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Abstract

In this study, we quantified electron transfer rates, depth profiles of electron donor, and biofilm
structure of Geobacter sulfurreducens biofilms using an electrochemical-nuclear magnetic
resonance microimaging biofilm reactor. Our goal was to determine whether electron donor
limitations existed in electron transfer processes of electrode-respiring G. sulfurreducens biofilms.
Cells near the top of the biofilms consumed acetate and were metabolically active; however,
acetate concentration decreased to below detection within the top 100 microns of the biofilms.
Additionally, porosity in the biofilms fell below 10% near the electrode surface, exacerbating
exclusion of acetate from the lower regions. The dense biofilm matrix in the acetate-depleted zone
acted as an electrical conduit passing electrons generated at the top of the biofilm to the electrode.
To verify the distribution of cell metabolic activity, we used uranium as a redox-active probe for
localizing electron transfer activity and X-ray absorption spectroscopy to determine the uranium
oxidation state. Cells near the top reduced UV! more actively than the cells near the base. High-
resolution transmission electron microscopy images showed intact, healthy cells near the top and
plasmolyzed cells near the base. Contrary to models proposed in the literature, which hypothesize
that cells nearest the electrode surface are the most metabolically active because of a lower
electron transfer resistance, our results suggest that electrical resistance through the biofilm does
not restrict long-range electron transfer. Cells far from the electrode can respire across
metabolically inactive cells, taking advantage of their extracellular infrastructure produced during
the initial biofilm formation.
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INTRODUCTION

Long-range extracellular electron transfer is a well-known phenomenon occurring in
electrode-respiring Geobacter sulfurreducens biofilms1-4. Much of the recent work has
focused on elucidating the nature of electron transfer, which has included superexchange
(electron-hopping across redox sites) in the biofilm matrix and metallic-like conduction®2.
Malvankar et al. (2012) found that G. sulfurreducens can form a conductive matrix across a
100-um gap between polarized electrodes and that conductivity increases with biofilm age
and thickness®. Malvankar er a/. (2011) also showed that conductivity is maintained even
under metabolic inactivity when no electron donor is supplied®. Furthermore, this study
reported significant conductance (5 mS/cm) through a G. sulfurreducens biofilm at distances
greater than 1 cm. The conduction of electrons across G. sulfurreducens biofilms had been
previously modeled to show several key factors could be restricting the electron transfer
rates through the biofilm. First, electron transfer resistance increases with biofilm thickness,
producing electron acceptor limiting conditions10-12, Second, the accumulation of protons
inside the biofilm decreases the pH and subsequently inhibits biofilm metabolic
activity3-17, Third, the distribution of redox mediators is not optimal for electron
transferl8: 19, Another possibility is that the electron donor cannot penetrate the biofilm
completely, producing electron donor limiting conditions. However, this view has been
contradicted by the facts that G. sulfurreducens biofilms form relatively thin biofilms and
acetate is generally believed to be in excessl 16: 20, Although there is direct evidence for the
first three key factors, no direct evidence has been provided for the existence of electron
donor limiting conditions in G. sulfurreducens biofilms with excess acetate in the bulk
solution. Such results could be an alternative explanation as to why thicker, more mature G.
sulfurreducens biofilms become less effective at producing current6.

