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Abstract

The goal of this study was to measure spatially and temporally resolved effective diffusion

coefficients (De) in biofilms respiring on electrodes. Two model electrochemically active biofilms,

Geobacter sulfurreducens PCA and Shewanella oneidensis MR-1, were investigated. A novel

nuclear magnetic resonance microimaging perfusion probe capable of simultaneous

electrochemical and pulsed-field gradient nuclear magnetic resonance (PFG-NMR) techniques

was used. PFG-NMR allowed noninvasive, nondestructive, high spatial resolution in situ De

measurements in living biofilms respiring on electrodes. The electrodes were polarized so that

they would act as the sole terminal electron acceptor for microbial metabolism. We present our

results as both two-dimensional De heat maps and surface-averaged relative effective diffusion

coefficient (Drs) depth profiles. We found that 1) Drs decreases with depth in G. sulfurreducens

biofilms, following a sigmoid shape; 2) Drs at a given location decreases with G. sulfurreducens

biofilm age; 3) average De and Drs profiles in G. sulfurreducens biofilms are lower than those in S.

oneidensis biofilms—the G. sulfurreducens biofilms studied here were on average 10 times denser

than the S. oneidensis biofilms; and 4) halting the respiration of a G. sulfurreducens biofilm

decreases the De values. Density, reflected by De, plays a major role in the extracellular electron

transfer strategies of electrochemically active biofilms.

Keywords

diffusion; diffusion coefficient; diffusivity; biofilm; electrochemically active; Geobacter;

Shewanella; modeling; electron transfer; magnetic resonance

Introduction

The restricted diffusion of molecules through bacterial biofilms is a major physical aspect of

what makes the biofilm mode of life distinct from the planktonic mode1. Constrained mass

transport in biofilms, along with microbial metabolism, yields the microenvironments and

physicochemical heterogeneities that ultimately lead to spatially divergent phenotypes and

species diversification. Knowledge of diffusion coefficients in biofilms is critical for

measuring and predicting the chemical fluxes in biofilms and ultimately for engineering

systems to manipulate bacterial biofilms for our purposes. Examples in which diffusion

coefficients play a practical role include 1) penetration of antibiotics into pathogenic

biofilms2, 3, 2) heavy metal immobilization and reduction in environmental biofilms4, 5, and
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3) penetration of organic molecules and oxygen into biofilm reactors used in wastewater

treatment6-9.

Recently, mass transport limitations are being investigated for biofilms that respire on

electrodes, known as electrochemically active biofilms (EABs)10-12. EABs are unique

because of their ability to respire terminal electrons from metabolism onto solid electron-

accepting electrodes10, 13. These biofilms are composed of microorganisms that are known

as electricigens, exoelectrogenic bacteria, and anode-respiring, or anodophilic, species14, 15.

EABs have been utilized in marine-based microbial fuel cells to power oceanographic

sensors and monitoring devices16, 17; to extract energy and enhance chemical oxygen

demand removal during wastewater treatment18, 19; as biosensors for nitrate/nitrite, glucose,

and other chemicals20; to desalinate water while simultaneously generating electricity21-23;

and also to produce hydrogen gas via microbially driven electrolysis24, 25. However,

optimization of their electron transfer requires further fundamental knowledge of their

internal chemical and electrical fluxes.

Effective diffusion coefficients (De) quantify the fluxes of molecules critical in several

distinct processes required for EAB activity. The first is the transport of nutrients required

for EAB growth and metabolism. EAB growth can be slowed when the rate at which the

nutrients are consumed is higher than the rate at which the nutrients are replenished via

diffusion, which may prevent regions of the biofilm from accessing nutrients. The second is

the transport of electron equivalents generated during EAB growth, known as extracellular

electron transfer (EET). EET is hypothesized to occur through conduction-based schemes,

diffusion-based (mediated) schemes, or a mixture of the two26. G. sulfurreducens is thought

to use conduction-based EET, while S. oneidensis MR-1 is thought to use a combination of

the two schemes27-29. For EABs that depend on the diffusion of electron transfer-mediating

molecules from the biofilm to the electrode surface, the generation of electron equivalents

may exceed the flux of the mediators. Furthermore, diffusion of the electron mediators may

control both the electrochemical potential loss through the formation of concentration

gradients and the rate of electron mediator loss to the supernatant, ideas which have been

explored by Torres et al. (2010)26. A third critical process dominated by diffusive transport

is the movement of protons and pH-buffering compounds. The oxidation of substrates such

as acetate or of electron mediators such as flavins is coupled to the production of protons,

causing pH gradients to form as a consequence of biofilm metabolism30, 31. Proton buildup

at the anode in a weakly buffered system, i.e. acidification, is a known problem in some

microbial fuel cell designs32. Diffusion also controls the movement of charged electrolytes

that act to maintain electroneutrality in the biofilm. While this list is not exhaustive, it is

apparent that diffusive mass transport is influential in several processes that, under certain

conditions, control the overall electron transfer rate of EABs respiring on electrodes.

Therefore, it is critical to quantify De in EABs in order to develop our knowledge of internal

chemical and electrical fluxes and how these fluxes relate to EET mechanisms.

To better understand EET mechanisms, mathematical models have been created to predict

electron transfer rates from EABs to electrodes and to determine flux limitations in EABs.

These models rely on De values to produce accurate representations and realistic predictions.

Yet, there has been a trend in the literature to assume a constant De value within the

biofilms, with no spatial or temporal variability. Van Wey et al. (2012)33 present several

examples of biofilm models that assume a constant De throughout the biofilm34-39, and also

examples of models that assume bulk liquid diffusion coefficients (Daq) instead of effective

diffusion coefficients 34, 38-40. We found a similar trend in EAB models. Table 1 highlights

the assumptions regarding diffusion coefficients in EAB models. Non-variable De

assumptions are often selected to “reduce model complexity”41 or because some models
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yield insignificant changes in simulation outputs when more complex De parameterization is

used42, 43.

