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Abstract

Microfluidic Microbial Fuel Cells for Microstructure Interrogations
by
Erika Andrea Parra
Doctor of Philosophy in Engineering - Mechanical Engineering
University of California, Berkeley

Professor Liwei Lin, Chair

The breakdown of organic substances to retrieve energy is a naturally occurring process in
nature. Catabolic microorganisms contain enzymes capable of accelerating the disintegration
of simple sugars and alcohols to produce separated charge in the form of electrons and
protons as byproducts that can be harvested extracellularly through an electrochemical cell
to produce electrical energy directly. Bioelectrochemical energy is then an appealing green
alternative to other power sources. However, a number of fundamental questions must be
addressed if the technology is to become economically feasible. Power densities are low, hence
the electron flow through the system: bacteria-electrode connectivity, the volumetric limit of
catalyst loading, and the rate-limiting step in the system must be understood and optimized.
This project investigated the miniaturization of microbial fuel cells to explore the scaling of
the biocatalysis and generate a platform to study fundamental microstructure effects. Ultra-
micro-electrodes for single cell studies were developed within a microfluidic configuration to
quantify these issues and provide insight on the output capacity of microbial fuel cells as
well as commercial feasibility as power sources for electronic devices.

Several devices were investigated in this work. The first prototype consisted of a gold
array anode on a SiOs passivation layer that intended to imitate yet simplify the complexity
of a 3D carbon structure on a 2D plane. Using Geobacter sulfurreducens, an organism believed
to utilize direct electron transfer to electrodes, the 1 mm? electrode demonstrated a maximum
current density of 1.4 pA and 120 nW of power after 10 days. In addition, the transient
current-voltage responses were analyzed over the bacterial colonization period. The results
indicated that over a 6-day period, the bacteria increased the capacitance of the cell 5-orders-
of-magnitude and decreased the resistance by 3X over the bare electrode. Furthermore,
over short experimental scales (hours), the RC' constant was maintained but capacitance
and resistance were inversely related. As the capacitance result coincides with expected
biomass increase over the incubation period, it may be possible for an electrical spectroscopy
(impedance) non-invasive technique to be developed to estimate biomass on the electrode.
Similarly, the R and C relationship over short experimental scales could be explored further



to provide insight on biofilm morphology. Lastly, fluorescence and SEM microscopy were
used to observe the biofilm development and demonstrated that, rather than growing at
even density, the bacteria nucleated at points on the electrode, and dendritically divided,
until joining to form the “dense” biofilm. In addition, viable microorganisms undergoing cell
division were found dozens of microns from electrode surfaces without visible pili connections.

To investigate single-cell catalysis or microstructure effects, a sub-micro-liter microflu-
idic single-channel MFC with an embedded reference electrode and solid-state final electron
acceptor was developed. The system allowed for parallel (16) working ultra-micro-electrodes
and was microscopy compatible. With Geobacter sulfurreducens, the semiconducting ITO
electrodes demonstrated forward bias behavior and suitability for anodic characterization.
The first prototype demonstrated, with 179 cells on the electrode, a per cell contribution
of 223 fA at +400 mV (vs. SHE). The second prototype with a 7 pm diameter electrode
produced a current density of 3.9 pA/um? (3.9 A/m?) at +200 mV (vs. SHE) and a signal-
to-noise ratio (SNR) of 4.9 when inoculated at a seeding density of 10? cells/mL. However,
diluting the sample by 10x produced an SNR of 0.5, suggesting that obtaining single cell
electron transfer rates to an electrode over short experimental time scales may not be possible
with the system as tested. Nevertheless, the platform allows microstructure characterization
and multiplexing within a single microfluidic chamber.
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Chapter 1

Introduction

1.1 Motivation

The surge of oil prices along with the concern for global warming aggravated by industri-
alization of developing nations has motivated the search for both short and long term energy
alternatives to the currently available technology. Reports forecast that current technology
will not satisfy the world demand as it is expected to more than double from 500 to 1200
EJ/a in the next 50 years [8]. Consequently, efficient and sustainable energy conversion is
the focus of many research programs underway. In this dissertation, the phenomenon of har-
vesting energy from microbial metabolism is studied for it addresses both of these issues by
generating electricity from fuels produced biologically from CO, as illustrated in Figure 1.1.

As with most energy cycles on earth, the energy that initiates this process comes as light
from the sun assisting in the photosynthetic process in green plants or microorganisms that
convert carbon dioxide (CO2) and water (H2O) into glucose and biomass as

The glucose can then be converted by acetogenic bacteria or other microorganisms into
non-fermentable organics like acetate [9] where, catabolic bacteria ingest it (1.2), retrieve
energy from the fuel, and, as waste, produce separated charge that can be coupled with an
electrochemical cell to produce electricity and water (1.3).

CHyCOOH + 2H,0 — 2CO, + SH* + 8¢~ (1.2)

1
2HT + 2e™ + 502 — H,0 + electricity (1.3)
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Figure 1.1: Motivation of the project is to learn about organic energy conversion. In nature,
photosynthesis process in green plants converts carbon dioxide and water into glucose with
the assistance of light. Next, microorganisms ferment glucose into acetate, and iron-reducing
bacteria breakdown acetate to provide electrons that can be captured by machinery. The
goal of this project is to learn from nature and apply engineering approaches to generate
and extract energy from the natural processes through artificial systems.
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Figure 1.2: Cartoon of microbial mechanism that is exploited to scavenge energy from mi-
croorganisms. As shown, the bacteria G. sulfurreducens utilize acetate (vinegar) as a nutri-
ent and generate carbon dioxide, protons, and electrons. The electrons are transferred from
the cytoplasm through the membrane to the extracellular environment using mechanisms
intrinsic to the microorganism (inset). The microorganisms also produce pili or “organic
nanowires” believed to act as conduits for the electrons. When microorganisms are near to
metallic substrates, electrons can transferred to produce direct current.

This process is sustainable provided that the energy scavenged from the microorganisms
does not conflict with their metabolic processes. In this work, the iron reducing bacteria
G. sulfurreducens was adopted because it is able to externalize electrons to its extracellular
environment and thrive in highly anoxic environments, making it intrinsically compatible
to the application. As illustrated in Figure 1.2, these bacteria are distinctive because they
have evolved a mechanism to “breathe” out the electrons that result from their metabolism
onto extra-cellular solids like insoluble iron [10]. The electrode of the fuel cell essentially
substitutes the iron in this sustainable series. Therefore, collecting electricity from their
metabolism is merely a detour of the natural energy flow through the ecosystem.

The biomass energy harvesting process that is studied, also known as a microbial fuel



cell (MFC), can be defined as an energy conversion mechanism that utilizes simple sugars
or alcohols as the chemical energy source and uses living microorganisms as catalysts to
break them down. Analogous to a hydrogen fuel cell, it can reduce oxygen to produce
water. Because the device converts energy, its energy storage density is limited to that of
the fuels in which the fuel “tank” can be infinitely large or infinitely refilled. Additionally,
the device could be scaled to provide greater energy or stacked to increase potential. Unlike
the hydrogen fuel cell, however, an MFC is highly efficient under ambient conditions and the
fuel can be stored in liquid or solid forms.

1.2 Principles of Operation

Microbial electrochemical cells are scavengers of microbial metabolism. The microbial
interactions with the electrode surfaces occur at the protein level or through metabolites and
can be reductive or oxidative in nature. For simplicity, only microbial anodic electrochemical
phenomena will be discussed hereafter as it is the focus of this work. Anodic reactions, by
definition, occur when electrons are “absorbed” into the electrode. Hence these reactions
occur when organic molecules are broken down by the microorganism into electrons and
subjected to a potential gradient that causes them to drift to power a load. At the cathode,
the (now) lower energy electrons are “released” to an electron acceptor through a cathodic
reaction as illustrated by Figure 1.3.

In their simplest form, MFCs consist of two electrodes, an electron donor (metabolic
nutrient) and an electron acceptor (oxygen for example), microorganisms that catalyze the
reactions, an electrolyte that allows movement of the compounds within the system, and a
circuit that allows electrons to transfer between the two electrodes. Sediment microbial fuel
cells are examples of minimal systems as the electrodes need not be contained but rather
interact with their environment.

The minimal microbial electrochemical system, however, is rarely utilized. In practical-
ity, many additional components are incorporated to optimize the electrochemical reactions
and/or as “sensors” for debugging and understanding the system. For example, to mitigate
ionic transport losses, the anode and cathode are placed in close proximity, and the anodic
and cathodic electrolytes optimized for conductivity and acidity, often resulting in dissim-
ilar compositions. As a result, a semipermeable membrane (ie. Dupont’s Nafion PEM) is
employed as a half-cell barrier to prevent the solutions (and redox) from mixing. Figure 1.4
depicts a typical microbial electrochemical system.

Within the bioelectrochemical context, however, the electrolyte optimizations are some-
what limited because of the fragility of biological components. As the proteins or enzymes
that catalyze the reactions can easily denaturate (loose structure that is fundamental for
specificity), particularly if outside of the protection of the host cell and its cell membrane.



The external stresses capable of enzyme denaturation include strong acids or bases, con-
centrated inorganic salts, organic solvents, and heat. As a result, electrolytes in microbial
electrochemical systems are limited to physiological media and ambient environmental con-
ditions including temperature and pressure.

In regards to sensors, in electrochemistry the essential probe is the reference electrode
that indicates the redox potential of the reacting components. Because redox is so fun-
damental and not widely understood, it will be explained more in the Theory Chapter.
Research electrochemical systems can contain one to three or more reference electrodes and
are typically located at the anode, cathode, and/or membrane.

1.3 Applications

The applications for biomass energy conversion are vast and span over many size scales.
Ultimately, the cost of the materials and manufacturing required for sufficient performance
will dictate which markets can be penetrated. Presented here are macro-scale applications
currently pursued in the literature that span industries such as wastewater treatment, sedi-
ment or marine fuel cells for field electronics, and robotics. The novel miniature and micro-
scale applications as they pertain to this work will be discussed in the Future Work Chapter.

1.3.1 Wastewater treatment

A literature search on microbial fuel cells quickly reveals that the majority of the en-
gineering research effort in regards to these systems has concentrated around wastewater
treatment. The costs to implement MFCs would be minimal at these sites since the infras-
tructure for biological treatment already exist as wastewater plants already utilize microbial
digestion for the removal of organic compounds. In addition, since the electrochemical de-
vices provide electrical power, the system’s energy demands could be self-sustained and costs
lowered as currently water treatment consumes 30 kWhr per person per year [11].

On the larger scale, MFCs have been investigated for wastewater treatment at brewery
sites and wineries. As the high-strength wastewaters from industrial sources such as hospi-
tals, paper mills, and breweries could power a biological fuel cell device as a supplemental
power source [12]. The University of Queensland, Australia, has completed a prototype MFC
with the Fosters Brewing Company. The 10 liter prototype design, converted the brewery
waste water into carbon dioxide, clean water, and electricity. The plan is to expand the
device and produce a 660 gallon version, which is expected to generate 2 kilowatts of power.
In addition to power, they are interested in utilizing the MFC as a water purification device,
as clean water is of utmost importance to Australia. Likewise, the Napa Wine Company has
implemented similar prototypes utilizing the winery wastewater.
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Figure 1.3: Electrical energy is harvested from microorganisms. The initial energy comes
from acetate (redox of -0.3V vs. SHE) that serves as the bacteria’s electron and carbon
source. Next, electrons generated from their metabolism as waste are collected by an anode.
The electrical potential of these electrons is dependent on many environmental factors but
has empirically demonstrated between -0.2 to +0.2 V (vs.SHE). Lastly, the cathode inter-
actions with oxidants (ie. dioxygen, ferricyanide) creates a voltage potential gradient across
the electrodes that causes electrons to drift across an electrical circuit (load) and into the
catholyte, completing the circuit.
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Figure 1.4: Schematic of typical microbial fuel cell. Microorganisms catalyze anodic reactions
and “strip” electrons and protons from carbohydrates, such as acetate, to generate energy for
their own metabolic processes. Carbon dioxide is also released in the process. The electrons
from metabolism are transferred to an anode. The system utilizes two electrodes separated
by a semipermeable polymer exchange membrane (PEM) that keeps anolyte and catholyte
from mixing. Voltage potential is generated across the electrodes, and power is produced by
the fuel cell.
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Figure 1.5: Sediment microbial fuel cells demonstrating marine (left) and soil (right) envi-
ronment scavenging [1].

1.3.2 Sediment and Marine

Microbial fuel cells can also operate autonomously off the environment, as a redox gra-
dient exists both in water and sediment columns. Typically, reduced species occur deep into
the system and oxidized (aerobic) species near the surface. Sediment microbial fuel cells are
devices that utilize this naturally occurring potential difference in the environment to scav-
enge electrical power. The concept has also found interest in low-power remote applications
such as energy scavenging from rice field paddies and sediment scavenging for LED lighting
[1]. As illustrated by Figure 1.5, the minimal system consists of two electrodes connected
by a load, where one electrode is generally buried within the sediment, the second is left
suspended in a different medium, and the natural phase barrier between the two forms the
junction. Sediment fuel cells are characterized by very low voltage potentials, generally less
than 300 mV, due to redox mixing and/or mass transport losses between the electrodes,
but they are complete scavengers as they utilize electron donors naturally present in their
environment.



1.3.3 Robotics

The consumer market space for microbial fuel cells lies within electronics, especially
robotics and portable devices. A microbial cell could act as an artificial “stomach” that
catabolizes the chemical energy and provides a man-made metabolism to supply power-
hungry actuators, sensors, and processors. In comparison to methanol or ethanol fuel cells,
acetate and simple sugars have the advantage over alcohols in that these are ubiquitous,
renewable, and non-flammable. Thus far, microbial metabolism has been studied as a power
source for artificial muscles, artificial gills, and RC devices [13, 14, 15]. However, greater
power densities are required of current MFC designs to be able to compete with current
power technology and approach realistic commercialization.

1.3.4 Bioimplantable Devices and Sensors

At the small scale, microbial fuel cells find their application in the biomedical industry
and as environmental sensors. Chiao, Lin, and Lam first envisioned the concept where an
MFC replaces the battery that powers bioimplantable devices [16, 17, 18]. Glucose from the
blood plasma fuels the system and microorganisms catalyze the reactions to obtain electrical
energy. Likewise, miniature scale laminar MFCs were developed as environmental sensors
for wastewater treatment [19]. In this case, however, the devices’ output is used to estimate
the carbohydrate content in the bioreactor.

1.4 Dissertation Goals and Overview of Contributions

Within the context of microbial electrochemical processes, this dissertation specifically
focused on the development of a microfabricated microbial fuel cell platform to investigate
the microstructure effects of microbial catalysis, and the exploration miniaturization or scal-
ing of systems for further fundamental understanding of the microbial fuel cell devices. The
goal has been to explore the extreme small scale of the systems through micro- and ultra-
micro-electrochemistry while providing environmental controllability through microfluidics.
In addition to increasing the resolution of the experiments, we demonstrated that miniatur-
ization shortens the experimental time scale or improves the “agility” of the system, aiding
with kinetic characterizations and temporal resolution of the applied perturbations. Hence,
this dissertation discusses characterization of microbial anodic process from the bottom up.
In addition, this work is the first to explore microbial interactions with ITO, a semiconduc-
tor, as a material for collecting the metabolic current and to demonstrate compatibility (no
reverse bias effects).



10

1.4.1 Microstructure effects

The fundamental thrust of this dissertation consisted on the development of a microfabri-
cated bioelectrochemical cell with an imbedded reference electrode for single cell studies. The
microfluidic system developed was designed to be microscopy compatible and hence allows
transmitted and fluorescence signatures to be monitored in real-time, opening a whole realm
of experiments that couple electrochemistry, photochemistry, and microbiology. The scale of
the microfluidic system also allows increased controllability of the experiments, as compared
to macro-scale reactors, by resolving temporal and spacial nutrient gradients, biocatalyst
loading, and viability. Hence, the inoculum can be dissected to understand its microstruc-
ture characteristics, and topics such as bio-catalyst kinetic variability and adaptation to
environmental stresses studied. Specifically, through its electrical output, the system was
designed to answer questions such as:

1. What are the different species average metabolic rate? What species produces greater
current and with higher coulombic efficiency?

2. What is the variability within a species?” How do the kinetics change with nutrient
concentration and electrode redox? How does catalysis change over time?

3. How much mass and energy is lost due to cell division?
4. What is the metabolic time scale? How fast are nutrients processed?

5. How does surface energy affect the reactions? What surface modifications enhance per-
formance?

And although this is not a comprehensive list, it is one that begins to ask questions about
the system from the cell level. As electrical output from a fuel cell is the compound signal
of millions of microscopic phenomena, understanding the heterogeneity and involved factors
is fundamental to improving its performance. Hence this dissertation provides insight on
miniaturization of MFCs and the resulting advantages.

1.4.2 Parameter Scaling

As was mentioned earlier and is discussed in Chapter 2, a literature survey reveals that
electrical performance of microbial fuel cells has a strong dependance on scale. In fact, minia-
ture MFCs consistently outperform large systems. However, the justification for this trend
is yet to be resolved. Through inspection of the scaling factors, the advantages of minia-
turization are theoretically explored in the second section of Chapter 2, which discusses the
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background theory. Meanwhile, these advantages are experimentally investigated in Chapter
3: Micro-Electrode MFC. Specifically, miniaturization provides a reduced experimental time
scale that can be utilized to better understand time-dependent effects of the system. Hence,
electrical signals’ transients are analyzed for insights on the system’s state at the time of
testing. In addition, the steady-state electrical performance of micro-electrode MFCs and
biofilm growth patterns are also discussed.

1.5 Organization

This dissertation has been divided into five chapters. The first two consist of the intro-
duction and provide the literature survey and theoretical background for the work. Chapters
3 and 4 provide the experimental results that include design, fabrication, and characteriza-
tion of miniature devices, and biological results. And Chapter 5 discusses future directions.
Specifically,

Chapter 1 introduces the principles of microbial fuel cells and envisioned applications.

Chapter 2 discusses the background of this work. The first section is a literature review
that aims to motivate the simplification and miniaturization of MFC devices, particularly
for fundamental studies. In addition, a second section provides theoretical concepts in fuel
cells, electrochemistry, and micro- and ultra-electrochemistry, as well as biological effects on
these phenomena.

Chapter 3 presents the micro-electrode microbial fuel cell that explores microbial interactions
through microscopy and electrochemical spectroscopy. As depicted by Fig. 1.6, the anode
was micro-patterned and a fuel cell built through meso-scale components.

Chapter 4 delivers the microfluidic ultra-micro-electrode device capable of single-cell bio-
electrochemical characterization. As shown by Fig. 1.7, the single-channel device arrayed
working electrodes and utilized a solid-state chemistry for counter and reference electrode.

Chapter 5 concludes the dissertation by presenting many capabilities of the platform de-
veloped that could be explored in future studies. In addition, the chapter includes future
directions and applications of micro-scale and MEMS bioelectrochemical systems.
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Figure 1.6: Schematic of MEMS electrode microbial fuel cell developed presented in Chapter
3. The micro-electrode increased spacial and temporal resolution of fundamental studies.
However, the system did not allow real-time monitoring of biomass and large size (1 mm?)
provided a largely heterogeneous signal.
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Figure 1.7: Side-view schematic of the second generation single-channel ultra-micro-electrode
microfluidic microbial fuel cell presented in Chapter 4. All electrodes lay within the same
plane. The cathode and reference electrodes are solid state and buried beneath a casted
Nafion membrane. The system permitted biomass loading estimation, and the 50 pum elec-
trode area mitigated heterogeneity.
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Chapter 2

Background

Despite the environmental benefits that microbial electrochemical energy offers, these
systems remain from becoming a disruptive technology for they currently cannot compete
with energy conversion devices already available. Being an upstream technology, many
fundamental questions remain to be answered, power densities are low, costs are high, and
policy remains an unknown.

Although there have been many recent microbiological successes that illuminate electron
transfer paths and membrane protein function, a solid understanding of cellular performance
and system requirements at the microorganism level are still to be characterized. Under-
standing the complexity of the heterogeneous phenomena is non-trivial, as the output of the
electrochemical cells is actually the added contribution of a large number of microorganisms
(systems typically consist of 109 cells/ cm3) individual high impedance direct current sources
working in parallel to add to the signal. The complex behavior is not only limited to the
chemical effects such as temperature and electron donor distributions within the system,
but also temporally as microorganisms’ viability, quantity (cell division), and community
composition (species ratio and spatial distribution) in the system changes, and microstruc-
ture effects as microorganisms themselves are also able to adapt to their surroundings under
environmental stresses and modify their environment.