Microscale investigations inside electrode-respiring biofilms are critical for elucidating the
factors affecting electron transfer rates. Several studies have directly observed the
localization of cytochrome redox mediators in G. sulfurreducens biofilms!8 19, the oxidation
and reduction of cytochrome redox mediators1® 21, the localization of gene expression in G.
sulfurreducens biofilms22: 23, the distribution of pH13: 14, and the distribution of redox
potentiall3. All of these investigations focused on determining either the metabolic state of
cells in the biofilm or the microenvironment to which these cells were exposed. Both are
critical observations that tell us whether cells inside the biofilm are contributing to the
current densities observed. However, simultaneous observation of the electron donor profile,
biofilm structure, and respiration rates (measured as current) are needed to explain how the
electron donor and biofilm structure contribute to the respiration rates. To date, these data
have not been available because the technology was not available. Recently we developed
an electrochemical nuclear magnetic resonance (EC-NMR) microimaging biofilm reactor to
quantify effective diffusion coefficients in electrode-respiring biofilms24. For the research
presented here, we used this technology to quantify electron donor limitation, biofilm
respiration, and biofilm structure simultaneously. The goal of our research was to quantify
electron donor profiles and biofilm structure in electrode-respiring biofilms. Electron donor
profiles can be used to determine turnover and non-turnover conditions in biofilms and can
be used to determine limitations in electron transfer. Because G. sulfurreducens biofilms
produce high electron transfer rates, understanding the microenvironments inside the
biofilms and unlocking their maximum potential could lead to more viable microbial
technologies?>-29,

In this study, we investigated electrode-respiring G. sulfurreducens strain PCA (ATCC
51573) biofilms. The biofilms were grown anaerobically with acetate as the electron donor
in an EC-NMR microimaging biofilm reactor, which functioned as a three-electrode
bioreactor (Figure 1). The use of NMR techniques allowed us to quantify spatially resolved
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in situand noninvasive electron donor concentrations reproducibly3C. To the best of our
knowledge, this is the first time that electron donor depth profiles have been obtained for
electrode-respiring biofilms. In addition to electron donor depth profiles, we quantified
biofilm porosity and developed a model to understand the flux of the electron donor into
electrode-respiring biofilms. Finally, at the end of the experiment, we supplied a soluble
electron acceptor, UV!, to the biofilm as a redox-active probe for localizing electron transfer
activity. We used U L;;-edge micro-XANES to determine the distribution of the reduction
end product, U'Y, near the top and near the base of the biofilm. Overall, by combining the
electron donor profiles, effective diffusion coefficient profiles, biofilm structure, and
oxidation state of uranium, we determined whether electron donor limitations existed in
electron transfer processes of G. sulfurreducens biofilms.

RESULTS AND DISCUSSION

Biofilm growth

After the biofilm reactor was inoculated, both biofilm thickness and current production were
monitored. The MRI images in Figure 2a show that the thickness of the biofilm reached 390
pm, thicker than what has been previously reported’3. Figure 2b shows an axial-plane
(normal to flow) view 2D MRI time series progression of biofilm growth, from a clean
reactor to ~400 pm thick. Figure 2c shows an example normal-plane view 2D MRI, used to
calculate biofilm thickness. Figure 2d shows a face-plane view 2D MRI of fully grown G.
sulfurreducens biofilm. Inspection of the biofilm using the built-in optical window (Figure
1d) revealed a vibrant pinkish orange color typical of healthy G. su/furreducens biofilms31.
Current production was linearly correlated (Pearson correlation coefficient of 0.94) with
biofilm thickness up to 170 wm, with a maximum current of 3.92 A/m? (Figure 2a).
However, as the biofilm thickness increased, the current gradually decreased to 2.61 A/m? at
the thickness of 390 pm. The reason behind this decrease in current production per thickness
of the biofilm is not immediately obvious, as the increase in biofilm thickness suggests that
the biofilm was able to sustain its metabolism and increase its biomass. Therefore, it is
unlikely that the biofilm suffered from electron acceptor limiting conditions. Otherwise, as
pointed out in numerous studies'9-12, the biofilm would not be able to reach thicknesses that
would place the majority of its cells at significant distances from the electrode surface. At
the same time, pH inhibition was not considered an issue because the pH at the base of
another G. sulfurreducens biofilm producing 3.3 A/m2 was only 6.313. Note that current
production did not change whether the biofilms were inside or out of the NMR magnet.

