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The non-pathogenic p-proteobacterium Cupriavidus necator has the ability to switch between chemo-
organotrophic, chemolithoautotrophic and electrotrophic growth modes, making this microorganism a widely
used host for cellular bioprocesses. Oxygen usually acts as the terminal electron acceptor in all growth modes.
However, several challenges are associated with aeration, such as foam formation, oxygen supply costs, and the
formation of an explosive gas mixture in chemolithoautotrophic cultivation with Hp, CO, and O,. Bio-
electrochemical systems in which O is replaced by an electrode as a terminal electron acceptor offer a promising
solution to these problems. The aim of this study was to establish a mediated electron transfer between the anode
and the metabolism of living cells, i.e. anodic respiration, using fructose as electron and carbon source. Since
C. necator is not able to transfer electrons directly to an electrode, redox mediators are required for this process.
Based on previous observations on the extracellular electron transfer enabled by a polymeric mediator, we tested
11 common biological and non-biological redox mediators for their functionality and inhibitory effect for anodic
electron transfer in a C. necator-based bioelectrochemical system. The use of ferricyanide at a concentration of
15 mM resulted in the highest current density of 260.75 yA cm ™2 and a coulombic efficiency of 64.1 %.

1. Introduction can be exploited to produce valuable compounds such as a-humulene

[5] and biopolymers such as polyhydroxybutyrate (PHB) [6]. In addi-

Biotechnological processes are becoming increasingly efficient and
used in various industries, e.g. pharmaceuticals, wastewater treatment,
synthesis of fine and base chemicals, and energy production [1-3]. For
these processes, highly efficient microorganisms are a key element to be
economically viable. Among those organisms, Cupriavidus necator
(formerly Ralstonia eutropha) is demonstrating promise as a production
strain for several reasons. This Gram-negative, strictly respiratory
B-proteobacterium possesses the ability to utilize a wide range of carbon
sources such as fructose, organic acids, and glycerol in chemo-
organotrophic cultivation [4]. Furthermore, chemolithoautotrophic
cultivation of C. necator with “Knallgas” (H2/05) and CO; as feedstock

tion, C. necator is genetically amenable and appropriate genetic tools are
available [7,8].

A “Knallgas” mixture in conjunction with CO, represents a simple
and inexpensive feedstock, but can pose a significant explosion risk in
(large-scale) fermenters. Bioelectrochemical systems in which Oy is
replaced by an electrode as terminal electron acceptor offer a promising
solution to this problem [9-11]. Such systems could overcome the
limitations associated with O solubility and transfer while preventing
excessive foaming due to aeration. Moreover, using an electrode as the
terminal electron acceptor provides an inexhaustible electron sink,
which distinguishes it from molecular electron acceptors in general
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[10]. Microorganisms require an efficient electron transfer mechanism
that overcomes the non-conductive cell membranes. This so-called
extracellular electron transfer (EET) to and from an electrode can
occur via three principal routes. First, certain microorganisms are able
to attach directly to the electrode surface and can reversibly transfer
electrons between the electrode and the cell via a chain of redox-active
proteins that electronically connect the outer membrane and the cyto-
plasmic membrane. This mechanism is referred to as direct electron
transfer (DET) and only happens when cells are in the immediate vi-
cinity of the electrode surface and synthesize special redox-active pro-
teins. Geobacter sulfurreducens and Shewanella oneidensis, for example,
employ this mechanism for the dissimilatory reduction of solid Fe(III)
[12,13]. The other two possibilities involve soluble molecular redox
shuttles that do not necessarily require outer membrane cytochromes.
These can be molecules that are produced by the electrode or the or-
ganism and are oxidized/reduced only once (indirect electron transfer,
IET). This includes, for example, the electrochemical production of H, or
O, which C. necator can then use as electron donor/acceptor [5]. On the
other hand, shuttle molecules can be used that can undergo multiple
redox cycles and mediate the electron exchange between electrode and
organism (mediated electron transfer, MET). Here, shuttle-based elec-
tron transfer is not limited to the confined electrode surface, but can
occur throughout the entire volume of the bioreactor. Some of these
mediators can be produced endogenously by the microorganisms
enabling a constant supply of the shuttle molecule [14]. The addition of
artificial redox mediators to the culture medium can either support these
natural shuttles or enable EET in a non-electrogenic microorganism such
as Pseudomonas putida [15].

