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A Re-evaluation of Electron-Transfer Mechanisms in
Microbial Electrochemistry: Shewanella Releases Iron that
Mediates Extracellular Electron Transfer

Joseph Oram and Lars J. C. Jeuken*®

Exoelectrogenic bacteria can couple their metabolism to extra-
cellular electron acceptors, including macroscopic electrodes,
and this has applications in energy production, bioremediation
and biosensing. Optimisation of these technologies relies on
a detailed molecular understanding of extracellular electron-
transfer (EET) mechanisms, and Shewanella oneidensis MR-
1 (MR-1) has become a model organism for such fundamental
studies. Here, cyclic voltammetry was used to determine the
relationship between the surface chemistry of electrodes
(modified gold, ITO and carbon electrodes) and the EET mech-
anism. On ultra-smooth gold electrodes modified with self-as-
sembled monolayers containing carboxylic-acid-terminated
thiols, an EET pathway dominates with an oxidative catalytic

1. Introduction

Microbial electrochemical systems (MESs) interface exoelectro-
genic microbes to electrodes and exploit them for useful appli-
cations, such as biosensing, bioremediation, chemical synthesis
and energy production.? Unfortunately, the performance of
MESs, especially for energy production, is relatively low." The
general approach to increase the performance of MESs is to
engineer the microbe and/or the electrode surface to increase
electron transfer (ET) efficiency. This requires a detailed funda-
mental understanding of extracellular electron transfer (EET),
and species from the Geobacter and Shewanella genus have
been studied extensively for this purpose.®* Geobacter sp.
generally yield higher current densities in MESs, but as obligate
anaerobes, stringent culture conditions are required. In con-
trast, Shewanella sp. are facultative anaerobes, so exposure to
oxygen is not detrimental and, as such, are easier to handle.
Shewanella are also capable of transferring electrons to an un-
matched array of terminal acceptors, making them an attrac-
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onset at 0.1 V versus SHE. Addition of iron(ll)chloride enhances
the catalytic current, whereas the siderophore deferoxamine
abolishes this signal, leading us to conclude that this pathway
proceeds via an iron mediated electron transfer mechanism.
The same EET pathway is observed at other electrodes, but the
onset potential is dependent on the electrolyte composition
and electrode surface chemistry. EET pathways with onset po-
tentials above —0.1V versus SHE have previously been as-
cribed to direct electron-transfer (DET) mechanisms through
the surface exposed decaheme cytochromes (MtrC/OmcA) of
MR-1. In light of the results reported here, we propose that the
previously identified DET mechanism of MR-1 needs to be re-
evaluated.

tive choice for mechanistic studies in respiration, including EET.
One of the most studied strains, Shewanella oneidensis MR-
1 (MR-1) is both a model organism for EET mechanistic studies
and a candidate organism for use within some of the proposed
MES applications.”

Three distinct mechanisms have been proposed for MR-
1 EET in MESs (Figure 1): 1) direct electron transfer (DET) be-
tween outer membrane cytochromes (MtrC/OmcA) and elec-
trodes;® 2) long-ranged DET through conductive “wires”

MtrC
| OmcA
— MtrB
S—MtrA

MR-1 Periplasmic space

Figure 1. Overview of the three proposed mechanisms for MR-1 ET to elec-
trodes. Electrons are passed onto the outer membrane spanning the
MtrCAB/OmcA complex. From the MtrCAB/OmcA complex, ET to electrodes
can occur directly with or without bound flavins as cofactors (1), through
long-ranged DET involving wires formed by extrusions of the outer mem-
brane and periplasm (2), or MET by flavins (3).
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formed by extrusions of the outer membrane and periplasm,”’
in which electrons are thought to “hop” between the cyto-
chromes that decorate these membrane extrusions;® 3) medi-
ated electron transfer (MET) achieved through self-secreted
redox mediators, in particular riboflavin (RF) and flavin mono-
nucleotide (FMN), which shuttle electrons between the outer
membrane cytochromes and electrodes.” FMN and RF have
also been proposed to act as co-factors for MtrC and OmcA, re-
spectively, in a DET mechanism."”