Microenvironment investigations

To investigate the microenvironment inside the biofilm further, we quantified acetate
concentration, biofilm porosity, and diffusion coefficients inside the biofilm when it was
270 wm in thickness, during the gradual decrease in current production. First, diffusion-
mapping magnetic resonance imaging was used to generate maps of effective diffusion
coefficients32. The diffusion coefficient profiles in Figure 3a exhibit a smooth decrease from
the top of the biofilm, and the base of the biofilm had very low diffusion coefficient values.
This is consistent with our previous findings24, and the dense base of the G. sulfurreducens
biofilm is consistent with observations in other studies® 22: 33, Second, water content
profiles were used to generate porosity (volume fraction of water) profiles in biofilms. The
porosity profile in Figure 3b shows a decreasing porosity, or a denser region, towards the
base. The porosity in the biofilms decreased to below 10% near the electrode surface, to a
minimum value of 0.04. The average porosity of the entire biofilm was 0.47. The dense
biofilm matrix near the base is consistent with the decreasing diffusion coefficient profiles in
Figure 3a. Combined, the reduced biofilm porosity and reduced diffusion coefficients were
so far removed from the normal condition in bulk water that mass transport was likely the
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cause of the current decrease. This is commonly the case for aerobic biofilms, where the
mass transport of oxygen in the system limits growth. For this study, the electron acceptor
was a solid electrode with an infinite electron-accepting capacity; therefore the mass
transport-limited nutrient was likely the electron donor, acetate.

Figure 3c reveals that acetate was undetectable below a depth of ~170 wm inside the
biofilm. Only 63% of the biofilm thickness had access to the electron donor to support
current production and biomass production. The bottom 37% of the biofilm had no
detectable acetate, which suggests that little to no acetate was available in this region and
that the cells located here were consequently less metabolically active or even inactive. We
repeated these measurements at different times on biofilms with different thicknesses and
observed the same trend, with the concentration of acetate falling below detection with
increasing distance from the electrode surface as the biofilm thickness increased. To better
understand the metabolic activity of cells inside the biofilm, we calculated acetate flux. The
acetate flux, as shown in Figure 3d, reached a peak value of =11 mol m=2 day 1 just below
the top of the biofilm, revealing the high metabolic activity of the cells located there. Note
that Figure 3e shows the location of the voxel used to measure the diffusion coefficient and
acetate profiles, that were used for the flux calculation. At deeper regions in the biofilm,
acetate flux gradually decreased until it was not possible to calculate since acetate was
undetectable. At this depth, the flux of acetate was likely insufficient to sustain the
metabolic activity of cells at the base. This poses an interesting scenario, since acetate can
only be oxidized if the resulting electrons are transferred to the electrode. This suggests that
electrons were actively being transported across the electron donor limited cells.

of electron transfer activity

We used soluble UV! as a metabolic indicator to evaluate independently whether the cells in
the electron donor limited regions of the biofilm were metabolically inactive. Previously, it
was shown that G. sulfurreducens could reduce UV! to U'V34-36, Only metabolically active
cells can reduce UV! to U'Y, which can then be used to localize electron transfer and
therefore metabolic activity. After 54 days of growth, soluble UV! was added to the growth
medium and introduced into the biofilm reactor as a redox-active probe for localizing
electron transfer activity. Relaxation-contrast MRI and electron microscopy revealed an
elevated U concentration in the top portion of the biofilm. U was observed as a black zone
(~200 pm thick) in the biofilm after UV! addition, as shown in Figure 4a and 4b. Even after
three days of continuous U feeding, there was no change in the thickness of the zone
containing U. The lower U concentration at depth in the biofilm is consistent with Figure 4c,
which shows that the cells in that region formed a dense layer and were acetate-limited. U
L,;;-edge micro-XANES measurements with a 10 wm x 30 pm X-ray beam revealed U'Y
near the top of the biofilm (see ESI Figure S2). These results are consistent with rapid UV!
reduction in the top of the biofilm coupled with mass transfer limitations preventing U from
reaching the base. Fine-grain U-rich solids, observed specifically localized at the cell outer
membrane in Figure 4d, present a characteristic association of newly formed biogenic
minerals with the bacterial cell wall3"- 38, An SEM image of the biofilm cross section
(Figure 4e) shows the U-rich zone above the white dashed line. The biofilm solids did not
produce defined electron diffraction patterns like those observed for uraninite or autunite
(Figure 4f). Collectively, the lack of both acetate and U at the base of the biofilm confirms
that cells in this region were metabolically inactive. The existence of this metabolically
inactive region in the biofilm could explain why current did not continue increasing with
biofilm thickness. Only cells with access to acetate could contribute to current production.

