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Identifying the limiting processes of electroactive biofilms is key to improve the performance of
bioelectrochemical systems (BES). For modelling and developing BES, spatial information of transport
phenomena and biofilm distribution are required and can be determined by Magnetic Resonance
Imaging (MRI) in vivo, in situ and in operando even inside opaque porous electrodes. A custom
bioelectrochemical cell was designed that allows MRI measurements with a spatial resolution of 50 um
inside a 500 um thick porous carbon electrode. The MRI data showed that only a fraction of the
electrode pore space is colonized by the Shewanella oneidensis MR-1 biofilm. The maximum biofilm
density was observed inside the porous electrode close to the electrode-medium interface. Inside the
biofilm, mass transport by diffusion is lowered down to 45% compared to the bulk growth medium. The
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Introduction

In bioelectrochemical systems (BES), oxidation and/or reduc-
tion reactions are catalysed by enzymes or microbes using an
electrode as an electron sink or source, respectively.** Appli-
cations for BES comprise the synthesis of chemicals, bioreme-
diation, and energy harvesting.>™ Most applications rely on
electroactive microbes with the ability of extracellular electron
transfer (EET) forming electroactive biofilms (EAB) on elec-
trodes.""® High current densities are generally required for
a high production rate and thus for future commercialization of
BES."¢ While a high amount of biocatalyst i.e. a high biofilm
density X is a prerequisite for high current densities, the
transport of nutrients and reaction products is limited by the
biofilm itself."”*°

The transport of substrate and reaction products i.e. fluxes
into and out of the biofilm are linked to the current density
according to Faraday's law."*** The fluxes are mainly governed
by diffusion which is driven by gradients and coupled with the
diffusion coefficient D according to Fick's laws. The gradients
result in local chemical microenvironments e.g. substrate
concentration and pH that effect metabolic activity and there-
production.”*  However, the chemical
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the design of improved electrode structures.

microenvironment in biofilms has only been measured directly
in biofilms grown on flat electrodes mostly using microelec-
trodes.>® The inside of most porous electrodes cannot be
characterized because the material is too fragile (for the use of
microelectrodes) or opaque (for characterization with optical
tomographic methods, see below). Compared to porous elec-
trodes®'® which enable more space for the biofilm and
enhanced mass transport, flat electrodes support relatively low
current densities and low productivity, but are accessible for
such measurements and simple to model.

Such computational biofilm models that include mass
transport allow a deeper understanding of the processes
occurring in biofilms.””** Existing models of biofilms grown on
flat electrodes either rely on parametrization of the biofilm
structure, diffusion coefficients and substrate conversion
kinetics'*****3* or make use of spatial information (abstracted
profiles of diffusion coefficients) acquired by tomographic
imaging techniques.'?*

Modelling of complex biofilm structures and its validation
requires in-depth information that can be acquired using
various tomographic measuring techniques such as Confocal
Laser Scanning Microscopy (CLSM),***' Optical Coherence
Tomography (OCT)** and Magnetic Resonance Imaging
(MRI).* While optical tomographic techniques allow fast and
high resolution imaging, only MRI enables the characterization
of optically opaque porous electrode/biofilm structures.*>*>->*

'H-MRI visualizes predominantly water as it is the most
abundant molecule with 'H-nuclei. The contrast in MR images
depends on structure specific properties of water molecules
such as relaxation (e.g. Ty, T», T; ), concentration and diffusion.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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While water signals are detected from the intra- or extracellular
space, the electrode itself does not contribute to the "H-signal
measured and appears in the data as a region with reduced
signal intensity. Besides imaging of biofilm structures, MRI
enables the monitoring of chemical species, metabolic
processes and transport phenomena non-destructively, in situ
and in vivo.>> Thus, it allows the measurement of a variety of
quantities relevant to characterization and modelling of elec-
troactive biofilms on porous electrodes. For instance, the MRI
measurands - such as relaxation times 7;, T, and apparent
diffusion coefficients D« - are indicators for the biofilm density
as they differ significantly from the bulk water due to the
different physical environments.*>*® Because the biofilm density
X cannot be quantified directly by MRI, empirical correlations of
MRI measurands and X are required.

