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Abstract

Electrochemically active biofilms have a unique form of respiration in which they utilize solid 

external materials as terminal electron acceptors for their metabolism. Currently, two primary 

mechanisms have been identified for long-range extracellular electron transfer (EET): a diffusion- 

and a conduction-based mechanism. Evidence in the literature suggests that some biofilms, 

particularly Shewanella oneidensis, produce the requisite components for both mechanisms. In this 

study, a generic model is presented that incorporates the diffusion- and the conduction-based 

mechanisms and allows electrochemically active biofilms to utilize both simultaneously. The 

model was applied to S. oneidensis and Geobacter sulfurreducens biofilms using experimentally 

generated data found in the literature. Our simulation results show that 1) biofilms having both 

mechanisms available, especially if they can interact, may have a metabolic advantage over 

biofilms that can use only a single mechanism; 2) the thickness of G. sulfurreducens biofilms is 

likely not limited by conductivity; 3) accurate intrabiofilm diffusion coefficient values are critical 

for current generation predictions; and 4) the local biofilm potential and redox potential are two 

distinct parameters and cannot be assumed to have identical values. Finally, we determined that 

simulated cyclic and squarewave voltammetry based on our model are currently not capable of 

determining the specific percentages of extracellular electron transfer mechanisms in a biofilm. 

The developed model will be a critical tool for designing experiments to explain EET 

mechanisms.
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Introduction

Electrochemically active biofilms (EABs) use a unique mode of respiration, in which 

terminal electrons derived from their metabolism are transferred to extracellular, insoluble 

electron acceptors, such as minerals or electrodes.1–4 This phenomenon has been researched 

for use in several applications, including the production of electrical power,5, 6 the 

production of hydrogen in microbial electrolysis cells,7, 8 and the improvement of 

wastewater treatment.9, 10 Extracellular electron transfer (EET) has also been researched for 

its use in bioremediation,11–13 for understanding microbially influenced corrosion,14, 15 and 

for its role in subsurface sediment mineralogy.16, 17 To date, there have been two main 

mechanisms proposed for long-range EET, a diffusion-based and a conduction-based 

mechanism.18 Diffusion-based EET relies on the migration, diffusion, and/or advection of 

soluble electrochemically active molecules (mediators) to carry electrons from cells to the 

electron-accepting surface.19–21 Conduction-based EET relies on the transmission of 

electrons through a conductive biofilm matrix composed of extracellular polymeric 

substances.22–24 These mechanisms are diagramed in. Theoretical calculations have shown 

that diffusion-based EET alone cannot account for the current produced by 

electrochemically active biofilms because of mass transport limitations of the mediators.18 

Furthermore, there is evidence that some species are able to utilize both mechanisms. 

Shewanella oneidensis, a dissimilatory metal-reducing bacterium, was chosen as the focus of 

this study because of supporting evidence for both diffusion- and conduction-based EET in 

S. oneidensis biofilms.21, 22, 25 Currently it is not known to what extent S. oneidensis uses 

each EET mechanism or what effect different environmental and phenotypic conditions have 

on EET mechanism selection.18

To date, all electrochemically active biofilm modeling efforts have focused on individual 

EET mechanisms. In the past seven years, several conduction-based models have been 

proposed. In one of the first biofilm-based microbial fuel cell (MFC) models, Marcus et al. 
developed the Nernst-Monod equation to relate substrate utilization and anode electrical 

potential to current production for conduction-based electron transfer.26 This model 

assumed that the solid anode and the conducting biofilm could take the place of a soluble 

electron acceptor in the Nernst equation. It was further assumed that biofilm resistivity, 

ohmic loss, and proton concentration changes were negligible. Marcus et al. found that 

electron transfer was a primary limiting factor for high power production, principally 

because of the purportedly high resistance of the biofilm matrix. In 2010, Pinto et al. 
developed a conduction-based model27 for multispecies microbial fuel cells that generated 

power from wastewater via anodophilic and methanogenic microbes. The defining feature of 

this model is its potential application of controlling the external resistance of a microbial 

fuel cell in real time, facilitating maximum power point tracking. Also in 2010, Zeng et al. 
developed the first full dual-chamber microbial fuel cell model.28 Prior to this model, 
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reduction reactions at the cathode were assumed to be non-limiting. In this study, Zeng et al. 
demonstrated that the performance of the anode and that of the cathode are intimately 

connected. Concurrent with the development of these conduction-based models, several 

diffusion-based models were also published. In 2007, Picioreanu et al. modeled a microbial 

fuel cell with both biofilm and planktonic species with electron transfer via diffusion-based 

EET.29 This multidimensional individual-based model considered the diffusion of redox 

mediators from the cells to a planar anode. Picioreanu et al. were able to use their model to 

describe experimental results obtained from Bond and Lovley.30 Incidentally, the 

experiment by Bond and Lovley, which utilized Geobacter sulfurreducens, most likely did 

not have electron mediators. Picioreanu et al. later expanded on their model and included 

multiple species by incorporating the International Water Association’s aerobic digestion 

model (ADM1)31 into the diffusion-based model.32 Furthermore, in 2010, Picioreanu et al. 
added electromigration using the Nernst-Planck equation and pH considerations.33 

Collectively, these models show that both EET mechanisms can be used to describe current 

production in microbial fuel cells. They have also helped researchers optimize power and 

address microbial fuel cell design issues. However, none of these models investigates the 

combination, interaction, and relationship of diffusion- and conduction-based EET. This is 

necessary to determine which mechanism dominates under various experimental and natural 

conditions. Furthermore, such interactions are critical for mixed-species biofilms, where a 

variety of species that use different EET strategies may coexist34. The fact that mixed-

species biofilms generally produce higher current densities than pure culture biofilms 

warrants the investigation of interactions between EET mechanisms. We believe that 

mathematical modeling can help us critically investigate these interactions and aid in 

experimental design.

In this study, we explore the possible connections between diffusion- and conduction-based 

EET and the conditions that affect the usage of each EET strategy by a biofilm. Specifically, 

we develop a model that includes four different cases of EET (Figure 1): 1) diffusion-based 

EET, 2) conduction-based EET, 3) isolated-dual EET, and 4) interacting-dual EET. Isolated-

dual EET considers electron transfer through a combination of diffusion- and conduction-

based EET mechanisms. In this case, a biofilm may use both pathways; however, the 

pathways are independent, noninteracting, and thus isolated from each other. Interacting-

dual EET also considers electron transfer through a combination of diffusion- and 

conduction-based EET mechanisms; however, in this case the extracellular biofilm matrix 

acts as an extension of the electrode and can accept/donate electrons from/to a soluble 

mediator while conducting electrons from the cells to the electrode. This is in contrast to 

isolated-dual EET, in which the biofilm matrix cannot interact with mediators. The model is 

generic, intended for use with any biofilm-forming electrochemically active organism, 

applicable to a wide variety of conditions, and inclusive of both steady state and dynamic 

solutions. It provides, for the first time, the ability to simulate both cyclic and squarewave 

voltammetry of a biofilm using experimentally observed parameters. As an example 

application, an S. oneidensis biofilm was simulated using experimentally generated 

parameters and compared to a simulated G. sulfurreducens biofilm. We used our model to 

address a set of questions, shown in italic below.
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How does the distribution of the EET mechanisms affect theoretical current production? 
This question addresses the contribution of each mechanism to total EET. Although this 

question is partially answered in the literature, readdressing this question allowed us to 

compare our predictions with previous literature studies. When would the simultaneous use 
of both diffusion-and conduction-based EET be beneficial for a biofilm? Since it has been 

experimentally demonstrated that some biofilms can use both mechanisms, we determined 

theoretically whether this generates any benefit for biofilm activity or the total electron 

transfer rate. How does biofilm spatial activity affect the EET mechanism? We asked this 

question to determine whether a biofilm with higher activity can produce higher current and 

whether nonuniform activity is connected with the EET mechanism. What are the theoretical 
maximum biofilm thicknesses for different biofilm conductivities? The literature on this 

topic is conflicting. There are studies claiming that thickness is limited by conductivity and 

that thickness is not limited. The answer to this question can tell us what the limiting factors 

controlling biofilm thickness are. How does the effective diffusion coefficient profile affect 
diffusion-based EET? Often effective diffusion coefficient values are assumed in the 

literature to be constant. Recently it has been shown that this is not correct. This question 

addresses how critical the selected values of the diffusion coefficients are for the predicted 

current. Can voltammetry determine the contributions of EET mechanisms used by the 
biofilm? The answer to this question is critically needed to determine what information 

idealized cyclic voltammetry (CV) or squarewave voltammetry (SQW) may provide. Which 
parameters are critical for determining the EET mechanisms and theoretical current 
production? There are many parameters used in our model. By changing their values, we 

tested how they contribute to the overall current. Finding the key parameters will help us in 

designing experiments and inform us on which variables to control or measure. What is the 
difference between the local biofilm potential and the redox potential? Recently, our group 

discovered the local biofilm potential, which is different from the redox potential. The 

answer to this question will allow us to compare them, since one is based on conduction and 

defined for the extracellular matrix (local biofilm potential), whereas the other is defined for 

the liquid phase (redox potential). What benefit may a biofilm gain by allowing mediators to 
interact with the conductive biofilm matrix? If the extracellular polymeric substances (EPS) 

that comprise the biofilm matrix are conductive and this matrix interacts with electron 

transfer mediators, this interaction should provide an advantage to biofilm growth. The 

answer to this question can help us determine the extent of this advantage.

General Model Formulation

The model simulates an electrochemically active biofilm residing on an impenetrable 

electrode, consisting of a homogeneous distribution of electrochemically active species that 

can oxidize a substrate to release high-energy electrons. Electrons from the microbial 

oxidation of substrate are transferred to the electrode through conduction-based and/or 

diffusion-based EET mechanisms, depending on the chosen input parameters. Furthermore, 

the model is capable of simulating time-based electrochemical experiments, specifically 

cyclic voltammetry and squarewave voltammetry, relying upon first principles and 

experimentally observed input parameters when possible. In this study, we investigate the 

simplest cases considering the interaction of the two EET mechanisms.
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Biomass

The biofilm is comprised of a distribution of biomass (cells and extracellular polymeric 

substances, the biofilm matrix). It is assumed that the biomass is homogenous in three 

dimensions and does not change thickness or composition over time. This is a reasonable 

assumption as long as the biofilm has reached a pseudo-steady state and only short time 

frames are considered.35 Later in this study, the effect of heterogeneity on current 

production and EET mechanisms is explored by incorporating variable diffusion coefficients 

and density profiles. The biofilm has defined thickness, L (m); cell density, X (g m−3); and 

isotropic conductivity, κ (S m−1).