It is often difficult or impossible to deconvolute these factors and objectively compare
microorganisms or systems’ performance side-by-side in the literature; however, an inde-
pendent understanding of all the previously mentioned effects is necessary in order to yield
predictive capabilities. As a result, this Chapter attempts to emphasize the grand scope of
current research efforts to motivate simplification of system architectures via miniaturization
as a method for improving experimental controllability for microbiological characterizations
and electrode material and microstructure optimizations.
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2.1 Literature Review

2.1.1 Scale and Electrode Structures

The basic elements of the microbial electrochemical system consist of two electrodes, a
semi-permeable medium that allows charged species diffusion between the electrodes, and
a circuit that allows electrons to flow to power the load. However, the architecture of the
system, or geometrical arrangement of the components, as well as the relative size of each,
and the material microscopic composition greatly affect the electrical behavior. Although
the MFC community is aware of these geometrical dependencies, few studies have attended
these issues. In particular, the electrode scaling effects on MFC electrical performance has
remained largely unaddressed in the literature as current and power densities are often
normalized to a projected electrode area and, making the invalid assumption of a linear
relationship, extrapolated to a different scale. This scaling issue is further aggravated by
the strong temporal dependency of electrical performance on biocatalyst loading as bacterial
coverage may not be homogeneous on the electrode surfaces. Consequently, comparing the
electrical performance of the systems side-by-side is difficult and improvements often dis-
puted. This section overviews the literature addressing these issues. Specifically, structural
variations in the systems such as scale, and electrode macro-geometry and microstructure
are discussed as they motivate the work in this dissertation.

System Scale

A survey of the MFC literature produced publications reporting on plethora of system
sizes. Current MFC research ranges over 7 orders of magnitude from the ul. to 10,000 L,
and the power density results are very dependent on scale as miniature systems repeatedly
outperform full-scale devices. However, the scientific foundation of this dependency remains
unexplained and largely disregarded as studies repeatedly present their results in a scale
different from the experimental. Dewan et al. provided a literature survey on this trend,
and also verified through experimentation, that the power density of systems is not scaling
linearly with system size but rather with the logarithm of electrode area, as illustrated by
Figure 2.1 [20]. Hence, miniaturization intrinsically provides a favorable scaling factor and
an opportunity to determine the optimum conditions for electrical performance. However, al-
though various miniature studies have been published, to date these have yet to focus on this
optimality but rather on demonstrating systems for particular applications. Nevertheless,
these have begun the exploration of MFC behavior at the miniature scale.

Specifically, a handful of research groups have demonstrated devices in the ul. scale
for various objectives such as power generation, high-throughput screening, and protein-
electrode surface interactions. From our research group, Chiao and Lam presented the
first miniature system that consisted of a 1 cm? micromachined device using Saccharomyces
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Figure 2.1: Relationship between power density and anode surface area in MFCs. Taken
from Dewan and Lewandowski (2008).

cerevisiae and methylene blue as mediator to produce 2.3 nW/cm? [17]. This work was
continued by Siu and Chiao who increased the specific anode surface area by patterning
microfabricated pillars 8 pm tall and at 40 pm spacing within a 1.2 cm? gold electrode
in PDMS. Their mediated MFC used Saccharomyces cerevisiae and human plasma and
provided 401 nW /cm? [17]. At the miniature end of the spectrum, Qiang and Morse reported
a 5.5 pL. MFC utilizing a gold anode and carbon cloth cathode that supplied 15 W/m?
with Shewanella oneidensis [21]. Using a similar architecture, Han reported on an array
of graphite cloth electrodes on gold 7 mm in diameter within a batch-MFC configuration
for high-throughput screening of consortia [22]. Lastly, more fundamentally, Crittenden and
Sumner reported on a 10 pl system that compared glassy carbon disk electrodes to SAM
monolayer molecules on gold. The study investigated the effects of SAM chain length and
headgroup using Shewanella oneidensis [23]. Hence, in summary, several micro- to millimeter
MFC systems that demonstrate an electrical output have been produced; however, most
of these miniaturized systems have not taken advantage of the scaling characteristics nor
the environmental controllability that they provide to fundamentally illuminate biocatalytic
phenomena.
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Electrode Macrostructure

Taking from hydrogen fuel cell components, many off-the-shelf carbon materials have
been adopted as MFC electrodes because of their accessibility and low cost. However, these
materials are typically characterized by either complex 3-dimensional structures or large
surface areas (in the case of blocks) that provide microstructure uncertainty. This section
summarizes these commercially available materials that have been utilized in MFC studies.

The literature is dominated by carbon felt and carbon paper electrodes due to their
high specific surface area (1,000-2,500 m?/g), simple implementation, and availability. These
materials consist fiber “bundles”, where each fiber is 5-7 microns in diameter, that are weaved
or tangled together to create a conductive macroscopic substrate. Although, as materials
these do increase specific surface area, the actual available surface to the microorganisms is
difficult to accurately estimate. Even with manufacturer specifications, not all the area is
available to the microorganisms as much of the area is internal to the bundle and the ratio
changes with hydration conditions.

Carbon aerogels (CAs) have also been explored as MFC electrodes [24]. CAs are ex-
tremely porous materials with high specific area (up to 2500 m?/g and low density 0.5
g/cm?). As these can be made conductive, they are appealing as electrode substrates. How-
ever, CAs nanoporosity makes much of the electrode area unavailable to micrometer sized
microorganisms. Likewise, hydration of these structures causes a structural change that
typically causes contraction and degradation.

Generally utilized for microbiological characterization, graphite blocks, and more recently,
evaporated gold electrodes, have served as planar electrode surfaces [25, 26]. Although es-
timating specific area is less involved than with complex 3D structures, macroscopic planar
substrates are not immune to uncertainty as surface roughness effects can easily double
the apparent surface area. Likewise, as it is explained in the next section, the microstruc-
tural properties of the material can affect electron transfer to the electrodes and same-scale
electrode-to-electrode performance.

Less common as MFC electrode materials are carbon nanotubes (CNTs) [24]. However, as
electrodes in MFCs serve as inert low-impedance current collectors, CNTs have tremendous
potential as electrodes due to the their superior conductivity, low volume uptake (diame-
ters range 1-30nm and extend to millimeters in length), and their ability to be imbedded
and localized within larger structures. Vulpe et al. demonstrated biofilm growth using a
wastewater inoculum on multi-wall CNTs [24]. However, limited literature exists that refers
to their applicability.
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Electrode Microstructure

In addition to the electrode geometrical structure, the microstructure and surface energy
of the electrode material can also affect performance. This section discusses microstructure
and surface-level manipulations to two materials already adopted by the MFC community
in relation to microbial catalysis.

Intrinsic Material Microstructure - ie. Graphite

Graphite is a prominent carbon electrode material that consists of stacked graphene
sheets held together by Van der Waals forces. Although much less geometrically complex
that carbon cloth or carbon paper, macroscopic graphite structures can vary in crystallo-
graphic orientation and defect density, and these greatly affect their surface properties. Py-
rolytic carbon, that consists of covalently bonded graphine sheets, is typically used instead
of graphite as its conduction properties are less anisotropic. However, as-manufactured py-
rolytic carbon samples are non-ideal as graphene is the favored cleavage plane, and graphene
is highly non-polar and unlikely to interact with cytochromes for electron transfer [2]. As
Hitchens and others have proposed, edge planes and vacancy sites that have greater surface
energy are able to better mediate electron interactions with the environment as illustrated in
Figure 2.2. As a result, some MFC graphite electrodes are treated with ammonia or HNOj as
a means to oxidize the surface and increase cytochrome-electrode interactions, a treatment
that has demonstrated a 3X improvement in electrical performance [27].

Surface Modifications and Self-Assembled-Monolayers

A successful electrode must accomplish two objectives. First, the electrode’s surface
must be such that it produces favorable orientation of the protein for electron transfer, as
illustrated by Figure 2.2. And, secondly, the surface must equally allow absorption and
desorption of the proteins as to not become electrochemically poisoned. However, proteins
routinely irreversibly bind to metal surfaces, hence surface promoters in the form of self-
assembled-monolayers (SAMs) are often used to probe the electrochemical properties of
cytochromes.

Within the MFC context, Crittenden et al. investigated the effects of surface modifi-
cations on electrical output using Shewanella putrefaciens using SAMs [23]. Their results
indicated that gold modified with a carboxylic acid headgroup produced significantly more
current than the glassy carbon anodes. However, current collection decreased significantly
when the acid-terminated SAM was replaced with a chain extended by five methylene units
and almost completely suppressed when the SAM was replaced with one with an identical
chain length but terminated with a methyl headgroup. In contrast, they reported that bare
gold electrodes only exhibited a capacitive discharge within their six-hour experimental time
frame.
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Figure 2.2: Generalized schemes for obtaining direct electron transfer between redox proteins
and electrodes. The electrode in (a) has been modified by a promoter that modifies the
surface to adsorb weakly basic pyridyl groups that interact with the positively charged
interaction domains of proteins causing the redox centers to come close enough to the surface
for electrons to tunnel to the electrode. The scheme for direct electron transfer shown in (b)
indicates the possible role of multivalent cations in promoting stable attractive interactions
between redox proteins with “negatively” charged interaction domains and the deprotonated
surface of pyrolytic graphite [2].
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However, other studies have reported dissimilar results indicating that direct electron
transfer from microorganisms can be achieved on metal electrodes (Au, Ag, etc) without
surface modifications [2]. Lovley et al. have reported that G. sulfurreducens provides com-
parable current densities to gold or carbon electrodes [25]. Hence, material compatibility
may be specific to microorganism and/or electron transfer paths. If, for example, “protein
nanowires” serve as electrical conduits from the membrane cytochromes, their specific orien-
tation relative to the electrode may not be important provided that these are not adsorbed.

As bioelectrochemical phenomena is a surface effect, surface microstructure and modifi-
cations are expected to play an important role; however, this space is to-date largely unex-
plored. SAMs remain a possibility as there is extensive work by Whitesides that concerns
the attachment and long term viability of cells on SAMs [28, 29].

In addition to SAMs, though, many other treatments can be applied to electrodes to
modify their surface properties. Conductive polymers such as polyaniline, for example, have
been demonstrated by Shroder [30]. Similarly, redox mediators such as AQDS and methylene
blue have been either covalently bonded to electrodes or suspended within a conductive
polymer matrix to modify the system’s electrochemical properties [31, 32] . Nevertheless, the
enhancement of microorganism-electrode interactions through surface modifications remains
uncultivated, as many surface treatments have yet to be demonstrated. In this case, the
miniaturization of electrodes could demystify the catalytic performance of microorganisms
through high-throughput and highly-controlled characterization of to surface effects.

2.1.2 Chemical

In addition to geometrical variability, the chemical composition of the system also affects
the electrical results. The literature refers to a vast array of chemical effects. For simplicity,
this section overviews the most prominent physio-chemical and bio-chemical factors that
have been studied.

Physio-chemical

Like inorganic fuel cells, system conditions affect the kinetics in the device. These include
the acidity at the electrodes, the conductivity of the electrolyte, and temperature of the
system among others.

Acidity

As with inorganic electrochemical systems, the acidic or basic nature of the system greatly
affects its performance. Ideally, anodic reactions should be basic to favor proton generation
and cathodic reactions acidic to favor oxygen reduction. Diverging from this causes a drop in
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voltage across the cell. However, the acidity within the microbial fuel cell is limited to that
accepted by the microorganisms, as species have a physiological preferred pH. Significant
deviations can cause metabolic rate loss or perhaps even viability. He and Mansfeld investi-
gated the effects of acidity on electrical power with a mixed bacteria culture and determined
that performance was optimum at a bulk pH of 810 and dropped to 10% of maximum by a
pH of 5 for their system [33].

Ionic conductivity

The effect of electrolyte ionic conductivity on the electrical performance of the microbial
electrochemical cells has also been studied. As with other PEM fuel cells, it is generally ad-
vantageous to increase the charged species concentration to mitigate electrode-to-electrode
transport losses. However, microorganisms must maintain a specific osmotic pressure across
the plasma membrane, and, therefore, have limits to the salinity of the media. Logan et
al. explored both the effects of ionic strength and electrode-to-electrode spacing and exper-
imentally determined that at a moderate ionic strength (100 mM), power output is nearly
proportional to electrode-to-electrode spacing [34]. And increasing the ionic strength of the
media to 400 mM provides the best results. However, the electrolyte conductivity is limited
to that of the physiologically tolerated by the bacteria. As a result, the anode-to-cathode
distance should be minimized to mitigate the transport losses in the cell. However, placing
the electrodes in close proximity also requires that a semi-permeable proton transporting
membrane be utilized to prevent microorganism (and redox) mixing at the electrodes. As
PEM membranes are expensive to deploy in large-scale systems (at $200 per ft?), many
research groups have adopted membraneless architectures that instead utilize centimeter
electrode-to-electrode spacing. However, the modification inevitably causes electrical power
loss due to increased ohmic losses [35].

Biochemical

In addition to physio-chemical effects, bio-chemical factors greatly affect performance.
Many metabolic pathways and mechanisms for electron externalization are found in nature
that are well suited for different applications. Broadly speaking, biochemical research could
be divided into pure culture and consortia studies. Within the pure culture studies, the litera-
ture is dominated by G. sulfurreducens and S. onedeises. These organisms are similar in that
both are gram-negative bacteria, have an abundance of cytochromes on the outer membrane,
can utilize solid oxides as terminal electron acceptors, and produce “pili” appendages be-
lieved to participate in extracellular electron transfer [36]. The microorganisms offer unique
attributes in regards to metabolic pathways and oxygen tolerance [37, 38, 39, 40, 41]. How-
ever, a plethora of other species, many yet to be identified, can also interact with electrodes
through metabolic processes.
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Temperature also affects the performance of electrochemical cells. As all chemical re-
actions are governed by the Arrhenius equation, increasing temperature increases reaction
rates. However, electrochemical cell temperature optimizations are limited as microorgan-
isms can operate only within a physiologically tolerated temperature range. As investigated
by Liu and Logan, temperature can provide roughly a 10% improvement in power density
within a same culture [34]. However, greater effects may stem by utilizing thermophilic vs.
mesophilic microorganisms as is being investigated by Wrighton and Coates and other groups
(42, 43].

2.2 Electrochemical Theory

Electrochemistry is the field that studies spontaneous chemical reactions that utilize
electrodes as intermediates. In other words, two electrodes “mediate” electron transfer be-
tween reacting compounds. The purpose could be to generate electrical energy, produce a
compound, detect a species, or modify an electrode surface (electroplating) among others.
However, the process rarely occurs just between two molecules, except for molecular sensors,
and is highly heterogeneous as a result. Microstructure effects such as catalyst distribution
couple with system complexities such as reactant concentration gradients to create highly
convoluted systems that can be difficult to predict repeatedly. The complexity is further
increased in biological catalysis, as this work studies, as microorganisms can divide, phys-
iologically change, and manipulate their environment. As a result, our focus consisted on
deconvoluting the system by utilizing micro- and ultra-micro-electrochemistry within mi-
crofluidics to assume homogeneity of the biocatalysis.

Due to the intrinsic interdisciplinary nature of bioelectrochemical systems, experience
on a plethora of fields is required to understand the underlying mechanisms. This section
covers theoretical and practical background on electrochemistry, microbiology, and minia-
turization as they relate to this work. Within the first section, electrochemistry generalities,
and fuel cells as power sources are introduced. The second section explains ultra-micro-
electrochemical scaling and its advantages. The last section discusses the microbiological
aspects of the system. Specifically, metabolism and catalytic qualities of the model microor-
ganism, Geobacter sulfurreducens, are introduced.

2.2.1 Electrochemistry & Fuel Cells

For simplicity, this work only studies anodic microbial catalysis for electrical energy
production. In other words, microorganisms breakdown organic fuels and produce electrons
that are captured through a fuel cell to produce electricity. Since electrical power is the
desired outcome, maximizing the electron transfer rate without sacrificing cell potential is
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the goal. As electrochemical cells are energy conversion devices, the maximum energy that
can be attained is that which is added to the system as reactants. However, losses are
inherent in the conversion and increase as more power is required of the system. In this
section, proton exchange membrane (PEM) fuel cell performance, utilizing hydrogen/Pt as
an analog for AcOH/Geobacter for simplicity, is explained.

General Electrochemistry and Redox

As was first introduced in Chapter 1, fuel cells are electrochemical cells where power is
the desired product. In a nutshell, these devices are chemical factories that convert chemical
energy and produce electrons from spontaneous chemical reactions that are mediated through
electrodes. The system uses a fuel (electron donor) whose electrons are at high energy, passes
the electrons through the load, and finally rests the electrons on a species where they are
more tightly bounded to the atom’s nucleus (electron acceptor). Hence, the maximum energy
that can be captured by the system is the difference of the energy of these electrons as they
convert from the electron donor to the electron acceptor (or sink). In the case of a hydrogen
fuel cell, to use as an example, hydrogen gas is the electron donor and oxygen the electron
acceptor. Water and electricity are the products, as illustrated in the Figure 2.1 below.

In electrochemistry, the convention is to separate the overall reaction into two half cell
reactions, each for the electron donor and electron acceptor at each of the electrodes, to allow
comparison between the vast array of reactions that could be coupled. Continuing using the
hydrogen fuel cell as an example, the overall cell reaction consists of

1
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However, by spatially separating the reactants and forcing the electrons to be mediated
through electrodes, the overall cell reaction can be divided into two half cell reactions. Where
at the anode

H, — 2H' 4+ 2¢~ (2.2)
and at the cathode

1
502 + 2H+ + 267 — HQO (23)

Similarly to the potential energy released from the elevation change of mass in a grav-
itational field, the maximum energy that can be captured from an electrochemical process
consists of the electron potential drop of the electron between the electron donor and elec-
tron acceptor, which is also the voltage potential difference between the two half cells. Much
like with gravitational potential, it is difficult to assign an “absolute zero” to compare the
energy of each species to. Instead, the convention is to refer to a “sea level” or an agreed
“zero” of electron energy, where V' = 0V, that has been defined as the potential of hydrogen
at 1 atm under acidic conditions. The standard hydrogen electrode (abbreviated SHE), also
called normal hydrogen electrode (NHE), is a redox electrode which forms the basis of the
thermodynamic scale of oxidation-reduction potentials.

However, the maximum electron energy change, or that predicted by the enthalpy of for-
mation (chemical energy) of the reacting compounds, is never truly captured. As illustrated
by the polarization or ¢V performance schematic in Figure 2.4, a number of losses occur in
the system due to entropy increasing (free energy), potential mixing, reaction energy barri-
ers (activation), electrolyte ionic resistance, and mass transport losses. These are elaborated
upon in the next sections: Thermodynamics and Kinetics of electrochemical reactions.

Thermodynamics & Cell Voltage

Building from microscopic phenomena, thermodynamics is a field that relates energy
transfer between heat (molecular vibration), work (force acting through a distance), and
internal (chemical bond) energy with temperature, volume, and pressure changes. Likewise,
for electrochemical phenomena, that of electron and voltage potential, relations can also be

described.

The maximum theoretically energy that can be acquired from a reacting system is the
difference in the enthalpy of formation, AH, of the products to the reactants. However,
this neglects the fact that entropy is perturbed in a reacting system. Taking this into
consideration, the energy that is actually obtainable in an isothermal and isobaric system
such as an electrochemical cell is described by the Gibbs free energy, AG, as
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Figure 2.4: Polarization schematic of typical hydrogen fuel cell performance depicting cell
voltage drops due to common thermodynamic, kinetic, and mass transport losses.
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dG = dH — TdS (2.4)

This predicts the energy that is released by converting the reactants into the products. Next,
utilizing the second law of thermodynamics or energy conservation, that relates the system
to its surroundings

dE =0 — dU = TdS — dW = TdS — (pdV + dWo.c) (2.5)

Combining the previous two relations, and assuming that electrochemical cells are isothermal
and isobaric,

dG = —dWae, (2.6)

hence

Weiee = —Agrznin molar terms = EgnF' (2.7)

where,

Ey = thermodynamically reversible voltage from the Gibbs free energy
n = the number of electrons transferred in the reaction

F = Faraday’s constant (96485.3 C/mol e-)

So that the theoretical Voltage:

Ey = AGyyp/nF (2.8)

However, the cell voltage also depends on operating conditions such as temperature and
species partial pressure of the system. The Nearst relation displays the more detailed rela-
tionship

RT. Py, PY?
ENearst = Fo + —=In——-2- 2.9
Nearst o+ Yo n Pio (2.9)
where,
R = the universal gas constant (8.314 J/mol-K)
T = temperature (K)
P; = partial pressure of species ¢

Here the theoretical efficiency of the system can be defined as 7,.,. Table 2.1 summaries the
theoretical voltage and efficiency that is expected of a Hy /O, fuel cell at various temperatures.

Nrev = AG/AH = Erev/Etheo (2.10)
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Table 2.1: Temperature and phase factors on hydrogen fuel cell theoretical efficiency, 7.,
and V.

