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Abstract:

Geobacter sulfurreducens is the model organism for electroactive microorganisms performing direct
extracellular electron transfer and forming thick mature biofilm electrodes. Although numerous
physiological properties of mature biofilm electrodes are deciphered, there is an extensive gap of
knowledge on the early-stage biofilm formation. We have shown recently that transparent gold-
palladium (AuPd) electrodes allow for analysis of early-stage biofilm formation using confocal laser
scanning microscopy. Here we analysed the influence of thickness (ranging from 12.5 to 200 nm) and
roughness of AuPd electrodes on physiological parameters of G. sulfurreducens early-stage biofilms. We
show that when grown potentiostatically at -200 mV vs. Ag/ AgCl sat. KCl neither maximum current
density (jmax of ~ 80-150 pA cm2) nor lag time (lag t of ~ 0.2-0.4 days) or single cell yield coefficients (Yxe
of 1.43 x 102 cells mol..?) of the biofilms are influenced by the electrode preparation. This confirms the
robustness of the experimental approach, which is an inevitable prerequisite for obtaining reliable
results in follow-up experiments.

Key words:

Microbial electrochemical technology, Geobacter, electroactive microorganism, yield coefficient,
confocal laser scanning microscopy
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Introduction:

Electroactive microorganisms (EAM) utilize solid-state materials as terminal electron acceptors (TEA),
which is known as extracellular electron transfer (EET). TEA include, for instance, minerals formed of Fe
(111), Mn (1) or Mn (IV) [1] as well as anodes made of metal or carbon. When anodes are serving as TEA,
they provide an immediate link between the intracellular metabolic electron flow and the external flow
of electric current. The two main modes of EET are direct EET and indirect (or mediated) EET. Both modes
allow for EET between microorganisms and solid-state materials as well as in between microorganisms.
The latter includes, for instance, direct interspecies electron transfer (DIET) that was shown for the first
time in co-cultures of Geobacter metallireducens and Geobacter sulfurreducens. Here, ethanol served as
electron donor and was utilized by Geobacter metallireducens, while fumarate served as final electron
acceptor and was utilized by Geobacter sulfurreducens. Both microorganisms were metabolically coupled
via DIET [2-4]. Geobacteraceae are one, if not the family of model organisms for EAM utilizing direct EET,
including Geobacter sulfurreducens, that is certainly the most extensively studied EAM [5]. For direct EET,
a physical contact between the outer membrane cytochromes, and hence G. sulfurreducens cells, and the
electrode is required which leads to the formation of biofilms thereon. The anode biofilms formed by G.
sulfurreducens are up to 100 um thick and of high electrical conductivity [6,7]. Many details of EET of G.
sulfurreducens are deciphered, for instance the proteins and cytochromes being mainly involved [8—-11].
Yet, surprisingly, basic physiological information about the “sessile” living style of G. sulfurreducens as
anodic biofilm is still unknown.

For a systematic physiological assessment of EAM parameters such as kinetics of growth and yield
coefficients (Yne) have to be determined. With this information available, growing electroactive biofilms
at electrodes will allow for a systematic characterization and comparison of different EAM. Further, it will
allow both, i) the comparison between different EAM when using an electrode or other TEA, and ii)
benchmarking the metabolic performance of EAM while growing at electrodes at the identical conditions.
Noteworthy, several studies already focused on the determination of these parameters for EAM, but their
majority did so using TEA other than electrodes [12]. For example, Brown et al. reported yield coefficients
of G. sulfurreducens growing on acetate or hydrogen as electron donor and Fe(lll) as TEA [13]. It is clear
that growth in planktonic culture is a very different living style and environment than as biofilm electrode.
The scarcity of the physiological information for biofilm electrodes can be assigned to the fact that these
are usually not accessible with available techniques. For instance the required primary information is
foremost the cell number or biomass that is routinely measured as optical density for instance at 600 nm
(ODeoo). Yet, measuring ODgsoo of the solution hosting a G. sulfurreducens biofilm anode will provide no
useful information, as almost all cells are embedded in the biofilm. Thus, methods are required to
determine either biomass, intended as the combination of cells and matrix of exopolymeric substances
(EPS) or cell number per area of electrode. Biomass determination, in terms of biomass dry weight, is one
of the most common parameters [14-16]. Microscopy can serve as a means to measure biomass and to
guantify cells on electrodes. Here, invasive and non-invasive microscopy needs to be distinguished. In the
first case extensive sample preparation is required, preventing in vivo or even online analysis, like for
scanning electron microscopy. Other, non-invasive, methods include optical microscopy, fluorescence
microscopy, confocal laser scanning microscopy (CLSM) or confocal Raman microscopy (CRM) [17], and
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allow for in vivo analysis of the respective specimen [18]. However, apart from CRM, that is based on
chemical markers being intrinsic to only some microorganisms, these often require electrode materials
being sufficiently transparent as well as electrically conductive. These requirements limit the choice of
materials significantly and thus indium tin oxide (ITO) [19] and fluorine doped tin oxide or transparent
gold-based materials are the most widespread transparent electrode materials. In our previous study, we
have shown that the cell number of early-stage biofilms of G. sulfurreducens growing on transparent gold
palladium (AuPd) anodes can be well estimated via the biovolume, which can be assumed as a more
precise measure in comparison to biofilm thickness, considering especially non uniform biofilms [20]. This
allows to determine single cell yield coefficients (Yne), expressed in number of cells per moles of electrons
(cells mole.?) transferred to the electrode and to evaluate how this parameter is influenced by the applied
anode potential. Thus, the question arises, to which extent the electrode properties influence the
microbial physiology. Therefore, in this study the influence of different thicknesses of the AuPd layers as
well as the chemical polishing of the electrodes with Fenton reagent [21,22] on the physiology of early-
stage biofilms of G. sulfurreducens was evaluated.