However, De have been experimentally verified to be spatially and temporally variable and

anisotropic1, 33, which is anticipated to be the case in most systems, owing to the

heterogeneous nature of biofilms. Because of this understanding, and because diffusion

resistance is a key defining feature of the biofilm mode of life, these complexities should

increasingly become incorporated into mathematical models, as some researchers have

already demonstrated44, 45. Furthermore, using experimental values of De measured in EABs

respiring on electrodes in EAB models is important because biofilm structure and electron

transfer capability in EABs have recently been shown to depend on whether the biofilm

respired on a soluble electron acceptor or on an electrode acting as an electron acceptor46, 47.

We have observed similar distinctions between biofilms respiring using these same two

methods in our lab, and it is likely that these differences are associated with unique De

profiles. Therefore, De measured for biofilms not respiring on electrodes cannot be used.

However, to the best of our knowledge, there are no De data for EABs respiring on

electrodes.

The lack of spatially and temporally resolved De data for EABs is the result of two historical

factors. First, the current De measuring techniques were not designed to handle multi-

dimensional and time-resolved in situ measurements in living biofilms. The preponderance

of empirical De values that are available in the scientific literature are only 0- or 1-

dimensional (that is, volume-averaged or surface-averaged). The primary techniques used to

measure De are fluorescence recovery after photobleaching with scanning confocal laser

microscopy48-50; porosity determination using microtomed slices51; injected dyes or tagged

molecules52; and microelectrodes53. Regardless of the specific technique used, researchers

generally measure De in distinct cell clusters (0-dimensional) or as depth profiles through

the biofilm layers (1-dimensional), without monitoring how the values change with biofilm

age. Note that microelectrodes have been used to measure multidimensional De, which are

reported as 2D maps and 1D profiles54. However, this technique uses ferricyanide, which

kills the biofilm and consequently does not allow for time series measurements. Second, the

current techniques have not been tested for delivering De results for biofilms respiring on

electrodes and may not be capable of doing so. New technology is required to handle the

difficult task of measuring multidimensional De values over time in living biofilms that

respire on electrodes.

In this study we used a novel nuclear magnetic resonance microimaging system capable of

simultaneous electrochemical and pulsed-field gradient nuclear magnetic resonance (PFG-

NMR) measurements of live biofilms. To make this possible we retrofitted our previously

developed NMR biofilm reactor to act as an electrochemical cell while still allowing for

NMR measurements55. This involved changing the radio-frequency coil geometry to avoid

signal blocking by the conductive electrode and employing active polarization via a

potentiostat. With the electrode polarized to a sufficiently positive potential (i.e., with the

electrode potential fixed against a known reference), the EAB can actively respire terminal

electrons onto the electrode during NMR measurements. Unlike traditional techniques for

measuring De, PFG-NMR offers the ability to measure in situ De 1) in multiple spatial

dimensions, 2) over extended time periods, 3) noninvasively, 4) nondestructively, 5) at high

spatial resolution, and 6) in living biofilms. This allowed us to investigate the in situ De over

time for two model EABs respiring on electrodes: Shewanella oneidensis MR-1 and

Geobacter sulfurreducens PCA. To the best of our knowledge, this is the first time that De

have been quantified for biofilms respiring on electrodes. We hypothesized that G.

sulfurreducens would have relatively low De values to facilitate conductive electron transfer

through a tight biofilm matrix, whereas S. oneidensis would have relatively high De values
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to ease the diffusion of electron transfer-mediating molecules. Furthermore, because a

change in G. sulfurreducens biofilm morphology has been observed during changes to non-

turnover conditions56, we also hypothesized that halting the respiration of the EABs by

removing the polarization of the electrode would change the De values because of changes

in the biofilm matrix in response to a changed metabolic state.

Materials and Methods

NMR microimaging biofilm reactor and bioelectrochemical cell

All NMR measurements were performed using a custom-made NMR biofilm reactor, shown

in Figure 1 (also see Figure S1 in the Electronic Supplementary Information (ESI)). The

reactor was machined from Torlon® polyamide-imide plastic, and the internal flow channel

was 4 mm wide, 2 mm deep, and 40 mm long (320-μL volume). Polyetheretherketone

(PEEK) plastic tubing (1/16” outer diameter, .030” inner diameter) was used for the inlet

and effluent lines for the growth medium. Flow through the PEEK lines was set using a

pulseless dual-syringe pump (Pharmacia P-500, Uppsala, Sweden) controlled remotely using

a home-built, internet-accessible RS-232 pump controller based on a Lantronix XPort AR™

network processing module (Lantronix Inc, Irvine, CA, USA). Two additional PEEK tubing

lines, connected adjacent to the inlet and effluent lines, were aseptically attached with 0.22-

μm filters to a 4-channel IPC Ismatec® pump (IDEX Health & Science, Wertheim-

Mondfeld, Germany). The pump was situated inside a plastic gas bag continuously purged

with 100% N2 while the G. sulfurreducens experiments were run to ensure strict anaerobic

conditions. This pump was activated to remove intractable bubbles from the reactor prior to

the start of the experiment. After the experiment was initiated, these lines were sealed and

remained unused during the remainder of the experiment. A 250-μm-diameter Ag/AgCl

reference-electrode wire was placed inside the influent line using an epoxy-sealed T-

junction allowing for it to protrude into the reactor. Similarly, a braided Pt counter electrode,

made from 100-μm-diameter >99.99% pure Pt wire, was placed inside the effluent line. A 5-

mm-diameter, 100-μm-thick 99.99% gold disc electrode (Gold foil SKU 265810, Sigma-

Aldrich Corporation, St. Louis, MO, USA) was fixed with conductive silver epoxy (TIGA

901, Resin Technology Group LLC, South Easton, MA, USA) to the reactor door. A 250-

μm-diameter 99.99% Cu wire (California Fine Wire Co., Grover Beach, CA, USA) was

coiled in the epoxy between the gold disc electrode and the door; this provided a link for the

gold disc electrode with the working electrode potentiostat connection. The potentiostat

(Reference 600™, Gamry Instruments, Warminster, PA, USA) was located outside the

NMR 5 -Gauss line.

