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Abstract: The role of oxygen in anodic biofilms is still a matter of debate. In this study, we tried
to elucidate the structure and performance of an electrogenic biofilm that develops on air-exposed,
carbon felt electrodes, commonly used in bioelectrochemical systems. By simultaneously recording
the current density produced by the bioanode and dissolved oxygen concentration, both inside and
in the vicinity of the biofilm, it was possible to demonstrate the influence of a protective aerobic
layer present in the biofilm (mainly formed by Pseudomonas genus bacteria) that prevents electrogenic
bacteria (such as Geobacter sp.) from hazardous exposure to oxygen during its normal operation.
Once this protective barrier was deactivated for a long period of time, the catalytic capacity of the
biofilm was severely affected. In addition, our results highlighted the importance of the material’s
porous structure for oxygen penetration in the electrode.
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1. Introduction

The term microbial electrochemical technologies (METs) covers a group of bio-based
electrochemical devices that hold great potential for practical applications in the fields of bioremediation
and energy production/management [1]. The anodic processes of many METs (typically microbial
fuel cells and microbial electrochemical cells) rely on the biocatalytic conversion of organic matter
into electricity, requiring the presence of certain types of microorganisms, frequently referred to
as electrogens, electricigens, or electrogenic microorganisms [2], which are capable of performing
extracellular electron transfer to a solid electrode.

Mimicking natural processes, most of these electrogenic microorganisms can carry out their
life cycle forming biofilms on the surface of the electrodes [3,4], where they benefit from favourable
physical-chemical (micro)environments and useful trophic relationships. These microenvironments
are caused by diffusive and/or reactive gradients of different substances, such as electron acceptors
or donors that do not exist outside these multi-organism scaffolds [3]. Normally, anodic biofilms
are colonised by electrogens, and it is very common that, depending on the source of the inoculum,
carbon source, physicochemical parameters, and operational conditions, very complex microbial
communities thrive on the surface of bioanodes [4]. In this regard, the presence of dissolved oxygen
(DO) in an anodic medium can determine, to a significant extent, the structure of anodic biofilms,
as many microorganisms involved in their functioning are anaerobic or facultative anaerobic [5].
In addition, the role and impact of oxygen in the performance of bioanodes has aroused some
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controversy [6]. On one hand, some authors claim that oxygen can have a beneficial impact on the
degradation of complex organic compounds [6] and even improve the overall performance under some
conditions [7]. On the other hand, several authors maintain that oxygen can promote the proliferation
of aerobic microorganisms that compete with electrogens for organic matter, decreasing the coulombic
efficiency (i.e., reducing the percentage of electrons initially available in the organic matter that are
converted to electrical current in the external circuit), which explains why the bioanodes of METs
frequently operate under anaerobic conditions [8].

Microsensors can provide an invaluable tool for understanding the nature, structure, and metabolic
interactions within biofilms. They were initially applied to the study biofilms in the area of
human diseases [9], and today, their use is widespread in microbial ecology for both natural and
engineered systems [10], including METs [11]. For METs in particular, microsensors have been used
to monitor chemical parameters (e.g., pH or redox potential) or the concentration of substances,
such as hydrogen [12], acetate [13], nitrite [14], or oxygen [15] within biofilms. Focusing on oxygen,
some publications are dedicated to revealing the local distribution of DO concentrations in specific
biofilms, extracting significant conclusions [16,17], such as the importance of pH control in aerobic
biocathodes [16] or the role of cathodic biofilms as oxygen diffusion barriers in single-chamber microbial
fuel cells [17]. However, these investigations are mainly carried out on flat surfaces and rarely on
porous surfaces, such as carbon felt, which is frequently used in METs and is also a good candidate for
potential real-life applications [18]. The characterization of DO profiles inside biofilms growing on
porous electrodes could provide valuable information on the implications of oxygen diffusion inside
these elements and its consequences on biofilm development and functioning.

The objective of this research is to study the distribution of DO in electrogenic biofilms and their
surroundings when these microbial aggregates grow, exposed to air, in carbon felt electrodes. It also
tries to understand the effect of DO on the catalytic activity of an anodic biofilm fed with acetate.

