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The structure and activity of electrochemically active biofilms (EABs) are usually investigated on
flat electrodes. However, real world applications such as wastewater treatment and
bioelectrosynthesis require tridimensional electrodes to increase surface area and facilitate EAB
attachment. The structure and activity of thick EABs grown on high surface area electrodes are
difficult to characterize with electrochemical and microscopy methods. Here, the authors adopt a
stacked electrode configuration to simulate the high surface and the tridimensional structure of an
electrode for large-scale EAB applications. Each layer of the stacked electrode is independently
characterized using confocal laser scanning microscopy (CLSM) and digital image processing.
Shewanella oneidensis MR-1 biofilm on stacked carbon veil electrodes is grown under constant
oxidative potentials (0, +200, and +400mV versus Ag/AgCl) until a stable current output is
obtained. The textural, aerial, and volumetric parameters extracted from CLSM images allow track-
ing of the evolution of morphological properties within the stacked electrodes. The electrode layers
facing the bulk liquid show higher biovolumes compared with the inner layer of the stack. The elec-
trochemical performance of S. oneidensis MR-1 is directly linked to the overall biofilm volume as
well as connectivity between cell clusters. © 2016 American Vacuum Society. [http://dx.doi.org/
10.1116/1.4962264]

I. INTRODUCTION

Bioelectrochemical systems (BESs) show promise for
bioremediation of organics and metals, in addition to
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bioelectrosynthesis of high-value products.' In a BES, elec-
trochemical reactions are catalyzed/mediated by microor-
ganisms at ambient temperature and circumneutral pH.>™

Microorganisms adapted to both anodic and cathodic con-
ditions, where oxidation and reduction reactions are carried
out, respectively, have been studied. Anodophilic microor-
ganisms oxidize organic substrates, transferring electrons to
the anode.®® More recently, cathodophilic microorganisms
that transfer electrons from the cathode to reduce terminal
electron acceptors (e.g., oxygen, nitrate, sulfate, etc.) have
been observed.”'?

© 2016 American Vacuum Society 031013-1


http://dx.doi.org/10.1116/1.4962264
http://dx.doi.org/10.1116/1.4962264
http://dx.doi.org/10.1116/1.4962264
http://dx.doi.org/10.1116/1.4962264
mailto:carlo.santoro830@gmail.com
mailto:carlo.santoro830@gmail.com
mailto:emarsili@ntu.edu.sg
http://crossmark.crossref.org/dialog/?doi=10.1116/1.4962264&domain=pdf&date_stamp=2016-09-08

031013-2 Artyushkova et al.: Anodic biofilms as the interphase

Numerous anode materials, including stainless steel,B*15
carbonaceous materials,l(k18 and other metals,19 have been
studied for BES application. The most utilized anodic mate-
rials are based on tridimensional (3D) carbonaceous materi-
als.’*>* Such materials are cheap, resistant to corrosion,
environmentally friendly, and possess good mechanical
strength and electrical conductivity.?’~* Furthermore, 3D
carbonaceous materials have a high surface area/volume
ratio, which allows electrical interaction between the bacte-
ria and electrode and increases electron transfer rate per unit
of the geometric surface.’’ Examples include carbon
brush,?"** carbon cloth,”?* carbon paper,”>*® carbon
felt,>’>° and carbon veil (CV).30*34

Carbon brush has the highest surface area/volume ratio,
which can be fully colonized by bacteria. However, the
fibers are connected to a titanium core that increases the cost
of electrodes substantially.> Carbon cloth and carbon paper
have high electrical conductivity and are ideal for flat plate
BESs.>%37 Unfortunately, both materials do not have a high
surface area/volume ratio and are fragile and not suitable for
practical applications. Carbon felt is commonly used since it
provides a compromise between the surface area/volume
ratio and porosity, which results in superior electrical inter-
action between the electrode surface and electrochemically
active biofilm (EAB). Because of the large pore size, the
majority of the surface can be colonized by bacteria, even in
thick electrodes. The current output on carbon felt is higher
than that of the flat graphite sheet, but it does not increase
proportionally with the surface area, indicating that other
factors (e.g., diffusional limitations) are affecting the elec-
tron transfer process.”® CV is used as an anode material
because of its flexibility, low cost, high porosity, and high
mechanical strength. CV can be wrapped in a complex
geometry to increase the surface area/volume ratio, particu-
larly for microbial fuel cells (MFC) applications.’*** The
high porosity still guarantees rapid reagent/product diffusion
to and from the material, and it has been tested in long-term
applications with successful results.**** Several such experi-
ments using CV as anode in BESs have been already
published.****