Biofilm metabolism

The biofilm subsists on the oxidation of substrate, S (mM), which is delivered to the biofilm 

matrix via diffusive mass transport. The substrate is supplied at a constant concentration to a 

large, well-mixed anodic chamber. The bulk concentration of substrate is considered 

constant because of the size of the chamber and the relatively slow consumption rate of 

substrate by the biofilm. The concentration at the biofilm surface is equal to the bulk 

concentration because of mixing in the anodic chamber. The substrate utilization rate is 

controlled by both the substrate concentration (electron donor concentration) and the 

electron acceptor concentration, through multiplicative Monod substrate utilization 

equations.36, 37 There are two possible electron transfer pathways; thus, there are two 

substrate utilization equations. For diffusion-based EET, substrate utilization is given by:

(1)

where qM (mol g−1 s−1) is the specific substrate utilization rate via diffusion-based EET, 

qmax (mol g−1 s−1) is the maximum specific substrate utilization rate, S (mM) is the substrate 

concentration, KS (mM) is the half-saturation constant of the substrate, Mo (mM) is the 

oxidized mediator concentration, and KM (mM) is the half-saturation constant of the 

mediator. For conduction-based EET, substrate utilization is given by the Nernst-Monod 

equation26:

(2)

where qC (mol g−1 s−1) is the specific substrate utilization rate via conduction-based EET, F 

(s A mol−1) is the Faraday constant,  (J K−1 mol−1) is the universal gas constant, T (K) is 

the temperature, E (VSHE) is the local biofilm potential, and EKA(VSHE) is the half-

maximum rate potential. The electron acceptor term, which is a function of E, is known as 

the Nernst-Monod term.26 The maximum specific substrate utilization rate is considered to 

be the same regardless of whether the EET is diffusion- or conduction-based, as it is 

assumed that the maximum specific substrate utilization rate is not affected by the EET 

mechanism used by the microorganism. In this model, diffusion- and conduction-based EET 
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can be used simultaneously; thus, piecewise functions are needed to define a modified 

and  if qM+ qC is larger than qmax

(3)

(4)

Note that, by definition, multiplicative Monod substrate utilization allows for the limitation 

of metabolism when the electron acceptor is limiting. For this model, the terminal electron 

acceptor is always the electrode; however diffusion- and conduction-based EET allow for 

two possible access paths for the electrode. Whether EET is 100% diffusion-based, 100% 

conduction-based, or a mixture of the two, the maximum substrate utilization rate is the 

same. The total specific substrate utilization rate, q (mol g−1 s−1), is given by:

(5)

Eqn (3) and (4) ensure q will never exceed qmax. Furthermore, the ratio  will not 

deviate from qm/qc, which is determined by the relative availability of mediators or a 

conduction pathway, even if qm+qc does exceed qmax. Thus, when EET is a mixture of 

diffusion-based and conduction-based mechanisms, the EET mechanism percentages will 

not be a function of substrate concentration. The overall substrate reaction rate due to 

metabolism, RS (mol m−3 s−1), is given by:

(6)

Diffusion-based extracellular electron transfer

In the biofilm, the oxidized mediator, Mo, is reduced by cells at a rate proportional to the 

utilization of substrate, . It is speculated that redox mediators, such as flavins, can interact 

with outer membrane c-type cytochrome proteins, e.g., MtrC and OmcA, receiving electrons 

from the outer membrane cytochromes and transferring them to terminal electron acceptors 

outside of the cell. Here, it is assumed that the mediators are not fixed in location and that 

the distances between mediators and between mediators and the terminal electron acceptor 

are too great (greater than tens of Ångströms) for efficient electron hopping. Thus, for this 

mechanism, electrons are carried by mediators that move via diffusion in the biofilm and 

undergo subsequent cycles of oxidation and reduction reactions. The steps of diffusion-

based EET can be summarized as:
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Kim et al., Valesquez-Orta et al., and Lanthier et al. all found that the number of harvested 

electrons in actual systems is significantly lower than that expected from substrate oxidation 

with 100% coulombic efficiency.38–40 For this reason a correction factor, f, is defined to 

represent the fraction of electrons obtainable for external electrical energy production. The 

formation of the reduced form of the mediator, Mr, is given by:

(7)

where RM (mol m−3 s−1) is the reduction rate of Mo in the biofilm due to metabolism, y 

(unitless) is the electron equivalence of the substrate, f (unitless) is the fraction of electrons 

recoverable for current, and n (unitless) is the number of electrons transferred by a redox 

mediator. Note that an uppercase “R” in the provided equations indicates that the reaction is 

taking place in the biofilm matrix (i.e., is a volumetric reaction), whereas a lowercase “r” 

indicates that the reaction is taking place at the electrode surface. The biofilm is grown on a 

polarized electrode, where Mr and Mo can be oxidized and reduced, respectively, depending 

on the polarization potential. By convention, positive current is produced when the electrode 

oxidizes Mr, releasing electrons to the electrode and ultimately the electrochemical cell 

circuit. Negative current is produced when Mo is reduced. While the reaction at the electrode 

is reversible, it is assumed that Mr does not have the ability to deliver electrons back into the 

cell. The reaction of the mediator at the surface is governed by Butler-Volmer kinetics. The 

oxidation rate of Mr is given by:

(8)

where ro (mol m−2 s−1) is the oxidation rate of Mr at the electrode surface, Mr (mM) is the 

reduced mediator concentration, k0 (m s−1) is the standard heterogeneous rate constant for 

the mediator redox reaction, α (unitless) is the transfer coefficient for the mediator redox 

reaction, ε (VSHE) is the polarized electrode potential, and E0′ (VSHE) is the standard redox 

potential for the mediator redox reaction. The reduction rate of Mo, rr (mol m−2 s−1), is 

given by:

(9)
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The reduction of Mo results in the formation of Mr; thus, the net generation rate of e− at the 

electrode surface, rM (mol m−2 s−1), is given by:

(10)

Conduction-based extracellular electron transfer

There is currently a debate as to exactly how conduction-based EET occurs in 

electrochemically active biofilms, whether by electron superexchange or by metallic-like 

conduction.24, 41, 42 However, in both cases electrons are conducted through the biofilm 

matrix, electron transfer occurs on shorter time scales than molecular diffusion, and current 

must be conserved. The steps of conduction-based EET can be summarized as:

Electrons originate in the biofilm in proportion to substrate utilization, , and propagate in a 

single direction toward the electrode. The rate at which e− is generated in the biofilm 

through metabolism, RC (mol m−3 s−1), and becomes available for conduction-based EET is 

given by:

(11)

Similar to the assumption for diffusion-based EET, electrons cannot be sent back to the cells 

(the microbial respiratory electron transport chain cannot work in reverse). In the future, this 

assumption may be modified to model cathodic electrochemically active biofilms that 

oxidize substrates extracellularly and may have applications in high-value chemical 

production (e.g., via electrosynthesis).

Mass balances

A mass balance of substrate within the biofilm is given by:

(12)

where DeS (m2 s−1) is the effective diffusion coefficient of substrate. Diffusion through a 

biofilm is impeded by high tortuosity in the matrix and interactions with both cells and 

extracellular polymeric substances; therefore, an effective diffusion coefficient is used. For 

solutes at low concentrations, where the chemical activity of the solute is close to unity (i.e., 

as in an ideal solution),43 the effective diffusion coefficient of any solute to which Fick’s 

laws are applicable can be obtained from:
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(13)

where Dei (m2 s−1) is the effective Fickian diffusion coefficient of solute i, Di (m2 s−1) is the 

bulk liquid Fickian diffusion coefficient of solute i, De (m2 s−1) is the effective self-diffusion 

coefficient of water, and Daq (m2 s−1) is the bulk liquid self-diffusion coefficient of water. 

Note that the ratio De/Daq is called the relative effective diffusion coefficient, Dr (unitless). 

Eqn (13) is used for the solutes in this model. Mass balances of the oxidized and reduced 

mediator are given by:

(14)

(15)

It is assumed that the effective diffusion coefficients of the oxidized and reduced forms of 

the mediator are identical. Full justification for this assumption is given below in the Model 

Parameters section. Thus, if the initial concentration of mediators is uniform, then 

.

Current and potential

The overall current density produced by diffusion-based EET, jM (A m−2), is given by a 

form of Faraday’s law:

(16)

The current density produced by conduction-based EET, jC (A m−2), is a result of the 

cumulative electrons produced in the biofilm that are available through substrate utilization 

via conduction-based EET. Performing an electron balance on the biofilm yields:

(17)

It is assumed that the time required for electrons to travel through the biofilm is negligible 

compared to the time scale of the diffusion of dilute solutes in the biofilm; electrons are 

conducted instantaneously. For simulations considering the isolated-dual and interacting-

dual EET cases, the total current density, j (A m−2), is the total current derived from both 

underlying EET mechanisms (diffusion-and conduction-based):
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(18)

Therefore, for the isolated-dual and interacting-dual EET cases, the fraction of current 

provided by the underlying diffusion-based EET, d (unitless), and conduction-based EET, c 

(unitless), can be quantified as:

(19)

The phrase “percentage of EET mechanism” is herein used to refer to the percentage of 

current collected at the electrode by means of a particular mechanism. Coulombic efficiency 

(unitless), the ratio of the rate at which electrons are delivered to the electrode to the rate at 

which electrons are taken from the substrate, is calculated as:

(20)

Two different potentials are of primary interest in electrochemically active biofilms. First, 

because the biofilm matrix is conductive, a local biofilm potential, E (VSHE), can be 

calculated. Ohm’s law describes the current-voltage relationship for metallic-like conduction 

or for electron hopping, assuming that the distance between adjacent redox molecules is 

small24. The conductivity, κ, is only associated with electron movement within the biofilm 

matrix; it does not consider any ions or redox couples that are in solution outside of the 

matrix.

(21)

In the future, a different current-voltage relationship may be used if a consensus is formed 

regarding the true nature of conduction-based EET. Note that electron hopping has also been 

simulated as a diffusional process, using an effective electron diffusion coefficient to dictate 

the rate of electron flux for a given potential gradient23. The second potential of interest, the 

redox potential, Eredox (VSHE), which is associated with the soluble redox-active compounds 

in the biofilm interstitial space, can be calculated by applying the Nernst equation to the 

single redox couple, the mediator:

(22)
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Note that the redox potential is generally a function of both mediator concentrations and 

pH.44, 45 This is based on the assumption that the mediator undergoes a proton-coupled 

redox reaction:

(23)

where m is the number of protons transferred per mediator redox reaction (note that if n≠m, 

other products, likely including buffering components, need to be included in this equation 

to ensure a net charge balance). However, because the standard reduction potential for this 

reaction is given in the biochemical standard state, and because it is assumed that the pH in 

the biofilm will be neutral and unchanging, a pH correction term is not included in eqn (22). 