Recently, an ex vivo study showed that the biofilm volume
(extracted from colonized carbon beads) specified by T; corre-
lates with total nitrogen content of the biofilm and the total
produced electrical charge.®* Previously Renslow et al. used
apparent diffusion coefficients D« and an empiric correlation’
to quantify the local biofilm density X.** However, the biofilm
quantification was not validated. The depth profiles of D+ and X
derived from these MRI data were subsequently used to simu-
late substrate flux, current production and substrate concen-
tration profiles within a G. sulfurreducens biofilm grown on a flat
electrode.

So far, no study has been published that exploits the benefits
of MRI - the in vivo imaging of complex EABs inside porous
electrodes that are relevant for applications. The present study
demonstrates the feasibility of MRI as an in vivo, in situ, in
operando and non-invasive method to characterize electroactive
biofilms inside porous electrodes. High performance carbon
nanofiber electrodes are used which enable high biofilm and
current density with S. oneidensis.®*** The biofilm density and
its distribution are analyzed with qualitative indicators, the
transversal relaxation time T, and the (effective) apparent
diffusion coefficient D« of water. The acquired data, especially
the D+ as transport coefficient may, support the 3D modelling of
complex biofilms in porous structures.

Materials and methods

We developed a bioelectrochemical reactor suitable for MRI as
shown in Fig. 1a and b. The reactor was placed inside the MRI
magnet while the nitrogen-purged medium reservoir including
medium pump (Ismatec REGLO Digital MS-4/6, Cole-Parmer
GmbH, Wertheim, Germany) as well as the potentiostat
(Gamry Interface 1010E, C3 Prozess- und Analysentechnik
GmbH, Haar, Germany) were located at 4 m distance from the
magnet in an adjacent room. The medium feed tube was placed
inside a nitrogen gas purged jacket to minimize oxygen intru-
sion by diffusion. The potentiostat was connected to the elec-
trodes by grounded coaxial wires with non-magnetizing
terminal resistors (SRT Resistor Technology GmbH, Cadolz-
burg, Germany) and tailor-made titanium connectors. The
working electrode was mounted in the electrode holder and
exposed to the medium at one side. The working electrode (10 x
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10 x 0.5 mm?®) was a high-performance electrode made of
electrospun and carbonized nanofibers with a mean diameter of
108 nm and a porosity of 94% (mesopore volume V;es0 = 0.24 X
10° em?®, mean macropore diameter dyacro = 0.4 um, for more
details see at Erben et al.®®). A platinum mesh served as counter
electrode. The Ag/AgCl reference electrode was made from
a silver wire coated with AgCl-suspension inside a LuerLock
connector filled with saturated KCl-solution and capped with
a glass frit (Gamry, C3 Prozess- und Analysentechnik GmbH,
Haar, Germany). The reactor was designed to minimize
magnetic field distortions in the region of interest (ROI) by
reducing the conductive materials and optimize the alignment
of working electrode to the RF coil.

The reactor, the reservoir and lines were filled with 300 ml
medium and sterilized by autoclaving at 121 °C for 20 min. Two
variants of the medium were used: a standard medium M and
an improved medium M* with high phosphate-buffered saline
(PBS) content and additional riboflavin (see Table 1 for details).
All chemicals were purchased from commercial suppliers, in
particular from Sigma-Aldrich (Taufkirchen, Germany), Carl
Roth (Karlsruhe, Germany) and Merck (Darmstadt, Germany).
After autoclaving the reference electrode was sterilised with
10% hydrogen peroxide solution and then mounted in the
reactor under sterile conditions. Before inoculation with She-
wanella oneidensis MR-1, the contrast agent Gd-DTPA (Mag-
nevist, Bayer AG, Leverkusen, Germany) was added via a sterile
filter and septum. Magnevist, which is assumed not to enter the
bacteria, reduces the T; of the medium and total measurement
time considerably. By using a TR of 0.5 s the signal originating
from the bacterial cytoplasmic compartment, which is expected
to have a longer T; relaxation time, will be attenuated. This
attenuation favours the characterization of the bacterial
microenvironment inside the porous electrode. The working
electrode was polarized at a potential of 0 V vs. Ag/AgCl for at
least 12 h prior to inoculation to minimize non-coulombic
contributions to the measured current.