Growth of G. sulfurreducens biofilm

The G. sulfurreducens PCA biofilms were grown inside the sealed NMR biofilm reactor. To

sterilize the system, 30% H2O2 was pumped at 1 mL/hr for 24 hours, followed by a 12-hour

rinse at 1 mL/hr of nanopure autoclaved water. For 24 hours prior to inoculation, the system

was allowed to equilibrate at standard operating conditions to ensure that all oxygen was

removed. This included 1) sparging the 2-L growth medium bottle with 20%/80% CO2/N2,

2) pumping growth medium (no fumarate) at 1 mL/hr into the biofilm reactor, 3) polarizing

the electrode at +300 mVAg/AgCl, 4) passing 30 °C 100% N2 into the NMR bore and around

the biofilm reactor, and 5) having 100% N2 flow into plastic gas bags encasing the syringe

pump and flow breakers to avoid possible gas exchange with room air and temperature

variation. Inoculum vials of G. sulfurreducens PCA (ATCC 51573) were prepared

anaerobically using the Hungate technique65 in a serum vial without shaking, similar to the

procedure described by Babauta et al. (2012)66. The growth medium in the vial consisted of

potassium chloride, 0.38 g/L; ammonium chloride, 0.2 g/L; sodium phosphate monobasic,

0.069 g/L; calcium chloride, 0.04 g/L; magnesium sulfate heptahydrate, 0.2 g/L; sodium
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carbonate, 2 g/L; Wolfe’s vitamin solution, 10 mL/L; and modified Wolfe’s mineral

solution, 10 mL/L. Acetate (20 mM) was provided as the electron donor, and 40 mM

fumarate (inoculum only) was the electron acceptor. The headspace in the inoculum vial was

20%/80% CO2/N2. The medium used for growth in the biofilm reactor was identical, except

that no fumarate or other soluble electron acceptor was provided. The gold disc electrode

acted as the sole terminal electron acceptor for microbial metabolism, and is herein simply

called the electrode.

During inoculation, the growth medium flow was stopped. Inoculum was taken

anaerobically from the inoculum vials using a N2-filled gas sampling bag to provide a

counter pressure as the inoculum was taken into a 20-mL syringe. The syringe was placed in

the N2-purged gas bag encasing the syringe pump, and inoculum was pumped at 5 mL/hr

into the reactor for 1 hr, and then at 0.7 mL/hr for another 10 hours. To improve cell

attachment to the electrode, the inoculum pumping was halted and the reactor was kept

horizontal (with the electrode normal aligned against gravity) with no flow for 24 hours. A

NMR probe cover (constructed from 1.5” polyvinyl chloride pipe and cap and perfused with

30 °C 100% N2) was used to maintain anaerobicity and temperature while the sample was

outside the magnet. After the 24 hours, the reactor was positioned vertically and the flow of

growth medium (with no fumarate) was gradually increased up to 1 mL/hr, producing a

laminar flow profile (Reynolds number of 0.1, dilution rate of 3.13 h−1). All heated N2 gas

was temperature-controlled using a gas stream delivery unit (FTS Systems, Stone Ridge,

NY). This kept the gas temperature at the NMR bore and clamp stand probe holder at 30 ±

0.6 °C. The sample was maintained under the NMR probe cover and on a clamp stand probe

holder outside of and adjacent to the NMR magnet during growth; it was inserted into the

NMR system for a few days at regular intervals for NMR measurements. The potentiostat

was connected and active during the entire duration of the study, except for brief periods

during which respiration onto the electrodes was halted to measure De under open circuit

conditions.

Growth of S. oneidensis biofilm

S. oneidensis MR-1 biofilms were grown using a constant depth film fermentor (CDFF),

after which the samples were transferred to the NMR biofilm reactor. Unlike the G.

sulfurreducens biofilms, we had some difficulty growing S. oneidensis biofilms of an

appropriate thickness for the NMR study. Because the spatial resolution for the depth

profiles was 20 μm, our system required biofilms that were thicker than just a few tens of

microns in order to produce relevant profiles. Therefore, we used a method that was

identical to that described in Renslow et al. (2010), with the exception that electrodes were

used in place of glass coverslips as the substrata. Although grown in a different way, these

S. oneidensis biofilms allowed us to make interesting comparisons to G. sulfurreducens

biofilms. Briefly, the electrodes were recessed to a depth of 400 μm using a custom gap-

setting tool. S. oneidensis MR-1 inoculum and defined minimal growth medium with 25.4

mM lactate and 35 mM fumarate were introduced through ports located at the top of the

CDFF. The medium was designed to be compatible with NMR measurements and was

continuously purged with 100% N2 gas. Two Teflon® blades sheared away excess biomass

to control the depth of the developing biofilm. The CDFF was operated in an incubator at 25

°C under anaerobic conditions. After 8-10 days, the biofilm samples were harvested

aseptically through the sample port and transferred to the NMR. Prior to placement inside

the NMR biofilm reactor, the reactor was cleaned and equilibrated similarly to the steps

listed above for the G. sulfurreducens biofilm. The biofilms continued to grow in the NMR

under continuous feed conditions at 0.5 mL/hr using the same defined medium as was used

in the CDFF without the fumarate. The electrode upon which the S. oneidensis biofilms

grew was polarized at +300 mVAg/AgCl, and was the sole terminal electron acceptor in the
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NMR biofilm reactor. The temperature was controlled by passing 25 °C 100% N2 into the

NMR bore and around the biofilm reactor. The sample was maintained inside the NMR for

the duration of the experiment.