2. Results and Discussion

After inoculation, the bioanode was operated in batch mode (electrode potential: +0.1 V vs.
Ag/AgCl) with the anodic compartment open to air, so oxygen could freely diffuse into the anodic
medium. The end of every batch cycle was determined by a drop in the current density (CD), below 10%
of the maximum value achieved in that particular cycle. This resulted in an average cycle duration
of approximately five days. Total organic carbon (TOC) was monitored daily, and at the end of each
batch cycle (TOC was <10 mg-L™!), the reactor was replenished with fresh medium and carbon source,
providing an acetate concentration of 10 mM. After the first cycle (six days of operation), a biofilm
was clearly visible on the electrode surface. To ensure pseudo-steady state conditions, the anode was
operated in this manner for 42 additional days before the experimental period began.

2.1. The Interplay between DO and CD

To understand the behaviour of the exoelectrogenic biofilm when oxygen is present in the anodic
medium, both the CD and the DO concentration, at a fixed height of 100 pm above the apparent
surface of the biofilm, were simultaneously recorded for 15 days (Figure 1). Like the acclimation
period, when the current fell below 10% of the maximum value, the TOC was checked to be less
than 10 mg-L~!, and then, the cell medium was spiked (the medium was not replaced) with sodium
acetate to reach a final (theoretical) acetate concentration of 10 mM. After the addition of sodium
acetate (blue stars in Figure 1), the CD immediately increased, while the oxygen concentration in
the liquid phase declined abruptly, suggesting the existence of at least two competing processes:
electrogenic and aerobic metabolisms. When the substrate was available again, the metabolism of
aerobic and electrogenic microorganisms was reactivated. The role of microorganisms present in the
planktonic phase can be seen as marginal due to the replacement of the medium in each feeding cycle.
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Figure 1. Biofilm current density (CD) and dissolved oxygen (DO) concentration profiles at a constant
depth of 100 um on the apparent surface of the biofilm during three consecutive feeding cycles. The blue
stars denote spiking with sodium acetate (to a theoretical concentration of 10 mM).

Using a coculture of Escherichia coli and Geobacter Sulfurreducens, Qu et al. [19] also reported
oxygen depletion in the bulk of the anolyte of a microbial fuel cell (MFC), showing the importance of
microorganisms other than exoelectrogens in the maintenance of anoxic conditions in anodes exposed
to oxygen. In the referred study, exoelectrogenesis was inhibited without the presence of E. Coli
(the main oxygen scavenger), demonstrating its essential role in this anodic microbial community.
In our experiments, the near-zero DO concentration was maintained for 12-18 h and then increased,
agreeing with an expected decrease in the carbon source, deduced from the current profile (Figure 1).
This fact indicates that the acetate concentration is the limiting factor in oxygen consumption. Figure 1
also shows that the biofilm is capable of maintaining exoelectrogenic activity, despite the presence of
DO in the bulk. In the following experimental section, we will go into the biofilm and will try to clarify,
among other things, if DO ever penetrates the biofilm during substrate oxidation cycles.

2.2. Oxygen Concentration Profile within the Biofilm

By studying the DO profile from the bulk to the interior of the electrode, functional aspects of the
assembly liquid phase/biofilm/porous electrode can be understood. The experimental procedure leading
to the achievement of the DO profiles proved to be challenging, since it is necessary to keep the cell in
stationary conditions for an extended period of time. As Supplementary Materials, two prematurely
interrupted DO profiles, not used in the subsequent analysis, were included. The oxygen probe was
initially placed in the bulk within the vicinity of the electrode at an apparent distance of 500 um from
the biofilm surface. This height was taken as the reference position with a value of 0 um (Figure 2) with
the help of a camera (Figure 1). This initial position (0 pm) was the height where the profiling process
began, and from here, the DO profile was periodically recorded at different depths (Figure 2). The DO
concentration in the bulk did not change during the experiment. The reader can observe how the height
reference and experimental procedure were different from the reference system used in Section 3.1.
After all, in this section, the microelectrode moved, and in the previous experiment, it remained
stationary. At a depth of about 355 um, the DO concentration started to decline, almost linearly
(slope —0.353 uM-um™1), which is indicative that the probe is entering the diffusion boundary layer
(DBL). In the biofilm vicinity (from 290 to 570 um), which has been amplified in Figure 3, we found
at least three sub-regions that can be distinguished by changes to the shape of the DO concentration
profiles. As mentioned before, the first sub-region could be associated with the DBL, which is in direct
contact with the biofilm. From Figure 2, we can estimate its thickness as approximately 75 um, a value
which is in agreement with the thickness of the DBL found by other authors for aerobic biofilms
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composed of bacteria of the genus Pseudomonas [20]. Interestingly, this genus was found in a high
relative abundance in our biofilm; for more details, see Section 3.4. The second sub-region, with a
quite similar slope to the previous one, was slightly less steep (—0.360 uM-um™'), suggesting that the
probe was entering a new phase, most probably the biofilm. The small difference between the slopes of
the first and second sub-regions reinforces the idea that the diffusion coefficient in the outer layers of
the biofilm is close to that of oxygen in water [21]. The oxygen flux (J) in this zone, calculated from
Equation (6), was 7.39 x 1077 mol'm~2:s7!, a value which is on the same order of magnitude as others
reported in the literature for aerobic biofilms [22,23].
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Figure 2. DO concentration profile in a carbon felt electrode colonised by an exoelectrogenic biofilm.

