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Abstract:

Bioelectrochemical systems couple electricity demand/supply to the metabolic
redox reactions of microorganisms. Generally, electrodes act not only as electron
acceptors/donors, but also as physical support for an electroactive biofilm. The
microorganism-electrode interface can be modified by changing the chemical
and/or topographical features of the electrode surface. Thus far, studies have
reported conflicting results on the impact of the electrode surface roughness on the
growth and current production of biofilms. Here, the surface roughness of the
glassy carbon electrodes was successfully modified at the sub-microscale using
micro electrodischarge machining, while preserving the surface chemistry of the
parent glassy carbon. All microbial electrodes showed similar startup time,
maximum current density, charge transport ability across the biofilm and biomass
production. Interestingly, an increase in the average surface cavity depth was
observed for the biofilm top layer as a function of the electrode surface roughness
(from 7 um to 16 um for a surface roughness of 5 nm to 682 nm, respectively).
These results indicated that the surface roughness at a sub-microscale does not
significantly impact the attachment or current production of mixed culture anodic
biofiims on glassy carbon. Likely earlier observations were associated with
changes in surface chemistry, rather than surface topography.
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1 Introduction:

During the past two decades, microbial fuel cells and more generally
bioelectrochemical systems (BESs) have attracted much interest. In particular,
several studies have focused on the anodic electroactive biofilms (EABS), which
can carry out direct electron transfer between the electroactive bacteria and
electrodes. [1,2]. Via this mode of transfer, higher current densities can be
obtained without the need for redox mediator addition. The projected current
densities generated by electroactive biofilms (EABs) have increased from a few
amperes per square meter in the early 2000s to now more than 100 A/m? using
high specific surface area electrodes [3,4].

In the anodic compartment of BESs, bacteria oxidize organic compounds and
use conductive solids as terminal electron acceptors. [5,6]. These electrodes act
not only as the electron acceptor, but also as the support material on which the
bacterial films grow. Both microorganisms and electrodes constitute the core
engine of BESs. Therefore, the optimization of a functional microorganism-
electrode interface is a key step to build an efficient BES. Similar to most biofilm-
based bioprocesses, the microbial attachment, biomass production and mass
transfer of the soluble substrates and product within the biofilm have to be
favorable to optimize the process [7].

The general process of biofilm formation on a surface follows successive steps
[8]. First, the bacteria are brought in contact with the surface due to gravitational or
hydrodynamic forces. The movement of bacteria toward and on the surface is
facilitated by flagella, fimbriae and pili [8] The attachment is facilitated by negatively
charged cell-surface in case of an adhesion to the anode [9]. Second, the bacteria
adhere to the surface. This adhesion step is highly dependent on the properties of
the material surface. Surface chemical and topographical features, including
macro-, micro- and nanoscale structures play an important role in this step. Third,
the bacteria proliferate on the surface and synthesize the three-dimensional biofilm
matrix — i.e. maturation step. Finally, a mature biofilm is obtained based on the
specific bacterial physiology and metabolism of the organisms in the biofilm.
However, at the maturation stage, bacteria can detach from the biofilm. This is due,
in general biofilm cycles, to a change in environment conditions of the biofilm (e.g.
nutrient depletion).

In the case of EABs, the choice of the electrode material is a key step to
promote biocompatibility and an efficient heterogeneous electron transfer at the
biofilm-electrode interface. In recent years, there has been an ever-growing
interest in electrode materials for BESs. In general and because they are
particularly biocompatible, carbon based materials are used for the growth of EABs
[9,10] and chemical modification can further improve their efficacy [11]. Metals
(particularly stainless steel) and composite materials (metals and carbon) are used
as well [9]. A large variety of carbon-based materials have been used as substrate
for microbial anode including carbon plates, cloth, paper, felt, brush, foam,



reticulated vitreous carbon and carbon nanotubes [9]. Three-dimensional, porous
electrodes are particularly favorable for this application because they provide a
higher specific surface area for the attachment of EABs [9,12]. Furthermore,
nanoscale surface features can affect the cell behavior and increase microbial
retention [13]. Processing highly ordered microscale patterns on flat surfaces may
in fact be the most suitable approach to investigate the impact of intrinsic sub-
microtopography on biofilm structure and current production.