A variety of redox mediators (RM) offer the possibility of facilitating
EET between living organisms and an electrode. However, their selec-
tion must be carefully made based on factors such as redox potential,
molecular interaction site, inhibitory effects, and membrane perme-
ability [16]. Monitoring chromatic properties of the RMs using UV-vis in
the bioreactor allows a rapid assessment of the redox properties of the
different RMs in situ and provides insight on their suitability for efficient
microorganism-mediator interaction [15].

Proficient electronic extracellular interaction of C. necator with RMs
has already been demonstrated. For example, C. necator cultures grown
on 10 mM fructose showed enhanced aerobic PHB production in the
presence the RM poly(2-methacryloyloxyethyl phosphorylcholine-co-
vinylferrocene) recycled from an anode [17]. Nevertheless, the achieved
current density of ca. 6.5 uA cm ™2 was very low, since O, was intro-
duced as additional electron acceptor into the working electrode
chamber. In another approach using neutral red as RM and an applied
current of 10 mA, the PHB yield in a bioelectrochemical system (BES)
has been increased by cathodic supplementation of electrons [18].
Furthermore, chemolithoautotrophic photo-electro-cultivation has
recently been demonstrated by the addition of riboflavin, in which a
cathode acts as the sole electron donor [19]. This was even further
enhanced in a recent publication by Tu and co-workers [20]. Here, the
authors implemented the Mtr electron transfer pathway from
S. oneidensis together with a Gloebacter rhodopsin. The rhodopsin hereby
ensures a proton motive force while the Mtr pathway supplies electrons
for NAD reduction to drive CO» fixation to biomass. Additionally, flavins
have been artificially added to further facilitate the electron transfer.
However, “anodic respiration”, describing the anode acting as a terminal
electron acceptor, in the absence of Oy to mitigate explosion risks of
“Knallgas”-fermentation has not yet been demonstrated.

Recent advances suggest that artificial DET may be possible for
C. necator by introducing conductive pili or flagella-like structures
whose conductive properties have been enhanced by increasing their
aromaticity [21]. Although this might be a promising strategy, it has
been described that C. necator is unable to grow stable biofilms neces-
sary for DET [22]. RMs can circumvent this problem since MET does not
require biofilm formation.

Anodic respiration in C. necator has not been reported so far, and

Bioelectrochemistry 158 (2024) 108694

many RMs, including ferricyanide, phenazine methosulfate, or pyocya-
nin, cannot be added to the cell culture in large quantities because of
their inhibitory effect on microorganisms [23,24]. To investigate the
applicability of available RMs to C. necator, 11 RMs with different redox
potentials were characterized in this study for their inhibitory effects on
growing C. necator cultures. Since the anodic electron transfer should
not depend on the type of electron donor and limitations of mass transfer
by poorly soluble gases are undesirable, fructose was used as substrate
instead of Hy/COj in this study. Four of the most promising RMs were
then tested for their ability to support fructose-driven anodic respiration
of C. necator in a BES.

2. Materials and methods
2.1. Bacterial strains and chemicals

Cupriavidus necator PHB™4 [25] was used in all biotic experiments. All
chemicals used for this work were supplied by Merck KGaA (Germany),
VWR Chemicals (USA), Carl Roth GmbH & Co. KG (Germany), Alfa
Aesar (USA), or Sigma Aldrich (USA). The redox mediators (abbrevia-
tion, redox potential vs. SHE, purity) used in this study were methyl
viologen dichloride-hydrate (MV, —440 mV, 98 %), riboflavin (RF, -208
mV, 98 %), 2-hydroxy-1,4-naphtaquinone (HNQ, —140 mV, 97 %), 1,9-
Dimethyl-methylene blue (MB, 11 mV, 80 %), phenazine ethosulfate
(PES, 55 mV, >95 %), resazurin sodium salt (RES, 65 mV, 74 %),
phenazine methosulfate (PMS, 80 mV, >90 %), 2,6-dichloroindophe-
nole sodium salt hydrate (DCIP, 217 mV, 99 %), 3,4-dihydroxybenzalde-
hyde (DHB, 402 mV, 97 %), potassium ferricyanide (FEC, 416 V, >98
%), 2,2’-azino-bis(3-ethylbenzothiazoline-6-sulfonic acid) diammonium
salt (ABTS, 668 mV, 98 %), neutral red sodium salt (NR, —325 mV, >90
%), methyl red sodium salt (MR, 370 mV, 99 %), and menadione (MEN,
30 mV, >98 %) [26-29].

