter-
mediate electron donor for a series of membrane-embedded proteins which facilitate
electron transfer to the terminal electron acceptor, called the electron transport chain.

1.2 ELECTRON TRANSFER IN PROTEINS

The membrane proteins of the electron transport chain couple electron transport to pro-
ton translocation, resulting in a potential gradient build-up across the membrane. The
potential gradient is subsequently utilized to phosporylate ADP to ATP. The electron and
proton translocation are physically coupled due to the relevant proteins’ structure.

The proteins in the electron transport chain consist mostly of proteins called cy-
tochromes that contain metal ions (typically cations of Fe or Cu) fixed in a porphyrin
ring, which together is called a heme group. The protein structure ensures that the metal
ions are at slightly descending potential in the functional direction of electron transport.

Although the metal ions are in a decreasing series of potential electrons still need to
overcome the space in between them, described by overcoming a potential barrier. In
order to overcome the barrier the electrons will have to tunnel through or hop across the
barrier to the next metal ion'. Hopping is an electron transport mechanism in which
the electron coincidentally gains enough energy from the environment to overcome a
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potential barrier, allowing it to transfer to the metal ion of lower potential. In contrast,
tunneling is a process where the electron does not gain enough energy to overcome the
potential barrier. Instead, due to overlap of the electrons wave function with another
state of equal potential on the other side of the barrier it still has a certain probability
to enter that state on the other metal ion, after which it might transfer energy to the
environment, dropping to the state of lower potential.

As the electron moves towards states of lower potential, the resulting potential differ-
ence is used to facilitate the translocation of protons by the cytochrome?. Upon reduc-
tion of the initial metal ion, the cytochrome binds a proton on one side of the membrane.
The directional movement of negative charge throughout the cytochrome either results
in conformational shifts that physically translocate the protons or causes a series of pro-
tonation and deprotonation steps®#, both ultimately resulting in net transfer of protons
to the other side of the membrane?. The series of cytochromes each facilitate transloca-
tion of protons via the transport of electrons. At each step a part of the energy associated
with the remaining potential difference between the electron and the electron acceptor
is transferred to the build-up of potential gradient®, up to the point where there is little
potential difference between electron and electron acceptor, and the electron is finally
allowed to transfer to the electron acceptor.

The build-up of potential gradient caused by transfer of the protons is allowed to dis-
charge via proton translocation through ATP-synthase, a protein with a waterwheel-like
structure that ensures proton translocation is coupled to ADP phosphorylation®. The
net result of electron transport, proton translocation, and potential gradient discharge is
then the phosphorylation of ADP to ATP.

Our need for nearly constant access to our terminal electron acceptor shows how
fundamental electron transport and electron acceptors are to life.

1.3 ELECTRONS OUTSIDE

Many organisms, like us, are able to import or allow access to the electron donor and ac-
ceptor into their cells, where the cytochromes embedded in the cell or organelle mem-
brane ensure the transfer of electrons from one to the other. However, especially among
anaerobic organisms, it may not be possible for an organism to import the terminal elec-
tron acceptor, requiring electron transport outside of the cell.

Amodel organism for these 'exoelectrogenic’ bacteria is Geobacter sulfurreducens™?,
a bacterium capable of using metal oxide particles'® (here named ’iron particles’ in
short) and electrodes!! as electron acceptors. When in direct contact with iron parti-
cles or electrodes, a G. sulfurreducens cell is capable of transferring electrons from the
inside of the cell across the membranes to the outside through a series of membrane-
embedded metal-ion containing proteins called cytochromes?. A reduced cytochrome
in the outer membranes is then able to reduce the electron acceptor, completing the
electron transport chain.

In order to grow biofilms thicker than a monolayer, a long-range electron transport
mechanism is needed. Other exoelectrogenic bacterial species are known to achieve
long-range electron transport through export of intermediate electron acceptors ('shut-
tles’). These intermediate electron acceptors diffuse and a fraction is oxidized upon con-
tact with the electron acceptor !2. Through diffusion of the intermediate electron accep-
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tors back to the cell the process can repeat itself. G. sulfurreducens was shown not to
depend on diffusion for its long-range electron transport'3, instead, G. sulfurreducens
produces two types of conductive protein wires'4!5, although in early research these
two types were thought to be only one type of wire since the second type was discovered
only recently !5

The first type of wire are called pili, which are a polymer of a 60 amino acid non-
cytochrome monomer '* which assembles into a helical pattern with several helices form-
ing one wire as can be seen in figure 1.2a. Pili are typically used by bacteria for attach-
ment and although cytochromes are known to be attached to the pili, the distance be-
tween them is more than 10 nm, severely limiting electron transport through hopping
between cytochromes '6. This type of wire was first considered to be the only type of wire
present. Electron transport along the pili would have to occur either via hopping along
an other type of redox site than heme groups, or by a different mechanism. The heli-
cal arrangement of closely-spaced aromatic amino acids as depicted by yellow groups in
figure 1.2a might allow for electron delocalization to some extent, and thus might con-
tribute to this mechanism. A role of aromatic amino acids in conductivity is supported
by a study by Vargas et al. '® showing a decrease in conductivity, iron reduction and cur-
rent generation for a mutant in which the aromatic amino acids of pilA were replaced
with alanine (figure 1.1).

The second type of wire are cytochrome wires consisting of stacked cytochromes ! .
Currently two cytochrome wires are identified, one consisting of OmcS!” and the other
of OmcZ'® monomers, but the wire structures are similar. In figure 1.2b the heme groups
in the OmcS wire are shown to be closely-spaced series. This series of cytochromes could
allow for hopping similar to S. oneidensis wires albeit in a different form, namely an ex-
tracellular polymer rather than a membrane protrusion. The later discovery of these
wires is in part due to the similar dimensions, with the pili being around 3 nm wide
and the cytochrome wires around 4 nm wide, both micrometers-long. As such, a visual
confirmation of wire presence via for example AFM provides no confirmation of wire
identity. Since early studies, as well as ours, mostly relied on this visual confirmation it
is often unclear which type was studied, including early conductivity measurements.

At first glance, the cytochrome wires seem a more likely candidate for high con-
ductivity due to the series of redox sites known to be effective for long-range electron
transport. However, even in cytochrome denaturing conditions, such as pH 4 or added
B-mercaptoethanol '92°, G. sulfurreducens wires were shown to remain conductive. If
the cytochrome wires were indeed denatured, then the only wires left to conduct are
the pili. Additionally, studies modifying the gene corresponding to the pili monomer
protein (pilA) observed significant changes in conductivity of biofilms and wires?!. As
such, conductivity of pili can not be excluded, and its mechanism for long-range elec-
tron transport without heme groups remains unclear. In this thesis, as well as in early
investigations, the wire identity (cytochrome stack or pilum) is often unconfirmed. We
will use "wire" to refer to such cases and "pili" for cases where the wire is known to be a
pilum.
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Figure 1.1: Conductivity (a) of filament preparations, iron reduction (b) and current production (c) of cultures
of a mutant G. sulfurreducens strain (Aro-5) in which the pili were genetically modified by replacing codons
for aromatic amino acids with codons for alanine, called Aro-5, compared to the wildtype ("Control Strain"),
as reported by Vargas et al. 16 The Aro-5 strain produces pili with lower conductivity within one order of
magnitude, and cultures have lower iron reduction and current production rates.
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Figure 1.2: a) Predicted structure of a wire consisting of G. sulfurreducens pilA monomers based on NMR
structure as reported by Malvankar er al. 22. Aromatic amino acids are indicated in yellow. There are no heme
groups present. The helical structure results in alignment of aromatic amino acids, typically with a distance
between 3 to 4 angstrom between them. b) Structure based on cryo-electron microscopy of non-pili G. sul-
furreducens wires, matching a series of stacked OmcS cytochromes, as reported by Filman et al. 1. The heme
group stacking is indicated on the bottom, with typical heme to heme distances between 3 to 4 angstrom.
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1.4 COOPERATIVE CONDUCTIVITY.

The wires are the means for individual cells to access an insoluble electron acceptor over
several micrometer. An effect of lowered conductivity on growth is surprising since the
conductivity of only a single wire is more than required for a single cell to export its elec-
trons. The wires possess conductivities up to 0.67 S/cm reported in this thesis. While
cells have dozens of pili in addition to cytochrome wires, this means even a single con-
ductive wire is able to conduct currents 100 times larger than those required for a single
cell to grow '3, Despite the "excess" conductivity for single cells a decrease in conductiv-
ity still has negative effects on population growth.

If the conductivity is higher than required for survival of a single cell but still affects
growth, it may be due to a role in supporting growth of more than one cell. In a biofilm
growing on an electrode the cells closest to the electrode need to conduct current of the
entire biofilm, not just themselves.

E
;
-

™

Figure 1.3: SEM image of G. sulfurreducens biofilms fixed with cationic dye safranin O grown on unpoised
graphite electrodes, adapted from Rollefson et al. 2. G. sulfurreducens form an extracellular network structure
including pili filaments.

The production of an extracellular resource open for use by others implicates a level
of cooperation of a species. Species utilizing shuttles for the final step in their metabolism
are indirectly metabolically coupled through diffusion. The wires instead couple the ox-
idation states of cytochromes of one cell directly to another, and allow direct electron
transfer between the two. Through a coupling of metabolic states, the cells’ survival may
become coupled as well, resulting in cooperation.

For cooperative traits to persist, they must be subject to selection pressures minimiz-
ing the fitness benefits of mutations resulting in a 'cheater’ phenotype, i.e. a cell gaining
the benefits from the cooperative trait without paying the cost. Such a cheater may be a
cell producing very few wires, expending little energy on protein production and assem-
bly while still being able to employ the other’s wire network allowing long-range electron
transport. Alternatively, the wire’s conductive properties may allow cells to tune their
level of cooperation. For example, wires with low iron-to-wire but high wire-to-wire con-
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tact resistance would allow cells to export electrons to iron without allowing other cells
to effectively employ that same wire. In either case, if the wire conductivity is shown
to be crucial for group growth moreso than individual growth, its conductive properties
must also be interpreted in the context of a cooperative trait. In that case conductivity
may be expected to have little effect on single cell growth, but with increasing population
size the conductivity may become a limitation on population growth.

Investigation of the transition from single cell to microcolony, and its dependence on
high conductivity, can grant insight into the role of conductivity in G. sulfurreducens cell-
to-cell dependency. If microcolony growth depends on the conductivity of wires it would
highlight a hereto unexplored aspect of microcolony and ultimately biofilm ecology: the
intercellular conductive network.

Previous studies of biofilm formation have been performed in bulk, or using con-
focal microscopy to investigate entire biofilms?48, one example of which is shown in
figure 1.4. These studies have shown that the wires have a structural as well as conduc-
tive role in biofilm formation, but provide little insight in the transition from individual
cells to microcolonies.

For a different species of bacteria called cable bacteria the cooperative nature of con-
ductive protein fibres is clearer. These cable bacteria form centimeter long filaments
with conductive protein fibres spanning the entire filament?°. These fibres would pro-
vide little benefit to a separated individual but great benefit to an individual part of the
filamentous group. Perhaps similarly to the G. sulfurreducens wires, the properties of
these fibres may be tuned to their cooperative role. Given their different lifecycle the
fibres may be tuned for fidelity rather than optimal conductivity in order to maintain a
constant electrical connection across centimeters.

The characterization and comparison of the electronic properties of both G. sulfurre-
ducenswires and cable bacteria fibres may provide insight into the connection between
protein wire conductivity and cooperation. Alternatively, if the wires are already opti-
mized for use in a network, they may provide avenues for designing and engineering
bionanoelectrical circuits in the future. Within this context of possibly cooperative con-
ductivity we describe in this thesis a method allowing the investigation of conductivity
of both G. sulfurreducens and cable bacteria biological wires, as well as a method for
investigating the role of G. sulfurreducens wire conductivity in individual versus group
growth.
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Figure 1.4: Confocal Laser Scanning Micrographs (CLSM) of biofilms grown with carbon source (a) or without
(b) as reported by Speers and Reguera??, and with an electron acceptor (¢) or without (d), as reported by
Reguera etal. 2% . Cells are stained with BacLight viability dyes with green indicating live cells and red indicating
dead cells. Micrographs consist of a top view (center) and projections in x (on the bottom), scale bars equal
20 pm. Current biofilm growth studies predominantly use CLSM on anode biofilms at fixed timepoints for
imaging growth. Despite a lack of carbon source or electron acceptor, slight microcolony growth is still visible
inbandd.
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1.5 IN THIS THESIS

In this thesis we will lay the necessary groundwork for future investigation of any co-
operative role of conductivity. First, we need to be able to identify and then character-
ize whether conductivity affects growth as an individual cell different from growth as a
group. We will specifically describe a method for the model organism G. sulfurreducens .

Ideally, we would like to be able to follow the growth process from individual to mi-
crocolony in an environment where growth is most likely to depend on conductivity.
For distinguishing individual growth from group growth a microscopical approach is re-
quired, while following growth from an individual to a microcolony requires imaging the
same location throughout time. The growth process of a single cell to a microcolony can
be followed at a magnification of 40x.

Additionally, an environment where growth is most likely to depend on conductiv-
ity requires growth on either iron particles or electrodes. We would like to gain insight
into the natural role of wires in cooperation and therefore will focus on growth on iron
particles. In chapter 2 we describe a method incorporating each of these features which
can be applied to study individual-to-microcolony growth in the future, as well as some
preliminary findings and recommended improvements.

Second, to investigate the relationship between electronic properties and the role of
the conductive protein we need to be able to characterize the electronic properties. For
a thorough characterization of the electronic properties the ability to determine bias-
dependence and temperature-dependence of conductivity can help discriminate be-
tween various models for the electron transport mechanism. In particular, making elec-
trical contact with a single conductive wire requires deposition on a chip optimized for
successful electrical connections and confirmation of connection identity (i.e. confirm-
ing the electrical contact is due to the wire). In chapter 3 we describe a method for con-
tacting G. sulfurreducens wires, visually confirming the topological identity of the con-
necting element using Passive Voltage Contrast imaging and Atomic Force Microscopy,
and allowing characterization of temperature and bias-dependence, which could be ex-
panded in the future to enable four-probe measurements. In chapter 4 we apply this
method to characterize the electronic properties of single G. sulfurreducens wires, a few
micrometers long and nanometers wide, and describe a simple model for an electron
transport mechanism.

Finally, in chapter 5 we show the flexibility of the described method enabling investi-
gations of other biologically conductive wires by applying it to the centimeters long and
micrometers wide cable bacteria.

Overall this thesis presents two methods, one for investigation of early microcolony
growth, the other for investigation of the wires responsible for conductivity, and presents
preliminary findings for both. Although currently the main focus in reported studies
tends towards the electron transport mechanism of G. sulfurreducens wires, future inter-
est may shift to other biowires, engineering biowires or studying the emerging network
properties once the electron transport mechanism for the single wires has been eluci-
dated. Here we provide the techniques to study a variety of those biowires as well as the
ecological implications of conductivity, which in turn will allow for better understand-
ing of the wire properties and potentially enable an evolutionary engineering approach
to wire or network optimization.
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VISUALIZING MICROCOLONY
GROWTH ON IRON PARTICLES

We describe a method for observing G. sulfurreducensearly microcolony growth under
agar pads. We show the method is able to spatially and temporally describe growth of
single G. sulfurreducenscells into microcolonies and is able to discern differences between
strains with or without wires. However, the significant variation in microcolony surface
area between pads showed the method’s lack in reproducibility. Future work should focus
on maintaining equally anaerobic conditions between pads.
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2.1 INTRODUCTION

Geobacter sulfurreducens, an exoelectrogenic bacterium model organism, is utilized in
Microbial Fuel Cells (MFCs) to convert chemical potential into electrical energy. This
conversion occurs through the metabolic coupling of acetate or succinate oxidation to
the reduction of an electrode or iron. MFCs contribute to a bio-based economy by using
plant waste for electricity generation !, producing hydrogen from starch?, or enabling in-
situ power generation for marine monitoring equipment®. The power generation of the
biofilm in MFCs partly limits their applicability. Research to enhance MFC performance
has primarily focused on physicochemical aspects like electrolytes or fuel cell architec-
ture, neglecting microbiological or ecological aspects of biofilms*. However, in 2010 the
electron transport crucial for MFC performance was found to rely on protein wires, a
previously unknown method for biological electron transport®. Exploring the properties
of these wires and their impact on biofilm conductance might unveil new opportunities
for MFC improvement.

The protein wires produced by G. sulfurreducens enable a conductive network that
facilitates the necessary long-range electron transport from cells to the electrode®. A
single such wire has a conductance exceeding the requisites for an individual single
cell’s current generation chapter 4. In early colonisation the metabolic flux of cells in
microcolonies consisting of a few cells (early microcolony growth) may thus be inde-
pendent of wire properties. However, as the microcolonies grow to multiple layers of
cells (late microcolony growth) the peripheral cells also utilize the wire network of the
inner cells for electrical contact to the electrode. These peripheral cells may experience
decreased conductance due to a larger number of contact resistances between wires as
well as the negative length-dependency of conductance associated with each electron
transport mechanism.

The discovery of the protein wires raises questions about their impact on the mi-
croecological processes underpinning the growth of the biofilm. Biofilm thickness cor-
relates with current density”’, if biofilm formation in turn depends on wire conductivity,
the power generation of the MFC may depend on the protein wires. As peripheral cells
increasingly depend on wires for metabolism a critically low conductance could limit
metabolic flux, hindering their growth and division. This dependence of peripheral cells
on inner cell wires may result in reduced surface area of microcolonies and changes in
colony morphology. Microcolonies with high wire dependence may grow along the elec-
tron acceptor resulting in a lower mean distance from the electron acceptor. A lower
mean cell distance from the electron acceptor would exhibit itself as a thinner biofilm
on the electrode with adverse effects on MFC power generation.

Whether peripheral cell growth is truly dependent on wire properties is yet unex-
plored. Deeper understanding of the microecological impact of wire networks on mi-
crocolony growth may provide new avenues for MFC optimilisation. We can investigate
wire dependency by examining microcolony morphology, particularly elongation, on an
insoluble electron acceptor. In our study, we used amorphous iron oxyhydroxide par-
ticles ("iron particles") to mimic G. sulfurreducens’ natural insoluble electron acceptor.
Comparing the dynamics of colony morphology for the wild type and a strain lacking
wires may reveal wire dependence. However, that would be insufficient to confirm that
any observed wire dependence is due to their conductivity. In addition to conductance,
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wires may affect microcolony growth through their role in adhesion.

In G. sulfurreducens two types of wires are present in the wire network: cytochrome
wires® and pili lacking cytochromes?. Pili are used by other bacterial species to facili-
tate surface attachment or movement . The pili of G. sulfurreducens are different since
they lack a globular head ! but still play a role in attachment 2. The pili thus contribute
to adhesion as well as conductivity of the wire network. The conductive network may
depend on pili for their own supposed conductivity or as a scaffolding for conductive
cytochrome wires'3. The expected elongation described above may occur due to the
pili’s effect on conductance but may also result from their effect on adhesion. Duver-
noy et al. showed that elongation of microcolonies of Escherichia coli and Pseudomonas
aerigunosa grown under soft agarose pads depends on adhesion forces 4. Their micro-
colonies first elongated due to cell-to-cell adhesion but ultimately attained an isotropic
shape due to the increased forces of pad compression and cell-to-surface adhesion. To
account for the effect of pili adhesion on colony formation we compare the dynamics of
colony morphology between the wild type and a strain producing pili with lower con-
ductivity'°. In order to do so we must first be able to observe microcolony growth.

Other studies of microcolony morphology utilized agar pads to microscopically ob-
serve 2D growth!6. Yet at time of research (2013) no method was reported specifically
for observing 2D microcolony growth on iron particles of G. sulfurreducens from single
cells up to multilayered colonies. Ultimately, we set up our own method which will be
the focus of this chapter. The method needs to provide the following: Microscopic ob-
servation and spatial characterization of 2D growth of G. sulfurreducens single cells over
a time period long enough for multilayered colonies to form on iron particles in an en-
vironment with minimal oxygen. Practically speaking, the minimal oxygen proves the
greatest challenge.

To study wire dependence optimally the method should minimize the availability
of oxygen as alternative electron acceptor. Although G. sulfurreducens is considered an
anaerobic organism, Lin et al.!” showed that they are able to utilize oxygen as electron
acceptor at concentrations below 5 % and Engel et al. '8 reported that growth rates on
low concentrations of fumarate (4 mM) supplemented with 3 % oxygen were higher than
without oxygen. Since no long-range electron transport or adhesion is required for use
of oxygen the growth of G. sulfurreducens on oxygen is unlikely to be wire dependent. As
such any wire dependence would only be detectable if growth depends predominantly
on iron particles as the main electron acceptor. Typically oxygen scavengers such as
dithionite are used to remove oxygen from solution. Unfortunately, the use of oxygen
scavengers also fully reduces iron particles to their soluble form. Instead we adapted
a method described by Fievet ef al. ' in 2015, which utilized a gas flow to maintain an
anaerobic environment for agar pads.

We have adapted this method of Fievet et al. ! to provide for minimal oxygen condi-
tions suited for studying wire dependence of microcolony growth. They used a custom
transparent lid and coverslip to seal the agar pads. Bolts then sealed them to a metal
microscope tray and the lid was connected to tubing via gaskets. Oxygen-free gas was
flushed through the chamber, ensuring the anaerobic environment. The experiments
were reported to last up to 700 minutes, which is shorter than the time required for ob-
serving early to late microcolony growth. Additionally, experiment times longer than
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700 minutes result in desiccation of the pad due to the low humidity of the gas flow.
Upon longer desiccation the agar pads deform and release from the glass making fur-
ther microscopic observation impossible. Therefore we adapted this method by using
a humidified flow setup to maintain a humid anaerobic environment. For observation
the pad’s flow chamber was temporarily sealed to be transferred to the microscope. The
flow setup and transfer process were checked to see if they maintained a microaerobic
or anaerobic environment.

To check whether minimal oxygen concentrations were maintained throughout this
process we needed a microscopic method for measuring oxygen concentrations in agar
pads. Fievet et al. ' used the fluorescence of GFP which at oxygen concentrations lower
than 0.025 ppm does not fluoresce, corresponding to 0.067% oxygen in a gas mixture
with a temperature of 30 °C. Cells producing GFP were grown in the chamber, with fluo-
rescence only visible in their aerobic conditions. A similar control could be performed in
our setup using the G. sulfurreducens strain producing GFP reported in Franks et al. 0.
However, oxygen consumption by the cells would influence accuracy of the method. In-
stead we adapted a fluorometric assay of oxygen concentration in solution using (2,2’-
bipyridine) dichlororuthenium(I) (Ru(bpy)sCly). In solution (Ru(bpy)sCl,) disassoci-
ates to Ru(bpy)3>* and Cl2.

We first used Ru(bpy)32* as a method for fluorometric determination of oxygen con-
centrations in liquids, then corrected the method for use in agar pads. Ru(bpy)s* is a
fluorescent compound with an excitation peak and emission peak at wavelength of 450
nm and 605 nm respectively?!. The fluorescence of Ru(bpy)s>* is quenched by oxygen
and the emission intensity is governed by the oxygen concentration according to

D=1+ Kgy %[0

where Iis the intensity at the oxygen concentration [O;] expressed as partial pressure,
Iy is the intensity in the absence of oxygen and Kgy is the Stern-Volmer quenching con-
stant. For Ru(bpy)s?* the Ksy is determined by the nearly diffusion-controlled bimolec-
ular rate constant?2, We need to correct for the use of an agar pad rather than a solution
since the associated difference in diffusion constant results in a different Kgy. To the best
of our knowledge no Ksy for Ru(bpy)3>* in agar has been published. Instead we based
our correction on a comparison of Kgy in water and agar published for pyrene butyric
acid (PBA), which is another oxygen-quenched fluorescent dye with a near diffusion-
controlled rate constant. For PBA the Kgy in water is reported by Benson et al. 23 to be
1.5 atm™! while for agar it is 1.18 atm™'. Assuming the effect of agar on diffusion of PBA to
be similar to the effect of agar on diffusion of Ru(bpy)3?* we can calculate the expected
fluorescence ratio in agar by

Iy _ Ru(bpy)s
TO _1+KSVH20 *fagar* [02]

with Kg‘gbg )3 as the quenching constant for Ru(bpy)s in water, and
2

PBA
_ “SVagar
fagur = KPBA
V0
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as the ratio of quenching constants for PBA in agar (Kg‘ﬁg ) and water (KZ## ) . The
agar 2

quenching constant in agar would then equal 1.42 atm™!, and the expected fluorescence
ratio for 0 to 21 % oxygen is then calculated to be 1.3 atm™!. Ultimately, a decrease in oxy-
gen concentration from 21 % to 0 % should increase fluorescence in pads by 30 %, with
the inverse relationship allowing for high signal-to-noise ratios. Besides quantification
we can also use a qualitative measure of the biological impact of any remaining oxygen.

We can qualitatively assess the dependence on iron as electron acceptor in the pres-
ence of oxygen using our microcolony growth observations. In microaerobic environ-
ments exponential growth of G. sulfurreducens in the presence of oxygen was only ob-
served when another electron acceptor was present. The absence of an alternative elec-
tron acceptor resulted in linear growth instead '®. As such, if we observe linear growth
this could indicate the use of oxygen as sole electron acceptor, while exponential growth
would indicate the use of a second electron acceptor (presumably iron). Observations
should focus on early growth since modeling of colony growth showed that colony sur-
face area increases exponentially at first?4~26 but later stabilizes into linear growth over
time 22" regardless of electron acceptor. Jiang et al.?® showed that the same pattern
holds for an insoluble electron acceptor, with G. sulfurreducens growth on electrodes sta-
bilizing into linear growth between 40 and 60 hours. Thus, microcolony growth should
be observed within 48 hours to identify whether growth on the available electron accep-
tors results in linear (oxygen as sole electron acceptor) or exponential (iron as primary
electron acceptor) growth. If iron is used as the primary electron acceptor our method
can be used to study wire dependence, depending on its overall performance in observ-
ing microcolony growth.