H, +1,0, > H,0
1 bar reactant pressure (standard conditions)
Temp product HO AH_, AG,, N teoreticat  En (V) Epey (V)
phase (kJ/mol) (kJ/mol)

25°C LHV (vapor) -241.8 -228.6 94.5% 1.253 1.185
HHV (liqud) -286 -2373 83% 1.482 1.229

80°C LHV -242.3 -226.2 93.3% 1256 1.172
HHV -283.8 -233.7 82.3% 1471 1.212

130°C LHV -242.8 -223.9 92.2% 1.258 1.160
HHV -282.1 -2304 81.7% 1.462 1.193

Kinetics & Power Generalities

In the previous section, the theoretical and reversible cell voltages were computed from
the energy of reactants and products, or end points, of the system. However, kinetics or
reaction rates are also important. As a fuel cell is an electrochemical cell intended to power
electronics, the ideal output is constant reversible voltage at any current density. This sort of
performance is impossible, however, as it would require the system to deliver infinite power
(P = IV) and zero internal resistance (R = V//I). This section describes the limitations in
the system due to irreversible kinetic losses. These consist of mixed potential (fuel crossover),
overvoltage (activation), ohmic (ionic), and fuel concentration (mass transport) losses, as
illustrated by Figure 2.4. Hence the actual cell voltage is actually described by

Veer = ENearst — TRint — Nact — Neone(Nis the overpotential) (2.11)

where,

V.en = real cell output voltage

Enearst = thermodynamic voltage from free energy

1R;,; = ohmic loss due to ionic species transport, including mixed potential
Naet = activation loss due to sluggish reaction kinetics at electrode

Neone = Ppolarization due to insufficient supply of species for reactions

The kinetics of the system can be modeled as an electrical circuit, as shown in the Figure
2.5 below. In the case of a hydrogen fuel cell, to use as a related example, electrons are the
negative carriers, and protons are the positive carriers. At the anode, the electron donor
is broken into these charged species that must both transfer to the cathode to recombine
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Figure 2.5: Model of hydrogen fuel cell kinetic losses including activation, ohmic, and mass
transfer.

with the electron acceptor. Ideally, both charged species would travel instantly and simul-
taneously between electrodes; however, this is highly unlikely if not impossible and losses
accrue. The electrode reactions are both faradaic (resistive) and capacitive, and hence affect
the electrical potential of the electrons as they are transferred through the system. The
electrolyte generates a kinetic lag that is linearly dependent on current. The objective is to
keep the anode as negatively charged as possible (e~ saturated) while keeping the cathode
as positively charged as possible (minimal e~ count) to maximize a potential differential
between the electrodes. Since the system is an energy conversion device, it continuously
consumes electron donor and acceptor and the reactions come to a halt when either reactant
is exhausted.

Mixed potential

Mixed potential occurs from undesired reactant and electron crossover. As the electrolyte
or polymer exchange semi-permeable membrane is imperfect at selecting species and as an
electrical insulator. Consequently, it allows electron acceptor and donor to mix slightly al-
lowing electrons to “short” or bypass the load. From this loss, an efficiency termed “faradaic”
can be defined as the ratio of electrons or reactants that crossed over to short the reactions
and did not travel through the load with respect to the number that were added as fuel, as
Equation 2.12.
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Ny = — (2.12)

Activation

Activation losses stem from sluggish kinetics of the electrochemical half-reactions. As
every chemical reaction must overcome an activation energy, some of the cell voltage is
sacrificed to overcome the impediment. The losses are manifested as a large voltage drop
that is particularly prominent at low current densities. The potential losses increase with
current density and are described by the Butler-Volmer Equation 2.13

. anf'n (v — 1)nFn
J=Jo (613]9 ( RT ) exp (RT (2.13)
where,

j = current density (A/cm?)

Jjo = exchange current density (A/cm?)

n = number of electrons in reaction

F = Faraday’s constant (96485.3 C/mol e-)
o = transfer coefficient

Nact = activation overvoltage (V)

The overpotential loss can be mitigated by increasing the exchange current density which
is intimately related to the catalyst material and the reaction surface area available. The
exchange current density (or exchange current) is defined as the equilibrium half-cell current
that is transferred in and out of the electrode into the species at open circuit conditions. As
each catalyst point allows electrons to be transferred through the electrode, each acts as in-
dividual high impedance current source with a characteristic activation energy. However, in-
creasing the number of current sources lowers the “compound” activation impedance and ac-
tivation overpotential. For this reason, electrochemical cells benefit from high catalyst load-
ing and maximizing the number of triple phase boundaries (catalyst/electrode/electrolyte
junctions).

In addition to faradaic currents, where charge transfer occurs at the electrode/electrolyte
interface due to a redox reaction, non-faradaic or background currents occur due to capacitive
effects. A distinction should be made, as non-faradaic currents are not due to chemical
reactions but rather occur to equilibrate local charge imbalances at the electrode/electrolyte
interface through the formation of an electric double layer (EDL). Because they do not
require that an activation energy be overcome, but merely necessitate ionic species movement
at a narrow distance from the electrode (about 2-30nm), they are characterized by very
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low impedances, quantifiable charge transfer, and reversibility (generally). The non-faradaic
currents are modeled as a capacitor in parallel with the faradaic reaction resistance at each of
the electrodes, as shown in Figure 2.5 above. The electrode capacitance is highly dependant
on the true surface area of the electrode (roughness), as the EDL is conformal to the molecular
geometry of the surface. Figures 2.6 and 2.7 illustrate faradaic and non-faradaic currents,
respectively.

Ohmic Resistance

The ohmic or internal resistance in an electrochemical cell stems from the losses of con-
ducting separated charge through the system. As shown in Figure 2.5 above, these losses
are modeled as a linear resistance between the two electrodes, because they generally follow
Ohms law (R = V/I). They occur due to material inefficiencies to transfer either protons
through the electrolyte or electrons between the anodic-to-cathodic catalytic sites at each
of the electrodes. In general, ionic electrolytes are more resistive than metals, with, as an
example, salt water p = 20 Qcm and gold p = 2x107% Qcm. However, ohmic resistance is an
extrinsic property that is highly dependent on the geometry of the “conduction paths” of the
separated charge, and it can hence be improved through design. Figure 2.8 below shows the
geometrical relationship between intrinsic material resistivity and extrinsic system resistance.

And Equation 2.14 shows the mathematical relationship

L
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where,

= material resistivity (2cm)
L = species travel path length (cm)
W = species travel path cross section width (cm)
H = species travel path cross section height (cm)

Consequently, ohmic losses are minimized by large (cross sectional) surface area electrodes
placed in close proximity. Physically, the protons and electrons are separated at the anode,
must travel via their corresponding paths, and must both be simultaneously present at
the cathode to recombine and reduce the oxidant. Hence, the ohmic resistance that is
characteristic of the system is that of the slowest link, or Ry = max{R.-, Ry+}.

Concentration losses

Provided that the losses that were previously described do not dominate the system,
at high current densities, the fuel or oxidant molecules can reach a point where they are
consumed faster than they are supplied to the catalytic sites. Labeled as concentration
polarization or concentration losses, these occur due to insufficient mass transport of the
reactants to the electrodes. The concentration losses can be characterized by decreasing
the resistance of the load until the electrochemical cell reaches a short circuit, as shown in
Figure 2.5 above. The maximum cell electron transfer rate is labeled as the limiting current
and is obtained when the voltage across the cell is zero. Physically, the drop in voltage (or
power) occurs because significantly reducing the load’s resistance allows electrons to “drift”
faster from anode to cathode. However, since limited quantities of electron donor or electron
acceptor exist, the system “stoichiometry” is perturbed. Consequently, charge equilibrates
between the electrodes, and the voltage potential drops.

System efficiencies

Thus far in this Chapter, a number of efficiencies have been defined for electrochemical
systems. Understanding that the maximum energy that can be obtained from a chemical
reaction is the change in enthalpy of the system, losses due to entropy and irreversible kinetics
were identified. However, two more efficiencies can be defined: utilization and auxiliary loads.
Table 2.2 below summarizes all these relationships as well as the system overall efficiency.

Utilization

This efficiency refers to the “fuel” efficiency or rather the utilization of the electron donor
for reactions in the electrochemical cell. As it is possible that in a flow-through system,
reactants can be added, not utilized fully, and flushed out before they can react. Hence this
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Table 2.2: Summary of electrochemical cell thermodynamic, irreversible, reactant, plant,
and compound efficiencies.

Efficiency Definition Description

Reversible Nrev = % = % Loss due to entropy increase

Voltage =g Activation and ohmic losses

Faradaic Ny = i Mixed potential and electron leakage
Utilization Ny = % Quantum electron efficiency

Auxiliary loads Ne =1— Loy Energy for pumps and electrical systems

Ptotal
System efficiency | Notar = NMreovngnune | Overall compound efficiency

efficiency, which is also described as the Coulombic efficiency, is defined as Equation 2.15
below.

e- captured through circuit

= e- added as fuel (2.15)

Auaxiliary Loads

Lastly, since a true system will utilize power to run (ie. consume energy for mechanical
pumps and electronic control), an efficiency that provides a gage for its “autonomy” is defined
as Equation 2.16 below.

Na = 1 (216)

P, total

2.2.2 Ultra-micro-electrochemistry (UME)

The basic concepts of electrochemistry and fuel cell theory were covered in the previous
section. However, the behavior of an ultra-micro-electrode (UME), as it pertains to this
work, differs significantly from that of macro-scale systems. UMEs are point-like electrodes
(ro < 100pm) where the physiochemical properties scale in different ways, and, hence, yield
capabilities that are not available through large-system testing. The scaling of UMEs offer
two main advantages: faster temporal responsiveness (lower experimental time scale), e,
and faradaic reaction preferential characterization, T,.,/Teen. As it is discussed in this sec-
tion, and illustrated by Fig. 2.9, these largely stem from a reduced capacitance, Cy;, and
proportionally larger faradaic resistance, Ry, with respect to ohmic losses in the system.
These have been adopted from [44, 45].
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System time constant - 7.

The system electrical response time, or time to stabilize after perturbing the system,
is expressed through the cell time constant, 7., which is proportional to the electrolyte
resistance and electrode capacitance.

Teell = ReCd (217)

In general terms, the electrolyte resistance, R., is dependent on ionic conductivity and
electrode geometry, where ¢ = thickness of the electrolyte (cm), 7o = electrode radius (cm),
and o = electrolyte ionic conductivity (S/cm).

t
R, =

drio

(2.18)

However, since in ultra-micro-electrodes ry < t, the point electrode yields a hemispherical
potential drop and R, ~ 1/r.

t o]

4roo

R. (2.19)

4r3o

The electrode capacitance, Cy, stems from the electrical double layer (EDL) or the rearrang-
ing of the ionic carriers at the electrode-electrolyte interface and scales with 73 as

Cy=CYxnry (2.20)

where CY is the specific interfacial capacitance (F/cm?). However, the EDL is conformal to
the molecular geometry of the electrodes, which prevents straightforward normalization to
electrode surface area in large systems. UMEs, on the other hand, offer the advantage that
surface roughness can typically be somewhat controlled or at least characterized.

Hence, the system response or cell time constant, 7., in UMEs scales linearly with rq, as

7Cq

Teell = ReCd = do

(2.21)

Faradaic relaxation - 7

Faradaic resistance, however, resistance for charge to be transferred from the reactant to
the electrode scales inversely with true surface area, as
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Table 2.3: Summary of ohmic, capacitive, and kinetic effects and UME scaling that demon-
strate preferential isolation of faradaic reactions or microbiological factors from bioelectro-
chemical systems.

Parameter Variable Macro-electrode UME
n 1 1 _ 1
Electrolyte Resistance R, R, = pr R, = Troo
Electrode Capacitance? Cy Cy = CYxmr? Cy=COxmr
. wtC9 wCOr
System time constant? Teell Teel = ReCa = "% | Teet = ReCy = =1
. . RO RO
Faradaic resistance® Ry Ry =—% Ry=—%
7r1“0 7TTO
Faradaic relaxation® Tran Tran = RyCq = CgR} | Tyon = RyCq = CRY
. . 4R%o 4R
Time constant ratios® Tran Tran — —f Tren — 1
Teell Teell mt Teell mrQ

1

Electrolyte resistance within microfluidic environment scales inversely with
radius due to characteristic spacing as rop <<t

Capacitance scales as r2 but is conformal to electrode molecular roughness
Cell time constant refers to the speed at which system returns to steady state
after an electrical perturbation and scales linearly with radius in UMEs
Faradaic resistance refers to the kinetics of charge transfer through the elec-
trode and scales inversely with surface area

Faradaic relaxation time indicates the speed of the faradaic reaction and is
independent of electrode geometry

Ratio of faradaic relaxation time and cell time constant scales inversely with
radius in UMEs indicating that the system responds rapidly and the faradaic
reactions govern the system response.

RO
Ry = —L

g

(2.22)

The system’s response time, or relaxation time constant, with regard to faradaic reactions
then can be estimated as

Troen — Rde = CSR?

(2.23)

where R(} is the specific faradaic resistance and C9 is the specific capacitance. Hence the
system’s ability to respond and capture faradaic transfers can be expressed through the ratios
of the faradaic relaxation time to the cell’s time constant. For an UME, this relationship
scales inversely with the radius of the electrode as Equation 2.24 below.

B 4R(}0

Teell o

Trwn

(2.24)
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Figure 2.9: Scaling of the electrolyte resistance, electrode capacitance, and RC cell time
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2.3 Bioelectrochemistry & G. sulfurreducens

The previous sections introduced the topics of electrochemistry, and power and efficiency
of PEM fuel cells. In this section, the biological aspects of the system are discussed. For
simplicity, this work focused on anodic bacterial reactions only, or utilizing whole living mi-
croorganisms to break down acetate into electrons and protons. In comparison to a hydrogen
fuel cell, in the system the microorganisms “replace” the precious metal (platinum) catalyst
and simple carbohydrates replace the hydrogen gas. Other aspects that differ from inorganic
fuel cells are that the system must be kept in buffered aqueous solution at a certain salt
concentration range (osmotic pressure) and within a biological temperature as the bacteria
require. In addition, the system is temporally dynamic as the quantity of cells (biocatalyst
loading) changes as well as the quality of their connectivity (contact resistance). Bacte-
ria can also metabolically adapt (protein expression) and adjust their environment (deposit
polyglycans) to environmental stresses.

At the anode, the microbes catalyze the break down of simple carbohydrates. The half
reaction in the case of acetic acid oxidation is

CH3COO™ + 4H,0 — 8¢~ + 2HCO; + 9H™" (2.25)

In order to maximize the power of the system, the objective is to capture all the electrons
from the fuel from the microorganisms at as high potential as possible and sustain the voltage
as the electron flux (power) is ramped up. As the microorganisms require some energy for
their own metabolic functions, not all of the potential from the acetic acid can be captured
as is explained in the next section.

2.3.1 Metabolism and Redox

In inorganic PEM fuel cells, the maximum voltage potential of the system can be esti-
mated from the free energy released by the electrochemical reaction of the reactants. The
system is heterogeneous in microstructure, but homogeneous in regards to chemistry as there
is (ideally) only one species to react if using a single fuel. However, in bioelectrochemical
catalysis, the electron donor must be metabolized through a series of enzymatic reactions
to breakdown the fuel and subsequently electrons are transferred to the electrode. As a re-
sult, the maximum anodic voltage that can be achieved is that at which the microorganisms
metabolize the electron donor.

Traditionally, redox indicators (ie. methylene blue and neutral red) that are able to
penetrate the cell membrane have been utilized as synthetic mediators to directly capture
electrons from the metabolic enzymes and transport them to the electrode. However, medi-
ators are highly oxidative to the cells, make electrons diffusion limited, and limit the anode
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potential to that of the mediator’s redox. Alternatively, microorganisms that have evolved
mechanisms to intrinsically externalize waste electrons have been isolated and have shown
to produce electricity sustainably.

Ideally, electrons should be captured at the exact enzymatic site where they have become
“waste” within the metabolic pathway as to gain the most negative redox and provide the
greatest potential differential with the electron acceptor. However, non-fermenting bacteria
utilize the citric acid cycle to catalyze acetic acid into NADH, a process that occurs within
the cytoplasm. Hence maximizing the metabolic redox requires external machinery to pene-
trate the cell membrane and risks viability. Alternatively, G. sulfurreducens, as Figure 2.10
illustrates, “shuffles” electrons through membrane-bound proteins out to the extracellular
environment. The electron shuffling comes with an anode voltage cost as a potential drop
occurs through the membrane electron transport chain. Furthermore, this method comes
with an additional energy sacrifice to the microorganisms as protons must be pumped out
instead of combining with soluble electron acceptors. Current research indicates at least two
methods for electron externalization exist in nature: microbially produced metabolites that
mediate, such as in Shewanella oneidensis [46], or through direct bacteria-electrode contact,
such as in Geobacter sulfurreducens [10].

To elaborate on the thermodynamic losses incurred by metabolism, Figure 2.11 below, a
redox tower, illustrates the electron voltage potentials that could be captured at the anode
from these microorganisms. Acetic acid enters the cell at -0.28V (vs. SHE) and, in the case
of G. sulfurreducens, the biocatalysts are able to thrive in a fumarate/succinate environment
or reducing soluble electron acceptors at +0.03V (vs. SHE). Assuming that this potential
corresponds to the metabolically ideal redox for electron acceptors, the organisms could
provide a fuel cell voltage of +0.85V. However, as the electrons must be externalized to
transfer onto electrodes, some of this energy is used (lost) in the shuffling of the electrons
through membrane-bound cytochromes. Current research predicts that the last protein that
interacts in this process is a c-type cytochrome that typically have a midpoint redox potential
of 40.25V (vs. SHE), which would predict a cell voltage of +0.57V with oxygen as the
electron sink. However, cyclic voltammograms of G. sulfurreducens immobilized on graphite
electrodes have demonstrated absorbance at a mid-point potential of -0.17 V (vs.SHE) [10,
47]. Hence more intensive studies are still needed to clarify the potential characteristics.

Figure 2.12 depicts the dependence of anode potential on the physiology of the microor-
ganisms. Metabolism (dotted line) affects the electrical performance in three ways. 1) The
terminal protein in the electron transfer path for externalization governs the redox at which
the electrons may be harvested from the cell. 2) The density of this terminal protein (cy-
tochrome) determines the exchange current density that is intimately related with activation
losses and resulting voltage. And 3) the metabolic rate of the cell must also be sufficient as
to supply the terminal cytochromes with electrons and hence maintain the cells” membrane
at a negative potential. Secondly, the bacteria-electrode transfer mechanisms (double line)
also affect the system and provide a characteristic “contact” resistance, as is elaborated in
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the next section.

Assuming the simplest model where the metabolic chain is a linear system and follows
an ohmic response, a cell’s lumped resistance could be defined as R, = dV/di. Hence,
the metabolic or faradaic resistance can be estimated from the potential difference at which
electrons enter and leave the cell and the respiration rate (electric current) through the cell.
Figure 2.13 depicts the metabolic resistance model for one cell. To estimate the resistance,
the voltage drop and electron rate (metabolism) across the cell are needed.

The potential drop of the electrons between acetate and the c-type cytochromes, as was
discussed in the previous section, can be estimated as +0.53 V. Likewise, G. sulfurreducens
metabolic rate has been characterized in bulk and can be obtained from the literature. One
study measured the specific respiration rate using acetate as the limiting nutrient and Fe(III)-
citrate in excess as the electron acceptor [48]. As Fe(III)-citrate is soluble but is reduced at

the periplasm, this arrangement somewhat simulates respiration rate onto the extracellular

environment and has resulted in a maximum of 0.15%16_ at the highest cell growth rate

g . h

of 0.08 h™!. Assuming that microorganisms are 0.5 urr%vzn volume, essentially water, and
10% protein, a current of 200 fA /cell can be estimated at electron donor saturated conditions
from this bulk experiment. Moreover, this value has been roughly validated by Nealson et
al. who have characterized a metabolic rate of 200 fA/cell for Shewanella oneidensis on
an electrode utilizing stained cell counting techniques [5]. Assuming these values as the
metabolic rate per bacterium, the per cell metabolic resistance to externalize electrons can
be estimated by Equation 2.26.

V. 0.53V

T~ 200iA 2T (2:26)

Rcellmetabolic =
Although this is an oversimplification of the actual system, it provides a first order-of-
magnitude impedance and scope on the cumulative current contribution of the bacteria on
the electrode. By comparison, the faradaic resistance of oxygen on platinum has been exper-
imentally characterized as 6 GQum for micrometer sized structures [6], or the equivalent of
3 GS) for the space occupied by a rod-sized bacterium. Consequently, assuming all other pa-
rameters are equal, microbial catalysis provides 3-orders-of-magnitude more sluggish kinetics
than oxygen on platinum.