S. oneidensis MR-1 cells were precultivated aerobically in
Lysogeny Broth (LB medium) and prepared for the use in the
bioelectrochemical reactor according to Kipf et al.*> The steril-
ized reactor was finally inoculated through a sterile septum to
get an initial optical density (ODsqo) of approximately 0.05.

The entire bioreactor was imaged prior to the inoculation for
control purposes (abiotic status) and after the bioproduced
current density reached its maximum (biotic status) using the
same MR sequences and parameters. MR imaging of water was
done at 300 MHz (7 T) on a horizontal small-bore MRI system
(Bruker Biospec 70/20 USR, Bruker BioSpin MRI, Ettlingen,
Germany) with a gradient system of 12 cm inner diameter (B-GA
12S2). For signal transmission and reception, a custom-made,
inductively coupled RF-coil (linearly polarized slotted tube
resonator) was used which encloses the entire reactor. After
adjusting the field homogeneity and RF-power levels the reactor
was imaged with two 3D spin-echo (SE) sequences, one with T,-
and a second with diffusion weighting comprising the same
field-of-view (FOV) of 19.20 mm x 19.20 mm x 20.0 mm (z y x
direction). The FOV is mapped with a resolution of at least 384
X 32 X 33 voxels. This results in a resolution of 50 um in the z-
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Fig.1 Schematic drawing of experimental setup: (a) the bioreactor including the potentiostat and the medium reservoir in the room adjacent to
the MRI magnet. (b) CAD drawing of the bioreactor in perspective and (c) as cross-section. The bioreactor was located inside the magnet and the
RF coil and had a three-electrode design with a working electrode (anode) that was exposed to the medium on one side. The region of interest (d)
includes the porous carbon nanofiber electrode and the medium on top of it.

Table 1 Growth media compositions (main differences between the
standard medium M and the improved medium M* marked bold)

Component Concentration ¢ in mmol L™!
Standard Improved

Medium M M*

NacCl 137 77

KCl 2.7 2.7

NaHPO 10 40

KHPO, 1.76 7.04

(NH,),S0, 9 9

MgSO, - 7H,0 1 1

CaCl, 0.1 0.1

Trace elements

Casein hydrolysate 0.1 0.1

Na-D/L lactate (50% in H,O) 50 50

Additional components

Riboflavin 0 0.001

Contrast agent Magnevist 2 2

direction. Local T,-values were calculated from SE images ob-
tained with a TR of 0.5 s at 8 echo times TE of 20 ms, 40 ms, 80
ms, 100 ms, 120 ms, 140 ms, 160 ms by fitting the observed
signal decay to the equation S(TE) = S(0) exp{—TE/T,}. The
corresponding 3D-maps of the local self-diffusion constant D
of water were calculated from 4 images obtained with the so
called b-values of 50, 350, 650, and 950 s mm™? fitted to the
equation S(b) = S(0) exp{—bD+}, where the b-value describes the
diffusion weighting, which can be tuned by strength and
duration of the two diffusion sensitizing magnetic field gradi-
ents. Prior to data fitting the recorded time domain data was
Fourier transformed, masked, filtered, analyzed and graphically
represented using custom Image], Matlab and LaTeX scripts.
Detailed information on the processing steps is available in the
supplementary information (Fig. S17 in ESI).
Relative slice diffusion coefficients D$li¢ are (in z-slices/
parallel to electrode) averaged slice diffusion coefficients DSlice

17786 | RSC Adv, 2022, 12,17784-17793

normalized to their respective value in the medium D3 . l?‘rceel
and relative slice relaxation times 731 calculated analogously
are unitless and range from 0 to 1.