2.2. Media and culture conditions

C. necator precultures grew in 2.5 mL LB medium (10 g L! tryptone,
5 g L' yeast extract, 10 g L' NaCl) in cultivation tubes at 30 °C and 180
rpm. Cryo stocks were prepared by adding 25 % glycerol to an expo-
nential culture and subsequent freezing at —-80 °C. For BES precultures,
cryo stocks were first cultivated on LB agar plates (15 g L agar) and
incubated overnight at 30 °C. Liquid precultures were then prepared by
transferring one colony into a baffled 100 mL flask containing 20 mL LB
medium. After 24 h, baffled 1 L shake flasks filled with 200 mL MMasy
medium were inoculated with the exponential preculture to an ODgg of
0.1. MMasy medium contained 4 g ™! fructose as carbon and electron
source, 2.895gL! NayHPO,, 2.707 gL' NaH,PO4H,0, 0.94gL?
(NH4)2S04, 0.8 g L1 MgS04-7H,0, 0.097 g Lt CaS04-2H,0, 0.17 g L
K2SO0y4, and 0.1 % (v/v) of trace element solution. The trace element
stock solution consisted of 15 g L1 FeSO4-7H20, 2.4 g Ll MnSO4-H50,
2.4 g L'} ZnS0,-7H,0, 0.48 g L'l CuS04-5H,0, 1.8 g L} Na;MoO4-2H;0,
1.5 g L'! NiySO4-6H,0, and 0.04 g L1 CoSO4-7H,0 dissolved in 0.1 M
HCI [30]. The BES precultures were then incubated in an orbital shaker
at 180 rpm (2.5 cm orbit, Multitron, Infors, Bottmingen, Switzerland) for
48 h to ensure the stationary phase was reached before inoculating the
reactor.

To test the impact of RM on cell growth, cells were pre-cultured in
MMasy medium containing fructose for ~ 24 h until they reached op-
tical density (OD) values of 3.5-4.5 at 600 nm. The cells were washed
once with carbon-free MMasy medium and inoculated to an initial ODggg
of 0.5 in MMasy medium (4 gL fructose) for the growth experiment.
Cell growth was monitored in 96-well plates (Microtitration plates
ROTILABO® F-profile, Carl Roth). Each well contained 150 pL of MMasy
medium and serial dilutions of RM. For each experiment, a control
culture without RM was included. Breath-Easy® sealing membrane
(Sigma-Aldrich) was used to prevent evaporation. The OD was moni-
tored in a SPECTRAmax® 340PC microplate spectrophotometer with
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constant shaking and the OD was measured every twelve minutes. To
ensure the reliability of obtained OD values, the linearity of the SPEC-
TRAmax® plate reader was confirmed in the range from 0.1 to 1.5.

Interference of the RM absorbance with the OD measurements was
avoided by monitoring the OD at a wavelength where the RM absor-
bance is minimal or absent. The wavelengths used were 470, 600, and
800 nm. In addition, solutions of each RM concentration were included
in the measurements to subtract the respective blank values. Since the
pathlengths of a standard cuvette (1 cm) and the plate well are different,
the plate reader OD values were converted to a pathlength of 1 cm using
the factors 2.93 for ODggg, 2.45 for ODggg, and 3.13 for OD4yq for the
standardized representation of the growth curves. Growth curves shown
represent the average of three independent experiments (n = 3). To
relate RM concentration to growth rate, the ratio between growth rate in
the presence and absence of mediator (u;/up) was plotted against the RM
concentration.

In the dose-response graph, the IC50 indicates half the maximum
inhibitory concentration of inhibitor I by fitting the data with an equa-
tion based on previous work [31]. Since the data was normalised to
relative growth rates in the range from O to 1, the equation was
simplified as follows (Eq. (1). [I] is the concentration of the inhibitor
(here the RM), and b is the factor describing the steepness of the linear
part of the curve between 0 and 1.

i 1
fzib ¢))
0 1]
1+ (%)

The reduction of ferricyanide (FEC) was monitored in an independent
experiment by measuring absorbance at 420 nm in minimal medium
containing 3.75 mM FEC inoculated with cells to an ODgg of 0.5. Cell-
free minimal medium containing FEC was used for the blank. The
resulting absorbance values were converted to 1 cm pathlength by
multiplying by a factor of 2.23.

