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Abstract

Microbial biofouling occurs when a biofilm adheres to materials involved in liquid
transport causing economic loss through corrosion and drag losses on ship hulls, and in
oil and food distribution. Microorganisms interacting with surfaces under these open
channel flows contend with high shear rates and active transport to the surface. The
metallic surfaces they interact with carry charge at various potentials that are little
addressed in literature. We demonstrate for the first time that mass transport limiting
current, chronoamperometry, and cyclic voltammetry in a rotating disk electrode are
ideal for studying adhesion of microbes to metallic surfaces under shear. We study
the adhesion of Escherichia coli, Bacillus subtilis, and 1µm silica microspheres over a
range of shear stresses. Our results agree with literature on red blood cells in rotating
disk electrodes and deposition rates of B. subtilis and E. coli from optical systems,
and show that we can quantify changes in active electrode area by bacteria adhesion
and protein secretion. Our methodology measures changes in area instead of mass
simultaneously providing measurements of the protein binding step that initiates
biofilm formation. Unlike fluorescence microscopy, these methods are in vivo and
apply to a larger range of problems than on-chip flow devices.

We also use the rotating disk system to present the first study of how electroactive
biofilms adapt to shear stress over time. These biofilms are unique in that they do
not rely on electron acceptor diffusion as they are “wired” to the electron acceptor,
leading to thicker biofilms. Furthermore, it is possible to use the current produced by
the biofilms as a proxy for metabolic respiration. We measure current, open circuit
potential, electron diffusion current, electrochemical impedance, and formal potential
throughout the course of seven days of Geobacter sulfurreducens forming a biofilm on
a graphite disk exposed to three different shear stresses (1, 0.1, 0.01 Pa) and fixed
mass flux. We image the resulting biofilm to measure biofilm thickness, porosity,
and surface roughness. We find that high shear rates lead to faster start-up times
and higher current, and by proxy higher metabolic rates, at the cost of long term
sustainability of this current. We also find that there was no statistical difference
in thickness or surface roughness between biofilms of different stresses. Similar to
previous work, we propose that the lack of stability is due to the absence of waste
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removal.
Our results are the first to show that the rotating disk system can be used inves-

tigate biofilm’s development, metabolism, and structure from initiation to decay in
vivo under fluid shear stress and electrical stress conditions that occur in our engi-
neered environments. Future work using this system can include increased sampling
frequency to understand start-up behavior and analysis of how mixed cultures modify
adhesion, start-up respiration rates, and waste removal.

Thesis Supervisor: Cullen R. Buie
Title: Associate Professor of Mechanical Engineering and the Esther and Harold E.
Edgerton Career Development Chair
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List of Symbols

The next list describes several symbols that will be later used within the body of

the document

µ Dynamic viscosity of solvent ML�1T�1

⌫ Kinematic viscosity of solvent L2T�1

⌦ Frequency of EIS scan T
�1

! Rotation of disk T�1

� Volume fraction of total solid volume to fluid volume []

⌧p Shear stress on porous media ML�1 T�2

⌧̃p Dimensionless shear stress of particle packed pipe, ratio of shear stress to fluid

inertia []

A Projected area of disk L2

Ar Area of reactor L2

c1 Bulk concentration of substrate ML�3

D0 Diffusivity of substrate L2T�1

Dp Pore scaled diameter of a particle packed pipe [L]

F Faraday’s constant 96 485.332 89Cmol�1

i Current §A
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ilim Limiting current §A
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kp Permeability L2

L Length of pipe [L]

N Flux of substrate to the disk ML�2T

n Number of bacteria adhered to a surface []

ne Number of electrons transferred []

Np Flux of substrate mass in a pipe ML�2T

Q Total flow rate L3 s�1

Re Reynolds number, ratio of inertial force to viscous force []

Rep Reynold’s number for a porous media based on the porosity, inertia to viscous

forces []

SV Specific surface area to volume ratio L�1

Sc Schmidt number, ratio of particle to momentum diffusivity []

Sh Sherwood number, ratio of total mass transport to diffusive transport []

T Temperature ⇥

U0 Area averaged velocity LT�1

Z Complex impedance of solution measured using EIS Ohm
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Chapter 1

Introduction

1.1 Motivation

Organisms respond to stress in different ways. For example, the upper bound on

leaf size is determined by water stress [1] while nutrient stress leads to the relaxing

of upper bounds on mice and human health.[2, 3] This is complicated by the nature

of the stress, whether acute or prolonged. Stress can have far reaching impacts on

genetics and/or epigenetics. Microbes are also known to respond to stress. Nutrient

stress is known to cause microbes to do everything from decreasing and increasing

metabolic rates[4], mass movement of a biofilm [5], abandonment of the safety net of a

biofilm,[6] inducing the death of neighboring cells, to forced hibernation. Mechanical

stress can also cause many of these same behaviors. Though unlike humans or trees,

you cannot ask or run tests on single microbes to examine how stress affects their

behavior. The nature of living at the micro-scale changes how we can study them

and how they experience stress. Most of the stresses occur in laminar-controlled

fluid dynamic regimes and diffusion-controlled mass transport regimes. This limits

many studies of microbes to ex vivo measurements or measurements in transparent

microfluidic devices. While these studies are useful, they do not translate easily to

real-world situations where the laminar and diffusive mass transport is the result of

these small cells’ ability to exist in the boundary layer of a turbulent or convective

dominated bulk flow. We use a system that has been used to systematically translate
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1. 2.
3.

4.

Figure 1-1: Artist rendering of biofilm development. Stage 1 is the initial adhesion
of bacteria to the surface, which can include reversible adhesion under flow, the
exploration of hammocks and the penetration of solvation layers or hydrophobic air
layers. Stage 2: the bacteria in the biofilm start secreting exopolysacchride matrix
and reproducing. Stage 3: cell differentiation due to cell signaling. Stage 4: chemical
gradients necessitate the creation of fluid channels within the biofilm, dispersion,
death and dormancy of cells.[9] Image reproduced from artist rendering of the stages
of biofilm development from Costerton and Stewart, 2001. [9]

between scales, a rotating disk electrode. We use the rotating disk electrode to

study both adhesion of microbes under hydrodynamic shear and electrical stress and

development of those cells into biofilms.

Biofilms are matrix enclosed populations of bacteria adhered to each other, and/or

at surfaces and/or interfaces.[7] These structures allow for the biofilm to customize

its environment, controlling the pH, substrate flux in and waste flux out. The

structures afford resistance to mechanical stress, chemical stress like antibiotics, and

predation.[8] For the case of surface bound biofilms, they are initiated by opportunis-

tic bacteria and/or the coating of the surface by environmental proteins, see Figure

1-1.

The initial bacteria are known as anchor cells and serve as the foundation of the

biofilm. The bacteria at this stage will start reproducing and attracting new cells by

changes in gene transcription and the release of chemotractants.[10, 11] Microbes will

then start producing exopolymeric substances that will hold the bacteria together

and prevent predation. Within this matrix there are channels for fluid flow and waste

removal on the order of 2µm in diameter.[12, 13] Biofilms consist of single species
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or multiple species working cooperatively.[14] Within biofilms are persister cells that

through some yet unknown mechanism resist oxidative and antibiotic stresses and

restart the biofilm without any discernible hereditable resistance.[15] Biofilms harvest

nutrients from the growth surface of the biofilm or from the surrounding environment.

For those harvesting nutrients from the surrounding fluid, there is a conflict of pre-

venting predation by closing itself off from the outside but in order to gain nutrients

it would want to be open. For biofilms consuming nutrients from the surface, the

challenge is waste removal and exhaustion of the substrate which again requires be-

ing open to a potentially hazardous environment. One solution to this challenge is

sloughing of the biofilm where a series of chemicals are produced that breakdown the

exopolymeric matrix and the bacteria are released into the environment. [16, 17]

Many groundbreaking studies around biofilms were organized around addressing

three systems: oral biofilms [7], biofilms for wastewater treatment,[18] and biofouling

[19]. Oral biofilms are biofilms that grow on your teeth, gums, and between your

gums and teeth. They can cause gum tissue inflammation and tooth decay.[20] These

biofilms get their nutrients from the surrounding environment and grow on the surface.

A large component of the decay is an unintentional result of waste removal. Biofouling

operates in a similar manner. Biofouling occurs when biofilms form on surfaces like

ship’s hulls and propellors, heat exchangers, and fuel and food pipes.[16] These films

create a surface for larger organisms like mollusks and coral to adhere in marine

environments. In constrained pipes they cause increased resistance to heat and fluid

transport.[16] On metallic surfaces, these biofilms can cause similar decay to teeth by

waste products or as an active part of their metabolism.[21, 22] On the other hand,

wastewater biofilms are used to treat wastewater by removing organic matter that

would result in algal blooms and nitrification of waterways that we return our used

water to. Wastewater treatment plants achieve this by flowing the water over rock

beds which accumulate biofilms; mixing oxygen with the wastewater and cultures

of planktonic bacteria; flowing the wastewater over artificial supports that biofilms

grow on; or inducing bacteria to bacteria biofilms. While once viewed as a successor

to conventional wastewater treatment, microbial fuel cells, based off of traditional
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wastewater treatment designs, show more promise now as a successor tool for studying

biofilm dynamics.

Microbial electrochemical cells were considered a key component for bridging the

energy/water nexus because of the relationship between water treatment and energy

usage.[23, 24, 25] Water treatment accounts for 3% of the total energy consumed in

the United States.[26] This level of energy demand is impossible to meet for the de-

veloping world producing a global problem since inadequate water treatment leads to

disease and death. During the energy crises of the 2000s, it was viewed that the en-

ergy problem would be a problem for developed countries as well and that the tradeoff

that was extant between aquatic environmental pollution and economic productivity

was less attractive.[27] Direct byproducts of wastewater treatment processes include

methane gas for fuel and biomass for fertilizer. Other byproducts are sulfur dioxide,

silicon dioxide, and ammonia, which unfortunately limit the use of the methane as

fuel. Microbial electrochemical cells, which convert chemical energy in wastewater

directly to electricity, are a promising alternative to conventional biological wastew-

ater treatment. A microbial fuel cell (MFC) is a type of microbial electrochemical

cell where bacteria consume sugars and other hydrocarbons and excrete CO2, protons

and electrons. A typical biofilm formed during operation of an MFC is shown in Fig-

ure 1-2a. In an MFC, electrons travel to corrosion resistant metals (the anode) while

protons are combined at another electrode (the cathode), with the electrons that have

passed through a circuit to generate useful work, Figure 1-2b. Research in the area

achieved power densities as high as 1 kWm�3 [24] but this may be nearing the limit of

power output.[28] While this is still useful for indefinitely powering low-power sensors

[29] and providing some power to remote areas, [30] these devices may be more suited

to study biofilm processes, bacterial process and cultivating novel bacterial strains.

[31, 32]

Not all bacteria can survive in a microbial fuel. To do so, the bacteria, classified

as electroactive, must either generate and secrete chemicals that can be oxidized at

an electrode surface or directly transfer an electron to the electrode. Those that can

do include some of the most widely studied biofilm biofilm forming organisms of the
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(a) Scanning electron micrograph of fixed
biofilm (b) Two chamber microbial fuel cell

Figure 1-2: A Microbial Fuel Cell 1-2b with a Geobacter sulfurreducens PCA biofilm
1-2a in the anode and 50 mM ferricyanide in the cathode in our lab.