While carbonaceous materials offer great advantages in
terms of current output and easy electrode fabrication, it is
difficult to image the EAB grown on these 3D materials, due
to technical limitations. Current microscopic and spectro-
scopic techniques are able to characterize: (1) (only) the
very top surface of the biofilm;****7 (2) relatively thick
biofilm only if the surface on which it was grown is transpar-
ent for laser;*® (3) biofilm within 3D structure only if the
density of the biofilm is different from the electrode sur-
face.*”° There is no single microscopic or spectroscopic
technique that provides full characterization of the thick bio-
films on 3D carbonaceous materials. To overcome these lim-
itations, a combination of existing techniques is often used.

Currently, several techniques are used to image EABs in
BESs. The combination of multiple techniques provides an
enhanced understanding of the biofilm structure and func-
tion, overcoming the limitations of a single characterization
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method. The main challenge is the characterization of EABs
grown on structured materials with 3D features, such as
those used in real-world applications of BESs. For example,
digital pictures or video collected through CCD camera pro-
vide a low-cost characterization of the whole biofilm forma-
tion process, but they do not offer sufficient resolution to
understand the details of the biofilm structure, particularly
the thin biofilms associated with BESs, and cannot provide
insight on the electrochemical aspect of the process.’!
Scanning electron microscopy (SEM) offers high-resolution
details of the biofilm surface. However, electrons do not pen-
etrate beyond the biofilm surface, and the sample pretreat-
ments (drying and gold deposition under vacuum conditions)
alter the biofilm structure and morphology.’> When coupled
with energy-dispersive x-ray spectroscopy (EDX), SEM ena-
bles visualization of the surface chemistry of the biofilms,
thus identification of precipitates and biomass. However,
SEM or EDX do not provide direct imaging of the redox
activity of the biofilms. The environmental SEM allows
imaging of the hydrated biofilms but only on the biofilm’s
outer surface, thus is not suitable for imaging of the struc-
tured biofilms on complex electrodes.”® Recently, tomogra-
phy (microCT) has been used for biofilm imaging on the
cathode of a working MFC after six months of operation.*’
MicroCT can be used to image thick biofilms grown on com-
plex electrodes and allows inorganic materials to be distin-
guished from organic and biological materials, due to the
diversity of the various material densities.”*”> The resolution
at the electrode/biofilm interface is not as good as in SEM
and does not allow visualization of single bacterial cells.
However, microCT allows imaging of biofilm samples on
electrodes without any pretreatment, thus maintaining the
integrity of the biofilm morphology. High-resolution
microCT, currently under development, is expected to con-
tribute to high-quality imaging of biofilms.”> Blanchet
et al.>® recently used 3D epifluorescent microscopy to inves-
tigate cross-sections of 3D carbon felt showing that a thick
biofilm was formed on the external surface of the electrode
after almost 40 days operation, but only 8%—32% of the total
electrode was colonized, indicating that the fibers at the cen-
ter of the electrode were poorly colonized or not colonized
at all.

Confocal resonant Raman analysis*®°®7 has been incor-
porated into previous studies. However, the methodology is
complex and not suitable for routine characterization of 3D
electrode materials. Visible spectroelectrochemistry offers
good insight into the electron transfer mechanisms in bio-
films,?® but its application is limited to very thin EABs.