2.3. Bioelectrochemical system

The BES reactor (300 mL working volume, SR0400SS, Eppendorf
DASGIP, Germany) was set up as described in detail before [9] but
without the sparger. Instead, 99.999 % nitrogen was purged through the
reactor headspace at 45 mL min~! throughout the experiment to
maintain anoxic conditions. In short, a polished graphite rod, held in
place by a PTFE rod, with a length isolated to 80 mm and a diameter of 7
mm (Graphite 24, Germany) was used as working electrode in combi-
nation with a stainless-steel mesh electrode (1.4404, mesh size 0.1 mm,
wire diameter 0.065 mm, Jaera GmbH + Co0.KG, Germany) with a
geometrical surface area of 20 cm? as a counter electrode. The anodic
and cathodic compartment were separated from each other with a cation
exchange membrane (Nafion117, QuinTech, Germany), while the
cathodic compartment is made out of a glass tube with a thread on one
side and open on the other side holding 10 mL of cathode buffer (28.95
g L'l NagHPO,, 27.07 gL' NaH,PO4-H,0). As anodic buffer, MMasy
medium was used with 4 gL fructose as substrate. The applied po-
tential was controlled via a multi-channel potentiostat (MultiEmStat3+,
PalmSens, Netherlands) and Ag/AgCl (satd. KCl) reference electrodes
(Xylem Analytics, Germany). Additionally, the reactors were covered in
aluminium foil to exclude light-induced decomposition of the RMs.
Phenazine methosulfate (PMS) and ferricyanide (FEC) were added to the
reactor medium as concentrated stock solutions. 2-hydroxynapthaqui-
none (HNQ) and 2,6-dichloroindophenole (DCIP) are less soluble in
aqueous media and were therefore dissolved directly in the minimal
medium. An anodic overpotential of approximately 200 mV above the
oxidation potential of the respective RM was applied to ensure sufficient
driving force for mediator oxidation, resulting in the following applied
voltages: 697 mV for FEC, 497 mV for DCIP, 297 mV for PMS, and 197
mV for HNQ. The potentiostat used could not compensate for the ohmic
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drop due to the resistance between the working and reference electrode.
Nevertheless, the estimated resistance values of 8 to 24 Q in each
reactor, determined by double potential step amperometry, were
negligibly small compared to the applied overpotential. The pH was
controlled by pH sensors (Hamilton, Germany) together with Eppendorf
DASGIP pH and pump modules, feeding 2.5 M NaOH through the
headspace of each reactor. With this, a pH of 6.8 was kept in the anodic
compartment, while the cathodic chamber is uncontrolled.

2.4. Analytics

Culture samples were withdrawn from the reactors and centrifuged
at 16,900 x g and 4 °C for 5 min. The resulting supernatant was further
filtered through a 0.2 um PTFE filter for HPLC analysis. Fructose con-
centrations were determined using an Agilent 1200 high-performance
liquid chromatography system in combination with an Aminex HPX-
87H column (Bio-Rad Laboratories GmbH, Germany) and a refractive
index detector at 32 °C. The column was heated to 50 °C, and 5 mM
H,S04 at a flow rate of 0.5 mL min~! was used to isocratically elute the
analytes. Fructose standards were measured at seven concentrations
between0.1and 4 g L'}, and the corresponding peak area fitted by linear
regression (Figure S1).

The cell dry weight was determined by first centrifuging the entire
culture volume of the reactor at 4 °C and 3214 x g (Centrifuge 5810 R,
Eppendorf, Germany). The cell pellet was washed twice in pure water to
remove media components. Finally, the washed cells were weighed on a
scale equipped with a heating element (KP-7291, Kern, Germany) until
no water loss was measurable.

2.5. Mediator concentration and redox state

RM concentrations in the BES were determined by absorbance
measurements as previously described [9] at wavelengths 420 and 320
nm for FEC, 383 nm for PMS, 452 nm for HNQ, and 607 nm for DCIP.
Calibration was performed with 7 different concentrations at the char-
acteristic wavelength of the respective mediator (Figure S2).