So far, the impact of roughness on EABs has mainly been studied on stainless
steel electrodes. Pons et al. reported a significant impact of stainless steel
electrode roughness on the formation of pure culture Geobacter sulfurreducens
biofilms on a cathode. By increasing the surface roughness R, from 2.0 um to 4.0
pum, they increased the maximum current density by a factor of 1.6 [14]. In contrast,
it has been found that a surface roughness of 5 um on stainless steel did not
significantly affect the current output of a mixed culture anodic biofilm compared to
a smooth electrode [15]. More recently, a study on anodic biofilms on gold nano-
rough electrodes (up to 4,5 nm), focusing on the early stages of biofilm attachment
shown an increase of current densities due to the roughness (from 0,9 to 2,5 A.m™
for resp smooth and 4,5 nm rough electrodes) despite an erratic colonization
occurs, with bacteria clusters of the electrode. More generally, for non-electroactive
biofilms, Flint et al. postulated that microbial adhesion is favored by entrapment of
the bacteria in the cavities of the surfaces that exhibit an average roughness value
(Ra) in the range of the microbial cell size (i.e. approx. a few um) [16]. According to
this hypothesis, Hilbert et al. showed no effect of submicron roughness (R, < 0.9
pum) on bacterial adhesion on stainless steel with pure cultures of Pseudomonas
sp., Listeria monocytogens and Candida lipolytica [17].

In this study, we investigated the impact of three sub-microscale surface
roughness topographies on mixed culture anodic biofilms in terms of biomass
attachment, current production and biofilm structure. For this study, we used
biocompatible glassy carbon materials. We modified the topography of the glassy
carbon electrodes using a micro electrodischarge machining (micro-EDM) system.
The electrode surfaces were characterized in terms of roughness, chemistry and
hydrophobicity. The biofilms were grown on the electrodes by chronoamperometry
in a multichannel electrodes system. The biofilms were finally characterized in
terms of hydrated biovolume and biofilm topography by confocal microscopy.



2 Materials and Methods:

2.1 Surface roughness modification of glassy carbon electrodes

SIGRADUR® G grade glassy carbon electrodes (HTW Hochtemperatur-
Werkstoffe GmbH, Thierhaupten, Germany) were used to investigate the microbial
colonization, biofilm formation and performance in terms of current density and
charge transport parameters as a function of surface roughness. A SARIX® SX-
100-HPM micro-EDM system with a rotating tungsten carbide electrode was
employed to introduce a range of sub-microscale roughness topographies on the
surfaces of the glassy carbon electrodes. Micro-EDM is a contactless
micromanufacturing process based on an electro-thermal principle, where a
voltage is applied between the tungsten carbide and glassy carbon electrodes
submerged in a dielectric medium resulting in the formation of a series of discrete
microplasma discharges that act as a heat source on the surface of the glassy
carbon electrode [18-20]. In general, the thermoelectric energy generated in the
discharge gap between the two electrodes is responsible for the local heating,
(partial) melting and evaporation, and the subsequent removal of the glassy carbon
material [18—22]. To produce different surface topographies, the machining settings
were chosen within both finishing and roughing regimes predefined by the
manufacturer using the combination of electrical parameters (pulse duration, pulse
frequency, current and potential) and technological parameters (discharge gap,
discharge energy, gain and regulation). Three different sub-microscale surface
topographies were produced with ascending order of roughness: low (L), medium
(M) and high (H) roughness machining settings corresponding to the energy index
e of 13, 105 and 365, respectively. The energy index e is predefined by the
manufacturer and is related to the generator capacitance. The wear compensation
factor was also adjusted specifically for each energy index e to enable continuous
and effective removal of the workpiece material [23,24]. Prior to bioelectrochemical
studies, the electrodes were thoroughly cleaned using acetone and deionized
water in an ultrasonic bath. As received glassy carbon electrodes were also used
as control (C) materials.