We assess the performance of our method for each of the separate criteria: morpho-
logical characterization, 2D growth, single cell identification in presence of iron parti-
cles, measurement period sufficient for growth to multilayer microcolonies, and anaer-
obicity. Additionally, we evaluate its overall performance in the context of a prelimi-
nary investigation. For the preliminary investigation we study whether growth of mi-
crocolonies in contact with iron particles differed in terms of microcolony shape or area
from that of microlonies separate from the particles. If growth differs between the on or
off iron particles, we consider whether the effect is dependent on pili, their conductiv-
ity, and time. Taken together, we will characterize the suitability of this method for its
purpose of studying microcolony growth dependence on wires, taking into account any
oxygen presence and the two types of conductive wires. Once an effective method has
identified, future work can then focus on characterizing the impact of protein wires on
biofilm formation as an avenue for MFC engineering.
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2.2 METHODS

PRECULTURE GROWTH

wild type, ApilA and Aro-5 G. sulfurreducens strains were obtained from the Leibniz In-
stitute DSMZ collection. Cultures were pre-grown in FreshWater medium with 40 mM
Acetate and 10 mM Fumarate (FWAF medium, as reported in Reguera et al. 29) in a 100
ml flask crimp-sealed with butyl rubber stoppers in which the headspace was replaced
with a 80 % v/v nitrogen and 20 % carbondioxide gas mixture. To 38.6 ml FWAF medium
0.4 ml of 100 mM cysteine (an oxygen scavenger) and 1 ml of dense (ODggg of 4) stock
culture was added immediately prior to incubation, followed again by replacement of
the headspace, resulting in an initial ODggy of 0.04. Flasks were statically incubated at
30 °C for 54 hours in which an ODgg of at least 0.5 was reached. Grown cultures were
diluted with FWA medium (FWAF medium lacking the electron acceptor fumarate) to an
ODggp of 0.1 which was used for deposition for agar pads. Deposition of a culture with
ODggo of 0.1 resulted in deposition of single cells, rather than clusters of cells (figure 2.1).
All steps were performed in an anaerobic glove box through which nitrogen gas was con-
tinuously flushed and anaerobicity was regularly checked via 1 mM resazurin solutions
which turn pink upon exposure to oxygen. Syringes used in transferring solutions were
flushed several times with the nitrogen/carbondioxide gas mixture before use.
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Figure 2.1: Phase-contrast micrographs at 20x magnification of 1 pl of G. sulfurreducens cultures of various
optical densities deposited on an object slide and sealed with an agar pad. Cultures with optical densities
measured at 600 nm (ODggp) of 0.1 (a), 0.2 (b), 0.5 (¢) and 0.7 (d) were used. Deposition of a culture with an
ODggp of 0.1 results in single separate cells (a), while higher optical densities result in cells in close proximity
of each-other (b) or clusters of cells (c and d) Examples are indicated by white arrows, scalebar equals 100
um. In this study cultures were deposited with an ODggg of 0.1. Bright rings are artefacts of phase-contrast
microscopy due to out-of-focus objects, examples are indicated by orange arrows.
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AGAR PADS

Agar pads were prepared using flow chambers attached to pre-cleaned object slides.
Flow chambers (Grace Bio-labs SecureSeal Hybridization Chamber, see figure 2.2a) were
cleaned with ethanol allowed to vaporize in an sterile environment. Object slides were
thoroughly cleaned by sonicating the slides in a degassed 25 % KOH-ethanol solution
for 5 minutes after which the slides were washed in degassed Milli-Q. The slides were
then sonicated in another degassed Milli-Q container, washed with Milli-Q followed by
ethanol, blown-dry with an air-gun and left to dry at 100 °C in an incubator for 20 min-
utes, after which the slides were kept in a sealed container.

Agar was prepared by adding 600 mg to 10 ml tubes which were subsequently au-
toclaved. To these tubes then 4 ml of previously prepared anaerobic FWA medium is
added, mixed, and left to solidify resulting in 1.5% agar. Prior to use the agar is melted
inside the tube in the microwave, after which it is transferred to eppendorfs in a heat
block inside the glove box.

Amorphous Fe(IlI) oxyhydroxide was synthesized by adding NaOH to a 1 M solution
of FeCl3 until the pH was 7 as described by Lovley and Phillips 3°. Immediately before de-
position of bacterial culture on object slides we added amorphous Fe(III) oxyhydroxide
to bacterial culture in a 1:100 ratio.

Agar pads were shaped as follows. A flow chamber is attached to an object slide in
the glove box and using a nitrogen-flushed syringe the molten agar is added to the flow
chamber until it is full and left to solidify at the temperature at which the experiment will
occur. After solidification the flow chamber is gently lifted from the object slide with the
agar remaining on the object slide. Using a sterilized scalpel the pad is shaped to a 2 x
1.5 cm rectangular shape after which the pad is ready for immediate use.

Amorphous Fe(Ill) oxyhydroxide was then added to the pre-grown culture, the cul-
ture was mixed, and 1 pl of that mixture was dropped on another object slide. The agar
pad was then gently transferred to the object slide, sealing cells and iron particles be-
tween the agar pad and the object slide. Finally, a new chamber with two stoppered
needles connected to the chamber via Microbore PRFE tubing (0.55 mm inner diameter,
1.07 mm outer diameter) and a press-fit tubing connector was placed upon the object
slide. This setup resulted in pads sealed at the top by the flow chamber but with its sides
exposed to the chamber volume. The chamber volume was only exposed to air via the
needles if the stopper is removed. The flow chamber pad was then transferred to an in-
cubator where the stoppers were quickly removed and the needles connected to a flow
system located inside the incubator.

The flow system consisted of a gas cylinder containing a gas mixture of 80 % nitrogen
and 20 % carbondioxide gas with less than 1 p.p.m oxygen connected with butyl rubber
tubing to 5 sparging bottles filled with Milli-Q. These bottles were followed by a sparging
bottle without a sparging head (see figure 2.2b). In the final bottle the lack of a sparging
head resulted in single large bubbles (rather than dozens of small bubbles), allowing for
empirical determination of flow rate based on the bubble rate. Flow was then tuned
using a flow valve on the gas cylinder while setting the bubble rate to two bubbles per
second. For a rough estimate of the flush rate of the chambers we used the diameter
of the bubble which was approximately 1 centimeter. This results in an approximate
flow rate of 1 ml/sec, while each flow chamber with an agar pad has an approximate
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headspace volume of 0.7 ml. With 6 flow chambers connected to the flow that results in
each chamber’s headspace being flushed every 4.2 seconds.

The final bottle was connected to a 3D-printed flow splitter in the form of a hexagonal
chamber with one tube connector in the bottom and six squeeze connectors for needles
on the top (see figure 2.2c). Besides distributing one gas flow to six flow chambers the
splitter chamber also served to prevent any condensation from affecting the flow rate,
since droplets would accumulate in the chamber more than the tubing.

For sealing pads we used a mixture of equal volumes Vaselin, Lanolin and Paraffin
(VALAP). The pad was prepared as above and cells were sealed between the pad and
object slide, but instead of a flow chamber the pad was covered by a rectangular subject
slide larger than the pad. Liquid VALAP was injected underneath the overhanging edges
of the subject slide and left to rapidly solidify, creating an airtight seal around the pad.
Sealed pads were incubated inside an incubator oven situated in the glovebox.
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Figure 2.2: Flow setup used for incubation of agar pads in flow chambers. (a) A flow chamber forms an airtight
seal with an objective slide and contains an agar pad of 2 by 1.5 cm (indicated by blue outline) past which gas
is flushed through the needles connected via a press-fit tubing connector, if the gas is not humidified the pads
will rapidly desiccate and shrink as shown. (b) In order to flush humidified oxygen-free gas past the agar pad a
gas mixture of 80% nitrogen and 20% carbondioxide with less than 1 ppm oxygen was flushed through a series
of sparging bottles containing Milli-Q connected via butyl rubber tubing and glass connectors located in an
incubation oven. The final bottle lacks a sparging head resulting in bubbles with an approximate diameter of
1 cm, the rate of which was used to estimate gas flow rate and set flow rate to 1 ml/sec. (c) The final bottle is
connected to a 3D printed flow splitter consisting of a hollow chamber with one tubing connector below and
six needle connectors above (two flow splitters are shown, in practice only one flow splitter was connected).
Flow chambers were connected to the flow splitter with the needle connector on one end, while the other end
is connected to the atmosphere through a needle.
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MICROCOLONY IMAGING

To ensure that we were able to capture particles and microcolonies representative of
general growth we chose to image the whole pad. Pads were typically imaged in a 20 x
20 grid of overlappig images at 20x magnification using phase contrast microscopy at 0,
1, 2 and 6 days of incubation. To acknowledge the uneven distribution of time points we
define growth occurring from day 0 to day 1 to day 2 as "early growth" while growth from
day 2 to day 6 is termed "late growth".

Microscope table movements between images resulting in the overlapping grid were
controlled by the built-in montage function of the microscope, after selecting the appro-
priate corner coordinates. The overlapping images were stitched together using ImageJ
to create one full view of the pad (figure 2.3a). From this full view representative regions
were selected on day 6 (see example in figure 2.3b) for analysis based on a visual estimate
of the distribution of particles, i.e. capturing only regions where particles were present.
In each region all iron particles and associated visible microcolonies were manually se-
lected as Regions of Interest (Rol) in Image]J, each Rol representing one "on-iron" micro-
colony. For each region an "off-iron" microcolony was selected in a Rol as close to the
particle as possible but at least 40 pm separate from the particle. For each microcolony
the selection outline was matched as close as possible and holes in microcolonies were
not included in microcolony area.

A history of each microcolony was determined by selecting microcolonies in images
of days 0, 1 and 2 that lay within the microcolony Rol of day 6 mapped on to the same
location. These colonies from earlier days of incubation are termed "ancestral micro-
colonies", in case multiple microcolonies were present each is a separate ancestral mi-
crocolony. However, in the history analysis of surface area the sum of those ancestral
microcolonies’ surface area is used to represent the surface area at each day. In case no
ancestral microcolony or cell could be distinguished from the iron we approximated its
area by using the mean surface area of single cells.

When comparing multiple pads of one strain we imaged the growth of a batch of 6
pads. Three of those six pads were selected for analysis based on flow chamber integrity
(i.e. no desiccation or visible leaks in chamber adhesion occurred) and image quality (i.e.
majority of particles in focus, for each time point). For detailed analyses one of those
pads was randomly selected. From that pad 24 on-iron microcolonies were identified
from the images taken at day 6. Those microcolonies were associated with 13 particles
across 6 locations on the pad. Additionally, for each location we identified one off-iron
microcolony.

To describe the shape of microcolonies we determined the length, width and aspect
ratio of on-iron and off-iron microcolonies as follows. All distances were first determined
in pixels, then multiplied by the actual width of one pixel which was 0.4 pm. Off-iron mi-
crocolony length and width were defined as the major and minor axis of an ellipse fit to
the Rol. For on-iron microcolonies the microcolony contour was first divided in an "in-
ner edge" and "outer edge". The inner edge is the section of the microcolony contour
that is in contact with iron, i.e. the section where the microcolony contour overlapped
with the particle contour(figure 2.4a). The outer edge is the rest of the contour, i.e. the
section of microcolony contour that did not overlap with the particle contour. The inner
edge Rol was determined by expanding the Rol of the iron particle by 1 pixel and taking
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Figure 2.3: Stitched 20x magnified phase-contrast micrograph of a full agar pad (a) and a zoomed-in section
(b) on the region containing iron particles . The full image is stitched together from separate slightly over-
lapping images taken in a grid of typically 20 by 20 images. From the general area containing iron particles
a number of regions were selected in a spread-out pattern (regions indicated in yellow). In each region all
microcolonies in contact with iron particles were manually selected and analyzed ("on-iron" microcolonies).
For each region the closest microcolony separated at least 40 um from iron (an "off-iron" microcolony) was
selected from within the region or as close as possible to the region as reference point for general growth in
that region, called an off-iron microcolony.
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the overlap of expanded particle Rol and microcolony Rol. The outer edge Rol was de-
termined by shrinking the Rol of the entire microcolony by 1 pixel and substracting both
the shrinked Rol and inner edge Rol from the microcolony Rol leaving only the outer
edge Rol.

On-iron microcolony length was defined as the length of the inner edge. On-iron mi-
crocolony width was defined as the mean distance from the outer edge to the inner edge
termed the mean peripheral distance. The mean peripheral distance was determined by
calculating the distance of each pixel in the outer edge to the nearest pixel of the inner
edge and taking the mean. For this we made a Euclidian Distance Map (EDM) based on
the inner edge Rol using Image]J (see example in figure 2.4b). The intensity of this EDM
equals the distance in pixels to the nearest pixel of the base of the EDM with the inner
edge set as the base. The mean peripheral distance to iron was then determined as the
mean EDM intensity of all pixels in the outer edge Rol multiplied. The aspect ratio of

both on-iron and off-iron microcolonies is used as measure of elongation and is defined

. . . . . _ Microcolony Length .
as the ratio of microcolony length to width, i.e. Aspect Ratio = Microcolony Width * USINg

the on-iron and off-iron specific definitions of microcolony length and width described
above.

The results are analysed using the non-parametric Anderson-Darling and Kolgorov-
Smirnov tests. The Anderson-Darling test determines whether the data follows a normal
distribution by determining the integral of the distance between the cumulative distri-
bution function of a normal distribution to the empirical distribution function of the
data. In case the data was not normally distributed the two-sample Kolgorov-Smirnov
test was used to determine whether two data sets belonged to the same distribution
based on the maximal difference between their empiricial distribution functions. The
one-tailed two-sample Kolgorov-Smirnov test was used to determine whether one of the
two data sets tended towards larger values than the other based on the maximal positive
and negative difference between their empirical distribution functions.
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Figure 2.4: Microcolony morphology was characterized by the microcolony length and width, defined for on-
iron microcolonies as the stretch of iron the microcolony is in contact with and the mean outer distance to
iron of microcolonies respectively (a). The size of each was determined using the inner edge (blue) and outer
edge (yellow) regions of interest mapped onto a Euclidian Distance Map (b). The inner edge is defined as the
contour section of the microcolony which overlaps with the contour of the iron particle, i.e. the length of iron
that is contacted by the microcolony, whereas the outer edge is the rest of the microcolony contour. For cells in
the outer edge the minimum distance across which electrons must be conducted (the peripheral distance) is
approximated by the minimum euclidian distance between that point and the inner edge. Microcolony length
is equal to the number of pixels in the inner edge, while microcolony width is then equal to the mean value of
the outer edge pixels in a euclidian distance map based on the inner edge (both multiplied by the actual size
of one pixel of 0.4 pm). Scalebar equals 10 pm.
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OXYGEN MEASUREMENT

To quantify the oxygen concentration inside the pads we used a 0.2 mM (2,2’-bipyridine)
dichlororuthenium(Il) (Ru(bpy)sCly) solution. Ru(bpy)ngr is a fluorescent compound
with an excitation peak at a wavelength of 450 nm, and an emission peak at a wavelength
of 605 nm?!. The fluorescence of Ru(bpy)s** is quenched by oxygen and the emission
intensity is governed by the oxygen concentration according to

B =1+Ksv *[02]

where I is the intensity at the oxygen concentration [O;] expressed as partial pressure,
Iy is the intensity in the absence of oxygen and Kgy is the Stern-Volmer quenching con-
stant which for Ru(bpy)32* is determined by the nearly diffusion-controlled bimolecular
rate constant??. A decreasing oxygen concentration will increase the fluorescent sig-
nal according to the Stern-Volmer equation and should allow high signal-to-noise ratios
even at low oxygen concentrations. As a control for whether the Ru(bpy)s;* is suited
for use in FWA medium we performed measurements in a spectrofluorometer with at-
mospheric control. First we removed the majority of oxygen in the solution by adding
sodium dithionite and quickly placing the sample in the spectrofluorometer under a ni-
trogen gas flow, allowing us to set the oxygen at 0%. Fluorescence was measured at an
excitation of 450 nm and emission of 600 nm, after which the gas flow was switched to
air and fluorescence was continuously measured.

For oxygen measurements inside pads we constructed agar pads as described above,
except no cells were included in order to gauge the effectiveness of the method regard-
less of oxygen consumption by cells. Subsequentely we defined two samples as reference
points for 21% oxygen and 0% oxygen inside the pad respectively. For the 21% oxygen ref-
erence pad we prepared sealed agar pads in an aerobic environment. For the 0% oxygen
reference pad we prepared pads that would be as close to anaerobic as possible: sealed
agar pads with dithionite prepared in an anaerobic chamber. The sealed dithionite pad
is similar to the reference sample used in the spectrofluorometer, both are dithionite
exposed samples kept under an anaerobic atmosphere. Since we were setting up the
method to measure oxygen concentration in a pad we did not have an independent
measurement of the oxygen concentration inside these pads to confirm the zero oxy-
gen concentration. We consider these samples as similar to the reference samples used
in bulk measurements, and as such will treat them as reference points for the pads with
the caveat that the lower limit is expected to be close to zero but is not confirmed to be
zZero.
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2.3 RESULTS

METHOD VIABILITY

OXYGEN CONTENT

To study the 2D growth of microcolonies on iron we sealed the cells under an agar pad
with iron particles in a flow chamber. Oxygen-free gas was flowed past the agar pad to
maintain an anaerobic or microaerobic environment in which we can observe micro-
colony growth on iron particles. For maximum wire dependence the oxygen concentra-
tion in the pad should be zero but any concentration below 5 % should allow for micro-
colony growth observation. In order to check whether the pads were indeed anaerobic
(or microaerobic) we measured oxygen concentration through its quenching effect on
Ru(bpy)s?* fluorescence. First we examined the sensitivity of this method in liquid FWA
medium in a controlled atmospheric environment. The fluorescence at 0 % oxygen was
1.40 £ 0.01 times higher than fluorescence at 21 % oxygen, as seen in figure 2.5. Since
the oxygen scavenger dithionite is added before the 21 % measurement, we checked for
the possibility that dithionite affects subsequent Ru(bpy)s>* sensitivity. After exposing
a dithionite sample to air for an extendend amount of time (thus allowing all dithionite
to react with oxygen) we used the atmosphere control to switch back to nitrogen. Upon
continued exposure to a nitrogen atmosphere a similar ratio of fluorescence between the
oxygen-rich and oxygen-poor conditions as caused by dithionite treatment were found
(1.37 £ 0.014). With the Stern-Volmer equation and Kgy for Ru(bpy)g2+ being 1.81 atm’!
reported by Oter and Ribou 3! we can calculate that the ratio should equal 1.38, close to
our observed values.

After showing the consistent sensitivity of the dye in liquid medium we performed a
similar experiment on pads. The 0 % reference pads prepared with dithionite in the glove
box had 1.29 £ 0.05 times the fluorescence of the 21 % reference pads prepared in aero-
bic conditions. We used this as reference for the performance of our flow setup. For pads
prepared in aerobic conditions and subsequently placed in the flow setup for one day
had the final fluorescence was 1.28 + 0.05 higher than initial fluorescence. The expected
fluorescence ratio for 0 to 21 % oxygen was calculated to be 1.3, which is close to our
observed value of 1.28 + 0.05. There are too few measurements to reliably determine the
confidence interval of the oxygen concentration in the pad. However, the lowest fluores-
cence ratio of 1.16 corresponds to an oxygen concentration of 10 %, which should still
be toxic to G. sulfurreducens , while the other two pads had fluorescence ratios slightly
higher than the reference pads (1.34 and 1.33), corresponding to zero oxygen. It is pos-
sible that these measurements represent two different states of the system with values
around 10% indicating the presence of a leak, while those around 0 % represent a sealed
system.

Since the fluorescence ratios of pads exposed to the flow system are very similar to
the reference and calculated values, we can conclude that in those cases our flow setup
was able to set and maintain pad oxygen concentrations similar to those in pads pre-
pared with dithionite in an anaerobic atmosphere, but not in all cases. We are unable
to prove whether that condition is indeed 0% oxygen until we perform a check of the
reference pads using another verified method for measuring oxygen in pads.
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MICROCOLONIES

The relatively low level of oxygen inside pads allows us to check whether microcolony
growth was now possible under these anaerobic/microaerobic conditions. In a typical
growth experiment the pads were fully imaged at the start of incubation and again after
24, 48 and 144 hours (i.e. 1, 2 and 6 days). Under these conditions microcolonies were
able to grow on iron particles, as is clear from the typical growth process displayed in
figure 2.6.

Notably, cell growth separate from the iron particles also occurred. Since the iron
particles are the only intentionally included electron acceptor, there appears to be a sec-
ondary unintentional electron acceptor present. At low but non-zero oxygen concentra-
tions it is possible that oxygen serves as electron acceptor. In this micro-aerobic envi-
ronment we would still expect the iron particles to be a relevant electron acceptor since
oxygen is only poorly available but growth will not be completely dependent on access
to iron particles. Although further improvements can be made we also evaluated the
current ability of the method for characterizing microcolony growth on iron particles.
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Figure 2.5: Ratio of fluorescence at oxygen-poor (Fpoor close to 0%) or oxygen-rich (Fyich, 21 %) conditions
for liquid medium (Blue bars) or agar pads (Red bars) containing 0.2 mM (2,2’-bipyridine) ruthenium(II)
(Ru(bpy)32+). For the Ru(bpy) 32+ solutions the fluorescence was determined before and directly after adding
the oxygen scavenger sodium dithionite to a concentration of 0.1 mM ("Dithionite"), as well as after first expos-
ing the same solution to air followed by pure nitrogen ("Dithionite-Atmosphere"). For the agar pads the fluo-
rescence was determined in an oxygen-poor and oxygen-rich condition in two different situations, of which the
ratio between oxygen-poor and oxygen-rich fluorescence is depicted. In the first situation ("Sealed + Dithion-
ite") we added the dithionite solution to molten FWA agar containing Ru(bpy)32* and prepared three agar pads
in an anaerobic (oxygen-poor) and three agar pads in an aerobic (oxygen-rich) environment after which each
chamber was sealed . In the second situation ("Flow") three agar pad were prepared with the Ru(bpy)32* so-
lution in aerobic conditions (oxygen-rich), without dithionite, and then maintained under an anaerobic flow
for one day (oxygen-poor). Error bars indicate standard error of the mean for triplicates. The ratio between
fluorescence in oxygen-poor and oxygen-rich conditions behave as expected according to the Stern-Volmer
equation, with an expected ratio of 1.4 for solutions and 1.3 for agar.
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Figure 2.6: Section of stitched 20x magnified phase-contrast micrograph depicting typical wild type micro-
colony growth on iron particles after 0 (a), 1 (b), 2 (c), and 6 (d) days of incubation at 30° C on micro-/anaerobic
agar pads. Microcolonies visible after 6 days to be comprised of more than 1 layer of cells, they can also be
comprised of agglomerates of multiple early growth (1 or 2 days) microcolonies. microcolony growth tends to
follow the iron particle edge. Bright areas around object edges are an artefact of phase-contrast microscopy.
Scalebar equals 100 um, white arrows indicate visible microcolony growth when compared to the particle after
0 days of growth.
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MICROCOLONY CHARACTERISTICS

SURFACE AREA

Having shown that we can grow microcolonies on agar pads in the presence of iron par-
ticles we can start to quantify key characteristics of that growth. In particular, we inves-
tigated whether growth of microcolonies in contact with iron particles differed in terms
of microcolony shape or area from that of microlonies separate from the particles.

A typical growth process is visible in figure 2.6, where one large particle as well as a
midsized and small particle are seen with numerous microcolonies growing along the
edges of those particles. On day 0 it is not possible to identify single cells on the par-
ticles, while at day 1 and 2 it is possible to discriminate individual cells comprising a
microcolony. The separation of time points into "early growth" (day 0 to day 1 to day
2) and "late growth" (day 2 to day 6) is reflected in a change in microcolony structure
from day 2 to day 6. Microcolonies in close proximity at day 2 have agglomerated at day
6 into single large microcolonies that possess a grainy texture, seemingly due to dense
stacking of cells with no clear delineation between one cell or another. At day 6 it seems
that microcolonies are no longer a monolayer but have increased in height in addition to
length and width. Notably, off-iron microcolony growth appears to occur isotropically as
can be seen in figure 2.7, while on-iron microcolonies instead appear to grow along the
iron particle edge as seen in figure 2.6. Additionally, despite the lack of access to an iron
particle the surface area of off-iron microcolonies appears to be within the same order
of magnitude of on-iron microcolonies.

Figure 2.7: Section of stitched 20x magnification phase-contrast micrograph depicting typical wild type mi-
crocolony growth at least 40 pm away from iron particles after 0 (a), 1 (b), 2 (c), and 6 days (d) of incubation
at 30° C on micro-/anaerobic agar pads respectively. Microcolonies visible after 6 days to be comprised of
more than 1 layer of cells, they can also be comprised of agglomerates of multiple early growth (1 or 2 days)
microcolonies. Microcolony growth off iron appears to generally result in a circular microcolony shape. Bright
areas around object edges are an artefact of phase-contrast microscopy. Scalebar equals 10 um, white arrows
indicates ancestral microcolony or cell.

To quantify the qualitative observations we manually selected each identified day 6
on-iron microcolony. Additionally we selected the associated iron particle and reference
off-iron microcolony. These selections provide a measure of microcolony area which we
will discuss in its interpretation as growth. Microcolonies ranged in size from 63 pm?
up to 3526 um?, with 75 % between 500 and 2000 um?, as can be seen in the histogram
depicted in figure 2.8, and a median size of 1167 um?. For off-iron microcolonies 85%
grew to a size between 500 and 2000 um? with a median size of 1069 um?. The on-iron
microcolonies did not stem from the same distribution as off-iron microcolonies, but did
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Figure 2.8: Distribution of area of on-iron (blue) and off-iron (transparent red, overlapping on-iron and off-
iron bars appear dark-red) wild type microcolonies grown on agar pads containing iron particles after 6 days
of incubation. Area was determined by manually selection microcolonies on 20x phase-contrast micrographs
with a resolution of one square pixel of 0.16 um?. Neither on-iron or off-iron microcolony areas were normally
distributed (Anderson-Darling test, A% = 3.91, critical value = 0.73, and AZ = 0.74, critical value = 0.65 respec-
tively, p < 0.025 for both). The median on-iron microcolony size is 1167 um? and median off-iron microcolony
size is 1069 um?. Considering the average imaged size of single cells was 4.1 +0.5 pm?, the median micro-
colony sizes for on-iron and off-iron microcolonies correspond to a minimum of 284 and 260 cells in a median
microcolony.
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not significantly tend towards larger values than off-iron microcolonies (Kolmogorov-
Smirnov test, D = 0.91, p < 0.01 for both) despite the slightly higher median. The similar
range and median area of off-iron and on-iron microcolonies supports the qualitative
observation that a lack of direct access to iron as electron acceptor does not necessarily
limit microcolony area. The quantitative analysis can provide more detailed information
on the general microcolony growth process, whether occurring on or off iron.

The average area of a single cell (A.e) was determined to be 4.1 0.5 um? using the
single cells identified as ancestral cells for all selected wild type off-iron microcolonies.
If we assume the average imaged area of a single cell to be constant in time, we can take
the area of a microcolony as proportional to the number of cells in it and estimate the
number of cells in the microcolony by dividing microcolony area by the average imaged
area of a single cell. Note that the assumption of a constant average imaged area of a
single cell is less likely to hold for large microcolonies (typically present on day 6) where
cells are closely packed and multiple layers of cells may arise, resulting in the same im-
aged area containing more cells than estimated here. Keeping this limitation in mind,
the number of cells in a microcolony at day 6 to range from 15 to 860 with a median of
284.

GROWTH DYNAMICS

If growth on pads within 6 days occurs exponentially the large range of cell number could
be explained by variations in growth rate. Additionally, exponential growth would indi-
cate that cells have access to an electron acceptor other than oxygen since growth solely
on oxygen occurs linearly. To investigate whether microcolony growth is best described
by an exponential or linear relationship we determined the history of each microcolony
by identifying the ancestral microcolonies on the images made on days 0, 1, and 2. The
smallest microcolony identified was 8.3 pm?, corresponding to two cells.