Further justification for this is provided in the Model Application section.

A succinct summary of the entire system of equations, the initial and boundary conditions, 

and a schematic representation of the model (Figure S1) are provided in the Supplementary 

Information.

Interacting-dual extracellular electron transfer: mediator interactions with a conductive 
biofilm matrix

The above model formulation represents the “standard case.” However, we also wanted to 

explore the hypothesis that mediators are able to interact with, that is, exchange electrons 

with, a conductive biofilm matrix. This means that reduced mediators may transfer their 

electrons to the matrix and, likewise, oxidized mediators may accept electrons from the 

conductive matrix. In this case, dubbed interacting-dual EET, the matrix acts as an extension 

of the electrode and electron exchange can occur between mediators and the matrix, just as it 

can between mediators and the electrode surface. Mediators may not have to travel the entire 

distance between the reducing cell and the oxidizing electrode surface to transfer electrons. 

We wanted to explore this idea because of the mounting evidence of mediator and 

cytochrome interactions and the critical role cytochromes play in electrochemically active 

biofilm EET.46–49

We classify that any electrons that pass from a mediator into the conductive matrix and then 

proceed to the electrode are now considered arriving via conduction-based EET, while any 

electrons that pass from the conductive matrix to a mediator that is subsequently oxidized at 

the electrode surface is now considered arriving via diffusion-based EET. In simpler terms, 

the final form of transport that the electron encounters before being accepted by the 

electrode is the EET form attributed to it, regardless of the EET mode(s) it experienced 

along its journey. This distinction is required to quantify the percentage of each EET mode. 

The steps for interacting-dual electron transfer consist of steps from both diffusion- and 

conduction-based EET. Note that the steps shown here are only an example, as electrons 

may transfer between mediators and the conductive matrix several times before reaching the 

electrode.
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A new variable is defined, the specific electrochemically active surface area, Sa (m−1), 

which is a measure of the active surface area available per volume of conductive biofilm 

matrix with which the mediator species can interact. This is based on the idea that even if 

the biofilm is highly conductive, generally only specific sites will be electrochemically 

active and allow interaction with electron mediators. This is unlike metal conductors, whose 

entire surface is generally available for electron transfer. An electrochemically active area 

may include c-type cytochromes, which have been found on nanowires, bound in 

extracellular polymeric substances, and on the outer membrane of S. oneidensis 
cells.48, 50–52

The following equations and modifications are relevant only to the cases in which mediators 

are allowed to interact with the matrix. First, the biofilm is now able to oxidize and reduce 

the mediators based on the local biofilm potential, as defined by eqn (21). This leads to a 

new set of redox reactions for the mediators in the biofilm. Similar to the redox reactions 

occurring at the surface of the electrode, it is assumed that the redox reactions occurring in 

the conductive biofilm matrix will follow Butler-Volmer kinetics. The oxidation rate of Mr 

in the biofilm due to interaction with the conductive matrix, Ro (mol m−3 s−1), is given by:

(24)

A new standard heterogeneous rate constant, , and transfer coefficient, αb 

(unitless), are used because it is not currently known whether these values will be the same 

for redox reactions occurring on the conductive biofilm matrix as for those on the electrode 

surface. The reduction rate of Mo, Rr (mol m−3 s−1), is given by:

(25)

A net generation rate of e− in the biofilm conductive matrix, RSa (mol m−3 s−1), is given by:

(26)

The new mass balances of the mediator are given by:
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(27)

(28)

Eqn (27) and (28) replace eqn (14) and (15), respectively. Performing an electron balance on 

the biofilm yields:

(29)

This equation replaces eqn (17).

Model Implementation

The model was executed using a MATLAB client connection (Mathworks, Natick, MA, 

USA) to run finite element method software Comsol Multiphysics (COMSOL Inc., 

Burlington, MA, USA). This is similar to a previous squarewave voltammetry model 

developed by our group to simulate a voltammetric flavin microelectrode for use in 

biofilms.53 Briefly, a MATLAB m-file was initially generated using the Comsol chemical 

engineering module diffusion application mode for a surface reaction. This scaffold file was 

then structured to encompass all model parameters, geometry, finite element meshing, 

solvers (both stationary and time-dependent), and post-processing visualization.

Squarewave and cyclic voltammetry simulations were executed using independent custom 

m-files that controlled the dynamic electrode polarization potential, ε. Diagrams of the 

voltammetric wave forms are provided in the Supplementary Information (see Section IV 

Voltammetric Wave Forms, Fig. S4). To avoid jump discontinuities when squarewave 

simulations were run, which would prevent model convergence, the voltammetric signal 

changes between peak and trough potentials were approximated by a differentiable, and thus 

continuous, spline function consisting of two quarter-sine waves connected by a straight 

line, as developed in Nguyen et al.53 and shown in Figure 2. This was chosen over a Fourier 

series expansion to avoid Gibbs ringing artifacts in the model.

The one-dimensional FEM mesh includes 10,000 elements, spaced 10 nm apart for the 

standard case. During SWV and CV simulations, the maximum time step was set to 100 μs. 

Relative and absolute tolerances were set to 10−11. These FEM settings were tested to ensure 

that increasing the number of elements and decreasing the maximum time step and 

tolerances did not significantly change the solution. It was concluded that these settings 

were more than rigorous enough to handle the rapid changes in the SWV waveform.
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A one-at-a-time sensitivity analysis was performed to measure the sensitivity of steady state 

current production, j, and the fraction of current due to diffusion-based EET, d, to the model 

input parameters. The sensitivity was evaluated by calculating the resulting average 

elasticity given a ±25% change in each parameter. Elasticity, δ (unitless), also called relative 

sensitivity, measures the proportional effect of a change in a parameter value, p, on a model 

output.

(30)

(31)

Model Application: A Shewanella oneidensis biofilm

For the standard case, a four-day-old S. oneidensis MR-1 biofilm growing on a polarized 

graphite electrode was simulated. A four-day-old biofilm was chosen based on the 

availability of literature data. In the simulation, the electrode was the only available terminal 

electron acceptor, as no soluble electron-accepting chemicals were included and the system 

was therefore anaerobic. All parameter values discussed here for the standard case are 

summarized in Table 1. The polarization potential of the electrode was set at +300 mVSHE. 

This value was chosen to ensure that current production would not be limited by an 

insufficiently positive electron acceptor potential (note that while electrochemical reactions 

are not theoretically limited at this potential via Butler-Volmer kinetics, the biomass of 

Shewanellaceae biofilms have been shown to increase at more positive potentials72). The 

temperature was set at 30 °C, which is common for the growth of S. oneidensis 
MR-1.21, 22, 25, 39, 56, 57 Most parameters were chosen assuming a four-day-old biofilm, 

similar to that of Baron et al.56 and Renslow et al57. Based on these studies, a biofilm 

thickness of 100 μm and a lactate concentration of 25 mM were chosen. It was assumed that 

the impact of pH was negligible. This is based on microelectrode measurements by our 

group showing that inside a 100- to 200-μm-thick S. oneidensis biofilm respiring on a +600 

mVSHE polarized electrode, pH varied by only 0.08 units45. Furthermore, when the 

phosphate buffer strength was changed from 10 mM to 100 mM the pH variance was found 

to be zero. Small pH variances for low-current, well-buffered systems have also been 

predicted by mathematical models.33, 73

Renslow et al.57 determined that the average relative effective diffusion coefficient, Dr, of a 

100-μm-thick four-day-old biofilm was 0.89. Although the biofilm in that study was grown 

on a glass substratum as opposed to a polarized electrode, the Dr was found to be nearly 

identical to that of a 14-day-old S. oneidensis biofilm that was grown on a polarized 

electrode (Dr of 0.88)74. The biofilm density can be approximated from the following 

equation, which is modified from Renslow et al.57 and Fan et al.61 It assumes a 50% weight 

percent protein composition62, 75 (this is similar to the 55% weight percent protein used by 

Marcus et al.26, which was derived from Whitman et al.76):
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(32)

As defined by eqn (32), for a Dr of 0.89, X is 1700 g-protein m−3. The maximum specific 

substrate utilization rate, 0.002 mmol g−1 s−1, and the half-saturation constant for lactate, 

13.2 mM, were selected based on Tang et al.60 and Zeng and Zhang;77 however, other 

values are explored later in this study. Table S1 in the Supplementary Information shows the 

coulombic efficiencies of several anaerobic S. oneidensis MR-1-based microbial fuel cells. 

The highest coulombic efficiencies are 48–56%. From these data, the maximum fraction of 

electrons obtainable for current, f, is set at 0.6.

In the simulation, cells gain energy through the partial oxidation of lactate to acetate.39, 67, 68 

This results in an electron equivalence value of 4 mmol-e− mmol-lactate−1:

(33)

Note that the partial oxidation of lactate to acetate yields 66.7% fewer electrons than the 

complete oxidation to carbon dioxide and that, while S. oneidensis MR-1 appears to be 

incapable of oxidizing lactate to completion under normal anaerobic conditions, other strains 

of S. oneidensis appear capable of the complete oxidation of lactate.58

Flavin mononucleotide (FMN), simulated as undergoing a fast single two-electron transfer 

step redox reaction with a standard redox potential of −217 mVSHE, was chosen as the 

mediating molecule for diffusion-based EET.7,10–13 See the extended flavin discussion in 

the Supplementary Information for more information regarding the assumptions for FMN as 

the mediating molecule. For the reduction and oxidation of FMN on the graphite electrode, a 

standard heterogeneous rate constant, k0, of 1.6 × 10−3 cm s−1 was assumed, based on the 

value obtained by Verhagen and Hagen for flavin adenine dinucleotide on a glassy carbon 

electrode70 (flavin adenine dinucleotide is related to FMN, having the same redox-active 

isoalloxazine group as FMN). This heterogeneous rate constant value is within the normal 

range given by Bard and Faulkner71 and similar to the standard heterogeneous rate found for 

cytochrome c on a glassy carbon electrode.78 Furthermore, it is assumed that the redox 

transfer coefficient is 0.5, which implies a symmetric energy barrier for the forward and 

reverse FMN redox reactions.71 Later in this study we explore the effect of different redox 

transfer coefficients, in part because Verhagen and Hagen found that for the redox of flavin 

adenine dinucleotide on glassy carbon, the transfer coefficient was around 0.34.70

The standard case simulation assumed an endogenous concentration of FMN only. 