2.2 Surface physicochemical characterization of the electrodes

Scanning Electron Microscopy (SEM) was performed with a LEO GEMINI
1530VP FEG-SEM system to evaluate the surface roughness topography of
untreated and treated glassy carbon electrodes. The operating voltage and working
distance were 8 kV and 5 mm, respectively. The samples were sufficiently
conductive that additional coating was not necessary. Energy Dispersive X-ray
Spectroscopy (EDX) (FEI Nova NanoSEM™ 450 FEG-SEM) was used under EDX
mode to carry out the local elemental analysis of the free surfaces of untreated and



treated glassy carbon electrodes. The operating voltage and working distance were
15 kV and 5 mm, respectively. The samples were sufficiently conductive that
additional coating was not required. White Light Interferometry (Veeco Wyko
NT3300 Optical Profiler) was employed to investigate the roughness of the free
surfaces of untreated and treated glassy carbon electrodes. Two surface
roughness parameters R, (roughness average) and R, (ten-point average
maximum profile) were measured to describe their surface topographies. The
2D/3D surface topographies of all glassy carbon electrodes were also examined.
Visible Raman Spectroscopy (EZRAMAN-N-532-B1S) was used with a laser
wavelength 532 nm (FWHM = 5 nm) as the excitation source to examine the
surfaces of untreated and treated glassy carbon electrodes. Drop Shape Analysis
(DSA) (DSA100 KRUSS) was used with a sessile drop method to measure the
static contact angle of the droplets on the free surfaces of untreated and treated
glassy carbon electrodes. Deionized water was used with the droplet volume of 10
uL and dispensing rate of 180.1 pL-min™. A 30-sec contact time was adopted to
ensure the equilibrium angle was reached prior to taking the measurements. The
measurements were subsequently presented as an average of the left and right
contact angles of a static droplet (in equilibrium). Prior to measurements, the
electrodes were cleaned with acetone and deionized water using a sonicator
followed by thorough drying.

2.3 Bioelectrochemical system

The EABs were grown on electrodes in two custom-made two-compartment
BES reactors previously described by Guo et al. [11] (Figure 1). This reactor
design allows to simultaneous testing of eight working electrodes (WE) per reactor
with one counter electrode (SS mesh cathode) and one reference electrode
(Ag/AgCIl 3 M KCI). The 2x2 cm square shaped glassy carbon electrodes were
connected to the reactor with an insulated copper wire fixed on the back of the
plate with silver paint. The back and side planes of the plates were then insulated
with epoxy glue (ThorLabs - TS10). For each reactor, three WE roughnesses were
tested in duplicates, and two WEs were kept as smooth controls. All
electrochemical experiments were conducted with a CHI 1000C Multi-Potentiostat
(CH Instruments, Austin, TX, U.S.A.). Uncompensated resistances (Figure S1)
between each WE and the reference electrode were assessed by applying current
interruption method as previously described [25]. The anodic chamber was filled
with 450 mL of modified M9 medium (pH = 7) [26] with 2 g-L™ (24 mM) sodium
acetate as the electron donor. Before inoculation, the medium was sparged for 30
min with nitrogen gas to ensure anaerobic condition. The reactor was inoculated
with 50 mL fresh anodic effluent from an existing acetate-fed BES reactor. The
cathodic chamber was filled with 50 mL M9 buffer medium. The potential of each
anode was set to — 0.2 V vs. Ag/AgCl and current generation was recorded by
chronoamperometry (CA). The anolyte was continuously stirred with a magnetic
stirrer at 350 rpm. Experiments were conducted in the dark at 28°C in a



temperature-controlled room. At the end of each of the 3 cycles (when acetate was
consumed and the current density decreased), cyclic voltammetry (CV) was
performed on all biofiims in the same medium under turnover condition (with
acetate). The CVs were performed within a potential window between — 0.8 V to
0.2 V vs. Ag/AgCl at a scan rate of 10 mV-s™. The charge transport parameter
across the EABs (CxDqpp™'?, where C is the average concentration of redox centers
involved in the conduction — assuming 1 electron per redox center — and Dgpp is the
apparent diffusion coefficient for the electrons across the EAB) was determined
under turnover conditions by double potential step chronoamperometry (DPSC) as
previously described [25].