From the microcolony histories in figure 2.10 it appears that an exponential relation-
ship between time and median microcolony area described by A(f) = Ag * e#! results in a
higher coéfficient of determination than a linear relationship described by A(#) = Ag * ut
with R? = 0.96 compared to R? = 0.85 respectively, where A(t) is microcolony area after t
hours, Ay is starting microcolony area and pis the growth rate. As a descriptor of median
growth the exponential relationship therefore seems to represent growth better than a
linear relationship. From the fit of an exponential relationship the growth rate is deter-
mined to be 0.040 h™!, which is lower than reported3? for growth on dissolved iron (0.07
h'!), but close to the growth rate reported3? for other Geobacter species grown on iron
oxide particles (0.037 h'!).

One advantage of single cell imaging over bulk experiments is the ability to visualize
cell or microcolony heterogeneity. When performing fits on the combined data of all
microcolonies (instead of just the median values) an exponential fit is still the better fit
but the coéfficient of determination is lower for both, with a R? = 0.75 versus R? = 0.50
for exponential versus linear relationship respectively. The inability for an exponential
relationship to describe more than 90 % of the per microcolony variance is in part due to
non-constant growth rates. Heterogeneity in onset of growth and a decrease in growth
rate after onset results in non-constant growth rates per microcolony. With regards to
heterogeneous onset of growth, at day 1 there are 10 out of 24 microcolonies of which
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Figure 2.9: Area of on-iron microcolonies after 1, 2 and 6 days of incubation depicted on a linear (a) and
logarithmic scale (b). microcolonies were identified on day 6, and corresponding ancestral microcolonies were
then identified on day 2, day 1 and day 0 images. In case multiple ancestral microcolonies were identified we
used the total area of those microcolonies. When ancestral microcolonies were not yet distinguishable from
the particle we used the average area of day 0 off-iron microcolonies, i.e. the average area of a single cell, as an
estimate. The median area at each time is represented by a thick black line. Onset of growth is heterogeneous
with 10 out of 24 visibly grown on day 1, another 8 on day 2, with the last 6 only visible on day 6. Comparing
the graphs plotted on a linear and logarithmic scale the median growth appears to be best described by an

exponential relationship rather than a linear relationship (e.g. the exponential fit is expected to result in the
highest coéfficient of determination).
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the ancestral microcolony can not yet be distinguished from the particle (i.e. have not
or barely grown). These cells likely remain in the "lag phase" known to occur at the start
of growth. At day 2 another 8 have grown to a distinguishable size. By definition all
microcolonies are distinguishable on day 6 since they were identified on that day. As
such, at day 6 the remaining 6 microcolonies have grown.

The observation that growth rate is not constant is best evidenced by the micro-
colonies that started growing between day 0 and day 1, which had a growth rate of 0.094
+0.010 h! in that period, while the same microcolonies had a significantly lower growth
rate of 0.043 +0.005 h™! from day 1 to day 2 (Student’s t-test, p < 0.05).

On a time scale of several days a simple exponential growth model with a growth rate
of 0.040 h'! can be a suitable model for the median size of microcolonies but is a poor
descriptor of individual microcolony growth. Microcolonies might still have an expo-
nential growth phase within one day, but a higher time resolution is required to confirm
it. Having shown the ability of the method to characterize the microcolony growth pro-
cess, we then investigated the ability to describe microcolony morphology by describing
the effect of iron particles on microcolony shape.

MORPHOLOGY

A clear qualitative difference between on-iron and off-iron microcolonies visible on the
micrographs is the non-isotropic growth of on-iron microcolonies. Having identified an
effect of iron on microcolony growth, quantification of the effect and its dependence
on pili conductivity may shed light on the ecological relevance of conductive properties
of pili separate from their structural properties. On-iron microcolonies appear to have
grown along the edge of iron particles, resulting in elongated microcolonies. To quantify
this elongated growth we determined the length and with of the microcolonies based on
the selections for microcolony area (see methods for a detailed definition of length and
width).

The width of on-iron microcolonies tended towards smaller width than off-iron mi-
crocolonies (Kolmogorov-Smirnov test, D = 0.83, p < 0.01). The median on-iron micro-
colony length was 10 um and median off-iron microcolony length was 30.4 um. The
length of on-iron microcolonies tended towards larger length than off-iron microcolonies
(Kolmogorov-Smirnov test, D = 0.73, p < 0.01). The median on-iron microcolony length
was 108.6 uym and median off-iron microcolony length was 41.6 pm. On-iron micro-
colony length tended towards larger values than on-iron microcolony width (Kolmogorov-
Smirnov test, D =0.91, p < 0.001). Their median values differed by an order of magnitude
(108.6 and 10 um for length and width respectively). For off-iron microcolony width and
length are within the same order of magnitude (30.4 um and 41.6 pm respectively).

It is clear that on day 6 the on-iron microcolonies have grown more in length along
the iron than in width away from the iron. To quantify the elongation of the micro-
colonies in a single parameter we calculate the 'aspect ratio’ as the ratio of microcolony
length and width. For on-iron microcolonies an aspect ratio larger than one indicates
that microcolony growth has been non-isotropic with the length of the microcolony
along the iron larger than the width of the colony from the iron, with a larger number
indicating a more elongated microcolony. For off-iron microcolonies an aspect ratio
larger than one indicates how much larger the major axis is relative to the minor axis, i.e.
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Figure 2.10: Calculated growth rate of microcolonies based on microcolony area increase from day 0 to day
1, day 1 to day 2 and day 2 to day 6 shown as growth rate on the previous time-point (i.e. growth rate on day
0 indicates growth rate based on area increase from day 0 to day 1). Growth rate was calculated based on
A(t) = Ag * eM! where Ag is the area on the first time-point, A¢ is the area on the second time-point, tis the time
in between in hours, and p is the growth rate. Median growth rate at each time-point is depicted by the thick
black line, and decreases over time. Growth rate per microcolony is not constant and for microcolonies having

grown from day 0 to day 1 the growth rate decreased from day 1 to day 2 from 0.094 +0.010 h™! to 0.043 +0.005
hl.
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Figure 2.11: Distribution of width (a) and length (b) of on-iron (blue) and off-iron (transparent red, overlap-
ping on-iron and off-iron bars appear dark-red) wild type microcolonies grown on agar pads containing iron
particles after 6 days of incubation. Selections were made manually on 20x phase-contrast micrographs with
a pixel width of 0.4 um. For off-iron microcolonies an ellipse was fit, and microcolony length and width were
defined as the major and minor axis of the ellipse respectively. For on-iron microcolonies the microcolony
contour was divided in two sections: the section where the microcolony contour overlapped with the particle
contour (the "inner edge"), and the section of microcolony contour not overlapping with the particle contour
(the "outer edge"). The on-iron microcolony length was then defined as the length of the inner edge, and width
was defined as the mean distance of the outer edge from the inner edge. The median width for on-iron micro-
colonies is 10 um and off-iron microcolonies is 30.4 um, while median length for on-iron microcolonies was
108.6 um and off-iron microcolonies was 41.6 um. As such, for on-iron microcolonies length is typically an or-
der of magnitude higher than width, while for off-iron microcolonies they are of the same order of magnitude.
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Figure 2.12: Aspect ratio of on-iron and off-iron microcolonies after 6 days of incubation. Aspect ratio is cal-
culated as the ratio of microcolony length to microcolony width. For on-iron microcolonies an aspect ratio
larger than one indicates a larger length of the microcolony along the iron than the average distance of the
microcolony from the particle edge, i.e. how elongated the microcolony is along the iron edge. For off-iron
microcolonies an aspect ratio larger than one indicates how much larger the major axis is relative to the mi-
nor axis, i.e. how elongated the overall shape of the microcolony is. Data is represented in a box-plot, with
the red center line indicating the median value, the upper and lower limit indicating the edges of third and
first quartile respectively, the caps on dashed lines indicating the maximum and minimum values, excluding
the data points identified as outliers indicated by red crosses. Outliers are values lying below the first quar-
tile minus 1.5 times the interquartile range, or above the third quartile plus 1.5 times the interquartile range.
On-iron microcolonies have a median aspect ratio of 12.8, confirming the order of magnitude difference in
microcolony width and length, while off-iron microcolonies have a median aspect ratio of 1.29 which is close
to one, confirming the generally isotropic shape of off-iron microcolonies.
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how elongated the overall shape of the microcolony is. On-iron microcolonies tended
to higher aspect ratios than off-iron (Kolgorov-Smirnov test, D = 0.91, p < 0.01), with a
median on-iron microcolony aspect ratio of 12.8 compared to a median off-iron micro-
colony aspect ratio of 1.29. Aspect ratio tended to increase over time (figure 2.13). The
microcolonies with aspect ratio close to one or below consisted of a few cells in for ex-
ample a L-shaped microcolony configuration.
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Figure 2.13: Aspect ratio of on-iron microcolonies after 1, 2 and 6 days of incubation depicted on a logarithmic
scale. Microcolonies were identified on day 6, and corresponding ancestral microcolonies were then identified
on images of day 0, 1 and 2. In case multiple ancestral microcolonies were identified we used the mean aspect
ratio of those microcolonies. When ancestral microcolonies were not yet distinguishable from the particle we
used the average aspect ratio of a single cell as an estimate. The median aspect ratio at each time is represented
by a thick black line, which tends to increase with time. As such, microcolonies appear to tend to become more
elongated over time. The microcolonies with aspect ratio close to or below one were microcolonies consisting
of a few cells in for example a L-shaped microcolony configuration.

In summary, we found that microcolonies grew exponentially with growth rates of
0.04 h™! up to a median size of 1176 um?. Due to growth along the iron particle edge
the on-iron microcolonies were more elongated than off-iron microcolonies with a me-
dian aspect ratio of 12.8 for on-iron microcolonies compared to 1.29 for off-iron micro-
colonies.

While an effect of iron particles has been identified in a preferred direction of growth
along their edge it is unclear whether this effect is due to the physical presence of iron,
e.g. enhanced attachment or deformation of the agar pad, or due to spatial metabolic
constraints caused by distance-dependent conductance of the pili. To investigate the
role of conductivity we repeated the experiments with a strain producing no pili (ApilA)
or less conductive pili (Aro-5).

WIRE DEPENDENCE

Microcolony growth of a strain without pili (ApilA) differed from wild type in the micro-
colony structure and size, while a strain producing less conductive pili (Aro-5) did not.
A typical microcolony growth process for the mutant strain lacking pili (ApilA) is visible
in figure 2.14. A notable difference between wild type and ApilA microcolonies is the
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presence of holes in the microcolonies. Cells within the microcolonies appear to be less
closely attached to each other, possibly due to the lack of attachment normally facili-
tated by the pili. Additionally, the selection area center of mass of certain microcolonies
was observed to change over time, possibly due to cells in one area of the microcolony
dying while those in another part continued to divide. The shift in center of mass could
theoretically be due to a shift in the particle, but comparing the relative position of other
nearby notable features with earlier images does not seem to support a relative shift of
the particle in those cases. For the strain producing less conductive pili (Aro-5) the mi-
crocolonies appear similar to wild type, except both on-iron and off-iron microcolonies
are noticeably larger than wild type with some even enveloping iron particles as can be
seen in figure 2.15d.

The 23 on-iron ApilA microcolonies tended toward smaller values than wild type
with a median of 154 pm?compared to 1167 um? respectively (Kolmogorov-Smirnov test,
D = 0.63, p < 0.01). In contrast, 38 Aro-5 on-iron microcolonies had a median area of
1393 um? and did not stem from a significantly different distribution than wild type
(Kolmogorov-Smirnov test, D = 0.31, p > 0.05). The lack of a significant difference be-
tween wild type and Aro-5 is unexpected considering the microcolonies are expected to
have less effective access to the iron as electron acceptor. As such, either the Aro-5 does
not have less effective access to the iron, or it is not a limiting factor in the microcolony
growth described here. With regards to off-iron microcolonies, as visible in figure 2.14,
they appear to have a more erratic shape than wild type off-iron microcolonies on day
6. Additionally, there seems to be general growth of the majority off-iron microcolonies
from day 0 to day 1, while on day 6 only a minority have ultimately grown into large mi-
crocolonies. The fact that the off-iron microcolonies area tend to be of the similar order
of magnitude of the on-iron microcolonies for any strain seems to support the idea that
iron access had little effect on microcolony area.

Despite differences in structure and size between ApilA and wild type the preferred
growth along the edge of iron seems to persist even in the absence of pili (ApilA) or lower
conductivity (Aro-5), indicating the process to be independent from pili or conductivity.
The elongated shape of microcolonies characterized by an aspect ratio larger than 1 per-
sists in both ApilA and Aro-5 with a median aspect ratio of 7.6 for ApilA and 12.4 for Aro-5
respectively, compared to 14.7 for wild type, although neither came from a distribution
significantly different from wild type (Kolmogorov-Smirnov test, D = 0.30 for ApilA and
D =0.14 for Aro-5, with p > 0.05 for both after Bonferroni correction).

Ultimately the only quantitative difference found between strains was only between
wild type and ApilA in terms of microcolony surface area. As such, the presence of
pili seems to affect microcolony growth independent from their conductivity. However,
given the earlier described presence of minor concentrations of oxygen as possible al-
ternative electron acceptor we considered that unintended variation in oxygen levels be-
tween pads may result in variations of overall microcolony area. To explore the between-
pad variation in microcolony area we identified additional day 6 microcolonies from 2
more pads for each of the strains.

REPRODUCIBILITY
So far we have confirmed the method’s ability to quantify microcolony growth charac-
teristics, as well as its ability to discern between wild type and a mutant strain. Having
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Figure 2.14: Section of stitched 20x magnification phase-contrast micrograph depicting typical ApilA micro-
colony growth at least 40 um away from iron particles after 0 (a), 1 (b), 2 (c), and 6 days (d) of incubation at
30° C on micro-/anaerobic agar pads respectively. Microcolonies visible after 6 days to be comprised of more
than 1 layer of cells, they can also be comprised of agglomerates of multiple early growth (1 or 2 days) mi-
crocolonies. Off-iron microcolony growth seems to result in a circular microcolony shape and ApilA off-iron
microcolonies appear to have a more erratic shape than wild type. Bright areas around object edges are an
artefact of phase-contrast microscopy. Scalebar equals 10 um, white arrows indicates ancestral microcolony
or cell.
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Figure 2.15: Section of a stitched 20x magnification phase-contrast micrograph depicting typical Aro-5 micro-
colony growth on iron particles after (a) 0, (b) 1, (c) 2, and (d) 6 days of incubation at 30° C on micro-/anaerobic
agar pads. Microcolonies rapidly grew between 2 and 6 days, with a rare case of one microcolony fully encir-
cling a particle, even where no significant growth was visible at 2 days (although slight growth was visible at 1
day of growth). Microcolonies visible after 6 days to be comprised of more than 1 layer of cells, they can also be
comprised of agglomerates of multiple early growth (1 or 2 days) microcolonies. Microcolony growth tends to
follow the iron particle edge. Bright areas around object edges are an artefact of phase-contrast microscopy .
Scalebar equals 100 um, white arrows indicate visible microcolony growth when compared to the particle after
0 days of growth.
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Figure 2.16: Comparison of microcolony area (a) and aspect ratio (b) of wild type, a strain producing no pili
(ApilA) and a strain producing poorly conductive pili (Aro-5). There is no significant difference in distribu-
tion between wild type and Aro-5 microcolonies, both in area and aspect ratio. The distribution for ApilA
microcolony area was significantly different from wild type, while the aspect ratio was not. As such all strains,
despite differences in pili production and conductivity, are all similarly elongated along the iron particles. In
contrast, ApilA microcolonies were significantly smaller, indicating at least a negative effect on growth due to
the absence of pili.

confirmed its ability to do so, we must now investigate whether it can do so reliably. To
investigate the reproducibility of the observed growth from pad to pad we expanded our
dataset to two more pads of each strain, to a total of three pads per strain. The pads
described above are called pad 1 for each strain, while the additional pads are termed
pad 2 and 3. For each additional pad we selected 17 microcolonies from across at least 4
locations.

For wild type, pad 2 and 3 had a median area of 138 um? and 2045 pm? respectively,
comparing the distribution of values to that of pad 1 with a median of 1167 um? shows
a significant difference from pad 1 for both pad 2 and 3 (Kolmogorov-Smirnov test, D =
0.84 and D = 0.45 for pad 2 and 3 respectively, p < 0.025 for both). For ApilA the medians
of both pad 2 and 3 were higher than the 154 um? of pad 1, with 330 um? and 2511 pum?
respectively, and the distributions of both pad 2 and 3 were significantly different from
pad 1 (Kolmogorov-Smirnov test, D = 0.37 and D = 0.89 for pad 2 and 3 respectively, p <
0.025 for both). Finally, for Aro-5 the medians of pad 2 and 3 were 2432 and 3300 um?
compared to 1393 um? for pad 1, but only pad 2 was significantly different from pad 1
(Kolmogorov-Smirnov test, D = 0.52, p < 0.025 for pad 2 and D = 0.27 with p > 0.025 for
pad 3).

It appears that between-pad variation often results in significant differences in mi-
crocolony area, with only one pad of Aro-5 not significantly different from the pads de-
scribed in detail earlier. However, despite the significant variation in microcolony area
between pads, the effect of iron on microcolony shape persists. For each pad of every
strain the median on-iron microcolony aspect ratio is above 7, as seen in figure 2.17,
indicating elongated microcolonies in each case.
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Figure 2.17: Variation in on-iron microcolony area between pads for wild type (WT, a), a strain producing no
pili (ApilA, b) and a strain producing poorly conductive pili (Aro-5,¢). For each strain pad 1 was described in
detail with 24, 23 or 38 identified microcolonies for WT, ApilA and Aro-5 respectively, while pad 2 and 3 have 17
identified microcolonies for each strain. Every pad 2 and 3 was significantly different from the corresponding
pad 1, except for pad 3 of Aro-5 ((Kolmogorov-Smirnov test, D = 0.84 and D = 0.45 for wild type pad 2 and 3
respectively, p < 0.025 for both, D = 0.37 and D = 0.89 for ApilA pad 2 and 3 respectively, p < 0.025 for both, and
D =0.52, p < 0.025 for pad 2 and D = 0.27 with p > 0.025 for pad 3). As such, there is significant variation in
microcolony area from pad to pad, for each strain.
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Figure 2.18: Variation in on-iron microcolony aspect ratio between pads for wild type (WT, a), a strain pro-
ducing no pili (ApilA, b) and a strain producing poorly conductive pili (Aro-5,c). For each strain pad 1 was
described in detail with 24, 23 or 38 identified microcolonies for WT, ApilA and Aro-5 respectively, while pad 2
and 3 have 17 identified microcolonies for each strain. In contrast to on-iron microcolony area, there was no
significant difference in aspect ratio between pad 1 and pad 2 or 3 for wild type (Kolmogorov-Smirnov test, D
=0.35 and D = 0.20 for pad 2 and 3 respectively, p > 0.05 for both pads). For ApilA only pad 3 was significantly
different from pad 1 (Kolmogorov-Smirnov test, D = 0.22 and D = 0.55, with p < 0.01 and p > 0.05 for pad 2 and
3 respectively), and for Aro-5 only pad 2 was significantly different from pad 1 (Kolmogorov-Smirnov test, D =
0.43 and D = 0.28, with p < 0.025 and p > 0.05 for pad 2 and 3 respectively). Microcolony aspect ratio remains
above 7 for all pads, showing that on-iron microcolonies grow elongated along the iron particle regardless of
pad to pad variation in microcolony area.
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2.4 DISCUSSION

We have set up a method for growth of G. sulfurreducens cells on agar pads in the pres-
ence of iron particles to allow a microscopically observable situation where growth can
depend on conductivity. The method needed to provide microscopic observation and
spatial characterization of 2D growth of G. sulfurreducens single cells over a time period
long enough for multilayered colonies to form on iron particles in an environment with
minimal oxygen.

MICROSCOPIC OBSERVATION

Our method provided microscopic observation of microcolony growth on iron particles
up to magnification of 40x. The 20x magnification we used provided sufficient resolu-
tion to distinguish on-iron microcolonies down to 8 um? in size as well as off-iron single
cells. Although a magnification of 20x was used to allow for full imaging of the pad,
one can choose to use a 40x magnification to investigate particular regions of the pad.
A magnification higher than 40x results in practical limitations since oil has to be used
during imaging and afterwards the flow chamber has to be thoroughly cleaned from oil
residue to not limit later imaging resolution. Touching the center of the flow chamber
applies pressure to the agar pad which shifts the cells and particles. Cleaning the flow
chamber without touching it is difficult which makes cleaning an extremely impractical
step. As an alternative, one could install the full flow chamber setup at the microscope
and leave the oil in contact with the chamber while limiting evaporation of oil or regu-
larly replenishing oil, or employ a cleaning technique that does not involve touching the
flow chamber. For our purposes of spatially characterizing microcolony growth the 40x
magnification proved sufficient .

SPATIAL CHARACTERIZATION OF 2D GROWTH

Microcolonies were visible within two days and appeared to consist of a monolayer of
cells. After six days of incubation the microcolonies appeared closely-packed and mul-
tilayered. The image analysis of the presented method resulted in edge selection of par-
ticles and microlonies. The edge characteristics were used to describe microcolony area
as well as growth of the microcolonies along the edge of the iron particle.

With regards to microcolony area the on-iron and off-iron colonies differed in distri-
bution although their median and range were similar. The on-iron colonies seemed to
consist of a set of colonies smaller than 1000 um? and a set of colonies larger than 1500
um?, while off-iron colonies appeared to consist of a single set centered around the me-
dian. To which extent these sets are due to physiological differences would require fur-
ther investigation though they may signify the use of different electron acceptors, with
use of one resulting in a higher growth rate than another. Upon onset of growth wild type
microcolonies could continue to grow up to an area of 3526 um? for the largest identified
microcolony, with a median area of 1167 um? . With the average imaged area of a single
cell being 4.1 um? the largest microcolony would correspond to an approximate mini-
mum of 860 cells, and the median microcolony an approximate 284 cells. Considering
that after six days of growth most microcolonies appeared to be multilayered, the actual
number of cells is likely higher. With regards to elongation, the off-iron microcolonies
typically grew into microcolonies with an aspect ratio close to one. This isotropic growth
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is in contrast to the on-iron microcolonies whose length along the iron particle exceeded
their width by one order of magnitude. Future research using our methods ability to de-
scribe microcolony shape could provide further insight into the causes of on-iron colony
elongation. In addition to spatial characterization our method also allowed for temporal
characterization.

TEMPORAL RESOLUTION

Experiments could last up to 6 days without desiccation of the pads. Microcolonies could
be observed multiple times in this time interval, in our case after 0, 1, 2, or 6 days of incu-
bation. The microcolonies continued to grow during this period. This temporal resolu-
tion allowed for the characterization of growth throughout time describing its exponen-
tial nature, varying growth rate and the presence of a lag phase. Confocal microscopy
studies of early biofilm formation showed that ApilA had lower viability and produced
smaller 3D protrusions from the biofilm3*. This low viability may be reflected in the
increased lag phase observed here. As the rise of single-cell investigations of microor-
ganisms has shown, heterogeneity in cell division onset is not uncommon3?, although
to the best of our knowledge it has not yet been reported for G. sulfurreducens. Having
identified the phenomenon, future research could investigate relevant factors affecting
the onset of growth. The possibly toxic influence of oxygen should then also be taken
into account.

MINIMAL OXYGEN ENVIRONMENT

The method was able to provide a low oxygen environment, though its consistency needs
to be improved. To assess the anaerobicity of the flow system we developed an oxy-
gen assay using (2,2’-bipyridine) dichlororuthenium(I) (Ru (bpy)g*) for agar pads which
showed sensitivity for oxygen levels in agar pads similar to that in bulk assays. A quan-
titative calibration of the agar pad oxygen assay sensitivity would require a second in-
dependent agar pad assay. The fluorescence of oxygen-quenched dyes did indicate that
oxygen levels in agar pads were similar to that of pads that were prepared in an anaerobic
glove box and exposed to an oxygen scavenger in two cases, i.e. close to zero. However,
in the third case oxygen concentration was around 10%. Exposure to oxygen concen-
trations higher than 5% is toxic!” to G. sulfurreducens. Despite the occasionally high
oxygen concentration microcolonies grew in all cases indicating that effective oxygen
concentration during growth is lower than 10%.

It seems unlikely that oxygen concentrations were truly zero, since consistent growth
of microcolonies not in contact with iron particles showed that some alternative dis-
solved electron acceptor was present, which we would expect to be low levels of oxygen.
In previous reports microcolonies also grew in the absence of a carbon source3? or elec-
tron acceptor3%. As such, the microcolony growth despite lack of access to the insoluble
electron acceptor is a limitation of the current method, though it may not be a unique
limitation.

OUTLOOK
Even in the presence of oxygen the iron particle is likely to affect growth since it provides
a secondary electron acceptor source. Iron as secondary electron acceptor becomes in-
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creasingly relevant when local oxygen concentration becomes diffusion dependent and
cells’ access to iron remains while access to oxygen decreases. G. sulfurreducensis known
to prefer Fe(IlI) reduction over fumarate as electron acceptor in the presence of both 37,
although the same preference for Fe(IIl) in presence of oxygen has not yet been investi-
gated. As such, presence of oxygen does not necessarily invalidate wire dependence of
growth, although a minimized oxygen concentration remaines preferred.

The method described here was proposed as a way to study the impact of protein
wire properties on early biofilm formation in order to identify avenues for future MFC
engineering. However, before such investigations can be performed the method as is still
needs to be improved. We observed significant between-pad variation within one strain
and further improvements in reproducibility are required before specific conclusions on
the effect of pili on microcolony area can be made. From analysis of the pad-to-pad
variation in microcolony area for a single strain it is clear that even in a single batch of
pads significant variation in microcolony area can occur. Imperfect division of gas flow
or poor connection to the flow splitter may result in variations in flow along the pads.
The variations in flow may explain the variations in measured oxygen concentrations in
pads exposed tov that flow. This between pad variation severely limits our ability to draw
conclusions from our exploratory data. It is advised that investigating the nature of the
variation and ensuring equal flow distribution are the first improvements to be made to
the method.

Although specific conclusions are limited with the method at its current stage, gen-
eral insight was gained into the range of microcolony area, growth rate and shape on
iron particles. The range of microcolony sizes can be used as a reference point for fu-
ture studies, while studies on microcolony structure and dependence on pili are likely
to benefit from the characterization of microcolony shape rather than size. This method
has the ability to characterize growth of microcolonies in an environment with minimal
oxygen over several days, thus allowing imaging of two-dimensional colony characteris-
tics for investigation of spatial patterns of growth and its dependence on proximity to an
iron particle.
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MEASURING ELECTRICAL
PROPERTIES OF SINGLE
CONDUCTIVE PROTEIN WIRES

Using a stochastic deposition method, passive voltage imaging and atomic force microscopy
we visually confirm and make electrical contact with single nanowires. We describe op-
timization of the sample preparation and chip design showing that chemically untreated
samples performed best, while an interdigitated chip design improved the chances of mak-
ing contact. Ultimately we demonstrate the ability to manipulate temperature providing
valuable characterization of the temperature-dependence of nanowires conductivity.