Materials and methods:

All chemicals were of at least analytical grade and were supplied from Carl Roth GmbH (Karlsruhe,
Germany) and Merck KGaA (Darmstadt, Germany). De-ionized water (Millipore, Darmstadt, Germany)
was used to prepare the sterile microbial media, substrate and buffer solutions. All potentials provided
in this article refer to the Ag/AgCl sat. KCl reference electrode (+197 mV vs. standard hydrogen
electrode, SHE).

2.1. Microorganism and cultivation media

Geobacter sulfurreducens was precultured in minimal medium containing 0.13 g L' KCl, 0.31 g L' NH4Cl,
2.69 g L't NaH,P04xH,0, 4.33 g LY Na,HPO,, 12.5 mL L? of trace metal, 12.5 mL L of vitamin solutions
[23-26]; 20 mM acetate and 40 mM fumarate were added as the electron donor and electron acceptor
respectively. For the electrochemical experiments 5 mM of acetate was added to the minimal medium
as the only electron donor and no fumarate was supplied. To ensure anaerobic conditions the medium
was purged with nitrogen gas for 30 min prior to use.

2.2. Electrochemical experiments: Setup, equipment and biofilm cultivation

All electrochemical experiments described in this study were performed in a double chamber 250 mL
four-neck round-bottom flasks (Lenz Laborglas GmbH & CO.KG, Germany) using transparent AuPd
working electrodes (WE) with a surface area of 3.75 cm?as anodes, as previously described [20] (see
Scheme 1), a graphite rod as counter electrode (5 mm diameter, exposed surface of 4.12 cm?, CP
Handels GmbH, Wachtberg, Germany) and an Ag/AgCl sat. KCl as reference electrode (+197 mV vs. SHE,
SE 11 Xylem Analytics Germany Sales GmbH & Co/Meinsberg Sensortechnik GmbH, Germany). The WE
were prepared with different AuPd layer thickness and surface chemical treatment (see section 2.4). The
electrical connections were made from stainless steel wires (0.6 mm diameter, Goodfellow GmbH,
Friedberg, Germany), being tin soldered on the WE and inserted into counter electrode. All the
connections and wires were insulated with epoxy resin (HT2, R&G Faserverbundwerkstoffe, Germany)