X-ray photoelectron spectroscopy (XPS) is a surface ana-
lytical spectroscopic method that provides an elemental and
chemical composition of the biofilm within the very top sur-
face of the material.’>*®® The main limitations of XPS for
analysis of the biofilm on 3D electrode surfaces are (1) sig-
nal is limited to the top ~5-10nm of the biofilm, (2) low
spatial resolution of images in comparison with other meth-
ods, and (3) vacuum incompatibility of the biofilm samples,
requiring either drying the biofilm, thereby affecting its
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chemistry and morphology, or freeze-drying which are
experiments beyond routine use. With the development of
new ion sources for depth profiling of organic and biological
materials and the improvement in spatial resolution, imaging
cryo-XPS combined with ion beam sputtering of the material
has the potential for providing chemical spatially resolved
information in three dimensions, albeit at the price of very
long experiment times.

Confocal laser scanning microscopy (CLSM) is by far the
most utilized nondestructive method for biofilm imag-
ing.7>°"%2 The main advantages are based on the possibility
of imaging with minimal or no pretreatment and on the very
high image resolution that can be in the range of 100 nm,
enabling the distinction of a single bacterium. Unfortunately,
the higher the image quality and scanning resolution, the
smallest the area imaged and longer the time is for image
collection, which affects the biofilm formed on the surfa-
ces.®%% The main problems are related to biofilm thickness
and 3D surfaces. In fact, CLSM photons can only penetrate
thicknesses less than 0.5 mm, while for thicker biofilms, this
technology cannot be used accurately. Moreover, CLSM
photons can penetrate semitransparent matters (e.g., biofilm)
but are stopped by nontransparent matter like inorganic foul-
ing or carbon fibers.

The morphology of Shewanella oneidensis EAB grown
on transparent self-assembled monolayers (SAMs) was pre-
viously studied through CLSM in combination with quantita-
tive image analysis.*’ In the current study, we extend this
approach for EABs grown on fibrous 3D carbonaceous mate-
rials under different applied potentials. Here, S. oneidensis
MR-1 was chosen as a model EAB-forming microorganism
due to its ability to transfer electrons via both anodic and
cathodic extracellular electron transfer (EET).®* Thin CV
was used as the anode material, and eight layers were over-
lapped to create a complex 3D carbonaceous electrode. The
two outer layers and the middle layer #4 were then analyzed
separately using CLSM to determine the biofilm’s
microstructure.

Il. MATERIALS
A. Electrochemical cell assembly

Pyrex bottles of 100 ml volume were fitted with CV work-
ing electrode, titanium (Ti) coil counter electrode, and Ag/
AgCl reference electrodes (Fig. 1). A salt bridge composed
of 1M KCI mixed with 1.5% autoclaved agar and topped
with liquid 1 M KCl was used to avoid microbial contamina-
tion and maintain ionic conductivity. The salt bridge was
inserted into a glass tube (® =4 mm) ending with a vycor
glass frit. The working electrode consisted of CV (Alfa
Aesar, 0.5mm thick, 99%) with a geometric area of 2
x 1 cm?. Eight pieces of CV were overlapped and attached
to a Ti wire through a nylon screw and nut to ensure electri-
cal contact. The bottles were then sealed with epoxy resin to
minimize oxygen concentration during microbial growth
(Fig. 1). During the experiments, ultrahigh purity nitrogen
was flushed to preserve anaerobic conditions. The electrolyte
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was continuously stirred using a magnetic stirring bar. All
the experiments were carried out at room temperature. Prior
to electrochemical experiments, S. oneidensis MR-1 was
grown overnight in lysogeny broth medium at room temper-
ature under shaking conditions of 150 rpm, to an optical
density ODggo of 1.6-1.7, measured with a UV-visible
spectrophotometer (Shimadzu, Japan) and inoculated to an
optical density at 600nm (ODgog) of 1.6-1.7 as measured
with a UV-visible spectrophotometer. During electrochemi-
cal experiments, bacterial cultures were grown in modified
M1 medium (pH 7.2) containing 20mM lactate, 7.5 mM
NaOH, 30mM 4-(2-hydroxyethyl)-1-piperazineethanesul-
fonic acid), 28.04mM NH,CI, 1.34mM KCI, 4.35mM
NaH,PO,4, 0.68 mM CaCl,, and supplemented with trace
vitamins and minerals.®’