Nuclear Magnetic Resonance Methods

The methods outlined here are similar to those discussed in our previous studies55, 67;

however, parameter values and details have been changed to match the experimental

conditions used in this study. Protons (1H) NMR experiments at 500 MHz were

accomplished using a Bruker Avance III imaging spectrometer (Bruker Instruments,

Billerica, MA, USA) with a 89-mm vertical bore, actively shielded superconducting magnet

(11.7 T) employing a Bruker microimaging gradient insert (Micro2.5) with 150 gauss-per-

centimeter triaxial imaging and diffusion gradients. The biofilm reactor was mounted on a

custom perfusion probe with an Alderman-Grant-type radio frequency resonator with its

linearly oscillating field direction aligned perpendicular to (and thus not shielded by) the

electrode surface. To collect and process the data, ParaVision v5.1 imaging software (Bruker

Biospin, Billerica, MA) was used. Measurements included: 1) 2D Fourier transform MRI;

and 2) diffusion-mapping 2D Fourier transform MRI. Complete descriptions of the NMR

methods are given in the Supplementary NMR Methods section in the ESI.

Computational Modeling

We developed a two-dimensional mathematical model to demonstrate how De assumptions

can affect the predicted current output of an EAB. A complete description of the model is

given in the Supplementary Computation Modeling section, and a graphical representation

of the model geometry is shown in Figure S9 in the ESI.

Results and Discussion

We present the data here as both 2D De heat maps and Drs depth profiles. Daq are also

provided to allow for direct applications in mathematical models using Fick’s law or related

diffusion equations. De are measured inside biofilms and take into account the hindered

molecular diffusion rate caused by biofilm structure and porosity. De are smaller in

magnitude than Daq. Drs are a specific type of De generated by averaging De by depth inside

the biofilm and normalizing the results against the Daq. Drs range from a value of 0 to 1,

where 1 represents a Drs that is equal to the Daq. Figure S2 in the ESI gives a graphical

representation of diffusion coefficients in biofilm systems, and Figure S3 shows example

NMR measurement voxels, to scale, for both De and Drs. As discussed by Lewandowski and

Beyenal (2007)68 and Van Wey et al. (2012)33, molecular transport parallel to the biofilm

substratum is not as relevant as transport normal to the substratum, that is, through the depth

of the biofilm. The major stratifications and microenvironments that appear in biofilm

systems are caused by the concentration gradients that form along this axis68. The results

obtained using PFG-NMR in our present study represent the De of water molecules normal

to the electrode (and perpendicular to the flow direction). This is identical to our previous

studies of De in biofilms grown on flat surfaces55, 68. The diffusion coefficients measured in

our study are often called “self-diffusion” coefficients as a result of the diffusive transport of

water molecules due to thermal energy without the presence of a concentration gradient

required for detection by conventional Fickian methods. Effective Fickian diffusion

coefficients of solutes at low concentrations, where the chemical activity of the solute is

close to unity (i.e., as in an ideal solution), can be related to the self-diffusion coefficient of

water69. This relationship is given by Equation 1:
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Equation 1

where Dei is the effective Fickian diffusion coefficient of solute i and Di is the bulk liquid

Fickian diffusion coefficient of solute i. Note that the ratio De/Daq is referred to as the

relative De and ranges from 0 to 1 within a biofilm; smaller values signify increased

diffusion resistance. This equation provides a route for the direct use of results from this

study in mathematical models, where the diffusion of each simulated solute can be governed

by its own variable Dei.

G. sulfurreducens growth and De changes over time

Figure 2 shows 2D MRI images of a G. sulfurreducens biofilm respiring on an electrode

inside the NMR biofilm reactor, demonstrating its development over time. During the

experiment growth medium was pumped against gravity, and the MRI images in this study

are aligned identical to how the reactor was oriented during NMR measurements (the fluid

flow was from the bottom of this page toward the top). The biofilm was maintained for

nearly two months and grew to several hundred microns thick, similar to other G.

sulfurreducens biofilms grown over long time periods in our lab31. As seen in Figure 2, the

biofilm formed a continuous slab over the entire electrode. A “halo”-like artifact is visible

above the biofilm in the three normal-plane 2D MRI images, forming alternating light and

dark bands that culminate in a bright region directly over the top center of the biofilm. This

artifact was only associated with the production of current, as it did not appear when no

current passed; it was found to be a result of reduced spin-lattice (T1) relaxation rates. One

large bubble is present in the upper-right (upstream) portion of the biofilm as shown in the

face-plane view.

Both the 2D maps and 1D depth profiles of relative De of a G. sulfurreducens biofilm are

shown in Figure 3. The Daq, used to generate the relative values, was 2.82 · 10−9 ms/s (σ:

0.10 · 10−9 ms/s) (for an extended discussion on the Daq and the effect of temperature, see

the ESI). As in the MRI figures, the orientation of the 2D maps is identical to that of the

experimental setup, with fluid flowing from the bottom of the page toward the top of the

page. The 2D maps reveal that diffusion rates vary more with biofilm depth than they vary

in the lateral directions. The top of the biofilm is nearly uniform along the length of the

biofilm. See Figure S4 in the ESI for images demonstrating the development of De in finer

time steps and also Figure S5, which shows the development of thickness over time. In the

depth profiles, a sigmoid-shaped Drs profile is present regardless of biofilm age. However,

the Drs decrease with biofilm age. The average Drs in the biofilm were 0.40, 0.33, and 0.34,

and the minimum Drs in the biofilm were 0.21, 0.09, and 0.08 for 24, 35, and 52 days,

respectively. Biofilm thicknesses and the tops of the biofilms as marked in the depth profiles

were determined by image analysis of 2D MRI, identical to the method used in our previous

studies55, 67. The top of the biofilm was defined as the tallest portion of the biofilm located

in the 2 mm by 2 mm voxel used to generate the depth profiles. It is interesting to note that

the Drs profiles begin to drop prior to the marked top of the biofilm. The 2D maps show dark

features (lower diffusion regions) above the marked top, particularly as the biofilm becomes

older. We believe this is a result of a low concentration of loose biomass, probably

extracellular polymeric substances, protruding above the MRI visible top67.

In this paper we also report biofilm dry weight densities (X, kg/m3), which can be

approximated using the following equation, developed by Fan et al. (1990)70:
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Equation 2

Equation 2 gives us the ability to approximate the density of a biofilm when Drs is known.