-Please insert Figure 1 here-
2.4 Biofilm characterization

After growth, the biofilms were prepared for confocal staining as previously
described [27]. The biofilms were washed twice with 10 mM PBS buffer. Biofilms
were fixed with 2.5% glutaraldehyde in 10 mM phosphate buffer (pH 7.3) for 30 min
at 4°C. They were subsequently incubated in the dark in staining mix for 15 min.
The live/dead staining mixture consisted of 1.5 pyL-mL™ of SYTO9 (green) and
propidium iodide (red) (Live/Dead BacLight Bacterial Viability Kits, Life
Technologies) in PBS buffer. The biofilms were incubated in PBS buffer for 15 min
in the dark to remove excess stain. Then, excess liquid was evaporated for a few
minutes. Before the biofilms were completely dry, mounting medium, prepared with
9 mL glycerol, 1 mL 1 M Tris HCI buffer at pH 8.3, 0.05 g n-propyl gallate, heated
till all powder was dissolved, was applied on the biofiims. The biofiims were
covered with a cover slide, which was sealed with nail polish, and kept at —20°C in
the dark. Afterwards, the stained biofilms were visualized and Z-stacks were
captured by using a confocal laser scanning microscope (CLSM, Nikon C1, The
Netherlands). Three areas were observed per biofilm with a 40X lens. CLSM image
data were processed using ImageJ software and the COMSTAT plugin for
biovolume calculation [28,29]. The top surface of the biofiims was analyzed by
measuring the sum of the surface coverage percentage of the 10 first Z-stacks on
the surface of the biofilms, i.e. the top 20 um of the surface of the biofilms.

3 Results

3.1 Electrode surface modification and characterization

Three different roughnesses were produced on the surfaces of the glassy
carbon electrodes using the micro-EDM process. Figure 2(a) shows the R,
(roughness average) and R, (ten-point average maximum profile) roughness
values obtained for untreated and treated glassy carbon electrodes using white



light interferometry. The power settings of the micro-EDM process were gradually
increased to obtain surfaces with increasing roughness [30]. The R, (R;) values
increased from 5.1+1.0 nm (0.1+£0.1 um) for untreated electrodes to 198.3£19.1 nm
(2.2+£0.2 pym), 347.6£15.5 nm (3.3£0.2 ym) and 681.6+127.8 nm (5.3+0.7 um) for
treated electrodes with low, medium and high roughness machining settings,
respectively. Figure 2(a) also shows the 2D/3D surface profiles of the electrodes
exhibiting an initial surface waviness associated with the untreated electrodes,
which was subsequently transformed into rougher sub-microscale surface
topographies using micro-EDM. In addition to the optical surface profiles, the SEM
images of the treated electrodes showed the uniform formation and distribution of
signature surface craters caused by the local heating, (partial) melting and
evaporation of the glassy carbon electrode within the discharge gap, Figure 2(b).
The average size of the craters appeared to increase with increasing the
roughness machining settings, and with the inside of the craters exhibiting a
relatively smoother finish compared to their periphery, as shown in the insets. It is
also noteworthy that larger craters obtained at higher power settings of the micro-
EDM process appeared to contain smaller craters. Moreover, Figure 2 (c) presents
the contact angle measurements carried out on the free surfaces of untreated and
treated glassy carbon electrodes. Although the contact angles were slightly
decreased from 88.5°£1.8° for untreated electrodes to 71.2°£3.2°, 77.4°+2.7° and
73.6°+2.2° for treated electrodes with low, medium and high roughness machining
settings, respectively, micro-EDM did not present a significant impact on the
hydrophilic properties of the electrodes.

-Please insert Figure 2 here-

Figure 3 presents the chemical analyses of the free surfaces of untreated and
treated glassy carbon electrodes using EDX and Raman spectroscopy. The EDX
spectra showed that the free surfaces of all electrodes consisted purely of carbon,
verifying that no impurities were incorporated onto the electrodes surface during
the micro-EDM process. For instance, no traces from the tungsten carbide
electrode used in the micro-EDM process were detected on the surface.
Furthermore, the Raman signature of a typical sp®>-bonded carbon material was
observed for all untreated and treated glassy carbon electrodes. The Raman
spectra illustrated the presence of a typical G peak (~1582 cm™) corresponding to
the E,g phonon (quantum of energy or quasiparticle that here in the case of an
inelastic scattering of photons (Raman) is associated with the vibration of the
crystal lattice), which is due to the primary in-plane vibrational mode of the sp?
carbon atoms [31-38]. All electrodes also showed the presence of a primary D
peak (~1338 cm™) together with its second-order overtone, 2D peak (~2676 cm™).
The D peak is linked to structural disorders and therefore requires defects for
activation while the 2D peak is typically always present — although their origin is



not yet clearly understood [31-38]. The D and 2D Raman peak positions are
dispersive and dependent on the excitation energy (laser wavelength) [37,38].