B. Electrochemical analysis

The electrochemical cells were connected to a multichan-
nel VSP potentiostat (Bio-Logic, France). The potential of
the working electrode was set at 0, 200, or 400mV versus
Ag/AgCl for the whole experiment. Eight independent

Set-up
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FiG. 1. Experimental setup. The eight CV electrodes were attached via a
nylon screw and bolt (a) and placed in a horizontal position inside a 100 ml
glass bottle fitted with a Ti coil counter electrode and an Ag/AgCl reference
electrode attached to a salt bridge (b).
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biological experiments for each working potential were car-
ried out. During the electrochemical tests, three “sacrificial”
cells were opened for CLSM imaging purposes at 16, 45,
and 65 h, respectively. At least two cells for each potential
were run for over 180 h (7.5 days). Before CLSM imaging,
the eight CV layers were carefully disassembled, and the
two outer layers and the middle layer #4 were selected.

C. CLSM imaging

The biofilms were stained with Molecular Probes (now
Thermo Fisher) LIVE/DEAD® BacLight™ as described by
the manufacturer with additional modifications, to account for
the CV substrate;°® briefly, each sampled piece of CV was
carefully removed using sterile tweezers, washed in 20 ml of
phosphate buffered saline (PBS) containing 137 mM NaCl,
2.7mM KCI, 10mM Na,HPO,, 1.8mM KH,PO,, 1mM
CaCl,, and 0.5 mM MgCl, (pH=7.2) for 5 min. Following
the wash, samples were carefully placed in a 2 ml Eppendorf
tube containing 1 ml of PBS supplemented with 1.5 ul of each
dye: SYTO® 9 and propidium iodide, and stained for 30 min.
This stain allowed viable bacteria, with intact plasma mem-
branes, to be distinguished from dead bacteria, with compro-
mised membranes. After staining, samples were washed again
to remove unbound dye and reduce background noise and
placed on a standard glass slide covered with 0.21 mm stan-
dard glass coverslip and sealed with nail polish. Three-
dimensional confocal images were collected with a ZEISS
780 inverted CLSM using a 40 x Plan-Apochromat Korr lens,
NA =0.95. Three random locations were chosen for each CV
sample at each time point. A Z-stack acquisition strategy was
chosen, with an area of 212 x 212 um being imaged on an
XY plane. Twenty six planes were stacked, with 3 um dis-
tance, covering a depth of about 80 um for each location. We
employed three channels: (1) channel 1 for Syto9 (green) live
stain; excitation =488 nm, emission = 500-583 nm; (2) chan-
nel 2 for propidium iodide (red) dead stain; excita-
tion=561nm, emission=567-719nm; and (3) channel 3
using the onboard transmitted photomultiplier tube, for view-
ing the surface of the CV (appearing as dark, in contrast to the
bright background).

D. Image processing

Digital image processing was done using the graphical
user interface (GUI) in MATLAB. An in-house written GUI for
image processing is available at the Mathworks File
Exchange website at http://goo.gl/IHavd6.%

The following volumetric, textural, and aerial parameters
were calculated: (1) biovolume, which is measured as the
total number of pixels where biomass is present; (2) biofilm
cluster size, measured as the number of consecutive biomass
pixels representing clusters in a given direction. Only the
cluster size in the x-direction was included in results, as the
trends in evolution of cluster sizes in all three directions (X,
y, and z) were identical; 1 pixel is equivalent to ~5 linear
micrometer; (3) uniformity, representing the homogeneity or
orderliness of the image; (4) entropy, measuring the degree
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of randomness, with more complex and more heterogeneous
images having higher entropy (which increases with the
number of biofilm clusters); (5) porosity, i.e., the ratio of
empty pixels (without the biofilm) to the total volume; and
(6) connectivity of biofilm clusters, measured as Euler num-
ber. Euler number is the total number of cells minus the total
number of pores in the image. The lower the Euler number,
the higher the connectivity.