2.3.2 Electron transfer to electrode

The previous section discussed the resistance due to metabolism and electron external-
ization. As microorganisms must catalyze organic fuel into separated charge, a metabolic
resistance was defined as a lumped parameter to account for diffusion between enzymes and
their specific activity. However, that model did not account for the transfer or “contact”
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Figure 2.12: Anodic voltage depends on biocatalyst physiology. Microorganisms’ metabolic
chain as well as electron externalization mechanism affects anode potential. Step A:
Metabolism (dotted line) affects the electrical performance in three ways. 1) The terminal
protein in the electron transfer path for externalization governs the redox at which the elec-
trons may be harvested from the cell. 2) The density of this terminal protein (cytochrome)
determines the exchange current density that is intimately related with activation losses. 3)
The metabolic rate of the cell must also be sufficient as to supply the terminal cytochromes
with electrons and hence maintain the cells’” membrane at a negative potential. Step B:
Bacteria-Electrode Transfer Mechanisms (double line) also affects the system and provide
a characteristic “contact” resistance. In the case of direct bacteria-electrode contact, such
as in G. sulfurreducens, where protein nanowires are believed to act as electrical conduits,
the electron transport is governed by the nanowires’ material properties and the physical
network density. In the species where metabolites transport the electrons to the electrode,
the transfer resistance is affected in two ways. 1) The metabolite acts a mediator that will
provide a maximum (lower) redox for the transfer. 2) The current density may be diffu-
sion limited particularly if insufficient metabolite concentration is present to mediate the
electrons.
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Figure 2.13: An ohmic model of R = dV/di can be used to estimate a lumped metabolic
resistance. Assuming a voltage drop of 0.53 V from the acetate fuel to c-type cytochromes
in the membrane, and a metabolic rate of 200 fA/cell [4, 5], the resulting per cell faradaic
resistance is 2.7 TC2. Hence, the kinetics are estimated at 1000x slower than that of oxygen
on platinum on a per micron area basis [6].

resistance to transfer the electrons to the electrode. As was first presented in Figure 2.12
and is presented in greater detail in Figure 2.14, microbial catalysis introduces two distinct
resistances to replace the single faradaic resistance that was defined for inorganic systems.
Hence, the electron transfer resistance is added in series to the metabolic resistance account
for the electron transfer to the electrode. In addition, a more accurate model also includes
a capacitance term, independent of the anode response, as the microorganisms have the ca-
pability to store charge within the electron transport chain and the membrane cytochromes.
Similarly, as some of the energy and mass that is added as fuel is utilized for cell division, a
grounded biomass resistance term should be included in the circuit to account for this loss.

In the case of direct bacteria-electrode contact, such as in G. sulfurreducens, where protein
nanowires are believed to act as electrical conduits, the electron transport would be governed
by the nanowires’ material properties and the physical network density. In the species where
metabolites transport the electrons to the electrode, the transfer resistance would be affected
in two ways. 1) The metabolite acts a mediator that will provide a maximum (lower) redox
for the transfer. 2) The current density may be diffusion limited particularly if insufficient
metabolite concentration is present to mediate the electrons. Consequently, estimating the
electron transfer resistance from the cell to the electrode is complicated. The ideal case
would be for the electrons to be transported through a low-impedance 3-dimensional pili
network that the bacteria self-generate and would not be lost through convection in the case
of flow-through reactors. However, preliminary work on G. sulfurreducens that characterized
the pili suggest semi-conductor behavior at best as a resistance of 150 M2 through the 5 nm
pili cross-section was measured using conductive-probe AFM [36]. However, fundamental
understanding and characterization of bacteria-to-electrode electron transport mechanisms
is still at its infancy, and we hope that with continued interest a low-resistance electron
transfer mechanism can be either evolved or engineered.
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Chapter 3

Microfabricated MFC using G.
sulfurreducens, an extracellular
electron respiring bacteria

3.1 Introduction

Electricity scavenging from microbial metabolism is a phenomenon that has only been
reasonably studied for about a decade, and, within this time, power densities have increased
several orders of magnitude [12]. However, greater performance is expected as the system
is just beginning to be understood. Further optimizations for power generation require
identifying the important parameters within this multivariate system, but this task has
proven difficult as the catalysis is biological and highly heterogeneous. For example, a slight
change in a parameter (say a temperature change of 5°C) causes prominent physiological
changes in the system, which complicates the comparisons in various literature studies and
it is hard to draw conclusive “lessons” from these investigations. Hence, many basic questions
that are fundamental for optimization continue to remain unanswered.

At the most basic level, energy transfer is not fully understood, and the hypotheses that
explain electron transfer mechanisms from the microorganism to the electrode are controver-
sial. Broadly speaking, the transfer could occur through direct protein-electrode contact, a
“nanowire” conduit, or mediating compounds. The specific mechanism is intrinsic to the mi-
croorganism, and multiple mechanisms may be possible for each species, as current evidence
for Shewanella odeneises suggests. Naively speaking, it would be ideal for the microorgan-
isms to self-generate a solid-state conductive electrical network that could sustain a dense
and volumetrically thick biofilm. However, such a task is energetically expensive for the mi-
croorganisms and one could argue that the use of synthetic mediators maybe advantageous.
From an engineering standpoint, this deficiency of fundamental understanding hinders the
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engineering optimizations. In addition, improvements in performance are difficult to quantify
experimentally as the catalysis is highly heterogeneous and great variability exists between
systems. The miniaturization of microbial fuel cells and electrodes are investigated in this
chapter to gain greater controllability of the biocatalysts and explore the scaling features.
Specifically, microscale-electrodes provide the following advantages:

1. Mitigate heterogeneity - microorganisms utilized in bioelectrochemistry are roughly a
micron in size. Hence, a cm? electrode can accommodate a fully-packed monolayer of 10%
cells. Reducing the electrode area to 100 x 100 um?, for example, decreases the heterogeneity
of the signal to that of 10* monolayer cells.

2. Entire electrode surface can be monitored concurrently and locally - as the signal is largely
dependent on the biocatalyst loading (or bacteria quantity), the biofilm conformity to the
electrode can be monitored and taken into account.

3. Parametric micro-geometry studies are possible - the electrode geometry can be studied
parametrically down to the micron scale if micro-electrodes are fabricated using semiconduc-
tor processing techniques.

4. System response time is enhanced - as was discussed in the Theory Chapter, reducing
the electrode size improves the RC' constant and the system can reach steady state more
rapidly, which allows transient outputs and steady state responses to be easier to identify.
Hence, more characterization can occur within a specific time frame and improvements are
more easily quantified.

5. Scaling has shown to improve performance - as Dewan el al. has demonstrated [20],
the literature reveals that greater power densities are achieved in smaller systems. Para-
metric characterization of micro-electrodes could illuminate the scientific foundation for this
phenomena as well as the optimum electrode size and shape.

6. Electrode microstructure effects can be characterized - performance enhancements from
surface modifications have been difficult to confirm using macro-electrodes because of system-
to-system biocatalyst loading fluctuations. Miniaturizing the electrodes, in this case, offers
the advantage of biomass loading characterization along with the electrical signal.

In this chapter, these advantages are explored through micro-fabricated fuel cells. Us-
ing a micro-fabricated gold electrode, the electrical steady-state performance is studied [4],
and the advantages of the scaling with respect to the reduced RC constant discussed (un-
published). Specifically, capacitance and resistance of the system are extracted from the
transient electrical response and analyzed for a relationship with biocatalyst loading and
biofilm discharge characteristics. In summary, the objective of this chapter is to explore the
advantages of miniaturization and assist the development of non-invasive characterization
techniques that promote understanding and troubleshooting of bioelectrochemical systems.
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3.2 Device - Design and Fabrication

Micro-electrochemistry is a field that evolved within the last 20 years mainly from ad-
vances in fabrication at the micro-scale and instrumentation. Given that microfabrication
provides features to the micrometer scale, we adopted this fabrication technique for the
construction of micromachined MFC. In addition, semiconductor processes also provide con-
trollability of planarity and surface roughness, which allows for more exact estimates of the
surface area of the electrode. The first task here was to identify standard processes that
could be utilized for the construction of MFCs for bioelectrochemical studies.

Graphite and carbon cloth are widely utilized in microbial fuel cells but are not standard
materials used in micromachining processes. On the other hand, Lovely has demonstrated
that G. sulfurreducens can also transfer electrons to elemental gold [10]. Furthermore, gold
is inert and biocompatible such that it is chosen as the electrode material in this study.

In regards to the geometry of the electrode, a literature search provided little guidance
on the specifics. In general, the electrode had to provide a sufficiently large current signal, or
lower impedance than that of our data acquisition instrumentation. Hence, a micro-electrode
of mm? surface area was chose for this initial study. In order to mitigate diffusion effects,
various micro-electrodes were arranged to be at a distance, d, relatively large in comparison
to the electrode characteristic size, r, and diffusion layers, Dt, so that

r << (Dt)* <<d (3.1)

where 7 is the electrode radius, (Dt)? is the characteristic diffusion distance, and d is the
micro-electrode spacing. This would maintain a hemispherical diffusion profile at intermedi-
ate experimental values that would accentuate the bio-catalytic effects [44]. Consequently,
the anode consisted of a micro-patterned electrode that was designated as 2 pm in width,
the length of a single bacterium for single cell contact, arrayed at a 100 um spacing (pitch),
as shown in Fig. 3.1. The resulting geometry imitated a carbon cloth complexity within a
2D structure, but it also provided a known surface area. Moreover, the microelectrode array
conformed to the bacteria and biofilm dimensions, as G. sulfurreducens biofilm has reached
40 pm in thickness [10]. The total gold surface area was 1 mm? and each chip’s area was 50
mm?.

The fabrication for the electrode consisted of a standard lift-off process. Figure 3.2
illustrates the single mask process, which started with the cleaning of a test p-type silicon
wafer in a piranha bath. Next, the wafer was introduced into a furnace equipped for high
temperature wet-oxide where a 1 pm SiOs film was grown. An HMDS adhesion layer was
deposited in an oven and a 1 pum i-line resist layer was spun and soft baked. Using a mask-
aligner, the micro-electrode array pattern was transferred onto the photoresist. The pattern
was then developed and hard baked. Next, the wafer was submerged into a 10:1 BOH bath
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Figure 3.1: Micro-electrode array chip demonstrating the dimensions of the fabricated elec-
trode. The design was to mitigate diffusion effects and planarize 3D cloth structures to
provide a known surface area.

for 60 sec to delineate the array layer onto the SiO, to mitigate the protrusion and roughness
of the surface due to the metal electrode. Subsequently, an Au thin film of 50 nm in thickness
was deposited at a rate of 2nm/s using thermal evaporation. Lastly, the wafers were left in
acetone overnight for lift-off and diced into 50 mm? chips.

The chips were then wire bonded into a chip carrier to insert into a breadboard. Wire
bonds were passivated with silicone and the fuel cell assembly was attached to the exposed
area. The electrochemical cell consisted of a two chamber flow-through configuration as
shown in Fig. 3.3. The anodic chamber housed the bacteria in a 350 pul. volume. The
cathode consisted of a coiled gold wire with 100 mm? surface area immersed in 200 pL
of catholyte. The two chambers were separated by a 50 mm? Nafion 212 membrane 50
pm in thickness. Additionally, a reference Ag/AgCl electrode was incorporated into the
anolyte. Because anodic catalysis is of primary interest to this study, the cathodic reaction
losses were mitigated by using potassium ferricyanide (K;[Fe(CN)g]) as an electron sink.
The ferricyanide reduction to ferrocyanide has a midpoint redox of +0.36 V (vs. SHE) and
proceeds as follows,

[ Fe(CN)gJ*~ + e~ < [Fe(CN)J+ (3.2)
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Figure 3.2: Electrode fabrication process. The process begins with a silicon wafer with
insulating oxide on top. Photoresist is applied and patterned to define the electrodes with a
lift off process.

where 1le™ is transferred in the reaction. The catholyte solution consisted of a 50 mM solution
of potassium ferricyanide buffered at 7 pH, which was replenished with a fresh solution every
12 hours throughout the experiment.

3.3 Results, Analysis, and Discussion

In contrast to our previous work, this system does not require an electron mediator.
The Geobacter sulfurreducens electrochemical cell generates electrical power by harnessing
electrons from the bacterial metabolic breakdown of acetate. The bacteria retrieve energy
from the fuel for biological maintenance functions or cell division, then release electrons as
metabolic waste to be collected by an electrode as useful electrical energy. The mechanism
is analogous to a standard fuel cell but Geobacter acts as the catalyst and acetate as the
fuel, while the “organic nanowires” act as interfaces to the inorganic electrode, eliminating
the need for an electron mediator.

In this section, all the results of the mm? arrayed electrode are presented and ana-
lyzed. Specifically, biofilm-level bacterial growth on the electrode is depicted through flu-
orescence microcopy. Through scanning electron microscopy, cells on the insulating oxide
(off-electrode) and “protein nanowires” or electrical conduits were captured. In regards to
electrical performance, polarization and power density curves that depict the steady state
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Figure 3.3: (a) Exploded view of the MEMS MFC. Anolyte and catholyte circulate through
corresponding chambers separated by a Nafion membrane. (b) Fuel cell experimental setup
using potassium ferricyanide as electron sink at cathode.
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performance of the fuel cell were acquired over a 10 day biofilm growth period. The transient
curves from the polarization experiment are then analyzed for capacitance and resistance over
time.

3.3.1 Microscopy

Understanding the cell population on the electrode is a key advantage of micro-electrochemistry.
As the electrical signal is intrinsically related to the biocatalyst loading, capturing informa-
tion on the quantity of bacteria at the time that the electrical measurements are taken would
provide additional information that could yield to more robust system-to-system compar-
isons. Hence both fluorescent and scanning electron micrographs were obtained throughout
the experiments.

Biofilm-level Fluorescence

Figure 3.4 depicts the development of the bacterial biofilm over a 10 day period when
cells are forced to respire on the electrode. The systems were initially inoculated with 350 pL
of fully grown cells (originally 10° cells/mL), and the suspension was allowed to subsequently
rest for 6 hours prior to injecting a solution of anaerobic media and 10 mM acetate. The
electrical circuit was connected upon inoculation, and the anode was poised to the potential
of the cathode (+0.3 to +0.5 V vs. SHE). The sequence shown is actually that of four
distinct anodes, since the fluorescence staining technique used is destructive. Nevertheless,
the sequence illustrates the biomass increase and biofilm growth pattern on the electrode.
The live/dead stain consisted of SYTO BC (viable/green) and propidium iodide (dead/red).

Figure 3.4a shows the results one day after inoculation. At this time, no biofilm was
observed. Cells in the form of a monodisperse monolayer appear to have settled on the
surface. The density of cells on the electrode surface depends on the seeding density, and it
increases with time as cells grow and divide. The electrode did not appear to preferentially
draw cells to the gold metal as a significant population was found on the insulating oxide.
During the first 24 hour incubation period, the bacteria may have completed 1-3 division
cycles [48].

Figure 3.4b shows the growth results 3 days after the inoculation of cells. It was observed
that G. sulfurreducens were nucleating and forming vertically elongated “clusters” at various
locations on the metal. The biofilm clusters were not of equivalent height or volume but were
distinguishable and prominently growing from a single connection point on the electrode. In
general, the metal coverage was roughly 30% monolayer, 5% in clusters, and 65% of the
electrode showed no biomass after 3 days.

Figure 3.4c depicts the biofilm after 6 days with continuous electron externalization. The
characteristics were similar to the biofilm after 3 days of operation. However, as the cluster
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Figure 3.4: Live/dead representative fluorescence images of the biofilm as it develops over
time. Images were acquired at (a) 1 day, (b) 3 days, (c¢) 6 days, and (d) 10 days after
inoculation. The bacteria nucleate on metal electrode to grow vertical elongated clusters
that overtime merge onto a continuous biofilm. Anode was continuously accepting electrons,
and negligible non-viable cells were captured during the 10 day experiment. Dashed lines
indicate gold electrode location.
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density increased on the electrode, they appeared to join and engulf the insulating areas.
The metal coverage is estimated at 70% in clusters, 20% monolayer, and 10% free of biomass.
However, 20% of the insulating surface was also covered by a monolayer of cells, and the
length of the clusters appeared to have reached 20-30 ym at this stage.

Figure 3.4d illustrates the biofilm growth after 10 days of fuel cell operation. At this point,
the clusters have merged into a continuous biofilm and the overall cell density increased.
Although there is greater coverage of the oxide, the biofilm is of uneven and thinner in this
area of about 5-10 um in thickness. The biofilms were estimated at 80% and 70% on the
metal and insulating oxide, respectively.

Cell-level Scanning Electron Micrographs

In addition to performance, the viability of the bacterial catalysts during extracellular
respiration is also of interest. SEM images in Fig. 3.5a illustrate bacterial growth patterns
on gold electrodes and on insulating oxide. After six-days of respiration in the anodic
chamber, bacteria populated more densely on the electrode area as the conductive surface
probably facilitated the release of electrons from charged enzymes used in metabolism to
promote the respiration process. Figure 3.5b shows that some cell division process was
occurring on the insulating surface. Figure 3.5¢ depicts the intricate rooting of bacteria on
an electrode. Bacteria grow multiple appendages that form interconnects to the electrode
and other bacteria [36].

Implications

As these images suggest, G. sulfurreducens is able to survive and divide on microfab-
ricated surfaces of gold and SiO;. These microorganisms adapt well to the stress of being
connected to an electrode for respiration and divide to develop a biofilm as long as nutrients
(anaerobic media and acetate) are added to the anodic chamber. Although not shown, the
limit to a fully developed biofilm appears to be around 40 pym in thickness [25]. The current
hypothesis speculates that this occurs because electrons from microorganisms away from the
electrode are unable to sufficiently “respire” on the electrode, or unable to remove waste elec-
trons. This is the inverse of what limits the growth of a biofilm for non-electro-active species
as microorganisms near the top of the biofilm thrive while those near the surface starve
from insufficient nutrient diffusion. However, this phenomenon was not observed during this
experiment as images were acquired over a 10 day period.

The electron microscopy images illustrate that significant solids, presumably biologically
derived, were deposited on the gold electrodes during biofilm development using wild-type
Geobacter as shown in Fig. 3.5¢. The reason for the deposits is uncertain but they could have
been acting as a passivation layer for the microorganisms to modify the system demands to
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their own. If biologically derived, the solids matrix is a significant energy and mass sink that
is unutilized for electricity. This effect has been addressed through evolutionary techniques as
Lovley et al. has reported a microorganism derived from Geobacter to produce significantly
less biomass and hence greater Coulombic efficiency [49].

3.3.2 Electrical Characteristics

The bacteria can produce a high potential upon inoculation of the anode due to reduced
nature of the microorganisms. Fig. 3.6 depicts the most negative potential that was obtained
upon inoculation of the cells at -0.25 V (vs. SHE), which is similar to results of previous
studies that measured the cells’ redox potential at -0.19 V (vs. SHE) [47]. However, in
this case the cells were incubated in a test tube for two weeks prior to inoculation. If cells
were harvested from the test tube culture within exponential growth as it is recommended,
however, the anodic voltage typically reached roughly +0.25 V (vs. SHE) (not shown), or
that of the midpoint redox of c-type cytochromes. Hence, anodic voltages can range between
-0.25 to +0.25 V (vs. SHE) depending on the “bacteria’s charge state” prior to measurement.

Next, after an initial “discharging” of the bacteria, the anodic redox reduces to +0.3 V to
produce a V,. of 100 mV against the potassium ferricyanide catholyte solution but increases
over time as is illustrated by the polarization results shown in Fig. 3.7. After 10 days of
respiration on the anode, V. values ranged from 550-600 mV and maintained a low standard
deviation (roughly 1 mV) over 10 minute intervals.

Figure 3.7 shows the MFC polarization over time as the bacteria colonize the electrode
surface. With increasing time and cell count on the electrode, the overpotential or connec-
tivity losses are mitigated, and the open circuit voltage and current density increase. The
maximum current obtained after 10 days of continuous operation, using acetate as nutrient
and potassium ferricyanide as the catholyte, was 1.4 pA/1 mm? Figure 3.8 depicts the
power obtained as a function of current after ten days of bacterial respiration. In this case, a
maximum power of 0.12 yW/mm? occurs at 0.61 pA. By comparison, state-of-the-art hydro-
gen fuel cells are able to provide 10 mA /mm? at 0.7 V, or five-orders-of-magnitude greater
power densities. Likewise, methanol fuel cells today provide in the 100 yW/mm? range or
1000 times greater power densities.

Figure 3.9 shows the micro-electrode temporal response to changing loads. This example
was recorded 6 days after inoculation of the bacteria at a point where V. is roughly +0.2 V,
and the polarization and power density derived from this data is depicted in Figs 3.7 and 3.8
as “Day 6”. In each case, 90% of the V. was regained within minutes after removal of the
load. The loads ranged from 1 Mf2 to 940 €2 and provided a change in cell voltage, which was
subsequently utilized to estimate the current transfer between electrodes. The cathodic curve
illustrates the fast kinetics from the catholyte (ferricyanide) as its redox potential changed
minimally throughout the experiment. It can also be observed that by the 5 k{2 load, the
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Figure 3.5: SEM images after 6-days of operation showing (a) greater growth of cells on
gold electrode that insulating surface, (b) white circles illustrating cell division occurring on
SiO, (oxide), and (c) bacteria illustrating significant appendages protruding into electrodes.
Bacteria are roughly 300 nm in diameter and 2 pm long.