Whole-cell (invivo) electrochemical studies of MR-1 have
been performed on a variety of electrodes, ranging from gold
and indium tin oxide (ITO) to carbon-based electrodes,™"'?
and a range of potentials have been reported for MET via fla-
vins (between —0.25 and —0.13 V)**® and DET via MtrC/OmcA
(between 0 and +0.4 V)."%'23 The potentials reported for the
DET mechanism are unexpected, as they are significantly
higher than the decahemes MtrC and OmcA (between —0.4 to
0V), which are thought to be the last step in the DET path-
way." This increased potential measured in vivo has been at-
tributed to differences in the micro-environment at the mi-
crobe/electrode interface.”

The relevance of the different EET pathways in MES is under
debate, with strong arguments for both MET and DET as the
dominant pathway.*"' There is also significant variation in
the reported redox potentials assigned to DET through MtrC/
OmcA, as summarised in Table 1. This variation might be attrib-
uted to the different electrode materials used, but little is
known about their surface properties and influence on MR-1s
interaction with them. Recently, Artyushkova et al."® modified
gold electrodes with different self-assembled monolayers
(SAMs) and found that changing the electrode surface proper-
ties leads to significant differences in the morphology and cur-
rent output of the bacterial biofilm. The EET mechanism to the
different modified surfaces was not investigated by Artyushko-
va et al. Here, we adapted the approach of Artyushkova et al.
to investigate the effect of surface properties on MR-1 EET
mechanisms. Ultra-smooth gold electrodes were modified with
SAMs terminated with different functional groups to alter the
electrode surface charge. MR-1 was then grown on the SAM-
modified gold electrodes along with pyrolytic carbon and ITO
electrodes, and the EET mechanisms were studied with
voltammetry.
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2. Results

Rough, predominantly carbon-based electrodes are generally
desired for MESs, as they exhibit large electrochemical surface
areas for microbes to interface with, enabling higher currents
and thus performance. In contrast, here we have employed
ultra-smooth gold electrodes to enable the assembly of well-
formed, uniform SAMs with reproducible surface characteristics
that result in low capacitances, enabling sensitive voltammetric
studies of the EET mechanism. Furthermore, to prevent compli-
cations in the analysis, owing to trace elements and other
redox-active small molecules, a minimal electrolyte of 20 mm
MOPS, 30 mm Na,SO, and 10 mMm sodium lactate was used in
the majority of experiments.

MR-1 was first grown overnight, anaerobically in lysogeny
broth (LB) supplemented with lactate and fumarate. The bacte-
ria from the overnight culture were subsequently washed to
remove growth medium and added to the electrochemical
cells fitted with gold electrodes modified with SAMs of either
pure 8-mecaptooctanol or a mixture of 8-mercaptooctanol and
8-mercapto-octanic acid. Both electrodes have hydrophilic sur-
faces, but the surface of the latter also has a negative surface
charge. From here on, these electrodes will be designated as
neutral and negative electrodes, respectively.

To encourage respiration with the electrodes, lactate was
used as the sole carbon/electron source and the electrodes
were poised at +0.25V. After approximately 3h, catalytic
waves were observable with onsets that differed significantly
between the two electrode surface types (at —0.2 and +0.1V
for the neutral and negative electrodes, respectively; Figure 2),
confirming that the surface chemistry has a profound effect on
the mechanism by which MR-1 transfers electrons to electro-
des. When pyrolytic carbon electrodes were used, catalytic cur-
rents were much lower, but two oxidative signals were ob-
served with onsets at —0.2 and +0.1 V (Figure S5), suggesting
each onset is caused by a different EET mechanism and that
the pyrolytic carbon electrodes can support both. Catalytic cur-
rents observed at an onset of about —0.2 V are commonly ac-
cepted to originate from an EET mechanism via flavins, either
as freely diffusing electron mediators or bound as co-factors to
outer membrane cytochromes.**"" As expected, when either