lll. RESULTS AND DISCUSSION
A. Electrochemical output

The current output for S. oneidensis MR-1 at 0, +200,
and +400mV versus Ag/AgCl is shown in Fig. 2. The cur-
rent density for the electrodes polarized at 0mV (versus Ag/
AgCl) increased rapidly to a maximum of 17 =2 uA cm 2,
then it decreased gradually to 15 + 3 uA cm™ 2. The electro-
des poised at 200mV versus Ag/AgCl increased to 7 = 2 uA
cm 2, and then, the current density dropped to 5+ 1 uA
cm 2 and remained stable until the end of the experiment.
The electrodes maintained at +400mV (versus Ag/AgCl)
rapidly reached a very high value of 16 =4 yA cm 2, and
then, the current density dropped to 5+ 1xA cm 2 and
remained stable until the end of the experiment. The rapid
decrease of current density for the electrode poised at
+400mV (versus Ag/AgCl) may be due to the oxidative
damage of membrane cytochromes as recently shown.®®
However, the results at +200mV (versus Ag/AgCl) suggest
that other limitations, possibly due to the rapid growth of the
biofilms and the consequent rapid consumption of nutrients
in the outer layer of the biofilms and diffusional limitations
of the substrate, play a role in the sudden decrease of the cur-
rent density output.

B. Imaging output

The confocal images extend 90 um within the biofilms,
including part of the CV electrode [+400mV (versus Ag/
AgCl), Fig. 3], due to the high porosity and low fiber diame-
ter of the electrode material. Most of the cells were alive
immediately after sampling, indicating the nonlimiting

- ”“”H\HWWH o
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Fic. 2. Current density at various applied potentials with error bars.
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FiG. 3. Three-dimensional confocal volumes at +400 mV, where gray represents the electrode fibers, the green channel captures live biofilm, and the red chan-

nel registers dead cells.

diffusion of the substrate within the biofilm. The cells were
mainly arranged around the fibers. The choice of low OD
(=0.1) of the inoculum was to avoid a thick biofilm on the
fibers, thus allowing imaging through the fibers and hence a
3D characterization of the biofilm.

The biofilms grew rapidly on the electrode, with an exten-
sive coverage after 45 h (Fig. 4). The visual analysis shows
the presence of larger cells clustered on the bottom electrode
layer while the top layers showed a more homogeneous bio-
film distribution. The quantitative biofilm image analysis
was calculated from CLSM images acquired at +400mV
(versus Ag/AgCl) from the top, middle, and bottom part of
the biofilm after 16 h (day 1), 45h (day 2), and 65h (day 3).

400mV, day 1

top

middle

bottom

Figure 5(a) shows the workflow of volumetric image analy-
sis: (1) the 3D image stack was acquired; and (2) the volume
was thresholded to identify cell clusters and to calculate bio-
volume, porosity, and average run length. The textural
parameters described below (e.g., entropy and uniformity)
were calculated from the gray scale intensity volumes in
Fig. 5(b).

A set of volumetric and aerial metrics derived from
binary volumes was first calculated, with all pixels having a
fluorescent intensity above a certain value due to live cells
assigned the value of 0 (black), and the rest assigned a value
of 1 (white).®"*%? For consistency among all datasets, the
same value was chosen for thresholding images to black and

400mV, day 2

FiG. 4. Three-dimensional confocal volumes of the green channel at +400mV (live cells) for the top, middle, and bottom layers of the electrode after 16 h

(left) and after 45 h (right).
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FiG. 5. Metrics calculations from 3D volumes. (a) Aerial and volumetric metrics is calculated from thresholded images. (b) Texture characteristics are com-

puted from gray scale intensity using GLCM.

white. From these binary volumes, we calculated biovolume,
which is the total number of pixels within the volume having
a value of 0 due to present bacteria, and porosity which is
the ratio of pixels having a value of 1, i.e., where no bacteria
are present, to the total number of pixels. Physical dimen-
sions of biofilm clusters were expressed as the average run
length which is the average number of consecutive biomass
pixels representing cell clusters in a given direction (X, Yy,
and z) in the 3D volume. Euler number is an important topo-
logical characteristic that is related to connectivity of the
biofilm formed.*” The definition of Euler number is the total
number of objects in the image minus the total number of
holes in the image. For the Euler number to represent con-
nectivity of the biofilm, images were inverted so that cells
(objects) are treated as connected sets of pixels that have a
value of 1 while holes are the empty areas between the cells.
The smaller the Euler number, the more connected the bio-
film is.