. Author manuscript; available in PMC 2014 June 01.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Renslow et al.

Implications

Page 5

The conductivity of G. sulfurreducens biofilms has been studied in detail®: % 222339 |t has
been hypothesized in the literature that cells more than tens of microns from the electron-
accepting surface cannot respire because of electrical resistance in the matrix and thus
remain metabolically inactivel0-12, The link between resistivity and potential drop across G.
sulfurreducens biofilms growing on the surface of an electron acceptor has led to a
conceptual model in which the thickness of an electrochemically active biofilm is controlled
by the electron acceptor. This conceptual model implies that the outer biofilm layers must be
metabolically inactive because of active cell growth near the electrode, where the potential
drop is insignificant. The cells near the top of the biofilm are thus thrust into a zone where
the potential is too negative to support electron transfer. Several studies suggest that
biofilms even thinner than 100 pum will not support electron transfer via conduction from
regions distal to a solid electron acceptorl® 12, However, consistent with previous work
showing G. sulfurreducens biofilms conducting electrons over large distances® 2, our results
demonstrate that cells in the top portion of a biofilm can conduct electrons across a 100- to
400-pm-thick metabolically inactive region, depending on the thickness of the biofilm.
Therefore, G. sulfurreducens biofilms can utilize their conductive nature to transfer electrons
not only across nonconductive gaps between electrode surfaces, but also through
metabolically inactive regions in the biofilm.

For practical applications of electrochemically active biofilms, the possibility of
metabolically inactive regions existing in a biofilm even under “excess” electron donor
conditions presents a challenge for enhancing current production. Metabolically inactive
regions inside a biofilm increase the distance between the active cells and the electrode,
effectively increasing the resistance to electron transfer. Thus, the effectiveness of a G.
sulfurreducens biofilm for current production depends not only on the conductivity, but also
on the prevalence of inactive regions in the biofilm. Evidence in the literature demonstrates
that G. sulfurreducens can accept electrons directly from polarized electrodes, in which case
the electrode acts as the sole electron donor#9-42, As suggested by Nealson and Finkel43,
extracellular electron transfer in a conductive biofilm opens up the possibility of a biofilm
composed of cells near the top that specialize in electron uptake and cells at the bottom that
specialize in enabling electron donation. Thus, it will need to be determined whether the
cells near the top are merely exploiting the conductive foundation of the biofilm, or whether
any cells near the base of the biofilm are capable of conserving energy from electrons
generated by cells near the top. The observation of plasmolyzed cells and the lack of UV!
reduction near the biofilm base in this study suggest that perhaps they cannot. We should
note that in this study we use the word “inactive” to describe the cells that do not have
access to the electron donor. Our results reveal an unprecedented facet of extracellular
electron transfer, demonstrating that inordinately long-distance electron transfer can sustain
metabolically active cells at the top of a several-hundred-micron-thick biofilm that has an
inactive base.

To emphasize this point, we introduce a several-hundred-micron thick G. sulfurreducens
biofilm conceptual model in which the matrix can be divided into two sections: 1) a
metabolically active top region which has access to an electron donor and 2) a base that does
not have access to an electron donor but continues to function as a conductive matrix. The
dense base of the biofilm acts as an extension of the cells’ extracellular electron transport
system, facilitating the transfer of electrons from acetate oxidation at the top of the biofilm
to the polarized electrode surface. The metabolic activity near the top, coupled with the mass
transfer restriction at the base, prevent the electron donor from reaching the metabolically
inactive region of the biofilm. ESI Figure S3 shows the acetate depth profiles inside our
conceptual biofilm. The model and experimental data suggest that the metabolic activity of
G. sulfurreducens cells and the conductivity of the biofilm itself allow for metabolically
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inactive regions to exist in relatively thin, but mature, biofilms. It is reasonable to predict
that the initial availability of both the electron donor and the electron acceptor to an
immature biofilm results in a prolific production of biomass that ultimately causes the base
of the biofilm to become limited by the electron donor and perhaps other nutrients. In this
manner, the organisms that initially colonize and form the biofilm provide the
“infrastructure” for progeny growing away from the surface.