Chips manufactured by Nandini Muthusubramian and Jacqueline A. Labra Mufioz.
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3.1 INTRODUCTION

Exoelectrogenic bacteria export electrons to extracellular electron acceptors, effectively
generating a current. The biofilm of one such exoelectrogenic bacterium G. sulfurre-
ducens was shown'! to conduct around 2 pA at 0.2 V corresponding to a conductance
of 5 uS. Between -0.4 V and +0.4 V there even was a linear dependence of current on
applied bias voltage, sparking discussion of an electron transport mechanism similar to
metallic conductance?. In order to investigate any claims on electron transport the con-
ducting element had to be identified first. The observed conductance persisted while
flushing media, excluding diffusive processes such as ionic currents or redox shuttles.
Upon closer investigation the presence of wire networks between cells were identified '.
Measurements? of the wire networks in which cytochromes were denatured resulted in
measured conductivities of 6 uS/cm . In 2015 Adhikari et al.# were able to measure con-
ductivity across an isolated single wire. These measurements again showed a linear re-
lationship between -0.4 V and + 0.4 V but with even higher conductivity of 51 mS/cm.
Having confirmed single wire conductivity, further investigations into the characteris-
tics of electron transport mechanism were conducted. However, a reliable method for
contacting single wires and measuring under a wide range of conditions proved to be
lacking.

The primary methods used in investigations “*~° are a custom-made "Low-noise Nano-
electrode Measurement Platform" (LNMP), Conductive Probe Atomic Force Microscopy
(CP-AFM), and Scanning Tunneling Microscopy (STM). Each method has its strengths
and weaknesses and they are best used in conjuction in order to gain a full characteriza-
tion of the electron transport mechanism. The LNMP allows for stable high-resolution
current measurements?, CP-AFM is excellent in providing distance dependence mea-
surements, and STM can be used to probe the density of states along a wire, even at
various temperatures (as demonstrated by Lampa-pastirk et al.®). On the other hand,
CP-AFM is limited in its environmental control and can only measure one wire at a
time, STM was only demonstrated for transaxial measurements, and the LNMP was not
demonstrated to possess any environmental control. The ability to control environmen-
tal parameters such as atmosphere, temperature and illumination is crucial for a full
characterization of electron transport through the wire.

We describe here in detail the design of a method able to perform these measure-
ments. Our results include high-resolution current measurements, temperature control,
atmosphere control and investigation of back-gate effects as proof-of-principle. Addi-
tionally we describe design changes that could allow for measurements of distance de-
pendence and note the easily implementable option of illumination. In order to pro-
vide others the option to adjust this method to their own studies we include the design
considerations and results of adjusting various parameters. The method section of this
chapter is positioned at the end to serve as summary of the designed method. Ultimately,
the adaptability of the method is further demonstrated in chapter 4 and chapter 5 by
measuring conductivity of two different types of biowires.

4-6
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3.2 RESULTS

WIRE DEPOSITION
To perform a variety of measurements on the same wire in various conditions we require
a stable sample with a long degradation time. To create such a stable sample, the wires
are allowed to adsorb to a surface. Proteins adsorbed to a surface are known’ to be
stable, maintaining structure and even catalytic function at temperatures up to 100°C.
The type of surface will determine the type of measurements that can be performed.
Mica is an accessible substrate for making atomically flat sheets, allowing for optimal to-
pography studies using AFM. However, it is non-conductive, limiting conductivity inves-
tigations. Highly Oriented Pyrolithic Graphite is an atomically flat conductive substrate
which allows for transaxial measurements of conductance using CP-AFM. A silicon-oxide
surface allows for the deposition of gold layers, either before or after wire deposition, al-
lowing advanced designs for combinations of non-conductive and conductive surfaces
in various topologies. Additionally, p-doped silicon is conductive beneath the silicon-
oxide surface, allowing for the investigation of field effects by applying a back-gate volt-
age.

STANDARD PROTOCOL

At time of development the protocols for isolation of G. sulfurreducens wire extracts
were based on pili purification protocols for Neisseria meningitidis®and Pseudomonas
syringae®. We based our standard protocol for sample preparation on these protocols,
the details of which are described in section 3.4. In short, the standard protocol con-
sisted of the following steps: A cell culture was centrifuged after which the pellet was
resuspended in ethanolamine buffer at pH 10.5. Then cells were sheared by repeated
passes through a needle, after which the cells were vortexed, releasing the wires from
the cells. This solution was centrifuged again, this time keeping the supernatant. To
concentrate the sample and separate the wires from smaller proteins the supernatant
was exposed to an ultracentrifugation step. The supernatant was removed and the pellet
resuspended, aliquots were subsequently flash frozen with liquid nitrogen. For deposi-
tion one such aliquot was allowed to melt after which 1 pl droplets were deposited on
each device, left to adsorb for 20 minutes, after which the sample was blown dry with an
air gun.

SUBSTRATES

As described above, the surface material affects resolution of topological investigations
and the ability to investigate conductivity. To enable investigations of both topology and
conductivity, wires are deposited on Mica, HOPG, SiO, and SiO, with Au surfaces (chips)
. As can be seen in the AFM images in figure 3.1 each of the substrates shows separate
wires typically 1 pm long and 2 to 4 nm wide.

These dimensions correspond well with those reported in literature and the theo-
retical width of the wires based on low-energy atomic modeling'°. The wires were not
seen in samples prepared from cultures of mutants in which the gene encoding the pilA
protein is disabled. As such we have established deposition on various experimentally
relevant substrates. Notably, deposition on SiO, with Au was achieved, which could fa-
cilitate cisaxial conductance measurements. Such measurements could be performed
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Figure 3.1: An extracellular protein extract containing wires from G. sulfurreducens was deposited on four
different types of surfaces. Using Atomic Force Microscopy each surface was shown to adsorb wires contained
in the extract, although visibility varies depending on surface roughness. Each surface is suited for different
types of investigation. a Mica is an atomically flat surface that does not conduct. b Highly Oriented Pyrolithic
Graphite (HOPG) is an atomically flat surface that does conduct. c Silicon-oxide wafers can be modified with
a variety of metals, and p-doped silicon contains a conductive inner layer which can be used for applying a
back-gate. d Chips made of gold layered on silicon-oxide wafers allow for custom designed gold surfaces, in
this case used to facilitate electrical contact with the wires.
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by depositing wire on chips, with the particular chip design determining the measure-
ment conditions and limitations. We will now discuss the design of those chips.

CHIP DESIGN

The chip design should include a non-conductive gap between two gold surfaces, which
a deposited wire can bridge, resulting in a electrical connection between the gold sur-
faces. Based on reported values the conductivity of a single wire is assumed to be less
than the gold surface. The conductivity of the connection is then determined by the
wire and its contact with the gold. Each patch of gold should then in turn be connected
to a patch of gold large enough to make contact with a mechanical probe. To reliably
contact the gold with the mechanical probe a 200 x 200 pm gold square called a "(con-
tact) pad" is needed. The rest of the design depends on the approach for having a wire
cross the gap.

Wires might be physically manipulated and placed across the gaps, or wires could be
deposited at random locations with a certain fraction bridging a gap by chance. Given
the difficulty of manipulating nanometer-wide wires while maintaining wire integrity
we instead decided to optimize the chance of wires bridging a gap upon deposition. We
deposited an extracellular wire-containing extract on multiple gaps and relied on the
probability that one of the wires happens to bridge the gap and make electrical contact.
Once the gap is electrically bridged by a wire we can apply a bias across the gap and
measure the current through the wire.

To apply a bias across the gap each side of the gap is associated with a different con-
tact pad, as can be seen in the schematic chip layout in figure 3.3. One side is connected
to the main contact pad, while the other side is connected to a side pad. We then apply
a bias between the main and corresponding side pad, resulting in a bias across the gap
and allowing us to measure the current across the probes. We perform this measurement
for each of the side pads until a level of current significantly higher than the noise level
is detected, a process here called "connection finding". Once we have found a bridged
gap, we can move to identification of the bridging element (the "connection").

We topologically identify the connection to confirm that it corresponds to a wire by
imaging the entire potential contact area using Atomic Force Microscopy (AFM). In con-
trast to the report by Adhikari et al.* we did not experience that the presence of a wire
bridging a gap guarantees a detectable current, or that the conducting elements were
certain to be wires. It seems that either a certain fraction of the deposited wires are non-
conductive or that these do not make a proper electrical contact with the gold.

Other conducting elements than wires were identified as can be seen in figure 3.2.
Given the topology reflecting an agglomerate of bulbous structures we presumed these
conducting elements to be protein aggregates possibly containing wires or a high den-
sity of cytochromes. Protein aggregates can form or deposit in the gaps and in the case
where both a wire and aggregate are bridging a gap the possibility that the aggregate is
responsible for the conductance can not be excluded. In the case that only an aggregate
is bridging the gap we are unable to ascertain whether that aggregate contains a wire or
that the aggregate conducts due to other unknown factors. As such, it is imperative to
locate any and all particles bridging the gap and confirm their identity and responsibility
for the observed conductance, this process is here called "connection identification".
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Figure 3.2: Atomic Force Microscopy image of an aggregate that was shown to conduct currents above noise
level. Top and bottom sections are gold, aggregate is bridging the 500 nm gap between the gold. Connection
identification is crucial to determine whether measurements are performed on a single wire, or on an aggregate
of several proteins, possibly containing a wire.

The combined process of connection finding and connection identification is labo-
rious and time-consuming. As such the minimization of non-wire bridging elements is
crucial for achieving a practical method for contacting single wires. This chapter focuses
on various efforts aimed towards optimizing the probability of having a connection con-
sisting of only wires bridging the gap (an "only-wire connection"). Additionally we ease
and accelerate the gap-finding and connection identification processes. First, we will
discuss how the chips were designed with these factors in mind, while noting trade-offs
in chip design due to this focus.

To start, we can minimize the number of non-wire bridging elements by choosing an
appropriate gap size. The wire extract contains an abundance of proteins, but only few
are large enough to match the length of a wire. With a 500 nm gap only the wires, large
protein aggregates and debris are able to form a bridge. Thus one can exclude the many
other single proteins present in the sample. It should be noted that one could instead
choose a variety of gap sizes to investigate distance dependence. However, both increas-
ing and decreasing gap size affects the probability of having an only-wire connection.
A smaller gap size increases the probability of aggregates or even single proteins bridg-
ing the gap. A larger gap size reduces the probability of any bridging element, including
wires. Although gap size is the only factor directly affecting the probability of having an
only-wire connection, the chip layout can affect the gap-finding and connection iden-
tification as well. Ultimately, we employed three additional designs meant to optimize
these two processes.

CHIP CONFIGURATION

We employed four different chip designs, varying in configuration of the lead and main
electrodes. The first design depicted in figure 3.3 served as a proof-of-principle device
(Device 1). It consisted of a main electrode of 0.1 x 2.2mm flanked by lead electrodes of
20 x 80 um, resulting in several 0.5 x 20 um gaps. With this proof-of-principle device we
confirmed that in one of the electrical contacts the only bridging element between main
and lead electrodes was a single wire. That sample was damaged in operation before a
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thorough characterization could occur but it did show the potential of the method. With
that potential in mind we first need to minimize the labor involved in finding a wire.
The apparent low probability of any gap being bridged results in a low probability of any
probe manipulation making contact with a bridged gap.

—

a b

Figure 3.3: Schematic of chip design 1 employed for deposition and adsorption of wires resulting in an electri-
cal connection that can be contacted by probes in a probe station. The overall device architecture (a) consists
of a single long electrode flanked by smaller electrodes. The L-shaped area (‘'main lead’) ends in a square (‘'main
pad’) which is contacted by a mechanical probe. Each square on the side ('side pads’) is then contacted in turn
by another mechanical probe, applying a bias voltage in order to measure the current between them. The
current would be limited by any conductive elements bridging an insulating 500 nm SiO> gap in the potential
contact area (dashed square, detail shown in b). Gold is depicted in yellow, scale bars are 100 um and 10 pm
for overall device architecture or potential contact area respectively, gap is indicated in red.

Increasing the number of gaps connected to each pad will increase the probability of
finding a bridged gap per probe manipulation. We increased the number of gaps corre-
sponding to a pad in two ways. In one design (Device 2) depicted in figure 3.4a we used
an array of pads, each of which had two lead electrodes (5 x 80 um) on the right side, one
lead electrode on the top and bottom side, and one extending lead electrode (5 x 200 um)
on the left side. In this device each side of the pad could be connected to a neighbour-
ing pad, while the extended lead allowed for diagonal contact, further maximizing the
number of possible connections.

The other design used to increase the number of gaps per pad (Device 3) used a chip
structure similar to device 1. However, instead of one gap per side pad the device 3 de-
picted in figure 3.4b employed an interdigitated design with two sets of ten "fingers",
with each set connected via a lead electrode to either the main lead (the "main fingers")
or the side pad (the "side fingers"). This results in twenty gaps per side pad, thus twenty
times the probability of finding a connection per probe manipulation, as well as increas-
ing gap density per chip, reducing the number of required chips and the associated fab-
rication time and resources. This twenty-fold increase in probability has the trade-off
of increasing the connection identification time, since all twenty gaps would need to
be fully imaged. Note that even with this trade-off this design saves time. Although
per found connection twenty probe manipulations are much faster than fully imaging
twenty gaps, in practice one has to perform twenty probe manipulations for each poten-
tial connection, which in total is much slower than fully imaging twenty gaps.
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a b

Figure 3.4: Schematic of chip design 2 employed for deposition and adsorption of wires resulting in an electri-
cal connection that can be contacted by probes in a probe station. The overall device architecture (a) consists
of an array of square pads flanked on four sides by smaller electrodes. Each pad can be contacted by a mechan-
ical probe, upon which another probe would be used to contact any neighbouring pad (including diagonal
neighbors). By applying a bias voltage we can then measure the current between these two pads. The current
would be limited by any conductive elements bridging an insulating 500 nm SiO» gap in the potential contact
area (dashed square, detail shown in b). Gold is depicted in yellow, scale bars are 100 um and 10 pm for overall
device architecture or potential contact area respectively, gap is indicated in red.

a b

Figure 3.5: Schematic of chip design 3 employed for deposition and adsorption of wires resulting in an electri-
cal connection that can be contacted by probes in a probe station. The overall device architecture (a) consists
of an I-shaped area (‘main lead’) that ends in two squares (‘main pads’), one of which is contacted by a me-
chanical probe. Each square on the side ('side pads’) is then contacted in turn by another mechanical probe,
applying a bias voltage in order to measure current between them. The current would be limited by any con-
ductive elements bridging one or more of nineteen insulating gaps in an interdigitated potential contact area
(dashed square, detail shown in b). The potential contact area consists of nineteen 500 nm gaps of SiO2 be-
tween two sets of 10 fingers. One set of fingers is connected to a side pad, while the other set is connected to
the main lead. Gold is depicted in yellow, scale bars are 100 pm and 10 um for overall device architecture or
potential contact area respectively, gap is indicated in red.
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CHIP DESIGN FOR PASSIVE VOLTAGE CONTRAST IMAGING

We can further reduce the time required for imaging if we are quickly able to identify
which of the "fingers" are connected to each-other by a conducting element. In that
case it is not necessary to fully image all gaps, only the gap between connected fingers.
Effectively this adds a second step to the connection-finding process. As long as this step
is faster than fully imaging twenty gaps, it saves time. This second connection-finding
step can be considered analogous to the common task of finding the location of a fault in
a semiconductor device, in the sense that one is searching for a small electrical connec-
tion between chip elements at an unknown location. Therefore we explored techniques
typically used for that purpose, and found Passive Voltage Contrast (PVC) imaging!! to
be an appropriate tool.

In PVC imaging the buildup of charge on the surface is inversely correlated to bright-
ness when imaging with a Focused Ion Beam (FIB). In brief, the positive ion beam causes
the surface to become positively charged except for areas where an electron sink is able
to annul that charge (i.e. a grounded area). Any positively charged surface will attract the
secondary electrons responsible for image intensity, preventing them from reaching the
detector. In our case, if the main electrode were to be grounded there would be a large
difference in charge build-up between fingers connected to the main pads and fingers
connected to the side pad. On the fingers connected to the main pad any build-up of
charge can flow away towards the ground, while charge would continue to build-up on
fingers connected to the side pads unconnected to the ground. The fingers connected
to the grounded main pad would then become bright, while those connected to the side
pad would be dark. The exception occurs when fingers from the side pad set are con-
nected via some conducting element to fingers connected to the main pad, in which
case charge build-up on the side pad can also flow to the grounded main and would also
appear bright. This principle is demonstrated in figure 3.6, in which only one the gold in
contact with the grounded main gold is bright.

We used PVC imaging to identify which fingers are connected, as demonstrated in
figure 3.6. First, the gold connecting each of the side fingers to the side pad is cut (the
process of which is explained below), and the brightness of each finger then depends
only on its connection to the main fingers. Only the connected side fingers are bright,
which is particularly clear for the top finger which has some easily visible debris con-
necting it to the main fingers. Note that even poorly conductive materials (such as typ-
ical debris) can facilitate charge flow, and PVC is useful for identifying conductive ele-
ments, but not necessarily for discriminating between low or high conductivity of those
elements.

The cuts between the connected side fingers are then restored (explained below) to
still allow for electrical measurements, and now only the gaps between connected fin-
gers are fully imaged with AFM as described previously. Finally, imaging with ions is
a destructive technique, and imaging an area containing a wire is likely to degrade the
wire. As such, all imaging is performed near the connections between fingers and leads,
where there is a 5 pm gap unlikely to contain the connecting element.

The process of cutting and then restoring cuts between fingers and leads is per-
formed by the FIB using ion beam milling followed by platinum deposition. The FIB can
be used for milling away a strip of gold from the lead electrode, disrupting the contact to
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Figure 3.6: Scanning Electron Microscopy (a) and Focused Ion Beam (b) micrographs of the same set of in-
terdigitated electrodes. Passive Voltage Contrast Imaging was used to identify electrical connections between
main and side pads. Imaging with a Focused Ion Beam (FIB) is particularly susceptible to charging effects,
which can be used to identify in which imaged parts charge is able to flow to a ground. A grounded gold sur-
face will allow charge to flow away from the surface to the ground, preventing charge build-up and maintaining
a high intensity, while surfaces where charge can not flow to a ground will be darker (i.e. non-grounded sur-
faces). Here the right lead is connected to the main lead which is grounded, while the left lead is connected
to a non-grounded side pad. As such, all main fingers are grounded. All connections from the side pad to the
fingers have been cut via Focused Ion Beam milling, no charge can flow from side finger to side pad. The only
option for charge to dissipate from the side fingers is if it is in electrical contact with the main fingers. While
the cuts can be seen in a Scanning Electron Microscope image (a), the ability to dissipate charge is only clearly
visible in the Focused Ion Beam image (b). Side fingers connected to main fingers via visible pieces of debris
are brighter than those without a connection. The principle that connected fingers are bright can be used to
identify the gaps potentially containing the electrically connecting elements, although care should be taken
not to fully image the gap due to the destructive nature of FIB imaging. Note that non-connected side fingers
are darker than the side pad. Charge on connected fingers can distribute itself over the relatively large side
pad, resulting in their higher intensity.
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Figure 3.7: Connections between electrode "fingers" and their associated contact platform ("pad") can be dis-
rupted ("cut") by Focused Ion Beam milling. By repeated exposure to an intense ion beam the gold is removed
from a particular targeted strip, thus severing the connection between pad and finger. Cutting can be used in
a case where the side pad is known to be connected to the main pad, but it is unknown through which gap and
which associated finger. Upon cutting the connection between finger and pad, if the finger was connected it
will remain bright, while if it was not it will turn dark (a). If the finger was solely responsible for the connection,
the lead for the side pad will turn dark (b). When cutting a main finger the intensity change in its neighbor-
ing side fingers will indicate whether that particular main finger was responsible for the connection. After
identification of the connecting fingers, the electrical connection between finger and lead can be restored via
platinum deposition of a square of platinum contacting both sides of the cut (c).
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the lead pad ("cutting"). Applying this to an interdigitated design allows one to cut each
of the finger electrodes to see how it affects the brightness of the lead pad. Cutting a
finger connected to the main electrode will cause the lead pad to turn dark, since charge
can no longer disperse via the grounded main electrode, visible in figure 3.7a. Using FIB
metal deposition one can then deposit a strip of platinum across the cut, depicted in fig-
ure 3.7c¢, restoring electrical connection to the lead pad. By repeating the same approach
on the side of the main electrode, turning the finger dark as shown in figure 3.7b, we can
determine a single gap as containing the bridging element.

The fourth design fully exploited the PVC imaging method of localization, skipping
the need of a probe station for connection finding. In this design depicted in figure 3.8a
ten grounded main electrodes are interdigitated with ten ungrounded main electrodes.
Between each pair of main electrodes is a row of 5 x 5 um squares separated from the
main electrodes by 500 nm as can be seen in figure 3.8b.

a b

Figure 3.8: Schematic of chip design 4 employed for deposition and adsorption of wires resulting in an electri-
cal connection that can be contacted by probes in a probe station. The overall device architecture (a) consists
of an I-shaped area (‘main lead’) which ends in two squares (‘'main pads’), one of which is contacted by a me-
chanical probe. Each square on the side ('side pads’) is then contacted in turn by another mechanical probe,
applying a bias voltage in order to measure current between them. The current would be limited by any con-
ductive elements bridging one or more of 338 short insulating gaps in an interdigitated potential contact area
(dashed square, detail shown in b). Te potential contact area consists of 338 SiO5 gaps of 5 um long and 500 nm
wide. The relatively large number of gaps is the result of 13 fingers, each almost connected by 13 gold squares
of 5 x 5 um (‘spacers’), separated by a 500 nm gap above and below each spacer. One set of fingers is connected
to a side pad, while the other set is connected to the main lead. Gold is depicted in yellow, scale bars are 100
um and 10 um for overall device architecture or potential contact area respectively, gap is indicated in red.

By imaging the center line of this row of squares one can immediately identify elec-
trically connected squares since any small pad displaying a high intensity must be con-
nected to a grounded main. The principle is illustrated in figure 3.9 where each of the
bright squares is connected to the grounded main. The 0.5 x 5 pm gap is then rapidly
imaged with AFM, and deposition of Pt can be used to connect a square of interest to an
ungrounded main for I-V measurement.

CHIP DESIGN EVALUATION

Each of the four described devices takes a different approach towards locating a bridg-
ing wire and requires a different amount of effort, skills and techniques to be productive.
Device 1 validated the effectiveness of the method and is easiest to fabricate, but the
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Figure 3.9: Focused Ion Beam micrograph of chip design 4, designed to employ exclusively Passive Voltage
Contrast (PVC) imaging for finding a connecting element. Square spacers have large gaps between each-other,
and a 5 um long and 500 nm wide gap on their top and bottom side between them and the main or side fingers.
The main fingers are grounded, and an electrical connection between one of the spacers and the main finger
will result in a bright square when imaging with a Focused Ion Beam. Due to difficulties in fabrication here
many spacers are connected, clearly demonstrating the effect. When a connected square is found, it can be
connected to the side finger via platinum deposition on the opposite gap, after which the gap can be quickly
imaged with Atomic Force Microscopy for connection identification, and the side and main pads connected to
the side and main fingers can be contacted with a probe station.

probability of a connection and the speed of connection finding is lower than the other
devices. Device 2 is an improvement in speed compared to device 1, but the large num-
ber of probe manipulations was slower than the process of PVC imaging used in Device
3. Device 4 was designed to capitalize on the speed advantage of PVC imaging but proved
to be difficult to fabricate, and the precarious process of imaging the small squares with-
out imaging their gaps limited its effectiveness in practice. As such, Device 3 has been
chosen as the method for contacting and identifying nanowires between metallic elec-
trodes.

SAMPLE PREPARATION

While chip design can improve workflow in handling and processing a sample, the con-
tent of that sample ultimately determines the probability of a connecting element be-
ing a wire. Due to the chip design only wires, debris and protein aggregates are able
to bridge the gap. Debris tends to have poor conductivity thus limiting its negative ef-
fect to the PVC imaging step of connection finding. However, some aggregates bridging
the gap were found to be able conduct currents high enough to be detected during the
probe station step of connection finding. The conductivity of aggregates may be due to
the aggregates containing cytochromes or wires. Preventing aggregation could increase
the fraction of cases in which a large (>300 nm) particle is indeed a wire, here termed
the "wire fraction". Additionally, fracturing wires by shearing can affect the number of
wires able to bridge the gap, thus also increasing or decreasing the wire fraction. We ex-
plored various methods to affect average wire size and protein aggregation with the goal
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of increasing the wire fraction.

SHEARING

In regards to wire size the main factor in our preparation method is a shearing step. Typ-
ically, the culture is sheared after vortexing in order to further detach wires from the cells
before processing. In this step, the wires might also be fractured, thereby splitting a wire
into smaller fragments. An initial shearing step may increase the number of wires long
enough to bridge the gap, for example by fracturing one 5 pm wire into five wires of 1
pm ), but a subsequent shearing step may then actually decrease that number, in this
example by fracturing those 1 um wires into five wires of 200 nm.

To assess the impact of shearing on the wire fraction we performed a deposition assay
on sheared and unsheared wire extracts. This deposition assay consisted of depositing
the wire extract on a chip after which a random 10 x 10 um area was imaged with AFM
and the number of particles larger than 300 nm were determined, as well as the frac-
tion of those particles which that had filamentous topology ("wire fraction"). As can be
seen in figure 3.10 the unsheared wire extracts actually resulted in a higher wire fraction
than sheared wire extracts. As such, using unsheared samples is actually beneficial for
achieving only-wire connections.

Second, we investigated various methods for reducing the number of aggregates. Ag-
gregate formation may occur before or during deposition; to address both processes
we explored the use of anti-aggregation compounds and variations in deposition and
centrifugation time. We will first discuss the use of anti-aggregation compounds, which
prevent protein aggregation or dissociate formed aggregates. Any addition of such com-
pounds to the sample should be finely tuned, since too much of an anti-aggregation
compound may cause the disassembly of wires into monomers, resulting in net fewer
wires.

Wire fraction

Sheared Unsheared

Figure 3.10: In the standard protocol for wire extraction and on-chip deposition the extracellular protein ex-
tract was exposed to a shearing step consisting of repeated passes through a 23G needle. The effect of shearing
on the probability that a large (> 300 nm) particle is a wire was investigated. Wire fraction is defined as the
fraction of large on-chip particles that have filamentous topology, as determined via Atomic Force Microscopy
of three 10 x 10 um surface areas of SiO2. Unsheared samples had a larger wire fraction than sheared samples,
thus standard protocol was adjusted to include no shearing.