105 and shrinking tube (Shrink-kon®, ABB, Germany) and the resistance of each electrode was measured
106 using a digital multimeter (Voltcraft, VC270, Germany). The graphite counter electrodes were treated
107 prior to use with sand paper (P220, Vitex, VSM), then rinsed with 80 % Et-OH and de-ionized water. All
108  electrodes were tightly inserted through chloroprene stoppers (Deutsch & Neumann GmbH, Germany).
109 The counter electrode was located in a 15 mL cathodic chamber, containing sterile minimal medium
110  without the addition of acetate. The cathodic chamber was physically separated, but ionically connected
111  to the anodic chamber via a cation exchange membrane (fumasep®FKE, Fumatech, Bietigheim-
112 Bissingen, Germany). The assembled reactors were sterilized by autoclaving, except for the electrodes.
113  Counter and reference electrodes were sterilized in Beckmann solution (625 mL of 99% Et-OH and 6.25
114 mL of concentrated H,SOq filled to 1 L with deionized water) for 30 min and the WE were sterilized with
115 UV light (30 min per side). The reactors were filled with 240 mL sterile mineral medium containing 5 mM
116  acetate as electron donor and inoculated with 10 mL of a 72 h old G. sulfurreducens preculture (ODgoo™
117  0.6-0.7). The reactors were operated potentiostatically (MPG-2, Bio-Logic Science Instruments, Claix,
118 France) using chronoamperometry at -200 mV. Temperature and stirring were controlled at 30°C and
119 150 rpm, respectively. Biofilm cultivation was performed in accordance to our previous study [20] for at
120 least 12 days, in addition cultivation for 16 h was performed to assess very early-stage biofilm
121 formation.
122 The maximum current densities (jmax) Normalized per anodic geometric surfaces (being pA cm™2) were
123  calculated after 12 days of cultivation. The lag time (/ag t), being the time expressed in days needed by
124  the biofilms for delivering a current density of 1 pA cm, was gained from the combined data sets for
125  cultivating biofilms for 16 h and at least 12 days.
126 2.3 Preparation and electrochemical, electric and optical characterisation of AuPd electrodes
127  The transparent AuPd WE were prepared as previously described [20]. In brief, microscopy glass
128 coverslips 20 mm x 20 mm (art.no. 7695024, TH Geyer, Germany) were sputter-coated with 10 nm of
129 Chromium (sputter target from AEM deposition) as adhesion layer and subsequently with a layer of
130  AuPd (Leica Target GoldPalladium 80/20%, DN 54 x 0.17 mm, 99.99%, 17.9 g cm?, Art. nr. 167715691,
131 Leica Mikrosysteme Vertrieb GmbH, Wetzlar, Germany) of different thickness, namely 12.5, 25, 50, 100
132  and 200 nm (see Scheme 1B) using a sputter-coater (Leica EM SCD 500). The thickness was measured
133  during the sputter-process with a calibrated quartz monitor (EM QSG100 Quartz Crystal Film Thickness
134 Monitor). The electrical resistance of each electrode was measured before each experiment (see Table
135 1). Further, cyclic voltammetry (CV) in 10 mM K4Fe(CN)s x3H,0 (in minimal medium) was performed on
136 each electrode before (abiotic, blank) and after each experiment (in the presence of biofilm) from -500
137  mV to +800 mV with a scan rate of 50 mV s (see supplementary information, Figure S1)
138  To assess the light transmission UV-VIS spectrum was recorded between 220 nm and 800 nm
139  (photolLab® 6600 UV-VIS series) (see supplementary information, Figure S2).
140 Table 1: Measured resistance, surface grain diameter (see supplementary information), lag t and jmax of
141 the AuPd electrodes with n providing the number of independent replicates.

Electrode R** [/ O Grain diameter* / nm lag t **/d Jeax™**/ uA cm™? Ef**/ mV

AuPd 12.5 nm 95.07  23.55 (n=7) 10.89 + 0.06 (n=3) 0.38 + 0.27 (n=7) 135.21 + 36.45 (n=4) -329.58 + 26.28 (n=6)

AuPd 25 nm 35.69 +3.88 (n=7) 12.92 +0.17 (n=4) 0.24 £0.26 (n=7) 83.68 £19.12 (n=4) -327.11 4 23.54 (n=7)



AuPd 50 nm 17.37 + 4.47 (n=7) 12.91 +0.22 (n=4) 0.30 £0.21 (n=7) 163.14 + 25.59 (n=4) -327.66 £ 20.07 (n=7)