95

0.3 ;

0.2 +

V vs. SHE (V)

Time (min)

Figure 3.6: Anodic open circuit showing anodic potential of cells when harvested at a charged
state. Cells manifested a -0.25 V (vs. SHE) when incubated in anaerobic conditions for two
weeks prior to inoculation. When cells are harvested during exponential growth phase,
however, anodic voltage typically ranges between +0.2 to +0.3 V (vs. SHE).

voltage difference between the electrodes drops to zero, or has short circuited, indicating that
the anode has essentially been poised to the redox of the catholyte. Lastly, this transient
behavior of voltage perturbations can be utilized to provide information on the state of the
system by estimation of the RC' constants, as will be explained in the following section.

3.3.3 Transient Electrical Behavior - RC Analysis

The previous section discussed the behavior of the system once it stabilizes. However, a
great deal of information can also be gathered from the system’s transient responses. Prior
to the development of impedance spectroscopy, the RC characteristics of the system were
extracted instead. The technique consists of perturbing the voltage potential via a poised
electrode or by changing the load across the system and analyzing the transient current
response. The analysis provides the resistance, R, capacitance, C, and RC constant, the last
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Figure 3.8: Power densities obtained at various loads during ten days of continuous bacterial
respiration and growth on the electrode.
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Figure 3.9: Microbial fuel cell electrical responses to different load resistors acquired from
a fuel cell six days after inoculation that provided a V,. (V. - V,) of +0.2 V, where the
synthesized data is shown in Figs 3.7 and 3.8. Anodic and cathodic redox potentials for
various loads were acquired against an Ag/AgCl reference electrode and are shown corrected
to the SHE scale. The corresponding loads were (a) 1 M€, (b) 300 k€2, (c) 200 k€2, (d) 100
kQ, (e) 22 kQ, (f) 5k, (g) 940 Q, and V,. of 10® Q (internal resistance of the DAQ utilized).
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of which is defined as the time it takes the system to reach 36.8% (1/e) of the steady state
signal.

Although the RC' analysis is an elemental technique in electrical engineering, it is not
one that has been applied to microbial fuel cells. However, this is surprising as it provides 2
fundamental parameters that could aid in the determination of the “state” (ie. biocatalyst
loading, bacteria’s level of adaptation, etc) of the system. First, the capacitance is bound to
have a relationship with biomass, and, secondly, resistance must be related to the electron
transfer paths (biofilm). As MFC output is highly dependent on these characteristics, such
a non-invasive technique would prove to be very useful diagnostic tool.

Extraction of RC characteristics

Figure 3.9 illustrates that upon a perturbation in the load, the system responds by
exponentially decaying a signal into a steady state response. Assuming an ideal voltage
source and resistor, the Ohm’s law can be extended to explain the relationship through the
following

I(t) = A};/epré (3.3)

As illustrated by Fig. 3.10, which displays the converted response of Fig. 3.9d into

current (100 k€2 response), the voltage potential disturbance across the electrodes causes the

electric double layer (capacitance) to restructure and provides a sharp but decaying current

peak. The data can subsequently be analyzed through a simple logarithmic manipulation

to extract R and RC| the intercept and the slope respectively, characteristic of the system
through the following equation.

AV t
Il =In=p — 5 (3.4)
Figure 3.11 summarizes the results of this analysis, and the average and standard devi-
ation of two systems’ RC' constants for 6 days. The abiotic system (control) resulted in an
RC = 100 ms that provides a 100x slower response than the analytical model estimate for
a millimeter-sized electrode shown in Fig. 2.9. This could be explained by the high internal
impedance of the electrode due to the elongated features or imprecise assumptions in the
model. However, once the microorganisms are added, the RC' response changes considerably.
The system’s RC reaches to 16.7 sec upon inoculation, 0.5 sec after 24 hours, 10.7 sec at 3
days, and 140.5 sec at 6 days. This effect is the manifestation of slow kinetics in the system,
which will be elaborated upon in the following section.
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Figure 3.10: Transient electrical current obtained from 100 k{2 resistor data in Fig. 3.9d
above. Behavior is analyzed to extract resistance and capacitance snapshots of the system
at the time of testing.
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estimated at 100 ms. However, addition of the cells increases the delay to steady state. The
RC estimate for G. sulfurreducens 6 days after inoculation is 140.5 sec.
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Resistance

Various research groups have proposed the idea of using impedance characterization to
estimate the mammalian cell count on an electrode [50, 51]. The notion is founded on
the impedance increase that occurs when cells lay on the electrode surface, as the cells
effectively decrease the area that is available for faradaic reactions (electrode-electrolyte
active exchanges). This behavior is also seen with cells of G. sulfurreducens but only briefly.
As Fig. 3.12 illustrates, as compared with the resistance values of the abiotic controls (R =
3.55 M /mm?, SD = 1.22), Geobacter increased the system’s resistance by a factor of 5.54x
(R = 19.70 MQ/mm?, SD = 5.11) upon inoculation. However, contrary to the response
using mammalian cells, the anode’s resistance in the microbial fuel cells decreased over time,
to 18% of the control after 6 days in our case, presumably because organisms attached and
enhanced the kinetic processes. Hence, the resistance of the inert anode in the system is
modified by the addition these bacteria. As is discussed next, however, the capacitance
demonstrated a more distinctive and pronounced electrical behavior.

Capacitance

The capacitance of an electrode is a reversible (non-faradaic) characteristic that arises
from the rearrangement of ions near its surface (less than 30 nm) due to a change in the
electric field. The energy released is high power, but limited, and evident as a short-lived
current peak that decays exponentially. Typically, the effect is highly dependent on true
surface area, and abiotic electrodes portray an average specific capacitance of 50 uF /cm?.
However, MFCs exhibit significantly different behavior from that of abiotic systems. Specif-
ically, the results indicate that the electrical signal is characterized by a strong damping-like
effect, which is an attribute of a highly capacitive system.

The results of the abiotic control of the electrode without cells, as was expected, produced
a low capacitance of 2.82 uF/cm?. However, the average capacitance of the system quickly
increased with addition of the cells by a factor of 30x upon inoculation over the control,
201x after 24 hours, and 12,823x after 6 days. Figure 3.13 depicts the 4-orders-of-magnitude
capacitance increase of over the 6 day period.

As illustrated by Fig. 3.14, this capacitance followed a quadratic increase (R* = 0.99)
over the 6 day period. Such a relationship correlates with the increase in biomass, as, during
this start-up period, microorganisms duplicate through cell division to colonize the electrode
surface. However, if the capacitance increase is due to biomass, it is not clear whether it
would stem from the increased quantity of proteins available for redox reactions, or from the
increased surface area produced by the biomass (serving as an extension of the electrode),
or both. Nevertheless, bacterial time in the system is greatly affecting the capacitance of
the system, and inferences can be formulated by making some assumptions.
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Figure 3.12: System resistance development over time. The microorganisms increase the
system’s resistance by 5x upon inoculation. However, the resistance decreases to 18% of the
control level after 6 days suggesting that the bacteria and biofilm can enhance the catalytic
process.
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tion of the microorganisms. After 1 day, the bacteria acclimate to the electron externalization
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which is the equivalent to 6 division cycles (26 = 64) and an average 20.0 hour doubling
time for that period.
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Figure 3.14: MFC capacitance is greatly affected by the addition and growth of cells on the
anode. The system’s average capacitance increased quadratically over 6 days and seems to
correlate with biocatalyst division on the electrode.

Specifically, assuming that biomass and capacitance are proportionally related, the capac-
itance growth can be analyzed to estimate biomass doubling time. Table 3.1 summarizes the
results. During the first interval, inoculation to Day 1, the capacitance showed 2.7 doubling
cycles, which corresponds to a doubling time of 8.7 hours. For the next period consisting
of the interval between Day 1 and 3, the capacitance completed 4.2 doubling cycles in 48
hours that correspond to a doubling time of 11.3 hours. Lastly, between Day 3 and 6, the
capacitance doubled 1.7x in 72 hours indicating a doubling time of 41.2 hours.

These doubling times cannot be validated through the literature as no publications that
discuss growth values on an electrode were found to compare. However, Esteve-Nunez and
Lovley published 7.8 and 17.5 hour doubling times for G. sulfurreducens during exponen-
tial growth using fumarate and ferric citrate [48], respectively, suggesting that the values
calculated from the capacitance could correlate with biomass increase. Provided that the
culture is not under nutrient limited conditions, microorganisms are in exponential growth
and adapting to the electrode during this period. Also, exponential growth, at least using
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Table 3.1: Development of the system’s capacitance over a 6 day period after adding G.
sulfurreducens. With respect to the control, the anode’s capacitance increased on average
30x after inoculation and 12,823x after 6 days. In addition, the capacitance is quadratic with
time suggesting a relationship with cell division. Assuming that capacitance is proportional
to cell count, the capacitance increase predicts an 8.7, 11.3, and 41.2 hour doubling time
between the Day 0 & 1, Day 1 & 3, and the Day 3 & 6 data, respectively.

Time Cavg SD Doubling Cycles | Doubling Time
(days) | (uF/mm?) | (uF/mm?) in Interval (hrs)
No cells 0.03 0.00
0 0.85 0.50
1 5.68 3.35 2.7 in 24 hrs 8.7
3 107.46 68.67 4.2 in 48 hrs 11.3
6 361.23 180.15 1.7 in 36 hrs 41.2

fumarate as a soluble electron acceptor with G. sulfurreducens, ceases after roughly 48 hours,
indicating that a doubling time decrease to 41 hours after 72 hours is plausible.

Within-System Capacitance Variability

The previous section suggested a relationship between the capacitance and the biomass
increase of the system over several days. The bacteria’s growth rate is showing proportion-
ality with capacitance obtained from current interrupt experiments, and the results seem to
agree with the suspended cells’ empirical growth rates. However, Fig. 3.14 also illustrated
that the MFCs’ capacitance exhibited a considerable standard deviation. This section ad-
dresses the within-system transient behavior variability. Specifically, the results suggest that,
over short time periods, the capacitance and resistance of the system are inversely related,
while the RC constant is maintained, indicating that electrical spectroscopy could be utilized
as a non-invasive probing technique.

To illustrate the within-system temporal RC' variability, Figure 3.15 depicts the electric
current from an MFC 6 days after inoculation. At this time, the anode is likely to be
colonized by a bacterial biofilm 5-10 pm in thickness. Prior to testing, this system was left
in open circuit conditions for 2 hours (140-142 hours), then “discharged” continuously for 2.5
hours, where the transient current characteristics were acquired at 142, 142.5, and 144 hours.
The continuous decrease of the current indicates that the bacteria can discharge for over two
hours before stabilizing the signal, and hence steady-state conditions are particularly difficult
to establish in MFCs, even with a micro-electrode. From these curves, the resistance and
capacitance were extracted as previously described.
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Figure 3.15: Electrical current of 10 minute intervals from a 2.5 hour period (6 days after
inoculation) of continuous discharge superimposed to demonstrate output decrease over time.
This behavior suggests that the system is discharging and steady state has not been reached.
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Figure 3.16 shows the resulting transient RC' characteristics. Within this period of con-
tinuous fuel cell operation, the resistance and capacitance of the system are inversely related.
The capacitance of the anode decreases, while the resistance increases, but the RC' constant
remains stable. Using a material science model, the phenomenon can be explained by as-
suming that (1) the biofilm consists of a network of capacitive cells connected by resistive
faradaic reactions (nanowires), and (2) the system is in a transient “discharging” state,
where the bulk of the current signal is stemming from previously reduced proteins and not
steady-state respiration. Specifically, the inversely related behavior between the capacitance
and resistance is caused by the discharging of a developed but resistive biofilm. In this
approach, during open circuit and prior to testing, the system is “charging” and increasing
its capacitance. Upon closing of the circuit, cells that are in close proximity to the electrode
provide the bulk of the current at a relatively low resistance. As time progresses and the
electrons from the cells near the electrode are depleted, bacteria further away begin to be
oxidized. The overall electron drainage from the biofilm decreases the system’s capacitance.
Meanwhile, the recruitment of cells further into the biofilm for electrons increases the per-
ceived resistance. The trend terminates when the resistance and capacitance asymptote into
a maximum and minimum value, respectively, reaching steady-state operation (not shown).
Hence, the variability in capacitance within a system can be explained by understanding the
“state” of the system at the time of testing, and the uncertainty mitigated by employing
either the history of the system into the analysis or other more consistent parameters such
as the RC' constant as well.

3.4 Conclusion

In this Chapter, a micro-electrode microbial fuel cell using Geobacter sulfurreducens was
demonstrated on a gold electrode. The system consisted of a thin array with a total surface
area of 1 mm? that used an aqueous solution of potassium ferricyanide as a catholyte. The
electrical output increased over time and provided a maximum of 1.4 pA/mm? and 120
nW/mm?. Live/dead staining of anodes over time demonstrated a growing biofilm and its
morphology. Although bacterial “clusters” preferentially grew on the electrode, a significant
population also developed on the insulating oxide. Similarly, SEM images showed cell division
on areas 10’s of microns away from the electrode suggesting that a healthy metabolism occurs
on non-conductive areas.

The microorganisms, undeniably, are excerpting a peculiar damping-like effect to pertur-
bations in the signal that are manifesting as a strong capacitance that could be intimately
related to biomass quantity on the electrode. However, it is unclear whether the capacitive
nature is due to faradaic reactions from the “pre-charging” of metabolic proteins or from non-
faradaic reactions caused by the biofilm is acting as an “extension” of the electrode. Although
the presented analysis is a first level investigation of the actual system, it is still one that
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Figure 3.16: Resistance, R, capacitance, C, and RC values obtained from continuously run-
ning an electrode after 2 hours of open circuit conditions. They demonstrate the variability
that stems from the “state” of the system at the time of testing and the inverse relationship
between R and C. The RC' constant maintains stable during discharge, however, suggesting
that it could provide a more stable marker for characterization of biomass on microbial fuel
cell anodes.
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begins to probe into the “state” of the bacteria and biofilm through non-invasive impedance
spectroscopy. This technique has been developed for mammalian cell studies to determine
their quantity and location on an electrode. The notion is that cells affect the impedance
characteristics of an electrode and by monitoring it, cell responses (through motility) and
membrane morphology can be studied. Arguably, comprehending such transient phenomena
could also illuminate important characteristics of microbial fuel cell systems that are yet to
be understood, aid the development of troubleshooting tools, and potentially decrease fuel
cell start-up time. Here, miniature electrodes aid the experimental time through low RC
constants. However, thorough characterization of the system’s capacitance with respect to
biomass is still needed to determine the exact relationship and the extents of its significance.
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Chapter 4

Microfluidic MFCs

4.1 Introduction

Intrinsic biocatalyst heterogeneity and architecture complexities make it difficult to op-
timize microbial fuel cells. Uncertainties in biocatalyst loading, their biocatalytic “state”,
as well as physiochemical gradients often result in complex electrical signals. This chapter
aims to provide a platform that would decouple some of these effects to focus solely on the
biological aspects of the biocatalysis. For this purpose, a microfluidic device with environ-
mental controllability as well as high-resolution characterization was developed to analyze
the important variables in the system and ultimately provide electrical predictability.

As was discussed in Chapter 2, a handful of small-scale microbial fuel cells have been
demonstrated [17, 21, 22, 23] but none of them have focused on demystifying the heterogene-
ity of biocatalysis. Miniaturization provides a number of capabilities that are not available
in macro-scale devices. Specifically, microfluidic systems offer real-time biocatalyst loading
recognition, high-throughput and parallel experimentation, and controlled nutrient delivery.
Hence, specific biocatalysis can be determined with statistical significance and at high tem-
poral resolution. With such ability, topics such as microorganisms’ kinetics (nutrient limited
and redox effects) and physiological adaptations caused by electron externalization stress
(gene expression) can be quantitatively determined. Understanding these characteristics
also allows objective species-to-species assessments and provides a baseline for comparison
for electrode surface modifications or architecture improvements.

In addition to benefiting fuel cell performance, micro-scale microbial fuel cells could also
contribute to fundamental understanding of the microorganisms. Microfluidic experiments
permit non-intrusive monitoring of the microorganisms’ spatial behavior and fluorescent
characteristics as well as the seamless inclusion of stimulating and /or sensing elements. Hence
behavior due to chemotaxis, electrotaxis, and mineral interactions (phase and size) can be
studied, even in tandem, to produce a synthetic micro-ecosystem on-a-chip. Similarly, the
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microbes and biofilm can be electrically characterized through electrostatic and electrokinetic
techniques [52]. The electrode microstructure can be micromolded to fit the microbe, or,
through physical confinement, the microorganisms’ and biofilms’ shape and conductivity can
be sculpted to fit a microreactor [53, 54]. In summary, the breath of questions and spectrum
of experimental designs to answer them is endless at this scale.

Miniaturization provides the advantage of matching the scale of the device to that of
the microorganisms. However, working at this scale also provides various challenges. Funda-
mentally, microorganism behavior may be cell density dependent and single-cell experiments,
that isolate microorganisms from the inoculum, may alter the outcome of the results. This
occurs because many species of bacteria use quorum sensing to coordinate their gene expres-
sion according to the local population density.

A more practical difficulty has been the bacteria placement within the microfluidic devices
- as fabricating micro-structures for cell trapping or positioning has developed into a research
topic in itself. Similarly, although research instrumentation has advanced tremendously,
there is always concern on whether the signal that is to be measured will be detected. More
specifically, the instrumentation used to acquire the signal must be sufficiently sensitive, and
the phenomena studied must also provide a strong signal-to-noise ratio (SNR).

With single-cell amperiometric bioelectrochemical characterization coupled with microscopy
as the capstone experiment in mind, this chapter discusses the miniaturization of a microbial
fuel cell as a microfluidic platform. The system requirements are discussed first, followed
by two of the several design iterations. The design, fabrication, characterization, and the
results for each device are discussed.

4.2 General System Requirements

As microorganisms’ physiology changes under environmental stresses, such as respiring
onto an electrode, the first step in realizing the miniaturization experiments is to develop
a platform that would promote the microorganisms to externalize electrons. Figure 4.1
illustrates schematic diagram for the system. In essence, the system consists of an anode,
cathode, supporting electrolytes, and a junction that prevented these from mixing. However,
microstructure effects or small population kinetics were of interest such that a micro- or ultra-
micro-electrode had to be integrated. Lastly, the system also desired a reference electrode
or redox probe that could poise the electrode at designated voltage potentials.

In addition to fuel cell components, the system had to support cell culturing requirements,
where these were specific to the species. The microorganism that was utilized for these
experiments was G. sulfurreducens, an anaerobe that has demonstrated growth in aerobic
conditions for 24 hours [37]. However, Geobacter does not thrive in such an environment
but rather prefers anaerobic settings. It thrives in conditions where acetate (vinegar) is the
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Figure 4.1: Schematic of the micro- microbial fuel cell required components. The system is
based on reconfiguring a research MFC onto a microscopy compatible platform. In addition,
ultra-micro-electrodes for microstructure (single-cell) metabolic studies and a redox probe
have been included as key design features.

carbon and electron source and fumarate is the electron acceptor. Geobacter also grows in
ethanol, hydrogen gas, and various other nutrients.

In addition to the microorganism preferring anaerobic environments, oxygen had to be
eliminated from the system because dioxygen is also an electron acceptor that shorts the
current away from the electrode. The dissolved oxygen content in fresh water under standard
conditions is 9.1 mg/L or 55 puC/uL. Tt’s particularly taxing in micro-scale systems as their
surface to volume ratio (and gas diffusion) increases with decreasing size, producing great
uncertainty in very low current experiments. Hence, the platform required a strategy to
minimize oxygen content and diffusion into the anodic chamber.

As understanding the biocatalyst loading on the electrode required real-time visualiza-
tion, the platform was designed to be microscopy compatible, including fluorescent capabili-
ties. Hence, the system required high transmissivity in UV through the visible spectrum and
the exclusion of auto-fluorescent materials. Furthermore, as high magnification was desired
for single-cell visualization, the device had to conform to the working distance limitations
set by the physics of the microscope’s objectives. In addition to microscopy compatibility,
the system also had to utilize materials that would not be toxic to the cells. The microfluidic
and micro-total-analysis-systems (uTAS) fields have established a handful of widely avail-
able materials; however, these have yet to be confirmed as biocompatible with our model
organism. Lastly, the system also had to provide a flow-through set-up for nutrient delivery
and washing.

As was mentioned in the introduction, the fundamental sensing element in electrochem-
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istry is the reference electrode. The ideal reference electrode has a stable, well-defined
electrochemical potential that serves as the reference when applying a voltage to the work-
ing electrode. SCE, Ag/AgCl, Cu/CuSO, are common reference electrode chemistries for
this application that are commercially available. However, the reference electrode must also
provide a low impedance (less than 20k(2) to prevent the potentiostat from becoming un-
stable. Because the level of sensing current would be low, as with single-cell studies, a
high impedance reference electrode will cause phase shifts and excessive noise in the signal
outputs. This is not an issue for macro-scale MFCs, but it becomes problematic in microflu-
idic cells. Specifically, the issue is that miniature systems provide minute aqueous electrical
conduction paths (cross-sectional areas in ym?), and basal media is rather resistive (o =
5 mS/cm). Hence, the reference electrode must be within pm of the working electrode to
maintain a low-impedance and the potentiostat’s stability.