The depth dependent biofilm density Xslice was calculated
assuming the relative slice diffusion coefficients Dihrfj as diffu-

sion coefficient using the empirical correlation from Fan et al.:"

0.43 50
11.19 + 0.27x5

Dilice =1—

Jrel

(1)

The biofilm density Xslice inside the electrode was normal-
ized using the biofilm density Xlice  of the abiotic uncolonized
electrode.

After the MRI experiments the electrode was removed from
the reactor, the biofilm was fixated and characterized with
fluorescence microscopy and qPCR as control for the biofilm
density and its distribution (details in ESIY).*

Results and discussion

Two S. oneidensis biofilms respiring on and inside porous
electrodes in two different media were characterized using T,-
weighted and diffusion-weighted MR imaging to obtain spatial
information on biofilm distribution and diffusion coefficients.
To demonstrate the MRI capabilities and to visualize biofilm
differences, two biofilms were grown using a standard medium
M®+%%¢7 and an improved medium M* with increased buffer
concentration (40 mM PBS) and supplementary riboflavin (1
uM) that stimulates biofilm growth.®”

The biofilms grown on the electrodes were characterized
once the current production had become stable (¢ > 120 h, solid
line in Fig. 2a and b). The dotted line represents the current
density of the biofilm outside the MRI scanner. Optical density
ODgoo of the media was always below 0.1 (Fig. S8T in ESI)
indicating that oxygen input through the reactor and periph-
erals and the resulting planktonic growth of S. oneidensis was
negligible.**

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig.2 Chronoamperometry at a potential of 0 mV vs. Ag/Cl reveals the rising current as result of S. oneidensis use of the electrode as electron
acceptor (a) and the feasibility of MRl measurements while operating the bioelectrochemical reactor (b). In the standard medium M an electric
defect of the reference electrode (marked with + in (b)) caused the breakdown of the current density, but a control measurement revealed that

biofilm was still attached (in ESI).

Unfortunately, the reference electrode in the experiment
with standard medium M was defective, leading to breakdown
of the current production (marked with + in Fig. 2b). However,
the subsequent control MR imaging (Fig. S71 in ESI) did reveal
that the biofilm was still attached to the anode. Therefore, we
assume that these experimental results are valid. Our focus was
on the biofilm in the improved medium M* while the weak
biofilm in the standard medium M should only demonstrate the
higher resolution.

Current production during MR imaging

The maximum observed current density i, was 68 pA cm ™2 in
the standard medium M and 280 pA cm > in the improved
medium M*. These current densities are slightly lower than
values reported for electron spun material in the literature,®>%
but higher than Renslows S. oneidensis biofilm grown on a flat
gold electrode (1.83 uA mm™>).** Higher current densities (in
both media M and M¥*) reported by Erben et al. are most likely
caused by the higher temperature of 30 °C compared to our
study (~21 °C). The current increase by a factor of 2 can be well
explained by lower metabolic rates due to the temperature
difference of about 10 °C to the optimal temperature of 30 °C.*®
The drop in current production after the reactor was positioned
from the adjacent room into the MRI magnet (black arrows in
Fig. 2b) was probably caused by the temperature difference
between the two rooms. The observations described above
demonstrate that in operando MR image acquisition of live
electroactive biofilms within porous electrodes is possible.

T,-weighted imaging of the bioanode

Fig. 3a shows four representative slices of the region of interest
(ROI) covering the porous electrode (slice A) to the growth
medium (slices C and D). Slice B represent the electrode with
biofilm (visualized for the improved medium M*, standard
medium M not shown). The transversal relaxation T, is pre-
sented as heat maps. The slices are parallel to the electrode/
biofilm starting at the back of the electrode, reaching the
center and the interface of electrode/medium (z = 500 um) and

© 2022 The Author(s). Published by the Royal Society of Chemistry

the medium (z = 600 pm). As the electrode is highly porous and
filled with medium the boundary between them is unsharp and
illustrated in shades of grey. By averaging all T, values in each
slice and dividing by 759 of water/medium, relative relaxation
times T5het of each slice were calculated. Fig. 3b shows
a comparison of depth profiles of these TSI for the electrode
without biofilm (abiotic control) and with the biofilm in both
media M and M*.