ANTI-AGGREGATION COMPOUNDS
To prevent or reduce aggregation one can use a variety of compounds with different
mechanisms, some of which remain poorly understood '2'3. We performed a deposition
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assay on one compound of five different mechanisms at three increasing concentrations
that can be seen in figure 3.11 based on typical concentrations found in literature '4. The
compounds used were 3-mercaptoethanol, Urea, NaCl, Glycerol and Tween, which af-
fect disulfide bonds '°, hydration %, ionic strength !”, protein stability '® and hydropho-
bic/hydrophilic interactions ! respectively. This deposition assay consisted of prepar-
ing an extracellular protein sample with the addition of the anti-aggregation compound
in the final sample, followed by deposition on a chip. Following deposition, the wire
fraction was determined as described for the shearing assay above. From the results
of the initial exploration depicted in figures 3.11a and 3.11b we identified urea and g-
mercapto-ethanol as promising candidates with which we repeated the deposition assay
in triplicate (results of which are included in the data in figures 3.11a and 3.11b). Of these
various treatments we determined that a concentration of 14.5 mM f-mercaptoethanol
resulted in the highest wire fraction of 0.62 + 0.05. However, that wire fraction is close
to that of untreated samples, while S-mercaptoethanol can have significant effects on
protein structure and influence interpretation of results.
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Figure 3.11: Upon on-chip deposition protein aggregates are visible as large (> 300 nm) particles which can
cross the 500 nm gap used in measurements. To reduce the aggregate concentration or aggregate size var-
ious anti-aggregation compounds with differing anti-aggregation mechanisms were investigated. In a first
exploration three different concentrations of (a) f-mercaptoethanol, (b) Urea, (c) NaCl and (d) Glycerol were
added to the extracellular protein extract prior to deposition. After on-chip deposition their effect on the frac-
tion of large particles that are wires ("wire fraction") was determined via Atomic Force Microscopy of three
10 x 10um silicon areas. Promising candidates f-mercaptoethanol and Urea were investigated further in trip-
licate samples of various concentrations, as depicted with error bars of the standard error of the mean. No
column means no wires were observed at that concentration. The anti-aggregation compound Tween was also
explored at concentrations of 0.001, 0.002 and 0.005 v/v %, but no wires were observed in any of the imaged
areas. f-mercaptoethanol showed the highest wire fraction.
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CENTRIFUGATION AND DEPOSITION TIME

Besides adding anti-aggregation compounds it might be possible to reduce aggregation
by varying deposition time. Formation of aggregates during deposition may occur via
successive adsorption of proteins to other adsorbed proteins, perhaps even by preferen-
tial adsorption to a protein surface rather than to a gold or silicon-oxide surface. Reduc-
ing the deposition time may therefore limit the extent of aggregate formation. On the
other hand, the number of adsorbed wires may also decrease with shorter deposition
times if less wires have the chance to interact with and adsorb to the surface. Ultimately
we tested four different deposition times (1, 5, 10 and 20 minutes). For each of these
conditions the wire fraction was determined, and as can be seen in figure 3.12a the wire
fraction for a 5 minute deposition was similar to that of a 20 minute deposition.

Finally, aggregation can occur due to interactions between single proteins, each of
which is only up to a few nanometer in size, or polymers such as the wires themselves
which can range up to micrometers in length. Before aggregation occurs there is a large
difference between the dimensions of the wires and the dimensions of the single pro-
teins that could aggregate. Separation of those small proteins from the relatively large
wires could diminish later aggregation. Such separation can be achieved via ultracen-
trifugation followed by extraction of the wire-containing pellet. However, if the ultracen-
trifugation step is too short there will be few wires present in the pellet; if it is too long
then the pellet will include small proteins, expected to sediment later than the polymers,
which may result in increased aggregation.

We assessed a series of centrifugation steps in which samples underwent centrifuga-
tion steps of 0, 5, 20, 60 or 1080 minutes. Additionally, the effect of sequential centrifuga-
tion was investigated by first centrifuging a sample for 240 minutes, and then centrifug-
ing its supernatant for another 1080 minutes, and comparing its wire fraction to only
a 1080 minutes step. The sequential approach resulted in a higher wire fraction. Ulti-
mately, as can be seen in figure 3.12b a centrifugation time of only 5 minutes resulted
in the overall highest wire fraction. This suggests that even short ultracentrifugation is
sufficient for separating wires from small proteins or aggregates.

In summary we showed that shearing, anti-aggregation compounds, deposition time
and length of (subsequent) ultracentrifugation steps affect wire fraction. Ultimately, we
chose to use unsheared samples, a deposition time of 5 minutes and a ultracentrifuga-
tion time of 5 minutes. Despite its positive effect on wire fraction, f-mercaptoethanol
was not employed due to its potentially negative effect on wire structure. Having opti-
mized the protocol to improve the probability of an only-wire connection that we can
measure with the probe station we will now describe the details of those measurements.
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Figure 3.12: The effect of various deposition times (a) and of centrifugation steps (b) on the wire fraction
(fraction of large particles present after on-chip deposition visually identified to be wires) was determined via
Atomic Force Microscopy of four 10x 10 um silicon areas. a) Droplets were deposited on chips and left to adsorb
for 1, 5, 10, 15 and 20 minutes before being blown dry. A deposition time of 5 minutes was shown to resultin a
similar wire fraction as 20 minutes. b) Samples were centrifuged for 0, 5, 20, 60, or 1080 minutes. Additionally,
the effect of sequential centrifugation was investigated by first centrifuging a sample for 240 minutes, and then
centrifuging its supernatant for another 1080 minutes, resulting in a total of 1320 minutes, depicted in red. A 5-
minute centrifugation step was shown to result in the highest wire fraction, and the subsequent centrifugation
approach also resulted in a higher wire fraction than one long centrifugation step.

MEASUREMENT SENSITIVITY

Once an only-wire connection has been made and identified there are still some practi-
cal considerations to take into account, predominately the limits of detection. Measure-
ments consisted of a bias sweep sequence of an increase in applied bias voltage from
0V to the target maximum bias (typically 2 V), a decrease to the negative of the target
maximum bias (typically -2 V) and an increase back to 0 V (for example: 0V — +2V —
—2V — 0V). This sweep consists of a series of bias voltage steps, and at each step after a
set delay (typically 100 ms) the average of 200 current measurements is determined. The
maximum bias, number of measurements and delay time are set in a LabView interface
connected to a Digital-to-Analog Converter (DAC) that converts the digital signal from
the computer to the analog signal applied to a voltage amplification module integrated
in an electronics rack custom made by Delft University of Technology. Due to the 16-bit
signed integer nature of the DAC, the sweep is performed in steps of ‘/2%30 V, with V/V
being the voltage gain set on the voltage amplification module. The electronics rack is
connected to the probe station, ultimately resulting in the amplified voltage being ap-
plied to the sample.

The measured current is converted to a voltage signal through a voltage-current mod-
ule integrated into the custom made electronics rack using amplifications from 10° to
10° Volt/Ampere. The resulting voltage signal is then read by the same computer inter-
face mentioned before, this time functioning as an Analog-to-Digital Converter (ADC).

. . . o s 1.25 .
Each amplification results in an upper limit of Tmplification A and a lower resolution
1.25 1

TompTi fieation * 32 A due to the 16-bit signed integer nature of the digital con-
verted signal. Baseline noise in current measurements on gaps containing no bridging
elements was around the resolution limit, and the current offset at 0 V was typically ten
times the resolution limit. To distinguish signal from the baseline noise only values larger

limit of
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than ten times the resolution limit were taken into account. The upper detection limit
and the imposed lower limit of ten times the resolution limit results in an effective range
of current measurements from 0.38pA to 1.25 pA.

We consider measurements up to 200 mV as 'low-bias’, from 1 V as "high-bias’, and
in between as 'intermediate’. For low-bias measurements to be informative the samples
need to have a conductance of at least 2 pS to exceed the baseline noise at 200 mV. On the
other hand, a sample with a conductance higher than 1.25 uS already reaches the max-
imum measurable current at 1V, limiting information on the high-bias regime for sam-
ples with high conductance. Since the lower and upper limit of detection depend on the
used amplification range it was often necessary to perform low-bias measurements with
a different amplification than high-bias measurements.Taking these limitations into ac-
count, we will now discuss the processing of measured current-voltage curves.

DATA PROCESSING

The current measurement system tends to have an offset based on the electrical configu-
ration of the setup (i.e. the amplification range set on the voltage-current gain module),
resulting in a non-zero current at zero bias voltage ('current offset’). In addition, upon
increasing the bias the equilibration of charge from the module to the electrode-wire
contact point requires a certain amount of time dependent on resistance (R) and capac-
itance (C) of the system (the "RC time"). If the current is measured before equilibration,
the applied bias will be overestimated or underestimated when increasing or decreasing
bias respectively. This effect can largely be neglected at low sweep rates and high-bias,
but it does have a significant effect on the current offset.

Therefore there are three different current offsets during one sweep: increasing from
zero to maximum, decreasing from maximum to negative maximum, increasing from
negative maximum to zero. In the case that multiple sweeps are performed sequentially,
the last offset corresponds to the first offset of the subsequent sweep. We approximate
each of these offsets by fitting a line on the region close to 0 V and taking the offset of
the curve as the mean offset. We then subtract this offset from the correlated part of the
sweep. In this manner all parts of the sweep align at 0 A at 0 V.

METHOD PERFORMANCE
With the optimized method, using device 3 with unsheared samples which were ultra-
centrifuged for 5 minutes and left to adsorb for 5 minutes, we were able to contact, local-
ize and identify the connecting elements in 31 samples. In five cases the only bridging
elements were wires while the other samples had both aggregates and wires or only ag-
gregates. Three samples had a single wire bridging the gap, while the others had two
or four wires. We can evaluate the performance of the measurement setup in the first
proof-of-principle measurements of of sample C, visualized in AFM image figure 3.13
The associated single wire current-voltage (I-V) curve is depicted in figure 3.14.
Although specific features of the I-V curves will be further discussed in chapter 4,
figure 3.14 already shows that we can distinguish empty gaps with currents at noise level
and gaps in which current was conducted by a wire, showing that we are able to make
electrical contact with single wires. Even though this wire (Sample C) had a conductance
of only 4 pS, with a maximum current of 8 pA at 2 V, we can still observe features such
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Figure 3.13: Atomic Force Microscopy image of the identified wire sample C discussed in chapter 3, Scale bar
(white line) indicates 200 nm, color indicates height in a 5 nm range. Wires were deposited on chips containing
gold electrodes separated by a 500 nm silicon-oxide gap. The wire is situated on a corner, thus the bottom
section and top-right section are gold. Note that the image does not reflect proper relative height of gold
sections, gold is 40 nm higher than silicon-oxide gap.

as a non-linear relationship between bias and current as well as symmetry in the I-V
curve for negative and positive biases. As such, our method’s sensitivity is sufficient for
characterization of the electron transport mechanism of single wires. Characterization
of non-linear relationships between bias and current requires measurements over a wide
range of currents, which our setup can accommodate for.

Besides adjusting the range to improve sensitivity one can also use a low sweep rate,
or a large number of steps, to provide more accurate measurements. However, a low
sweep rate comes at the cost of measurement time, with any subsequent variation of
measurement conditions multiplying the time required for measurements. As such,
when performing accurate measurements across various conditions sample degradation
on the chip may occur and impair the information gained from later measurements. We
performed continually repeated overnight measurements to assess the sample’s stability
over time. Measurements performed a week after the sample preparation retained simi-
lar values and features to the initial measurements. In neither case the samples showed
any sign of degradation over time, indicating that measurement at low sweep rates are
likely unaffected by degradation as long as the measurement does not exceed 18 hours,
and measurements could be repeated within a week when necessary. Besides accurate I-
V curve measurements our setup allows for control of environmental conditions, which
we will now discuss.
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Figure 3.14: Current-voltage (I-V) characteristic of a single sweep of a single wire sample, Sample C, (depicted
in blue) and an unbridged gap (depicted in red). One sweep goes from 0 V to 2 V, down to -2 V and back to
0 V. Depicted currents are the mean of current at each voltage for increasing and decreasing bias. I-V mea-
surements were performed at room temperature in ambient conditions. Despite the low current magnitude of
several pA, the current through the wire is clearly distinguishable from that of an empty gap.
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ENVIRONMENTAL CONTROL

In characterizing electron transport mechanisms the temperature-dependence of con-
ductivity is often a discriminating feature, especially when paired with bias-dependence
of conductivity. In our setup the sample can be heated using a Peltier element, allowing
quick characterization of temperature dependence. In a proof-of-principle measure-
ment on an unidentified sample we performed low-bias sweeps at temperatures increas-
ing from 308 K to 378 K in 10 K steps which can be seen in figure 3.16a, and high-bias
sweeps at 308 K and 378 K depicted in figure 3.16b). An effect of temperature on current
is clearly visible in figure 3.15 at low-bias as well as high-bias, proving that temperature
effects on conductivity can be detected. Measurements of the effect of temperature on
an identified sample are reported in chapter 4.

Figure 3.15: Current-voltage (I-V) characteristic of a single sweep of an unidentified sample at 378 K (depicted
in red) and 308 K (depicted in blue). One sweep goes from 0 V to 2 V, down to -2 V and back to 0 V. Depicted
currents are the mean of current at each voltage for increasing and decreasing bias. I-V measurements were
performed in ambient conditions. An effect of temperature on current is clearly visible.

Besides variation in temperature the probe station also allows for variation in back-
gate voltage. We applied a back-gate voltage by contacting the conductive non-oxidized
silicon layer of the chip via a scratch through the insulating SiO, layer which was filled
with silver paint. By contacting two such scratches with probes and measuring the cur-
rent at a bias voltage of 0.01 Vwe confirmed the proper electrical contact with the silicon
layer, visible in its high conductivity resulting in a measured current equal to the upper
limit of measurement. We then applied a back-gate voltage varying from0to 90 Vin 2V
steps. At each step we performed a bias sweep at + 2'V, allowing investigation of the effect
of a back-gate on conductivity. Again a clear effect can be observed in figure 3.17, this
time varying from positive to negative depending on the particular applied back-gate.
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Figure 3.16: Current-voltage (I-V) characteristics of single sweep measurements of an unidentified sample at
low-bias (figure 3.16a) at 308 K to 378 K in steps of 10 K (depicted in blue, dark red, and intermediate colors
respectively), as well as high-bias (figure 3.16b) at 308 K and 378 K (depicted in blue and red respectively).
One sweep goes from 0 V to 2V, down to -2 V and back to 0 V. Depicted currents are the mean of current at
each voltage for increasing and decreasing bias. I-V measurements were performed in ambient conditions. An
effect of temperature on current is clearly visible in the form of an increase in current at higher temperatures.
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Figure 3.17: Absolute current at a bias of 2 V (depicted in blue) and -2 V (depicted in red) for an unidentified
sample. Current measurements were performed at room temperature in ambient conditions. An effect of
back-gate on current is visible, although there appears to be no clear relationship between back-gate voltage
and current.
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3.3 DISCUSSION

We have described a method for making electrical contact with single Geobacter sul-
furreducens wires with the ability to control applied bias, temperature and back-gate
bias using a stochastic approach supported by visual confirmation of the wires. The de-
scription of this method is intended to aid future investigations of the electron transport
mechanism of the wires. Typical concerns in those investigations are the probability of
contacting a wire, certainty of connecting element identity, and simultaneous variation
of relevant parameters.

We first explored various approaches towards optimizing the probability of having an
only-wire connection. The optimal chip design was found to be an interdigitated set of
electrodes separated by a 500 nm gap. Combined with Passive Voltage Contrast imaging
this chip design allows for rapid connection finding and identification.

The gap was crossed by wires through adsorption of wires and proteins contained
in a droplet of extracellular protein extract. A complication of such a sample is the for-
mation of aggregates, which were also shown to be conductive possibly due to high cy-
tochrome content or containing a wire. To limit aggregate formation we investigated the
effect of shearing, deposition and centrifugation time, and anti-aggregation compounds.

Shearing was shown to have a negative effect on the wire fraction of large particles,
thus shearing was no longer incorporated in the standard protocol. Of a variety of anti-
aggregation compounds -mercaptoethanol was shown to be most effective in increas-
ing wire fraction. B-mercaptoethanol was also used by Malvankar et al.® to denature
cytochromes. As such, its effect on wire structure can be significant, and it depends
on the research whether that effect is desired. In our case, we chose not to utilize g-
mercaptoethanol in order to maintain wire structure as close to natural conditions as
possible. Finally, deposition and centrifugation times of 5 minutes were both shown to
result in the optimal wire fraction.

After this optimization of wire fraction, connection finding and connection identi-
fication we were able to perform the first proof-of-principle measurements. Current-
voltage curves of single wires were distinguishable from empty gaps, and temperature
and back-gate effects on aggregate conductivity were observed. As such, our method is
able to make electrical contact with wires and characterize the dependence of conduc-
tivity on bias, temperature and back-gate. Finally, although they were not explored here,
investigation of illumination effects are possible within the same setup.

Compared to previously described methods our method has the advantage of having
visual confirmation of connecting element identity as well as control over a variety of en-
vironmental parameters. We used this method to characterize single wire conductivity
as described in chapter 4, and to investigate conductivity of cable bacteria as described
in chapter 5.
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3.4 METHODS

SAMPLE PREPARATION

Geobacter sulfurreducens PCA cultures were grown statically at 25°C in 40 ml NBAFYE
medium inoculated at an ODggg of 0.1. After 90 hours the culture was vortexed and cen-
trifuged at 20.000x g for 20 minutes. The supernatant was removed and the cells resus-
pended in 40 ml ethanolamine buffer (150 mM, pH 10.5). When cells were sheared the
suspension was passing through a 23G needle ten times. The cells were then vortexed for
2 minutes. In order to remove the cells the suspension was centrifuged again at 20.000xg
for 20 minutes, and only the supernatant was kept. The supernatant contained the wires
amongst other extracellular proteins ("wire extract"). To concentrate the wire extract it
was then centrifuged at 100.000xg for 18 hours, unless mentioned otherwise, and the
pellet resuspended in 1 ml ethanolamine buffer. In the optimized method the ultracen-
trifugation step was shortened to only 5 minutes. Aliquots of 10-50 pul were flash-frozen
in liquid nitrogen and stored at -80 °C. Before deposition, aliquots were left to melt at
room temperature and 1 pl of wire extract was dropped on a device on a chip (dvices are
described in detail in the results section "Chip Design"). After 20 minutes the surface
was washed with deionized water and blown dry using an air-gun. The chips were made
using standard lithography methods on p-doped silicon wafers with a SiO, layer of 296
or 321 nm. Device architecture was outlined by applying and developing a resist layer.
Devices were made by first sputtering an atomic layer of Al onto the chip followed by
deposition of a 30 nm Au layer.

ATOMIC FORCE MICROSCOPY IMAGING

For imaging the silicon for determination of wire fraction and the gaps for identification
of connecting elements we used the NanoScope V Atomic Force Microscope of Bruker.
The type of cantilever used was "Cantilever B" from the "All-In-One-Al" probe made by
BudgetSensors with a force constant of 2.7 N/m and resonance frequency of 80 kHz. The
AFM was used in tapping mode starting with a drive amplitude typically in the range of
500 mV and amplitude set-point typically in the range of 300 mV. Subsequently, the am-
plitude set-point was increased up to the point where signal was lost, to be lowered again
until proper tracing occurred. When image quality was poor different combinations of
amplitude and set-point were used, each time setting the set-point close to where the
signal was lost. This was done to minimize the force exerted on the wire while still pro-
viding a clear image.

DUAL-BEAM OPERATION

The electron beam was operated at 30 kV with a current of 43 pA and an aperture of 45
pm, while the ion beam was operated at a current of 10 pA. Due to the destructive nature
of electron and ion beam imaging special care was taken to avoid imaging areas possibly
containing bridging elements (i.e. gaps). Main electrodes were grounded by applying
carbon paint from the main pad to the back of the chip. The back of the chip is then in
electrical contact with the steel Dual-Beam chamber, effectively grounding the main.
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I-V MEASUREMENTS

AllI-V measurements were performed using a TTP4 Desert (LakeShore) Cryogenics probe
station with mounted probes from Lakeshore ZN50R-CVT-25-BECU and ZN50R-25-BECU
for varying or constant temperature measurements respectively. These probes were con-
nected to a TU Delft IVVI rack containing custom electronics modules. Applied and mea-
sured voltages were set and read via a LabView interface controlling an Adwin II Gold
Digital-Analog Converter. Before measuring across pads, a check for a proper connect-
ing main electrode was performed by measuring the conductivity between two distant
points along the lead (i.e. confirming a short circuit). Typical sweeps were performed
up to +2.0 V or +4.0 V divided over 2'671/10 points, at each point the current was de-
termined as an average of 200 measurements taken within 5 ms. A delay of 400, 100 or
10 ms was used at each point before measuring for constant temperature, varying tem-
perature and back-gate measurements respectively. In case clipping occurred, the gain
was adjusted appropriately. The measured currents at 0 V were non-zero, with the mag-
nitude of the current depending on the configuration of the setup, predominantly the
range set on the voltage-current amplifier module. Data was corrected for this by fitting
a linear curve through the 20 points surrounding 0 V, and then substracting the value of
the fit at 0 V from all points.

BACK-GATE AND TEMPERATURE MEASUREMENTS

A back-gate was constructed by scratching the surface of the SiO,, exposing the con-
ductive silicon layer underneath. The scratch was then quickly covered by silver paint.
This was done in two spots of a chip, and the proper electrical contact was checked
by measuring the conductivity from one spot to another. The sample was heated by a
Peltier element controlled by a LakeShore 331 Temperature Controller connected to a lo-
cal silicon-diode temperature sensor. The sample stage and probe chamber were cooled
by connecting the exhaust of a tank containing liquid nitrogen or helium to a chamber
underneath the probe chamber. The gas content of the probe chamber could be con-
trolled by flushing with nitrogen and the chamber can be put under vacuum through an
exhaust connected to a vacuum pump.
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BIONANOWIRE CONDUCTIVITY
DEPENDENCE ON BIAS,

TEMPERATURE, AND BACK-GATE
VOLTAGE

We apply the method described in chapter 3 to characterize the conductive properties of
single G. sulfurreducensbionanowires. Current-voltage curves showed conductances in
orders of magnitudes from 10713 S up to 1076 S. Measurements at varying temperatures
identified activation energies from 0.36 eV to 0.41 eV. Arrhenius plots displayed features
of both a simple model where electron transport rate was limited by injection barriers
and a model where electron transport rate is limited by intramolecular hopping. Future
modeling is required to fully describe the electron transport

Chips manufactured by Nandini Muthusubramian and Jacqueline A. Labra Mufioz. Meth-
ods are reproduced from chapter 3.
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4.1 INTRODUCTION

The first I-V curves measured along G. sulfurreducens wires were reported ! to have a lin-
ear relationship between current and bias up to 0.5 V. In subsequent studies with Con-
ductive Probe Atomic Force Microscopy (CP-AFM) the applied bias range was expanded
up to 1V, where a deviation from linearity at voltages larger than 0.5 V became appar-
ent?. As such, conductivity appears to be constant at biases below 0.5 V but is positively
correlated to bias above that threshold.

Besides an effect of bias on conductivity an effect of temperature was identified by
Malvankar et al.3. They performed the early investigations into temperature depen-
dence using biofilm mats and wire networks. Temperature was shown to have a positive
effect from 200 K to 265 K, a negative effect above 270 K, and for wire networks again
a slight positive effect above 290 K. The first inspection of the effect of temperature on
single wire conductivity was performed by Lampa-pastirk et al.? who used Scanning
Tunneling Microscopy to measure the differential conductance across the height of a
pilum?. At a temperature of 77 K the differential conductance remained zero up to 0.1
or 0.2 V, while at room temperature the differential conductance was larger than zero
at zero bias. This effect was stronger in some regions of the wires than others, with a
periodic pattern of increased effect every 3 to 4 nm. This means that with increasing
temperature the density of states at particular parts of the pilum is increased. The tem-
perature investigations are limited, and to our knowledge no measurements of temper-
ature dependence of conductivity along the length of single wires have been reported,
while those are crucial to identifying distinctive features of electron transport.

Similarly, reports of back-gate measurements are scarce. Such measurements were,
to the best of our knowledge, only performed via electrolytic gating of a live biofilm and
wire networks by Ing et al.* and Snider®. In those studies the potential of source and
drain electrode had a fixed offset while the source potential was then varied with respect
to the reference electrode, creating an effective sweep in gate potential. The gate sweep
measurements on biofilms showed a redox peak centered around -0.3 V with respect
to a Ag/AGCI reference electrode. In contrast, the same measurements performed on
wire networks did not have such a redox peak. This seems to indicate a role of redox
sites in conductivity of biofilms, but not in wire networks. Still, thorough investigation
of the main features of conductivity dependence on bias, temperature and back-gate is
lacking. Such measurements, especially along the length of a single wire, are required
for characterization of wire conductivity in order to describe a useful model for electron
transport.

Temperature dependent conductivity measurements on a single wire in a large tem-
perature range can provide a more complete picture of the charge transport properties
of the wires. A larger temperature range can for example allow one to investigate the de-
pendence of conductivity on the natural logarithm of temperature. If this dependence
is linear, a fit can determine the activation energy associated with the charge transport
mechanism. In chapter 3 we have described a method capable of measuring temper-
ature dependence of conductivity. Additionally, our method allows for the application
of a back-gate voltage. We report here the current-voltage curves determined at various
biases, temperatures and back-gate voltages, informing on the linearity of conductivity,
its associated activation energies and field effects on single wire conductivity.
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4.2 METHODS

The methods used are identical to those described in chapter 3, except for the shearing
step in sample preparation. After the optimization described in chapter 3 wire extracts
were no longer sheared and ultracentrifugation time was reduced to 5 minutes, unless
otherwise specified. Below the method section of chapter 3 is reproduced for ease of
reading, Atomic Force Microscopy (AFM) images of the samples discussed in this chapter
are included.

SAMPLE PREPARATION

Geobacter sulfurreducens PCA cultures were grown statically at 25°C in 40 ml NBAFYE
medium inoculated at an ODggg of 0.1. After 90 hours the culture was vortexed and cen-
trifuged at 20.000x g for 20 minutes. The supernatant was removed and the cells resus-
pended in 40 ml ethanolamine buffer (150 mM, pH 10.5). When cells were sheared the
suspension was passing through a 23G needle ten times. The cells were then vortexed for
2 minutes. In order to remove the cells the suspension was centrifuged again at 20.000xg
for 20 minutes, and only the supernatant was kept. The supernatant contained the wires
amongst other extracellular proteins ("wire extract"). To concentrate the wire extract it
was then centrifuged at 100.000xg for 18 hours, unless mentioned otherwise, and the
pellet resuspended in 1 ml ethanolamine buffer. In the optimized method the ultracen-
trifugation step was shortened to only 5 minutes. Aliquots of 10-50 ul were flash-frozen
in liquid nitrogen and stored at -80 °C. Before deposition, aliquots were left to melt at
room temperature and 1 pl of wire extract was dropped on a device on a chip (dvices are
described in detail in the results section "Chip Design"). After 20 minutes the surface
was washed with deionized water and blown dry using an air-gun. The chips were made
using standard lithography methods on p-doped silicon wafers with a SiO, layer of 296
or 321 nm. Device architecture was outlined by applying and developing a resist layer.
Devices were made by first sputtering an atomic layer of Al onto the chip followed by
deposition of a 30 nm Au layer.