Boundary
diffusion layer
= _/.‘_\
Quter biofilm layer
= Rl
_g 2
B Bulk €=309.71-0.37-x
T o Active aerobic layer
Q A= \
§ 5
o c=308.81-0.36-x
2 o
g &1
Anaerobic
niche
S €=1751-5.63-x+4.71-10°%
T \ T \ \
350 400 450 500 550

Profile depth/ pm

Figure 3. Detailed DO concentration profile in the vicinity of the biofilm. In the colours corresponding
to each zone, fitted regression models are provided.

A clearer change in the DO profile came at a depth of ~495 um, which can be attributed to
significant oxygen consumption (Equation (1)) and (in the absence of another apparent oxygen sink) to
the presence of an aerobic metabolism. This oxygen consumption was distributed over a 45 um-thick
region, in which a concave profile (positive second spatial derivative) could be observed. The reactive
consumption criterion in biofilms and sediments has been extensively detailed by Berg et al. [24].
The fitting of a second-degree polynomic model allowed the oxygen consumption rate (OCR) to be
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estimated, following Equation (5). The resulting value was 9.42 X 107> mol's~!-m~3, which is on the
same order of magnitude as other OCRs reported in literature for aerobic biofilms [25,26]. Below this
presumable aerobic layer, the DO concentration stabilised for ~20 pm. The resulting, almost flat
profile, reveals the existence of another biofilm region, in which oxygen is no longer being consumed.
This led us to hypothesise that this zone is mainly inhabited by microorganisms other than aerobes,
which thrive because of the “oxygen-diffusion barrier” provided by the upper layers of the biofilm.
This narrow microenvironment seems to be the logical candidate to host the Geobacter population,
which is the most important exoelectrogen found in our biofilm (see Section 3.4). Several authors
maintain that these low DO conditions are optimal for the growth and development of Geobacter;
however, this is still an issue subject to some controversy, as discussed in a recent review by Reguera
and Kashefi [27]. This review summarises research that concludes a certain tolerance of Geobacter to
oxygen, as reflected in its capacity to encode proteins of the oxidative stress response and to adapt to
microaerophilic conditions.

The relatively small thickness of this “exoelectrogen” layer does not contradict the high CD
observed in our set-up (~2 mA-cm™2), which is in agreement with previous studies that show that
the exoelectrogenic activity of Geobacter is due to “active” layers of little thickness relative to the total
width of the biofilm [28,29].