In the following the regions of the electrode with biofilm in
the improved medium M* are discussed:

e Electrode without biofilm (slice A, z = 200 pm):

Slice A is placed at the center of the electrode and shows
a rather homogenous T, distribution. 7351 in this region (slice
A) was lower than in the medium (slice C and D, T3 ~ 1).

e Electrode with (maximum) biofilm (slice B, z = 400 pm):

The averaged T3 with biofilm (in both media M* and M)
show a minimum close to the electrode growth medium inter-
face. The minima are not present in the abiotic control (slight
decrease is not significant) revealing that the biofilm reduces 7,
relaxation time in accordance with other MRI studies of bio-
films."”® The T, heat maps in this region (slice B and Fig. S27 in
ESI) show an inhomogeneous distribution indicating an uneven
biofilm distribution inside the electrode.

e Growth medium (slice C and D, z < 600 pm):

Tslice is defined as 1 in this region (normalization). 7351 in

2,re!
this region is not reduced compared to the abiotic control

neither by biofilm nor planktonic cells, indicating low cell
densities.

Fig. 3b reveals differences in the biofilm formation for bio-
films grown in both media. The biofilm in the improved
medium M?* is denser and thicker than in the standard
medium M according to its lower 75U minimum (0.490 +
0.018 vs. 0.687 =+ 0.035) and its broader peak (300 um vs. 250
pm). Please note: all given deviations (value after +) were
calculated based on the standard deviation of their corre-
sponding values in the medium and do not reflect inhomoge-
neities of the biofilm. The width of the Tzlfr‘é? peak in the
improved medium M* is mainly caused by the inhomogeneity
of the biofilm and in particular by its curved shape (affecting the

RSC Adv, 2022,12,17784-17793 | 17787
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Fig. 3 Relaxation times T, of the electrode with and without biofilm revealed by MRI as: (a) 3D heat maps from selected slices parallel to the
electrode surface with biofilm (slices A and B) in the improved medium M* (slices C and D) and (b) depth profiles of relative relaxation T5'<® time
against position z for biofilm grown in the standard medium M and in the improved medium M* and without biofilm as abiotic control. TS"C‘f was
calculated as average of each slice and normalized by the bulk medium relaxation time T59. As the electrode is highly porous (>0.9) and filled with

medium the boundary is unsharp and illustrated in shades of grey.

value T51¢ el minima, see ESIT). The lower TS';ET minimum in the
improved medium M* might be related to the higher concen-
tration of buffer and riboflavin and thus more biofilm mass.®” In
both media, cells were found in the entire electrode (see fluo-
rescence microscopy images Fig. S3t in ESI), but most of the
biomass is almost exclusively present close to the interface of
electrode to medium.

Accordingly, a large portion of the electrode is not or only
marginally colonized by the biofilm. Hence, the total biofilm
density and thereby the amount of biocatalyst in the electrode
could be higher. The location of the biofilm at the electrode
surface might be related to limited diffusive transport of
nutrients into the depth of the fiber-biofilm structure and
products, especially protons, out of it. To investigate this issue
in the next section spatially resolved relative diffusion coeffi-
cients Di“cﬁ were determined and calculated analogously to the

determination of relative relaxation times T§hee,

Diffusion inside the porous electrode without and with
biofilm

Fig. 4a shows depth profile of the relative diffusion coefficient
Dslice (see Materials and methods section) without and with
biofilms in the standard medium M and in the improved
medium M*. The profiles of the relative diffusion coefficients
are similar to the relaxation times (Fig. 3b): For the uncolonized
and the colonized electrode, Df'i¢s inside the center of the
electrode (z = 300 um) is similar to Di“rfj in the growth medium
(z = 600 um) as the pores of the electrode are filled with
medium (porosity >90%). A relative diffusion coefficient of 1
corresponds to a water diffusion coefficient D4 of 2.00 107° +
0.17 10~° m” s in the standard medium M and 1.94 10~° +
0.09 10°° m® s* in the improved medium M* related to
temperatures of approximately 22 °C and 21 °C.*