AuPd 100 nm 8.35 + 2.07 (n=6) 13.39  0.28 (n=4) 0.30 + 0.24 (n=6) 154.22 + 20.90 (n=3) -311.90 * 59.28 (n=>5)
AuPd 100 nm + Fenton 7.37 £1.01 (n=3) 12.31+£0.78 (n=11) 0.38 £ 0.33 (n=3) 162.67 + 40.37 (n=3) -316.35 £ 16.06 (n=3)
AuPd 200 nm 4.57 +0.90 (n=6) 15.18 + 0.38 (n=3) 0.42 + 0.24 (n=6) 159.60 + 28.64 (n=3) -300.59 + 33.69 (n=6)
142 *: average and standard error from the analysis of at least three FE-SEM pictures made on the same electrode in three different fields-of-view.
143 ** Combined data from biofilm experiments lasting 16 h as well as at least 12 days.
144 *** Data from biofilm experiments lasting at least 12 days.
145
146 2.4 Chemical polishing of AuPd electrodes with Fenton reagent
147  Chemical polishing with Fenton reagent of AuPd WE with 100 nm AuPd thickness layer was performed
148 according to Nowicka et al. [22,21]. Therefore, the Fenton reagent was prepared always freshly and the
149 AuPd electrodes were treated for 30 min; afterwards, they were rinsed with deionized water and
150  utilized for biofilm cultivation (see section 2.2).
|
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152 Scheme 1: (A) electrochemical double chamber batch reactor with a transparent AuPd electrode as
153  working electrode (WE) (1), a graphite rod as CE (2) and an Ag/AgCl sat. KCl as RE (3); (B) transparent
154 AuPd WE with different thickness of the AuPd layers (12.5 nm, 25 nm, 50 nm, 100 nm and 200 nm); (C)
155 surface treatment of AuPd electrodes with Fenton reagent.
156 2.5 Chemical analysis
157  The acetate concentration was analyzed before and after each batch cultivation experiment for the
158 determination of coulombic efficiencies (see supplementary information, Figure S3). For that, a high-
159  performance liquid chromatograph (HPLC, Shimadzu Scientific Instruments, Kyoto, Japan) equipped with
160 a photodiode array detector (SPD-M20A prominence, Shimadzu Scientific Instruments, Kyoto, Japan), a
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Hi-Plex H column (300 mm x 7.7 mm ID, 8 um pore size, Agilent Technologies, Santa Clara, USA) and a
pre-column (Carbo-H 4 mm x 3 mm ID, Security Guard, Torrance, Phenomenex) were used. Isocratic
elution at 65 °C with 5 mmol L'? H,SO4 (0.01 N) as eluent was set at flow rate of 0.6 mL min™* for 30 min.
Peak identification and calibration of acetate was carried out with external standards (5.33 mg L™ to
861.24 mg L}, six point calibration; R? = 0.99). All measured concentrations were within the range of the
calibration curve. Prior to analysis samples were centrifuged at 15700 rcf for 3 min and filtered with a
0.2 um PTFE filter (VWR international, Germany).

2.6 Field-Emission Scanning Electron Microscopy analysis

Microscopic imaging of as-prepared electrodes as well as biofilm over-grown ones was performed with a
Zeiss Merlin VP Compact (Carl Zeiss Microscopy, Oberkochen, Germany) field-emission scanning
electron microscope (FE-SEM) equipped with the software SmartSEM for image acquisition. The nano-
texture of the as-prepared electrodes was investigated without any further preparation at a
magnification of 80,000X and an electron acceleration voltage of 10 kV. The beam-current amounted to
approx. 250pA. The biofilms on the electrodes were investigated at a magnification of 2,000X. Because
of the low electron-density of the bio-matter a lower electron acceleration voltage of 2kV was chosen
here in order to be more surface-sensitive and avoid cells to appear semi-transparent in the
micrographs.

In order to maintain the structural integrity of the microbial cells the biotic electrodes, i.e. early-stage
biofilm electrodes after 16 h of electrode polarization, were fixed in 5 mL of 2 % glutaraldehyde solution
for 1 h in the dark, then rinsed with deionized water and dehydrated in growing concentrations of
ethanol (30 %, 50 %, 70%, 80%, 90% and 100 %; 5 min per each concentration) and subsequently air-
dried prior to electron microscopy imaging.

2.6.1 FE-SEM image analysis of abiotic electrodes

The grain-sizes of the surfaces of the as-prepared electrodes with differently thick AuPd-coating were
analyzed by imaging at least three fields-of-view by FE-SEM. The “naked” surface of the electrodes
showed a grainy texture (see supplementary information, Figure S4 and Figure S5).The micrographs
were then analyzed with the well-known image-processing software ImageJ (Image) 1.45s, Java
1.8.0_202, 32-bit). Briefly, the micrographs were imported as image sequence and calibrated to physical
length units. Subsequently the image sequence was duplicated and a Gaussian Blur filter with a Sigma
(Radius) of 20 was applied to the duplicates. After conversion to 32-bit precision the original images
were then divided by the blurred ones in order to remove the background. Segmentation was carried
out by thresholding, with the option “dark background” selected and applying “watershed”. This
separated the grains such that the function “analyze particles” (10 nm>2-infinity) could be used for
counting and binning them. The calculated grain diameter per electrode is shown in Table 1.