For the 24-day-old biofilm, the average density was calculated to be 41 kg/m3,

corresponding to an average Drs of 0.40. The maximum density observed was 247 kg/m3,

corresponding to an average Drs of 0.08. G. sulfurredens biofilms have been found to be

denser near the electrode71 and are described in the literature as having a “top fluffy layer

and dense inner core”56, which Equation 2 and Figure 3 quantitatively confirm for even the

several-hundred-micron-thick biofilms reported here.

S. oneidensis growth and De changes over time

Figure 4 shows the progression over time of an S. oneidensis biofilm. Unlike the G.

sulfurreducens biofilms, the S. oneidensis biofilms used in this study did not form a

continuous slab that covered the entire electrode. Instead, towering clusters and

heterogeneous colonies were observed. The 2D MRI shows that the biofilm only partially

covered the electrode. In Figure 5, the corresponding De maps reveal further that the biofilm

was comprised of individual clusters. The darker regions in the 2D map, which signify less

diffusive regions, are sparse and disconnected. The maps reveal that the De in the S.

oneidensis biofilms are much higher than those in the G. sulfurreducens biofilms. The Daq,

used to generate the relative values, was 2.49 · 10−9 ms/s (σ: 0.06 · 10−9 ms/s). The average

Drs in the S. oneidensis biofilm were 0.83 and 0.88 at 12 and 16 days, respectively, and the

minimum Drs were 0.58 and 0.55 at 12 and 16 days, respectively. These values are nearly

identical to those of S. oneidensis biofilms grown on glass coverslips in an earlier study by

our group55. The profile shapes are also comparable. Growing the biofilms on electrodes did

not appear to change the average or minimum De values. It is interesting to note, however,

that in our previous study55 the De values steadily decreased and the biofilms grown on

glass coverslips in a CDFF became thicker and denser over time. In this study, the S.

oneidensis biofilms were very unstable on the electrode and readily sloughed off, especially

as they aged. Even though the biofilm thickness increased over time, the biofilm surface

coverage of the electrode decreased. This is shown in Figure S6 in the ESI. It was not

possible to keep S. oneidensis biofilms intact for long periods of time, unlike the G.

sulfurreducens biofilms. This may be caused by impeded growth of S. oneidensis biofilms

on smooth gold surfaces in the NMR biofilm reactor, where the fluid flow is parallel to the

electrode surface and is pumped against gravity. Anodic EAB morphology has been shown

to be dependent on the electrode material72. Most likely a different geometry or graphite

electrodes would work better, as demonstrated in the literature73; however, such a system

would not be compatible with our NMR microimaging system. For the 16-day-old biofilm,

the average density was calculated to be 4 kg/m3, corresponding to an average Drs of 0.88.

This is nearly an order of magnitude lower than the average density of the G. sulfurreducens

biofilms. The maximum density observed was 23 kg/m3, corresponding to an average Drs of

0.55. Again, this is nearly an order of magnitude lower than the maximum density observed

in the G. sulfurreducens biofilms.

Because of the cluster/colony nature of the S. oneidensis biofilms, we also wanted to see

how De values changed over time in individual clusters in order to compare them better with

the G. sulfurreducens biofilms, which had continuous cell coverage of the electrode. Table 2

provides the values for four distinct clusters (the locations of the clusters are shown in

Figure S7 in the ESI). Even when comparing the average De of individual clusters, G.

sulfurreducens has much lower De than S. oneidensis. For each cluster, the average De

increased over time. The increase ranged from +9%, in cluster 3, up to +39%, in cluster 2.

These results are different from all measurements performed on G. sulfurreducens biofilms,
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where the De decreased continuously over time. It is well known that cells in biofilms that

are not under favorable growth conditions can undergo “seeding dispersal,” which decreases

the biofilm density and increases De values74. We speculate that this type of event leads to

increasing De values for both the individual clusters and the biofilm as a whole.

Effect of halting respiration on De

Figure 6 shows 2D De maps and Drs profiles of a G. sulfurreducens biofilm whose

respiration was halted. We were interested in observing how halting respiration by removing

access to the electrode as an electron acceptor would affect the De in the short term. With

the polarization switched off, and the electrode at open circuit potential, would the De

change in response to biofilm microstructure change? The Figure 6 image sequence reveals

that the De are reduced when respiration is halted and recover once respiration is reinstated.

The average Drs for the entire biofilm thickness went from 0.33 to 0.25 to 0.34, as the

biofilm went from active respiration to halted respiration to active respiration. These

differences are not statistically significant; however, if we consider only the bottom 200

microns of the biofilm, the differences are statistically significant (p<0.0001). Here the

average Drs went from 0.26 to 0.09 to 0.18. Because the electrode is acting as the sole

terminal electron acceptor for microbial metabolism, biofilm metabolic activity can be

measured as electrical current passing through the electrode. During the three measurements

shown in Figure 6, the current went from 3.3 A/m2 to 0.0 A/m2 to 2.3 A/m2 (see Figure S8

in the ESI to see the development of current over time). This allows us to directly verify that

respiration was halted and then recovered. The change in De is not caused by

electromigration, which alters the mobility of charged species, because the preponderance of

the H1 interrogated are bound in uncharged water molecules (as the growth medium is near

neutral pH, approximately 2 water molecules out of every 1 billion are split into hydronium

and hydroxide). We found that preventing the electrode from acting as the electron acceptor

by removing the polarization momentarily alters the morphology of the G. sulfurreducens

biofilm and halts its metabolism. Previously Jain et al. (2011) showed that switching to non-

turnover conditions (removal of the electron donor) caused a 35-μm-thick G. sulfurreducens

biofilm to reduce to only 3.5 μm within 24 hours, purportedly because of biomass

detachment. We did not observe such a change in thickness, although the change in De

suggests that there were changes in the biofilm structure. This could be because in our case

only the electron acceptor was removed, not the electron donor. Cao et al. (2012)67 also

showed that microstructure changes in the biofilm can affect De. In that study, we

demonstrated that exposure of an S. oneidensis biofilm to contaminants U(VI) and Cr(VI)

reversibly altered both the metabolic rate and De, while not noticeably changing the biofilm

macrostructure or thickness. The effects of altered metabolic states and electron donor/

acceptor availability on biofilm microstructure are currently undetermined56. When we

change the polarization state of the electrode for an S. oneidensis biofilm, this trend is not

apparent. Figure 7 shows that the 2D De map and Drs profile do not change even after

polarization is initiated. This may be because of the lower respiration rate of S. oneidensis

compared to that of G. sulfurreducens. The current production during polarization only

reached 18 mA/m2, which is at least two orders of magnitude less than the current produced

by G. sulfurreducens biofilms. Thus, at least in the short term, the availability of the

electron-accepting electrode does not affect S. oneidensis biofilm structure.