-Please insert Figure 3 here-
3.2 Bioelectrocatalytic performance

Figure 4 illustrates the current density output as a function of time for all
untreated (control) and treated glassy carbon electrodes in Reactor #1. All curves
represent the average current of two replicate electrodes. These
chronoamperometric curves exhibited a similar trend for all untreated and treated
electrodes, with similar maximum current densities with respect to their projected
surface area (0.51+0.10 mA.cm-2). These results show that the current density
output was not affected by the sub-microscale surface roughness topographies of
glassy carbon anodes. Interestingly, the surface roughness was found to have
slightly influenced the onset of current production, where it had delayed the current
onset of treated rough glassy carbon electrodes in comparison to the untreated
(control) electrodes. The control electrodes started to generate a current density of
minimum 10 pA cm™ at about 31+1.5 hour just before the rough electrodes at
about 38+1.5 hour — this suggested that surface roughness may have slightly
affected the initial attachment of bacteria.

-Please insert Figure 4 here-
3.3 Characterization of electro-active biofilms

Figure S2 shows the cyclic voltammograms (CV) of the EABs on all untreated
(controls) and treated glassy carbon electrodes. The resulting CVs were
comparable to those reported in previous studies for both mixed -cultures
dominated Geobacter spp. and pure culture Geobacter sulfurreducens biofilms
[39].

Figure 5 presents the confocal microscopy images of the EABs for all untreated
and treated glassy carbon electrodes. Figure 6 presents the biovolume of the
biofilms. The average maximal thicknesses of the biofilms were 30£8 pum, 395
pm, 3010 um and 31+5 pum for untreated glassy carbon electrodes, L, M and H,
respectively. This showed an excellent reproducibility across all electrodes. The
biovolume (um?), in terms of the average biovolume per unit of the projected area
of the electrode (um?), varied between 27.95+6.69 um?® for H and 39.33+6.36 pm?
for L. Finally, the thickness and the biovolume results showed that the sub-
microscale roughness topography of the anodes presented no significant impact on
the biovolume of the biofilms.



The 3D confocal images of the biofilms showed the presence of cavities on the
surface of the biofilms, Figure S3 and Figure S4. The average biofilm surface
cavity depth increased slightly from 7.4+0.4 um for the untreated glassy carbon
electrodes to 15.5+0.5 um for the electrodes with the highest surface roughness,
H.

-Please insert Figure 5 here-

-Please insert Figure 6 here-

4 Discussion

4.1 Sub-microscale surface roughness does not impact the
attachment of bacteria to the glassy carbon anodes in mixed
culture

According to Flint et al., the size of the electrode surface features should be
similar to the bacteria to favor entrapment of the microorganisms and/or to provide
them with suitable anchoring sites [16]. At a smaller scale, it has been assumed
that bacteria could distort to increase the contact of the microbial surface close to
the biofilm support, i.e. the electrode in the present case [13] [8]. This phenomenon
would imply an increase in binding energy expense for bacteria [13], as microbial
surface deformation costs elastic energy. Therefore, such surface features could
cause an energy cost to bacteria and decrease the biofilm electroactivity. This
could reduce the ability of the bacteria to attach to the nanoscale surface features,
limit the possibilities for bacteria to sense the surfaces and prevent them from
attachment [13]. However, evidence of this still has to be revealed with bacteria.
Therefore, bacterial ability to respond to sub-microscale surface features could be
less efficient than on a smooth surface. Furthermore, the cell membrane features
could contribute to the attachment of bacteria to the electrode as already shown in
previous studies with other bacteria and archea [40,41]. Due to their small size and
their motility, the bacterial cell membrane features, including flagellae and pili,
would play an important role in this context.

4.2 Sub-microscale surface roughness does not impact biofilm
biovolume and current production

Several studies observed an increase of current production of microbial
electrodes by adding or forming nanoscale features on the surface [11,12]. In the
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particular case of nanoparticle addition, not only the surface topography, but also
the chemistry is modified. The increase in the specific surface area together with
the chemical modification of the surface may have contributed to the increase in
current production. In our study we used micro-EDM that offers a unique ability to
modify the roughness of glassy carbon electrodes in a controlled fashion without
altering their surface chemistry.