The second set of metrics is derived from the grayscale
intensity is texture parameters. The texture parameters repre-
sent the spatial relationship of pixels by calculating the gray-
level co-occurrence matrix (GLCM). GLCM is a matrix that
represents how often pairs of a pixel in a specified spatial

Biointerphases, Vol. 11, No. 3, September 2016

relationship with specific values occur in an image, from
which statistical measures such as contrast, homogeneity,
entropy, and uniformity can be extracted. The first parameter
is textural entropy which measures the degree of randomness
in the image. The increase in a number of cell clusters due to
growth results in more complex textures and more heteroge-
neous images as shown in the example in Fig. 6, which is
reflected in higher entropy. Uniformity (also known as
inverse difference moment) of the image is related to the
orderliness of the structure and is sensitive to change in dis-
order. Heterogeneous images with fewer repeated patterns
have lower uniformity, while frequent and repeated patterns
of pixel clusters, as shown in the example, result in higher
uniformity.

Heterogeneity of the biofilm is evident from the extracted
metrics such as biofilm volumes for the top, middle, and bot-
tom layers of the electrode as a function of time in Fig. 6. A
large spread of values indicates that it is important to look at
the biofilm properties from all three regions.

Metrics discussed in Sec. II were calculated from 3D con-
focal volumes of the top, middle, and bottom layers of the
3D electrode. It is important to remember that both top and
bottom layers of the electrode are facing the bulk solution
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day 1 day 2 day3
Top 93321 621921 1007583
Middle 165022 392138 427133
Bottom 49736 901691 715324

FiG. 6. Biovolumes in a number of pixels for the top, middle, and bottom
layers of the electrode as a function of time after inoculation. The sensitivity
of the biovolume measurement is ~25 000 pixels.

while the middle layer of the electrode may have limited
contact with nutrients resulting in a different formation and
development of the biofilm. The EET rate may be affected
by the properties of the superficial biofilm but to a smaller
extent than the biofilm in direct contact with the solution due
to limited diffusion of nutrients in the deeper part of the
biofilm.”

At OmV (versus Ag/AgCl), the morphological properties
of the biofilm grown are depicted in Fig. 7. The total amount
of biofilm is lower than on the electrode polarized at +200
and +400mV (versus Ag/AgCl). The biofilm in the middle
CV layer polarized at 0mV indeed shows different morpho-
logical properties from the outer layers. In the outer layers,
cell cluster size grew rapidly from 3 to 5 pixels which corre-
sponds to 15-25 um and then decreased. In the middle of the
biofilm, the cluster size decreases from 20 to 15 um. The
entropy and uniformity also decreased from day 1 to day 2,
but then no textural changes were observed at the later time.
Porosity changes inconsistently, likely due to a small amount
of biofilm grown. The connectivity of the biofilm also did
not change much. These temporal changes in the morpholog-
ical properties indicate that at 0mV (versus Ag/AgCl), the
growth of the biofilm is slow with stable morphology
observed. This is consistent with the stable current output,
which decreased slowly after reaching its maximum value.

031013-7

Figure 8 shows the evolution of the same metrics
extracted from the biofilm grown on the electrodes poised at
+200mV (versus Ag/AgCl). Again, striking differences
between the middle and outer layers of the electrode are
observed. The outer layers have very similar temporal
behavior and, even though, from day 1 to day 2, there is a
significant growth of the biofilm with growing biofilm clus-
ters (13-35 um), increasing entropy, decreasing uniformity,
and decreasing porosity, there is a dramatic loss of the bio-
film on day 3—with biofilm volume, cell cluster size, and
porosity all returning to the values at the beginning of bio-
film growth. This is in good agreement with electrochemical
data—instability of the biofilm causes low maximum current
densities which are deteriorating with time.