The diffusion near the boundary between electrode and
medium is reduced as compared to the electrode center and the
growth medium. The minimum of the relative diffusion coef-

ficient DS'i¢ in the improved medium M* is lower as compared

17788 | RSC Adv, 2022, 12, 17784-17793

to the standard medium M (0.448 + 0.056 < 0.713 £ 0.087). The
minima of the diffusion coefficients are in the same distance
from the electrode surface as the minima of the relaxation times
T5". T, and D+ heat maps as well as the T3¢ and D3'ies profiles
show a very high similarity. This similarity is in part caused by
the diffusion weighting bias brought by the strong magnetic
field gradients required for high resolution imaging.”® This
effect attenuates T,-values of areas with unhindered diffusion
more than those of diffusion restricted areas. Nevertheless, the
well-known link of biofilm density and restricted diffusion'”** is
confirmed by the correlation of 751¢* and DS''s (Fig. S67 in ESI).

The morphology and diffusion coefficients of the EABs
grown inside porous electrodes in our study differ from the S.
oneidensis biofilm grown on a flat surface analyzed with MRI by
Renslow et al.** Since biofilm formation from S. oneidensis on
gold electrodes is often difficult, Renslow et al. pre-cultured
a biofilm with a constant depth film fermenter, harvested it
and transplanted it into the MRI reactor. For this reason, their
biofilm exhibited a heterogenous morphology with individual
biofilm clusters that settled on the flat gold electrode. In our
case it has to be considered, that the colonization of individual
S. oneidensis cells is different to the attachment of cell clusters,
and that the colonization of cells inside electrospun carbon
fibers is enhanced compared to a flat electrode. Therefore, the
structure and the diffusion coefficients of our biofilms are more
comparable to the uniform shape of Renslow's Geobacter sul-
furreducens biofilm: it has a dense core, but in contrast to the G.
sulfurreducens biofilm, the diffusion coefficients inside the S.
oneidensis biofilm decrease on both, the fluid facing and the
opposite sides. This underlines: biofilm properties such as
morphology and diffusion coefficients vary substantially
depending on the electrode and the cultivation conditions.
While on a flat surface the EAB only has a limited surface for
extracellular electron transfer (EET), an EAB inside a porous
electrode can use more electrode volume for EET and that could
support uniform biofilm growth within the electrode and more
current production.

17,19

© 2022 The Author(s). Published by the Royal Society of Chemistry
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from Fan et al. are used to calculate spatial biofilm density Xstice distribution (b).

In porous materials with a high biofilm density and thus
a high current production, proton transport from the individual
cells to the bulk can become rate-limiting. Under such condi-
tions, not only the electrode has an influence on the biofilm
formation, but also the medium:®” assuming the same biofilm
density, higher buffer capacity in the improved medium M*
enhances diffusive transport of protons or the corresponding
buffer molecules and thus provides lower local acidification of
the anodic biofilm in the improved medium M* as compared to
the standard medium M (lower buffer concentration). This
allows the biofilm in the improved medium M* to continue to
grow and to increase its density until its local acidification
reaches the level of the biofilm in the standard medium M.
Thus, high puffer capacities allow high diffusive proton trans-
port rates and thus more biofilm mass.*”

The higher biofilm mass could lead to a homogeneous
distribution in the electrode (thicker biofilm) or to an increase
in biofilm density in the front region (denser biofilm). The local
increase of the biofilm density in the front region is equivalent
to an increase in the biocatalyst in the region. Thus, the volu-
metric production of electrons and protons also increases. In
this case, the protons are more concentrated in the front region.
According to Fick's 1st law of diffusion, a steeper gradient in
denser biofilms results in higher transport fluxes and thus
higher currents.