Per each field-of-view one average grain surface value is obtained. The grain diameter is then calculated
assuming a circular grain area and the values reported are the averages and standard error coming from
at least three fields-of-view.
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2.6.2 FE-SEM image analysis of early-stage polarization electrodes (16h)

For each of the biofilm-overgrown electrodes three biological replicates were investigated by FE-SEM in
order to determine the areal cell-density. Per electrode at least nine micrographs were acquired and
analyzed. As before image analysis was performed with the software Imagel. Again the images were
imported as image sequence and the background was subtracted. For that the function “Subtract
Background” was employed using a rolling ball radius of 1000 px and the option “Light background”.
Segmentation was carried out by B&W thresholding with the options “Calculate Threshold for Each
Image” and “Black Background” selected, and using the function “Watershed” to segment the attached
cells. Finally, cells were counted with the function “Analyze Particles” using particle sizes from 100 px? to
infinity. Cells on the edges were excluded from counting and the “Outlines” function was used for
checking the accuracy of the cell counting. From each set of at least nine micrographs averaged real cell
densities (cells per cm?) are calculated and used for the calculation of the reported areal cell densities
(dcen) and their standard deviations that are shown in Figure 1. Representative micrographs are shown in
Figure S6. The chronoamperometry of the early-stage polarization electrodes (16h) is available in the
supplementary information (see Figure S7).

2.7 Confocal laser microscopy and calculation of single cell yield coefficients

The WE were analyzed with CLSM as previously described [20]. Briefly, after each electrochemical
cultivation the WE were carefully transferred in petri dish with the biofilm facing to the top and covered
by a staining solution containing 475 plL of minimal medium and 25 pL of SYTO-9 (ThermoFischer®,
Germany). After 15 min of incubation in the dark the biofilm anodes were washed three times with fresh
minimal medium (500 pL per each washing step) and mounted on a dip slide (TH Geyer, Germany). A
Zeiss LSM 710 NLO confocal laser microscope (Jena, Germany) equipped with a 488 nm laser line for the
excitation of SYTO-9 was used for image acquisition. Stacks of images were taken with a Plan
Apochromat 10X/0.45 W objective and an Axiocam 503 color. 3D image reconstruction and analysis
were performed with IMARIS (version 8.2.0, dec 15, 2015, build 38,338 for x64, Bitplane AG, Zurich,
Switzerland). Single cell yield coefficients expressed in cells per mole"? (Yne, Eq. 1), are calculated as
previously described assuming that the presence of eDNA in the EPS is negligible and thus not affecting
the fluorescence signal significantly [9,10].

Yye = slope X F (1)

with slope as the angular coefficient of the linear regression on data points plotted as produced charge
density (g, being C cm™) on x axis and the cell density (dce, being cells cm?) on y axis and F as the
Faraday constant (96,485 C mol..2).

2.8 Statistical analysis

All reported experiments were performed at least in biological triplicate. Average values and standard
deviations are reported with n in brackets as the number of independent replicates. Analysis of variance
(ANOVA-one way) was applied for checking, if the slightly differences observed in Figure 1, regarding the
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cell density calculation on the AuPd electrodes were significant (a=0.01); and Tuchey test (a=0.01) was
applied for comparing the means of the observed jmax and for checking if they significantly differed.