When the microsensor tip was placed at a depth of 550 um (leaving the biofilm vicinity and
entering the bulk of the carbon felt electrode), the oxygen concentration began to slightly increase
again, and over a very wide region (spanning depths from ~800 to 2500 um), the average DO was about
130 uM. In this zone, the DO concentration profile presented two very pronounced “hills” that can be
attributed to the existence of large cavities within the carbon felt (Figure 1). These hills showed similar
slope values to those found in the DBL of the external surface of the electrode, thus, suggesting a
common subjacent phenomenon. Likely, these cavities are acting as “channels” that allow the transport
of DO through the electrode, revealing a complex structure that has been extensively studied in
electrochemical energy-storage systems [30-32]. A relevant reason for the lack of colonisation by
exoelectrogens of carbon felt electrodes in deep layers may be due to its porous structure that may
be channelling DO to the inner domain. Although, the size of the pores (~300 um, see Figure 2) also
suggests that the limited diffusion of the buffering substances is a plausible hypothesis for this lack
of colonisation, as has been pointed out in recent research [33]. In this investigation, for cavities
in bioanodes between 100 and 500 pm, the limiting factor for the development of the biofilm was
determined to be the accumulation of metabolites that triggers local acidification. As a consequence
of these results, this same structure could be relevant to carry or remove other substances related
to the microbial metabolism (e.g., substrate, inhibitors, protons), highlighting the importance of
the optimization of the volume/active area electrode relationship in different applications of METs,
an aspect which has been remarked on in other studies [33-36]. The behaviour of carbon felt anodes
without attached biofilm has not been analysed in this study, since there is an extensive literature
on the subject and the results obtained have been acceptably consistent with the expected cavity
distributions [37,38].

2.3. The Biofilm under Substrate Limited Conditions

In the final phase of the experiment, the anodic biofilm was kept under starving conditions for
seven days (once CD declined below 10% of its maximum value, no acetate was fed to the anode).
After this period, when acetate was fed again, the oxygen concentration decreased, as observed
previously (results not shown, the behaviour was similar to that depicted in Figure 1), revealing a
hypothetic reactivation of the aerobic metabolism. However, CD profiles did not resume previous
values and remained below 5% of the maximum current value, which suggests that electrogenic
microorganisms were affected by either the lack of a carbon source, the prolonged exposure to oxygen,
or both. However, the lack of carbon source can be ruled out, since previous work has shown that
electrogenic biofilms can remain active for long periods of time in the absence of a carbon source [39,40].
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In contrast, the exposure to oxygen seems a more plausible explanation. Indeed, when acetate is
present and available to the aerobic microorganisms, these are capable of depleting oxygen from
the bulk (Figure 1), thus, protecting the electrogenic microorganisms in contact with the electrode
from DO. In the absence of a carbon source, the aerobic microorganisms are no longer capable of
consuming oxygen, and the “barrier effect” is lost, which increases the local DO concentration and
exposure times in deep layers of the biofilm. However, this is a hypothesis that needs to be supported
by further experiments.

2.4. Biofilm Composition

The microbial composition of the biofilm was analysed by pyrosequencing after 90 days of
operation. The total number of pyrosequencing reads were 41,523, and the valid reads were 26,002
(62.6%). The number of operational taxonomic units (OTUs) found in the sample was 126, a number
that indicates the high specialization of this community.

The taxonomic composition at the genus level (Figure 4) of the anodic community shows a great
relative abundance of the exoelectrogen Geobacter (33.2%). The presence of this anaerobic bacteria
in an air-exposed surface is not surprising in light of other research that has shown the presence
of Geobacter in both natural [41] and engineered aerobic biofilms [19,42]. The stratification of DO
through the carbon felt (see Figures 3 and 4) probably promoted the appearance of “low oxygen”
microenvironments, coherent with the tolerance of Geobacter to the presence of DO [27]. The most
abundant genus on the biofilm was Pseudomonas (45.5%), which is considered a facultative anaerobe that
could be favoured as a result of microaerophilic conditions [43] and has been recognised as electroactive.
However, Pseudomonas can be discarded as the main exoelectrogen in our study since the reported
current densities for this genus are lower than expected for Geobacter-based electrogenic biofilms [7,44],
which are in accordance with those observed in this study (~2 mA-cm~2). Species assigned to this
taxon, such as P. aeruginosa, are capable of oxidising organic matter using oxygen as a terminal electron
acceptor, inducing steep gradients in DO concentrations in pure culture biofilms [7,20]. Another less
prevalent genus in the sample was Clostridium (6.9%), a strict anaerobic that can ferment a variety of
substrates. The genera Flavobacterium (4.5%) and Bacillus (4.1%) can generally be considered aerobic.
However, their role in this community is not fully understood. Flavobacterium has also been identified
in cathodic biofilms exposed to oxygen [17].
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Figure 4. Microbial community composition of the anodic biofilm at the genus level.
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3. Experimental

3.1. Reactor Set-Up and Biofilm Growth

Tests were carried out on a biofilm growing in a porous electrode in a specially designed
single-chamber microbial electrolysis cell under aerobic conditions for all experimental procedures
(Figure 1). The methacrylate reactor allowed for the easy handling of the microelectrode, while using a
three-electrode electrical arrangement, establishing a working electrode (WE) potential of +0.1 V with
respect to the reference electrode (RE).