Table 1. A sample of the different experimental conditions used in MR-1 EET studies and the corresponding potentials ascribed to MR-1 DET.
Working WE potential during Growth conditions in EC cell Potential assigned to Ref.
electrode biofilm attachment DET through MtrC/OmcA
(WE) [V vs. SHE] [V vs. SHE]
5X-AQ carbon +0.24 Shewanella basal medium (salts, minerals, vitamins and ca. 0 [12]
15 mm lactate) buffered with 100 mm HEPES (centred around)
carbon felt —0.1 50 mm PBS, 100 mm lactate, 30 mm fumarate (for initial +0.2 [11]
adaptation to respire on electrode) (onset of oxidation)
ITO +04 DM containing 10 mM lactate, de-aerated with N,, 30°C +0.05 [6]
(midpoint potential)
carbon rod +0.4 minimal media (MM) including 18 mm lactate +0.13+£0.017 [4]
(formal potential)
glassy carbon +0.24 LB prepared in 50 mm sodium phosphate buffer (pH 7.2) ca. 0 [25]
(onset of oxidation)
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Figure 2. Cyclic voltammograms (CVs) of MR-1 grown on TSG modified with
SAMs of either pure 8-OH (neutral surface, —) or mixed 8-OH:8-COOH
(negative surface, ——), after incubation with MR-1 (0D ,n20.3) in 10 mm
lactate, 20 mm MOPS, 30 mm Na,SO,, pH 7.4 at +0.25 V for approximately
22 h. Baselines measured before incubation with MR-1 for TSG electrodes
modified with SAMs of 8-OH:8-COOH (——) and 8-OH (-----). All scans start
at the immersion potential E=0V. Scan rate=0.01Vs™".

RF or FMN was added, the catalytic wave retained the same
onset potential, but the current increased.

To determine why different onset potentials were observed
with neutral and negative electrodes, the electrochemical be-
haviour of flavin was determined with both electrodes. The re-
action of riboflavin on neutral electrodes is reversible, indicat-
ing rapid ET, (Figure 3), whereas the electron exchange be-
tween riboflavin and negative electrodes (Figure 3) is indicative
of a quasi- or irreversible ET reaction. The absence of an effi-
cient ET reaction between flavin and negatively charged sur-
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Figure 3. CVs of 10 um RF, 20 mm MOPS, 30 mm Na,SO, (pH 7.4) on TSG
electrodes modified with SAMs of either pure 8-OH (neutral surface, —) or
mixed 8-OH:8-COOH (negative surface, ——). Baselines measured before in-
cubation with RF for TSG electrodes modified with SAMs of 8-OH:8-COOH
(——) and 8-OH (-----). All scans start at the immersion potential E=0 V.
Scan rate=0.1Vs™".
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face electrodes limits a flavin-mediated EET pathway and likely
gives rise to the observed prevalence of an alternative EET
pathway at higher potentials.

Similar, higher potential onsets have previously been report-
ed in the literature on carbon and ITO electrodes, and the EET
pathway is proposed to be DET through MtrC/OmcA.*'*'3
However, as discussed in the Introduction, the redox potentials
of MtrC and OmcA do not overlap with the onset potential of
the “high-potential” EET pathway. Therefore, further investiga-
tion into this alternative EET pathway was carried out. First, we
tested whether the higher potential redox wave could be at-
tributed to a redox compound released by MR-1 into the elec-
trolyte. After growth on a negative electrode for about 23 h,
the contents of the electrochemical cell were extracted and
the electrolyte was separated from the bacteria by using cen-
trifugation and 0.22 um filtration. The filtered electrolyte was
then analysed by using a fresh electrode (Figure 4). Important-
ly, the cyclic voltammogram shows redox signals at the same
potential as the high-potential EET pathway, suggesting that
this EET pathway involves a mediator.
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Figure 4. CVs of the growth medium used to grow MR-1 for approximately
23 h in a MES setup after removing MR-1 through centrifugation and filtra-
tion (0.22 um), using a TSG electrode modified with a mixed SAM of 8-OH:8-
COOH (negative surface, ——). Baselines measured before incubation with
the growth medium (——). All scans start at the immersion potential E=0 V.
Scan rate=0.01 Vs~

In an effort to identify the redox-active compound, the fil-
trate was analysed with LC-MS without success. To test if the
redox-active compound was a cytochrome, the electrolyte was
filtered through a 3 kDa cut-off filter. However, the redox-
active compound passed through the filter, suggesting a mo-
lecular weight below 3 kDa. By elimination, we speculated the
redox-active compound was an inorganic compound, most
likely iron. Cyclic voltammograms of iron at negative electro-
des (Figure 5) show a reversible ET reaction at the same onset
potential as the high-potential EET pathway; whereas, with
neutral surface electrodes (Figure S1), almost no redox signal is
obtained. Importantly, lactate causes a large change in the Fe
reduction signal, leading to a more reversible CV (Figure 5). It