Many design iterations were attempted to fulfill these requirements. In this Chapter,
two of the systems are presented to illustrate the challenges and contradictions, and the
strategies applied to solve them. This first section presents System A: ultra-micro-electrode
MFC where hundreds of cell’s signal was simultaneously acquired. The later section provides
System B: “single-cell” design.

4.3 System-A: Ultra-micro-electrode MFC

In a nutshell, the objective was to develop a microfluidic culturing chamber that forced
the bacteria to utilize the electrode for respiration. The system was to provide controllability
of the aqueous and redox environment while concurrently permitting microscopy techniques.
Hence, a microbial fuel cell had to be redesigned to fit within a glass microscope configuration.

Most MFC systems consist of two electrodes suspended or embedded within two chambers
that are separated by a Nafion PEM. Some designs have eliminated the polymer electrolyte
junction by placing the electrodes centimeters apart [55]. Alternatively, others envisioned a
laminar MFC that takes advantage of the diffusion barrier between two parallel flows as the
junction (Buie, unpublished). However, none of these architectures satisfied our requirements
as these would obstruct the pathway for optical microscopy, generate large ohmic resistances
within the device, or require constant flow to prevent redox mixing. Consequently, the
microfluidic MFC was redesigned in this chapter.

4.3.1 Device Design and Fabrication

Given that microscopy compatibility was a primary objective, the notion was to develop
a system that would resemble the apparatus that were already designed for microscopes.
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Figure 4.2: Side view schematic of the microfluidic microbial fuel cell. The system consisted
of a planar configuration MFC where a single wafer was processed to define the electrodes. A
subsequent SiO, deposition served as a passivation layer that limited the bacteria/electrode
contact to small “active areas”. The electrolyte junction consisted of a casted Nafion dis-
persion between the microchannels and electrode plane. Through a soft lithography process,
PDMS was molded to form the microchannels. To mitigate oxygen diffusion, the device was
capped with a glass cover.

However, to achieve micrometer scale features, these would have to be coupled with micro-
fabrication. As microfabrication is a processing technique that operates through the addition
and subtraction of thin films, these requirements lead the design towards a planar MFC con-
figuration approach. Fig. 4.2 depicts a side-view schematic of the resulting device, and Fig.
4.3 illustrates the fabrication sequence. Taking insight from microfluidic literature, the sys-
tem consisted of electrodes that were deposited onto a quartz substrate and buried within
a dielectric environment, and a PDMS cover structure that provided the 3D features of the
system.

The anode and cathode were made of parallel thin film electrodes that were deposited
on a quartz wafer and subsequently patterned. The electrodes were indium-tin-oxide (ITO),
a n-type semiconductor (band gap = 3.5 to 4.1 eV) that provides a compromise between
its electronic conductivity and optical transmissivity. Generally, a 100 nm layer of ITO can
provided both 100 §2/square and 90% transmissivity (in the visible spectrum) from sputtered
and annealed films. Next, to mitigate reactions on the bulk of the electrodes, a layer of silicon
dioxide was deposited. The passivation layer was subsequently patterned to activate small
windows for the bacteria to connect through. These active window areas could be of arbitrary
size between 1 ym to 1 mm scale. In this case, windows of 10 to 100 ym were designed to
have a broad range of cell densities for the prototype studied.
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Figure 4.3: Fabrication process for the dual channeled microbial fuel cell. The sequence
consisted of a) deposit and pattern ITO, b) deposit and pattern SiO,, ¢) cast Nafion ionomer
to create the ionic junction, d) irreversibly bond the previously defined PDMS structure with

channels, e) irreversibly bond glass cover to mitigate glass diffusion, and f) connect tubing
and electrical components.
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Once the electrodes were fabricated, a Nafion membrane was casted from ionomer solution
on the plane between the electrodes to serve as the junction [56]. To prevent redox mixing, the
electrodes were separated by microchannels made of PDMS that were previously delineated
through a soft lithography process. The channels were irreversibly bonded to the quartz
wafer using an oxygen plasma. As PDMS is conformal, this layer “sealed” and immobilized
the casted PEM in place on the processed quartz. To minimize oxygen diffusion to the
channels, a second glass slide was covalently bonded to the outer surface of the PDMS to
seal the device. Lastly, Upchurch Nanoports were bonded to the top glass slide and electrical
connections were attached to the ITO. Appendix A provides the details of the recipes used
for microfabrication and assembly.

Figure 4.4 shows an image of the assembled device. The microfluidic chip had an overall
dimension of 2 cm wide by 5 cm in length. The large scale was due to the Nanoports that
roughly require a centimeter footprint each. The microchannels were 1 mm wide, 200 ym in
height, 30 mm long, and 2 mm apart. The PEM spanned along 8 mm between the channels,
and was 2 mm wide and 200 nm in height. The catholyte consisted of 50 mM potassium
ferricyanide in a 20 mM solution of PIPES buffer with the pH value at 7. The system did not
contain a reference electrode. However, it was approximated by the catholyte’s redox that
was constantly measured and replenished. The impedance of the system with the casted
Nafion membrane was measured at 300 k(2. The resistance of each of the ITO electrodes
was measured at 165 €2 using the 4-point probe method.

4.3.2 Results and Discussion: Electrical

To demonstrate the microfluidic microbial fuel cell, we utilized Geobacter sulfurreducens
that was cultured in anaerobic media with fumarate as a final electron acceptor. The bacteria
were injected into the MFC and allowed to settle for 5 hours. Then, the anodic channel was
rinsed with 1 mM acetate and allowed to rest for 1 hour. All the measurements were acquired
using a Gamry Reference 600 Potentiostat/Galvanostat/ZRA.

The open circuit voltage (Vo) was measured upon inoculation and the initial transient
signal is shown in Fig. 4.5. A Vpe = 630 mV, that is comparable to previous results
[57], was maintained for 2 hours. The response portrays capacitor-like behavior with a
characteristic RC' constant of 18 sec. As compared with the micro-electrode discussed in
the previous Chapter, this system is expected to demonstrate high resistance but lower
capacitance (reduced area electrodes).

Figure 4.6 illustrates the current density achieved under ZRA mode six hours after the
inoculation of the fuel cell. The catholyte was freshly prepared and provided a redox of +550
mV (vs. SHE) in this case. The total current output of 40 pA was obtained over the total
electrode area available for direct bacterial contact.
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Figure 4.4: Photograph of microfluidic microbial fuel cell (first prototype). The channel
geometry was defined by a PDMS structure, and the electrodes were I'TO. The anode’s
electrically active area was defined by patterning windows through a silicon dioxide that
served as a passivation layer.

Experimentally, this represents a current density of 4 nA/mm? or an order of magnitude
lower than what was obtained upon inoculation of the gold micro-electrode. The lower
current is likely to stem from the removal of the planktonic biomass during the rinsing step
prior to current collection.

Normalizing to Bacterial Loading

The current density can be further normalized by the bacterial count. Fig. 4.7 depicts
the anode area available and bacterial loading at the time that the current density in Fig. 4.6
was acquired. With 179 cells counted, only 1.8% of the electrode area had been populated
by bacteria after 6 hours assuming a bacterium size of 2 ym x 500 nm. The low population
is expected since the organism is unable to complete a cell division cycle during this time
[48]. Calculation of the average metabolic rate on an electrode yields 223 fA /bacterium. This
calculation, however, does not take into account the contribution to the electrical signal from
bacteria on the adjacent oxide, planktonic biomass that is out of the focal plane, or other
parameters that could affect the reading. Further characterization and statistical analysis is
required to verify this value. However, this preliminary result demonstrates the potential of
our microfluidic microbial fuel cell architecture to obtain quantitative metabolic information
on a per bacterium basis.
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Figure 4.5: Open circuit potential obtained for the microfluidic microbial fuel cell upon
inoculation of G. sulfurreducens. Catholyte consisted of 50 mM potassium ferricyanide in
20 mM PIPES buffer at pH 7 that provided a redox of roughly +500 mV (vs. SHE). A
maximum of 600 mV was reached within 15 minutes after inoculation.
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Figure 4.6: From a 100 x 100 pum electrode, a current of 40 pA (4 nA/mm?) is obtained.
This current density is 10x lower than that obtained with the gold micro-electrode upon
inoculation. It is hypothesized that the rinsing step prior to current collection washed
planktonic biomass which resulted in a lower current generation. Using transmitted light
microscopy, 179 cells were counted resulting in 223 fA/cell upon inoculation (6 hours of
settling). The signal stabilizes within 20 seconds because of the lower capacitance that
stems from the reduced electrode area.
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Figure 4.7: Electrode consisted of openings of 4 - 50 ym x 50 pum in area as depicted here
at the time that the electrical readings were acquired. Images are phase contrast (at 30X)
six hours after inoculation where only 1.8% of the area is populated with 179 cells counted.
Bacteria are shown in red.
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4.3.3 Results and Discussion: Intrinsic fluorescence

As was previously mentioned, normalizing the current output to a bacterial count ob-
tained through transmitted light microscopy is likely to provide many errors. Viability of
the bacteria on the active area is in question, planktonic biomass may be discharging, and
bacteria off-electrode may be connected and contributing to the signal. To gain further
insight on these issues, this work also involved studying the intrinsic fluorescent properties
of G. sulfurreducens. As illustrated by Fig. 4.8, it has been demonstrated that membrane
cytochromes believed to participate in the transport of electrons to the extracellular envi-
ronment are fluorescent under UV excitation while in the reduced state [7]. Cytochromes
are proteins with multiple metal (iron) centers that provide complex redox properties. As
these proteins “shuffle” the electrons from the cytoplasm to the extracellular environment,
pinpointing their redox state (ie. through fluorescence) can provide insight on aspects such
as redox active areas on the membrane (polarizations), protein density, metabolic rates, and
perhaps cell-to-cell electron transfer. However, there are a number of challenges. (1) The
specific source of the fluorescence is unknown. It is unclear which protein(s) and where
within them the effect stems from. (2) The specific involvement of the fluorescence and
quenching behavior with respect to the electron externalization must be determined. Lastly,
(3) the intrinsic fluorescence of a single protein is difficult to detect. In order to further
develop this work, the development of the microfluidic chip also considered the ability to
detect and maximize the intrinsic fluorescence signal from Geobacter sulfurreducens on an
electrode.

The intrinsic fluorescence that had been previously observed for Geobacter sulfurreducens
produced a bimodal distribution emission at 402 and 437 nm when excited at 350 nm [7].
Using a mercury lamp that produced a peak at 365 nm and under DAPI filtration, the
images on Fig. 4.9 were obtained from bacteria that had been in the microfluidic MFC for
7 days. Although the optics were not optimized, the bacteria provided a strong intrinsic
signal as the fluorescence only required 200 ms integration with minimal gain at the lowest
setting from the 100 W lamp. However, the robust signal was only observed on quartz areas
without the ITO or oxide thin films and after a week of incubating in the system.

A strong fluorescence signal was acquired from bacteria on unprocessed quartz. However,
the fluorescence intensity around the ITO electrode was significantly weaker. Figure 4.9
illustrates the fingerprint of the bacteria near an active window area as imaged through
ITO and SiO,. To detect the fluorescence signal, the camera’s single photon mode had
to be used. Even at the highest lamp setting and 1 second integration, single cells were
indistinguishable. The drastic change occurred because of the ITO’s optical properties, as
the semiconductor has high transmissivity in the visible spectrum but poorer properties in
the UV. As the configuration of the microfluidic microbial fuel cell placed the thin film in
line between the excitation source and the bacteria, the ITO reflected between 40-60% of
the UV. Similarly, 10-20% of the emitted photons from the microorganisms (near-UV) may
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Figure 4.8: Cartoon of G. sulfurreducens membrane-bound cytochromes involved in electron
shuffling to the extracellular environment. Cytochromes are proteins with 3-10 heme centers
that provide complex redox properties. When reduced, these cytochromes have demonstrated
fluorescence under UV excitation [7].
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Figure 4.9: Phase contrast image of bacterial growth within a microfluidic microbial fuel cell
in an area 4 mm away from the anode on quartz (left). Fluorescent fingerprint of unstained
wild-type G. sulfurreducens under 365 nm excitation and DAPI collection (right). Images
were taken 7 days after inoculation. Fluorescence suggests that bacteria are metabolizing
but their contribution to the electrical signal is uncertain as they were millimeters away from
the electrode. Single cells are distinguishable within the aqueous (basal media) suspension.

10x10pm point electrods Single cells undistinguishable (unfiltered here), weak fluorescence

P ...

T=0s T=0s T=5min T=10min T=15min

Fhase contrast Fluorescence—=

Figure 4.10: Intrinsic fluorescence results of experiment where electrons could have been
quenched through electrode. The phase contrast image illustrates the r = 10 yum active
area and bacterial distribution in open circuit conditions. The time sequence shows the
fluorescence loss over a 15 min period. However, the even fluorescence loss suggests that
photobleaching dominated over electrochemical effects.
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also have been reflected on the device side away from the collector.

Nevertheless, quenching of the fluorescence through the electrode was attempted, as
shown in Figure 4.10. The experiment consisted of poising the electrode to roughly +400
mV (vs. SHE) and capturing the intrinsic fluorescence quenching pattern through a r = 10
pm electrode. The phase contrast image shows the system at open circuit, and subsequent
images illustrate the fluorescence dissolution over a 15 minute period of a poised potential.
The system was excited at 365 nm by a 100 W mercury lamp at the highest setting and
DAPI filters used for collection. However, it is very likely that the fluorescence loss observed
was largely due to photobleaching, and not electron quenching through the electrode as was
desired, as the signal deteriorated evenly at all radii from the electrode.

Although more experimentation is required to determine the capabilities of intrinsic flu-
orescence electrochemical quenching as a tool for investigating electron transport in G. sul-
furreducens, this first device has demonstrated that a strong signal can be attained within
a microfluidic device in basal media. However, the system as designed in this iteration was
not going to provide the desired results as the fluorescence excitation was detrimentally fil-
tered by the ITO thin film. In addition, the fluorescence signal was not observed for days
after inoculation suggesting that oxygen stored within the PDMS matrix may be intervening
with the fluorescence and hence the electrical signal. Consequently, the architecture of the
microfluidic microbial fuel cell had to be modified to account for these deficiencies.

4.4 System-B: Single-cell ultra-micro-electrode MFC

This section presents the second generation microfluidic MFC. As was just mentioned, this
version addressed several of the previous design’s shortcomings. Specifically, the system’s
configuration was modified to overcome the ITO’s poor transmissivity in the ultra-violet
regime and enhance the microorganisms’ intrinsic fluorescence signal. Secondly, as PDMS
is highly permeable to gasses, it was eliminated to mitigate losses incurred by gas (oxygen)
diffusion that were affecting the fluorescence and current readings. Next, a “low impedance”
reference electrode was embedded to probe the redox. And lastly, the anodes were arrayed
within the microfluidic device to (1) provide higher throughput, (2) improve the probability
of capturing a single cell’s on the 7 pm diameter active windows, and (3) further lower the
capacitance of the electrodes to provide faster reaction characteristic times.

The electron transfer from G. sulfurreducens was measured on the transparent ultra-
micro-electrodes in the microfluidic microbial fuel cell. By characterizing the electron transfer
at high resolution, the aim is to generate a methodology for species-to-species comparison and
formulate a baseline for electrode optimizations. The notion is to mitigate the system effects
to the extreme and isolate the biological contribution in this bioelectrochemical process to
optimize it. This is critical and fundamental knowledge to be explored within the scope
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of MFCs as a power generation device with direct implications to molecular cell biology.
Results show that upon inoculation, using Geobacter sulfurreducens, the signal to noise ratio
(SNR) is dependent on cell seeding density but can reach 4.9 without concentrating the
cells. However, sub-unity SNR is obtained for diluted samples suggesting that single cell
characterization may prove difficult under standard conditions. Nevertheless, 195 pA are
obtained at +200 mV (vs. SHE) using the 50 ym? anode from the mature inoculum, which
is the equivalent of 3.9 pA/um? (3.9 A/m?). In addition, integrated Ag/AgCl and Agy,O
reference electrodes demonstrate stability for over 12 hours of operation.

4.4.1 Device Design and Fabrication

In this second iteration, microfluidic MFC was significantly modified. As illustrated by
Fig. 4.11, rather than using an aqueous catholyte, the final electron acceptor was changed
to a solid-state chemistry. This allowed the two-channel system to simplify into a single one,
eliminated the need for PDMS to define the microchannels, and halved the required ports.
This was accomplished by an Ag,O electron sink directly deposited on the cathode, which
was buried beneath a casted PEM junction to minimize dissolution of the electron acceptor.
Lastly, the planar-electrode single-channel geometry allowed for a low-loss glass cover slip to
serve as the “cap” of the device. The device’s spacer of arbitrary thickness would provide
channel height flexibility to support different types of experiments. Narrow channel heights
(less than 10 pm) would provide low Raman scattering for intrinsic fluorescence experiments,
and high channels (more than 100 gm) would provide the hemispherical profiles for diffusion
studies.

Figure 4.12 is a top-view image that depicts the architecture of the chip. As with the
previous prototype, ITO was used as the electrode material and SiOs served as the passivation
layer. The anodes, shown here as parallel fingers, were arrayed to increase throughput
(multiple concurrent characterizations per device) and maximize the probability of capturing
a single cell within the active areas. The anodes were 100 pym in width at the tip and widened
towards the edge of the chip. As ITO is a semiconductor that results in high resistance
through elongated geometries, an additional gold thin film was deposited on non-optical
areas to increase the anodes’ conductivity.

The reference electrode and cathode were oversized in comparison to the anode electrodes
as shown. Structurally, they consisted of a silver thin film that had been processed into either
Ago0 or AgCl chemistries. The reference electrode was 400 x 800 pm, and the cathode was
400 pm x 1.5 mm. Through a stenciling process, a Nafion dispersion was spun on and casted
to reach 200 nm dry thickness on both electrodes to mitigate dissolution of the oxides in the
aqueous solution.

Each anode “finger” was 100 pm wide, but the active window areas through the oxide
layer were limited to either 10 or 20 pm radii, as shown in Figure 4.13. The anodes were
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Figure 4.11: Side-view schematic of the second generation single-channel ultra-micro-
electrode microfluidic microbial fuel cell. The image illustrates that electrodes lay within the
same plane. The cathode and reference electrodes are solid state and buried beneath a casted
Nafion membrane. And a low-loss cover slip “caps” the device to be used for microscopy.

spaced at 150, 200, 250, and 300 um to allow conductance experiments. The reference
electrode and cathode consisted of a thin film metal stack. The ITO, in addition to serving
as optically transparent anode, it was also utilized as the adhesion layer between Au and the
quartz wafer. The gold thin film served to lower the resistance of the semiconductor anodes
and provide ohmic contacts to the instrumentation. Next, a silver thin film was evaporated
on the gold active area next to the anodes and converted into AgoO or AgCl.

Fig. 4.14 shows the assembled device. The overall chip dimensions were 20 x 23 x 1.5
mm. The single channel consisted of a 6 mm long x 4 mm wide, and in the case where the
25 pum spacer was used, a volume of 0.5 uL.. The system’s ohmic resistance was characterized
via the potentiostat and resulted in an impedance of 100 k2, which was comparable to the
analytical estimation using 5 mS/cm as the electrolyte’s conductivity. The capacitance for
each of the r = 10 um electrodes was estimated at 25 pF for the ITO/electrolyte junctions
and 3 pF for the SiO, /electrolyte interface assuming k = 4.2 and as the dielectric constant for
PECVD oxide and 0.5 um passivation layer thickness. Consequently, a 2.8 us was estimated
as the RC' constant.

Figure 4.15 shows the fabrication sequence of the device. The process consisted of 5
lithography /film deposition steps, and countless intermediate processing requirements. The
major steps of the sequence are summarized here, but the specific recipe can be found in
Appendix B.

1. Lithography / sputter ITO (100 nm)
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Figure 4.12: Image of ultra-micro-electrodes and embedded reference redox probe and cath-
ode. These were placed in close proximity to mitigate ohmic loss and maximize the poten-
tiostat’s stability. The ITO electrodes were arrayed and are shown as the “fingers” in this
image. The reference electrode and electron acceptor on the cathode consisted of solid-state
silver chemistries. Image actually shows half of the chip as an identical configuration existed
across the axis of symmetry shown. Each chip consisted of 16 anodes, 2 reference electrodes,
and 2 cathodes.
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Figure 4.13: Image of ultra-micro-electrodes and embedded reference redox probe and cath-
ode. These were placed in close proximity to mitigate ohmic loss and maximize the poten-
tiostat’s stability. The ITO electrodes were arrayed and are shown as the “fingers” in this
image. The reference electrode and electron acceptor on the cathode consisted of solid-state
silver chemistries. Image actually shows half of the chip as an identical configuration existed
across the axis of symmetry shown. Each chip consisted of 16 anodes, 2 reference electrodes,
and 2 cathodes.