2.6. Electrochemical analysis and calculations

The midpoint potential (Ey,) was determined as the average of anodic
and cathodic peak potentials using the equation Ep, = (Eox + Ered)/2.
Total mediator turnover number (TTN) and coulombic efficiency (CE) in
the BES were calculated as previously described [9] with the formula
TTN = Qanode/ (F*MmediatorZmediator)- With Q as the total charge trans-
ferred to the anode from the inoculation until the end of the experiment
in coulomb, F being Faraday’s constant (96485.3365C mol’l), Mnediator
the absolute amount of mediator molecules in mol, and Zpyegiator the
number of electrons that can be transferred by the mediator in one cycle.

The uncompensated resistance (R,) between the working and refer-
ence electrodes of the BES reactors was determined via a double po-
tential step chronoamperometry. Here, a potential step of 100 mV was
applied after a 10 s offset polarisation. The initial current of the potential
step was used to calculate the R, via Ohm’s law. Differential pulse
voltammetry (DPV) was carried out in the BES reactors with 50 mV
pulses for 300 ms between —800 and 600 mV vs. Ag/AgCl (saturated
KCD).

3. Results and discussion
3.1. Redox mediator impact on growth

To determine the appropriate RM concentrations for the application
in a BES, the impact of redox mediators on cell growth was first evalu-
ated. The mediators were chosen based on their redox potential in the
physiological range of —440 to + 668 mV, which allows both cathodic
electrosynthesis and anodic respiration within a BES. In this study, all
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redox potentials are given against the standard hydrogen electrode
(SHE). Neutral red, methylene red, and menadione could not be ana-
lysed, because of their poor solubility in aqueous solutions and, for the
same reason, not more than 90 uM of RF could be tested.

In the case of methylene blue, it was not possible to reliably deter-
mine the inhibitory concentration for growth as growth curves lack
completely the lag phase typically observed, and the cultures reached an
optical density (OD) of 1 in less than forty minutes, much faster than the
control culture without MB (Figure S3). Interestingly, this behaviour
was more pronounced with increasing MB concentrations. This could
imply a benefit for the cells, e.g. through additional respiratory capacity
due to MB reduction. However, since MB has been shown to be toxic for
certain bacteria [32], the OD increase might even be caused by cell lysis
and would thus not be based on cell number.

Initial experiments to determine if the initial OD of the culture after
inoculation affects the tolerance of the cells to the RM were performed.
C. necator cell cultures inoculated at an OD 0.5 were found to tolerate
higher RM concentrations than cultures inoculated at OD 0.1. This
behaviour was confirmed for FEC and DCIP but was not studied for all
mediators. Cells inoculated at an initial OD of 0.5 grow vigorously in the
presence of 15 mM FEC (Figure S4), whereas no growth was observed for
cells inoculated at an OD of 0.1. In the case of DCIP, growth was
observed for cells inoculated at an OD 0.5 in the presence of 2 mM RM,
whereas significant growth was noted for cells inoculated at OD 0.1 only
at 500 uM RM (Figure S4). Based on these results, it can be assumed that
for the same mediator concentration, lower cell concentrations are more
affected as each cell is exposed to a larger number of mediator molecules
compared to higher ODs. Hence, we decided to analyze the growth in-
hibition by RM at an initial OD of 0.5, since even higher cell densities
should be used in BES, but cannot be tested photometrically in situ due to
the limited linearity of the light scattering measurements.

To ensure that no substrate limitation occurred during the growth
experiment, it was first examined in the plate reader which substrate
concentration was sufficient by testing the fructose concentrations in
minimal medium of 2 gL, 4 gL}, and 8 gL' (Figure S5). A concen-
tration of 4 gL turned out to be not limiting and although 2 gL}
fructose were already sufficient to achieve an OD (at 600 nm) of 1.2, the
growth experiments were carried out at a concentration of 4 g L'! fruc-
tose to comply with the medium composition developed by Sydow et al.
for C. necator in BES [30].

In another control experiment, we checked if the redox mediators
were quantitatively reduced under aerobic growth conditions. Since
most reduced RMs are immediately re-oxidized by Oy [33-37], ferricy-
anide was used for this assay, since its reduced form ferrocyanide is only
slowly re-oxidized under aerobic conditions [35,38]. Therefore, the
characteristic absorbance of FEC at 420 nm was used to monitor its
reduction while tracking the cell density [9]. Right at the start of the
experiment, a significant decrease in absorbance at 420 nm was
observed (Figure S6), showing that ferricyanide was reduced by the cells
even in presence of Os. Thus, the cells reduce the redox mediator in
parallel with Oy respiration.