3. Results and discussion:

3.1 The influence of different AuPd thickness on lag time and maximum current density

Figure 2A shows the results of the chronoamperometric cultivation of G. sulfurreducens at - 200mV in
double chamber electrochemical reactors. No significant difference in terms of maximum current
densities (jmax) and lag phases (lag t) was observed amongst electrodes with different AuPd layer
thicknesses. One may argue that the different ohmic resistance of the electrodes (see Table 1) may
impact the electrochemical performance. However, it is of note that all experiments were conducted
under potentiostatic control and the maximum potential gradient across the entire electrode is
calculated to be 71 mV (for 12.5 nm thick electrodes at 200 uA cm™). As Table 1 summarizes, the
observed lag t were constant at a ~ 0.2-0.4 days. Also no significant difference could be observed for the
jmax, Which were of about 150 pA cm™. A slight difference, being not significant when using Tuchey test
(a=0.01), was only found for the AuPd 25 nm electrodes, which exhibited a jmax of 83.68 + 19.12 pA cm™.
These values are higher than the 17.23 + 23.30 pA cm™ that we reported in our previous study for G.
sulfurreducens grown at the applied anode potential of -200 mV in double chamber reactors at AuPd 25
nm electrodes [20]. Also the lag t significantly decreased from 6-7 days to 0.2-0.4 days. These
differences could be explained by the 2.5 times higher volume to surface area ratio in this study. In
addition to the surface thickness, the effect of chemical polishing of AuPd electrodes with Fenton
reagent was analyzed. According to Nowicka et al. [22,21] the treatment of gold surfaces with Fenton
reagent yields a fully polished, absolute smooth surface. The chemical polishing was exemplary studied
at 100 nm AuPd electrodes, as unpolished these possess a comparable high grain surface diameter of
13.39 + 0.28 nm (see Table 1) and still a sufficient transparency that would allow also optical microscopy
(see Figure S2). The polished 100 nm AuPd electrodes exhibited an only slightly grain surface diameter
of 12.31 £ 0.78 nm (see Table 1). Thus, as can be expected and as Figure 2B shows also in case of the
chemically polished electrodes no significant difference could be observed. As summarized in Table 1
the jmax and lag t were 162.67 + 40.37 pA cm™2and 0.38 + 0.33 days respectively, which are not
significantly different from the values obtained for untreated 100 nm AuPd (jmax of 154.22 + 20.90 pA
cm?; lag t of 0.30 + 0.24 days). This confirms that further polishing in the sub-micron level does neither
influence the biofilm performance nor EET thermodynamics. However, we speculate that the effect of
chemical polishing might be more pronounced for rougher or even 3D-structured gold electrodes, e.g.
using micro-pillar structures [27]

The results differ to some extent with literature. For instance, Liu et al. [28] showed that for an anode
potential of +242 mV vs. SHE (that is +43 mV vs Ag/AgCl sat. KCl) G. sulfurreducens started the current
production after 10-30 hours (~0.42-1.25 days) and yielded a jmax of ~1600 pA cm for Au array
electrodes and of ~400 uA cm for rectangular Au electrodes within the first 140 hours of growth (5.83
days). Here, the obtained results are more comparable to the rectangular Au electrodes; however, we
observed values of jma.x being approximately 3 times lower. This difference can be explained by the more
positive applied anode potential of Liu et al. [28], the 6 times higher concentration of acetate of 30 mM,
but especially the utilization of a single chamber system. In comparison to the here used double



275  chamber system, in single chamber systems hydrogen produced at the counter electrode is available for
276  the biofilm at the anode and hence can be further utilized as source of electrons by G. sulfurreducens
277 [5,29,20].

278 In addition to that no influence could be observed in the formal potential (£¢) of the EET, which
279 remained constant at -300 to -330 mV (see Table 1) as already shown [30,31]. The observed coulombic
280 efficiencies were well in line with literature (see supplementary information, Figure S3).
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282 Figure 1: Box plot showing the cell density determination of very early-stage biofilms (16 h) of G.

283  sulfurreducens on 12.5 nm (blue), 25 nm (cyan), 50 nm (magenta), 100 nm (orange) and 200 nm (dark
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288 Figure 2: Chronoamperometric cultivation at -200mV of G. sulfurreducens in double chamber
289  electrochemical reactors using different working electrodes (WE): (A) AuPd with thickness of 12.5 nm



290
291
292
293

294

295
296
297
298
299
300
301
302

303
304
305
306
307
308
309
310
311
312
313
314
315
316
317

318

(blue line, n=4), 25 nm (cyan line, n=4), 50 nm (magenta line, n=4), 100 nm (orange line, n=3) and 200
nm (dark green line, n=3); and (B) AuPd with thickness of 100 nm being chemically polished using Fenton
reagent (dashed orange line, n=3) (see section 2.4), for comparison untreated electrodes (continuous
orange line) are shown. Shadowed areas indicate standard deviations.