Lithography / evaporate Au (100 nm) / liftoff

Anneal metals (350 °C for 1 hour)

Deposit PECVD SiOs (500 nm at 350 °C)

Lithography / DRIE through oxide with SFg

Lithography / evaporate Ag (1 pm) / liftoff

Use oxygen plasma to generate Ag;O or FeCls solution for AgCl
Lithography / cast PEM

Dice / drill through glass for ports

S B T i

10. Oxygen plasma clean
11. Encapsulate with glass cover slip

12. Make electrical connections

4.4.2 Experimental Set Up

Ultra-low currents were expected of the single cell ultra-micro-electrode MFC such that it
is important to pay special attention to the experimental set up. Specifically, instrumentation
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Figure 4.14: Image of assembled single-cell ultra-micro-electrode MFC. The system consisted
of 16 anodes, 2 reference electrodes, and 2 cathodes embedded within a single aqueous
channel. Each anode contained a single r = 10 or 20 um active window for bacteria/electrode
interactions.
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Figure 4.15: Fabrication process for single-cell ultra-micro-electrode MFC. As compared to
the simple 2 mask process for the previous prototype, this iteration required 5 masks and
countless additional steps. The lithography steps included the definition of the (1) ITO, (2)
gold, (3) oxide, (4) silver, (5) PEM layers.
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Figure 4.16: Image of experimental set up. Microfluidic 0.5 pli volume system with 16
arrayed anodes required engineering of the electrical connections to world. The chip sat
under the microscope a syringe pump was used to pump the solution.

capable of fA electrochemical readings was used in a set up that minimized electromagnetic
and other ambient noise as shown in Figure 4.16. Images were acquired using a Zeiss inverted
fluorescence microscope equipped with a mercury lamp and a Hamamatsu 9100-13 EMCCD
camera. All the measurements were acquired using an unmodified Gamry Reference 600
Potentiostat/Galvanostat /ZRA at the lowest current range setting that was calibrated prior
to testing. To mitigate electromagnetic noise, a faradaic cage was incorporated within the
microscope tray as shown in Fig. 4.17.

4.4.3 Reference Electrodes and Stability

As the single-cell ultra-micro-electrode MFC was intended to study the bacteria’s metabolic
kinetics, a reference electrode (RE) was embedded within the system. The RE was micro-
fabricated along with and in close proximity of the ultra-micro-electrodes to minimize iR
(ohmic) drops to assist the potentiostatic stability. However, micro-reference electrodes re-
quire that chemical stability be maintained with small masses in the range of ug. Hence,
the stability’s longevity was a concern. In this section, two solid-state electrode chemistries,
Ag/AgCl and Agy0, are discussed. Specifically, their redox potential and stability as mi-
crofabricated sensors with minimal mass was investigated for their potential as reference
electrodes and final electron sinks in microfluidic microbial fuel cells.
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Figure 4.17: Microfluidic chip shown embedded within the faraday cage. Optical window
was included to allow microscopy.

Silver Chloride Reference Electrode

Silver chloride (Ag/AgCl) is the most widely used electrode in bioelectrochemistry. It
consists of a silver wire where its surface has been oxidized into silver chloride chemically
or electrochemically in a salt bath. This RE’s potential is dependent on the concentration
of chloride ions in the solution adjacent to its surface. Under saturated KCI and standard
conditions, its redox potential is +199 mV (vs. SHE). However, dropping the KCIl concen-
tration to 0.1M increases the redox to +288.1 mV (vs. SHE). The equilibrium relationship
follows

Ag, (s) +Cl” « AgCl(s) + e~ (4.1)

and E° = +199 mV in sat. KCI (vs. SHE). However, the AgCl layer for the purpose
of potential stability, is soluble to in aqueous solution to 2 ng/ul. Hence, dissolution of
a miniature quasi-electrode’s oxide was a concern. Figure 4.18 shows the characterized
stability of the microfabricated reference Ag/AgCl electrode. The quasi-RE consisted of a 1
pm thick layer of silver, which was oxidized in a 50 mM solution of FeCls for 10 seconds, and
passivated with a Nafion membrane that was casted from a 5% ionomer solution. The figure
illustrates that the micro-quasi-RE redox drifted from +75 to +0 mV (vs. sat Ag/AgCl)
continuously for 10 hours until it catastrophically failed. This behavior can be explained
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Figure 4.18: Stability characterization of Ag/AgCl microfabricated quasi-reference electrode
passivated with a casted Nafion membrane. Potential drift from +75 to + 0 mV (vs.
Ag/AgCl) shows the penetration of water molecules through the PEM and slight dissolution
of AgCl oxide layer at the membrane/RE interface. With time, the and Cl~ concentration
increases and lowers the redox closer to that of the saturated Ag/AgCl.

by the dissolution of AgCl into ions as the PEM hydrated, solvated the reference electrode,
and increased the osmotic pressure beneath the Nafion junction. The initial potential was
characteristic of a 200 mM KCI solution and reached saturation redox conditions (about
4 M) near 10 hours. At this time, however, the PEM detached and the oxide completely
dissolved and unstabilized the potential. These results suggest that the micro-quasi-RE was
serving as a redox probe. However, a well attached low-leak junction must be included to
maintain stability. Using a casted Nafion membrane that is immobilized purely by van der
Waals interactions is insufficient for long term studies. Perhaps utilizing a junction fabricated
through sol-gel techniques or mechanically pinning down the membrane would enhance the
stability time.

Silver Oxide Reference Electrode

A less common reference electrode consists of the silver oxide chemistry. The Ag/Ag,O
junction provides extremely fast kinetics and is typically found in button “watch” batteries.
It provides the advantage that its redox potential does not depend on an ionic concentration
of the aqueous solution. However, the oxide phase must be present to maintain stability is,
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as the AgCl, oxide, soluble and hence maintaining a layer that is initially in the ug’s is a
concern in a flow through microfluidic system.

The silver oxide chemistry comes in at least two phases. The more energetic but less
stable phase consists of the AgO as follows:

2Ag0 (s) + H,O(1) 4+ 2e™ < Ag,O(s) + 20H™ (4.2)

so that E° = +0.57 V (vs. SHE). However, the phase typically found due to its increased
stability is:

Ag,O (s) + H,O (1) +2¢~ < 2Ag(s) + 20H" (4.3)

and E° = 40.35 V (vs. SHE). The latter was fabricated into a micro-RE and characterized.
Figure 4.19 depicts the stability results. This micro-RE initially consisted of a 1 ym Ag
evaporated thin film that was oxidized under oxygen in a barrel plasma for 20 minutes to
produce the layer shown in Figure 4.13. As Ag,O is soluble to 25 ng/uL in aqueous solutions,
a casted Nafion membrane was also used as a passivation layer to prevent the oxide from
dissolving away.

Figure 4.19 shows that Ag,O provided a redox of +0.15 V (vs. Ag/AgCl) within the
first hour of Nafion hydration, as was expected. In contrast to the Ag/AgCl microfabricated
electrode, however, the potential demonstrated less of a drift. The redox was stable for
12 hours when it suffered from a 20 mV drop. The exact cause is unknown. However, it
could have occurred from a mixed potential with the basal media as the Nafion membrane
is expected to have started detaching at this time. The results suggest that the reference
electrode catastrophically failed after 17 hours when the PEM detached.

Although more experimentation is needed to deem an electrode chemistry superior, these
results suggest that the silver oxide may be simpler to integrate with microfabrication. It
does not require an aqueous solution to maintain it and is generally more stable. The casted
Nafion membrane also appeared to adhere to the oxide with greater force, perhaps due to
the increased surface area generated by the oxidation of the silver in the oxygen plasma or
because the silver oxide generated a lower osmotic pressure than the Cl~ when hydrated.
However, more studies are still necessary. At 17 hours, the longevity of the microfabricated
reference electrode is still insufficient for long term studies. During this period bacteria may
barely undergo a division cycle and few physiological changes. Hence, the junction material
should be reconsidered. In addition, AgoO solubility increases in acidic conditions, which
make processing with Nafion ionomer solutions challenging. Lastly, it is unclear whether
silver oxides are biocompatible as some literature described that bacterial viability is affected
by these compounds [58].
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Figure 4.19: Stability characterization of Ago,O microfabricated reference electrode with a
casted Nafion membrane. Potential was stable for 12 hours and drifted slightly between
12-17 hours. This chemistry does not require ionic interactions to remain stable, but the
oxide layer is soluble in aqueous solutions.
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4.4.4 Results and Discussion: Electron Transfer

Our previous studies have shown that 1.4 pA/mm? can be achieved from mature G.

sulfurreducens biofilms on microfabricated gold electrodes [25, 57] . However, the single-cell
ultra-micro-electrode MFC miniaturized the anodes further to study microstructure effects
of the biocatalysis with the ultimate objective being to capture a single cell’s current output.
For this purpose, active areas were patterned on microfabricated electrodes. A sample of
the anodes utilized for characterization is depicted in Figure 4.20. The optical image shows
the ITO electrode buried underneath a SiO, passivation layer with a round “pattern” that
served as the window to the ITO. The electrode active areas were drawn as either 10 x 10 pum
or 20 x 20 um squares. However, the smaller active area transferred as a 7 ym round opening
with 50 pm? surface area. Complete etching through the oxide was secured by doubling the
necessary DRIE energy (time) and verifying through impedance testing.

To characterize biocatalysis microstructure effects and determine the signal on a per cell
basis, currents in the sub-pA per um? were projected. Hence, background signals from elec-
tromagnetic ambient noise and photoinduced currents had to be quantified and minimized.
Discerning the biological contribution, or providing a significant signal-to-noise ratio (SNR),
was fundamental in understanding the electrodes’ sensitivity to biological currents.

The prototype was demonstrated using wild type Geobacter sulfurreducens cultured in
anaerobic media. The cells were grown with acetate and fumarate as a final electron acceptor
and incubated at 30 °C. Samples were harvested from anaerobic tubes at two different growth
conditions. Specifically, one sample was obtained during exponential growth (OD = 0.1 at
24 hours) and the second during stationary phase (OD = 0.6 at 72 hours). The bacteria
were filtered prior to being injected into the microfluidic cell and then allowed to rest in the
system for 1 hour so that approximately 10*-10° cells were inoculated into the 0.5 uL device.

The metabolic currents were quantified within 2-6 hours after inoculation into the mi-
crofluidic device, without rinsing the channel of the soluble electron acceptor, and prior to
adaptation to the anode, when the current signal is expected to be at its minimum. As no
bacteria were captured in focus, it is believed that these had yet to attach to the electrode,
the electrical signal is likely to stem from planktonic biomass intermittently discharging on
the electrode.

Abiotic Chronoamperiometric Controls

The ultra-micro-electrode was designed to characterize the metabolic output of microor-
ganisms within their native media, which contains redox active species. Hence, to isolate the
bacterial contribution to the current, the background signals had to be characterized. Specif-
ically, the controls consisted of anaerobic basal media without acetate, basal media with 0.2
mM and 10 mM acetate, and the inoculum solution after cell incubation and growth but
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Figure 4.20: Close ups of ultra-micro-electrodes. The 100 um silhouette depicts the 100 nm
ITO layer buried under 1 gym SiOy. The 7 pm round (a) and 20 x 20 pum square (b) structures
are the openings through the oxide layer to the electrode. Due to the limited experimental
time scale caused by the unstable reference electrodes, a single cell’s current output was not
verified. Instead, current measurements from an unknown quantity of planktonic bacteria
was characterized prior to attachment.
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without cells. In addition, the current was acquired for all these conditions at a two redox
potential of -150 mV and +200 mV (vs. SHE) as established by an Ag,O microfabricated
reference electrode. These were to approximate the redox of the SO*~/H,S (-220 mV) and
Fe?" /Fe?* (4200 mV) redox couples that the cells may encounter in nature.

The results of the abiotic controls are shown in Figure 4.21. Various ultra-micro-electrodes
under multiple conditions were characterized. Specifically, the testing parameters consisted
of redox potential, acetate concentration, and electrode active area size. In addition, the
inoculum’s media (after anaerobic growth but without cells) was also tested. The grad-
ual increase in current upon closing of the circuit demonstrates the ultra-micro-electrode’s
minute capacitance as no fast double-layer spike-like currents were obtained from any of the
experiments. However, a current of 40 pA was obtained regardless of the testing case. At
first sight, the consistency of current output suggests diffusion limited catalytic activity of a
redox active species contained within the basal media, and not from acetate electrocatalytic
activity on the ITO. If this was a traditional metallic macro-scale electrode, the current
should have been proportional to surface area except for the radial diffusion limited case.
Similarly, if acetate was the redox active species, a change in redox potential and/or concen-
tration would have provided different currents as well. However, other effects may be at play,
as is explained later this chapter that discusses the possible diode-like interactions that ITO
may be producing as a semiconductor electrode for bioelectrochemical characterizations.

Biotic Electron Transfer

Understanding the electron transfer rate from the biocatalyst to the electrode to maximize
current density is of particular interest in MFCs. An increased metabolic output from
bacteria reduces kinetic losses to the electrode and improves fuel cell performance. To
determine the signal from the cells, the current from the inoculum and the background were
initially measured by poising the anode at +200 mV (vs. SHE). The cells were filtered
and injected into a conditioned (previously hydrated) single-cell ultra-micro-electrode MFC.
Inocula in exponential (24 hours) and stationary phase (3 days) were characterized with
significantly different results.

Figure 4.22 shows the steady state currents with the abiotic contribution subtracted.
The sample harvested during exponential growth (10® cm™2) provided a steady state current
of 21 pA (42 pA/cm?), which corresponds to a signal-to-noise ratio of 0.5. Although not
ideal, such SNR demonstrates that the signal is detectable under these conditions. However,
further dilutions may prove to be below the minimal threshold of detection. On the other
hand, current output from stationary phase inoculum (10° cm™3) demonstrated a current
output of 195 pA (392 pA/ecm?) or SNR = 4.9. The increase in current is not surprising as
the cell seeding density is also likely to have increased. It is difficult to estimate the quanta
of cells injected as the inoculums were filtered in both of these cases. However, assuming
that the cell densities were 108 and 10° cm™ for the exponential and stationary phase, each
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Figure 4.21: Abiotic controls.

Several ultra-micro-electrodes were studied under various

conditions including acetate concentration, metabolites, and redox potentials. Regardless of
the conditions, a current near 40 pA was acquired.
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Figure 4.22: Bacterial current signal at +200 mV (vs. SHE) on 50 ym? ultra-micro-electrode.
Inoculums in exponential and stationary phase were characterized with significantly different
results. Roughly, an order of magnitude difference in current output is proportional to the
microfluidic cell’s seeding densities. The SNR ratios were 4.9 and 0.5 for the mature and
exponential phase inoculates, respectively.

of the chambers would have been inoculated with 10* to 10° cells, respectively. The order-of-
magnitude increase corresponds to the 3 additional division cycles that the mature inoculum
was expected to have completed. Similarly, the current density also resulted in an order of
magnitude increase that appears to be linearly proportional to the inoculation density.

Unfortunately, these experiments did not result with a single-cell’s current output on an
electrode. Even so, it is questionable whether the corresponding output would have been
significant. The sub-unity SNR that resulted from the cells harvested during exponential
growth suggests that the single-cell characterization may not be possible from the single-cell
ultra-micro-electrode MFC device as designed and fabricated in this section. The background
currents will need to be lowered for such experiment to be successful. One option is to
reconsider the electrode material, and optimize it to lower its electrocatalytic activity with
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the media’s redox active species or as a semiconductor electrode. This would mitigate the
background currents and accentuate the bacterial contribution. Similarly, determining the
background currents’ source and either reducing its concentration or eliminating its presence
all together (at least during bacterial characterization) could aid the system’s sensitivity.

Another important issue during single-cell testing, although less obvious, consists of as-
suring the removal of microorganisms that are not tallied as “in contact” as a large current
density was acquired from the inoculum without visual confirmation of cells on the electrode
(in focus). Hence, significant current could be captured from “planktonic” bacteria and un-
certainty could be generated during single-cell testing. In this case, fluorescence microscopy
could aid visualization of the cells. Unfortunately, the latter was not attempted in time.

Nevertheless, a cell’s contribution can be estimated. Assuming a 50 um? electrode area,
the current densities for the two cases result in 420 fA/um? and 3.9 pA/um?. Assuming
that all the bacterium’s electrons are forced through the ultra-micro-electrode, transfer can
only occur through a monolayer, and a bacterium’s footprint is 1 ym? (50 bacteria per 50
pum? active area), the stationary phase inoculum yields 3.9 pA/cell. Using similar logic, the
exponential growth and lower cell density case yields 420 fA /cell. However, these assumptions
could be invalid. The per cell current could be underestimated as it is unlikely that the entire
electrode area would be loaded simultaneously with bacteria during characterization. On the
contrary, it is also possible that planktonic bacteria (not just the monolayer in contact) could
contribute to the signal at any given time. In such case, these per cell contributions would be
overestimated. Nonetheless, these provide data at the extreme small scale where, currently,
estimations can only be concluded from extreme extrapolations.

4.4.5 ITO as a semiconducting ultra-micro-electrode for Geobac-
ter

The chronoamperiometry results also bring insight on the I'TO-bacteria behavior. As
ITO is a semiconductor, it could provide non-intuitive interactions as an electrode to the
microorganisms. However, as will be discussed, it is likely to be metallic as an anode for
microorganism oxidation but perhaps not to the background redox active species.

ITO is a degenerate n-type semiconductor characterized with a band gap is in the 3.5-4.0
eV that allows the high transmissivity in the visible wavelengths [59]. However, as it is highly
doped by O?~ carriers, its Fermi energy is near or above the conduction band depending
on the processing parameters. It could display diode like behavior if it is insufficiently
doped or with a modified surface. Hence the ITO/bacteria contact interface could operate
in one of three possible diode I-V regimes. Figure 4.23 illustrates the possible cases. (A)
The first consists on the “diode” being in reverse bias where no current would flow. As
the ITO here serves anodic reactions, this would occur with a depletion of electrons at the
electrode surface through processing or electrode/electrolyte interactions. (B) The second
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is the electrode’s surface not being depleted of electrons but insufficient doped so that the
Fermi level was below the conduction band. Hence, the “diode” would be in forward bias
but the experimental conditions could be below the “on-voltage” for ohmic current flow and
hence a high “contact resistance” would provide artificially low current results. (C) The
third, and ideal for microbial chronoamperiometric oxidation, consists of an interface where
the ITO’s doping level is high enough to bring the Fermi level near the conduction band
so that any or negligible forward bias produces a very low bacteria/ITO contact resistance,
which would in turn would allow the bacterial metabolism as the main contributor to the
readings.

The experimental conditions as well as the electrode’s physical properties dictate in which
regime the interface will behave. Theoretically, ITO is highly doped with negative O%*-
carriers, so generally a negative surface charge is produced. In aqueous solutions, the surface
tends to protonate and reduce the electron depletion layer thickness (case B or C) [60].
In the case of a basic solution, however, the electrolyte could “repel” the electrons from
the surface, increase the depletion layer, and create a rectifying contact (case A). However,
neutral to acidic environments, such as those found in biofilms and basal media, increase
in-plane conductivity and reduce the semiconducting effects of ITO (case C). Hence it was
expected that the ITO/bacteria interface would produce a forward diode behavior with
either a high resistance (case B: below the “on-voltage”) or low contact resistance (case C:
negligible “on-voltage”).

The abiotic controls at first sight suggest that I'TO may be functioning within the second
regime (case B) or that of a forward bias but below the activation voltage with the redox
active species in the media. The sustained positive current output for the various testing
cases suggested that the interface is forward biased but demonstrating a very high transfer
resistance. In other words, the redox at which the electrode is poised is not providing a
sufficiently high voltage difference with the background species to allow electrons to flow
freely. Hence, a consistent few electrons are being transferred through.

The biotic currents, however, demonstrate different behavior. The addition of cells to
the background electrolyte produces significantly higher current output as shown in Fig.
4.23 . This suggests that the system has shifted and is operating in the forward bias but
lower contact resistance regime (case C). As the electrode’s poised redox was not changed
in comparison to the control studies (also maintained at +0.2 V vs. SHE), the condition
that changed the system’s behavior must have stemmed from the bacteria. In other words,
the electrons that the bacteria are supplying provide a sufficiently large voltage differential
with the poised redox on the ITO electrode and allow electrons at the interface to flow more
freely. It is difficult to pinpoint the contact resistance and curve specifics from this study,
as the Fermi energies of the ITO surfaces as processed were not characterized. However,
this illustrates yet another effect that could be studied to fundamentally understand the
bacteria/electrode interface. As characterizing where the “on-voltage” or “knee” from case
B to case C occurs is intimately related to the material properties and the bacterial “contact
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Figure 4.23: Semiconductor/bacteria interface with possible diode behavior in three regions.
As ITO is an n-type semiconductor, doping levels and experimental conditions affect the
depletion region and current outputs.

resistance”.

4.5 Conclusion

Microfluidic and ultra-micro-electrode MFC systems for high resolution characterization
of bacterium for energy applications were developed. The chips were microscopy compatible
and electrodes were designed in the range of um in the characteristic length. The system
consisted of transparent I'TO anodes that utilized SiO5 as a passivation layer to define active
windows for bacterial connection.