Pseudomonas spp. It appears that all bacteria are affected by the electrochemical

potential of the surface they adhere to. The electrochemical potential of an electrode

is one of the many parameters that can optimize microbial fuel cell performance.

Furthermore, electroactive biofilms still face many of the challenges that other biofilms

do including waste removal, nutrient acquisition, remaining adhered under flow, and

preventing predation.

We take these precedents to ask and answer a fundamental question: how does mo-

mentum transport affect an electroactive biofilm independently from mass transport?

The first answer to the question was made in 1982 [33] but was found inadequate as

late as 2006.[34] We show that operating a rotating disk electrode as a microbial elec-

trochemical cell with Geobacter sulfurreducens is a platform that can achieve similar

answers to systems used in the past with additional benefits of direct, real-time, in

situ analysis of biofilm response.

1.2 Thesis Overview

In Chapter 2 we demonstrate for the first time that mass transport limiting cur-

rent, chronoamperometry, and cyclic voltammetry in a rotating disk electrode are

favorable for studying adhesion of microbes to metallic surfaces under shear. This is
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relevant to the field of microbial biofouling where biofilms adhere to materials involved

in liquid transport causing economic loss through corrosion or drag. Microorganisms

interacting with surfaces under these open channel flows contend with high shear rates

and active transport to the surface. The metallic surfaces they interact with carry

charge at various potentials that are little addressed in literature. We study the ad-

hesion of Escherichia coli, Bacillus subtilis, and 1µm silica microspheres over a range

of shear stresses. Our results agree with literature on red blood cells in rotating disk

electrodes and deposition rates of B. subtilis and E. coli from optical systems, and

show that we can quantify changes in active electrode area by bacteria adhesion and

protein secretion. Our methodology measures changes in area instead of mass simul-

taneously providing measurements of the protein binding step that initiates biofilm

formation. Unlike fluorescence microscopy, these methods are in vivo and apply to a

larger range of problems than on-chip flow devices.

In Chapter 3 we use the rotating disk system to present the first study of how

electroactive biofilms adapt to shear stress over time. These biofilms are unique

in that they do not rely on electron acceptor diffusion as they are “wired” to the

electron acceptor, leading to thicker biofilms. Furthermore, it is possible to use the

current produced by the biofilms as a proxy for metabolic respiration. We measure

current, open circuit potential, electron diffusion current, electrochemical impedance,

and formal potential throughout the course of seven days of Geobacter sulfurreducens

forming a biofilm on a graphite disk exposed to three different shear stresses (1, 0.1,

0.01 Pa) and fixed mass flux. We image the resulting biofilm to measure biofilm

thickness, porosity, and surface roughness. We find that high shear rates lead to

faster start-up times and higher current, and by proxy higher metabolic rates, at

the cost of long term sustainability of this current. We also find that there was no

statistical difference in thickness or surface roughness between biofilms of different

stresses. Similar to previous work, we propose that the lack of stability is due to the

absence of waste removal.
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Chapter 2

In situ quantification of bacterial

adhesion to electrically polarized

metallic surfaces under shear

2.1 Introduction

In oil pipelines, food production systems, and on ship’s hulls and propellers, adher-

ing bacteria experience significant shear stress. Bacterial adhesion is not only a matter

of the relative surface energies of the material and bacterium, but also of the flow

conditions, substrate (food) concentration, and surface charge of the material.[1, 2]

Bacteria adhered to surfaces display a completely different phenotype compared to

when bacteria are suspended.[3, 4] There is extensive work on bacterial adhesion in

relation to biofouling of implanted medical devices and the materials used therein,

however, the extent of that work on metals under non-medical situations is limited.[5]

These non-medical economically relevant conditions include losses of ⇠ $56 billion an-

nually due to biofouling of US Navy ship hulls and significant losses in both oil and

food distribution.[6, 7, 8] These scenarios are more suitable for investigation using

rotating disk systems than channel flow cells where mass flux is coupled to shear

stress and sedimentation is the primary mechanism of cell-surface interaction.[3, 9]
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Rotating disk systems have been used to study mass and momentum transport

phenomena because of the analytic approximations for surface flux, well controlled

experimental variables, and the ease of relating results from this system to practi-

cal systems such as pipes and flat plates. For example, the rotating disk environ-

ment has also been used to mimic flow conditions in blood vessels.[10] Adhesion of

platelets, Staphylococcus spp., and migration and adhesion of leukocytes were stud-

ied in rotating disk systems quantifying adhesion after the fact with fluorescence

microscopy.[11, 12] The binding of albumin proteins to implanted medical devices

was studied using the change in electrochemical impedance as a proxy for platelet

binding. [10]

Rotating Disk Electrodes (RDEs) are used to study reactions on planar electrodes

in a highly conductive medium (> 1 S · cm�1) with a minimal number of supporting

electrolytes.[13] These electrochemical reactors are designed to minimize noise from

factors not related to the reactions being studied such as edge effects, other species,

concentration and temperature fluctuations.[14] Care needs to be taken when us-

ing these systems to study bacteria because these design constraints are violated

therein. For example, when RDEs are used to study microbial induced corrosion or

conductive biofilms, fresh or seawater medium is used, which have a low conductivity

(⇠ 1 mS · cm�1) multicomponent mixture of ions.[15, 16, 17, 18] Furthermore, the

presence of bacteria may introduce unaccounted for noise into standard methods.

For example, it is well established that CuO, ZnO, Al2O3, SiO2, latex nanoparticles

(30 – 50 nm) and microparticles (3 – 11 µm) enhance mass transfer to the rotating

disk.[18, 19, 20] On the other hand, normal red blood cells in isotonic solutions de-

crease the mass transport more than glutaraldhyde fixed (inflexible) red blood cells

and 9µm alumina particles in the same solution.[21, 22]

Microbial adhesion has not been studied when rotating disk electrode systems are

used to study microbial electrochemical systems and microbial induced corrosion.[17,

23, 24] Studies on adhesion and attraction of platelets, Staphylococcus spp., and white

blood cells in rotating disk systems did not leverage the electrochemical origins of this

technique.[11, 12] The purpose of the present study is to use the suite of electrochem-
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ical methods designed for an RDE to study bacteria as they transition from their

planktonic to biofilm state. Furthermore, the point at which shear-induced adhesion

is initiated is determined using electrochemical methods. We address concerns of

how biological media and particles of similar size to bacteria may impact diffusivity,

viscosity, and conductivity within these measurements. This finding is applied to

monitor the adhesion of bacteria at a fixed electrode potential and shear rate.

2.2 Methods

We use an RDE to quantitatively measure the adhesion of bacteria and bacte-

rial proteins using electrochemical methods. Ficquelmont-Loizos et al., described

13 parameters that can impact electrochemical measurements in rotating disk elec-

trodes: particle nature (e.g. bulk averaged electrostatic interaction energy, surface

roughness, asymmetry, stiffness, charge, etc), density, volume concentration, size, size

distribution; medium nature (the solvent), temperature, viscosity, conductivity; and

the electrode rotation rate, type, diameter, and roughness.[19] We hold all the pa-

rameters constant except the particle composition and their subsequent properties,

electrode roughness, and rotation rate.

2.2.1 Materials

The media is 4.33 g Na2HPO4, 2.69 g NaH2PO4, 0.31 g NH4Cl, 0.13 g KCl, (Milli-

poreSigma, Darmstadt, GER) in 1 L of deionized water, similar to what has been used

in previous bioelectrochemistry experiments.[25] This media is amended with 3.9%

glycerol to be isotonic with the bacterial growth media. The resulting conductivity

is 4.91 mS · cm�1 at 30 �C. The density of the media is 1.01± 0.01 g · cm�3 at 30
�C. The viscosity of the amended media is 0.00145± 0.00003Pa s without particles.

Subsequent viscosity with particles is measured at shear rates of 100 – 1000 s�1 at 30
�C using a 60 mm diameter 2� steel cone with solvent trap on a water cooled Peltier

plate (AR-G2, Waters Corporation, New Castle, DE, USA). The redox couple used
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Figure 2-1: Sample cyclic voltammogram of the bare electrode between experiments.
Between each experiment the electrodes were prepared by; (1) rinsing in 1 N sodium
hydroxide solution at 2000 rpm, (2) poising the electrode at 2 V vs SHE and, (3)
performing cyclic voltammetry eight times in 1 N sulfuric acid. The electroactive
area was estimated by integrating under the solid black line shown on the graph and
dividing by the area that a hydrogen molecule can occupy on a platinum surface.

for electrochemical methods is the quasi-reversible ferri/ferrocyanide couple

Fe(CN) 4+
6 + e� ��*)�� Fe(CN) 3+

6 , 0.358 V vs SHE (2.1)

[26] diluted to 10 mM from a 1 M ferricyanide stock solution (MilliporeSigma, Darm-

stadt, GER). The potential in the chosen media at 30 �C is 0.192±0.011 V vs Ag/AgCl

(3.8 M KCl) or 0.394± 0.011 V vs SHE.

2.2.2 Apparatus

A 0.4 cm diameter platinum working electrode (Pine Instruments, Durham, NC,

USA) is used as the working electrode. The electrode is soaked in 1 M sodium

hydroxide at 2000 rpm for 15 minutes to rinse off ferrocyanide between experiments.

Next, the electrode is cleaned and the electroactive area of the platinum electrode

is calculated following the method of Woods, 1974 (see Figure 2-1).[27] In brief,

the electrode is poised in 1 M sulfuric acid at 2.044 V vs Ag/AgCl (3.8 M KCl)
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for 1 min at 2500 rpm. Cyclic voltammetry is performed on the working electrode

from -0.186 – 1.144 V vs Ag/AgCl (3.8 M KCl) at 50 mV · s�1 for 8 cycles. These

two steps are repeated until the electroactive area is approximately equal to that

of the previous experiment ⇠ 0.3 cm2 for the smooth electrode and ⇠ 0.5 cm2 for

the roughened electrode (see Figure 2-1). The electrode is initially polished using

6, 0.5, and 0.1 µm diamond polishing paste (TedPella, Redding, CA, USA). When

roughened, the electrode is treated using 5 µm grit silicon carbide polishing paper. A

single junction Ag/AgCl (3.8 M KCl) reference electrode (MilliporeSigma, Darmstadt,

GER) is used because the conductivity of the media is too low to sustain a double-

junction. A 0.1 cm diameter coiled platinum wire electrode behind a glass frit is used

as the counter electrode (Pine Instruments, Durham, NC, USA).

The reactor is a water jacketed inverted 500 mL Erlenmeyer flask, with four ports

for electrodes and gas (Pine Instruments, Durham, NC, USA). The reactor is main-

tained at a constant temperature of 30 �C using a water jacket (Julabo E5, Julabo

USA, Allentown, PA, USA). The system is purged and blanketed at 50 sccm with

ultra-high purity nitrogen gas (Airgas Inc, Radnor Twp, PA, USA). The current is

measured with a Gamry Reference 600 (Gamry Instruments, Philadelphia, PA, USA)

with a resolution of 600 mA and a bandwidth of 10 MHz, which is much lower than

the sampling rate and current measured.