CONCLUSIONS

We showed that metabolically inactive regions exist near the base of mature electrode-
respiring G. sulfurreducens biofilms. These metabolically inactive regions existed where
acetate concentration was below detection. Although there was an electron donor limitation
within these biofilms, the biofilm conductivity was sufficient for cells to transfer electrons
across these metabolically inactive regions. Subsequently, we could grow biofilms up to
several hundred microns thick which respired on an electrode. Upon UV! exposure, X-ray
absorption spectroscopy and electron microscopy results confirmed that extracellular
electron transfer was not prevented by electrical resistance, even when the biofilm was
hundreds of microns thick. However, the electron donor may be a contributing factor to
lower current production in mature G. sulfurreducens biofilms. Metabolically inactive
regions inside electrode-respiring biofilms may increase electron transfer resistance and
result in less effective biofilms.

MATERIALS AND METHODS

EC-NMR microimaging biofilm reactor

All NMR measurements were performed using a custom-made EC-NMR biofilm reactor
(Figure 1a); this was modified from the reactor used in our previous studies32 44, The
reactor (Figure 1b) was machined from Torlon® polyamide-imide plastic, and its internal
dimensions were 4 mm wide, 2 mm deep, and 40 mm long (total volume of 320 p.L).
Polyetheretherketone (PEEK) plastic tubing (1/16” outer diameter, .030” inner diameter)
was used as 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, California,
USA). Two additional PEEK tubing lines, connected adjacent to the inlet and effluent lines,
were aseptically attached with 0.22-pum filters to a 4-channel IPC Ismatec® pump (IDEX
Health & Science, Wertheim-Mondfeld, Germany) situated inside a plastic gas bag
continuously purged with 100% N». This pump was activated to remove intractable bubbles
from the reactor prior to inoculation. After inoculation, these lines were sealed and remained
unused during the remainder of the experiment. A 250-wm-diameter Ag/AgCI wire was
placed inside the influent line using an epoxy-sealed T-junction; this protruded slightly into
the reactor (Figure 1c). Similarly, a braided Pt counter electrode, made from 100-pm-
diameter >99.99% Pt wire, was placed inside the effluent line. A 5-mm-diameter, 100-pm-
thick 99.99% gold disc (Gold foil SKU 265810, Sigma-Aldrich Corporation, St. Louis,
Missouri, USA) was affixed with Ag epoxy (TIGA 901 Room Temperature Curing Silver
Conductive Epoxy, Resin Technology Group LLC, South Easton, Massachusetts, USA) to
the reactor door and aligned with the flow stream. A 250-pum-diameter 99.99% Cu wire
(California Fine Wire Co., Grover Beach, California, USA) was coiled in the epoxy between
the gold and the door and provided a link for the gold electrode with the working electrode
potentiostat connection. Gold has previously been shown to be a successful electrode
material for G. sulfurreducens growth®®. The electrodes were connected to a Gamry®
Reference 600™ potentiostat (Gamry Instruments, Warminster, PA, USA) located outside
the 5-gauss magnetic field line of the NMR magnet. The working electrode was polarized to
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+300 mV ag/agci and served as the sole electron acceptor. The EC-NMR biofilm reactor was
seated into a custom-built NMR probe, which accommodates an Alderman-Grant-type
resonator (arrow), which generates a radio frequency field aligned parallel with the gold
electrode (Figure 1d).