Does De reflect the type of electron transfer strategy used by a biofilm?

So far, we have looked at two distinct species of EABs. The De of G. sulfurreducens and S.

oneidensis biofilms are strikingly different, suggesting that De could reflect the ability of

different species to generate high current on electrodes. While the De reported in our study

are only a measurement of the self-diffusion of water within EABs, they are likely indicative

of and influential on each species’ unique EET strategy.
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For biofilms that rely solely upon conduction-based EET, such as G. sulfurreducens75,

diffusion is only required for the transport of nutrients, metabolic products, electrolytes to

maintain electroneutrality, and buffering components. EET in these systems is dependent

upon a coherent conductive pathway that allows electrons to reach the electrode. A tightly

bound biofilm matrix, measured as a low De, could reduce electron transfer resistance by

providing increased extracellular polymeric substances to carry current. This idea is

supported by evidence from G. sulfurreducens variant KN400, which has a higher protein

and pili concentration and a higher cell density compared to G. sulfurreducens DL163.

Despite the thinner biofilms, KN400 produces a higher current density. Currently the precise

form of conduction involved in EET is yet to be unequivocally proven76-78. Regardless of

form, a high-density biofilm will lead to reduced electrical resistance, either by shrinking the

spacing and increasing the density of electron superexchange mediators or by increasing the

density of components that exhibit metal-like conduction.

We hypothesize that spatial differences in density may also be indicative of conduction-

based EET. The current passing through the bottom layers of the biofilm is cumulative from

the electrons being passed from the top layers. Therefore, it is logical that we see a much

higher biofilm density at the bottom of the G. sulfurreducens biofilm, as others have also

reported56, 71. Future experiments will determine whether high biofilm conductivity and a

high enough De to allow for electron donor penetration are mutually exclusive. It is possible

that if De is too low near the bottom of the biofilm and metabolic activity at the top of the

biofilm is sufficiently fast, nutrient delivery could be prevented to regions of the biofilm.

However, the biofilm may continue to grow and respire through the dense regions of the

biofilm that are metabolically dormant yet still conducting. That is, if the biofilm matrix has

a high enough conductivity, then the biofilm thickness may not be limited to only a few tens

of microns, because nutrients will only need to diffuse into the top, metabolically active,

portion of the biofilm.

A commonly described potential bottleneck for EAB respiration is proton buildup at the

anode, especially for G. sulfurreducens biofilms, because of their higher metabolic rates and

tighter matrices. This acidification is linked to De because the pH in the biofilm is a function

of proton diffusion, diffusion of buffering species, and a large set of reaction rates and

equilibriums62. Some studies have suggested that engineering cells to form more porous

biofilms with higher De may help alleviate the metabolic inhibition that happens as the pH

drops to near 6 or lower79. Based on our hypothesis that a higher biofilm density will

increase conduction-based EET, we believe this approach may not be the most efficient

route to increase current production. Furthermore, while some studies have shown pH to be

a limiting factor because of low diffusion80, a recent study by our group demonstrated for a

200-μm-thick G. sulfurreducens biofilm that pH (as low as 6.3) was not limiting current

production31. Thus pH limitations are not an issue for all biofilms, even if they are very

thick, and the diffusion of protons may not always be a bottleneck, even during high current

production. Future experiments and mathematical models will need to determine the balance

between the diffusion of metabolic products and the density that decreases electrical

resistance.

For biofilms that rely upon diffusion-based EET, the role of De on overall electron transfer

ability is more complicated. Evidence suggests that S. oneidensis uses this type of EET

mechanism28, 81. Note, however, that there is also evidence that S. oneidensis uses both

conduction- and diffusion-based electron transfer27, 82, in particular the presence of

electrically conductive nanowires. Several papers have discussed the energetics related to

the use of mediating molecules to gain access to insoluble electron acceptors81, 83, 84. While

mediated electron transfer offers an evolutionary advantage by allowing access to normally

inaccessible electron acceptor sources, there is a metabolic cost associated with producing
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endogenous extracellular mediators. De controls not only the rate of transport of reduced

mediators from the cell to the electrode, a potential metabolic bottleneck, but also the rate at

which these molecules are transported out of the biofilm and lost to the environment. In

practical terms, De controls the average number of reduction-oxidation cycles per mediator,

which is critical for determining the metabolic energy gained by investing in mediator

production84. If the mediators do not undergo enough recycles, they are no longer mutually

beneficial for the individual cell and community. Thus there is a dichotomy: a low De limits

the rate of transport of mediators to the electrode, but a low De also slows the loss of

mediators and keep mediators localized in the biofilm community for successive redox

cycling. Perhaps for G. sulfurreducens biofilms, using conduction-based EET is a more

metabolically efficient strategy than diffusion-based EET because their density, which we

found to be an average of 10 times higher than that of S. oneidensis biofilms, may be too

high to allow for metabolically relevant mediator recycling rates. Conversely, S. oneidensis

has a lower respiration rate and forms less dense biofilms, making it appear ideally suited to

exploit diffusion-based EET. It is hypothesized that the biofilm mode of life, which lowers

the local De per cell, is necessary for diffusion-based EET in order to prevent convection,

which would rapidly deplete any endogenous mediators in typical environments81.