2.2.3 Cells and Particles

We use the model gram-negative bacterium, Escherichia coli K12 CGSC 4401,

and the model gram-positive, biofilm forming organism, Bacillus subtilis BGSC 1A1.

Bacteria stiffness differs from previously tested particles and can range from 50 –

200 MPa, the lower range being gram-negative and the higher range being gram-

positive.[28] E. coli and B. subtilis are commonly used in bacterial studies for their

relevance in biochemical production, and both have well characterized material and

physiological properties. Each is grown in two 125 mL flasks containing 50 mL Luria-

Bertani media (Becton, Dickinson and Co, Franklin Lakes, NJ, USA) at 37 �C in

shaking incubators at 250 rpm. After reaching mid-log phase (4 hrs for E. coli,

29



Table 2.1: Size and length are comparable to those found by Bronk et al.,[30] while
beads measurements are based on manufactures label (Spherotech, Inc, Lake Forest,
IL, USA)

.

Particle OD600 volume
fraction
[%]

Density
[g · cm3]

Length
[µm]

Diameter
[µm]

Media 1.01± 0.01
Beads 2.34± 0.01 5.8± 0.0 1.03± 0.00 1.04
E. coli 0.73± 0.06 0.26± 0.02 1.02± 0.01 3.33± 0.54 0.85± 0.17
B. subtilis 0.63± 0.22 0.08± 0.03 1.03± 0.01 7.10± 1.23 0.99± 0.22
E. coli
roughened
electrode

0.72± 0.18 0.25± 0.06 1.03± 0.01 3.33± 0.54 0.85± 0.17

B. subtilis
roughened
electrode

0.85± 0.06 0.11± 0.01 1.03± 0.01 7.10± 1.23 0.99± 0.22

4.5 hrs, B. subtilis), the cells are centrifuged twice at 5000 rpm for 10 min and

rinsed in between with the media described earlier. Optical density is measured at

600 nm following standard methods [29] (UV-1800, Shimadzu, Nakagyo-ku, Kyoto,

JPN) after suspending the cells in the full 100 mL. Cell density is calculated using a

disposable hemocytometer (Incyto, Co., Ltd, Chonan-si, Chungnam-do, KOR). Cell

volume is calculated assuming the bacteria are cylindrical and measuring them was

achieved using a 100 X oil immersion objective. Cell death is qualitatively measured

for E. coli and B. subtilis by comparing streaks on LB agar before and after each

experiment. Polystyrene spherical beads 1.04 µm in diameter are used as a control

(Spherotech, Inc, Lake Forest, IL, USA). The beads are vortexed in 70% ethanol

before centrifugation for 10 minutes at 12000 rpm, then rinsed with DI water, prior

to being suspended in the test media and sonicated. The beads are supplied at

a stock concentration of 5% w/v with a density of 1.96 g ·mL�1 or equivalently a

volume fraction of � = 2.04% v/v. The properties of the media and suspensions are

described in Table 2.1.
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2.2.4 Reactor operation

The media is brought to 30 �C from 20 �C in ⇠ 15 s and deoxygenated using

nitrogen for 15 minutes at 1000 rpm.[31] The bacteria are streaked on LB agar plates

after suspending the bacteria in the RDE in 100 mL of the media and incubated at

37 �C. The suspension is weighed and measured in 1 mL samples after the cells or

particles have been mixed. A volume of 1 mL of 1 M ferricyanide replaces the 1 mL

of suspended bacteria. Internal resistance of the media is 128(14) ⌦. To determine

the onset of adhesion, a Levich curve is created by linear sweep voltammetry (LSV)

from 350 mV to -350 mV vs Ag/AgCl (3.8 M KCl) at 50 mV · s�1 and 2 mV per

step over the rotation range of 50 – 2000 rpm, 50 rpm per step. These rotation rates

are equivalent to shear stress of 0.15 – 37.33 dynes · cm�2 and shear rates of 14.73 –

3727.28 s�1 and almost covers the entire range of practical scenarios highlighted.[32]

Three cycles of cyclic voltammetry are taken before and after the LSV from 650 to -

250 mV vs Ag/AgCl (3.8 M KCl) at 200 mV · s�1 to verify that adhesion occurred. We

sweep backwards along rotation rates to check for hysteresis. Each experiment takes

3 hrs from the time the bacteria are removed from their growth media until they are

plated a second time. The buffer experiment took 4.5 hrs because an electrochemical

impedance spectrum is used to find the diffusivity of the redox couple according to

Tribollet et al., 1988 (see Figure 2-2a and 2-2b).[33] All conditions are run in triplicate.

2.3 Results and Discussion

We use an RDE to study the adhesion of bacteria under shear at a charged surface.

We first characterize the rotating disk system noting that the media we use is not

a single, highly conductive, electrolyte solution. The diffusivity of ferricyanide is

1.55±0.18⇥ 10�5 cm2 · s�1 in the chosen buffer media at 30 �C (see Figure 2-2a and

2-2b). This is greater than the 0.834⇥ 10�5 cm2 · s�1 in 1 M potassium chloride and

500 ppm polyethylene oxide at 28 �C or the 0.77⇥ 10�5 cm2 · s�1 in 1 M potassium

chloride at 25 �C.[34, 35] The product of diffusivity and viscosity over temperature is
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Figure 2-2: Electrochemical impedance spectrum to determine diffusivity Figure 2-2a.
Using the method of Tribollet et al., [33] the slope of the dimensionless line, Figure 2-
2b inset, can be used to calculate the diffusivity of the redox tracer used. Ferricyanide
diffusivity is calculated to be 1.55(18)⇥ 10�5 cm2 · s�1 at 30 �C in a phosphate buffer
solution amended with 30% glycerol. This is greater than the diffusivity in 1 M
potassium chloride solutions, but follows the trend for higher glycerol concentrations.
The experiments were performed in technical triplicate.
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the Einstein-Stokes ratio, Equation 2.2,

D0µ

T
(2.2)

and is one way to compare diffusivities across different media with different viscosi-

ties at slightly different temperatures. For polyethylene oxide concentrations of 500

ppm and 1000 ppm the Einstein-Stokes ratio is 3.387⇥ 10�10 g · cm · s�2 ·K�1 and

3.816⇥ 10�10 g · cm · s�2 ·K�1 at 28 �C and 30.4 �C respectively. The Einstein-Stokes

ratio is 2.2⇥ 10�10 g · cm · s�2 ·K�1 in 1 M potassium chloride with no polyethylene.

Based on the trend seen with polyethylene, we conclude the higher value of the

Einstein-Stokes ratio of 7.7⇥ 10�10 g · cm · s�2 ·K�1 in our work is due to the 3.5 %

or 35000 ppm glycerol concentration.

We explore four hypotheses for the observed deviation from the Levich curve in

Figure 2-4: (1) viscosity changes caused by the presence of particles or live bacteria;

(2) enhanced mass transport from flexible particles; (3) changes in media conductiv-

ity from the death of bacteria; and (4) changes in concentration due to metabolic

consumption of the tracer chemical. The viscosity and the density of the solution

does not vary significantly with the particles concentrations used, as shown in Fig-

ure 2-3. B. subtilis concentrations were ⇠ 0.10 %v/v and E. coli concentrations

were ⇠ 0.25 %v/v. We assume Batchelor’s[36] 2nd order correction for viscosity with

particles for the volume fractions � < 5%,

µ
⇤ = µ

✓
1 +

5

2
�+ 7.6�2

◆
. (2.3)

Equation 2.3 and Einstein’s 1st order approximation that it reduces to are not accurate

for volume fractions 1 – 10% but are widely used in the literature up to that limit.[37]

We also use Equation 2.3 to normalize across the various volume fractions between

our samples and those explored in the literature. We create a modified Sherwood
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Figure 2-3: Rheological data. The slope of shear stress versus shear rate is the
viscosity of the solution with given particles. Each rheological experiment took an
hour and the viscosity did not change over this time. The absence of the change in
viscosity with each particle has been seen in literature for particle concentrations this
low.

number using the modified viscosity in the Reynolds number, as

Sh⇤ = Sh ·
✓
1 +

5

2
�+ 7.6�2

◆1/2

Sc�1/3 = Re1/2 (2.4)

As expected, we find that the reaction of ferricyanide in the abiotic buffer maintains

an approximate 1/2 power dependence between Sh and Re, as shown in Figure 2-4

and predicted by Equation 2.4. We assume a 1/2 power slope dependence and plot

a line using an intercept from a linear best fit to the data. The intercepts of the

lines deviate significantly because the bulk of the points are after the inflection. The

slopes for the buffer in the smooth (Sa = 2.5) and rough (Sa = 3.9) cases are 0.45,

but there is curvature in both the E. coli and B. subtilis cases. The rest of the results

presented explore this curvature. The addition of particles can have an impact on

mass transport in general and mass transport limiting current in particular, repre-

sented by the Levich curve, as shown in the literature for high concentrations of inert

nanoparticles and macroparticles. We use 1.04 µm diameter polystyrene beads at a

volume concentration of ⇠ 5% v/v average to the buffer and the experimental results

differed distinctly from those of the E. coli and B. subtilis. In contrast to similar work
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Figure 2-4: Log scale plot of the modified Sherwood number vs Reynolds number
for buffer media used in all experiments, E. coli K12 CGSC 4401; B. subtilis 168
BGSC 1A1 on smooth ‘S’ and roughened ‘R’ electrodes. The Sherwood number is
modified by the particle concentration according to Batchelor, as shown in Equation
2.4.[36] The relationship between this mass transport number versus the momentum
transport number is theoretically predicted to be a power law to the 1/2, as shown
in Equation 2.4. Decreased slopes indicate impedance to mass transport whereas
increased slopes indicate enhancement. Similar deviation from this power law has
been seen in red blood cells at similar concentrations and higher Reynolds numbers
(cf. Caprani et al.,[38] and Figure 2-5). Deviation at lower Reynolds numbers has
been shown for higher concentrations of inert particles. The data presented is an
average of three biological replicates. For clarity, error bars are presented in a linear
plot in SI Figure 4.
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Figure 2-5: Comparison with red blood cells from Caprani et al.,[38] on smooth
electrodes. The deviation from a straight line with red blood cells in an isotonic KCl
solution was shown as an impedance to mass transport by Caprani et al.,[38] at high
Reynolds numbers and explained by adhesion of the cells to the electrode surface.
Their data extends to Re = 3000 due to a larger electrode area. The values of tracer
diffusivity and viscosity of the isotonic KCl solution used in Caprani et al., were not
reported so we use diffusivity of 1.90 cm2 · s�1 and viscosity of 0.00903 P of isotonic
KCl at 25 �C from other literature.[19, 40]

by Meinders et al.,[39] which showed that 0.736 µm polystyrene particles adhered to

glass at rates similar to those of bacteria, we do not see evidence of adhesion of our

1.04 µm polystyrene particles. This is likely due to the shear rates in this experiment

being much higher than the 50 s�1 used in theirs. Furthermore, our flow geometry is

more applicable to practical systems that rely on forced convection to and away from

the surface similar to propellers and the upper walls of pipes. A similar deviation to

our work was demonstrated for the adhesion of red blood cells by Caprani et al.,[19]

and is shown in Figure 2-5. Our results are inconsistent with studies showing a de-

crease in viscosity with high concentrations of E. coli,[41] since this would lead to an

increase in current, from the Levich equation (Equation A.19). For E. coli there is an

overall decrease in mass transport, not an increase, as shown with nanoparticles.[42]