Inoculation and growth of the biofilms

To sterilize the system, 30% H,0, was pumped at 1 mL/hr for 24 hours, followed by a 12-
hour rinse at 1 mL/hr with autoclaved Nanopure water. For 24 hours prior to inoculation, the
growth medium (sparged with 20%/80% CO,/N5) was pumped into the biofilm reactor at 1
mL/hr, the gold electrode was polarized at +300 mV ag/agcl, and the NMR bore, syringe
pump, and flow breakers were placed under a 100% N, atmosphere. Inoculum vials of
Geobacter sulfurreducens strain PCA (ATCC 51573) were prepared anaerobically using the
Hungate technique? in serum vials without shaking, similar to Babauta et a/. (2012)13. The
growth medium in the vials consisted of potassium chloride, 0.38 g/L; ammonium chloride,
0.2 g/L; sodium phosphate monaobasic, 0.069 g/L; calcium chloride, 0.04 g/L; magnesium
sulfate heptahydrate, 0.2 g/L; sodium 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% CO,/N,. The medium used for growth in the
biofilm reactor was identical, except that no fumarate or other electron acceptors were
provided. The polarized gold electrode acted as the sole electron acceptor for the system.

During inoculation, the growth medium flow was stopped. Inoculum was taken
anaerobically from the inoculum vials using a No-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 Ny-purged gas bag encasing the syringe pump and the inoculum was pumped into the
reactor at 5 mL/hr for 1 hr, and then at 0.7 mL/hr for another 10 hours. To encourage cell
attachment to the polarized gold electrode, the inoculum pumping was halted and the reactor
was placed horizontally (with the gold electrode normal aligned against gravity) with no
flow for 24 hours. An NMR probe cover (constructed from 1.5” polyvinyl chloride pipe and
cap and perfused with 30 °C 100% N) was used to maintain anaerobicity and temperature
while the probe 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 to 1
mL/hr, producing a laminar flow profile (Reynolds number of 0.1, dilution rate of 3.13 h™1).
All heated N5 gas was temperature-controlled using a gas stream delivery unit (FTS
Systems, Stone Ridge, NY). This kept the gas temperature at 30 £ 0.1 °C and the NMR bore
and clamp stand probe holder at 30 + 0.6 °C. The sample was maintained on the clamp stand
probe holder outside and adjacent to the NMR magnet during growth and 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. Beginning at day 54,
growth medium supplemented with 126 uM UV! was pumped at 1 mL/hr. This was
continued for four days, after which the medium was switched back to standard no-U growth
medium.

Nuclear Magnetic Resonance Methods

NMR experiments were performed at 500 MHz for protons (1H) using a Bruker Avance 111
imaging spectrometer (Bruker Instruments, Billerica, MA, USA) with an 11.7-T, 89-mm
vertical bore, actively shielded superconducting magnet. The biofilm reactor was mounted
on a custom probe with an Alderman-Grant-type radio frequency resonator with its linearly
oscillating field direction aligned perpendicular to (and thus not shielded by) the gold
electrode surface. ParaVision v5.1 imaging software (Bruker Biospin, Billerica, MA) was
used to collect and process the data. Measurements included: 1) rapid multidirectional
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magnetic resonance imaging (MRI) to verify correct sample positioning and the absence of
gas bubbles; 2) 2D Fourier transform (2DFT) MRI; 3) 3D Fourier transform (3DFT) MRI;
4) diffusion-mapping 2D Fourier transform MRI; 5) T;1-mapping 2D Fourier transform MRI;
and 6) depth-resolved magnetic resonance spectroscopic imaging (MRSI). The NMR
methods outlined here are similar to those described in our previous studies?4 32: 44:
however, parameter values and details were changed to match the experimental conditions
used in this study. Complete descriptions of the NMR methods are given in the
Supplementary NMR Methods section in the Electronic Supplementary Information (ESI).
An example water-suppressed spectrum is given in ESI Figure S1. Data analysis was
performed by importing all phased and baseline-corrected spectral data and all raw MRI data
into MATLAB (64-bit Matlab v7.13.0.564, The MathWorks, Inc., Natick, MA, USA). The
data were processed and plotted using custom-written Matlab scripts.