A carbon-felt WE (Sigracell® GFA 6, SGL, Wiesbaden, Germany), a commercial RE microelectrode
(Ag/AgCl, +0.197 vs. SHE, Unisense, Aarhus, Denmark), and a platinum mesh (Goodfellow, London,
UK) counter electrode (CE) was used. The dimensions of the WE and CE were 8 X 2 cm and 2 X 2 ¢m,
respectively. The inoculation procedure consisted of mixing fluvial sediment, freshly obtained with
growth medium, in a 1:5 volume ratio. The growth medium composition per litre was 0.87 g of K,HPOy,
0.68 g of KHyPOy, 0.25 g of NH4CL, 0.453 g of MgCl,-6H,0, 0.1 g of KCl, 0.04 g of CaCl,-2H,0,
and 10 mL of mineral solution. The mineral solution composition was detailed by Marshall et al. [45].
Sodium acetate was added to the mixture as a carbon source to reach a final concentration of 6.1 mM in
the start-up cycle. The reactor was kept at room temperature (22 + 2 °C). Feeding was done in batch
mode (i.e., by replacing the entire medium at the beginning of every new cycle). Sodium acetate was
added to achieve a 10 mM concentration in the medium (except in the start-up cycle) when the current
dropped below 10% of the maximum value. The biofilm was maintained for 60 days in the described
growing conditions (acclimation period) before starting the analyses of this study.

3.2. DO Concentration Measurement

DO concentration in the exoelectrogenic biofilm was measured using a microelectrode (OX-10,
UNISENSE, Aarhus, Denmark) that works as a Clark-type electrode [46]. The tip diameter chosen
was approximately 10 um, which ensures an adequate relationship with the estimated thickness of
the biofilm (less than 100 pm). The microelectrode was introduced into the thin film cell using a
programmable micropositioning system. The step size in the z axis (axis in which the microelectrode
passes through the electrode vertically to its surface, Figure 5) was 1 um + 20 nm. The permanence
time of the microsensor in each position was 3 s, since the response time to reach 90% of the signal,
as detailed by the manufacturer, is 1-3 s. The current signal was acquired and registered using a
specific amplifier (Microsensor Multimeter, UNISENSE, Aarhus, Denmark) and the associated software
(UNISENSE logger). The sensor was calibrated with a two-point procedure. First, it was placed in an
air-saturated medium, and then, the zero level was obtained by generously bubbled nitrogen in the
same medium. In order to place the microsensor tip at the desired height over the biofilm surface,
a video microscope system (Model VCAM3) was used. The analysis of the DO concentration profiles
was based on the one-dimensional form of Fick’s first law, assuming the biofilm can be considered a
flat slab (Equation (1)):

dc d*c

o = D55 —~OCR 1)

where c is the concentration (mol-m™3), D is the diffusion coefficient (m?-s71), and OCR (mol-m~3-s71)
is the oxygen consumption rate (OCR is assumed to be constant during the experiment). The D value
for oxygen in water at 20 °C (2.27 x 10~ m?-s) was obtained from de Beer et al. [22]. For the biofilm,
D was corrected using a relative effective diffusion coefficient (Equation (2)):

Dy = Daq'V )

where Dy;, is the oxygen diffusion coefficient in the biofilm, Dy, is the oxygen diffusion coefficient
in water, and y is the effective diffusion coefficient, with a value taken as 0.88, according to



Catalysts 2020, 10, 1341 8 of 12

Lewandowski et al. [21], and it is consistent with other studies [47]. The steady-state solutions
to Equation (1) yields Equations (3)—(5):

d*c  OCR
Zx - Dy ©)
9°x Dy
dc OCR
= =" A 4
8x Dbio X+ ( )
c= OCsz—i—Ax—i—B (5)
Dyio

3-axis
positioner

Microelectrode
amplifier

(Acetate
oxidation)

———

microelectrode

CE
(Hydrogen evolution)

Potentiostat

Figure 5. Experimental set-up: camera (1); three-axis micropositioner (2); microelectrode (3);
connections to the potentiostat (4); methacrylate cell (5); counter electrode (CE) (6); reference electrode
(RE) adapter (7); working electrode (WE) (8); and microelectrode sampling hole (9).