We observed exactly that: the biofilm is mainly located
around the interface of electrode and growth medium (see also
fluorescence microscopy images in Fig. S31 in ESI) and higher
buffer capacity result in a denser, but not thicker biofilms. This
is well in line with Erben et al.** who investigated the biofilm
formation on the same material: under anaerobic conditions
(OD < 0.1, similar to our experiments) more biofilm was found
at the front (medium facing) side than on the backside as
observed by scanning electron microscopy (SEM).** However,
the imaging techniques like SEM or fluorescence microscopy
used in this context only provide information about the first few
micrometers in depth. In contrast to these methods, MR
imaging covers the entire volume and has previously been used
to quantify the biofilm density.***® Unlike other bulk-based
methods using dry weight, total nitrogen content, JPCR or

© 2022 The Author(s). Published by the Royal Society of Chemistry

protein analysis,'®****¢* the determination of biofilm density
based on correlation of MRI parameters is in situ and non-
destructive.

Biofilm density distribution inside the porous electrode

Assuming the validity of the frequently used empirical correla-
tion of Fan et al (see eqn (1), Materials and methods section)
the biofilm density Xl was calculated with DS''s. In Fig. 4b for
both media, the profile of the biofilm density Xslice is plotted
against the z-axis. The empirical relation translates low D¢ to
high biofilm densities. Thus, the maximum biofilm density
coincides with D$'i¢ minima inside the electrode. Due to the
lower D¢ values, in the improved medium M* the maximum
biofilm density Xslicc = 32.8 (28.8, 40.7) kg m* is higher than
9.6 (7.1, 17.1) kg m* determined in the standard medium M
with lower buffer concentration. The values in brackets reflect
the deviation of the biofilm density calculations and are based
on the standard deviations of the relative diffusion coefficients
in the medium. The upper limit is higher because the empirical
Fan correlation is not linear.

The results of the Fan's empirical relationship and in
particular the quantitative results should be treated with
caution for at least three reasons:

e First, this relationship was derived from the characteriza-
tion of aerobic biofilms on smooth surfaces, rotating cylinders,
and bioflocs.”” The conditions in our experiments differ
significantly: the use of porous 3D electrodes and a facultative
anaerobic organism with a metabolism based on external
electron transfer might result in different cell densities, Extra-
cellular Polymeric Substance (EPS) and the production of
conductive appendages, affecting the density of the biomass.

e Second, the diffusion coefficients for the entire biofilm
were specified mostly using diffusion reaction models and
diffusion cells, which both measure the transport of a specific
species trough a compartment.'” This might differ significantly
from the MRI approach determining the self-movement of
water molecules in a compartment/sub volume/voxel.

e Third, compared to bulk diffusion coefficients the spatially
resolved diffusion coefficients might be biased due to the non-
linearity of the empiric correlation (Fig. S4f and S51 in ESI).
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Thus, variances introduced by higher noise levels at high reso-
lution, subvolumes and the biofilm inhomogeneity can lead to
different biofilm densities (discussed in ESIf).

e Fourth, the model from Fan et al. has been derived from
data measuring the diffusion in the extracellular space of the
biofilm. Similarly, in the present study the signal from the
bacterial cytoplasm is attenuated due to the addition of the
contrast agent Gd-DTPA, which reduces only the T;-relaxation
time of the medium. Thus, the estimated diffusion coefficients
are biased to the extracellular space which justifies to use the
Fan model in order to calculate the biofilm density.

Therefore, it is even more important to validate the biofilm
densities and their distribution determined by diffusion
weighted MRI and the Fan correlation. For example, the cell
count (not including EPS-matrix) or the total biomass in the
electrode can be determined using qPCR assays or determina-
tion of the total nitrogen content.®>”*”> The validation we
applied by qPCR and correlation of current per biomass (see
ESIT for details) cannot confirm quantitatively the biofilm
density but show a similar trend of a higher biofilm density in
the improved medium M*.