ATOMIC FORCE MICROSCOPY IMAGING

For imaging the silicon for determination of wire fraction and the gaps for identification
of connecting elements we used the NanoScope V Atomic Force Microscope of Bruker.
The type of cantilever used was "Cantilever B" from the "All-In-One-Al" probe made by
BudgetSensors with a force constant of 2.7 N/m and resonance frequency of 80 kHz. The
AFM was used in tapping mode starting with a drive amplitude typically in the range of
500 mV and amplitude set-point typically in the range of 300 mV. Subsequently, the am-
plitude set-point was increased up to the point where signal was lost, to be lowered again
until proper tracing occurred. When image quality was poor different combinations of
amplitude and set-point were used, each time setting the set-point close to where the
signal was lost. This was done to minimize the force exerted on the wire while still pro-
viding a clear image. AFM images of sample A to D are given in figure 4.1.
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Figure 4.1: AFM images of the identified wire samples discussed in chapter 4, figure panels a to d correspond to
samples A to D. Depicted samples are samples in which the only identified connecting elements were the wires
shown in the image. Sample C was presented in chapter 3 but is reproduced here for overview. In ¢ the wire
is situated on a corner, thus the bottom section and top-right section are gold. Wires were deposited on chips
containing gold electrodes separated by a 500 nm silicon-oxide gap. In d the apparent gap in the wire near the
top gold is due to an AFM artifact near the gold walls. Scale bar (white line) indicates 200 nm, color indicates
height, in a 5 nm range. Top and bottom sections are gold, middle section is a 500 nm silicon-oxide gap. Note
that images do not reflect proper relative height of gold sections, gold is 40 nm higher than silicon-oxide gap.
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DUAL-BEAM OPERATION

The electron beam was operated at 30 kV with a current of 43 pA and an aperture of 45
pm, while the ion beam was operated at a current of 10 pA. Due to the destructive nature
of electron and ion beam imaging special care was taken to avoid imaging areas possibly
containing bridging elements (i.e. gaps). Main electrodes were grounded by applying
carbon paint from the main pad to the back of the chip. The back of the chip is then in
electrical contact with the steel Dual-Beam chamber, effectively grounding the main.

I-V MEASUREMENTS

AllI-V measurements were performed using a TTP4 Desert (LakeShore) Cryogenics probe
station with mounted probes from Lakeshore ZN50R-CVT-25-BECU and ZN50R-25-BECU
for varying or constant temperature measurements respectively. These probes were con-
nected to a TU Delft IVVIrack containing custom electronics modules. Applied and mea-
sured voltages were set and read via a LabView interface controlling an Adwin II Gold
Digital-Analog Converter. Before measuring across pads, a check for a proper connect-
ing main electrode was performed by measuring the conductivity between two distant
points along the lead (i.e. confirming a short circuit). Typical sweeps were performed
up to £2.0 V or +4.0 V divided over 2'671/10 points, at each point the current was de-
termined as an average of 200 measurements taken within 5 ms. A delay of 400, 100 or
10 ms was used at each point before measuring for constant temperature, varying tem-
perature and back-gate measurements respectively. In case clipping occurred, the gain
was adjusted appropriately. The measured currents at 0 V were non-zero, with the mag-
nitude of the current depending on the configuration of the setup, predominantly the
range set on the voltage-current amplifier module. Data was corrected for this by fitting
a linear curve through the 20 points surrounding 0 V, and then substracting the value of
the fit at 0 V from all points.

BACK-GATE AND TEMPERATURE MEASUREMENTS

A back-gate was constructed by scratching the surface of the SiO,, exposing the con-
ductive silicon layer underneath. The scratch was then quickly covered by silver paint.
This was done in two spots of a chip, and the proper electrical contact was checked
by measuring the conductivity from one spot to another. The sample was heated by a
Peltier element controlled by a LakeShore 331 Temperature Controller connected to a lo-
cal silicon-diode temperature sensor. The sample stage and probe chamber were cooled
by connecting the exhaust of a tank containing liquid nitrogen or helium to a chamber
underneath the probe chamber. The gas content of the probe chamber could be con-
trolled by flushing with nitrogen and the chamber can be put under vacuum through an
exhaust connected to a vacuum pump.

4.3 RESULTS

In order to perform conductivity measurements the wires need to be electrically con-
tacted. The method used to achieve this is outlined in detail in chapter 3. In summary,
droplets of extracellular protein solutions containing the wires of Geobacter sulfurre-
ducens were deposited onto microchips shown in figure 4.2 containing pre-patterned
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gold electrodes separated by a 500 nm gap. Subsequently, electrically bridged gaps were

Side contact pad
pes| 12e1U0D Ul

Figure 4.2: Device (left) used for wires deposition, and zoom-in (right) on a potential contact area, indicated
by dashed lines. The potential contact area consisted of an interdigitated array of gold electrodes separated by
a 500 nm gap. One half of the array was connected to the main contact pad (top and bottom squares, one of
which is labelled "Main") via the main lead (vertical connection) while the other half was connected to a side
contact pad (left and right squares, one of which is labelled "Side"). A droplet containing wires was deposited
across the whole device, left to adsorb for 20 minutes and then washed and blown dry. Conductive wires that
adsorbed in a potential contact area could create an electrical connection between the main pads and the side
pads if they adsorbed across one of the 500 nm gaps.

located and the connecting element was visually identified via AFM. The connecting
elements consisted either of aggregates (possibly containing wires) or wires. Current-
voltage (I-V) curves were measured in 31 samples. In 5 samples wires were identified
as the only component bridging the gap between electrodes (here referred to as ’iden-
tified samples’). In the 26 other cases there were wires as well as aggregates connecting
the electrodes, or only aggregates (here referred to as 'unidentified samples’). Of the
identified samples, some contained a single wire (sample B, C and D), while others had
multiple wires (sample A had 2, sample E had 4). Note that it is unlikely that multiple
wires are making electrical contact and as such the samples containing multiple wires
are likely to still have only one conducting wire. We will comment on the distribution in
behavior of all samples while highlighting some features in I-V curves of identified wire
samples A, B and D.

I-V curves were measured in "sweeps", with each sweep starting with an increase in
bias from 0 V up to a maximum bias (typically 2 or 4 V) in steps of 1 or 10 mV with 100
ms delay between each step, then decreasing the bias down to the negative maximum
bias (typically -2 or -4 V) and finally increasing the bias back to 0 V. At each voltage the
current was determined as the average of 200 repeated measurements. When depicting
I-V curves consisting of multiple sweeps we instead depict the "mean I-V curve" where
for each voltage we determine the mean of all measured currents at that voltage of all
sweeps. A typical example of an I-V curve can be seen in figure 4.6, which will be dis-
cussed in more detail below. First we will discuss conductance at a biologically relevant
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potential difference.

LOW-BIAS CONDUCTANCE

In the natural environment of G. sulfurreducens the redox potential difference between
electron donor and acceptor does not exceed 1V, and a typical® value is around 0.5 V.
This difference is set along a length of a single wire up to a few micrometers, or a network
of connected wires of tens of micrometers3. When considering a simple linear distance
dependence of resistance, the maximum voltage drop of 1 V over a distance of 2 pm cor-
responds to a voltage drop of 0.25 V over the 0.5 um gap used in this study. We therefore
defined the range up to 0.2 V here as the "low-bias" range. Current-voltage curves in this
range show a wide range in conductance. The distribution of conductances depicted in
figure 4.3a for all samples (both identified an unidentified) shows that the conductance
at 0.2 V ranges from pS up to pS, with most between 10 to 100 pS. At 0.2 V it was not
possible to discriminate signal from noise when conductance was below 1 pS.

In previous work the low-bias I-V curves were shown to be linear. To determine
whether our low-bias I-V curves were linear or non-linear a fit was performed to the
data in the -0.2 V to 0.2 V range with I o« V% (a "power-law fit") . In such a power-law
fit, an alpha of one indicates a linear relationship, two indicates quadratic, three cubic,
and so on. The distribution of a found for samples with a significant fit in the low-bias
range is shown in figure 4.3b, where it can be seen that it was close to one for every sam-
ple, confirming linearity at low bias. Having identified overall trends in identified and
unidentified samples we will now discuss the features of an identified wire sample.

First we will discuss sample A, the sample with the highest measured currents, due
to its excellent signal-to-noise ratio. In Sample A the only connecting elements across
the gap were 2 wires. The I-V curve for low bias depicted in figure 4.6a shows that the
current depends linearly on applied voltage bias, although it begins to deviate from lin-
earity around 0.2 V. The current at 0.2 V equals 4.75 nA, corresponding to a conductance
of 23,8 nS. If we use a simple model for conductivity and consider both wires to be in
electrical contact, and each wire has a cylindrical shape with a diameter of 3 nm and
length of 500 nm then these values correspond to a conductivity of 85 mS cm, similar to
previously found values ! and on-par with synthetic organic semi-conductors’. Through
a significant power-law fit Sample A was determined to have an a exponent of 1.06, con-
firming that the behavior is close to linear. As such, this identified single-wire sample
showed similar behavior as those identified in the overall analysis of both identified an
unidentified samples. In summary, conductance varied from pS to puS, which for a sin-
gle wire using a simple model would correspond to conductivities between 10 uS/cm to
10 S/cm, and at low-bias current and voltage have a linear relationship. In addition our
setup allows investigation of high bias conductivity as well, which we will discuss next.




90 4. BIONANOWIRE CONDUCTIVITY DEPENDENCE ON BIAS, TEMPERATURE, AND BACK-GATE VOLTAGE

N=31 N=12
9 6
8
5_
7
8 8
26 41
g g
@ 5 n
kS B 3
3 -
z 2

2

1

0 0
102 102 10" 1010 107 10% 107 10 0.5 1 15
Conductance (S) a
a b

Figure 4.3: Distribution of conductance (a) at 0.2 V as measured for 31 samples of wildtype G. sulfurreducens
wires deposited across a 500 nm gap between gold electrodes. In 7 samples wires were the only connecting
element between the gold electrodes. In 24 samples the connecting element was either a combination of wires
and aggregates, or only aggregates. The conductance varies from the lower detection limit of 0.38 pA up to 1.25
UA. For 12 samples the exponential coefficient of a significant power-law fit (I « V%) could be determined
based on the current-voltage (I-V) measurements from -0.2 up to +0.2 V. The distribution of those exponential
coefficients (b) shows that the exponent is close to 1 in each of those samples, corresponding to linear I-V

characteristics.
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HIGH-BIAS CONDUCTANCE

The use of electrodes for measurements allows investigation of high-bias conductivity.
Although this bears little resemblance to typical biological environmental conditions, it
can help to identify the underlying charge transport mechanism. Just as with low-bias a
wide range of conductance is observed at high bias. A spread of conductances from pS
up to pS is visible in figure 4.4a. At 2 V we can not identify a conductance higher than 1
US due to the upper limit of the current detection. The numbers are comparable to the
conductance at low bias but this should not be interpreted as a sign of linearity, when
measuring beyond 0.2 V up to 2 V the deviation from linearity can increase.

N=31 N=31
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Figure 4.4: a) Distribution of conductance (I/V) at 2 V as measured for the same 31 samples of wildtype G.
sulfurreducens wires as shown in figure 4.3a. The conductance varies from the lower current detection limit
at 2 V of 0.38 pA up to the upper current detection limit at 2 V of 1.25 pA. b) For each sample the exponential
coefficient a (I o« V%) has been determined based on the current-voltage (I-V) measurements from 0.5 up to
2V and/or from -0.5 down to -2 V. The combined distribution of both negative and positive bias coefficients
are shown. The fraction of positive or negative bias coefficients is indicated in blue or red respectively. It is
clear that the exponential coefficient is larger than 1 for each of those samples, indicating non-linear I-V char-
acteristics. Although most coefficients fall between 1 and 2, the distribution does not appear to be centered
around a particular value. Note that one sample can have different coefficients for positive and negative bias,
reflecting asymmetry in the I-V curves.

We first note that some of the I-V characteristics at high-bias become highly asym-
metric, to determine the a thus requires separate fits on I-V curves at positive or negative
bias. From the distribution of the determined « depicted in figure 4.4 we found that at
high bias the a varies from 1.08 to 4.62, with most below 2.5. It appears that from 0.2 V
to 1V there is a regime transition, with linear I-V dependence below 0.2 V, increasingly
non-linear I-V dependence between 0.2 and 1V, and finally constant non-linear I-V de-
pendence above 1 V.

In samples where fits on low bias and high bias were both significant (with a coeffi-
cient of determination R? > 0.95) we can determine the voltage at which the high-bias
non-linear fit more closely describes the I-V curve than the low-bias linear fit, here de-
fined as the "cross-over voltage". We can calculate this voltage as the intersect of the
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low-bias fit with the high-bias fit. As can be seen in its distribution in section 4.3 most
cross-over voltages fall between 0.4 and 0.5V, similar to the cross-over voltage of 0.5 re-
ported by Lampa-pastirk et al.?.

Number of samples

0.3 0.4 0.5 0.6 0.7
Crossover voltage (V)

Figure 4.5: Distribution of crossover voltages for samples in which a significant power-law fit could be made
on both low bias (from 0 to £0.2 V) and high bias (from + 1 to * 2 V) voltages. The crossover voltage was
calculated as the voltage at which the low bias fit and high bias fit intersect. For most samples the crossover
voltage is between 0.4 and 0.5 V.

Just like at low bias the trends identified in all samples are reflected in the identified
wire samples, of which we will again discuss sample A. As evident in figure 4.6a the sam-
ple displayed a current of 50 nA at 1 Vresulting in a conductivity of 0.17 S/cm. However,
at twice the voltage (2 V) it displayed a current nearly four times higher (192 nA), with
a conductivity of 0.33 S/cm. It is clear that at least from 1 to 2 V, there is a non-linear
dependence of current on the applied bias voltage. Plotting the curve on a log-log scale
makes this behavior more apparent, as can be seen in figure 4.6b. A power-law fit on the
high bias regions results in an a exponent of 1.83, close to a quadratic relationship. For
sample A the crossover voltage is at 0.45V, similar to the values for all samples.

The asymmetry at high bias observed in two unidentified samples also occurred in
identified single wire sample B. In the I-V curve in section 4.3 the current for sample
B at 2 V was 181 times larger than that at -2 V bias. It was not possible to determine
the asymmetry at low bias since the currents did not exceed the noise level. However,
a power-law fit was possible on high-bias data where the positive high-bias a was 4.13,
while at negative high bias it was 1.80, as shown in figure 4.6b.

In summary, the identified wire samples share both low- and high-bias features seen
in the overall analysis. I-V curves are linear at low bias and non-linear at high bias,
with a crossover voltage around 0.45 V and occasional asymmetry at least at high-bias.
The conductivity varies between wires over several orders of magnitude and the non-
linearity at high-bias varies from linear to quintic, with most samples having an expo-
nent between 1.5 and 2. Having identified the predominant features of bias dependence,
we will now discuss temperature dependence of an identified single wire sample.
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Figure 4.6: Mean current-voltage (I-V) curve of 3 subsequent sweeps of sample A plotted on a linear (a) and
log-log (b) scale, and 1 sweep of sample B plotted on a linear (c) and log-log (d) scale. a) The conductivity at
1 Vis 0.35 S/cm, while at 2 V the conductivity is 0.67 S/cm, showing that the I-V curve is non-linear at high
bias. b) The exponential coefficient « of a power-law fit for low bias (|V| < 0.2V) is 1.06, showing that the I-V
curve is close to linear (a = 1) at low bias. In contrast, the same fit at high bias (|V| > 1V) results in an a of
1.83 confirming that the I-V curve is non-linear at high bias. The cross-over voltage is defined as the voltage
from which the high bias fit more closely resembles the measurements than the low bias fit is defined as . This
is indicated with the dashed arrow pointing to where the two fits intersect. The close overlap in blue and red
curves implies no clear asymmetry in the I-V curve. ¢) The conductivity at -2 V is 0.28 mS/cm while the current
at +2 V is 0.051 S/cm, showing strong asymmetry since the conductivity at positive bias is 181 times larger
than the maximum current at negative bias. d) For low bias (V| < 0.2V) no significant power-law fit could
be obtained. For high bias (> 1|V]) the exponential coefficient a of a power-law fit for positive bias is 4.13,
while the a for negative bias is 1.80. This more than two-fold difference in exponent readily results in a large
absolute difference in current. The connecting elements in Sample A consisted of 2 wires, and B consisted only
of 1 wire. One sweep goes from 0 V to 2 V, down to -2 V and back to 0 V. I-V measurements were performed at
room temperature in ambient conditions. In b and d the blue curve is the mean of currents measured in all
sweeps at each positive voltage only, and the red curve is same but for each absolute negative bias only. The
solid black lines in b and d indicate the fit found on the low (0 to 0.2 V) and high (1 to 2V) bias range, while the
dashed lines represent the prediction of each in between those ranges.
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TEMPERATURE DEPENDENCE

Of sample D we measured the temperature dependence of conductivity. The connecting
elements in sample D consisted of 1 wire. To measure at temperatures higher than room
temperature a heating element was used to heat up to 340 K. Then we let the sample cool
in increments of 10 K while continuously performing I-V sweeps. To cool below room
temperature down to 220 K we used liquid helium in the cooling chamber of the probe
station while continuously measuring I-V curves with sweeps from -2 to 2 V. Then we let
the sample heat towards to room temperature in increments of 10 K while continuously
performing I-V sweeps. We first performed these measurements in a vacuum to mini-
mize water condensation, but later repeated them in ambient conditions which will be
discussed after the vacuum measurements. We consider first the starting measurement
at room temperature, and then the effect of temperature on the low bias conductivity,
followed by high bias conductivity.
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Figure 4.7: Mean current-voltage (I-V) curve of 1 sweep of sample D plotted on a linear (a) and log-log (b)
scale. At the same voltage the measured absolute current is higher at decreasing bias than at increasing bias,
an effect called hysteresis. Arrows indicate direction of curve, i.e. increasing or decreasing bias. In b blue
and red indicate positive and negative bias respectively. The connecting elements in Sample D consisted of 2
wires. One sweep goes from 0 Vto 2V, down to -2 V and back to 0 V. I-V measurements were performed at room
temperature in vacuum. Measurements were performed at steps of 1 mV, with 100 ms between each step.

Atroom temperature and low bias sample D exhibits currents close to the noise level,
while at high bias the current goes up to 200 pA at 2 V (see figure 4.7 at a voltage below 0.2
V and at 2 V). There is slight asymmetry, with the maximum absolute current at -2 V be-
ing 135 pA, the absolute current at 2 Vis 1.48 times higher than at -2 V. In addition, at the
same voltage the measured absolute current is higher when decreasing bias than when
increasing bias, an effect called hysteresis. To simplify further discussion of currents in
this section the mean is taken of the currents measured for increasing and decreasing
bias for each voltage, thus averaging out the hysteresis effect, unless otherwise specified.
As with previous samples, the I-V curve in figure 4.7 is close to linear at low bias and
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non-linear at high bias.

With the starting I-V curve identified, we can consider the effects of temperature on
this curve, starting with effects on low-bias conductivity. As figure 4.8a shows, when
increasing temperature the conductivity also increases while I-V curves remain linear
up to +0.2 V. Below 260K the conductivity is too low to distinguish measured currents
from noise (see green to blue curves in figure 4.8a).
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Figure 4.8: a) Mean current-voltage (I-V) curves in the low bias regime (V| < 0.2V) of one sweep for sample D
at various temperatures. Conductivity increases with temperature and I-V curves remain linear independent
of temperature. b) Arrhenius plot of conductance measured in ambient conditions at 0.2 V for temperatures
from 260 K up to 340 K. In an Arrhenius plot the slope of a linear fit on the measurements corresponds to the
activation energy. The activation energy was determined to be 0.37 eV by a fit (dashed line) with a R? > 0.99.
I-V curves were measured in vacuum with constant temperature per sweep. One sweep goes from 0 Vto 2V,
down to -2 V and back to 0 V. The connecting elements in sample D consisted of 2 wires. From blue to red
temperature goes from 220 K to 340 K in steps of 10 K (blue representing cold, red representing hot).

When plotting the natural log of conductance versus 1/kg T in the Arrhenius plot in
figure 4.8b a significant linear fit can be obtained. This means that temperature has an
exponential effect on conductivity, and we can consider an activation energy of some
underlying process. We can quantify the effect of temperature by determining the acti-

E,

—=a
vation energy associated with the conductivity as described by I < e*sT, where kg is the
Boltzmann constant, T is the temperature and E,, is the activation energy. It follows that
In(l) x —E, kBLT, so we can determine — E, by determining the coefficient of a significant

linear fit on measured In(I) and ,CBLT. Through a significant linear fit (R%>0.99) on In(I)

at 0.2 Vversus HlT at temperatures from 260 K to 340 K the activation energy was deter-
mined to be 0.37 eV. We can investigate whether a similar activation energy is associated
with the high-bias regime, indicating a similar thermally activated process at both low
and high bias.

At high bias the conductivity also increases with temperature, except for a sudden
decrease in conductivity near 290 K which is visible in figure 4.9 in the sudden drop be-
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tween the green and orange curve representing 280 K and 290 K. From figure 4.9b it be-
comes clear that the linearity of the I-V curves is also dependent on temperature. Finally,
the hysteresis observed at 290 K disappears with increasing temperature as can be seen
in the I-V curves associated with 290 K, 300 K and 310 K depicted in figure 4.9c.

In order to compare the activation energy at high-bias to low-bias we first need to
confirm that there is still an exponential effect of temperature on conductivity. figure 4.10
shows this to be the case, albeit with a different offset below or above 290 K due to the
sudden shift in conductivity. This means that a linear fit on In(I) at 2 V versus ﬁ for
all temperatures would not be significant. However, below 280 K and above 300 K two
separate significant linear fits can be made, determining the activation energy for low
(T < 280) and high (T > 300K) temperatures. Through a linear fit (R? > 0.99) on In(I)
at 2 V versus kB#T at temperatures from 220 K to 280 K the activation energy was deter-

mined to be 0.38 eV, while a linear fit (R? > 0.99) using kB#T at temperatures from 300 K to
340 K yields an activation energy of 0.36 eV. These values are very similar to the activa-
tion energy of 0.36 eV at low bias. However, in addition to the asymmetry within one I-V
curve, there appears to be asymmetry in the activation energies at positive and negative
high bias, with the activation energies at negative bias being higher than those found at
positive bias. Through a linear fit (R? > 0.99) on In(I) at -2 V versus kB#T at temperatures
from 220 K to 280 K the activation energy was determined to be 0.395 eV, while a linear
fit (R?>0.99) using ,CBLT at temperatures from 300 K to 340 K yields an activation energy of
0.40 eV. As such, the activation energy was slightly higher at negative bias, but still quite
similar to the low-bias activation energy.

The effect of temperature on I-V curves discussed so far is based on currents mea-
sured in vacuum in order to limit condensation due to cooling. Still, the vacuum condi-
tions may affect the wire and in turn the I-V curves. We therefore repeated temperature
measurements in ambient conditions. When comparing the I-V curve in ambient con-
ditions in figure 4.11 to that of vacuum conditions in figure 4.7 the shape of both curves
seems similar, although the magnitude of currents is lower (maximum current of 65 pA
instead of 200 pA), despite a higher maximum bias (4 V instead of 2 V). The asymmetry
and hysteresis are still present, although the hysteresis is less pronounced. Therefore we
will still use mean values of currents for increasing and decreasing bias, unless otherwise
specified. In addition we will compare currents up to 2 V with the earlier measurements
performed in vacuum, and focus on differences between ambient and vacuum condi-
tions.

In terms of temperature dependence the I-V curves measured in ambient conditions
lacked certain features of the I-V curves measured in vacuum conditions. The I-V curves
in figure 4.12 show no clear shift in conductivity near 290 K, and focusing on the hysteris
of curves near room temperature figure 4.12c shows an opposite effect of temperature
on hysteresis. In contrast to the measurements in vacuum, hysteresis now increased
with temperature near 290 K, resulting in almost no hysteresis below 290 K and large
hysteresis at 310 K (figure 4.12¢).

The effect of temperature on conductivity could still be quantified using the Arrhe-
nius plot in figure 4.13. There was still a linear relationship between In(I) at 2 V versus

kB#T at temperatures from 220 K to 310 K, but this time without the need for a separate fit

since there was no sudden shift. Through a linear fit (R? > 0.95) on In(I) at 2 V versus ﬁ



4.3 RESULTS 97

200
10-10 4
. ]0-11 .
)
~
1029
2200 T T T 1083 A
2 -1 0 1 2 0.01 0.1 05 1 2
v(v) [VI(V)
a b

171(A)

Figure 4.9: Mean current-voltage (I-V) curves of up to two sweeps per constant temperature for sample D
for various temperatures on a linear scale (a) or log-log (b) scale. Measurements below 240 K and above 300
K consisted of one sweep, while other temperatures consisted of two sweeps. Conductivity increases with
temperature up to 280 K and from 300 K, but there is a sudden decrease in conductivity near 290 K. The values
reported in b only include values measured at positive bias. Linearity of I-V curves appears to be dependent
on temperature. ¢) Mean current-voltage (I-V) curve of 1 sweep of sample D plotted on a log-log (b) scale for
290 K (blue) 300 K (yellow) and 310 K (red). Below 310 K at the same voltage the measured absolute current
is higher at decreasing bias than at increasing bias, an effect called hysteresis. This hysteresis becomes less
pronounced at 300 K, and disappears at 310 K. Arrows indicate direction of each color-associated curve, i.e.
increasing or decreasing bias. A single two-headed arrow indicates that increasing and decreasing bias result
in similar currents. I-V curves were measured in vacuum with constant temperature per sweep. One sweep
goes from 0 Vto 2V, down to -2 V and back to 0 V. The connecting elements in sample D consisted of 2 wires.
From blue to red temperature goes from 220 K to 340 K in steps of 10 K (blue representing cold, red representing
hot).
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Figure 4.10: Arrhenius plot of conductance measured in vacuum at 2 V (a and -2 V (b) for temperatures from
220 K up to 340 K. In an Arrhenius plot the slope of a linear fit on the measurements corresponds to the acti-
vation energy. While there is a linear relationship both below 280 K and above 300 K, there is a sudden shift
in conductance near 290 K. Fits were thus performed separately on the points below 280 K or above 300 K, i.e.
above 41.3 eV~ or below 38.8 eV 1. At 2V (a above 300 K the activation energy was determined to be 0.36 eV,
while below 280 K it was 0.38 eV. At -2V (b) above 300 K the activation energy was determined to be 0.40 eV,
while below 280 K it was 0.39 eV. For all fits (dashed lines) R% > 0.99.
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Figure 4.11: Mean current-voltage (I-V) curve of 1 sweep of sample D plotted on a linear (a) and log-log (b)
scale. The connecting elements in Sample D consisted only of 1 wire. One sweep goes from 0 V to 4 V, down
to -4 V and back to 0 V. I-V measurements were performed at room temperature in ambient conditions. At
the same voltage the measured absolute current is higher at decreasing bias than at increasing bias, an effect
called hysteresis. Arrows indicate direction of curve, i.e. increasing or decreasing bias. Measurements were
performed at steps of 10 mV, with 100 ms between each step. In b blue and red indicate positive and negative
bias respectively.
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Figure 4.12: Mean current-voltage (I-V) curves of one or multiple sweeps per constant temperature for sample
D for various temperatures plotted on a linear (a) or a log-log (b) scale. Conductivity increases with temper-
ature. Measurements performed in ambient conditions lacked certain features of those performed under a
vacuum: There is no sudden downward shift of conductivity near 290 K. I-V curves were similar for negative or
positive bias (although for clarity the values reported in b only include values measured at positive bias). Lin-
earity of I-V curves appears to be independent of temperature. ¢) Mean current-voltage (I-V) curve of 1 sweep
of sample D plotted on a log-log (b) scale for 290 K (blue) 300 K (yellow) and 310 K (red). At 310 K at the same
voltage the measured absolute current is higher at decreasing bias than at increasing bias, an effect called hys-
teresis. This hysteresis is much less pronounced at 290 K. Measurements at 220 K consisted of one sweep, while
those above 230 K up to 290 K consisted of at least two sweeps, while other temperatures had more than two
sweeps. I-V curves were measured in ambient conditions with constant temperature per sweep. One sweep
goes from 0 V to 4 V, down to -4 V and back to 0 V. The connecting element in sample D consisted only of 1
connecting wire. From blue to red temperature goes from 220 K to 235 K to 250 K and then in steps of 10 K
up to 310 K (blue representing cold, red representing hot). Arrows indicate direction of each color-associated
curve, i.e. increasing or decreasing bias. A single two-headed arrow indicates that increasing and decreasing
bias result in similar currents.
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at temperatures from 220 K to 310 K the activation energy was determined to be 0.40 eV
at2V, and 0.41 eV at -2 V. These values are similar to the negative high bias values found
in vacuum.
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Figure 4.13: a) Arrhenius plot of conductance measured in ambient conditions at 2 V for temperatures from
220 K up to 310 K. In an Arrhenius plot the slope of a linear fit on the measurements corresponds to the acti-
vation energy. The activation energy was determined to be 0.40 eV, the fit (dashed line) had a R2 >0.95. At -2V
(b) the activation energy was determined to be 0.41 eV, the fit (dashed line) had a R > 0.9.