Computational Modeling

We developed a two-dimensional mathematical model in order to provide a theoretical
framework for hypothesis testing. Two separate cases were simulated, one assuming that
only the top of a biofilm is metabolically active and one assuming that only the base is
metabolically active. A complete description of the model is given in the ESI.

Scanning and Transmission Electron Microscopy

To fix the G. sulfurreducens biofilm, growth medium (no fumarate) with 2.5%
glutaraldehyde (vol/vol) was pumped into the biofilm reactor at 1 mL/hr for five hours at 30
°C. One half of the biofilm was air-dried and examined using a Helios scanning electron
microscope (FEI Company, Hillsboro, OR, USA). The other half of the biofilm was washed
in dH,0, gradually dehydrated in an ethanol series, and infiltrated in LR White resin
(Electron Microscopy Sciences, Hatfield, PA). The polymerized blocks were sectioned with
a diamond knife (Diatome, Biehl, Switzerland) to a thickness of 70 nm and mounted on a Cu
grid coated with formvar sputtered with carbon. These sections were examined using a
Tecnai T-12 transmission electron microscope (TEM) (FEI Company, Hillsboro, OR, USA),
at an operating voltage of 120 kV. The images were collected digitally using a 2x2K
Ultrascan CCD (Gatan, Inc., Pleasanton, CA). The chemical analysis was performed using
energy dispersive spectroscopy (EDAX, Mahwah, NJ, USA) coupled to a Titan TEM (FEI
Company, Hillsboro, OR, USA), operating at 300 kV.

X-ray absorption spectroscopy

X-ray fluorescence mapping (XRF) and X-ray absorption near-edge spectroscopy (XANES)
measurements were carried out in the MRCAT/EnviroCAT sector, 10-1D insertion device
beamline* of the Advanced Photon Source (APS) at Argonne National Laboratory,
Argonneg, Hllinois. The incident beam was collimated using a curved Rh-coated mirror to a
vertical size of approximately 10 microns (as determined by knife-edge scans), and the
horizontal beam footprint was defined to approximately 30 microns using slits. The incident
energy of the X rays was selected using a Si(111) double-crystal monochromator, and the
fluorescence from the samples was measured using a four-element energy-dispersive Si
detector (Vortex). Samples were prepared as 1-micron-thick sections of the biofilm fixed in
polymer. The sections were mounted on carbon film TEM holders for the XRF analysis.
Sample handling and X-ray measurements were done under anoxic conditions. Energy
calibration between samples and standards spectra was ensured by simultaneous scans of a
hydrogen uranyl phosphate standard using X rays transmitted through the samples.
Normalization and linear combination fits were done with the program ATHENA%S,
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Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Broader Context

Although a significant amount of research has been performed to understand electron
transfer mechanisms in biofilms respiring on electrodes, we do not currently know how
electron donor concentration and biofilm structure relate to respiration rates. Such
knowledge is critical for understanding how metabolic activity and biofilm structure
control electron transfer rates. With our discovery of a metabolically active top region of
Geobacter sulfurreducens biofilms that are several hundred microns thick, more efficient
bioelectrochemical systems can be engineered. Mathematical models can reveal the
optimum conditions for maximum electron transfer. Finally, these results should be
considered when biogeochemical processes in nature are investigated, as cells growing
under starvation or electron donor limited conditions do not necessarily prevent
extracellular electron transfer.
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Figure 1. Electrochemical nuclear magnetic resonance (EC-NMR) microimaging biofilm reactor
a, NMR setup illustration. The potentiostat and syringe pump were located on a rack outside
the 20-gauss magnetic field line of the NMR magnet. Potentiostat wiring and flow perfusion
lines entered the magnet bore from below. The growth medium, syringe pump, flow breaker
(not shown), and EC-NMR biofilm reactor were kept anaerobic with continually flowing
anaerobic gas (20%/80% CO,/N, for the growth medium). For temperature control, the gas
entering the NMR bore was kept at 30 °C. b, The EC-NMR biofilm reactor. The Ag/AgCI
reference electrode was located in the inlet perfusion line, entering ~5 mm into the chamber.
The working electrode was a 5-mm gold electrode acting as the biofilm substratum, and the
counter electrode was a braid of Pt wire inserted into the outlet perfusion line. ¢, The seated
gold electrode completed the bottom flow channel wall, and the top wall was composed of a
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glass coverslip sealed with a gasket. The electrodes comprising the three-electrode
electrochemical cell are labeled. d, Left, the EC-NMR biofilm reactor was seated into a
custom-built NMR probe which accommodated an Alderman-Grant-type resonator (arrow),
which generated a radio frequency field aligned parallel with the gold electrode. Right, the
opened EC-NMR biofilm reactor displaying a Geobacter sulfurreducens biofilm tightly
associated with the gold electrode, which functioned as the sole terminal electron acceptor
for the system. The biofilm shown is a dark grey, as opposed to the typical vibrant pinkish
orange, because of U'V precipitates in the biofilm matrix.
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—— 2 mm