Valesquez-Orta et al.40 studied S. oneidensis in a microbial fuel cell setup and found 

endogenous concentrations of extracellular FMN up to 0.1 μM and negligible extracellular 

riboflavin and flavin adenine dinucleotide in the anodic chamber after four days. On the 

other hand, von Canstein et al.25 found that planktonic S. oneidensis cultures produced 2 

μmol gprotein
−1 FMN, but negligible riboflavin and flavin adenine dinucleotide in 24 hours. 
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If the standard case biofilm produced this amount, the concentration of FMN inside the 

biofilm would reach 3.4 μM. These numbers highlight the current dilemma in diffusion-

based EET research, where the concentration of mediators inside the biofilm is likely to be 

much higher than that detected in the surrounding bulk liquid. For the standard case 

simulation, we assumed a concentration of 1 μM FMN, which represents a conservative 

estimate based on current understanding. This is similar to the concentration our group 

found near the base of an S. oneidensis biofilm using a voltammetric flavin 

microelectrode.53 Later in this study, the addition of exogenous mediators is explored 

through a parametric study to determine the effect on current and percentage of the EET 

mechanism. Baron et al.56 and Velasquez-Orta et al.40 added up to 5 μM of flavins, and 

Covington et al.79 added up to 10 μM of flavins. In this study we explore concentrations up 

to 30 μM. The half-saturation constant for FMN, Km, is 0.1 μM, which is 10% of the initial 

bulk FMN concentration, analogous to the value used by Picioreanu et al.29

The diffusion coefficients of all species in this model were calculated based on the Hayduk 

and Laudie method at 30 °C.65 See the extended diffusion coefficient discussion in the 

Supplementary Information for more details regarding this method. The diffusion 

coefficients of FMN and FMNH2 were assumed to be the same, because the diffusion 

coefficients of the oxidized and reduced forms were within 2% of each other. The diffusion 

coefficient was calculated to be 0.48 · 10−9 m2 s−1 at 30 °C, and thus the effective diffusion 

coefficient of FMN was 0.43 · 10−9 m2 s−1. The calculated diffusion coefficient of lactate 

was 1.22 · 10−9 m2 s−1, and the effective diffusion coefficient was 1.09 · 10−9 m2 s−1.

The final set of parameters listed in Table 1 relates to the conduction-based EET 

mechanism. Torres et al.54 showed that the macroscopic conductivity must be greater than 

or equal to 0.5 mS cm−1 using a model developed with the Nernst-Monod equation. For the 

standard case, we used 0.5 mS cm−1 because this conductivity is sufficient to prevent 

deviation from the Nernst-Monod ideal shape. Note that recent conductivity measurements 

of individual S. oneidensis nanowires were approximately 1000 mS cm−1.80 See Table S2 in 

the Supplementary Information for a materials conductivity comparison. Later in this study 

we show how the EET mechanism and current production are affected by different biofilm 

conductivities. Torres et al.54 found the measured half-maximum rate potential of a mixed-

species wastewater biofilm with predominantly G. sulfurreducens to be −155 mVSHE. 

Furthermore, Marcus et al.26 originally predicted the half-maximum rate potential to be 

around 100 mV more positive than the open circuit anode potential. The anode open circuit 

potentials of S. oneidensis-based microbial fuel cells are generally around −260 

mVSHE.58, 81 From these studies, we assume that the EKA of S. oneidensis will also be 

around −155 mVSHE.

Currently it is not known how much of an S. oneidensis biofilm is available for 

electrochemical interactions with flavin mediators. However, it is known that outer 

membrane cytochromes are critical for extracellular electron transfer46, 49, 82, and flavin 

molecules have been confirmed to interact with these proteins.47, 49 To estimate the surface 

area available for electron transfer between the matrix and the flavin mediators (Sa) we 

relied on atomic force microscopy and antibody recognition force microscopy of the outer 

membrane cytochromes (OmcA and MtrC) performed by Lower et al. (2007 and 2009).48, 83 

Renslow et al. Page 16

Phys Chem Chem Phys. Author manuscript; available in PMC 2014 November 28.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



They estimated that S. oneidensis MR-1 has between 4 · 1015 and 7 · 1015 cytochromes per 

square meter of surface area. The estimated surface area of a single rod-shaped S. oneidensis 
cell is 6.48 μm2, calculated using average measurements of cell length (3.38 μm) and width 

(0.61 μm) at 22 °C.84 Assuming a middling cytochrome coverage of 5.5 · 1015 m−2 and an 

average cytochrome diameter of 6.5 nm85, the cytochrome surface area coverage percentage 

is around 18%, which is similar to the 16% estimated by Lower et al.48 Assuming a single 

cell density of 1 g/cm3 (yielding a cell mass of 4.64 · 10−13 g-protein, comparable to that of 

Neidhardt et al.86) and a biofilm density of 1700 g-protein m−3, the estimated total cell 

surface area per volume is 24,000 m2/m3. This yields an estimated Sa of 4300 m−1. A 

reasonable range would be between 1900 and 8300 m−1, based on the variability of cell 

sizes, cytochrome surface coverage, and cytochrome sizes. However, the true Sa may be 

much smaller (even zero) because of steric hindrance of redox-active sites or the inability of 

flavin-cytochrome reactions to translate electrons to/from the conductive matrix. Note that 

the above calculations are based on outer membrane cytochromes located on the cell 

surface. However, it has been shown that the c-type cytochromes of Shewanella species can 

be secreted onto the extracellular polymeric substances and may not be associated with the 

cell surface.87 Future studies may further refine our estimation of Sa as more knowledge is 

gained on the role of cytochromes in the extracellular polymeric substances and their 

function in EET. In the standard case, Sa is not utilized. However, when the possible 

interactions between diffusion-and conduction-based EET are explored for interacting-dual 

EET, Sa is set to 4300 m−1, unless otherwise noted. It is also assumed that the redox transfer 

coefficient and the standard heterogeneous rate constant of the FMN/FMNH2 redox 

reactions are the same at the biofilm conductive matrix as they are at the electrode surface 

(i.e., αb = α and ).

Results and Discussions

To ensure that our model was robust and capable of handling a wide array of input 

parameters, a complete one-at-a-time parameters analysis was performed. This is presented 

in full in the Supplementary Information (Section IV Parameter Analysis). These results 

demonstrate that the model could indeed converge to a steady state solution for a wide range 

of parameters. The initial conditions were also tested to ensure that our solution was not 

dependent on the initial conditions of the model. This is presented in the Supplementary 

Information (Section II Steady State Solution Convergence). Four initial conditions were 

tested, representing four extremes, and it was found that all the conditions yielded the 

identical final solutions (measured as current, percentage EET, and mediator depth profiles) 

and that they all converged smoothly and rapidly.

Here we apply our model to answer questions that are critical for understanding EET in S. 
oneidensis. Furthermore, by varying the model parameter values from the standard case 

parameter values listed in Table 1, we compare and contrast features of another model 

electrochemically active biofilm, G. sulfurreducens, with those of S. oneidensis. We chose 

the standard case from commonly observed experimental or theoretically accepted 

parameter values, as described in the Model Application section. Throughout this study, 
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white-filled circles in figures represent the results at the given locations for the standard 

case, provided in Table 1.

How does the fractional distribution of extracellular electron transfer mechanisms affect 
theoretical current production?

Figure 3 shows the steady state current production and coulombic efficiency as a function of 

the percentage of diffusion-based EET (without allowing the EET mechanisms to interact, 

i.e., isolated-dual EET). In the standard case, the steady state current density is 0.046 A/m2, 

with ~13% of the current coming from diffusion-based EET (~87% coming from 

conduction-based EET) and a coulombic efficiency of 53%. This is similar to current 

measured in actual S. oneidensis systems.45, 59, 74, 88 Figure 3 shows that as the percentage 

of diffusion-based EET decreases, the current increases to a maximum of 0.052 A/m2 at 

100% conduction-based EET. The current reaches a minimum at 0.008 A/m2 at 100% 

diffusion-based EET. The coulombic efficiency also increases as more of the current is 

collected by conduction-based EET. Note that the highest coulombic efficiency that the 

model can generate is 60% because that is the fraction of electrons that are recoverable for 

current (see Table 1). In practical terms, these results demonstrate that no electrons are lost 

along the conductive EET pathway. Compared to the conduction-based EET pathway, 

diffusion-based EET cannot sustain high current production. This is due to several causes: 1) 

the slow rate of electron transfer via diffusion (a mediator flux to the electrode of ~4 · 10−8 

mol m−2 s−1, compared to an equivalent flux for conduction-based EET of ~3 · 10−7 mol 

m−2 s−1); 2) the loss of current through the diffusion of reduced mediators out of the top of 

the biofilm (mediator flux loss of ~4 · 10−8 mol m−2 s−1); and 3) the reduction of nearly all 

of the mediators in the middle of the biofilm, resulting in a low biofilm activity (low qM) 

and uneven activity by depth. This will be discussed further in the Spatial Activity section 

below. In actual systems, diffusion-based EET may be further adversely affected by the loss 

of flavins due to adsorption to the electrode and the biofilm matrix25.

Three cases are defined in Table 2: a low-conductivity case and two high-activity cases 

(distinguished as the “high-activity case” and the “2× high-activity case”). These cases were 

designed to determine whether diffusion-based EET could generate higher current if the 

biofilm conductivity or activity were changed. In the low-conductivity case, the conductivity 

of the biofilm is lowered to 10−5 mS/cm, identical to that used by Marcus et al. (2007) for 

their low-conductivity case.26 The high-activity case transforms the model to behave like a 

G. sulfurreducens biofilm. For this we assume a biofilm density similar to that measured in a 

G. sulfurreducens biofilm respiring on an electrode,74 120,000 g/m3, and a much higher 

maximum substrate utilization rate, 0.014 mmol g−1 s−1.60 The 2× high-activity case is 

identical, except that the maximum substrate utilization rate is set to 0.028 mmol g−1 s−1. 

For each case, we explore the results when both EET mechanisms are allowed, when only 

conduction-based EET is allowed, and when only diffusion-based EET is allowed.