The experiments on the inhibition of cell growth revealed that the
presence of a RM usually affects the lag phase, growth rate, and/or the
rate of reaching the stationary phase (Figure S3). Of the mediators
tested, ABTS had the least impact, as the cell culture in the presence of 5
mM ABTS exhibited a lag phase and growth rate similar to that of the
control. FEC, ABTS and RES were the RMs that could be used at the
highest concentrations at 15 mM, 10 mM, and 10 mM, respectively. In
the case of ABTS and RES, the limiting factor was their solubility in the
minimal medium rather than their inhibitory effect to cells.

To better compare the relationship between mediator concentration
and growth rate, relative growth rates uj/uy were plotted against the
inhibitor (RM) concentration in Figure 1, where y; is the “inhibited”
growth rate in the presence of RM and uy is the growth rate of the control
culture without RM.

In cases where the increase of RM concentration clearly affected the
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growth rate (Figure 1 a, b, ¢, d, e, f, g, h, and i), the half-maximal in-
hibitor concentration (IC50) could be determined (Figure S7). The found
IC50 values, the RM concentrations that had no or minimal effect on cell
growth and the highest tested concentration that still allowed decent
growth are summarised in Table 1.

3.2. Mediated anodic respiration in a BES reactor

The RMs FEC, DCIP, HNQ, and PMS, were selected for anodic
respiration of C. necator in the following BES experiments, covering a
wide range of redox potentials from E, = -137 mV (HNQ) to 416 mV
(FEC). An interaction of C. necator with HNQ would provide valuable
insight into the lower limit of redox potentials that a mediator can
possess to still accept electrons from the organism. FEC, on the other
hand, is a promising artificial RM that is frequently used with gram-
negative bacteria [15,39]. Phenazines are often used as natural RMs
[14,40] and can be produced by the cells within the BES. DCIP has a very
high affinity for organic phases [29], which should promote membrane
permeability. Here, 15 mM FEC was used to maximize availability of
shuttle molecules without inhibiting C. necator too much (Table 1). A
similar principle was used with PMS (390 uM), and HNQ (1.25 mM).
DCIP was used at a concentration of 80 uM, at which biocompatibility
should be ensured.

Fig. 2 (a) shows the current densities recorded with the 4 different
mediators over the entire BES experiment. After inoculation with the
C. necator preculture at t = 0 h, the current density showed an immediate
increase. The maximum current density achieved with FEC surpassed
that of the other RMs by 10-fold, reaching 260.75 uA cm ™2 after 15.8 h.
In comparison, DCIP resulted in a maximum current density of
21.67 pA cm’z, while PMS delivered 12.14 pA cm’z, and HNQ
28.85 pA cm 2. With FEC, DCIP, and PMS, the current density peaked at
about 24 h, which subsequently decreased significantly. In the case of
PMS, the current density eventually returned to the abiotic baseline
level after approximately 124 h. In contrast, a stable current density was
achieved with HNQ throughout the cultivation period.

Anodic current from HNQ was not expected due to the low Ep, of
—137 mV of the mediator. Comparison with the redox potentials of
potential molecular interaction sites for the RM suggests that HNQ can
accept electrons directly from NADH (E,, = -320 mV), FMN/FAD (E,, =
-219 mV), or periplasmic hydrogenases (Ey, = —414 mV for the reaction
H, — 2H"+2¢"), whereas menaquinone and ubiquinone have higher Ey,
of —74 and 90 mV, respectively [41,42]. However, it is not yet clear
whether HNQ can penetrate the outer and even the cytoplasmic mem-
brane to reach NADH as a reaction partner. For the Gram-positive
Staphylococcus aureus, unmodified HNQ was shown not to alter the
membrane integrity. Furthermore, the calculated logP values between
1.2 and —1.7 indicate that HNQ is not very lipophilic, implying that
membrane transfer is less likely to occur [43]. Consequently, periplas-
mic interaction sites accessible through outer membrane porins are most
likely the target of HNQ. Among these, membrane bound [NiFe]-
hydrogenase (MBH) and respiratory chain complexes (ranging from
—320 to 820 mV) are possible interaction partners in terms of their
redox potentials. The nitrate respiration pathway can be ruled out due to
the high redox potential of 420 mV for the nitrate/nitrite couple [44]. At
this potential, however, FEC (E, = 416 mV) could interact with nitrate
reductase. This could also explain why the highest current density is
obtained with FEC, as this mediator may also interact with other com-
ponents of the respiratory chain(s) in addition to nitrate reductase. It
should also be noted that C. necator may not synthesize the nitrate
respiration machinery until later in the experiment since the preculture
for inoculation was grown aerobically. Nevertheless, the possibility of
multiple interaction sites could be crucial for FEC to achieve high cur-
rent densities due to its relatively high redox potential in combination
with its high solubility.