Compared to bacteria, beads should have similar hydrodynamic effects based on size

and volumetric density.[43] The stiffness of bacteria differs significantly from beads,

the membrane is stiffer and more rigid than the intracellular contents leads them to
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Figure 2-6: At 600 rpm before and after a 2 hr exposure to shear stress E. coli and
B. subtilis were streaked on agar plates and incubated at 30 �C.

behave as semi-flexible rods. This was partially tested in Caprani et al.,[38] with glu-

taraldehyde fixed and non-fixed red blood cells where the fixed cells yielded a Levich

curve identical to solid particles. Since B. subtilis has a stiffer cell membrane than E.

coli, 50 – 150 MPa vs 100 – 200 MPa, the results of this work show stiffness may not

be the cause of this effect because B. subtilis deviates further from the Levich curve

than E. coli.[38, 28] Cell death would lead to an increase in conductivity and current,

not seen in this deviation. Furthermore, plating shows no substantial decrease in cell

counts Figure 2-6. An additional cause for the deviation between the Levich curve

and those found with live bacteria in this work or live red blood cells in Caprani et

al., may be that metabolic consumption or absorption of the reactant (FeCN +
63 or

O2) by the E. coli or red blood cells RBCs respectively. This would be equivalent
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Figure 2-7: The ratio of the particle Sherwood number to the buffer Sherwood num-
ber. As shown in Equation 2.4 the ratio of Sherwood number should be constant.
Rheological measurements show that viscosity typically does not change upon addi-
tion of such a small number of particles, live or dead (Figure 2-3 and Ryan et al.,[47]).
The diffusivity would not be expected to appreciably change according to the model
developed by Tribollet et al.[33] Since the ratio of particle to buffer Sherwood number
is stable for the beads, we can assume that the deviation from the Levich dependence
is not due to Coulombic reactions of ferri/ferrocyanide or pure hydrodynamics. E.
coli can metabolize 5% of the ferricyanide in solution over the 2 hr experiment if
they also had an electron donor.[45] The only variable unaccounted for in the Levich
equation is the area. The results show an inflection point in the change in area around
600 rpm for E. coli and 500 rpm for B. subtilis.

to lowering c1 in Equation A.19. Red blood cells absorb O2, with t1/2 = 89 ms.[44]

The time was not mentioned in Caprani et al.,[38] so it is difficult to estimate the

effect. E. coli has a specific ferricyanide reduction rate of 43 µmol ·min�1 · g�1 under

anaerobic conditions with no substrate.[45] The Levich curve takes 55 min to com-

plete, the dry weight of the E. coli is ⇠ 0.025 g results in 0.05 mmol ferricyanide

consumed, which is much less than the 1 mmol present in solution. Furthermore,

there is very little shift between the forward and backwards curves for our live E.

coli and B. subtilis so that if consumption was occurring, it is not impacting cur-

rent. It is possible for B. subtilis to utilize ferricyanide but there are no consumption

rates documented to the authors’ knowledge.[46] Linear data makes determining an

inflection point of sufficient magnitude in the Levich curve using numerical methods
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Figure 2-8: Ratio of surface area over initial surface area at a fixed rotation rate.
At 600 rpm, (613.02 s�1, 6.14 dynes · cm�2), we measured current over two hours for
three biological replicates. The mean and standard deviation are shown. The ratio
of measured current to initial current should remain steady since the concentration,
viscosity and diffusivity do not change appreciably over this range. According to
Equation A.19, the only remaining variable is the area.

difficult. However, by plotting the ratios of the Sherwood number for each particle to

that of the buffer solution it is possible to determine the rotation rate that leads to

the deviation from linear behavior. As shown in Figure 2-7, it is clear that there is

an inflection point around a rotation rate of 600 rpm (613.02 s�1, 6.14 dynes · cm�2)

for bacteria but not for the beads. Chronoamperometry was run for 2 hrs at this ro-

tation at limiting current to determine if limiting current can dynamically measure a

change in area over time. As shown in Figure 2-8, the ratio of measured current with

bacteria to the initial current of the buffer falls over this time. Each break in the data

is a cyclic voltammetry measurement. Cyclic voltammetry describes changes in the

electroactive area of a surface for a redox molecule. The smaller the enclosed area of

the voltammogram, the smaller the electroactive area, as we see for E. coli in Figure

2-9.[13] Quantitative analysis requires knowing the mechanisms of attachment and

detachment of the redox molecule on the material used.[27] In the present case, the

mechanisms of ferricyanide/ferrocyanide reacting on platinum have not been reported

in the literature. Recognizing that the area in Equation A.19 is the surface area and

not the electroactive area, the change in the limiting current shown in Figures 2-4,
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Figure 2-9: Sample cyclic voltammogram over time. Cyclic voltammetry describes
changes in the electroactive area of a surface for a redox molecule.[13] The smaller the
enclosed area in the voltammogram, the smaller the electroactive area. Quantitative
analysis requires knowing the mechanisms of attachment and detachment of the redox
molecule on the material used.[27] In the present case, ferricyanide/ferrocyanide reacts
on platinum, but the mechanisms of ferricyanide/ferrocyanide have not been reported
in the literature and are beyond the scope of this work. Each voltammogram was
taken every 30 min at 200 mV · s�1. A representative cyclic voltammogram for E.
coli K12 CGSC 4401 is shown here.
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(a) (b)

Figure 2-10: Physical blocking of the electrode by bacteria will prevent some but not
all of the current transfer. In (a) the default state of the Levich curve measurements
all reactants that make it to the surface disk will be oxidized and current will transfer.
In (b) the adhered state, any reactants that are blocked by bacteria on the surface
and advected away in will not contribute to the current.

2-5, 2-7, 2-8 is likely a physical blocking of the electrode as shown in Figure 2-10.

This could be due to bacteria or proteins that block the ferricyanide from reacting

at the electrode surface. Assuming that the area a single bacteria occupies is half

its surface area, we estimate the number of bacteria adhered as a function of time

(Figure 2-11) and the subsequent deposition rate. The number of bacteria adhered

to the surface is approximated by taking the initial area ratio,

n =
1� A/A0

0.5 · SAmicrobe
, (2.5)

assuming that half of the rod-shaped bacteria is in contact with and blocking the

disk and proteins contribute a negligible amount to the blocking. As shown in Table

2.2, the deposition rate of B. subtilis oscillates over each cycle unlike E. coli, which

steadily decreases from the second 30 min cycle, as described in the literature.[32]

The values in this work include any proteins secreted into the media or directly onto

the substrate, though the deposition rates for E. coli K12 are close to those found

(50 – 400 cm�2 s�2) for E. coli O2K2 on glass at a lower shear rate 0 – 100 s�1

in the literature.[48] While we did not find a direct comparison, the adhesion of B.

subtilis forms biofilms as strongly as Pseudomonas aeruginosa, which maintained a

near constant 400 cm�2 s�1 over shear rates from 0 - 600 s�1.[48] To compare with

traditional methods, we quantify bacteria coverage on the electrode using fluorescence

microscopy, following the methods of Shive et al.[11] and Wang et al.[12] for measur-
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Figure 2-11: Deposition kinetics as a function of time estimated from the rotating disk
results (Figure 2-8), for E. coli K12 CGSC 4401 and B. subtilis 168 BGSC 1A1 on
platinum at 30 �C in phosphate-buffered solution amended with 30% glycerol, pH 7.0,
at a concentration of 1.97±0.455⇥ 108 cells · cm�3 and a wall shear rate of 613 s�1.
Linear regression was performed over each interval to estimate deposition rate. All
experiments performed in biological triplicate.

Table 2.2: Deposition rates determined from ratio of current

Interval (min) E. coli K12 B. subtilis 168
0 242.2± 85.0 297.4± 94.3 cm�2 · s�1

30 439.9± 184 287.4± 67.0
60 343.5± 147 433.3± 133.1
90 252.7± 75.0 299.9± 45.0
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Table 2.3: Bacterial surface coverage measured using fluorescence microscopy

Bacteria Area %(10X) Area % (20X) Area % (40X)
E. coli K12 8.1± 5.4 % 31± 30 % 11± 14 %
B. subtilis 168 3.2± 2.4 % 6.2± 0.8 % 8.3± 10 %

ing adhesion (see Figure 2-12a and 2-12b). While common in literature,[32] this visual

method is not dynamic and relies on imprecise “slight rinsing” or “dipping” prior to

imaging.[32] The results, shown in Table 2.3, are variable with error that is as high or

higher than the measured values. Regardless, there is a significant difference between

the electrode area that E. coli cells cover relative to B. subtilis visually. Because E.

coli covers a significantly larger area, this explains the trend in Figure 2-8 that the

two area coverages are close despite E. coli being less likely to form a biofilm than B.

subtilis. The formation of a biofilm is largely a function of exopolymeric substance

secretion while the electrochemical methods measure bacterial adhesion in addition

to any polymers and proteins secreted by the bacteria which, may inhibit reactant

flux to the electrode. The results from this study are likely not translatable to dif-

ferent temperatures, fluids, metals, electrical potentials or bacteria. Instead, the full

procedure would be need to be followed to quantify the bacterial deposition rate. As

noted in Equation 2.2, the diffusivity and viscosity are temperature dependent. The

former should affect adhesion similarly to other methods for determining bacterial

adhesion. The advantage here is the independent quantification of how those param-

eters, and the reaction rate of the tracer chemical, vary and affect the measurement.

One of the other promising methods of measuring microbial adhesion is the use of

a quartz-crystal microbalance. This technique can measure weight changes down to

the 1 ng allowing for the measurement of a single microbe. While very accurate for

adhered mass, QCM cannot distinguish area and would measure all three configura-

tions shown in Figure 2-13 as the same. While very accurate for area, the methods

described herein could not conclude that that all three configurations contained the

same number of bacteria. Though at the shear rates we use, configurations shown in

Figure 2-13 (b) and (c) are unlikely.[49] It is possible to incorporate a quartz-crystal

microbalance into an RDE which would improve both of the techniques.[50]
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(a) E. coli K12

(b) B. subtilis 168

Figure 2-12: Fluorescent images over-layed on top of light microscopy of the Pt
electrode surface of E. coli K12 CGSC 4401 (Figure 2-12a) showing higher surface
coverage than B. subtilis 168 BGSC 1A1 (Figure 2-12b). Computed values shown in
Table 2.3 show some agreement with the data collected by the Levich curve but are
explicitly dependent on where the image is taken and implicitly dependent on the
rinsing method employed.
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(b)(a)

(c)

Figure 2-13: Artist representation of QCM and RDE measurement defects. A quartz-
crystal microbalance would measure all three microbe configurations as the same,
when they are clearly different. The rotating disk measurements described herein
would measure all three images as distinct, when each adhesion number is the same.
The area covered is an important characteristic for drag reduction and surface coat-
ings, while knowing the number of bacteria is important for determining cytotoxicity.
The angle between microbe and surface in configuration (c) is an exaggeration though
angles near 60� have been seen.[3]

2.4 Conclusion and Future Work

We use an RDE to extend chronoamperometry’s application to detecting microbial

adhesion under known mass flux.[51] We show mass transport limiting current and

cyclic voltammetry can quantify the onset and quantify the area of bacterial adhesion

to metals at known mass flux, over shear rates and time. Unlike microfluidic or

microscopic methods, this method can be used with opaque metals and unlike quartz-

crystal microbalance this measures occupied area instead of mass.[53, 5, 50] Future

work should include incorporation of quartz-crystal microbalance into an RDE to

determine how shear, potential and time contribute to microbial orientation on a

surface.