In summary, temperature was shown to have an exponential effect on conductivity.
This effect was associated with activation energies from 0.36 up to 0.41, see table 4.1 for
an overview. In vacuum, a sudden downward shift in conductivity occurs around room
temperature, while in ambient conditions it does not. Additionally, increasing tempera-
ture above room temperature reduced hysteresis in vacuum, but increased it in ambient
conditions. Having identified characteristic features of temperature dependence of con-
ductivity, we then investigated field effects by applying a back-gate voltage.

Table 4.1: Activation energies as determined from Arrhenius plots of conductance at +2 V of wire sample D
at temperatures ranging from 220 K up to 340 K. Measurements were performed in vacuum or in ambient
conditions. In vacuum a sudden shift in conductivity occurred near room temperature, therefore activation
energies were determined below and above room temperature.

Activation energies (eV)

Vacuum Ambient
220K<T<290K | 300K<T<340K | 220K<T<310K
+2V 0.38 0.36 0.40
-2V 0.39 0.40 0.41
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BACK-GATE
The silicon chips used in this study contain a conductive inner layer which can be con-
tacted as described in chapter 3. By applying a back-gate voltage we can investigate the
effect of shifting the potential inside the wire with respect to the potential of the elec-
trodes, and inspect whether the wires can be gated. We measured I-V curves of sample
D while applying various back-gate voltages. figure 4.14a shows that with increasing
absolute back-gate voltage in general the absolute current also increases, with the ex-
ceptions between 0 to -20 V for positive bias and 0 to 20 V for negative bias. The extent of
this increase in current depends on whether the back-gate voltage has the same sign as
the current. At positive bias applying a positive back-gate voltage has a stronger positive
effect than applying a negative back-gate voltage and vice versa. The differing effects on
positive and negative bias conductivity result in a change in asymmetry depending on
back-gate voltage. This effect can be seen in figure 4.14a when the absolute current at 2
V (blue) are significantly different from those at -2 V (red). After performing power-law
fits on positive and negative bias at various back-gate voltages it became clear that back-
gate voltage also affects the linearity of I-V curves as depicted in figure 4.14b. At positive
bias the exponential coefficient at a back-gate voltage of -60 V is close to 1, while a back-
gate voltage of 60 V results in an exponential coefficient close to 2. For negative bias
the opposite effect occurs, although the difference in exponential coefficient is less pro-
nounced, with a coefficient close to 1.5 at a back-gate voltage of -60 V and close to 1 at
a back-gate voltage of 60 V. In summary, applying a back-gate voltage increases current,
and the effect is stronger if the bias is of equal sign. Additionally, or perhaps causally, the
exponent of the power-law governing the I-V curves is affected by back-gate voltage.
Overall, we have identified that I-V curves are linear at low bias and non-linear at
high bias, with conductivity and non-linearity varying between samples. Temperature
has a positive effect on conductivity, except near room temperature in vacuum condi-
tions. The effect of temperature is exponential and is associated with activation energies
between 0.36 and 0.41 eV. Finally, back-gate voltage increases absolute current and non-
linearity at equal-sign bias.
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Figure 4.14: a) Absolute current through sample D at 2 V (blue) or -2 V (red) determined from the mean of
one current-voltage sweep at various back-gate voltages measured in ambient conditions. Measurements were
performed in sweeps starting at a back-gate voltage of 0 V and increasing in steps of 5 Vup to 60V, or decreasing
from 0 Vin steps of 5 V to -60 V. The connecting element in sample D consisted only of 1 connecting wire. With
increasing absolute back-gate voltage the absolute current also increases, except between 0 to -20 V for positive
bias and 0 to 20 V for negative bias. The extent of this increase depends on whether the back-gate voltage has
the same sign as the current. b) The exponential coefficients for various back-gate voltages determined by a
significant power-law fit at a bias of 2 V (blue) and -2 V (red). With increasing back-gate voltage the exponential
coefficient increases, i.e. the current-voltage curves become increasingly non-linear.
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4.4 DISCUSSION

We have investigated features of wire conductivity using direct contact measurements
of single wires across a 500 nm gap. The first noticeable feature is that the magnitude
of conductivity varies orders of magnitudes from sample to sample. This variation can
be due to several factors, such as contact resistance, protein degradation, conformation
of the wire, or different composition of the wires. In regards to the composition of the
wires Filman et al.® recently showed that G. sulfurreducens produces two types of wires
of similar dimensions. The first type are the pili (~3 nm wide), and the other type is
a wire consisting of stacked cytochromes (~4 nm wide). We are unable to distinguish
between these two types using our existing AFM images. This finding makes the protein
structure context of existing studies on the charge transfer mechanism ambiguous. The
varying magnitudes could thus also be due to a mixture of pili and cytochrome wires.
Purification, or a closer look with non-invasive high-resolution microscopy techniques
would be required to distinguish the two types of wires.

Furthermore we found that the overall shape of I-V curves are similar between wires.
At low bias a linear bias dependency holds which then transitions to a non-linear de-
pendency, with a typical cross-over voltage around 0.4 to 0.5V, similar to the findings of
Lampa-pastirk et al.?.

The non-linear dependency follows a power-law with an exponent varying between
1.2 and 2.2. Lampa-Pastirk reported values of 1.9 and 2.45, leading to the conclusion of
a quadratic dependency caused by a space-charge limited current (SCLC), with an expo-
nent larger than 2 caused by more trap states. These values fall within the variation of our
observations, though half of our values are below 1.8. Additionally, we observed various
cases of asymmetrical charge transport. As such, SCLC seems insufficient to properly de-
scribe the electron transport. Either an expansion of the model, or an alternative model
should be pursued.

TEMPERATURE DEPENDENCE

To aid in those pursuits we have identified some key features by measuring I-V curves at
various temperatures. Most notably there is a positive correlation between conductivity
and temperature, except in vacuum for a small region from 290 K to 300 K where the two
have a strong negative correlation. The correlation between conductivity and temper-
ature was also shown to be exponential, except for the sudden shift around 290 to 300
K.

This positive correlation is opposite to that determined by Ing et al.* using bipoten-
tiostat measurements on spin-coated filaments in liquid, although it does correspond to
the findings of Yates et al. 9 using live biofilms. One similarity is a change in conductivity
near room temperature, although the nature of the change is quite different. Ing et al.*
found a lower activation energy above room temperature, while we found a sudden drop
in conductivity near room temperature in vacuum. Additionally, the shift in conductivity
was absent in measurements under ambient conditions. The cause of this shift was not
further investigated, but to speculate it might be that it is caused by a conformational
shift of the wire correlated with temperature. In ambient conditions this shift may be al-
lowed to occur gradually with negligible effects on conductivity rather than the sudden
switch in conformation when in vacuum with drastic effects on conductivity.
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The conductivity depends on temperature via an exponential relationship. Fits of
Arrhenius plots result in activation energies at a bias of +2 V from 0.36 eV up to 0.41 eV
depending on measurements in vacuum or ambient conditions, positive or negative bias
and above or below room temperature in vacuum (see table table 4.1 for an overview).
This is quite different from the activation energy of 0.13 eV identified by Yates et al.®
using biofilms. Due to the complex nature of biofilms compared to single wires it is
difficult to speculate on the cause of this difference. A comparison to a similarly well-
defined system as a single wire would be more appropriate.

CHARGE TRANSPORT MECHANISM

The positive exponential correlation with temperature helps to identify the charge trans-
port mechanism. In the review by Creasey et al.” several current models for charge
transport through protein nanowires are described. The models described are those for
band transport in metals and semi-conductors, tunneling, superexchange, and multi-
step hopping. Of those models only the semi-conductor and hopping models predict a
positive exponential correlation between conductivity and temperature.

A semi-conductor model involves a valence and conduction band separated by a gap,
with a band consisting of a number of states in which the wave function is spread across
molecular orbitals along the wire. An electron in such a state is delocalized along the
wire. It has been proposed that the helical configuration of aromatic amino acids inside
of the pili provides the opportunity for delocalization along the wire. The probability of
such a delocalization occuring along the aromatic amino acids is strongly dependent on
aromatic amino acid distance. Depending on the model used for pilum structure the
probability of this mode of transport varies from possible to extremely unlikely’.

A discriminating feature of a semi-conductor is a large effect of back-gate voltage on
conductivity. In our measurements the maximum effect of back-gate voltage was a near-
tripling of current (from 15 pA to 42 pA) when increasing the back-gate ten-fold (from
5 to 50 V). In addition, the I-V curves became increasingly non-linear with increasing
back-gate, if the sign of applied back-gate was the same as the current. To what extent
this effect is due to changes in injection barrier (also addressed in the hopping model
below) or due to changes in internal potentials of the wire would require further (theo-
retical) investigation. An alternative model is the hopping model, which we will explore
here further.

ELECTRON TRANSPORT MODEL

To facilitate a qualitative discussion on our results we will first describe a simple electron
transport model. In this model there are two key processes resulting in an exponential
temperature dependence. We will discuss this model in the context of two limiting cases
highlighting those key processes, each resulting in exponential temperature dependence
as well as addressing certain features of our observations.

We consider a series of sites with no inherent potential differences between sites to
represent the wire. The first and last site (contact sites) are in contact with electrodes.
We will describe the electron transport in terms of rates, with current being proportional
to the overall rate.
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INJECTION BARRIERS
We consider the first case where the following holds: The sites maintain zero potential
difference, i.e. they are always in resonance with each-other. For the electron transfer
rate from site to site we take some constant value which is depicted in figure 4.15a as
straight purple arrows. In the second case we will expand upon this with a more realistic
rate. Additionally, the first and last site (contact sites) are separated from the electrodes
by equal potential barriers that are higher in potential than the potential corresponding
to the typical bias used in this study. Finally, there is a potential difference between the
electrodes and contact sites, the injection barrier, depicted in figure 4.15a as A Ejy;.
Electrons can tunnel through the potential barrier if they are in a state with chem-
ical potential equal to the chemical potential of the contact site. The rate of electrons
tunneling through this barrier is proportional to the probability of this state being occu-

pied. The probability of this state being occupied by an electron in the electrode is in
AE;

inj
turn determined by the injection barrier and is proportional to e~ BT .

Upon application of a negative bias the probability of that state being occupied by
an electron will exponentially increase due to a shift in the Fermi distribution depicted
in figure 4.15b. At the same time the introduction of a potential gradient will require that
the gradient is divided amongst the contacts and the sites. Since in this case we assume
that there is no change in potential between sites, the potential gradient must be divided
amongst each of the contacts resulting in an upwards shift of the first site potential by
half the applied bias. The probability of the state at the left electrode with equal potential

AB— Y
as the first site being occupied by an electron is then proportional to e~ BT , Tesulting
in exponential dependence of conductivity on bias and temperature.

Once the applied bias equals twice the injection barrier the electrode will be on reso-
nance with the first contact site (see figure 4.15c). At that point conductivity will become
independent of bias, and will no longer have an exponential dependence on temper-
ature. As such, a regime change in conductivity dependence on bias and temperature
is expected when the bias eV = 2AEj,;. Above this injection barrier the effects of bias
and temperature on conductivity are predominantly determined by the transfer process
within the wire. In this case, that process does not have an exponential dependence on
temperature or bias. Additionally, in this first case an asymmetry can be addressed via
unequal injection barriers.

Applying a back-gate voltage will slightly heighten or lower the potential of sites
within the wire with respect to the electrodes, based on the charge carriers (electrons or
holes) and sign of the applied back-gate voltage. Applying a positive back-gate voltage
will reduce the potential of electrons at each site, including those next to the electrodes,
effectively lowering the barrier (see figure 4.16a). In the presence of an injection barrier,
applying a back-gate voltage should then also increase conductivity exponentially.

HOPPING

In the second case we now assume that there are no potential or injection barriers be-
tween the electrodes and contact sites. On the other hand, the sites initially have equal
energies but they are no longer necessarily in resonance with each-other. Rather, we
consider the sites as redox sites, and now the rate for electron transfer within the wire is
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Figure 4.15: Schematic representation of a model in which injection barriers result in an exponential temper-
ature dependence of conductivity. Height denotes chemical potential, width denotes distance, red horizontal
lines are sites, gold/orange rectangles represent electrodes, right electrode chemical potential is fixed, illustra-
tion is not to scale. Solid arrows represents movement of electrons, dashed arrows represent tunneling through
contact barrier or characteristic energy changes. Red line in electrode indicates the probability of a state with
that potential being occupied by an electron (Fermi distribution). a) We consider a number of sites in reso-
nance with each other, with potential barriers between electrodes and contact sites and an injection barrier to
the first site (AEjp;). Electron transfer rate from site to site is considered constant, indicated by straight purple
arrows. The potential barriers have a potential much larger than AEj,;. The probability of a state with equal
_ ABy,;
potential as the first site being occupied by an electron is then proportionalto e *87 . b) Upon application of
anegative bias (eV) the potential of electrons in the left electrode will increase, shifting the Fermi distribution
up and thus increasing the probability of a state with equal potential to the first site being occupied. Note
that the gradient in potential will result in an upwards shift of site energy levels of eV/2. Electron transfer is
AEin— &
proportional to e~ *BT

, thus resulting in an exponential dependence of conductivity on bias as well as
temperature. Once across the barrier electrons move from site to site in a temperature and bias independent
manner, until reaching the right barrier and subsequently the lower chemical potential in the right electrode.
c) At a bias eV of twice the injection barrier the conductivity no longer depends exponentially on temperature,
and the conductivity will depend linearly on bias. This is apparent as a regime change when eV > 2A Ejp;.
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a

Figure 4.16: Schematic representation of the effect of back-gate voltage on the injection barrier described
in figure 4.15. Height denotes chemical potential, width denotes distance, red horizontal lines are sites,
gold/orange rectangles represent electrodes, right electrode chemical potential is fixed, illustration is not
to scale. Solid arrows represents movement of electrons, dashed arrows represent characteristic changes in
chemical potential. A back-gate voltage applies an electrical field within the wire with a positive or negative
sign, shifting the chemical potential for electrons in the sites up or down. This shift in potential can increase or
decrease the injection barrier, resulting in an exponential effect on conductivity. If there initially is no injection
barrier, it can be introduced by the shift in energy levels.

determined by Marcus theory. When charge is transferred to a site, changes in atom or-
ganization due to the electric field of the charge will occur at and around the site where
it transferred from and the site it transferred to. This change in organization is associ-
ated with a reorganization energy, depicted in figure 4.17a by . In order for a charge to
transfer from site to site it must therefore first be in a state with high enough potential to
provide this reorganization energy upon transfer. The probability of an electron being in

_ ABpgp

a state with that potential and hopping to the next site is proportionalto e *37 , where
_AE,)? . L . .

AEnop = % and A is the reorganization energy of the sites and AE,, is the poten-

tial difference between the sites. The rate of hopping kjop, depicted in figure 4.17a as a
curved purple arrow, is proportional to that probability. With no applied bias there is no
potential difference between sites and then this relation simplifies t0 A Epqp = %.
Applying a bias will induce a gradient in potential, which in this second case will
be divided across the sites rather than the contacts. This results in an energy difference
between sites AE;, equal to 15_Y1 (see figure 4.17b), with N being the number of sites. This
has two effects on the electron transfer rates within the wire. The first is that at thermal
equilibrium, lower potential sites have a higher probability of being occupied than high
potential sites. This difference in probability results in a net transfer rate which, when
AE, is much smaller than kg T, depends linearly on applied bias. Note that this effect
occurs regardless of a change in hopping rate. The second effect of the potential gradient
eV
is on the hopping rate itself, the 1§Y1 makes AEpqp = % However, depending on
the reorganization energy the effect of bias on the hopping rate can be negligible. The
reorganization energy of stacked cytochromes was calculated to be around 1.2 eV. Taking
into account a similar value, a low number of sites (500 sites, 1 every 1 nm) and our
maximum bias (4 V), the effect of bias lowers AEjp, from 0.300 to 0.296 eV, a negligible

effect. As such, the activation energy determined by Arrhenius plot will then still be
_ ABpgp
approximately %. At the same time, the rate is still proportional to e *87 , maintaining
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an exponential dependence on temperature. Applying a back-gate voltage in this case
would introduce an injection barrier similar to the one discussed in the first case.
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Figure 4.17: Schematic representation of a hopping model in which hopping rates as described by Marcus the-
ory result in exponential temperature dependence of conductivity. Height denotes chemical potential, width
denotes distance, red horizontal lines are redox sites, gold/orange rectangles represent electrodes, right elec-
trode chemical potential is fixed, illustration is not to scale. Solid arrows represents movement of electrons,
dashed arrows represent characteristic changes in chemical potential, f represents transition state and asso-
ciated reorganization energy. a) We consider a number of redox sites at resonance with the electrodes at the
first and last site, and hopping only occurs between nearest-neighbor sites. According to Marcus theory for
nearest-neighbor hopping the probability of an electron moving from redox site to redox site is proportional to
ABhop
e *BT  where AEpop = % with A the reorganization energy of the site and its surroundings as a result from
charge transfer. b) Upon application of a bias (eV) the potential of electrons in the left electrode will increase,
imposing a gradient in chemical potential across the wire to the right electrode. This gradient is divided over
ABjgp
each site. Electron transfer is still proportionalto e 87 , but now AEnep = with AE;, = ]5—‘_/1 where
N is the number of sites. With large enough N the reorganization energy is dominant, thus resulting in an
exponential dependence of hopping rate on temperature but negligible dependence on bias.

(A=AEp)?
T

Qualitatively the first case addresses two features of our measurements: a regime
change when the applied bias overcomes the injection barrier (eV = 2AEjy;) and asym-
metry due to differences in potential barrier at each contact. The second case addresses
our observations at high bias where conductivity still depends exponentially on temper-
ature.

Quantitatively in the first case the activation energy determined by Arrhenius plot
should equal the injection barrier, and a regime change should occur at a bias of twice
the injection barrier. The injection barrier determined via Arrhenius plot is around 0.4
eV. We see a regime change at a cross-over voltage around 0.45 eV, which would result in
an injection barrier of 0.22 eV, nearly half of what was determined through the Arrhenius
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plot. If we take the activation energy to be equal to the injection barrier, the applied bias
would exceed the injection barrier in this first case at 0.8 V, i.e. in the high-bias regime.
In the limits of the first case, where the exponential temperature dependence is solely
due to an injection barrier, we should then not have been able to measure an activation
energy at the high-bias regime, showing that this case does not fully hold.

In the second case the activation energy should be equal to a quarter of the reorga-
nization energy. Since we find an activation energy around 0.4 eV, the reorganization
energy would then be 1.6 eV. Such a high reorganization energy would mean that bias
has a negligible effect on the hopping rate, and in this second limiting case the depen-
dence on bias should then be linear throughout the measured bias range, which is not
the case. As such, the second limiting case also does not fully hold.

However, each limit provides signature features of our measurements. A more realis-
tic model in between these two limits combining the features of each could describe the
observed features, depending on the injection barriers, contact barriers and reorganiza-
tion energy. In future work a quantitative model should be employed to determine each
of these parameters. Still, the model may also require further expansion to, for example,
include disorder in site potentials.

PROTEIN STRUCTURE

Given the descriptive power of the hopping model we should consider the structural
support for the presence of a series of redox sites. Electron transfer proteins typically
use heme groups containing metal ions as redox sites. Pili lack these heme groups, and
heme-containing cytochromes associated with the pili were shown to be too far apart
to facilitate hopping'°. However, Cordes et al.'! showed that aromatic amino acids can
function as "stepping stones", and Morita et al. !> demonstrated hopping along the back-
bone of a peptide consisting of L-alanine and a-aminoisobutyric acid. Whether the as-
sociated electron transfer rates could facilitate efficient electron transfer across 500 nm
remains to be investigated.

Notably, the cytochrome wires consist of stacked cytochromes that contain heme
groups which would be the same kind of redox sites used in typical electron transfer
proteins, and the stacked pattern of the heme groups could facilitate multi-step hop-
ping. In such a cytochrome wire a hopping mechanism along the heme groups would
seem more likely than a delocalization of electrons along the length of the wire. The
activation energy of hopping along closely-packed cytochromes in Shewanella oneiden-
sis structures was simulated to be around 0.3 eV by Breuer et al. 1. This is close to our
range of activation energies from 0.36 to 0.41 eV. These closely packed cytochromes were
shown to be able to transfer electrons across long distances '*. Since the measurements
are consistent with hopping, with activation energies similar to other closely packed cy-
tochromes and those cytochromes were shown to be capable of efficient long-distance
electron transfer, it seems probable that the measured wires are in fact the cytochrome
wires. However, upon deposition and inspection by AFM of samples of ApilA we did not
see any filamentous structures. Since these mutants would still be expected to produce
cytochrome wires, we would still expect to see filamentous structures. Further inspec-
tion of the identity of the wires via higher resolution imaging would be required for elu-
cidation of wire identity, and the associated structural support for a hopping model.
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BIOLOGICAL IMPLICATIONS

In biological context the low bias regime is most relevant. In this regime we have ob-
served conductance up to 1078 S, this corresponds to current of 200 nA at a bias of 0.2 V.
A single cell produces ' a current of 100 fA, three orders of magnitude lower. As such the
conductivity of the wires is higher than required for a single cell. If the wire’s conductiv-
ity is the result of adaptation, then the ability to conduct more than a single cell’s current
could imply a role in facilitating growth of multiple cells, i.e. the biofilm, as investigated
in chapter 2. Alternatively, if cells are only in transient contact with electron acceptors,
the high conductivity could facilitate immediate oxidation of all reduced cytochromes,
where the cytochromes then serve as a "battery" 1°.

Besides the magnitude of conductivity we observed effects of temperature and back-
gate voltage on conductivity. The measurements of environmental effects were all per-
formed at high bias, and as such its applicability to the biologically relevant low bias
range remains to be investigated. We will base our discussion on an extrapolation of the
observed effects to low bias.

We observed a positive dependence of conductivity on temperature, except when
measuring in vacuum in a small temperature range where there was a strong negative
temperature dependence. Notably, the temperature range for negative temperature de-
pendence was around room temperature, a typical temperature for G. sulfurreducens
growth '6. If this effect is present in biological conditions a slight increase in temperature
could severely limit charge transport in biofilms. Although this effect was not apparent
in ambient conditions, it has been reported previously in conductivity measurements of
wire networks by Malvankar et al.®. A strong negative temperature dependence of wire
conductivity could be apparent in cell physiology in a strong temperature dependence
of growth or regulation of genes related to metabolism and wire production. Indeed,
G. sulfurreducens is known !’ to express wires even in the absence of iron-oxides when
grown at 25° C but not at 30° C. Due to the broad effects of temperature on many as-
pects of microbial life, close investigation of this effect would be required to determine
whether this regulation is due to the temperature dependence of conductivity, or an-
other temperature-dependent process. If the single-wire conductivity in natural condi-
tions lacks the negative temperature dependence, as seen in our measurements in ambi-
ent conditions, the reported negative temperature dependence in wire networks might
be a consequence of wire-to-wire electron transport required for biofilm charge trans-
port, an interaction between wire-to-wire transport and single-wire transport, or some
other temperature-dependent process.

Finally, we saw a positive effect of back-gate voltage on conductivity, the extent of
which depended on the sign of back-gate voltage and current. In a biological context
variations in "back-gate voltage" are present in the form of changes in local electro-
chemical potential, for example due to the diffusion of a cation. The fluctuating local
electrochemical potential could locally introduce or reduce disorder in the electrochem-
ical potential of the sites inside the wire, in addition to the effects of temperature. In the
cell’s liquid environment filled with disorder due to Brownian motion and chemical and
thermal interactions, a system tuned to use this disorder for a positive effect on conduc-
tivity would be beneficial, if high conductivity indeed has a positive effect on fitness. One
could imagine a system where hopping rates are at times locally enhanced by the ran-
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dom influx of a cation (decreasing local potential) and thermal variation, perhaps even
resulting in short-distance delocalization as described in a "flickering resonance" model
by Zhang et al.'®. A positive effect of environmental coupling on particle transfer has
theoretically been shown by Mohseni et al. ' in the enhancement of exciton transfer by
chromophoric complexes used in photosynthesis.

FUTURE WORK

We have provided characterization of a number of key features to be used in construc-
tion of a suited model for charge transport through bionanowires. Combining our data
with that already published, especially the temperature-dependent density-of-states re-
ported by Lampa-Pastirk, should allow for a deeper understanding of this fascinating
new class of electron-transport proteins. In the future, confirmation of wire identity and
combined measurements of back-gate and temperature variation, already within the ca-
pabilities of our current method, should allow for further specification of those models.
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CONDUCTANCE OF CABLE
BACTERIA

We demonstrate the flexibility of the wire deposition method by measuring a different type
of conductive biological wire. Cable bacteria are able to facilitate electron transport along
their cell membranes across several millimeters. We image successful deposition of cable
bacteria bundles and measure their conductance. Current-voltage curves showed conduc-
tance in the orders of magnitude from 1071° St0 1077 S.