A low diffusion rate in a dense EAB would offer further benefits if electrons can undergo

chained electron transport via mediators, analogous to the proton in the Grotthuss

mechanism85, 86. Protons are known to have an unexpectedly high diffusion coefficient due

to the Grotthuss mechanism (i.e., hopping of protons between water molecules, prototropic

mobility), thus providing a high net flux of protons compared to other molecules. Likewise,

mediators such as flavins may also allow electron hopping between themselves because of

their rapid equilibrium of the flavoquinone and flavohydroquinone forms and

flavosemiquinone and also their propensity to form temporary dimer and higher polymer

complexes87-89. De in biofilms with this capability would have a different role because a

mediating molecule would only need to diffuse far enough to interact with another flavin, as

opposed to diffusing the entire distance between the cell and the insoluble electron acceptor.

In our opinion, flavins and similar molecules may be better described as mediators, as

opposed to the common misnomer of “shuttles,” because the transport is neither active nor

merely between clearly defined locations (a cell and the electron acceptor). Ultimately a

charge-transport diffusion coefficient for electrons which accounts for the net flux of

electrons caused by both the self-diffusion of mediators and hopping will need to be

determined for EAB systems that rely on diffusion-based EET.

A final consideration relating De to diffusion-based EET is the possible hindering effect of

high biomass densities on cellular surface exposure. Bouhenni et al. (2010) demonstrated

that the exposure of outer membrane c-type cytochromes MtrC and OmcA is crucial for

EET in S. oneidensis90. They found that it was not the mediator concentration that was

limiting, but rather the surface exposure of the cytochrome proteins. It is currently unclear

whether an increased biofilm density would sterically restrict access to these outer

membrane proteins, which have been experimentally confirmed to interact with flavin

molecules91, 92. The evidence for outer membrane cytochromes playing a significant role in

diffusion-based EET keeps mounting91, 93. Therefore, a low-density biofilm (and, by

extension, a high De) may provide more access to the exterior surfaces of cells that use

diffusion-based EET. It may be sufficient for biofilms merely to prevent convection to

preserve higher concentrations of mediators while maintaining a high surface area exposure

to allow mediator-cytochrome interactions.

The high density of EABs, reflected in De, plays a major role in the EET strategies used by

biofilms. Measuring the De values in EABs is important because of the complex connection

of each EET mechanism to diffusive processes and biofilm density. As discussed here, each
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EET scheme offers an ability to optimize for electron transfer with association to De. This

will be especially true for biofilms that use a combination of EET mechanisms, such as S.

oneidensis and mixed-species biofilms. De will be a critical parameter for fully

understanding both chemical and electrical fluxes in EAB systems, and determining the

exact role of diffusion in these biofilms will provide a crucial piece of the EET big picture.

Effects of different Drs assumptions on predicted current output

We generated a 2D mathematical model simulating the 52-day-old G. sulfurreducens

biofilm (shown in the rightmost panel of Figure 3). We assumed conduction-based

extracellular electron transfer dictated by the Nernst-Monod equation59. Using this model

we calculated the pseudo-steady state current output of the G. sulfurreducens biofilm. Three

cases of the model were tested: a constant Drs in the biofilm, a linearly decreasing Drs, and a

Drs profile derived from the empirical data taken from the measurements of the 52-day-old

G. sulfurreducens biofilm. Figure S10 shows the three Drs profiles. See the complete details

of the model in the Supplementary Computational Modeling section in the ESI. By

calculating the theoretical current for the G. sulfurreducens biofilm, it is possible to see that

the Drs plays an important role in determining biofilm metabolic activity. For example, the

current produced using a linearly decreasing profile was 18% higher than that produced

assuming a constant Drs (2.65 A/m2, compared to 3.12 A/m2). Using the empirical profile, a

current of 2.88 A/m2 was calculated (8% higher than a constant Drs). Using Equation 2, we

also compared current production when the biofilm density was related to the Drs profile. In

these cases, linearly decreasing and empirical Drs profiles resulted in a current decrease of

4-5% instead of the increase seen with a non-variable biofilm density. Acetate concentration

profiles were also affected by the treatment of Drs in the biofilm. This can be seen in Figure

S11 in the ESI. Bulk measurements such as electrical current production do not capture how

the Drs assumptions affect the biofilm microenvironment.

Table 3 provides a summary of the effect of Drs assumptions on pseudo-steady state current,

acetate flux at the top of the biofilm, and acetate concentration at the bottom of the biofilm.

In more complex simulations, the changes seen in the biofilm microenvironment could lead

to model output differences, as local concentrations can impact biofilm growth, utilization

rates, gene expression, etc. Furthermore, the effect of the Drs assumption will also be seen in

an electron-mediated biofilm such as S. oneidensis, where the current produced is dependent

upon not only the electron donor transport, but also the electron transfer-mediating

molecules. Our model confirmed that the use of different Drs profiles can lead to different

predicted electrical current production from an EAB, even when only the electron donor is

considered, which is just one of the processes controlled by diffusion in EABs.

Conclusions

In this study we quantified 2D effective diffusion coefficient maps and surface-averaged

relative effective diffusion coefficient profiles in electrochemically active biofilms respiring

on electrodes. We found that:

1. Drs decreases with depth in G. sulfurreducens biofilms, following a sigmoid shape

2. Drs at a given location decreases with G. sulfurreducens biofilm age

3. Average De and Drs profiles in G. sulfurreducens biofilms are lower than those in

S. oneidensis biofilms—the G. sulfurreducens biofilms studied here were on

average 10 times denser than the S. oneidensis biofilms

4. Halting the respiration of a G. sulfurreducens biofilm decreases the De values.
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Refer to Web version on PubMed Central for supplementary material.
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Nomenclature

Daq bulk liquid diffusion coefficients

De effective diffusion coefficient

Dei effective Fickian diffusion coefficient of solute i

Di bulk liquid Fickian diffusion coefficient of solute i

Drs surface-averaged relative effective diffusion coefficient
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Broader Context

Biofilms that can use solid external electron acceptors for respiration are now known to

be ubiquitous in nature. In the past two decades, a significant amount of research has

been performed to understand how extracellular electron transfer occurs and how this

phenomenon can be applied for beneficial purposes. Despite their unique form of

respiration, it has been common for researchers to assume that electrochemically active

biofilms have similar properties to typical biofilms, which rely on soluble electron

acceptors. However, as demonstrated in this study, electrochemically active biofilms

have distinct properties that are indicative of the biofilms’ respiration strategies.