Our results indicated that the electrochemical performance and the volume of
biofilm attached per projected area are not substantially affected by the sub-
microscale surface roughness of the glassy carbon electrodes. Previous studies
with pure cultures highlighted an increase of surface current production due to
surface roughness. Ye et al. showed that increasing the surface roughness of
glassy carbon electrodes from 10 nm to 100 nm in pure cultures significantly
enhanced Shewanella oneidensis biofilm electrochemical performance [42]. At a
higher microscale level, increasing the surface roughness from 2 um to 4 um
increased the current by a factor of 1.6 for Geobacter sulfurreducens on a cathode
[14]. Such high roughness values at the microscale level were achieved by
sandblasting the surface of the electrodes and the biofilm was obtained via
polarizing the electrodes for 8 days (only during the early stages of the biofilm
development), whereas in our study we easily obtained a thick mature biofilm after
3 cycles with successive additions of 24 mM acetate. Additionally, although
Geobacter Sulfurreducens is considered a model bacterium for anodic biofilms,
Pons et al. used it as a microbial cathode, which requires other metabolic
pathways. Moreover, contrary to the aforementioned studies, Pocaznoi et al.
reported that surface roughness of 5 um produced on stainless steel electrodes did
not impact the current output of mixed culture biofilms [15].

Our findings on the lack of impact at the sub-microscale level are in accordance
with an earlier study reported by Pocaznoi et al., who worked with mixed cultures
on stainless steel surfaces with roughness ranging from smooth to 5 um [15].
However, our study focused on a smaller sub-microscale roughness (<1 pm) on
glassy carbon surfaces. Taken together, these studies strongly suggest that
modifying the surface roughness of electrodes at a sub-microbial-scale would not
lead to higher current production.

4.3 Sub-microscale surface roughness does not impact the
electron transfer across biofilms

We used double potential step chronoamperometry (Figure 7) to determine the
charge transport parameter (CXDappllz) for the different EABs. Their values are very
similar regardless of the electrode surface roughness, and they are comparable to
previous studies [25]. Notably, the charge transport parameter (CxDappl/2)
appeared to be slightly lower for the untreated (control) electrodes compared to the
rough treated electrodes. As the composition, charge density,
hydrophobic/hydrophilic and lipophobic/lipophilic nature of a surface, the
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roughness could also have influenced biofilm functioning [9,43]. No significant
impact of sub-microscale surface roughness ranging from 198.3+19.1 nm to
681.6+127.8 nm was observed on the electron transfer across biofilms. Increasing
the roughness range might be interesting for future studies to assess the impact of
roughness on the charge transport parameter.

-Please insert Figure 7 here-

4.4 Sub-microscale surface roughness impacted the biofilm
surface topography

The calculation of the total percentage coverage of the first 10 stacks of the
confocal biofilm images (i.e. first 20 um) on top of the biofilm, showed a decrease
of the Top 20 um layer volume fraction with the increase of the roughness. This
suggests the impact of a sub-microscale roughness on the topography of the
biofilm surface. The measurement of the depth of those cavities obtained at the top
of the biofilms showed that cavity depth can reach up to approx. 15 um for the
highest electrode roughness in comparison to approx. 7 um for the control
electrode (C) (Figure S3). In a previous study, Pons et al. observed that roughness
induced a clustering effect of microorganisms on the electrodes surface [14].
Considering the fact that the biofilm was 8 days old in the case of Pons et al., our
results are in accordance with their work as the cavities and bumps obtained on
the surface of the biofilms could be the result of an amplification of this
phenomenon after several cycles of growth of the biofilm until a mature stage.
Furthermore, Pons et al. studied a different range of roughness values (from 2 um
to 4 um) and a cathodic biofilm with a Geobacter Sulfurreducens pure culture,
which is different from our study in mixed culture on an anode. Very recently, in the
same research team, Champigneux et al. [44]_shown that a nanoscale roughness
(Ra=4,5nm) induced a colony patterning at the early stage of biofilm colonization
on a pure culture geobacter sulfureducens anodic biofilm. More generaly, it is
established, with non-EAB, that aside from the surface chemistry, the sessile
bacteria, during the adhesion, react to surface topography. Especially, at a
macroscale level, they adhere preferentially to the bottom of cracks rather than on
outer surfaces [8]. Whitehead et al. showed that during the attachment phase, a
number of bacteria are localized on or in the topographical features for surfaces
pits from 200 nm to 2 pum [13]. This study showed that increased surface
roughness would contribute to a clustering effect on an EAB that would not only
affect the adhesion phase but also the mature biofilm configuration.