3 © 2016 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 5. CVs of 6.2 um FeCl, in 20 mm MOPS, 30 mm Na,SO, (pH 7.4) on

a TSG electrode modified with a mixed SAM of 8-OH:8-COOH (negative sur-
face) before (——) and after addition of 6 mm lactate (——). Baselines mea-

sured before addition of FeCl, ( ). All scans start at the immersion poten-
tial E=0V. Scan rate=0.01Vs™".

should be noted that the reduction potential and voltammetry
characteristics of Fe-lactate are remarkably similar to the non-
turnover invivo signals described in the literature as DET
through MtrC/OmcA %2

To further confirm whether the high-potential EET pathway
observed on negative electrodes originates from iron-based
MET, deferoxamine was added. Deferoxamine is a siderophore
that strongly chelates free iron, but is unable to dissociate iron
from cytochromes such as MtrC and OmcA. Indeed, the addi-
tion of deferoxamine almost obliterates the high-potential EET
pathway, leaving the smaller catalytic wave caused by flavin
MET unaffected (Figure 6). A control CV of the Fe-deferoxa-
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Figure 6. CVs of MR-1 (ODggg nm = 0.55) in 10 mm lactate, 20 mm MOPS,

30 mMm Na,SO, (pH 7.4), measured directly after addition of MR-1 (——), after
23 h incubation at 4-0.25 V (SHE, —) and after addition of 14 um deferoxa-
mine and a further 30 min at 0.25 V (——), using a TSG electrode modified
with a mixed SAM of 8-OH:8-COOH (negative surface). Baselines measured
before addition of MR-1 (——). All scans start at the immersion potential
E=0V. Scan rate=0.01Vs™".
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mine complex confirms that this complex does not give rever-
sible voltammetry signals on negatively charged electrodes
(Figure S2). It is important to note that deferoxamine only
complexes Fe", but under aerobic or micro-aerobic conditions
facilitates “auto-oxidation” of Fe" to Fe", as it influences the
Fe'/Fe" redox equilibrium."” The results reported here were re-
corded under micro-aerobic conditions. Under strict anaerobic
conditions (0,<0.1 ppm using a glove box), it was observed
that deferoxamine did not significantly affect the high-poten-
tial EET pathway, which we attribute to the reducing condi-
tions, decreasing the ability of deferoxamine to complex iron.
Importantly, under these strict anaerobic conditions, addition
of 90 um EDTA was still able to obliterate the high-potential
EET pathway.

To rule out the possibility that deferoxamine is toxic to MR-
1, an experiment was performed in which deferoxamine was
added to MR-1 grown on a neutral SAM with exogenous RF
(Figure S3). No effect was observed upon deferoxamine addi-
tion, nor was an effect observed upon prolonged incubation
(>30 min), confirming that deferoxamine, at the concentra-
tions used here, has no detrimental effect on MR-1.

SAM-modified gold electrodes are not typically used in
MESs, nor are supplemented MOPS buffers used as growth
medium. For this reason, the experiments were repeated with
more typical electrode materials, pyrolytic carbon and ITO,
along with defined media (DM) as the growth medium. During
incubation with MR-1, cyclic voltammetry was performed to
examine the bacterial EET. On ITO electrodes, a high-potential
signal is observed with an apparent midpoint potential of ap-
proximately 4+ 50 mV alongside a catalytic wave corresponding
to flavin MET. This high-potential signal was, again, confirmed
to originate from soluble iron upon the addition of deferoxa-
mine (Figure 7). For a better comparison between ITO and
SAM-modified gold electrodes, experiments were also per-
formed with MOPS buffer supplemented with lactate and
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Figure 7. CVs with an ITO electrode after incubation with MR-1 at +0.4 V
(SHE) for 21 h in DM medium before (—) and after (—) addition of