Table 2 shows the predicted steady state current, the local biofilm potential drop inside the 

biofilm, and the percentage of mediators in the biofilm that are in the reduced form. The 

data reveal several reasons diffusion-based EET is not well suited to high current 

production. First, in all cases the majority of the mediators are in a reduced form. This 

Renslow et al. Page 18

Phys Chem Chem Phys. Author manuscript; available in PMC 2014 November 28.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



shows that a mediator concentration of 1 μM severely limits diffusion-based EET. Other 

studies in the literature are consistent with this result because increasing the mediator 

concentration in the system can increase current production.40, 56, 79 Second, in all cases 

except the low-conductivity case, we see that having both diffusion- and conduction-based 

EET results in lower current than conduction-based EET alone. This result is not intuitive 

because it is anticipated that allowing for a second electron transfer pathway would increase 

current production by decreasing the electron acceptor bottleneck. This made us ask the 

question: When would having both EET mechanisms be beneficial for the biofilm? This 

question is addressed in the next section. A third trend in the Table 2 data is that current 

produced solely by diffusion-based EET always remains very low (well under 1 A/m2), 

while conduction-based EET can reach much higher current values. Specifically looking at 

the high-activity case, conduction-based EET is capable of significantly higher current, 

comparable to current produced experimentally in G. sulfurreducens.44 For 100% diffusion-

based EET at high activity, nearly all of the mediators are in the reduced form. Increasing 

the activity as in the 2× high-activity case only increased the percentage of reduced 

mediators by 0.2%. This demonstrates the intrinsic limitation of diffusion-based EET: even 

if the biofilm is capable of higher activity, the low concentration and slow diffusion of 

mediators restrict the amount of current that is possible. Similar to the predictions made by 

Torres et al.,18 these results confirm that diffusion-based EET cannot account for most of the 

current produced in common microbial fuel cells. Some form of conduction-based EET must 

be present.

In summary, our simulation results show that diffusion-based EET cannot sustain high 

current (>1 A/m2). This is due to both the slow rate of transfer via diffusion and the loss of 

current caused by the diffusion of reduced mediators out of the biofilm into the bulk 

solution. Conduction-based EET is required for higher current production, like that observed 

for G. sulfurreducens biofilms. Finally, we conclude that the use of any diffusion-based EET 

is likely to decrease the efficiency of electron transfer for S. oneidensis. This most likely 

explains why higher coulombic efficiencies are observed in batch systems. In batch systems, 

mediators are allowed to accumulate in the supernatant, decreasing the number of electrons 

that are lost from the system. In continuously fed systems, the mediators are washed out of 

the reactor.

When would the simultaneous use of both extracellular electron transfer mechanisms be 
beneficial for the biofilm?

From the results presented in Table 2, it is reasonable to determine whether a biofilm may 

benefit from using multiple EET mechanisms. From the standard-case results, it appears that 

100% conduction-based EET will always yield the highest current and thus support the 

highest level of metabolism. However, there are cases when having both modes of EET 

available can enable higher levels of metabolism than either mode alone. The low-

conductivity case shown in Table 2 presents one such example. When conductivity is low, 

the potential drop (533 mV) inside the biofilm begins to restrict conduction-based EET. 

Adding mediators provides a secondary electron acceptor and reduces the load on the 

conductive biofilm matrix. However, this addition is small, providing only a 9% increase in 

current over conduction-based EET alone.
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A second example in which the utilization of both EET modes provides a metabolic benefit 

is when the electrode potential is very low, for example, when the electrode has a potential 

equal to the half-maximum rate potential. This condition is akin to the environment 

experienced by cells located in anoxic subsurface sediments or wetland soils, where the 

terminal electron acceptors (e.g., Fe3+, SO4
2+, CO2, etc.) may have low standard reduction 

potentials.89 Figure 4 shows current and coulombic efficiency as a function of the 

percentage of diffusion-based EET when the electrode potential is equal to the half-

maximum rate potential. The peak current occurs when there is ~20% diffusion-based EET, 

giving a 21% increase in current over conduction-based EET alone. Note that this is only 

possible because the half-maximum rate potential for conduction-based EET is more 

positive than the standard reduction potential of FMN.

Because there is evidence of both diffusion- and conduction-based EET in S. oneidensis, we 

hypothesize that there must be a metabolic advantage for having both mechanisms. The 

model demonstrates that if the biofilm conductivity is low, if the biofilm half-maximum rate 

potential and mediator standard reduction potential are different, and/or if the terminal 

electron acceptor potential is very low, then there may be an advantage to having both 

mechanisms available concurrently. Later in this study, it is shown that having both 

diffusion- and conduction-based EET mechanisms further improves the current production if 

the mechanisms are allowed to interact (i.e., interacting-dual EET).

In summary, our simulation results show that the availability of diffusion-based EET does 

not contribute to increased biofilm metabolism unless conduction-based EET is restricted or 

unavailable. As a specific case, when the electrode potential is equal to the half-maximum 

rate potential, the total current can increase when some diffusion-based EET is allowed, 

even though the overall coulombic efficiency drops. Finally, under natural conditions, 

having both mechanisms available could provide a metabolic advantage for S. oneidensis.

How does biofilm spatial activity affect the extracellular electron transfer mechanism?

Current production, while generally attributed to the biofilm as whole, is a product of 

electrons generated throughout the biofilm and is likely not a spatially homogenous 

phenomenon. It is important to understand where the electrons come from within the 

biofilm. Furthermore, the spatial activity inside the biofilm can provide more clues as to 

why S. oneidensis may have more than one EET mechanism available simultaneously. 

Figure 5 shows the metabolic activity through the biofilm thickness, as measured by q (qM 

and qC shown separately as grey and black, respectively). Also shown are the percentages of 

qM and qc over the biofilm thickness. These represent the spatially resolved EET 

mechanism(s) utilized to accept electrons within the biofilm. Because the mediators may 

accept electrons and then diffuse out of the top of the biofilm, the values presented in Figure 

5 do not necessarily reflect the EET mechanism percentages for electrons that contribute to 

current at the electrode. For the standard case, electrons are produced evenly throughout the 

biofilm. As discussed above, diffusion-based EET is not utilized in the middle of the 

biofilm, solely because all the mediators are in the reduced form and cannot accept more 

electrons. Diffusion-based EET is maximized near the base of the biofilm, where the 

mediators are oxidized by the electrode, and near the top of the biofilm, where oxidized 
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mediators diffuse into the biofilm. For the low-conductivity case, the base of the biofilm 

looks similar to the standard case; however, near the middle and top of the biofilm qM falls 

off rapidly. This is due to the local biofilm potential drop caused by the low conductivity. In 

this case, the top of the biofilm has a local biofilm potential of only −230 mVSHE, 

preventing the transfer of electrons through conduction; however, diffusion-based EET 

allows the top of the biofilm to stay active. Note that most of the electrons produced near the 

top of the biofilm are subsequently lost to the bulk liquid via mediator diffusion, resulting in 

a coulombic efficiency of only 45%. While this state is counterproductive for extracting 

energy from electrochemically active biofilms for practical applications, for biofilm 

survival, having both mechanisms provides a way for cells near the top to survive. A 

primary finding from these results is that the EET mechanism depends on the local 

microenvironment conditions.

For the high-activity case, diffusion-based EET is negligible. This is because conduction is 

the only EET mechanism capable of transferring the large quantity of electrons associated 

with high activity. One peculiar feature of high activity is that more electrons are generated 

near the top of the biofilm, even though this region is far from the electron acceptor. This is 

possible because the conductivity of the biofilm is high enough in this case not to be a 

limitation; thus, activity and electron production are highest near the top of the biofilm, 

where the substrate concentration is the highest. In Figure 6, this ability is highlighted by the 

simulation of a thick (750-μm) biofilm using the 2× high-activity parameter values and 

conduction-based EET alone. Here we see that the top of the biofilm is very active, but the 

base has negligible activity. The substrate concentration depth profile shows that the 

electron donor is restricted from the base of the biofilm (Figure 6). Recently, our group 

obtained supporting experimental results for a several-hundred-micron-thick G. 
sulfurreducens biofilm grown in an electrochemical-nuclear magnetic resonance 

microimaging reactor.90 In that study, the top of the biofilm was shown to be active while 

the base was inactive because of the lack of substrate caused by mass transfer limitations. A 

profile like this is only possible if the biofilm conductivity is sufficiently high to prevent a 

prohibitive local biofilm potential drop. Thus, if the conductivity is high enough, a biofilm 

grown on a solid electron-accepting surface will not have its thickness restricted by 

electrical resistance. It has been hypothesized in the literature that biofilms relying on 

conduction-based EET, composed of organisms such as G. sulfurreducens, have limited 

thickness because of the electrical resistance across the biofilm matrix.26, 91, 92 However, as 

shown in Figure 6, cells at the top of high-conductivity biofilms may be metabolically active 

and use the biofilm matrix as an electrical conduit, even across metabolically inactive cells.

In summary, our simulation results show that the EET mechanism depends on local 

microenvironment conditions. Biofilm metabolic activity controls which EET mechanism(s) 

will be utilized. Mediators can allow regions distal to an electron-accepting surface to be 

active when conductivity is low (10−5 mS/cm). When conductivity is high, the top of a 

conductive biofilm can be active, even when the base is limited by electron donor 

availability.
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What are the theoretical maximum biofilm thicknesses for different conductivities?

While biofilms may grow thick enough to restrict cells at their base from receiving nutrients, 

for practical applications it is often desirable to have a biofilm that is entirely active across 

its thickness. To determine the maximum theoretical biofilm thickness, the model is 

restricted to cases where the biofilm is not substrate-limited and the entire biofilm is active. 

We define the limiting biofilm thickness to be the distance at which the Nernst-Monod term 

drops to below 0.01 (the point in the biofilm where the biofilm activity is restricted to just 

1% of qmax by potential drop limitations). Figure 7 shows the results. For the standard case, 

the maximum biofilm thickness increases to several mm as the conductivity increases. This 

is because the biofilm activity is low for the standard case and does not produce a significant 

local biofilm potential drop. The low activity of S. oneidensis may be one of the reasons 

why it is generally capable of growing much thicker biofilms than G. sulfurreducens. On the 

other hand, the high-activity case predicts lower maximum biofilm thicknesses. In a 

previous study, we grew electrode-respiring G. sulfurreducens biofilms that were over 500 

μm thick90, revealing that the biofilm conductivity may be greater than 0.01 mS/cm. In the 

literature, G. sulfurreducens biofilms have been shown to grow across 1-cm gaps, indicating 

that conductivities of >0.1 mS/cm are likely. This is similar to the predicted minimum 

conductivity of 0.5 mS/cm given by Torres et al.,54 which is necessary to avoid non-

Nernstian low-scan CV voltammograms. From these results, and the accumulating evidence 

in the literature, biofilm thickness does not appear to be limited by low conductivity for 

most G. sulfurreducens biofilms, the majority of which are less than 100 μm thick in the 

literature.

In summary, our simulation results show that the thickness of G. sulfurreducens biofilms is 

not limited by conductivity in most cases.

How does the diffusion coefficient profile affect diffusion-based extracellular electron 
transfer?