DCIP and PMS are likely to be membrane permeable due to their
lipophilic properties [29,45]. The corresponding interaction could be
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Fig. 1. Analysis of different RMs for their inhibitory effects on C. necator growth rates. The relative growth rate u;/uo is plotted vs. RM concentration. C. necator was
cultivated in minimal medium in the presence or absence of each RM. The corresponding growth curves are depicted in Figure S3. The redox mediators employed
were (a) riboflavin (RF), (b) ferricyanide (FEC), (c) 2,6-dichloroindophenole (DCIP), (d) 3,4-dihydroxybenzaldehyde (DHB), (e) phenazine ethosulfate (PES), (f)
phenazine methosulfate (PMS), (g) 2-hydroxynapthaquinone (HNQ), (h) resazurin (RES), (i) methyl viologen (MV), and (j) 2,2’-azino-bis(3-ethylbenzothiazoline-6-

sulfonic acid) (ABTS).
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Table 1
Mediator concentrations with (A) minimal impact on cell growth, (B) the highest tolerated mediator concentrations, and (C) values of IC50.
A B C
Redox mediator RM"[mM] Growth RM[mM] Growth 1C50
rate® rate! [mM]
h™1 [h™
Methyl viologen (MV) 0.156 0.247 0.313 0.163 0.33
Riboflavin (RF) 0.045 0.281 0.090 0.232 184.30
2-hydroxy-1,4-naphtaquinone (HNQ) 0.313 0.257 1.25 0.153 1.32
Methylene blue (MB)“' ND ND ND ND ND
Resazurin (RES) 0.313 0.237 10 0.144 54.21
Phenazine ethosulfate (PES) 0.040 0.235 1.25 0.032 0.28
Phenazine methosulfate (PMS) 0.025 0.200 0.390 0.063 0.22
2,6-dichloroindophenole (DCIP) 0.063 0.119 2 0.033 0.05
3,4-dihydroxybenzaldehyde (DHB) 0.625 0.225 5 0.052 1.83
Ferricyanide (FEC) 0.470 0.239 15 0.096 5.70
2,2’-azino-bis(3-ethylbenzothiazoline-6-sulfonic acid) (ABTS)' 5 0.214 10 0.189 ND

2 RM concentrations at which the impact on cell growth was minimal. The qualitative evaluation is based on the similarity between mediator-containing cultures and
control cultures for growth rate, lag phase, and the rate of reaching the stationary phase.
> RM concentrations relevant for the BES experiments where C. necator cells are used that are in the stationary phase, cell growth is not to be expected, and high RM

concentrations allow efficient electron transfer between the cells and the anode.

© The average growth rate of the control cultures without RM was 0.252 -+ 0.046 h™!.

4 The mean of three individual measurements is given (n = 3).

¢ The growth rates in the presence of MB could not be determined (ND — not determined, see text for details).

f The IC50 could not be determined (ND - not determined, see text for details).

anything below the E, of DCIP/PMS. Studies with Dehalococcoides
ethenogenes have suggested a possible interaction of PMS with the
periplasmic hydrogenase [46], whereas in the case of Saccharomyces
cerevisiae and S. aureus an interaction of DCIP with complex III and I of
the respiratory chain has been proposed [45,47]. The obtained current
density curves indicate that the overall electron transfer to the anode
lags well behind that of FEC (Fig. 2 (a)). Nevertheless, the reduction of
DCIP within the reactor could even be observed visually. When the cells
were added to the reactor, the colour of DCIP changed from an intense
blue to colourless, indicating its reduction by the cells (Figure S8). This
observation hints to a possible limitation in the re-oxidation of DCIP by
the anode. The use of different anode materials in future experiments
could improve the interaction of mediator and anode.