27 um deferoxamine and a further 30 min incubation at +0.4 V (vs. SHE).
Baselines measured before addition of MR-1 (——). All scans start at the im-
mersion potential E=0 V. Scan rate=0.01 Vs~
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a holding potential of +0.25V (Figure S4). Under these condi-
tions, the apparent midpoint potential of soluble iron on ITO
was approximately + 130 mV. Interestingly, the redox potential
of high-potential peaks/signals on ITO (Figure 7) is shifted in
the negative direction with respect to the negative gold (Fig-
ures 6 and S2) and pyrolytic carbon electrodes (Figure S5).
Redox potentials of soluble iron are expected to depend on
the electrolyte composition, as many anions have the propen-
sity to coordinate to iron. Many media contain lactate, which
will coordinate to iron, but additional factors such as pH will
strongly influence the reduction potential. Furthermore, the
surface properties of the electrode material will influence the
interfacial ET kinetics, which can alter the onset of a catalytic
wave.

3. Discussion

Artyushkova et al. previously performed a detailed study, in
which the influence of the surface chemistry of SAM-modified
gold electrodes on biofilm formation with MR-1 was investigat-
ed by using electrochemistry, confocal and electron microsco-
py."® Positively charged (amine-terminated SAMs) and hydro-
philic (hydroxy-terminated SAMs) surfaces were found to pres-
ent the most uniform biofilms. Importantly, as observed here,
negatively charged surfaces (carboxylic-acid-terminated SAMs)
were also found to support biofilm formation, although the
films were more heterogeneous. In contrast to the work of Ar-
tyushkova et al., who used SAMs of pure mercaptoundecanoic
acid to create negatively charged surfaces, here a mixture of 8-
mercapto-1-octanol and 8-mercaptooctanoic acid (57:43 ratio)
was used.

EET of MR-1 on hydroxy-terminated SAMs (neutral surface
electrodes) is dominated by MET with a reversible ET reaction
between the electrode and flavin. In contrast, on carboxylic-
acid-terminated SAMs (negatively charged surface electrodes),
ET from flavin to the electrodes becomes “sluggish” with
a quasi-irreversible ET behaviour. On these electrodes,
a second, alternative EET pathway becomes apparent at higher
potential. Here, we have shown that this high-potential path-
way is mediated by iron in solution. It is well known that MR-
1 can use iron as a terminal electron acceptor,"® and that iron
(e.g. ferricyanide) can mediate ET from bacteria to the elec-
trode." Importantly, however, catalytic waves and redox sig-
nals similar to those reported here have previously been as-
cribed to DET through MtrC/OmcA*'?'™ but this assignment
needs to be re-evaluated in light of the data presented here.

One principle reason for assigning the redox signals be-
tween 0 and 0.2 V to outer membrane cytochromes originates
from NO-ligation experiments.! When NO was introduced to
a biofilm of MR-1 grown on an ITO electrode, the signal at
+50 mV disappeared and a new signal at +650 mV was ob-
served. It was inferred that NO ligates with the hemes of outer
membrane cytochromes, causing a shift in their redox poten-
tial. However, this same result would also be consistent with
the fact that NO will ligate “free” iron in solution, raising the
redox potential of the iron complexes.
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The question of “what is the source of the extracellular iron”
remains. The medium in the electrochemical experiments con-
tained only buffer and lactate and can, therefore, be excluded
as a source. It is also unlikely that significant concentrations of
soluble iron were transferred when adding MR-1 to the electro-
chemical cells, as the MR-1 was washed twice in buffer prior to
transfer. Furthermore, if iron was transferred with MR-1, it
would have been immediately observable in the CV. Typically,
the catalytic wave or non-turnover redox signals were not ob-
served until more than 1 h incubation with MR-1. We, there-
fore, propose that iron is released from MR-1, either via active
release (as is thought to be the case for flavins) or as a result
of cell lysis. We propose that it is unlikely that MR-1 actively re-
leases soluble iron, as iron is an essential trace nutrient for MR-
1. The most likely cause of soluble iron accumulation is, there-
fore, cell lysis, where iron could be released from, for instance,
iron storage proteins®” into the electrolyte.

Although we cannot exclude DET as an EET pathway for MR-
1, we propose that the “alternative” high-potential signals are
caused by iron-mediated ET between MR-1 and the electrode.
We, thus, recommend that iron chelators, such as deferoxa-
mine, should be used to confirm or disprove DET mechanisms
in future characterisations of MESs.