Figure 9 shows evolution in morphological metrics as a
function of time for the electrode poised at +400 mV (versus
Ag/AgCl). The biofilm grown at this potential shows much
higher uniformity in all layers analyzed. Trends in parame-
ters from the top, middle, and bottom layers of the electrode
are very similar. As the biofilms grew, viable biovolume
also increased. At the same time, biofilm cluster size and
entropy increased, due to the accumulation of cells into clus-
ters. The growth of cell clusters from 2 to 9 um is observed.
This was also accompanied by a decrease in uniformity and
porosity. The major change happened between 16 and 45 h
after inoculation, with most of the morphological parameters
remaining constant after that point. Correspondingly, the
connectivity improved by the third day. The biofilm on the
middle electrode layer lost connectivity after 65 h, likely
because of biofilm dispersal. These parameters are consistent
with high current densities, which, however, are not stable
and drop at longer times of operation.

Figure 10 shows the relationship between biofilm proper-
ties extracted at all polarizations from the three CV layers as
a function of current density obtained in Fig. 2 at relevant
times of confocal observations. Biovolume, porosity, and
Euler number (inverse of connectivity) are plotted as a
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FiG. 7. Metrics extracted from 3D confocal volumes of the biofilm grown at 0mV (vs Ag/AgCl).
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function of current density. There are two clusters of metrics
obtained: one corresponds to electrodes producing low cur-
rent densities—between 4 and 6 uA cm™ > and the other cor-
responds to electrodes producing high current densities
between 14 and 17 A cm 2. For poorly performing electro-
des, the total viable biovolume, porosity, and connectivity of
the biofilm have broad range of values as shown in Fig. 10.
Importantly, the biofilms that produce highest current den-
sity have much smaller range of values of the morphological
properties, which indicates good electrochemical perfor-
mance. High connectivity, high porosity, and low biovolume
are characteristic of the biofilms with high current densities.
We have demonstrated for model SAM based system that
thick biofilms are not beneficial for MFC operations and
they create diffusional resistance to electron donor trans-
port.*” Connectivity between cell clusters was also shown to
be critically important for facilitating electron transfer for

the model SAM based grown biofilms. From these structure-
to-property correlations, it is clear that the biofilms that do
not have high biovolume of viable cells but have high con-
nectivity between cell clusters result in higher current
densities.

C. Outlook

To the best of our knowledge, this is the first time that
CLSM images are used to characterize biofilm forming on a
3D carbonaceous material. Images were not taken along the
entire thickness of the CV due to CLSM’s limitations, but
the high CV porosity and the low diameter of the fibers
allowed penetration through the complex matrix for over
90 um on each single CV layer. The choice of stacking the
CV sheets and analyzing the top, bottom, and middle layers
facilitated a better understanding of the dynamics of the
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biofilm inside a complex 3D carbonaceous electrode. In gen-
eral, the top and bottom CV layers had a higher biofilm for-
mation due to the direct exposure of bacteria to the bulk
solution. The middle CV layer had the smallest biofilm pre-
sent in all regions tested (determined by biovolume), likely
due to the low diffusion of substrate influenced by the tortu-
osity and complexity of the 3D carbonaceous electrode and
the rapid consumption of nutrients in the outer layers of the
biofilm.

IV. CONCLUSIONS

For the first time, we characterized S. oneidensis MR-1
biofilm microstructure on a complex 3D carbonaceous mate-
rial, by stacking eight layers of CV, polarizing the overall
electrode at different potentials (0, 4200, and +400 mV ver-
sus Ag/AgCl) and subsequently monitoring biofilm forma-
tion and development on three different layers. Due to the
existing limitations in imaging biofilm in a complex carbo-
naceous matrix, the top, middle, and bottom layers have
been imaged separately using CLSM and digital image proc-
essing to provide relevant analysis of the biofilm structure.
Several textural, aerial, and volumetric parameters have
been calculated from the CLSM images, and the develop-
ment of the biofilm properties has been presented. The bio-
film formed showed large heterogeneity among the layers
investigated. The biovolume increased with the operational
time, and interestingly, the middle layer had a lower biovo-
lume, indicating the difficulty of the biofilm to colonize the
inner layers of the complex 3D electrodes. In parallel, bio-
film cluster size and entropy increased, and uniformity and
porosity decreased over time.
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