Elucidating these distinctions will allow for the engineering of tailored systems and

techniques, enhancing our ability to exploit the energy generated by extracellular electron

transfer.
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Figure 1. Nuclear magnetic resonance microimaging system for studying EABs
An illustration of the experimental arrangement for NMR used to study diffusion in EABs.

The diagrams show (from left to right): the vertical bore superconducting magnet with

perfusion lines leading to the bottom-loaded NMR probe (medium flowing against gravity);

a cutaway view of the custom NMR probe, shown holding the NMR biofilm reactor; an

external view of the NMR biofilm reactor; and a cutaway view of the NMR biofilm reactor

containing a perfused EAB growing on a gold disc electrode.
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Figure 2. G. sulfurreducens biofilm growth
Left) Time series of three normal-plane 2D MRI showing progression of the growth of a G.

sulfurreducens biofilm. The white arrows indicate the top of the biofilm. The ages shown are

24, 35, and 52 days. In the initial image the biofilm is 170 μm thick, and in the final image

the biofilm is 370 μm thick. Right) A face-plane 2D MRI of the biofilm. The white arrows

indicate the edges of the biofilm on top of the electrode. A 1 mm scale bar is provided at the

top of each MRI (the normal-plane and face-plane images have the identical scale).
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Figure 3. Diffusion mapping of a G. sulfurreducens biofilm over time
The top row shows two-dimensional De maps obtained using PFG-NMR, normalized against

Daq, of the middle 2 mm of the biofilm. The dark regions represent low De. The bottom row

shows Drs depth profiles derived by averaging the De of the middle 2 mm of the biofilm

(shown in the maps). The top of the biofilm as determined using magnetic resonance

imaging is indicated by the vertical lines. From left to right, the panels show the G.

sulfurreducens biofilm at 24, 35, and 52 days old.
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Figure 4. S. oneidensis biofilm growth
Left) Time series of two normal-plane 2D MRI showing the progression of the growth of an

S. oneidensis biofilm. The white arrows indicate the top of the biofilm. The ages shown are

12 and 16 days. In the initial image the biofilm is 410 μm thick, and in the final image the

biofilm is 450 μm thick. Right) A face-plane 2D MRI of the biofilm. The white arrows

indicate the edges of the biofilm on top of the electrode. A 1 mm scale bar is provided at the

top of each MRI (the normal-plane and face-plane images have the identical scale).
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Figure 5. Diffusion mapping of S. oneidensis biofilms over time
The top row shows two-dimensional De maps obtained using PFG-NMR, normalized against

Daq, showing the middle 2 mm of the biofilm. Dark regions represent low De. The bottom

row shows Drs profiles, derived by averaging the De of the middle 2 mm of the biofilm

(shown in the maps). The top of the biofilm as determined by magnetic resonance imaging is

indicated by the vertical lines. The panel on the lefts shows the S. oneidensis biofilm at 12

days, and the panel on the right shows it at 16 days.
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Figure 6. Diffusion mapping of a G. sulfurreducens biofilm with and without a polarized
electrode
De for a ~41-day-old G. sulfurreducens biofilm. Left) Electrode polarized to +300

mVAg/AgCl. Middle) Polarization switched off: open circuit potential. Right) Polarized again

to +300 mVAg/AgCl.
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Figure 7. Diffusion mapping of an S. oneidensis biofilm with and without a polarized electrode
Diffusion mapping of an S. oneidensis biofilm with and without a polarized electrode. Left)

Polarization off: open circuit potential. Right) Polarized to +300 mVAg/AgCl.
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Table 2

Average De of several example cell clusters in the S. oneidensis biofilms. The measurements were taken on

clusters in the biofilm shown in Figure 4, and the specific clusters chosen are shown in Figure S7 in the ESI.

De are given in 10−9 m2/s along with the standard deviation and the relative De in the adjacent column.

Initial End of experiment

De (sd) Relative De De (sd) Relative De

Cluster 1 2.02 (σ: 0.87) 0.81 2.23 (σ: 0.53) 0.90

Cluster 2 1.53 (σ: 0.64) 0.62 2.13 (σ: 0.66) 0.86

Cluster 3 2.05 (σ: 0.28) 0.82 2.21 (σ: 0.29) 0.89

Cluster 4 1.54 (σ: 0.20) 0.62 1.83 (σ: 0.23) 0.74
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Table 3

Effect of Drs assumptions on simulated current output and substrate utilization. For each Drs assumption case,

total current, acetate flux, and acetate concentration are given. Total current (A/m2) is based on conducted

electron transfer from the entire biofilm. Acetate flux (mmol/cm2 day) is a measure of the average flux at the

top of the biofilm in the 2 mm × 2 mm surface area NMR measurement voxel. Acetate concentration is given

for the acetate available at the bottom of the biofilm in the same NMR measurement voxel. These three

measurements were chosen to exemplify the effects of different Drs assumptions.

De Assumption
Total

Current
(A/m2)

Top of Biofilm
Acetate Flux

(mmol/cm2 day)

Bottom of Biofilm
Acetate Concentration

(mM)

Non-variable density

 Constant Drs 2.65 0.28 1.55

 Linearly Decreasing Drs 3.12 0.30 2.33

 Empirical Profile Drs 2.88 0.29 1.18

With variable density

 Constant Drs 2.65 0.28 1.55

 Linearly Decreasing Drs 2.54 0.24 0.05

 Empirical Profile Drs 2.53 0.25 0.21
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