We show that deviation from the mass transport limiting current from the Levich

curve does not arise from the same physical mechanisms exhibited by mammalian cells

or high-density nano-particles. We show that at the concentrations relevant to aquatic

environments viscosity does not change, unlike high-density nanoparticles. We show

stiffness is likely not a contributing factor to the deviation as both a stiff gram-positive

and a less-stiff gram-negative bacterial strain exhibit similar behavior though further

study of the effect of particle stiffness could be done using polymers like PDMS. Future
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work should also include determining how the soft-layer affects adhesion using mutant

strains, fixation, various salinity or protein bound nanoparticles.[52] The deviation

of mass-transport limiting current comes from microbial adhesion and the adhesion

rates we find are similar to those in the literature for E. coli spp. and between two

biofilm formers, P. aeruginosa and B. subtilis. Future study using these methods

can be done to address Nealson’s [2, 54] hypothesis that surface polarization affects

bacterial adhesion since limiting current occurs over a range of potentials determining

if shear and surface polarization can prevent biofouling or decrease bioreactor start-up

time.[55]
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Chapter 3

Separating the influence of shear from

mass transport on exoelectrogenic

biofilms

3.1 Introduction

Microbes variously termed exoelectrogens,[1] electricigens,[2] or electroactive [3]

can use insoluble mediators as terminal electron acceptors. These include Geobacter

sulfurreducens,[4] and Shewanella onedensis, [5] utilizing insoluble metals like magne-

sium oxide and iron oxide. These microbes can grow to greater thickness [6] and stay

more active [7, 8] than soluble respiring microbes because their electron acceptor is

always accessible. In an engineered environment, like bioelectrochemical cells, corro-

sion resistant metals, like carbon [9], stainless steel [10], and titanium [11] are used, to

collect the electrons and pass them through a circuit to do work. While beneficial to

engineers, this creates pH stress differing from the naturally occurring charge neutral

process where the reduced metal combines with the released protons.[6] To solve this

challenge, some bioelectrochemical systems use forced convection as the predominate

means of mass transport [12, 13, 14, 15] and many lab scale bioelectrochemical sys-

tems use stir bars even when not explicitly stated. Bonanni et al., [16] showed that
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convection of substrate through the biofilm is negligible as should be expected with

biofilm pore size [17, 18, 19]. Yet, they did not distinguish the competing factors of

shear stress from mass transport. Rotating disc systems can be used to simulate many

practical flow systems, like pipe, channel, and porous media flow, while decoupling

mass transfer from shear.[20]

We use rotating disk electrodes to study the metabolic and structural response

of electroactive microbial biofilms to shear stress. A rotating disk electrode (RDE)

consists of a multi-flanged glass flask and a disk mounted in a shaft rotating under

precision motor control. The solutions to equations of fluid flow and mass transfer

at a rotating disk are analytical asymptotic expansions that allow for fast, agile, and

accurate comparisons between theory and experiment. [21, 22] This also allows pre-

dictable control of the fluid shear rate interacting with a biofilm grown on the disk

independent from the mass flux. As the shear rate changes a biofilms’ respiration

changes [23]. An electroactive biofilm should manifest this change as a change in cur-

rent as an in situ measurement of its metabolism.[24, 25] Similarly biofilms change

the amount of biomass produced under shear; we expect the porosity of an electroac-

tive biofilm will similarly change with corresponding evidence in their electrochemical

impedance.[26] We grow Geobacter sulfurreducens, an obligate anaerobe that directly

respires on metals, for 7 days on the RDE at a fixed rate of rotation in fed-batch

mode under positive N2|CO2 pressure. At the end of the measurement, we fix and

stain the biofilm in preparation for imaging. We use confocal microscopy to measure

the porosity of the biofilm as a function of depth. These images are analyzed using

MATLAB and the relative biofilm density as a function of depth is compared to an

empirical model based on a finite set of dimensionless variables. Using the current

output and resistance measurements from the rotating disk electrode and coupling

that with the pore structure, we test whether the biofilm has adopted an optimal

structure for metabolism or if the biofilm structure serves other, yet to be determined

purposes.
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3.2 Methods

3.2.1 Practical Benchmark

We benchmark this study to the up-flow microbial fuel cell by He et al.[12] An

up-flow microbial fuel cell is designed in a similar manner to an up-flow anaerobic

sludge blanket bioreactor where organic laden fluid is flown upwards over a biofilm-

coated porous media, having a smaller footprint than continuous stirred tank reactors

and subsequently higher shear.[27] Matching two systems using only the Reynolds

number produces vastly different results between the two systems.[28, 20]. Instead,

both the mass flux and the momentum flux must be matched. To do this, we compare

the rotating disc electrode system to membrane bioreactors and packed bed reactors

using theories of flow through porous media. The superficial velocity, U0 is defined as

U0 =
Q

Ar
(3.1)

where Q is the total flow rate and Ar is the area of the empty reactor. The Reynolds

number for the flow is defined as

Rep =
U0

(1� �)SV ⌫
, (3.2)

where the specific surface area to volume ratio, SV and porosity � must be measured.[29]

The shear stress, ⌧ , on particles in the porous media is then calculated as [29]

⌧p =
1

Sv

�

(1� �)

µ

kp
U0. (3.3)

The permeability, kp, is typically measured, yet can be calculated using the Kozney-

Carman equation as [30],

kp =
�
3

K(1� �)2S2
V

(3.4)
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Table 3.1: Properties of porous media, reticulated vitreous carbon foam, and flow
parameters used in an anode of an Up-flow Microbial Fuel Cell from He et al., [12].

� A[cm2] SV [m�1] k[m2] Q[m3 · s�1] U0[m · s�1]
0.97 26 51.05 0.0779 7.56⇥ 10�7 2.9⇥ 10�4

where K ⇡ 5 is the value typically used for the Kozney constant [30]. The dimen-

sionless stress similarly found with the fluid inertia is then [29]

⌧p
1
2⇢U

2
0

=
2K

�2
Re

�1
p . (3.5)

The similarity to pipe flow scaled by the porosity and Kozney constant is expected

since flow through porous media has been related to flow through packed tubes.[31, 29]

Using values from literature, Table 3.1, it is possible to determine a dimensionless

shear stress that is common between the two systems. The dimensionless shear stress

is then ⌧̃p = 0.056. This value can be matched to the shear from Equation A.8 to

rotating disc setups and for our system results in a rotation rate of 739 rpm, a shear

stress of 1.048 Pa and shear rate of 1046 s�1.

Mass transport equation for pipe flow

Np = 0.844c1D0Re
1/3
p Sc

1/3

✓
D

�2
p

L

◆1/3

, (3.6)

where we have used the porous Reynolds number, Rep, and the porous diameter is

Dp,

Dp =
�

(1� �)Sv
. (3.7)

Using the data from He et al.,[12] the flux can be found Np = 5.35⇥ 10�6 gCOD · cm�2 · s�1
.

We can use Equation A.16 to fix the mass flux for the various shear stress conditions,

summarized in Table 3.2 In 2, we described how mass transport limiting current is

affected by the adhesion of bacteria to the electrode. We use the initiation rotation

rate we found, 600 RPM, to normalize any indiscriminate adhesion before establishing

the shear condition.
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Table 3.2: The experimental parameters used for an acetate-fed Geobacter rotating
disk. The top row is based on the experimental parameters of He et al., scaled as
described herein.[12]

Rotation Rate Shear COD Concentration Dimensionless Shear
[rpm] [dynes · cm�2] [gCOD · L�1] [mM] []
739 10.46 0.96 14.97 0.0562
159 1.046 2.06 32.24 0.1211
34 0.1046 4.45 69.47 0.2610

The current, i, will be normalized to the mass transfer limiting current for a

rotating disk, ilim from Equation A.19,

i

ilim
=

i

neFAN
= i

⇣
neFALc⌫

�1/6
!
1/2

c1D
2/3
0

⌘�1

, (3.8)

To correlate this with the flux through the biofilm, the growth time of the biofilm is

taken into account as

tY qm, (3.9)

where Y is the biomass yield of the substrate and qm is the maximum substate

utilization rate [32]. A plot of i/ilim versus tY qm at constant mass flux results in curve

that is similar to that of logistic growth with parameters that may relate to physical

mechanisms that should be explored. Looking for mechanical explanations biological

phenomena may not be as farfetched as one would assume at first glance. Nadell et

al., were able to explain many examples of biofilm cooperation as manifestations of

competition, mutualism, or resulting from environmental conditions [33].

3.2.2 Media

The media was 0.59 g KH2PO4, 0.38 g KCl 2.19 g NaHCO3, 0.36 g NaCl, 0.20

g NH4Cl, 0.04 g CaCl2 · 2 H2O, and 0.10 MgCl2 · 6 H2O (MilliporeSigma, Darmstadt,

GER) in 1 L of deionized water based on the media used in bioelectrochemistry

experiments.[34, 35] The resulting conductivity was 2.10mS cm�1 at 30 �C. To this
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media was added 14.97 mL, 32.24 mL, or 69.47 mL of 1 M sodium acetate in the same

media. This resulted in a slight increase in conductivity from 5.5 to 6.7mS cm�1 from

lowest to .

3.2.3 Electrodes

A 0.4 cm diameter graphite exchange disk working electrode (Pine Instruments,

Durham, NC, USA) was used as the working electrode. The electrode was soaked

in 1 M hydrochloric acid and 1 M sodium hydroxide at for 24 hours after wiping

with ethanol and roughened using 5µm grit silicon carbide polishing paper to clean

from from previous experiments. A single junction Ag/AgCl (3.8 M KCl) reference

electrode (MilliporeSigma, Darmstadt, GER) was used because the conductivity of

the media is too low to sustain a double-junction. While this may cause leakage of

the 3.8 M sodium solution into the electrolyte, the abiotic experiments do not show

any significant deviation. A 0.1 cm diameter graphite electrode behind a glass frit

was used as the counter electrode (Pine Instruments, Durham, NC, USA).

3.2.4 Apparatus

The reactor was a water jacketed inverted 500 mL Erlenmeyer flask, with 4 ports

for electrodes and gas (Pine Instruments, Durham, NC, USA), see Figure 1. The

reactor was maintained at a constant temperature of 30 �C using a water jacket (Ju-

labo E5, Julabo USA, Allentown, PA, USA). The system was purged and blanketed

at 50 sccm with ultra-high purity 80% nitrogen and 20% carbon dioxide gas (Airgas

Inc, Radnor Twp, PA, USA). The current was measured with a Gamry Reference

600 or a Gamry Reference 3000 (Gamry Instruments, Philadelphia, PA, USA) with

a resolution of 600 mA and a bandwidth of 10 MHz which is much lower than the

sampling rate and current measured.
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3.2.5 Bacteria

Geobacter sulfurreducens strain PCA (ATCC) was grown anaerobically from a

frozen stock in a media matching Coppi et al., with 4 mM L-cystine and 40 mM

fumarate [34] at 30 �C. This was transferred to a 100 mL flasks and grown for 2 days,

the cells were centrifuged twice at 6000 rpm for 10 min rinsed in between with the

media described earlier.