The first design consisted of a system with a two parallel chamber configuration with
10’s to 100’s pm active areas with an aqueous catholyte where potassium ferricyanide was
the final electron acceptor. The system did not include a reference electrode. This device
produced a low current of 40 pA over a 10* um? area. As designed, the microfluidic MFC
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provided optical verification of cells on the electrode. The channels were defined through a
casted PDMS layer, and the system was redesigned as the system’s configuration did not
allow intrinsic fluorescence microscopy for single cell identification.

The second device improved upon the first generation. The new configuration elimi-
nated the need for a second channel via a solid-state AgsO electron sink. This chemistry
was also utilized as an embedded microfabricated reference redox electrode that has been
demonstrated as stable for up to 16 hours. Each chip contained an array of 16 micro-scale
electrodes with narrow (50-200 pum?) active window openings to maximize the probability of
single-cell characterization. Abiotic controls and experiments with multiple cell seeding den-
sities were performed. With background currents subtracted, the stationary phase inoculum
produced 195 pA /50 pm?, a SNR = 4.9, and the equivalent of 3.9 pA/mm? (at +0.2 V vs.
SHE). However, the exponential growth inoculum with 1/10 the seeding density resulted in
21 pA/50 pm? and a SNR = 0.5. A single cell experiment showed evasive as the microor-
ganisms did not come into focus during amperiometric characterization. Hence the results
are likely due to planktonic biomass intermittently discharging on the electrode. However,
the sub-unity SNR for the low seeding density case suggests that single cell characterization
would not be detected over the background noises as was performed in this study. The
electrical contribution of the background currents must be mitigated first.

The results from the second device also provide insight on the suitability and/or poten-
tial of using semiconductors as electrodes in bioelectrochemical systems. As semiconductors
can often produce non-ohmic contact or diode behavior, depending on the thin film deposi-
tion parameters and experimental conditions, this could be yet another tool to help under-
stand the redox state and microbial interactions with the electrode. Specifically, this study
demonstrated a forward bias but below “on-voltage” behavior for the background currents,
but above “on-voltage” or “knee” point ohmic contact behavior with the microorganisms.
Hence, at least with sputtered 90% In,O3, 10% SnO, (ITO) at neutral pH, anodic microbial
reactions are near an “on” diode threshold level that could be exploited for current/voltage
characterizations.

As no other studies at this scale have been performed, these results can only be compared
with the electrical outputs of larger systems. Figure 4.24 illustrates the current and power
density results from selected publications using small scale systems representing a plethora of
testing conditions including: complex and planar electrodes, and consortia to single cultures.
This work, which characterized the electrical output through a planar 50 ym? ITO electrode,
provided a normalized current density of 3.9 uA/mm? using the stationary phase sample upon
inoculation into the microfluidic device. These results continue to support the trend that
was first discussed in Chapter 2. The energy output is scaling logarithmically with electrode
area, but the exact reaction remains to be verified.
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Figure 4.24: Single-cell ultra-micro-electrode MFC results in relation to various other studies.
The stationary phase G. sulfurreducens in this study provided 3.9 pA/mm? (3.9 pA/um?)

upon inoculation.
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Chapter 5

FutureWork

The bioelectrochemistry field, which studies microbial interactions with electrodes, is an
emerging discipline with great commercial and humanitarian potential. Microbes, as this
work studied, can produce electrical energy from their intrinsic metabolism. However, mi-
crobial metabolic diversity extends to a plethora of other applications. Microbes have also
been employed in bioremediation and are currently being investigated for biofuel genera-
tion. Hence, the microorganisms in these systems could become inexpensive, self-generating,
electrically controlled “workers” for the benefit of society.

In this dissertation, the focus was on the development of microfluidic microbial fuel
cells (uF-MFC) designed to illuminate the fundamental electrical characteristics of microor-
ganisms capable of extracellular electron transfer (EET). The system, which can also be
described as a microbial fuel cell on a microscope slide, offers experimentation at a scale
that has not been previously available. The system has single-cell characterization capabil-
ity, was microscopy compatible, non-invasive, provided complete environmental control, and
real-time metabolic characterization on electrodes. Hence, microorganisms could be studied
in-situ and at high-resolution allowing metabolic comparisons (physiological adaptations,
species-to-species, and within species variability) and revealing their interactions with sur-
faces as microfabricated electrodes’ morphologies and microstructure can also be controlled
and characterized.

This work, however, was only the first step on a research agenda that could last decades.
In this Chapter, specific improvements on the uF-MFC system are summarized. Also, the
future work of puF-MFC is discussed in relation to characterization techniques that take
advantage of the high resolution as well as the scaling of the system’s parameters. Lastly,
commercial applications that take advantage of the high-throughput capabilities of uF-MFC
are presented.
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5.1 Microfluidic Microbial Fuel Cell Continued Devel-
opment

The EET microfluidic characterization system that was developed provided initial data.
However, a number of improvements could be instilled to provide for a robust platform for
single cell studies. Most of these were mentioned throughout the dissertation but are here
summarized. In addition, a number of experimental or practical issues are also discussed.

The final ultra-micro-electrode microfluidic platform for single cell characterization con-
sisted of an array of 16 microelectrodes, 2 reference, and 2 cathodes. The system permitted
simplification into a single channel configuration because of the conversion of the aqueous
catholyte into a solid-state chemistry. However, a couple of issues still remained. Specifically,
(1) the microorganisms’ position within the chamber could not be controlled and placement
of a cell was not verified on the micrometer diameter electrodes. Though many electrodes
were designed into the chip to aid the probability of capturing a cell’s output, it was not ac-
complished and a position guidance mechanism is recommended in the next platform design.
And (2) the casted Nafion membrane detached from its position within a day, freeing the
compounds that equilibrated the redox potential in the reference electrode and liberating
micrograms of silver particles that are toxic to microorganisms. The challenges associated
with these issues as well as some solutions are discussed below.

5.1.1 Cell placement mechanism

A number of techniques have been developed to place cells at specific locations within
microfluidic systems. Lee et al. developed large arrays that used hydrodynamic forces [61].
However, these cannot be easily implemented within a microfluidic microbial fuel cell. In
the case of hydrostatic placement, features smaller than the microorganisms are required.
As bacteria are micron-sized, features in the nanoscale, outside of typical lithographic tech-
niques, would be needed. To simplify placement, it was suggested to attach the cells to larger
silica or polystyrene microspheres. However, that would affect the intrinsic behavior of the
cells. In addition, hydrostatic placement requires continuous flow and distortion of diffusion
profiles that are intrinsic to fundamental characterization.

Wu el al. have developed optoelectronic tweezers to place cells at specific sites using
electromagnetic forces [62]. This technique has demonstrated placement of micron sized
structures at specific locations within a microfluidic chamber. Again, this is a powerful tool
but it requires special media that would not permit kinetic studies in microfluidic MFCs.

Yet another cell placing technique consists of covalently bonding the cells to the elec-
trodes. Anodes could be functionalized via SAMs or other surface modifications. However,
as the system was to study the intrinsic EET from the cells, artificially attaching the mi-
croorganisms is likely to alter the results.
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Hence, controlling the position of the micrometer sized microorganisms is not a trivial
undertaking. However, a technique that shows potential is currently being developed by
Buie et al. [52]. It consists of using dielectrophoresis (DEP) to manipulate the position
of the cells in the channel. As it uses electrical potential, it can function in quiescent
flow and necessitates only embedded electrodes. The cell’s electrical properties (membrane
resistance and capacitance) need first be understood, but the technique shows promise as a
non-intrusive method for bacterial placement.

5.1.2 Reference and counter electrode electrolyte membrane

The ultra-micro-electrode system as presented in this dissertation had a limited experi-
mental time scale, which is unideal for physiological characterization of the microorganisms.
The longevity issue occurred because the casted Nafion junction that separated the silver
oxide compounds from the microorganisms would detach from the electrodes causing the
chip to fail. The electrolyte junction was needed to keep the silver oxide from dissolving
into the aqueous media, as direct contact would cause the reference electrode to lose the
equilibrium potential, the counter electrode to lose the electron sink, and the dissolved silver
particles would sacrifice cell viability.

A potential solution to the PEM stability dilemma may be to utilize sol-gel techniques in
conjunction or instead the polymeric electrolyte membrane. Sol-gel techniques that utilize
biocompatible silica nanospheres (sub 20 nm) have been developed to covalently attach
nonplanar glass structures [63]. Such a technique is an attractive alternative for bonding the
chip as well as creating a low-leak junction.

5.2 Fundamental Work for Microfluidic Microbial Fuel
Cells

As this dissertation is the first attempt to study EET in the per cell regime, an infinite
number of fundamental experiments can be envisioned. This section summarizes the most
impactful investigations that derive directly from the work discussed in the previous chapters.

5.2.1 Metabolic Kinetics and Redox Optimality

A fuel cell’s electrical signal is the macroscopic manifestation of a system fundamentally
dependent on microscopic effects. In the case of microbial catalysis, the heterogeneous nature
of the system is not only limited to the microstructure of the electrode and reactant chemistry,
but also to the biocatalyst loading and state of the microorganisms at the time of testing.
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Hence, the electrical behavior of MFCs is contingent on many temporal factors. Microscopy
compatible electrodes, as developed in the uF-MFC, offer the advantage of simultaneously
monitoring the biomass, the electrical characteristics (metabolism) of the system, as well
as controlling the nutrient concentrations. Consequently, poised electrode’s redox effects on
metabolism kinetics (electrical current), viability, as well as cell division (optically verifiable)
can be studied concurrently. Although it appears incremental, a very powerful study consists
of quantifying the Monod kinetics, the model that relates biomass division rates with nutrient
concentrations as a lumped approximation of metabolic enzyme kinetics, under both nutrient
limited and poised electron acceptor conditions. Such a study would provide insight on the
energy gain and metabolic kinetics relationship that has not been quantified as currently
these can only be performed under acceptor saturation. A good reference that discusses the
implications can be found in [64].

5.2.2 Estimation of Biocatalyst Loading and Biofilm on Electrode
through Electrochemical Spectroscopy

In addition to the biotic microstructure characterization capability, micro-scale electro-
chemical devices offer the scaling advantage of a fast response time. Miniature MFC’s
characteristic time, or RC' constant, is generally in the order of seconds to minutes. Hence,
steady state is reached quickly and the transient behavior of the system, specifically the
microorganisms’ capacitance and faradaic (charge transfer) resistance, can be analyzed with
high temporal resolution. Consequently, through empirical characterization of the biofilm
discharge characteristics along with its physical structure (as permitted through optical
microscopy ), a model that estimates biocatalyst loading and biofilm thickness could be de-
veloped. Such a technique would be a priceless tool for the bioelectrochemical community
that currently has few if any methods to accurately and non-invasively estimate biomass on
electrodes. This technique could be extended to quantify redox active proteins involved in
EET and/or shuttling flavin compounds in systems not involved with direct electron transfer.

5.2.3 System Scaling for Performance

A literature survey of the MFC publications demonstrated that electrical performance is
not proportional to system size. Dewan et al. explored this concept by testing systems of
various scales using Shewanella oneidensis (MR-1) and reported that the power density of
systems was in fact scaling with the logarithm of electrode area [20]. Hence a strong depen-
dence of a scaling parameter(s) affects MFC power densities. Intuitively, the miniaturiza-
tion advantage consists of greater environmental controllability and homogeneous/absolute
biofilm coverage of the electrode. However, other scaling properties may be at play. Logan el
al. had previously reported that the high resistivity of the electrolyte (media) causes ohmic
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losses to dominate MFC systems [34]. One hypothesis that has not been explored consists
in that the reduced electrical currents in miniature devices mitigate the potential loss due
to electrolyte resistance and allows the system to increase its specific performance. In ad-
dition, small scale systems have the advantage of non-planar diffusion profiles, particularly
at the sub-millimeter regime. Through parametric modeling of miniature systems that ex-
plore electrochemical, thermo-chemical, and biocatalytic scaling characteristics, a micro- and
ultra-micro-electrode MFC could also investigate the optimum scale of bioelectrochemical
systems for various objectives.

5.2.4 Intrinsic Fluorescence - Cell and Biofilm Level

As was previously discussed, bacteria that demonstrate direct EET also contain high
densities of c-type cytochromes [65]. These cytochromes have shown to fluoresce when
reduced [7]. Hence, theoretically, the “state” (reduced vs. oxidized) of the protein could
be detected via fluorescence spectroscopy. At the most basic level, this technique should
provide information on the location of reduced proteins on the bacterial membrane and
their density (protein polarization). However, it could also provide information on how
the bacteria discharge on the electrode (electrochemical fluorescence quenching) at the cell
level, as well as the biofilm level. If successful, the technique could illuminate the biofilm
electron discharge patterns through an electrode. However, many challenges exist for such
a technique to become a reality. First, intrinsic protein fluorescence is difficult to detect.
The emission intensity is several orders of magnitude lower than commercially available
fluorophores. The presence of any molecular oxygen quenches the signal. And the emission
spectra overlaps with that of NADH and Raman scattering that create background noise.
Second, at least for cytochromes, excitation occurs at UV wavelengths, which are in general
toxic to microorganisms. Third, there will be many technical issues identifying where the
fluorescence comes from and what it means. In addition to the unwanted sources of noise, the
protein movement may affect the fluorescence emission if the emission is directional, which
may be misconstrued as a redox change. Nevertheless, it could be a powerful technique if
developed.

5.2.5 Semiconductor/material Interactions

Directly stemming from this work is the consideration of microbial interactions with
semiconductors. As the many of the minerals that the EET capable microorganisms come in
contact with in nature are intrinsic semiconductors rather than metallic conductors, it is of
interest to study the effects of the various material properties. The parameters that could be
investigated consist of the positive versus negative carrier materials (p-type or n-type), band
gaps, doping effects (Fermi energy), surface energy, lattice structure or phase, crystallinity,
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etc. Although not comprehensive, this is an entry level list of bioelectrochemical/electrode
material interactions that could be explored through microscale systems as these provide
highly controlled deposition and environmental parameters. In this dissertation, ITO was
utilized as the electrode material. The results indicate that the bacteria did not exhibit
diode like behavior. However, the background currents were insufficient to “activate” the
junction. It would be very interesting to pursue this topic further and create a protocol that
could select the biological contribution over the background during characterization using
this phenomenon.

5.3 Commercial Applications of Microscale Microbial
Fuel Cell Systems

In addition to fundamental studies, microfluidic and/or micro-electrode microbial fuel
cells could contribute to other fields than that of energy generation. The ultra-high res-
olution and high-throughput capabilities also have applications in the pharmaceutical and
environmental industries. A few are discussed below.

A very simple yet powerful advantage of EET capable bacteria is that their metabolic rate
can be instantly and quantitatively measured electrically. This unique characteristic allows
the detection of metabolic changes independently from other studies. If the metabolism of
EET bacteria could be robustly understood on a per cell basis, deviations of such due to
environmental factors could be directly detected to determine causality for systems biology.
As it has been discussed previously by Collins [66, 67], few techniques to determine toxicity
of compounds in cells exist. Live/dead staining is a destructive technique that can only
indicate when the cells’ membrane has been compromised, and can only identify the very
“dead” end of the spectrum. In this case, assuming a comparable physiology between EET
bacteria and cells that would be of interest, a high-throughput microbial fuel cell platform
could be utilized to test the effects of chemicals in the pharmaceutical and industrial products
market.

Another area that could benefit from the use of microscale microbial fuel cells is that
of environmental sensing. As bioremediation sites and wastewater plants must sense the
progress of the process, miniature systems offer the advantage of a fast response time and
sensitivity. In the case of perchlorate bioremediation, micro-scale MFCs could be utilized to
determine the redox state within a narrow band as to not over reduce the site. Wastewater
plants, on the other hand, could utilize the system to detect organics concentration and
biofouling of membranes and components.
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Appendix A

System-A: Micro-electrode MFC
Fabrication



Step | Electrode microfabrication: Description
A. | Clean quartz wafer in piranha bath - 10 min and cycle with DI 4 times
B. | Dehydrate at 120 °C for 30 minutes.
C. | Sputter ITO. RF at 20 mTorr and 50 W for 20 min. Get roughly 100
nm.
D. | Anneal ITO in air for 1 hour at 350 °C.
E. | Spin 1 m g-line PR (4000 rpm for 30 sec). Softbake at 90 °C for 2
minutes.
F. | Using mask aligner, pattern PR. Use 2X the recommended dose to
account for substrate effects.
G. | Hardbake PR on hotplate. 120 °C for 2 minutes.
H. | Define electrodes by etching ITO. Immerse wafer in a 16% solution of
HCI for X minutes at 25 °C.
[. | Strip PR thoroughly.
J. | Deposit 1 pm SiO4y at 350 °C using PECVD.
K. | Spin 1 pm g-line PR (4000 rpm for 30 sec). Softbake at 90 °C for 2
minutes. Repeat.
L. | Using mask aligner, pattern PR. Use 4X the recommended dose to
account for substrate effects and increased thickness.
M. | Using a plasma etcher, generate active windows. Etch oxide with
SFs/04 at 150 W/12 inch diameter chamber for 20 min.
N. | Strip photoresist if any is left.
Step | Microchannel mold for PDMS casting: Description
A. | Clean silicon wafer in piranha bath - 10 min and cycle with DI 4 times.
B. | Dehydrate at 120 °C for 30 min.
C. | Activate surface with oxygen plasma at 50 W for 2 minutes.
D. | Deposit HMDS adhesion layer.
E. | Spin on 200 um SUS. Softbake according to instructions. Assure PR
looses “stickiness”.
F. | Using mask aligner, pattern SU8. May want to run multiple exposures
to complete dose as to minimize substrate heating.
G. | Follow post-exposure sequence according to manufacturer’s guidelines:
post-exposure bake and development.
H. | Pour 10:1 mixture of PDMS precursor and crosslinker to provide 1 mm

thickness of epoxy. Heat on hotplate at 70 °C for 1 hour. Peel, wrap
in syran wrap, and cut to specifications.

122



123

Appendix B

System-B: Single-cell
ultra-micro-electrode MFC



Step | Process Substep Description

1 cleaning Clean wafers in piranha, dehydrate in 120
°C oven for 30 min

2 | ITO layer PR dep. PR dep: Spin 1 pm i-line, softbake, and
flood expose. Spin 1 pum g-line and soft-
bake.

3 lithography | Use mask aligner to expose mask 1 (ITO
layer). Time should be 2x that of rec-
ommended single coat to account for sub-
strate effects.

4 definition Develop, rinse, and dry with N2 gun. De-
scum with Oy plasma, and hardbake.

5 deposition | Deposit ITO in sputterer. DC sputter at 1
W/em? at 5 mT in Ar for 20min for about
100 nm film.

6 liftoft Lift off in acetone. May need PRS300 for
20 min. Clean in metal bath.

7 | Au layer PR dep. Repeat PR deposition as above STEP 2.
8 lithography | Repeat lithography as above STEP 3. Use
mask2.

9 definition | Repeat development (definition) as in
STEP 4.

10 deposition | Evaporate 50 nm of elemental gold at 2
nm/s and sub mTorr

11 liftoff As STEP 6.

12 cleaning Clean in pre-furnace cleaning bath + QDR
+ spin dry. Dehydrate wafers in 120 °C
oven for 30 min.

13 | SiO, In PECVD deposit 500 nm oxide at 350
°C.

14 | Active area def | PR dep. Spin on 1 m g-line and softbake. Repeat.

15 lithography | Use mask aligner to expose mask 3 (SiOs).

Time should be 4x that of recommended
single coat to account for substrate effects
and double PR layer. Develop.
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Step | Process Substep Description

16 etch Use DRIE to open active areas. SFg/Oq
@1W /cm? for 2min.

17 clean Strip leftover PR. Clean in metal bath.
QDR+spin dry. Dehydrate wafers in 120
°C oven for 30min

18 | Ag layer PR dep. | Repeat PR deposition as above (STEP 3).

19 lithography Repeat lithography as above STEP 3. Use
mask4.

20 definition Repeat development (definition) as in
STEP 4.

21 deposition In evaporator deposit 1m elemental Ag at
bnm/s and sub mTorr.

22 liftoff As STEP 6.

23 | Agy0O layer In plasma tool, at ultra-low power density,
oxidize Ag in oxygen for 20 min.

24 | PEM layer | PR dep. Spin-on single g-line coat. Softbake.

25 lithography Use mask aligner to expose mask 5 (PEM).
Time should be 2x that of recommended
single coat to account for substrate effects.

26 definition Develop, descum, and softbake.

27 deposition On PEM areas, manually deposit a drop
of 5% Nafion ionomer. Spin to acquire de-
sired thinkness. Cast polymer at 60 °C for
Iminute and 90 °C for 10min.

28 clean Remove PR in acetone.

29 | Dice Spin a layer of PR for protection. Hard-
bake. Dice chips in saw.

30 | Drill ports Drill press.

31 | Clean Remove PR and dry.

32 | Assemble Using piranha cleaned coverslips, assemble

with Teflon adhesive tape. Make fluidic

and electrical contacts.
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