Equation (5), where A and B are constants, allows us to detect the presence of net oxygen
consumption and calculate the OCR in the biofilm if the quadratic term is present (the sign of the
second spatial derivative of the DO concentration profile can be used to discern between oxygen
consumption or production [24]). In this sense, if the quadratic term is not present, it is possible to
estimate the oxygen flux (J), following Equation (4) with OCR = 0 (Equation (6)):

dc
J'= Dyio5- (6)
where ] is in mol-m~2-s71. The first or second order models have been used to calculate the coefficients
in Equation (3), according to convenience, in each zone of the profile, using R software [48] to perform

the least squares regression. R has also been used to elaborate the graphs.

3.3. Experimental Procedure

DO concentration profiles were recorded at various stages during the substrate degradation
cycles, once the start-up and stabilization period was completed. The most stable profiles, like those
analysed in this article, were produced during the constant part of the current cycle, which occurs
between the feeding and final decay. To perform the DO concentration profiles, the microelectrode
tip was placed 500 um from the apparent surface of the biofilm and then moved 5 mm through
the carbon felt electrode. The position of the microelectrode was changed every 3 s for profile
recording, assuming that the nominal response time was less than this interval. For a constant height
measurement, the microelectrode was held outside the diffusion boundary layer (DBL), 100 pm above
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the apparent surface of the biofilm. Total organic carbon (TOC) was determined by a TOC multi N/C
3100 (Analytikjena, Jena, Germany).

3.4. Microbial Community Analysis

Once the experiment was completed, a sample was taken for the analysis of microbial communities.
For this purpose, a 1 X 1 cm portion of carbon felt was cut using sterilised scissors. Genomic DNA
from the electrodic sample was extracted with the PowerSoil® DNA Isolation Kit (MoBio Laboratories
Inc., Carlsbad, CA, USA), following the manufacturer’s instructions. The entire DNA extract
was used for the pyrosequencing of the 16S-rRNA gene-based massive library, targeting the
eubacterial region V1-V3 165-rRNA, and performed at MR DNA (www.mrdnalab.com, Shallowater,
TX, USA), utilising MiSeq equipment (Illumina, San Diego, CT, USA). The primer set used was
27Fmod (5'-AGRGTTTGATCMTGGCTCAG-3’) /519 R modBio (5'-GTNTTACNGCGGCKGCTG-3").
Diluted DNA extracts were used as a template for polymerase chain reaction (PCR) reactions.
The obtained DNA reads were compiled in FASTq files for further bioinformatics processing.
The trimming of the 165-rRNA bar-coded sequences into libraries was carried out using QIIME
software, version 1.8.018 [49]. Quality filtering of the reads was performed at Q25 quality prior to
grouping into operational taxonomic units (OTUs) at a 97% sequence homology cut-off. The following
steps were performed using QIIME, a denoising procedure using a denoiser algorithm [50]. Final OTUs
were taxonomically classified using BLASTn against a database derived from the Ribosomal Database
Project II (RDPII, http://rdp.cme.msu.edu) and the National Centre for Biotechnology Information
(NCBIL, www.ncbi.nlm.nih.gov).

4. Conclusions

The proliferation and biocatalytic activity of Geobacter in air-exposed anodes depends on the
anaerobic microenvironment provided by the aerobic microorganisms present in outer layers of
the biofilm, which consume DO. The porous structure of the carbon felt causes the channelling of
DO in internal zones. This study confirms Geobacter’s tolerance to sustained oxygen concentrations
below 90 uM. During periods in which the biofilm is maintained without substrate, oxygen diffuses
through the biofilm height. If these periods without substrate are longer than six days, the inner
electroactive layers seem to be irreversibly affected, and the exoelectrogenic activity does not resume
again after feeding.

Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4344/10/11/1341/s1,
Figure S1: Dissolved oxygen profile. Rejected because the data acquisition system was accidentally interrupted at
the end of the experiment; Figure S2: Another dissolved oxygen profile. Rejected because the data acquisition
system was accidentally interrupted at the end of the experiment.
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