Historically, mathematical models of biofilm metabolism have used a constant, i.e., flat, 

effective diffusion coefficient profile through the depth of the 

biofilm.23, 26, 29, 32, 33, 73, 93, 94 This was explored in detail in a recent study by our group.74 

In that study, we showed that the assumed effective diffusion coefficient profile for the 

substrate could affect the prediction of current output for a conduction-based EET biofilm. 

We hypothesized that this effect would be more pronounced for diffusion-based EET, in 

which the effective diffusion coefficient would influence both the substrate diffusion and the 

mediators. This hypothesis is tested by examining three assumptions for the relative 

effective diffusion coefficient profile: 1) a constant profile, 2) a linearly decreasing profile, 

and 3) an empirical profile. The empirical profile was obtained using pulsed-field gradient 

nuclear magnetic resonance of a 100-μm-thick S. oneidensis biofilm (the biofilm on which 

the standard case parameters were based)57. The linear profile was generated by making a 

linear fit between the empirical value at the top and that at the base of the biofilm. The 

constant profile was the average of the entire empirical profile. The profiles for these three 

cases are shown in Figure 8.
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Table 3 shows the effects of different relative effective diffusion coefficient profiles on 

steady state current and coulombic efficiency for a diffusion-based EET biofilm. Because Dr 

is indicative of the biofilm density, as seen in eqn (32) and discussed above, the results are 

shown with and without a correction for biofilm density based on the diffusion coefficient 

profile. With no correction for biofilm density, current densities ranged from 6.94 to 8.06 

mA/m2. This variation in current densities is accounted for by the variation in coulombic 

efficiency and the variation in activity across the biofilm depth. When the biofilm density is 

corrected, the current varies by over 80%. The empirical profile yields a current density of 

14.44 mA/m2 and a coulombic efficiency of 49%, compared to 8.06 mA/m2 and 30% 

efficiency for a constant profile. These results show the significance of using empirical 

diffusion coefficients to predict current. With the correction for density there is a higher 

biofilm activity very close to the electrode, resulting in fewer reduced mediators being lost 

to the bulk. In this case, the top of the biofilm acts as a protective diffusion barrier to slow 

the loss of mediators, keeping the mediators near the most active portion of the biofilm and 

the electrode. Perhaps variable relative effective diffusion coefficient and density profiles, as 

measured in many biofilm systems, are a life strategy of electrochemically active biofilms to 

minimize mediator loss and maximize redox cycling rates. In summary, our simulation 

results show that diffusion coefficient assumptions affect predicted current production.

Can voltammetry determine the percentage distribution of the extracellular electron 
transfer mechanisms used by the biofilm?

Although both diffusion- and conduction-based EET mechanisms have been observed in S. 
oneidensis biofilms, there have not been direct measurements of both mechanisms occurring 

simultaneously. Each mechanism has only been studied independently. One of our goals was 

to test whether simulations of common voltammetric techniques could be used to determine 

the percentage of electrons delivered by each EET mechanism in isolated-dual EET. If so, 

this would enable the use of voltammetry coupled to model fitting to distinguish the EET 

percentages in actual systems. While CV of electrochemically active biofilms has been 

simulated before,23 this is the first time it has been performed using experimentally observed 

parameters. This is critical if we are ever to perform model fitting of actual CVs. Figure 9 

shows the simulated CV at three different scan rates (1, 200, 1000 mV/s) for different EET 

percentages, with a starting and minimum potential of −500 mVSHE and a maximum 

potential of +100 mVSHE. Because our model is an idealized simulation and lacks 

background currents, higher scan rates are required to observe the transient diffusion or 

Cottrell behavior. At the slow scan rates, typical sigmoid voltammograms are observed for 

all EET percentages. As the scan rate increases, Faradaic peaks become apparent for those 

systems that have a diffusion-based EET component. In the case of diffusion-based EET 

only, at 1000 mV/s we see large redox peaks centered on the standard redox potential of 

flavins, typical for diffusion-based EET. In the case of conduction-based EET only, the 

voltammogram shape is independent of the scan rate, as there are no diffusion limitations 

and current can flow freely in the conductive biofilm matrix. We were unable to easily 

identify features in the voltammograms that would allow us to back-calculate the percentage 

of electrons delivered by each EET mechanism. For example, the half-limiting-current 

slopes for the slow scan CVs (normalized by the limiting current) were not indicative of the 

percentage of the EET mechanism (9.6 mV−1, 9.7 mV−1, 8.8 mV−1, and 11.8 mV−1, for 
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100%, 87%, 50%, and 0% conduction-based EET, respectively). The ratio between 

maximum peak current and limiting current is linearly correlated with the percentage of the 

EET mechanism (e.g., at a 1000-mV/s scan rate, peak current to limiting current is 1, 1.13, 

1.25, and 1.75 for 100%, 87%, 50%, and 0% conduction-based EET, respectively). 

However, to use this method to determine the percentages of the EET mechanisms, at least 

two calibration voltammograms representing biofilms with known EET mechanism 

percentages would need to be obtained. No method for doing this is currently known.

Unfortunately, the simulation of squarewave voltammetry did not offer a better solution for 

determining the percentage of the EET mechanism. The squarewave voltammetry 

parameters used were a starting potential of −500 mVSHE, a final potential of 100 mVSHE, a 

potential step height of 5 mV, a pulse potential of 40 mV, and a 20-Hz scan frequency. 

These are identical to the parameters used in our previous study, which used squarewave 

voltammetry to detect flavin concentrations inside S. oneidensis biofilms.53 Figure 10 shows 

the simulated squarewave voltammetry results. The shapes of the differential-current 

voltammograms are nearly identical regardless of the EET mechanisms. We measured the 

half-height peak widths to determine whether they corresponded to percentages of EET; 

however, the trend was not exploitable (124.09 mV, 112.28 mV, 114.52 mV, and 103.38 

mV for 100%, 87%, 50%, and 0% conduction-based EET, respectively). At least for this 

idealized model, CV and SQW are limited and are not good tools for determining the 

percentage contribution of each EET mechanism for biofilms that utilizes more than one 

EET mechanism. Furthermore, our idealized model cannot currently replicate some of the 

complex voltammograms produced in experimental systems. In summary, our simulation 

results show that idealized CV and SQW are currently not good tools for determining the 

specific percentage of the EET mechanism. A more sophisticated model, capable of 

simulating experimental voltammograms, will need to be developed so that the limits of 

these techniques can be explored and their true ability to discern the percentage distribution 

of the various EET mechanisms can be tested.

Which parameters are critical for determining the extracellular electron transfer 
mechanisms and theoretical current production?

Although the CV and SQW simulations were not capable of determining the contributions of 

the various EET mechanisms, it is possible to determine which parameters are critical for 

determining them. To get a better idea of the impact of each parameter on current and the 

contributions of the various EET mechanisms, sensitivity analysis was performed by 

measuring elasticity. Furthermore, a complete parameter analysis was performed to cover 

larger parameter ranges. In principle, a model with a huge number of parameters makes it 

difficult to study the real underlying physical phenomena of the simulated system. Given 

enough parameters, a model can be forced to fit any experimental data. However, parameter 

and sensitivity analysis can be used to determine which parameters are critical and which are 

trivial. Table 4 shows the results of the sensitivity analysis. The most critical parameters for 

the total current were biofilm thickness, fraction of electrons recoverable for current, biofilm 

density, maximum specific lactate utilization rate, and electron equivalence of lactate. These 

parameters control how much biomass is present and how efficient that biomass is at 

converting substrate into electrons. It is important to remember that this sensitivity analysis 
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is based on a variation in parameters of ±25% from the standard case. Therefore, the 

parameters in the sensitivity analysis were weighted to favor conduction-based EET, which 

accounts for 87% of current in the standard case. In this case, the electron donor is not 

limiting, because the potential drop is not significant across the 100-μm biofilm thickness. 

Parameters of secondary importance include the bulk lactate concentration and the half-

saturation constant for lactate. These are only secondary because the standard case operates 

at a substrate concentration that would typically be described as non-limiting.

The most critical parameter affecting the percentage of EET is the biofilm thickness. This is 

expected because the current produced via diffusion-based EET consists entirely of electrons 

delivered to the electrode. Thus, for the standard case, in which the diffusion coefficient 

profile is constant, half of the electrons produced and subsequently accepted by mediators 

are lost to the bulk solution (thus the coulombic efficiency for 100% diffusion-based EET, 

shown in Figure 3, is half of f, i.e., 30%). Another critical parameter for determining the 

percentage of diffusion-based EET is the mediator concentration. Currently the intrabiofilm 

mediator concentration is unknown in continuous flow systems. In a recent study by our 

group we measured only up to 0.7 μM flavin in an S. oneidensis biofilm using a flavin 

microelectrode, and this was localized to the ~50 μm at the base of the 300-μm-thick 

biofilm, where it was confirmed that no O2 was present.53 Elsewhere in that biofilm, flavin 

concentrations were below detection. Our model confirms that such low concentrations of 

mediators cannot account for the high currents measured in many systems. Thus, we believe 

that the best measure of the dominating EET mechanism in electrochemically active 

biofilms is the steady state current production. If the current rises higher than 1 A/m2 then 

conduction-based EET is likely to be the dominant mechanism, contingent on confirmation 

that any possible mediator concentration is low. For this reason, we also see that any 

parameter that increases the electron-producing activity per volume of the biofilm (such as 

qmax, X, f, or y) will decrease the percentage contribution of diffusion-based EET. The 

mediator concentration is too low to handle any further increase in electron production by 

the biofilm. As shown in Table 2, most of the mediators are already in the reduced form and 

unable to accept more electrons even in the standard case, which has low activity.

The full parameter analysis (available in the Supplementary Information Section IV 

Parameter Analysis section), gives a better look at how each parameter controls current and 

percentage of EET. We tested a large range for each parameter to allow for all possible 

realistic values and to highlight the regions where the parameter values have a large impact 

on the final solution. As in the sensitivity analysis, it is quickly apparent from the parameter 

analysis that the percentage of diffusion-based EET is maximized when the biofilm activity 

and amount of biomass are low. This may be one reason diffusion-based EET is observed in 

S. oneidensis, but not in G. sulfurreducens, which is denser and has a higher activity. It is 

interesting to see that even if the diffusion coefficient of the mediator is increased by a 

factor of over 10, the current stays relatively low. Only by changing the conductivity or the 

half-maximum rate potential value is it possible to achieve 100% diffusion-based EET. 

Therefore, the three most revealing measurements for determining the contributions of the 

different EET mechanisms in electrochemically active biofilms are the steady state current, 

biofilm conductivity, and mediator concentration.
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What is the difference between the local biofilm potential and redox potential?