The absence of clearly distinguishable redox signals that can
be ascribed to DET might question the extensive use of MR-
1 as a model organism for EET in MESs. However, it has been
shown that MR-1 is capable of significant DET to certain surfa-
ces in its natural habitat, such as haematite.”” Recently, there
has been substantial effort directed towards novel electrode
materials®? and surface modifications of established electrode
materials.”” New materials could result in more suitable surfa-
ces for DET with MR-1. DET is generally more desirable than
MET in MESs, even if the microbe produces its own redox me-
diators like flavins, as the electrolyte in a MES is frequently or
continuously replaced in certain applications. This would lead
to the constant loss of mediator, impairing the electrochemical
interaction between the electrode and microbes.

4. Conclusions

We have demonstrated that the surface properties of electro-
des significantly impact EET pathways of MR-1 in MESs. Hydro-
philic, non-charged electrodes (gold modified with hydroxy
terminated SAMs) show favourable electron-transfer kinetics
with flavin, enabling efficient ET between MR-1 and the elec-
trode, with flavin as a mediator. However, negatively charged
electrodes (gold modified with carboxylic-acid-terminated
SAMs) exhibit quasi- or irreversible electron transfer with fla-
vins, emphasising an alternative pathway, observable at higher
potentials of approximately 0.1 V versus SHE. This high-poten-
tial pathway has previously been ascribed to MtrC/OmcA DET,
but, through the addition of deferoxamine, we concluded that
the alternative high-potential pathway in our system is mediat-
ed by soluble iron, possibly released by lysing MR-1. Similar
iron-mediated EET could operate in other MESs, and this would
explain the wide variation in redox potentials reported in the
literature between groups using different electrodes and elec-
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trolyte solutions. The redox potential of iron is dependent on
its interactions with ligands in solution, for example lactate, as
well as the surface properties of the electrode material. We
urge future investigations to use mild iron chelators such as
deferoxamine to confirm DET mechanisms. Finally, for MR-1 to
be used in MES applications with high efficiency and per-
formance, an anode material will need to be developed that
promotes DET.

Experimental Section
Cultures and Media

All chemicals and materials were obtained from Sigma-Aldrich
unless otherwise stated. S. oneidensis MR-1 cultures were grown
aerobically in LB (30°C, 200rpm, 16 h) to an optical density
ODgoo nm > 1. This culture (1 mL) was used to inoculate LB (50 mL)
supplemented with 50 mm lactate and 25 mm fumarate in a 50 mL
falcon tube. The top of the tube was fastened shut and the culture
was grown overnight (0 rpm, 30°C). The bacteria reached a maxi-
mum ODgynm Of approximately 0.7 and pH of 6.25-6.30 before
growth ceased. The cells were pelleted by centrifugation (3220 g,
15 min) and washed twice with MOPS buffer (10 mL; 20 mm MOPS,
30 mm Na,SO,, pH7.4) before re-suspension in MOPS buffer
(5 mL). The washed MR-1 was stored at 4°C and used as soon as
possible (within 1-2 h) for electrochemical experiments.

DM contained the following ingredients (per litre): 1.5g NH,CI
(Melford), 0.1 g KCI (BDH laboratory supplies), 0.625g Na,HPO,
(Melford), 0.213 g Na,SO, 0.103 g CaCl,-2H,0 (Fisher Scientific),
0.095 g MgCl, (ACROS organics), 1.51 g PIPES, 2 mL trace minerals
solution and 10 mL vitamin solution. In addition to this, lactate
was added to a concentration of 10 mm. The pH of DM was ap-
proximately 7.4, and it was sterilised by filter sterilisation (0.22 pm).

The trace minerals solution contained (per liter): 1g FeCl,-4H,0,
059 MnCl,-4H,0, 03g CoCl,6H,0, 02g ZnCl, 0.05g
Na,MoO,-2H,0 (ACROS organics), 0.02 g H;BO;, 0.1 g NiSO,6H,0,
0.002 g CuCl,;2H,0 (ACROS organics), 0.006 g Na,SeO;:5H,0 and
0.008 g Na,WO,-2H,0 (ACROS organics). The vitamin solution con-
tained (per liter): 0.002 g biotin, 0.002 g folic acid, 0.001 g B6 (pyri-
doxine) HCl, 0.005g B1 (thiamine) HCl, 0.005g B2 (riboflavin),
0.005 g nicotinic acid, 0.005 g pantothenic acid (Santa Cruz Bio-
technology), 0.005 g p-aminobenzoic acid, 0.005 g lipoic acid, 0.2 g
choline chloride and 0.001 g B12 (cobalamin) crystalline.