3.2.6 Procedure

The media was brought to temperature 30 �C and internal resistance of the media

was measured. All conditions were run in biological triplicate. A roughly 24 hr

cycle included 30 min open circuit potential measurement, followed by two cycles of

cyclic voltammetry, chronoamperometry for 22 hours, and electrochemical impedance

spectroscopy. Chronoamperometry was conducted at �0.156V vs Ag/AgCl based on

Soussan et al.[36] Open circuit potential was measured at a sampling rate of 0.016

Hz for 30 min as this appeared sufficient to reach steady state. similar to Bernabeu

et al., for serum binding versus shear on a plexiglass coated platinum cylinder that

showed that initial adsorption occurred within 3-5 minutes [37]. Cyclic voltammetry

had an equilibration time of 5 s, a step size of 2 mV and a scan rate of 1mV s�1 from

�0.755V ��0.045V vs Ag/AgCl. following the method of Marsili et al.[38]

We measure the electrical impedance of the biofilm since it may be related to the

structure of the biofilm.[16, 39] The impedance is a key characteristic of microbial fuel

cells that can be used to diagnose their performance.[40] Electrochemical impedance

spectroscopy was conducted using two sets of parameters 1000000 Hz to 0.10 Hz

at Edc = �0.340V vs Ag/AgCl, Eac = 5mV and 1000000 Hz to 0.01 Hz at Edc =

�0.157V vs Ag/AgCl, Eac = 10mV following both Babauta and Beyanal and Marsili

et al.[35, 38]

The biofilm density and thickness are necessary to compare the results to previ-

ous research on bioreactors.[41] After 7 days, the bacteria on disk were dyed using

4’,6-diamidino-2-phenylindole a DNA stain and Alexa Fluor®594 -Concanavalin A,
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Conjugate that binds to glycocalyx.[18] After 10 minutes, the cells were fixed for 24

hrs using 4 % glutaraldehyde solution in their native buffer. The biofilm was then

rinsed in an ethanol series 30, 50, 70, 90, 100, 100. These were imaged using confocal

microscopy on using a 10X objective across the entire disk and then using a 40X

objective at the center. The sample was then critical point dried and sputter coated

for imaging using SEM. The images were processed in MATLAB to find porosity

was calculated layer by layer and overall surface roughness. Using AFM to measure

roughness resulted in too much noise because the EPS matrix collapses after drying

resulting in many more holes.

3.3 Results and Discussion

We continuously measure the effects of shear at fixed mass flux on electroactive

biofilms. Bacteria start to adhere within the first 30 minutes under shear ([42], and

Chapter 2). This is followed by faster rates of adhesion as more adhesion sites are

opened up by proteins from failed adhesion events, protein secretion, and recruitment

molecules. [42] While little of this information is captured by our current experimen-

tal procedure, initial adhesion of viable bacteria can be seen in the sharp decrease

of the initial chronopotetiometry at open circuit, Figure 3-1 relative to the abiotic

controls. This is expected with Geobacter sulfurreducens on graphite and while they

all eventually reach the same point, future work should determine how persistent the

difference in the rate of initial polarization is for each rotation rate and how this is

proportional to the number of adhered organisms. [43] As the growth rate of Geobac-

ter sulfurreducens strain PCA is Y qm = 9.2⇥ 10�6 s�1 most of the bacteria found on

the electrode at this point likely came from the solution [32]. For the same reason,

current over the first 24 hrs is also evidence of bacterial adhesion, see Figure 3-2. This

near immediate response in current is also found by others,[44] though we find that

at higher shear rates, the rate of current increase is higher. We did not fix bacterial

concentration, instead relying on growth stage 48 hrs after a 10:1 dilution in 40 mM

fumarate. This lack of fixed initial concentration may account for some of the devi-
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Figure 3-1: Average initial open circuit potential shows adhering metabolically active
bacteria. Dashed ‘–’ lines are the abiotic control at the same rotation rates and
concentrations as the solid line experiments.
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Figure 3-2: The current, at three shear stress conditions 1 Pa, 0.1 Pa and 0.01 Pa. The
flux was fixed to an up-flow microbial fuel cell (He et al., [12]) which also corresponded
to the 1 Pa shear stress. We can conclude the previous study was likely being run
under optimal conditions for maximal current generation. Yet, we find that at the
lower shear stress the maximum current persists longer. We found, but did not test
further, that the maximal current at the highest shear stress could be maintained if
the flux away from the biofilm is increased while the flux towards the biofilm is held
constant. The test apparatus is not designed for these conditions. The maximum
current we found was 136.55±2.15µA, 90.234± 1.89µA and 48.578±µA for 1 Pa, 0.1
Pa, and 0.01 Pa respectively.
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ation, though not as much as we see here.[44] A biofilm that took 7 days to achieve

the same amount of current as reported here at 24 hr ( ⇠ 2A) at 1 Pa was imaged,

Figure 3-3a. While poorly performing, the biofilm showed growth that agrees well

with the streamlines predicted by von Kármán for flow at a rotating disk showing

strong fluid influence. Further work should be done to measure the geometric and

transcriptomic changes that may be occurring over time in addition to the electrical

which is measured in this work.

The current at three shear stresses tested of 1 Pa, 0.1 Pa and 0.01 Pa are shown

in Figure 3-2. We can conclude He et al.,[12] was likely being run under optimal

conditions for maximal current generation. Yet, we find that at the lower shear

stress the maximum current persists longer. If we assume that current is proxy for

metabolic rate [25], our results agree with those found for other biofilms that higher

shear induces higher metabolic rates.[45] Trulear and Characklis [45] did not test

beyond 60 hrs so it is unknown whether similar trade offs between stability and

maximum occurred. We found, but did not test further, that the maximal current

at the highest shear stress could be maintained if the flux away from the biofilm is

increased while the flux towards the biofilm is held constant. The test apparatus

is not ideally designed for these conditions. The maximum current we found was

136.55 ± 2.15µA, 90.234± 1.89µA and 48.578±µA. Comparison with Babauta and

Beyenal 29 who operated with a similar reactor design, same diameter electrode shows

the importance of matching flux conditions in shear dependent studies. While their

maximal current at 0.01 Pa and lower flux is higher than ours, at 0.1 Pa and lower flux

it is the same, and at 0.63 Pa and lower flux it is lower than our 1.0 Pa and appears

to be leveling off. This could also be due to our operation at 43 mV vs SHE based on

Soussan et al., [36] while they operated at 500 mV vs SHE. Soussan et al., achieved

a much higher current density 1.9mAcm�2 compared with our 1.0mAcm�2 which

may be due to the electrochemical adaption of their tested Geobacter spp. The open

circuit potential is a function of the oxidation state of the biofilm.[47] To the authors

knowledge it is not known how many microbes must be metabolically active on the

electrode to reach the steady-state redox potential, though it appears to be a function
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(a) SEM image of Biofilm

 

(b) Confocal image of Biofilm

Figure 3-3: Figure 3-3a is an SEM of a biofilm from an underperforming 1 Pa shear
stress experiment: 0.12mA · cm�2, 16µA after 7 days versus the 1.0mAcm�2 shown
in Figure 3-2. The biofilm shows a growth pattern very similar to the streamlines
predicted by the von Kármán solution to flow at a rotating disk. Subsequent biofilms
do not reveal any of these patterns with the imaging techniques employed. Figure 3-3b
is a slice 6 µm from the surface of an electroactive biofilm taken after 7 days at 0.1 Pa
shear stress. This shows the same streamline pattern as seen in Figure 3-3a though the
image becomes uniform at further distances. Internal structural memory of biofilms
has been seen [46], though this is the first example under controlled conditions to the
author’s knowledge.
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Figure 3-4: The open circuit voltage falls to �266± 25mV vs SHE after one day and
is stable throughout the course of the experiment. This value agrees with that found
by Bond and Lovley, [49] -420 mV vs Ag/AgCl assuming saturated KCl as the filling
electrolyte and subsequent studies on G. sulfurreducens strain PCA. This is expected,
indicating that the bacteria have colonized and are respiring on the electrode.

of activity and quantity.[48] This potential is fixed by the redox potential terminal

electron reaction of the pili/cytochromes that are attached to the electrode. We see

(Figure 3-4) that after 24 hrs, the open circuit potential is stable at �266 ± 25mV

vs SHE. This value agrees with that found by others [49, 47] for G. sulfurreducens

consuming acetate, -420 mV vs Ag/AgCl,[49] assuming their reference electrode was

filled with saturated KCl.

A mature electroactive biofilm can be characterized using cyclic voltammetry

which shows how rapidly the electron donor can be turned over [50, 51]. For electro-

chemical reactants suspended in solution, rotation is typically turned off during the

scan [52] because reactants and products would be swept away. For an electroactive

biofilm, the redox chemicals are adhered to the electrode and at higher scan rates,

the different redox proteins can be investigated. We use a single scan rate and find

�160 ± 5 mV vs SHE in our work, Figure 3-5, compared with �145 ± 10 mV vs

SHE by Richter et al., (2009). [51] It is stable within a standard deviation for each

condition past day 3. The values were calculated from cyclic voltammograms taken
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Figure 3-5: Terminal donor formal potential over time across shear. The formal
potential of the terminal cytochrome is 160± 5 mV vs SHE in our work vs 145± 10
mV vs SHE by Richter et al., (2009).[51] It is stable within a standard deviation for
each condition past day 3. The values were calculated from cyclic voltammograms
taken once a day after a 30 min open circuit potential measurement at 2mV · s�1

from the second of 2 cycles.

once a day after a 30 min open circuit potential measurement at 2mV · s�1 from the

second of 2 cycles.

The electron diffusion current, Figure 3-6, is measured as the maximal current

generated during a slow cyclic voltammetry scan. Richter et al., (2009) [51] found a

maximum electron diffusion current of 0.17± 0.005mA. The expression they found

for the electron diffusion current was

id = nFAk[Mic][Med] (3.10)

where id is the diffusion current, k is the electron transfer rate, [Mic] is the microbe

concentration and [Med] is the mediator concentration. We are not able to quantify

the amount of redox mediators present nor their reaction rate so we are not able to

quantitatively assess the nature of the diffusion current using the expression given.

We note that the same trend in the diffusion current agrees with the trend in overall

current, Figure 3-2 and in the EIS, Figure 3-8.
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Figure 3-6: Electron diffusion current overtime and across shear. The electron dif-
fusion current is measured as the maximal current generated during a slow cyclic
voltammetry scan. Richter et al., (2009) [51] found a maximum electron diffusion
current of 0.17± 0.005mA. We are not able to quantify the amount of redox medi-
ators present nor their reaction rate so we are not able to quantitatively assess the
nature of the diffusion current using the expression given. Though we are able to
note that the same trend in overall current matched the diffusion current.

The last measurement made is the electrochemical impedance spectroscopy. This

measurement quantifies the complex impedance to charge transfer of the biofilm.[53]

There are subtle differences between each abiotic cells because of differences in con-

ductivity of the background media as described in the Methods, Figure 3-7. This

linear relationship between the imaginary and real parts of the impedance indicate

that there is only mass transfer resistance as should be expected because there are

no other charge carriers and acetate is poorly oxidized on a graphite electrode.