Limitations of an electroactive biofilm in a porous fiber
electrode

The amount of current produced depends on the amount of
biocatalyst or biofilm mass.** Certain materials with a high
attractiveness of the anodic habitat, such as the porous carbon
nanofiber electrode used here, stimulate biofilm formation and
current production, especially for S. oneidensis.®>**7*7*

In this study, MRI demonstrated that the ability of the
porous electrospun electrode to host biofilm is not fully
exploited. The determined biofilm density distribution within
electrodes is inhomogeneous, as mostly the region around the
interface of electrode to medium is colonized. The porous
electrode could thus host higher biofilm densities in the deeper
region, but also in the front region the biofilm density could
thus be higher as a comparison to other biofilms shows.** The
question remains why only a part of the electrode is colonized
and what can be deduced from the shape of the biofilm.

The transport through the biofilm is restricted by the biofilm
itself. The consequence of the restricted diffusive transport in
the biofilm and metabolism of the cells is the formation of
a concentration gradient. Gradients in the electrode create
microenvironments which influence the metabolism, the
current production and the biofilm formation.>*32%2%73

For instance, if fresh medium with dissolved oxygen is
present at the liquid facing side, in the anaerobic depth of the
biofilm the terminal electron acceptor (TEA) is the electrode
where the aerobic toplayer uses dissolved oxygen as TEA.”
Moreover, the directional motility of cells may prevent pene-
trating deeper due to the higher redox potential of oxygen
compared to the potential of the anode.”” However, the observed
optical density ODggo < 0.1 in the growth medium does not
indicate a high amount of dissolved oxygen (Fig. S7 in ESI).

Biofilm formation in deep layers could also be prevented by
the arising pH gradients/local acidification in deep layers of the
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biofilm/electrode.®” However, increasing the buffer concentra-
tion (from standard medium M to improved medium M*) does
not, or only slightly, cause the biofilm to penetrate deeper into
the electrode - instead, the biofilm density increases. But even
in the improved medium M*, the biofilm density is not high
enough to restrict transport of protons in the electrode
completely. This can be deduced from the fact that the relative
relaxation times T5i¢t and diffusion coefficients DS are
reduced by a maximum of 55% inside the biofilm. Denser and
not thicker biofilms enhance diffusive transport fluxes because
the driving forces i.e., concentration gradients are higher. The
higher transport flux of protons and their corresponding buffer
molecules lead to higher current densities.

Thus, further research is needed to understand the specific
connection between concentration gradients and biofilm
formation in porous electrodes. Advanced NMR methods such
as spectroscopic imaging, chemical exchange saturation trans-
fer (CEST) and electrophoretic NMR in combination with elec-
trochemical methods can further elucidate the dynamics of and

inside the biofilm and its performance in bioelectrochemical
2,78-81

systems.

Conclusions

In this study we present a biochemical reactor for the non-
destructive, in vivo and in situ characterization of electroactive
biofilms with Magnetic Resonance Imaging. For the first time,
we show the feasibility of MRI inside porous electrodes. We
demonstrate that the MR image acquisition is possible while
the reactor serves as a bioelectrochemical cell. The biofilm
reduced both transversal relaxation times T, and apparent
diffusion coefficients D«. The spatial biofilm density can be
qualitatively estimated from the T, or D« values. Furthermore,
a quantitative determination via relative T, and D+ and empir-
ical correlations is possible but requires further research. In an
improved medium M* with a higher buffer concentration the
biofilm produced more biomass (lower T, and D) and higher
current density. The MRI method was able to reveal that only
a fraction - the upper, fluid facing side - of the electrode was
colonized by the biofilm leading to low current densities. In
conclusion, this study showed that MRI is a versatile method for
the characterization and development of electroactive biofilms
inside porous, opaque electrodes.
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