SAM-Modified Electrodes

Template-stripped gold (TSG) electrodes were prepared as de-
scribed previously.*” To form the SAMs, TSG glass slides were incu-
bated in H,0O (1 mL) with 1 mm thiol, that is, either 8-mercapto-1-
octanol (8-OH) or a 57:43 mixture of 8-OH and 8-mercaptooctanoic
acid (8-COOH). Slides were incubated in the thiol solution at 4°C
for at least 16 h. Prior to use, the electrodes were washed with iso-
propanol and dried under a stream of N..

Electrochemistry

In general, for electrochemical experiments, a bespoke, glass,
single-chamber electrochemical cell housed in a faraday cage was
used with a standard three-electrode setup. As the working elec-
trode, TSG (modified with a SAM) or ITO was embedded in a polyte-
trafluoroethylene (PTFE) holder with a rubber O-ring seal (exposing
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an electrode area of 0.24 cm?). The working electrode was placed
in the electrochemical cell along with a platinum-wire counter
electrode and a saturated mercury/mercury sulfate (Hg/Hg,SO,)
reference electrode (Radiometer analytical, France). All potentials
were converted with respect to a standard hydrogen electrode
(SHE), using +651 mV versus SHE for the Hg/Hg,SO, reference
electrode. MOPS buffer, continuously purged with argon, was used
as the basal electrolyte solution for all experiments, unless stated
otherwise. For a typical experiment, washed MR-1 was added to
the electrochemical cell to ODgy ,, = 0.45. Sodium lactate was then
added from a 200 mm stock solution to a final concentration of
10 mM (acting as the sole electron/carbon source for bacterial res-
piration). To promote EET to the working electrode, the electrode
was poised at +0.25V (vs. SHE). At various time points, the inter-
action of bacteria on the SAM-modified electrodes was probed
with cyclic voltammetry. Small variations to this general method
are detailed, where relevant, in the Results section. In some experi-
ments, a DM was used instead of MOPS buffer as the basal electro-
lyte solution.

Electrochemical experiments with pyrolytic graphite edge (PGE)
electrodes followed the same experimental method as described
for TSG electrodes, but required a different experimental setup. A
bespoke, two-chamber, glass electrochemical cell housed in a fara-
day cage was used with a standard three-electrode setup. The PGE
working electrode (geometrical area ca. 0.24 cm? was inserted,
along with a platinum-wire counter electrode, into the main cham-
ber and a saturated mercury/mercury sulfate (Hg/Hg,SO,) reference
electrode was inserted into the side chamber. The two chambers
were interconnected with a narrow glass tube, allowing for the dif-
fusion of electrolytes between the two chambers.

Electrochemical measurements were obtained by using an Autolab
electrochemical analyser (Ecochemie, Utrecht, Netherlands)
equipped with a PGSTAT 128N potentiostat, SCANGEN and
ADC750 modules, and FRA2 frequency analyser (Ecochemie). Cyclic
voltammetry measurements were routinely carried out by holding
the potential at OV for 5s before cycling between +0.4 and
—0.4 V (vs. SHE) at a scan rate of 10 or 100 mVs™". All electrochem-
ical experiments reported here were performed at 20°C.

Supernatant Analysis

MR-1 with ODgy y =0.25 was incubated for approximately 22 h in
MOPS buffer (2 mL) with 10 mm sodium lactate on a 8-OH:8-COOH
(57:43) mixed SAM-modified TSG electrode, which was poised at
+0.25V (vs. SHE). To separate the cells from the supernatant, the
contents of the EC cell were centrifuged at 4500 g and filtered
through a 0.22 um polyethersulfone (PES) filter. The filtered super-
natant was analysed by using voltammetry with fresh TSG electro-
des that were prepared as described above.
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