5 Conclusion

This study investigated the effect of several sub-microscale surface roughness
topographies on a mixed culture anodic biofilm in terms of electroactive
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performance, biomass production and biofilm topography. Our results showed that
bacterial attachment, current production, charge transport parameter and biomass
formation are not affected by the sub-microscale surface roughness of glassy
carbon electrodes. However, an impact was observed on the surface topography of
the biofilms with the emergence of cavities at higher surface roughness values.
Such surface cavities may be due to the bacterial clustering effect on the rough
surfaces; yet, the physiological impact of this effect is still unclear.
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9 Figures captions

Figure 1: Reactor design. This disposal contains 8 glassy carbon working electrodes, a
stainless-steel mesh as a counter electrode and a reference electrode (Ag/AgCl). (a) Scheme of the
reactor. (b) Photo of the 8 glassy carbon electrodes surrounding the counter electrode
compartment. (c) Photo from the top of the reactor.

Figure 2: Surface physical properties of untreated (control) and treated glassy carbon
electrodes: Surface roughness measurements and roughness topography using white light
interferometry, (a), scanning electron micrographs of the surface morphology illustrating the uniform
formation and distribution of signature surface craters with dotted circles highlighting the average
size of the craters and that they increase with the power settings of the micro-EDM process (top row
scale bar: 10 um; bottom row scale bar: 2 um; bottom row inset scale bar: 200 nm), (b), and contact
angle measurements, (c). C = Control, L = Low roughness machining settings used during micro-
EDM, M = Medium roughness machining settings used during micro-EDM, H = High roughness
machining settings used during micro-EDM, and e = energy index used during micro-EDM.

Figure 3: Surface chemical properties of untreated (control) and treated glassy carbon
electrodes: energy dispersive X-ray spectroscopy of all electrodes confirming the presence of pure
carbon electrode materials, (a), Raman spectroscopy showing the Raman signature of a typical sp*-
bonded carbon material with G, D and 2D Raman peaks for all untreated and treated glassy carbon
electrodes, (b). C = Control, L = Low roughness machining settings used during micro-EDM, M =
Medium roughness machining settings used during micro-EDM, H = High roughness machining
settings used during micro-EDM, and e = energy index used during micro-EDM.

Figure 4: Representative chronoamperograms recorded for electrodes of different roughnesses.
Obtained from reactor #1.

Figure 5: Confocal laser scanning microscopy images of EABs. The images show the top of the
biofilms and two cross sections of the EABs grown on the control electrode and electrodes L, M and
H.

Figure 6: Biofilms Characterizations and Current densities. (a) Top 20 um layer volume fraction
(%) corresponding to the top 20 pm of the biofilm surface. The percentage of the biovolume
decreases while roughness was increased, highlighting the appearance of pits on the highest
roughness produced on the glassy carbon electrodes. (b) Average maximal current density for each
electrode roughness tested in the 2 reactors, and specific biovolume (per unit of projected ym2 on
the electrode) obtained for each roughness tested. Error bars representing two standard deviations
(n = 6). The specific biomass was calculated with the program COMSTAT (plugin added to ImageJ).

Figure 7: Charge transport parameters of the EABs. The value (CXDa,,,,”Z) illustrates the ability of

EABs to transport electron across their conductive matrix.

25



Highlights

No impact of sub-microscale surface roughness on the attachment of bacteria
in EABs

Current production in EABs independent of sub-microscale surface roughness
No impact of sub-microscale surface roughness on electron transfer across
biofilms

No impact of sub-microscale surface roughness on the biovolume in anodic
biofilms

Emergence of microscale pits on the biofilm surface due to sub-microscale
roughness
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