Recently we introduced the concept of the local biofilm potential and compared it to redox 

potential.44 In that study we showed that there was a difference between the potential 

measured with a redox microelectrode and that measured with an electrode that was 

electronically connected to the biofilm matrix. Briefly, redox potential is determined by the 

soluble redox species with which an electrode (i.e., a platinized platinum microelectrode) is 

able to equilibrate. In most systems, this results in a mixed potential, which is dependent on 

multiple redox couples. Note that not all redox couples are capable of interacting (that is, 

exchanging electrons) with an electrode.89 The redox potential is governed by the Nernst 

equation [eqn (22)] and is intimately associated with diffusion-based EET. The local biofilm 

potential is only measurable after an electrode is electronically connected with the biofilm 

matrix.44 It is currently unknown exactly what this potential comprises. Here, we simulate it 

as the potential drop associated with resistance through the biofilm matrix, governed by 

Ohm’s laws [eqn (21)]; it is therefore intimately associated with conduction-based EET. 

Even though the model in this study does not yet fully represent all of the complexities of an 

actual system, it is capable of demonstrating that the local biofilm potential and redox 

potential represent two distinct and critically important functions in electrochemically active 

biofilms. Figure 11 shows the profiles of local biofilm potential and redox potential for the 

standard case and for the low-conductivity case. For the standard case, the conductivity is 

high enough to prevent any significant potential drop for the local biofilm potential. The 

redox potential declines rapidly from the electrode potential to between −200 and −350 

mVSHE through the biofilm.

The slopes of the local biofilm potential and the redox potential are indicative of the net flux 

of electrons in the system for conduction-based and diffusion-based EET, respectively. 

When the slope is negative, there is a local net flux of electrons toward the electrode; 

alternatively, when the slope is positive, there is a local net flux of electrons toward the bulk. 

For the standard case, the slope of the local biofilm potential is negative (electrons flow 

toward the polarized electrode), even though this is not visible at the scale shown. The 

negative slope of the local biofilm potential becomes clear in the low-conductivity case. In 

this figure, we see a local biofilm potential very similar to those predicted originally by 

Marcus et al.26 The cause of the variable biofilm activity in Figure 5 is now apparent, as the 

local biofilm potential drops to values slightly more negative than the half-maximum rate 

potential value, thus prohibiting significant electron conduction from regions distal to the 

electrode. The positive slope of the redox potential at regions further than 50 μm from the 

electrode visually shows the loss of mediators (and thus electrons) into the bulk solution. A 

reduced flavin molecule at a distance greater than 50 μm from the bottom of the biofilm has 

a higher probability of being lost to the bulk than it has of interacting with the electrode. The 

redox potential profile in Figure 11, with a negative slope near the electrode and a positive 

slope near the top of the biofilm, was also predicted by Picioreanu et al. (2010).33 This type 

of profile is indicative of redox-active molecules acting as mediators for electron transfer. 

However, experimentally measured redox profiles in S. oneidensis biofilms do not have this 

profile.45 Our group observed a redox profile in an S. oneidensis biofilm that was 

continually positive (increasing potential toward the top of the biofilm) regardless of the 

polarization potential of the electrode substratum. In view of our modeling results, this 
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experimental profile suggests that the biofilm was not respiring using diffusion-based EET 

to the electrode.

In summary, our simulation results show that a large decrease in local biofilm potential is 

indicative of low biofilm conductivity. Local biofilm potential and redox potential are two 

distinct measurements, and it cannot be assumed that they will have the same value.

What benefit may a biofilm gain by allowing mediators to interact with the conductive 
biofilm matrix?

Currently it is not known whether any biofilm uses both EET mechanisms simultaneously. 

Our simulations have theoretically confirmed that there may be a metabolic advantage for 

biofilms that utilize both mechanisms. We hypothesize that if the two EET mechanisms 

interact (interacting-dual EET) this may provide a further metabolic advantage. To test this, 

the term specific electrochemically active surface area (Sa) was introduced. This is the 

surface area within the biofilm matrix on which mediators may be reduced or oxidized 

through the depth of the biofilm. Figure 12 shows a parameter analysis plot for Sa and 

biofilm activity by depth when Sa is set to 4300 m−1. The parameter analysis plot shows that 

high Sa values allow for higher steady state current and that the electrons delivered via 

diffusion-based EET approach 0% as Sa increases. This is due to the definition of the 

percentage of EET, in which the final mode in which an electron arrives at the electrode is 

attributed to that EET mechanism, even if it originated from a different mechanism. These 

results show that as Sa increases, electrons produced via metabolism ultimately enter the 

conductive biofilm matrix. The cause for the increase in current is demonstrated in the 

rightmost figures in Figure 12. Throughout the biofilm thickness, the number of electrons 

derived from the diffusion-based EET mechanism (grey) remains constant. This is in 

contrast to the results in Figure 5, which show that, without interaction, diffusion-based EET 

drops to zero in the center of the biofilm. Adding the possibility of interaction enables two 

things: 1) qm stays maximized because of the continuous oxidation of local mediators by the 

conductive biofilm matrix, and 2) fewer electrons are lost to the bulk because mediators are 

rapidly reduced locally without having to diffuse long distances (i.e., to the electrode). Thus, 

having interaction between diffusion- and conduction-based EET (interacting-dual EET) 

allows for a further metabolic advantage over having two independent mechanisms.

Figure 13 demonstrates the effect of Sa on the local biofilm potential and redox potential 

profiles. Unlike the case in which interactions are not allowed (see rightmost plot in Figure 

11), the redox potential profile is dependent on the local biofilm potential if interactions 

between the two mechanisms are allowed. This can be observed in the exaggerated case in 

which Sa is increased 100-fold. The local biofilm potential and redox potential are nearly 

identical from the middle of the biofilm to the top. This is because the local biofilm potential 

controls the rate of the mediator reaction at the biofilm matrix surfaces. The mediator 

concentration defines the redox potential.

In summary, our simulation results show that interaction between mediators and the 

conductive biofilm matrix could support higher biofilm metabolic activity. Interaction 

between mediators and the conductive biofilm matrix may be advantageous for the biofilm 

because it reduces the requirement for high mediator concentrations, limits mediator losses, 
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and allows for higher biofilm densities. Closely related local biofilm potential and redox 

potential profiles could be indicative of a strong interaction between mediators and the 

conductive biofilm matrix.

Conclusions

We have developed a mathematical model simulating four different extracellular electron 

transfer cases for electrochemically active biofilms: 1) diffusion-based EET; 2) conduction-

based EET; 3) isolated-dual EET; and 4) interacting-dual EET. The model was tested using 

commonly observed experimental conditions. We concluded that

• The availability of diffusion-based EET does not contribute to increased biofilm 

metabolism unless conduction-based EET is restricted or unavailable;

• Under natural conditions, having both mechanisms available may provide a 

metabolic advantage for S. oneidensis;

• When conductivity is high, the upper biofilm layer near the aqueous phase 

boundary of a conductive biofilm can be active, even when the base is limited by a 

low electron donor concentration.

• Based on our model, simulated CV and SQW are unable to determine the specific 

percentages of the EET mechanism with the current version of the model;

• The most critical parameters for the total current from an S. oneidensis biofilm are 

biofilm thickness, fraction of electrons recoverable for current, biofilm density, 

maximum specific lactate utilization rate, and electron equivalence of lactate;

• The most critical parameters for determining the EET mechanism are mediator 

concentration and current production;

• Interaction between mediators and the conductive biofilm matrix can support 

higher biofilm metabolic activity;

• Interaction between mediators and the conductive biofilm matrix may be 

advantageous for the biofilm because it reduces the requirement for high mediator 

concentrations, limits mediator losses, and allows for higher biofilm densities.
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Nomenclature

α Transfer coefficient for the mediator redox reaction at the electrode surface 

(unitless)

αb Transfer coefficient for the mediator redox reaction at the conductive biofilm 

matrix (unitless)

Cello Illustrative of a cell capable of oxidizing substrate

Cellr Illustrative of a cell that has stored electrons from oxidizing substrate

c Fraction of current due to conduction-based EET (unitless)

d Fraction of current due to diffusion-based EET (unitless)

Daq Bulk liquid self-diffusion coefficients of water (m2 s−1)

De Effective self-diffusion coefficient of water (m2 s−1)

Dei Effective Fickian diffusion coefficient of solute i (m2 s−1)

DeM Effective diffusion coefficient of mediator (m2 s−1)

DeS Effective diffusion coefficient of substrate (m2 s−1)

Di Bulk liquid Fickian diffusion coefficient of solute i (m2 s−1)

Dr Relative effective diffusion coefficient (unitless)

E Local biofilm potential (VSHE)

E0′ Standard redox potential for the mediator redox reaction at the biochemical 

standard state (VSHE)

EKA Half-maximum rate potential (VSHE)

Eredox Redox potential (VSHE)

ε Polarized electrode potential (VSHE)

F Faraday constant (s A mol−1)

f Fraction of electrons recoverable for current (unitless)

j Total current produced by the biofilm (A m−2)

jC Current produced by conduction-based EET (A m−2)

jM Current produced by diffusion-based EET (A m−2);

k0 Standard heterogeneous rate constant for the mediator redox reaction at the 

electrode surface (m s−1)

Standard heterogeneous rate constant for the mediator redox reaction at the 

conductive biofilm matrix (m s−1)

KM Half-saturation constant for the mediator (mM)

KS Half-saturation constant for the substrate (mM)

κ Biofilm conductivity (S m−1)
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L Biofilm thickness (m)

Mo Oxidized mediator concentration (mM)

Mr Reduced mediator concentration (mM)

Matrixo Illustrative of a matrix capable of oxidizing substrate

Matrixr Illustrative of a matrix capable of reducing substrate

m Protons transferred per mediator redox reaction (unitless)

n Electrons transferred per mediator redox reaction (unitless)

P Product concentration (mM)

q Total specific substrate utilization rate (mol g−1 s−1)

qC Specific substrate utilization rate via conduction-based EET (mol g−1 s−1)

Modified specific substrate utilization rate via conduction-based EET (mol g−1 

s−1)

qM Specific substrate utilization rate via diffusion-based EET (mol g−1 s−1)

Modified specific substrate utilization rate via diffusion-based EET (mol g−1 

s−1)

qmax Maximum specific substrate utilization rate (mol g−1 s−1)

R Molar gas constant (J K−1 mol−1)

RC Generation rate of e− in the biofilm due to metabolism (mol m−3 s−1)

rM Net generation rate of e− at the electrode surface (mol m−2 s−1)

RM Reduction rate of Mo in the biofilm due to metabolism (mol m−3 s−1)