Chips manufactured by Jacqueline A. Labra Munoz, cable bacteria samples provided by
Filip Meysman and prepared by Silvia Hidalgo Martinez. Methods are reproduced from
"A highly conductive fibre network enables centimetre-scale electron transport in mul-
ticellular cable bacteria." by E Meysman, R. Cornelissen, S. Trashin, R. Bonné, S. Hidalgo
Martinez, J. van der Veen, C.J. Blom, C. Karman, J. Hou, R.T. Eachambadi, J.S. Geelhoed,
K. de Wael, H.J.E. Beaumont, B. Cleuren, R. Valcke, H.S.J. van der Zant, H.T.S. Boschker,
J.V. Manca from 2019.
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5.1 INTRODUCTION

With the discovery of conductive protein wires in Geobacter sulfurreducens®, other sys-
tems known to employ long-range electron transport were reevaluated. The model or-
ganism Shewanella oneidensis®> was shown to possess conductive cytochrome-packed
membrane protrusions. G. sulfurreducens affiliated species such as Geobacter metallire-
ducens and Geobacter uraniireducens also appear to possess conductive nanowires>.

Of particular interest from an intercellular cooperation point of view are bacteria of
the Desulfobulbaceae species, the so-called "cable bacteria". Bacteria of the Desulfobul-
baceae species form centimeter-long filaments of cells, each connected at the poles to
another cell. Their long filamentous assembly allows the cable bacteria to be exposed
to aerobic environments on one end, and an anaerobic environment on the other. In
marine sediments with Desulfobulbaceae species the reduction and oxidation of oxygen
and sulfides was shown to be linked, while the oxygen is separated by several centime-
ters from the sulfides*. At the anaerobic end the cells facilitate the oxidation of dihydro-
gensulfide to sulfate, with no apparent terminal electron acceptor at that location in the
sediment. On the other end of the filament oxygen is reduced to water, with no apparent
electron donor.

The connection between oxygen reduction and sulfide oxidaton was ruled out to oc-
cur via diffusion of molecules® due to the rapid change in hydrogen sulfide concen-
tration upon a sudden change in oxygen concentration, and instead there must then
be some mechanism for transporting electrons through the filamentous bacteria across
centimeter distances. Upon close inspection of cable morphology, cells were shown to
possess membrane ridges. Electron micrographs showed fibres in each of the ridges,
coalescing at the cell pole connection before seemingly crossing that barrier and contin-
uing in the ridges of the next cell. The fibrous protein material was found to be conduc-
tive, although the protein structure is a topic of ongoing investigation. These cells appear
to produce networks of conductive fibres crossing hundreds of cells to allow the growth
of the entire cable. The hypothesized presence of an intra- and transcellular conductor
lead the bacteria colloquially being termed ’cable bacteria’ .

A direct measurement of conductance through these structures would provide con-
clusive evidence, but requires making direct electrical contact with the cable bacteria, or
the fibrous structures within their membrane. Subsequent investigation of the electron
transport mechanism through these structures would require the manipulation of bias,
temperature, and back-gate voltage. Our method described in chapter 3 was shown to
be able to make electrical contact with biological wires, and control environmental con-
ditions. Although that method was developed for measuring nanoscopic wires across a
0.5 micron gap, it can also be used for measuring larger structures since the gap between
pads is 100 micron. Cable bacteria spanning this gap can then be measured from pad to
pad.

Here we describe the application of our method for measuring conductance of bio-
logical wires on these cable bacteria as a first step towards direct measurements of the
fibrous material. At the same time we can use the Passive Voltage Contrast imaging (PVC)
to investigate the ability of cells to dissipate charge and to image the location of conduc-
tive structures on or in the cell. Using these techniques we provided the first direct mea-
surements of charge transport through cable bacteria. From these first measurements



5.1 INTRODUCTION 117

a more detailed study by Meysman et al. * followed investigating the role of the fibrous
structures in conductance. Here, we discuss the application of our method for the first
conductivity measurements to highlight the wide applicability of the method for future
exploration of direct long range charge transport in biology, including its Passive Voltage
Contrast imaging.
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5.2 METHODS

The methods for sample preparation and Passive Voltage Contrast Imaging were de-
scribed earlier in Meysman et al.”, and the method for current-voltage measurements
was earlier described in chapter 3. Each are reproduced here from the original text for
reference.

SAMPLE PREPARATION

Cable bacteria were enriched from surface marine sediment collected from a creek bed
within the Rattekaai salt marsh, The Netherlands (51°26’21"N, 04°10’11”E). Sediment
was sieved, homogenized, repacked into PVC core liner tubes (diameter 40 mm, height
100 mm), and incubated with overlying aerated artificial seawater (salinity 30, temper-
ature 16 °C). When the sediment showed the distinct geochemical fingerprint of elec-
trogenic sulfur oxidation, it was used for the retrieval of cable bacteria bundles. Bun-
dles were gently pulled from the top sediment layer with a custom-made glass hook.
Thiofilum flexile EJ2M-BT was obtained from the German Collection of Microorgan-
isms and Cell cultures (DSMZ, Braunschweig, Germany) and cultured on agar-solidified
nutrient-rich medium. After transfer to a drop of purified water (ISO 3696 Grade 1,
MilliQ) on a glass microscope the cable bacteria or T. flexile were then deposited on the
chip with predefined electrodes.

PASSIVE VOLTAGE CONTRAST IMAGING

In Passive Voltage Contrast (PVC) imaging with a positive ion beam causes the surface to
be positively charged except for areas where an electron sink can remove that charge (i.e.,
agrounded area). As aresult, the build-up of charge on the surface is inversely correlated
to brightness when imaging with a Focused Ion Beam-Scanning Electron Microscope
(FIB-SEM). The electron beam was operated at 30 kV with a current of 43 pA and an
aperture of 45 um, while the ion beam was operated at a current of 10 pA. Electrodes were
grounded by applying carbon paint from the main pad to the back of the chip. The back
of the chip is then in electrical contact with the steel Dual-Beam chamber, effectively
grounding the main.

CURRENT-VOLTAGE MEASUREMENTS

All current-voltage (I-V) measurements were performed using a TTP4 Desert (LakeShore)
Cryogenics probe station with mounted probes from Lakeshore ZN50R-CVT-25-BECU
and ZN50R-25-BECU for varying or constant temperature measurements respectively.
These probes were connected to a TU Delft IVVI rack containing custom electronics
modules. Applied and measured voltages were set and read via a LabView interface
controlling an Adwin II Gold Digital-Analog Converter. Before measuring across pads, a
check for a proper connecting main electrode was performed by measuring the conduc-
tivity between two distant points along the lead (i.e., confirming a short circuit). Typical
sweeps were performed up to +2.0 V divided over 2'® -2 points, at each point the current
was determined as an average of 200 measurements. A delay of 400, 100 or 10 ms was
used at each point before measuring for constant temperature, varying temperature and
back-gate measurements respectively. In case clipping occurred, the gain was adjusted
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appropriately. The measured currents display an offset in current at 0V, i.e. the current
is not zero at zero volts. Data was corrected for this by fitting a linear curve through the
20 points surrounding 0V, and then substracting the value of the fit at 0 V from all points.

CONTRIBUTION
Filip J.R. Meysman supplied cable bacteria samples and Silvia Hidalgo Martinez washed
and deposited the cable bacteria onto chips.

5.3 RESULTS

ELECTRICAL CONTACT

Upon initial investigation the order of magnitude of conductivity of cable bacteria was
unknown. Therefore we used a chip design facilitating current measurements for both
poorly and highly conductive organic materials. For deposition of the cable bacteria we
used two chip designs consisting of gold probe contact platforms ("main pads") con-
nected to a gold rectangular section (the "lead") flanked by another series of gold probe
contact platforms ("side pads") each separated from another by 100 um, a schematic de-
piction can be seen in figure 5.1. Depending on chip design the space between the side
pads and the lead consists of a single 500 nm gap (termed "Design 1" in chapter 3), or
a set of interdigitated electrodes (termed "Design 3" in chapter 3) each separated by a
gap of 500 nm with one set connected to the side pad (the "side fingers") and the other
connected to the main pad via the lead (the "main fingers"). The combination of a single
large gap between side pads, and the small gap(s) on a single chip allows investigation of
conductivity across several orders of magnitude.

Cable bacteria can be deposited both across the small gap between main and side
pads, or across several side pads. Deposition across the small gap is best suited in case
cable bacteria had a low conductivity, due to the potential for short distance connec-
tions increasing overall conductance. Especially when employing the interdigitated elec-
trodes, deposition across the small gap allows for numerous short distance connections.
Deposition across the side pads is best suited in case cable bacteria had a high conduc-
tivity, due to the large single gap resulting in a lower overall conductance. In case of
deposition across the side pads the distance across which the conductance is measured
can be adjusted by measuring across non-neighbouring side pads, i.e, when a single ca-
ble is crossing three pads and thus two gaps, one can measure conductance from the
outer pads, effectively measuring across a distance of two gaps.

Finally, deposition across the side-to-main gap allows for easier investigation of the
ability to dissipate charge using Passive Voltage Contrast (PVC) imaging. A detailed ex-
planation of PVC imaging is described in chapter 3, in short one can visualize the ability
to dissipate charge to a grounded main pad using a Focused Ion Beam where higher in-
tensity indicates higher ability to dissipate charge. In practice it is easier to ground the
main pad than the side pads, thus deposition resulting in a connection with the main
pad (i.e. a deposition from side to main pad, crossing the gap) is desired for PVC imag-
ing.

We first investigated whether an electrical connection was made upon deposition of
cable bacteria. We carefully placed a bundle of cable bacteria across the set of electrodes
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c d

Figure 5.1: Schematics of chip designs employed for deposition of cable bacteria resulting in an electrical
connection that can be contacted by probes in a probe station. Overall device architecture is depicted in a and
b with gold depicted in yellow and the scale bars representing 100 um. The design is identical to "Design 1"
and "Design 3" in chapter 3. The areas indicated by the dashed squares is shown in more detail in ¢ and d and
contains a potential contact area consisting of a 500 nm gap indicated in red, with the scale bar representing
10 um. When applying these designs for measuring cable bacteria the larger gap between pads can also be
used as a potential contact area. In case the cable bacteria are highly conductive the larger distance will result
in lower overall conductance, thus maintaining current levels within the detectable range at high bias (> 1 V).
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comprising the main pad and side pads, as can be seen in figure 5.2. It was difficult
to control the exact curve of the cables once dried, on occassion resulting in no cable-
bridged gap. In the cases where a gap was crossed by the cable bacteria we used Scan-
ning Electron Microscopy (SEM) to investigate how many cables were crossing gap. As a
typical micrographs shown in figure 5.3b illustrates, it was possible to clearly see the cells
bridging the gap, and to count the number of cables comprising the gap-crossing bun-
dle, except for any cables intertwined at the bottom. The number of cables bridging the
gap directly (i.e. near to the shortest path between pads) varied from 5 to 17, with some
having an additional bundle of 2 to 6 cables crossing the same gap through an indirect
route.

Figure 5.2: View of microscope output installed in probe station showing cable bacteria deposited on chips of
Design 3 (see figure 5.1). Gold squares are contact pads connected to interdigitated electrodes which in turn are
connected with the main gold lead in the middle. One gold pad is 200 by 200 um and cable bacteria are several
millimeters to centimeters long easily bridging the 100 pm gap between pads and one multicellular filament
often crosses multiple pads. Conductivity was measured across neighboring pads resulting in measurements
of the section of the cable bridging that particular gap. When one cable crossed several gaps, conductivity was
measured for each, resulting in conductivity measurements for multiple sections of a single cable.

To check whether the cable bacteria deposition resulted in an electrical connection,
without requiring above-noise current levels for probe station measurements, we in-
vestigated whether charge built-up through exposure to an ion beam was dissipated
along the cables. The electrical connection was checked by depositing the cable bacte-
ria across pads connected to a ground lead. As a control we used a different filamentous
bacterium (Thiofilum flexile), not known to possess the ridges or fibrous material like
the cable bacteria. When observing cable bacteria and the controls with PVC imaging
we see a clear difference in charge dissipation in figure 5.4. The cable bacteria remain
bright (i.e., do not accumulate charge) while T. flexile remain dark (i.e., do not dissipate
charge). When imaging cells lying besides the pads, but still connected to them, we can
see a repeating lining pattern of high brightness on the cells. The lining fits the typi-
cal distribution of the fibrous material, the high intensity could be due to the possibly
conductive nature of the material. However, the ridges associated with the fibrous ma-
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Figure 5.3: a Scanning Electron Micrograph of cable bacteria deposited across a set of pads (bright squares)
of chip Design 1 (see figure 5.1). Image was taken at 45 °angle; general surface material is silicon-oxide while
patterned bright areas are gold, pads are 200 by 200 um and the gap between pads is 100 um. Upon drying
on the chip the multi-cellular filaments ("cables") tend to bundle together, at times resulting in multiple di-
rect (shortest path between pads) or indirect connections between pads, with bundles splitting and joining
between pads while some cables may bridge each of the gaps from leftmost to rightmost pad. Darkened area
in center gap is due to intensive repeated Focused Ion Beam imaging of that particular area. b Bundle of cable
bacteria crossing 100 pm gap indicated by arrow. Bright areas on the sides are gold, dark area is non-conductive
silicon-oxide. The crossing bundle consists of multiple cables there appear to be 11 intertwining cables each
with around 30 cells between gold pads. Conductivity measurements were performed on cable sections con-
necting neighboring pads.
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terial may be due to topological artifacts typical for PVC which could also result in high
intensity.

Figure 5.4: Focused Ion Beam (FIB) Micrograph employing Passive Voltage Contrast (PVC) imaging of cable
bacteria (a) and Thiofilum flexile (b) deposited on interdigitated electrodes connected to a main lead (top
bright section) and contact pad (bottom bright section). One "finger" of the interdigitated electrodes is 80 pm
long. In PVC imaging buildup of charge is visible as reduced intensity. The main lead is connected to a ground,
allowing charge to rapidly dissipate. Material that is able to rapidly dissipate charge to the main lead will be
brighter than material that slowly dissipates charge to the main lead. The cable bacteria possessing structural
features hypothesized to contain conductive material are able to dissipate charge faster than T. flexile which
does not have such structures.
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Figure 5.5: a Focused Ion Beam (FIB) Micrograph employing Passive Voltage Contrast (PVC) imaging of cable
bacteria cells connected to a grounded gold lead (out of view, general material surface is silicon-oxide). In
PVC imaging buildup of charge is visible as reduced intensity. The lead is connected to a ground, allowing
charge to rapidly dissipate. Material that is able to rapidly dissipate charge to the main lead will be brighter
than material that slowly dissipates charge to the main lead. A lined pattern inside the cells as well as a dense
pattern near the cell poles appears brighter than the rest of the cell. b A close-up of a cell in contact with
gold (bright section) clearly showing the regular lined pattern. The lined pattern has similar spacing as the
membrane ridges present in cable bacteria suspected to contain conductive material. However, the higher
intensity could also be due to topological effects of the ridges, with protruding sections generally appearing
brighter in PVC imaging.
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CURRENT MEASUREMENTS

Given that the cable bacteria are at least capable of dissipating charge, we attempted
to measure currents directly through the cable bacteria and T. flexile. Through use of a
custom-made glass hook cable bacteria were extracted from soil samples, quickly washed,
and immediately deposited on the chip. While rapidly drying the separate cables tended
to bundle together. Upon drying, typically several minutes, we placed probes on each
of the side pads connected by the bacteria and applied a bias sweep of +2 V while mea-
suring the current. For cables connecting multiple pads we measured each of the neigh-
bouring pads connections.

Six pad-to-pad connections of cable bacteria were measured, three of which be-
longed to one deposited sample of cable bacteria (these connections were termed Al,
A2 and A3), two to another (termed B1 and B2), and one to a third (termed C1). Of the
controls, seven pad-pad connections were measured, belonging to three samples. At a
bias of 2 V the cable bacteria conducted currents up to 375 nA while for controls the
currents did not exceed noise levels.

Table 5.1: Overview of cable bacteria measurements. Each sample consists of cable bacteria filaments de-
posited across pads. Upon drying on the chip the multi-cellular filaments ("cables") tend to bundle together,
at times resulting in multiple direct (shortest path between neighboring pads) or indirect connections between
pads, with bundles splitting and joining between pads while some cables may bridge each of the gaps from
leftmost to rightmost pad. The part of each bundle spanning two neighboring pads is termed a "section", and
each crosses a 100 um gap. E.g. in sample A the filaments crossed three gaps, and the first gap ("Section 1")
was crossed directly via 12 cables and indirectly via 2 cables. Conductance was defined as the current divided
by bias, at 2 Volt.

Sample | Section Cables Conductance at 2 Volt

Direct | Indirect (nS)

A 1 12 2 187

A 2 17 6 53

A 3 11 0 0.35

B 1 0 3.4

B 2 0 4.1

C 1 13 0 96

As is clear from table 5.1 we saw a large range in conductance of the various ca-
ble bacteria, ranging from 0.35 to 187 nS. Even within a single bundle the conductance
could vary, with one pad-to-pad connection having a conductance two to three orders
of magnitude higher than another (187 nS versus 0.35 nS for Al and A3 respectively). In
section 5.3 there appears to be no clear relationship between the conductance and the
number of crossing cables. In contrast, the bias dependence was similar for each mea-
sured current-voltage (I-V) curve. In figure 5.7 a close-to-linear relationship between
voltage and current can be seen for each of the cable bacteria, with little to no distinc-
tion between a low (<0.5 V) or high (>1 V) bias regime and no asymmetry.
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Figure 5.6: Relationship between the number of cables connecting neighboring pads and the measured con-
ductance. One sample can result in multiple pairs of pads being connected, with a particular section of the
cable bacteria crossing a particular gap (see figure 5.3). Of three samples (Sample A to C) the conductance for
each section was measured. For sample A the sections consisted of 11, 14 or 23 cables respectively, sample B
sections consisted of 5 or 6 cables respectively, and sample C had one section with 13 cables, resulting in six
measurements. There does not appear to be a direct relationship between the number of cables in a section
and its conductance. Conductance can vary between cable sections of the same sample, with the highest and
lowest conductance both measured in sample A.
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Figure 5.7: Current-Voltage (I-V) characteristics of cable bacteria measured across 100 pm gaps shown on a
linear (a) or log-log (b, includes positive and negative bias measurements) scale. One sample can result in
multiple pairs of pads being connected, with a particular section of the cable bacteria crossing a particular gap
(see figure 5.3), with a sample indicated by letter and section indicated by number (Al is section 1 of sample
A). Although varying in magnitude, the I-V curve shape appears similar between samples and sections, i.e. the
bias-dependence of conductivity appears consistent between measurements and seems close to linear and

symmetrical.
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5.4 DISCUSSION

We have shown that the method described in chapter 3 of this thesis can be applied to
cable bacteria in order to measure conductance as well as identify charge dissipation.
Using Passive Voltage Contrast (PVC) imaging we were able to show that cable bacte-
ria were capable of faster charge dissipation than 7. flexile. Upon imaging with PVC the
cable bacteria deposited across electrodes remained bright, while T. flexile turned dark,
indicating charge build-up on the cells. In addition, bright linear structures were visible
within the cable bacteria cells, which seem to coincide with the ridges where the fibrous
material is inside the cell, converging near the cell poles. Whether these ridges are bright
due to artifacts of PVC or due to conductivity can not yet be determined. To the best of
our knowledge, this is the first published application of this established semiconductor
industry technique?® in a biological context. For non-destructive in-depth characteri-
zation of charge dissipation other techniques such as Conductive Probe Atomic Force
Microscopy (CP-AFM) or Scanning Tunneling Microscopy (STM) are powerful®!?, but
PVC imaging can provide quick qualitative differentiation. Any future investigation of a
large number of filamentous bacteria for the presence of fast (relative to T. flexile) charge
dissipation could start with a PVC imaging approach, before investigating each with CP-
AFM or STM.

After confirmation of charge dissipation the cable bacteria were further investigated
by measuring the electrical conductance between gold patches connected solely by ca-
ble bacteria and non-conductive SiO,. The chips used for these measurements are the
same as described in chapter 3, albeit applied in a different manner. From these mea-
surements it became clear that the cable bacteria are conductive, with conductances up
to 187 nS over length scales o 100 um. Considering the typical cross-area of the fibrous
material as imaged by!! and using Ohm’s law for conductivity (o = %%, with I as cur-
rent, V as applied bias, L the length of the gap, and A the cross-sectional surface area
of the fibrous material) conductivities up to 8.8 mS/cm are found. However, there is a
wide range in conductance, even within one bundle of cable bacteria. It is possible that
the complex nature of the sample is responsible for this variation. The electrodes are
in contact with the outside of the cell, and the material hypothesized to be responsible
for conductance is in the periplasmic space. Charges would have to translocate through
any extracellular material and the cell wall, twice, which may result in large variation in
contact resistance. Additionally, the sample is drying while measuring, degradation or
changes in conformation could also affect the conductance or contact resistance.

The presented measurements are a crucial first step towards characterization of the
conductive structures in cable bacteria. Further steps involve the purification of the fi-
brous material, measuring the conductance through those fibres, and characterizing the
conductance in a similar manner as the G. sulfurreducenswires in order to determine the
electron transport mechanism. The method as applied here to cable bacteria can also be
applied to the pure fibrous material. If the fibrous material consists of nanowires even its
individual wires can be measured as described in chapter 3, showing the method’s adapt-
ability in scale useful for biological investigations. In fact, using the adapted method
the fibres were shown to be conductive in Meysman et al.” with conductivities up to 79
S/cm.

With more and more types of electrically conductive biological wires being reported
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ranging from membrane protrusions with high density of cytochromes '°, wires consist-

ing of stacked cytochromes 2, pili without cytochromes ' and trans-cellular fibrous ma-
terial’, the relevance of bionanoelectronics outside of neurology can be expected to in-
crease in the future. The required combination of exact physical measurements with
the variation inherent to biological investigations requires adaptable techniques. The
method reported here has been shown to be adaptable for use with FIB, SEM, PVC imag-
ing, allows for investigations using probe station measurements and can be expanded to
use CP-AFM or STM and four-probe measurements, all on one sample. With the find-
ings reported here, we have also shown it to be applicable across various length scales
and biological structures, e.g. investigating a single polymer or a multiple cell filament.
As such, this method provides a solid basis for future exploration of biological filamen-
tous conductive materials.
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We have described methods for characterizing G. sulfurreducens microcolonies as
well as G. sulfurreducens nanowire conductivity. Upon discovery of the nanowires the
main focus lay on the mechanism of electron transport, possibly spurred by specula-
tions of conductivity requiring a quantummechanical description. Lovley' even de-
scribed the mechanism as similar to "metallic-like conductivity", i.e. delocalization of
electrons along the entire length of the material. Maintaining identical energy levels and
coherence along the entire length of a micrometer long flexible wire in an aqueous en-
vironment at room temperature is incredibly unlikely, if not impossible. In response, a
superexchange model based on cytochromes? was proposed, ignoring evidence to the
contrary®. This started a back-and-forth* with little middle ground between the pre-
dominant research groups Lovley and Tender.

In this thesis we have tried to provide an independent experimental characterization
of nanowire conductivity. When compared to a simple model it seems hopping is a likely
explanation, a phenomenon that can be described sufficiently by classical mechanics.
Still, to explain observations of all literature, including conductivity in cytochrome de-
naturing conditions, requires a dedicated in-depth modelling approach by theoretical
physicists. Such models may require combinations of classical and quantummechani-
cal descriptions for a system with energy distributions varying in time. Biological sys-
tems are disordered and often ill-defined, applying quantummechanical models of well-
defined ordered systems are unlikely to result in a fitting description but that does not
disprove the relevance of quantummechanical phenomena in biology. Rebentrost et al.®
has shown that environment induced decoherence can actually assist quantum trans-
port, as seems to be the case in the photosynthesis protein chlorophyll. For electron
transport Zhang et al.® have described a model incorporating varying energy distribu-
tions in a process called flickering resonance. Additionally, Ru et al.” have described a
model of incoherent hopping between delocalized "islands" of closely stacked aromatic
islands. Unfortunately both models do not seem sufficient to describe electron transport
in G. sulfurreducens nanowires, but it is the type of modelling approach that is required
to gain a deeper understanding of bionanophysics.

A deeper understanding of bionanophysics can then in turn provide deeper under-
standing of cells. Cells routinely mass-produce nanomachines (proteins) outperforming
our most advanced synthetic nanomachines®. For their inner nanoscopic world quan-
tummechanical phenomena should be as relevant as pressure, action potentials, and
gravity are to our blood, nerves and bones. Especially when their survival depends on it.

To discover whether G. sulfurreducens survival indeed depends on the properties of
its wires We have described a method for visualizing microcolony growth of strains with
and without (poorly) conductive wires. In our exploratory investigation we tried to show
microecological effects of conductive properties. Unfortunately definitive conclusions
are limited due to problems in reproducibility. Future work may still describe to what
extent a link exists between electrical contact with the wire network, the conductivity of
wires, and survival. Such a connection would provide crucial context for understand-
ing the relationship between nanowire protein structure and its conductivity. It may be
that much higher conductivities are accessible to us in genetically modified wires, like
reported by Tan et al.?, but not to G. sulfurreducens due to limitations in the genotype-
phenotype space. Their genotype-phenotype space may be so rugged that any single
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mutation results in no conductivity at all. Especially if conductivity depends on electron
delocalization any single change in energy level distribution within the protein struc-
ture may result in catastrophic failure of electron transport. Such a rugged genotype-
phenotype space may also explain the higher-than-required conductivity, with a single
all-or-nothing mutation resulting in high conductivity but without any possibility for
tuning. Alternatively, conductivity may be tunable and the high conductivity is actually
an evolved trait to support peripheral cells. According to evolutionary theory maintain-
ing such an altruistic trait resulting in a public good (the wire network) would be no
small feat. Processes such as kin or group selection are necessary to prevent loss of pub-
lic goods traits to evolved cheaters that use but do not contribute to the public good '°.
Perhaps those processes have driven the evolution of an electron transport mechanism
which is difficult to cheat, for example if hopping from cytochromes to the network is less
efficient than wire-to-wire contact, benefiting mostly wire-producing cells. Regardless of
speculation, it is clear that there are numerous outlying questions regarding nanowires
and their role in biology. Some of the answers may require us to re-evaluate our un-
derstanding of biology in a broader scope, as evidenced in the discoveries of biological
conductive filaments amongst other species %112,

Ultimately, the physics of the electron transport mechanism is likely to affect the G.
sulfurreducens lifecycle, which affects its evolution. In turn, evolution would affect the
protein structure which affects the electron transport mechanism. Future work on bio-
logical nanowires should thus not divorce their physics from their biological context, ei-
ther for gaining understanding or for engineering. Biological nanowires hold promise for
nano-electronics in a bio-based economy. Engineering efforts will be required to opti-
mize them for such use, where biotechnology can provide tried-and-true approaches for
engineering. Understanding of the biological context, such as provided by a future opti-
mized method of the microcolony growth method described here, shall be required for
such biotechnological approaches. The biological methods shall then have to be paired
with the physical methods for quantification of the conductive properties of modified
nanowires, such as the other method described in this thesis. Although for these meth-
ods the time of publication lies a decade after the start of their development, we hope
and believe that they may still be useful in answering the many questions that remain.
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