The decrease in electron transfer impedance follows the electron diffusion current

closely as expected. There is an increase in impedance from day 3 to day 7 of the 1

Pa case but not the other two shear stress conditions. The absence of the increase

in the 0.1 Pa and 0.01 Pa conditions clarifies that the steady state seen in both

electron diffusion and chronoamperometry has not started to decrease. The increase

in impedance may be due to decrease in redox proteins from loss of or death of cells,

decrease in the biofilm pH which may cause a loss of conductivity and/or metabolic
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Figure 3-7: The electrochemical impedance spectrum of the system under abiotic
conditions. The system only exhibits resistance as there are no reactions occurring at
the disk. The differences at low frequencies are due to the differences in conductivity
referred to in Methods section as we did not adjust for the increase in from increasing
acetate concentration. The color scheme is the same as previous figures, 1.0 Pa - blue,
0.1 Pa - red, 0.01 Pa - black while each symbol corresponds to a different day.
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Red 0.1 Pa
Blue 1.0 Pa

Black 0.01 Pa

Figure 3-8: Temporal evolution of electrochemical impedance spectroscopy across
shear. The decrease in electron transfer impedance follows the electron diffusion
current closely as expected. There is an increase in impedance from day 3 to day 7
of the 1 Pa case but not the other two shear stress conditions. The absence of the
increase in the 0.1 Pa and 0.01 Pa conditions clarifies that the steady state current
seen in both electron diffusion and chronoamperometry has not started to decrease.
The increase in impedance may be due to a decrease in redox proteins from loss of
or death of cells, decrease in the biofilm pH which may cause a loss of conductivity
and or metabolic activity [54, 6]. While the curves for day 1 do increase for all three
conditions, they are not, and should not be, the same as those in Figure 3-7 because
the measurement is taken 24 hours after inoculation.

activity.[53, 54, 6] While the curves for day 1 do increase for all three conditions, they

are not, and should not be, the same as those in Figure 3-7 because the measurement

is taken 24 hours after inoculation. Babauta and Beyenal [35] looked at impedance

as a function of rotation rate. The rotation rate was changed on impulse and not

with regards to continuous shear. A different approach was taken by Bonanni et

al., to measure dependence of electron and substrate diffusion as well as substrate

advection on limiting current.[16] Their work did not operate near maximum flux

and subsequently was not intended to differentiate between the affects of momentum

and mass transport.

The maximum current and thickness was higher than that found in studies on

similar systems with different mass flux and shear rates. [55] Lower currents were

found at lower shear rates. The thickness and surface roughness of the biofilms are
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Table 3.3: Morphology and scaling parameters of biofilms

⌧z✓ [Pa] H[µm] Ra k ⌧0 L

1 30.287 2.5067 6.81E+03 9.62E-04 402
0.1 41± 12 2.07 6.07E+03 1.14E-03 402
0.01 16± 3 1.36± 0.02 2.67E+03 2.65E-03 402

shown in Table 3.3 This is half the maximum thickness found in previous studies [56]

though as mentioned earlier a higher current density than with other experiments with

the same species. The independence of thickness and shear for the two higher shear

rates agrees with previous studies showing independence at all shear on membrane

aerated biofilms [57]. This disagrees with a similar study on biofilms developed in vivo

from a river constriction pipe and analyzed using a rotating disk electrode.[58] Further

work should be done to determine if this disagreement is from the non-constant mass

flux or the multispecies nature of the biofilm. A further hypothesis is provided by

noting that the independence is only seen with the 1.0 and 0.1 Pa conditions and, as

will be shown through dimensional analysis, the 0.01 Pa case is not fully developed.

To provide further insight into the processes occurring within the biofilm we cre-

ated a dimensionless model of the current and growth, shown in Figure 3-10. We fit

the data to that of a logistic growth model as

✓
I

nFAN

◆1/2

=
L

1 + exp (�k(tY qm � ⌧0))
(3.11)

The factor of 1/2 in the dimensionless current accounts for the shear which constrains

the volume described in Appendix B. The volume modifies the current following the

Wiener model for porous media conductivity �p�V where �p is the conducting pili

conductance, � is the biofilm porosity, and V is the volume [39]. The parameters

are shown in Table . The resulting maximum value, L, of the curve exceeds unity

indicating that there is something other than acetate that the bacteria are consum-

ing to produce current which has been seen for other microbial fuel cells where the

Coulombic efficiency meets or exceeds unity. The k value is proportional to a growth

rate, as is clear from the decreasing value with increasing shear and current. The
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Figure 3-9: Mean porosity as a function of dimensionless distance taken from confocal
microscopy images of the biofilms. The porosity decreases to a minimum at towards
center of the biofilm at all three shear stress conditions while there is not a clear
distinction between the 1 and 0.1 Pa conditions. The 0.01 Pa condition is different,
providing evidence that it may not be fully developed. The lower porosity appears to
be an artifact of the initial shear stress pattern as seen in Figure 3-3b. The porosity
was calculated by merging the two images of AlexaFluor 594 and DAPI as described
in the methods section, converting to binary in MATLAB and calculating the overall
porosity on 212⇥ 212µm or 850⇥ 850µm images.
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Figure 3-10: Dimensionless chronoamperometry at fixed mass flux and three shear
stresses. The current is normalized to the theoretical current for fixed acetate flux
(5.35⇥ 10�6 gCOD · cm�2 · s�1) and a total transfer of electrons (n = 8) at three
shear stresses tested of 1 Pa, 0.1 Pa and 0.01 Pa. The scaled growth time seems to
account for most of the differences between each of the different shear stress.

midpoint, ⌧0 is decreasing with increasing shear, again showing shear induced faster

growth. The model does not predict the decay in current, the deviation of the 1.0 Pa

condition from the 0.1 Pa shear stress condition. Yet, it does predict that this point

is reached by ktY qm = 105 or t = 3.8, 4.3 or 9.8 days for the 1.0, 0.1, and 0.01 Pa

conditions respectively.

The optimal operation of a bioreactor includes the control of biofilm thickness

and managing biofilm removal under shear.[27] In porous membrane bioreactors, the

thickness of the biofilm is constrained by the size of the pores and both pumping and

filtration efficiency decrease as a result.[59, 60, 61] To determine how shear impacts

biofilm growth and detachment, we conducted the first long-term study on the effects

of fluid flow history on biofilm growth and metabolism.[62] Furthermore, active trans-

port of bacteria may increase current production similar to gravity sedimentation.[63]

We show that the startup time and development time of the biofilm under shear are

shortened at higher shear rates.

Biofilms under mechanical, thermal, and other forms of environmental stress

change their metabolism.[23, 64, 65] Yet, separating these stressors has been diffi-
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cult. A biofilm may respond to different stresses by increasing/decreasing cell mass

production, cell production, and detachment.[33] Substrate utilization and current

generation, both of which may be influence by shear stress, are the key figures of

merit to be optimized for both wastewater treatment and microbial fuel cells. Cur-

rent generation can be a proxy for metabolism though the relationship and efficiency

is complex. [25] Under this hypothesis, we show that the biofilm increases its respi-

ration rates under shear but at the cost of long-term stability.

As we noted in the description of the media, we did not balance the conductivity

with increased acetate loading. Increased ion concentration should lead to higher

current [66] but we find the opposite. This likely means that the difference in conduc-

tivity ⇠ 1.2mS cm�1 is not as significant as the impact of shear stress. Future testing

should be done to see how changes in conductivity can diffuse through the biofilm.

3.4 Conclusion & Future Work

We performed a long-term study of the independent effect of shear stress on an

electroactive biofilm. These biofilms are unique in that they do not rely on electron

acceptor diffusion as they are “wired” to the electron acceptor thus leading to thicker

biofilms. Similar to previous work [6], we propose that the maximum limitation of

these biofilms is waste removal. We conclude that high shear rates lead to faster

start-up times and higher metabolic rates at the cost of reduced waste removal. All

fully-developed biofilms were roughly the same thickness and porosity. Further work

should be done to probe the pH of these biofilms grown under different shearing

conditions. Noting the importance of waste removal, future testing devices should

include hydraulic conditions similar to the drained and undrained devices for testing

poroelastic response of soils.
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Chapter 4

Conclusion

We show that a single platform can be used to analyze biofilms from initiation

to decay and death. Growing a biofilm has been possible in other platforms for the

last 400 years,[1] they are hard to prevent. Yet, the analytical tools necessary to

differentiate them from their planktonic states have only been advanced over the last

40 years.[1] Confocal microscopy provides an unprecedented window into the structure

of biofilms. Combining microscopy and computer vision with microfluidics in the

early 2000s increased the understanding of biofilm initiation.[2] While rotating disk

electrodes had been used to probe biofilm transport properties they had not been used

to assess the health and metabolic activity of a biofilm.[3] While not representative

of all bacterial species, electroactive bacteria include many �-proteobacteria including

Pseudomonas aeruginos which as been a model biofilm former since the term was first

coined.[1] Furthermore, many studies, including those using rotating disks, on biofilms

had not managed to separate substrate stress from shear stress. Our results show that

this tool should be used to create the next set of breakthroughs in understanding

biofilm dynamics.

Mass transport limiting current, both over a range of rotation rates and over time,

as well as cyclic voltammetry can be used to determine the onset and quantify the

area of bacterial adhesion to metals. The use of a rotating disk electrode refines the

use of chronoamperometry used by Boulang-Petermann et al., [4] using controlled

flux to the surface. We note that deviation from the Levich curve does not arise
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from the same physical mechanisms exhibited by mammalian cells or high-density

nano-particles. Stiffness is likely not a contributing factor to the deviation as both

a stiff gram-positive and a less-stiff gram-negative bacterial strain exhibit similar

behavior. Further examination of the effect of particle stiffness could be done using

polymers like PDMS. Further, viscosity does not appear to change due to the presence

of bacteria. Another difference between inert particles and bacteria is the soft layers

on their surface which may be investigated using mutant strains, fixation or various

salinity.[5]

We conclude that the deviation from the Levich curve is due to adhesion of bac-

teria and proteins to the surface of the electrode. The rotating disk electrode (RDE)

is a useful tool to study bacterial adhesion under flow and at a fixed potential. While

other tools used to measure adhesion are very accurate and sensitive, they are trade-

offs not faced with an RDE.[6, 7] For example, microfluidic systems are limited to

small working areas and small sample volumes which may limit the accessible range

of transport regimes and increase cell-cell interaction unintentionally, thereby chang-

ing adhesive properties.[7] A rotating disk electrode can be scaled without changing

the procedures or physical mechanisms of action or accuracy.[8] Additionally, while

quartz-crystal micrography is very accurate in measuring adhered mass but cannot

measure area it is also possible to incorporate a quartz-crystal microbalance into an

RDE.[9]

Results of this study can be utilized to investigate the influence of flow conditions

on bacterial adhesion to various electrochemically active surfaces. These techniques

may be useful for addressing Nealson’s hypothesis [10, 11] that surface polarization

affects bacterial adhesion since limiting current occurs over a range of potentials.