Ro Oxidation rate of Mr in the biofilm due to interaction with the conductive 

matrix (mol m−3 s−1)

ro Oxidation rate of Mr at the electrode surface (mol m−2 s−1)

Rr Reduction rate of Mr in the biofilm due to interaction with the conductive 

matrix (mol m−3 s−1)

rr Reduction rate of Mo at the electrode surface (mol m−2 s−1)

RS Overall substrate consumption rate due to metabolism (mol m−3 s−1)

RSa Generation rate of e− in the biofilm due to mediator interaction with the 

conductive matrix (mol m−3 s−1)

S Substrate concentration (mM)

Sa Specific electrochemically active surface area (m−1)

T Temperature (K)

t Time (s)
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X Biofilm density (g m−3)

y Electron equivalence of lactate (unitless)

x Distance from electrode surface (m)

δj,p Elasticity for parameter p and model output j (unitless)

δd,p Elasticity for parameter p and model output d (unitless)
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Figure 1. 
Schematic of the cases of extracellular electron transfer explored in this study. (a) Diffusion-

based EET: redox-active mediators, which move through the biofilm by diffusion, are 

reduced by the cell and can exchange electrons at the electrode surface. (b) Conduction-

based EET: electrons are transported through the conductive biofilm matrix directly to the 

electrode surface. A noninteracting combination of diffusion- and conduction-based EET (a 

and b) is called isolated-dual EET. (c) Interacting-dual EET: mediator interactions in a 

conductive biofilm. The conductive biofilm matrix acts as an extension of the electrode, 

allowing the matrix and mediators to exchange electrons.
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Figure 2. 
A spline function consisting of two quarter-sine waves connected by a straight line is used to 

smooth the transition between high and low potentials during simulated squarewave 

voltammetry (black line). The open circle shows the time when current is measured for the 

end of peak potential. The grey line shows the ideal unsmoothed transition.
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Figure 3. 
Steady state current production and coulombic efficiency as a function of changing only the 

percentage of EET mechanism for the standard case. Grey represents the current due to 

diffusion-based EET, and black represents the current due to conduction-based EET. The 

white-filled circles represent the parameter value and the corresponding current and 

percentage of EET for the model standard case.

Renslow et al. Page 37

Phys Chem Chem Phys. Author manuscript; available in PMC 2014 November 28.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



Figure 4. 
Steady state current production and coulombic efficiency as a function of the percentage of 

the EET mechanism for a case in which the electrode potential is equal to the half-maximum 

rate potential. Grey represents the current due to diffusion-based EET, and black represents 

the current due to conduction-based EET.

Renslow et al. Page 38

Phys Chem Chem Phys. Author manuscript; available in PMC 2014 November 28.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



Figure 5. 
Biofilm activity by depth as measured by the substrate utilization rate, q, and percentage of q 

obtained using diffusion-based or conduction-based EET. Grey represents the portion due to 

diffusion-based EET, and black represents the portion due to conduction-based EET. Left) 

standard case, middle) low-conductivity case, right) high-activity case.
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Figure 6. 
Biofilm activity by depth as measured by the substrate utilization rate, q, and the substrate 

concentration depth profile of a thick, highly active biofilm utilizing conduction-based EET 

alone.
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Figure 7. 
Maximum biofilm thickness as a function of conductivity, for conduction-based EET 

biofilms only. Black) standard case, grey) high-activity case
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Figure 8. 
Three relative effective diffusion coefficient profiles. A constant profile, a linearly 

decreasing profile, and an empirical profile, based on data obtained experimentally using 

pulsed-field gradient nuclear magnetic resonance (data shown as white-filled circles).
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Figure 9. 
Simulated cyclic voltammograms. Each row represents a different scan rate: Top) 1 mV/s, 

middle) 200 mV/s, bottom) 1000 mV/s. Each column represents a different percentage of the 

EET mechanism: Column 1) 100% conduction-based EET only, column 2) standard case 

(~13% diffusion-based EET), column 3) 50/50% conduction-/diffusion-based EET, Column 

4) 100% diffusion-based EET only.
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Figure 10. 
Simulated squarewave forward and backward (grey) and differential current (black). From 

left to right: 100% conduction-based EET only, standard case (~13% diffusion-based EET), 

50/50% conduction-/diffusion-based EET, and 100% diffusion-based EET only.
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Figure 11. 
Local biofilm potential (black) and redox potential (grey) for the standard case (left) and the 

low-conductivity case (right).
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Figure 12. 
Left) Effect of parameter Sa on steady state current and percentage EET. The black-filled 

circles illustrate the Sa value (4300 m−1) used for all subsequent interaction figures. Right) 

Biofilm activity by depth as measured by substrate utilization rate, q, and percentage of q 

obtained from diffusion-based or conduction-based EET. Grey represents the portion due to 

diffusion-based EET, and black represents the portion due to conduction-based EET.
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Figure 13. 
Local biofilm potential (black) and redox potential (grey) for Left) the low-conductivity case 

with interactions allowed and Right) the low-conductivity case with the electrochemically 

active surface area increased 100 times.
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Table 1

Summary of model parameter values for the standard case

Symbol Description Value Units Ref

Constants and system parameters

 ε Polarized electrode potential +300 mVSHE 54

 F Faraday constant 96485.3399 s A mol−1 55

 R Molar gas constant 8.314472 J K−1mol−1 55

 T Temperature 303.15 K 21, 22, 25, 56, 57

Computation Parameters

Number of finite elements 10,000 unitless

Finite element size 0.01 μm

Biofilm parameters

 Dr Relative effective diffusion coefficient 0.89 unitless 57

 f Fraction of electrons recoverable for current 0.6 unitless 39, 58, 59

 L Biofilm thickness 100 μm 57

 qmax Maximum specific lactate utilization rate 0.002 mmol g protein −1 s−1 60

 X Biofilm density 1700 g protein m −3 57, 61, 62

Substrate parameters

 S Bulk lactate concentration 25 mM 57

 DeS Effective diffusion coefficient for lactate 1.09 · 10−9 m2 s−1 57, 63–66

 KS Half-saturation constant for lactate 13.2 mM 60

 y Electron equivalence of lactate 4 mmol-e− mmol-La−1 39, 67, 68

Diffusion-based EET parameters

 Mo(bulk) Bulk FMN concentration 1 μM 25, 40

 Mr(bulk) Bulk FMNH2 concentration 0 μM

 DeM Effective diffusion coefficient for FMN/FMNH2 0.43 · 10−9 m2 s−1 57, 63–66

 E0 Standard redox potential for the FMN/FMNH2 redox reaction −217 mVSHE 69

 k0 Standard heterogeneous rate constant for the FMN/FMNH2 redox 
reaction

1.6 · 10−5 m s−1 70

 n Electrons transferred per FMN/FMNH2 redox reaction 2 unitless 70

 KM Half-saturation constant for FMN 0.1 μM 29

 α Transfer coefficient for the FMN/FMNH2 redox reaction 0.5 unitless 71

Conduction-based EET parameters

 EKA Half-maximum rate potential −155 mVSHE 54

 κ Biofilm conductivity 0.5 mS cm −1 54
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Table 2

Steady state current production, local biofilm potential drop, and percentage of mediators in the reduced form 

in the biofilm for the standard case, low-conductivity case, and high-activity cases. Results are shown for 

when both EET mechanisms are allowed, for diffusion-based EET only, and for conduction-based EET only. 

The top row displays the parameter values that are used for each case, if they are different from the standard 

case as given in Table 1.

Parameter values

Standard Case Low-Conductivity Case High-Activity Case 2× High-Activity Case

See Table 1
κ = 0.5 mS/cm κ = 10−5 mS/cm

qmax = 0.014 mmol g−1 

s−1

X = 120,000 g/m3

qmax = 0.028 mmol g−1 

s−1

X = 120,000 g/m3

Both EET mechanisms

0.046 A/m2 0.024 A/m2 24.09 A/m2 45.62 A/m2

< 1-mV drop 530-mV drop 24-mV drop 47-mV drop

80.1% mediators reduced 82.4% mediators reduced 99.1% mediators reduced 99.2% mediators reduced

100% Conduction-based EET
0.052 A/m2 0.022 A/m2 24.22 A/m2 45.81 A/m2

< 1-mV drop 533-mV drop 25-mV drop 47-mV drop

100% Diffusion-based EET
0.008 A/m2 0.008 A/m2 0.18 A/m2 0.25 A/m2

84.5% mediators reduced 84.5% mediators reduced 99.2% mediators reduced 99.4% mediators reduced
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Table 3

Effects of different relative effective diffusion coefficient profiles on steady state current and coulombic 

efficiency for a diffusion-based EET biofilm

Profile Current Coulombic efficiency

No correction for biofilm density

 Constant 8.06 mA/m2 30%

 Linear 6.94 mA/m2 27%

 Empirical 7.12 mA/m2 27%

With correction for biofilm density

 Constant 8.06 mA/m2 30%

 Linear 14.70 mA/m2 45%

 Empirical 14.44 mA/m2 49%
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Table 4

Sensitivity analysis as measured by elasticity [see eqn (30) and (31)]. Elasticity measures the proportional 

effect of a change in a parameter value. These relative sensitivities were evaluated by successively making a 

finite change of 25% in each independent variable and monitoring how total current, j, and percentage of 

current due to diffusion-based EET, d, responded.

Symbol Description Total Current, j % of Diffusion-Based EET, d

system parameters

 ε Polarized electrode potential 0 0

Biofilm parameters

 Dr Relative effective diffusion coefficient −0.07 0.57

 f Fraction of electrons recoverable for current 1.07 −0.59

 L Biofilm thickness 1.13 −1.23

 qmax Maximum specific lactate utilization rate 1.07 −0.59

 X Biofilm density 1.07 −0.59

Substrate parameters

 S Bulk lactate concentration 0.38 −0.21

 DeS Effective diffusion coefficient for lactate 0 0

 KS Half-saturation constant for lactate −0.37 0

 y Electron equivalence of lactate 1.07 −0.59

Diffusion-based EET parameters

 Mo(bulk) Bulk FMN concentration −0.07 0.64

 DeM Effective diffusion coefficient for FMN/FMNH2 −0.07 0.57

 E0′ Standard redox potential for the FMN/FMNH2 redox reaction 0 0

 k0 Standard heterogeneous rate constant for the FMN/FMNH2 redox reaction 0 0

 n Electrons transferred per FMN/FMNH2 redox reaction −0.07 0.57

 KM Half-saturation constant for FMN 0.01 −0.07

 α Transfer coefficient for the FMN/FMNH2 redox reaction 0 0

Conduction-based EET parameters

 EKA Half-maximum rate potential 0 0

 κ Biofilm conductivity 0 0
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