Figure 2. Biofilm growth and electrical current production over time

a, Current per unit area versus biofilm thickness. b, Axial-plane (normal to flow) view 2D
MRI time series showing progression of biofilm growth, from a clean reactor to ~400 tm
thick. ¢, Example normal-plane view 2D MRI, used to calculate biofilm thickness. d, Face-
plane view 2D MRI of fully grown G. sulfurreducens biofilm.
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Figure 3. Spectroscopic and diffusion mapping of a 270-um-thick G. sulfurreducens biofilm

a, Two-dimensional spatial heat map and depth profile of effective diffusion coefficients.
Distance is from the base of the biofilm. The arrow indicates the direction of fluid flow.
Warmer (red) colors in the heat map signify a higher intensity, or value, in each map and are
quantified in the respective depth profile. The top of the biofilm is indicated by the vertical
line at 270 pm. b, Two-dimensional spectral-spatial heat map of water and depth profile of
biofilm porosity. The heat map shows the signal intensity vs. depth for water, which has a
chemical shift of ~4.7 ppm. ¢, Two-dimensional spectral-spatial heat map and depth profile
of acetate concentration in the biofilm pore volume. The heat map shows the signal intensity
vs. depth for acetate, which has a chemical shift of ~1.9 ppm. The grey line indicates the
acetate concentration provided in the growth medium. d, Calculated depth profile of acetate
molar flux. e, Volume-filled three-dimensional magnetic resonance images of the G.
sulfurreducens biofilm grown on a polarized electrode, with the blue lines outlining the
NMR measurement voxel for the acetate depth measurement. Several pockets where CO,
bubbles formed can be observed. The arrow indicates the direction of fluid flow.
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Figure 4. Uranium immobilization restricted to the top of the biofilm

a, Axial view 2D MRI taken before UV! addition b, Axial view 2D MRI after two days of
UV! addition. ¢, Overlay of relative diffusion coefficient profile (yellow), 2D MRI signal
intensity (grey), and relative acetate concentration (black), after the addition of UV'. d, TEM
image of a cross section of the biofilm. Top images: top of the biofilm after UV! addition,
corresponding to the dark band seen in the 2D MRI. Biogenic reduced UV! can be seen
precipitated onto strand-like formations encasing the cells. Bottom images: cells near the
base of the biofilm. No UV! precipitates can be observed. However, cells appeared damaged
and plasmolyzed, corroborating evidence that the base of the biofilm was electron donor and
nutrient limited. e, SEM image of a biofilm cross section. The smooth bottom surface is
shown, having been detached from the gold electrode. The white dashed line emphasizes the
partition of the UV!-encrusted (top) and UV!-absent regions of the biofilm. f, EDS spectrum
of the upper portion of the biofilm, revealing cells encrusted in material containing U and P.
The background Cu peak is caused by the electrons scattered from the Cu TEM grid.
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