These methods may also be useful in determining if surface polarization is useful for

preventing biofouling or using surface polarization and stirring to decrease start-up

time in bioreactors.[12]

We performed a long-term study of the independent effect of shear stress on an

electroactive biofilm. These biofilms are unique in that they do not rely on electron

acceptor diffusion as they are “wired” to the electron acceptor thus leading to thicker

84



biofilms. Similar to previous work [13], we propose that the maximum limitation of

these biofilms is waste removal. The additional understanding from this work is that

high shear rates lead to faster start-up times and higher metabolic rates at the cost of

reduced waste removal. All the biofilms were roughly the same thickness and porosity.

Further work should be done to probe the pH of these biofilms grown under different

shearing conditions. Noting the importance of waste removal, future testing devices

should include hydraulic conditions similar to the drained and undrained devices for

testing poroelastic response of soils.
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Appendix A

Rotating Disk Electrode Theory

A.0.1 Hydrodynamics

We briefly summarize the results of Levich[1] and von Kármán[2] that describe

the fluid transport, mass transport, and current measurement that is the basis for

this work (see Equation A.21). von Kármán solved for the fluid flow in a near disk

region of the rotating disk system. He modeled a disk of radius a rotating at speed

frequency ! in an infinite fluid bath. Starting with an incompressible Newtonian form

of the Navier-Stokes equation

(u ·r)u = �1

⇢
rp+ ⌫r2u, (A.1)

where p is the pressure, ⇢ is the density, ⌫ is the viscosity and in cylindrical coordinates

hr̂, �̂, ẑi the velocity is

u = rf(z)r̂ + rg(z)�̂+ h(z)ẑ (A.2)

The r̂ and ẑ components tend to 0 and the � component to !r at the surface of the

disc due to the no-slip condition. As z ! 1 away from the plate, f, g ! 0 yet h ! c,

a constant, to satisfy continuity. Scaling the velocity such that

u = r!F (⇣)r̂ + r!G(⇣)�̂+ (⌫!)1/2H(⇣)ẑ (A.3)
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where ⇣ is the dimensionless depth

⇣ =
⇣
!

⌫

⌘1/2
z. (A.4)

After substitution and scaling, the system to be solved is

F
2 �G

2 +HF
0 = F

00
,

2FG+HG
0 = G

00
, (A.5)

HH
0 + 2F 0 = P

0
,

2F +H
0 = 0

von Kármán’s solution was a Taylor series for near disc z  ⌫
1/2

!
�1/2. Cochran

corrected von Kármán’s solution since it erred in satisfying the no-slip condition

[2]. He also developed a solution that held in the bulk solution using an asymptotic

expansion of F,G, and H,

 (⇣) =
X

ane
�cn⇣

, (A.6)

where  is substituted for F,G,H. Benton showed that the matching between the

near disc and bulk solution was not necessary and one could use the exponential

expansion in the near wall case [3].

The flow as described only has a z component away from the surface of the disk

gradually gaining a rotational and radial component the closer one gets to the surface,

shown in Figure A-1

The fluid shear force at the surface is

⌧z✓ = µ

✓
@u✓

@z
+

1

r

@uz

@✓

◆
= ⇢

1/2
µ
1/2

!
3/2

rG
0
✓⇣

!

⌫

⌘1/2
z

◆
' 0.6159⇢1/2µ1/2

!
3/2

r

(A.7)

The value of G0(0) = �0.6159 is from the expansion Eq. A.6 as corrected by Benton

[3]. The shear can be made dimensionless by dividing by the fluid inertia,

⌧z✓
1
2⇢U

2
= G

0(0)2
p
2Re

�1/2
D , (A.8)
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(a) Streamlines overlayed on a velocity mag-
nitude plot for a rotation rate of 739 RPM
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Figure A-1: Velocity as described by Kármán

where the Reynolds number is defined as

ReD =
ULc

⌫
=

(!r)(2r)

⌫
(A.9)

The models for the rotating disk system work when the boundary layers formed

on ceiling, floor, and walls of the chamber do not meet those of the disk. [4, 5] That is

the floor and ceiling must be far enough away and the disc radius to chamber radius

ratio must be much less than 0.9; here it is 0.06. Turbulence is not a concern in

RDE systems since it occurs around ReD ⇠ 2 ⇥ 105 or 7600 rpm for a 5 mm dia.

disk[6]. Turbulent systems are also typically not used in engineered biofilm systems

since biofilms cannot withstand such shear. Steady-state is reached within 2% by 2!t

or 22-0.008 s [3].

A.0.2 Mass Transport

Levich used the asymptotic expansion for the velocity in his solution to the

advection-diffusion equation in 2D to develop an expression for the diffusion layer
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above rotating disk electrodes [1]. The advection-diffusion equation is

@c

@t
+ vr

@c

@r
+

v�

r

@c

@�
+ vz

@c

@z
= D0
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r
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@c
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◆
+

1
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@
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c
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@
2
c

@z2

◆
, (A.10)

where D0 is the diffusivity of the solute in question. If the system has reached

steady-state, then the first term on the left hand side is 0. Since c(�) = c(�+2⇡) any

derivatives in � are 0. It follows that the advection-diffusion equation reduces to:

vr
@c

@r
+ vz

@c

@z
= D0

✓
1

r

@

@r

✓
r
@c

@r

◆
+

@
2
c

@z2

◆
(A.11)

Very close to the surface, the radial change in concentration goes to zero,

lim
z!0

@c

@r
= 0 (A.12)

The flux at the surface is then found by solving for dc
dz and results in

N = D0
dc

dz

����
z=0

' 0.62c1⌫
�1/6

D
2/3
0 !

1/2 (A.13)

Combining this with the concept of Nernst diffusion limited current density,

j = FziD0
c1 � c0

�0
(A.14)

the asymptotic diffusion length is:

�
0 =

N

c1D0
= 1.61

✓
D0

⌫

◆1/3 ⇣
⌫

!

⌘1/2
(A.15)

This resulted in mass transport to a rotating disk showing a fast drop in concentration

over one diffusion length so it is a ‘diffusion layer,’ though not of fixed concentration

nor static concentration. Mandin et al., showed by experimental and a numerical sim-

ulation of the Navier-Stokes equation around a micro-electrode that Cochran’s 3rd

order Taylor series expansion underestimated the velocity gradient by 40% within the

mass transport boundary layer at 100 rad· s�1 [4]. By using this erroneous velocity
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expansion, they showed that Levich’s model overestimates the mass transport by 3%

[4]. Levich’s solution is useful for experimental computation so we use Cochran’s ex-

ponential solution to 50th order as recommended by Benton. Substituting Cochran’s

exponential solution in the expression for mass flux results in

N = c1⌫
�1/6

D
2/3
0 !

1/2
�
cSc

�1/3
J
�1
�

(A.16)

where the first four terms are identical to Levich’s solution and

Z 1

0

expSc

 
�x+

NX

j=1

bj

j

�
1� e

�jx
�
!
dx. (A.17)

At N = 1, the result can be approximated as an improper Gamma function for large

Sc. At N = 2 and Sc = 1 the integral can be approximated as an error function. Yet,

there is no closed form for N > 2. Using adaptive quadrature we have calculated this

for biologically related chemicals, the acetate ion, acetic acid, ↵-D-glucose, sucrose,

and the proton at 25 �C out to N = 60. Convergence is reached for all four chemicals

is reached at N = 23 (cf. Figure [A-2]). The disadvantage of this method compared

to the Levich model is that the integral depends on the solute diffusivity and must

be computed, yet modern computers can do this in 0.1 seconds (MATLAB, 2.4GHz

Processor, 4Gb ram).

The average relative error between our calculated term and Levich’s approximation

is 3.6% in agreement with Mandin et al.[4] The greatest difference is for the proton

of 6.89% which is significant noting that proton conduction is viewed as a limiting

factor in power production for MFCs.

The maximum current, Equation A.18, that can be obtained at a given rotation

rate is a product of the number of electrons transferred per reaction, n, Faraday’s

constant, F , the projected area, A, and the flux to the surface, N ,

ilim = neFAN. (A.18)
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Figure A-2: The correction and convergence to Levich’s mass transfer model of six
biologically relevant chemicals based on diffusivities in literature. Convergence is
reached between a 20 and 30 order approximation. While the error is only between
2 – 6% as shown in Table A.1, the rapid convergence shows this source of error is
unnecessary.

Table A.1: Coefficients of the Levich expression for mass flux for four biologically
relevant diffusivities. The percent relative error of the Levich expression is � =
|cSc�1/3

J
�1 � 0.62|/cSc�1/3

J
�1 ⇥ 100. Values from [7]

Acetate Acetic Acid ↵-D-glucose Sucrose Proton
Diffusivity [10�5 cm2s�1] 1.089 1.29 0.67 0.52 9.311
cSc

�1/3
J
�1 0.6012 0.6001 0.6042 0.6056 0.5800

�% 3.12 3.32 2.60 2.37 6.89
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(a)

Figure A-3: A graphical representation of mass transport limited reactions on the
surface of a rotating disk. The reduced form of a molecule, shown in yellow, is
transported with the fluid to the surface of the disk, is oxidized to the blue form with
the transfer of electrons to the disk and is transported radially away from the disk.

Or by substituting Equation A.16 into Equation A.18[8]

ilim = neFAc0⌫
�1/6

D
2/3
0 !

1/2
⇣
cSc�1/3

J
�1
⌘
. (A.19)

Mass-transport limiting current is the current when the electrochemical reaction is

limited solely by reactant transport to the electrode and can be used to measure

diffusivity of the reacting species. This is shown graphically in Figure A-3 The Levich

curve is the result of plotting log(ilim) vs log(!) and should result in a straight line

with slope 1/2.[8]

If the mass transfer coefficient, km, is defined from the limiting current as

ilim = nFAkmc0 (A.20)

then the Levich equation, Equation A.19, can be rewritten in dimensionless form as

kmR

D0
=

✓
D0

⌫

◆1/3✓
⇢!R

2

µ

◆
= Sc1/3Re1/2, (A.21)

where the Sherwood number is Sh = kmR/D0, and the Reynolds number is Re =

!R
2
/⌫.
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Appendix B

Shear Constraints on poroelastic

media

Modeling biofilms can be approached using either continuum or discreet methods.[1][2]

Within continuum approaches, biofilms have been modeled as multiphase flows [3] or

poroelastic solids with fluid intrusion [4]. We follow the poroelastic solid with fluid

intrusion approach as we are looking at bulk properties of height and global porosity

versus surface roughness, dispersion, tortuosity. No satisfactory physics of fracture

exist to the best of the authors’ knowledge and the best models for fracture follow

discreet methods. [5]The upper bound on the volume is set by shear stress on a

poroelastic media is found using the model by Gopinath and Mahdevan [6] that the

response time for a poroelastic structure under shear loading should go as

tp ⇠
µh

2

kp�E
. (B.1)

This can be rewritten in terms of a velocity assuming that the response is on the

same order as the fluid transit time across the disk,

1 ⇠ ⌧h
2

kp�E
, (B.2)
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or solving for the height, h,

h =
kp�E

⇢1/2µ1/2!3/2rc3
Pn

1 nane
�c⇣n

. (B.3)

where the summation and constant c both come from von Kármán’s expression for

velocity[7] When integrated around the radius of the disk, this results in a maximum

volume of

Vmax =
4

3
⇡

✓
kp�0Er

3

⇢f!
2c3
Pn

1 nan

◆1/2

(B.4)

where we assumed a first order Taylor expansion of the exponential as it drops of

rapidly from the surface of the disk.
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