3.4 Single cell yield coefficients

Neither the kinetics of biofilm growth, as shown above, nor the electrochemical reversibility of the
redox probe ferri/ferro-cyanide was influenced by the electrode preparation (see cyclic voltammetry in
supplementary information, Figure S1). Thus, the question that needed to be answered was, if the
metabolic efficiency is influenced by the electrode material. As expected, by increasing the thickness of
the AuPd layer the light transmission of the electrodes decreased. Optical microscopy is possible for
thicknesses of up to 100 nm. Yet, for all materials it was possible to apply confocal laser scanning
microscopy (CLSM), if the excitation laser is hitting directly the biofilm and the microscope objective is
located to the biofilm side (see section 2.8).

Single cell yield coefficients were calculated using CLSM (see section 2.7). Figure 3A shows the charge
density to cell density plot for all tested electrode materials as well as one data point from our previous
study for the same conditions [20]. As no significant difference was observed, the data from this study
was pooled for further calculations as Figure 3B shows. The pooled data led to single cell yield
coefficients of 1.43 x 10*? cells mol..!, which is in good agreement with previous studies (see Table 2).
Note, that possible effects by EPS are neglected here.

To increase comparability with literature and to shed light on very early-stage biofilm formation we
guantified the cell density of G. sulfurreducens on electrodes polarized for only 16 h. This was possible
by means of field-emission scanning electron microscopy, as shown in Fleg et al. [32]. The results of this
analysis can be observed in Figure 1. As expected no significant difference of cell density was observed
for the tested electrode materials with 1.0-1.5 x 107 cells cm™ of electrode area at a charge density of
0.03-0.13 C cm™ (see also red inset in Figure 3A).

The cell densities calculated from this analysis were included in Figure 3A, B for single cell yield
coefficients determination and shown separately in Figure S8, representing the red marked area in
Figure 3A.
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Figure 3: (A): charge density to cell density plot of G.sulfurreducens grown in double chamber reactors at
the applied anode potential of -200 mV (vs Ag/AgCl sat. KCl) indicating data coming from [20] in violet,
AuPd 12.5 nm electrodes (blue points), AuPd 25 nm electrodes (cyan points), AuPd 50 nm (magenta
points), AuPd 100 nm (filled and empty orange points respectively) and AuPd 200 nm electrodes (dark
green points). A zoomed view of the red region in A, which show the data points calculated from the
early-stage polarized biofilms (16 h), is available in Figure S8. (B): data points from (A) from the different
AuPd thickness electrodes pooled together (brown points) and from [20] (violet points). Linear
regression is applied for the determination of single cell yield coefficients, according to section 2.8.
Error bars indicated the standard error coming from the biofilm volume determination in three different
areas of the same electrode. The empty cyan data point in (A), which correspond to the empty brown
data point in (B) is excluded from the linear regression as for technical reasons just one picture could be
acquired.

Table 2: Yield coefficients of G. sulfurreducens grown on transparent AuPd electrodes in double
chamber reactors calculated according to section 2.8.

E/mV  Yne/cells mole-  Standard Error (SE), Yne/cells mole- r Adj. Reference

1 1 R2
-200 | 1.43 x 1012 1.52 x 1011 0.86 0.73 this study
200 1.15 x 1012 8.83 x 1010 0.98 0.95 [20]
Conclusions:

In this study we showed that different thicknesses ranging from 12.5 nm to 200 nm of AuPd electrodes
as well as their chemical polishing using Fenton reagent:

i) Does not influence the electrochemical performance parameters (jmaxand the lag t) as well
as the formal potential of the extracellular electron transfer (E;) of early-stage biofilms of G.
sulfurreducens;

i) Does not impact the physiology of formation of early-stage of G. sulfurreducens biofilm
anodes in terms of cell density dcei and Yne , which remains comparable to the yield
coefficients we calculated in our previous study [20].
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Optical microscopy can be applied to AuPd electrodes with thicknesses of up to 100 nm (see
supplementary information, Figure S2), while CLSM or any kind of fluorescence microscopy can be
applied also for thicker layers of AuPd, if the objective and the excitation laser are facing the biological
specimen (cells, biofilms).

Thus, we conclude that AuPd electrodes are very useful and promising material allowing a robust and
unbiased growth and analysis of G. sulfurreducens biofilms. Thus, these need to be further exploited, for
instance for the determination of single cell yield coefficients of other biofilm-forming EAM. Therefore,
the here developed platform may serve as an excellent foundation, but specific features of the
metabolism and EET of these EAM must be taken into account. We further foresee their use to explore
the ecology of EAM, for instance studying the priority effect [33,34].
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