The coulombic efficiency (CE) was calculated to determine the per-
centage of electrons transferred from the electron donor fructose to the
anode (electron acceptor). A CE of 64.1 % for FEC (Table S1) indicates
that 64.1 % of the available electrons from fructose were transferred to
the anode. In contrast, only 11.9 % of the available electrons were
transferred with HNQ. For DCIP and PMS, the fructose consumption was
too low to reliably determine CEs. The remaining percentage of released
electrons in the FEC and HNQ reactors that were not transferred to the
anode can be attributed to undetermined metabolites on the one hand,
and possible biomass accumulation in the first hours after inoculation on
the other (Fig. 2 (b)). The reduced mediator molecules present in the
medium, which have not yet been reoxidized at the end of cultivation,
represent a further electron sink. A periplasmic sugar oxidation
pathway, as reported for P. putida [15], is not known for C. necator and
can therefore not be used as the cause of the high CE.

Our results show, that of the 4 RMs compared, anodic respiration of
C. necator was most efficient with FEC, as it diverts the highest per-
centage of electrons to the anode. Thus, if the objective is to produce an
oxidized product through unbalanced fermentation, similar to what was
done previously for acetoin by S. oneidensis [48], FEC might be a pref-
erable choice rather than HNQ. In contrast, the latter might offer a better
option for production of reduced compounds as more electrons are
available for metabolism.

Fructose consumption (Fig. 2 (c)) clearly indicates that C. necator
showed detectable metabolic activity within the anaerobic BES only
with FEC and HNQ. In contrast, C. necator did not show significant
fructose consumption with either PMS or DCIP. Instead, the fructose
concentration slightly increased, possibly as a result of evaporation with

a determined rate of 0.15 mL h™!. However, even with FEC and HNQ,
the fructose uptake rate was low over 195 h of cultivation. Within the
first 24 h, the highest uptake rate was 4.42 and 3.72 mg L' h™! for FEC
and HNQ, respectively. Between 24 and 96 h, the rates decreased to 2.81
and 1.53 mg L h™?, respectively, until the rates for both RMs were less
than 0.67 mg L™ h™! after 120 h (Figure S9).

Simultaneously with the increase in current density, the cathodic pH
in the reactor with FEC shifted to more basic values. This shift is a
consequence of the intense proton consumption caused by the cathodic
hydrogen evolution reaction (Fig. 2 (d)). Theoretically, oxygen reduc-
tion would be thermodynamically more favourable at the cathode, but
due to the lack of stirring in the cathode compartment, oxygen transfer
to the cathode was diffusion-limited. It is therefore conceivable that the
cathodic pH limits the electrochemical reaction, since a large pH dif-
ference between anodic- and cathodic electrolyte lowers the cell voltage
according to the Nernst equation [49]. However, a limited re-oxidation
of FEC due to an increased cell potential was not observed in our
experiment. The opposite was the case, since the mediator was
constantly oxidized at the anode (Fig. 3 (a)). Therefore, the cathode
reaction probably did not limit the process of anodic respiration with
FEC as mediator. However, the reason why the anodic current was
restricted to 260.75 uA cm ™2 after 12 h of cultivation remains unclear.
The most plausible explanation might be found on the genomic level,
since no obvious limitation in the electrochemical setup was observed.
This indicates that the observed anodic electron discharge is not able to
replace oxygen as electron acceptor to enable growth.

The cell density was recorded during the cultivation by ODggg
measurements. As DCIP has an absorption maximum at 607 nm, ODyo
was used in this particular case. From Fig. 2 (b) it can be recognized that
the cell density of the FEC culture slightly increases in the phase of in-
crease of the current density and showed a downward trend after 48 h.
This downward trend was also observed for the PMS and HNQ cultures,
while the DCIP culture showed a stable cell density. It should be noted
that these results are based on single reactor runs, which does not allow
statistical conclusions to be drawn. After cultivation, planktonic cells
were harvested, dried, and the resulting dry weight confirmed the op-
tical density data, indicating that the FEC reactor ended up with
significantly less biomass compared to the other reactors (Table S1). One
reason for this might be that the cells aggregated and attached between
the cathode compartment lid and the reactor wall (Figure S10).

Since RMs were introduced into the medium at different
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Fig. 2. Anodic respiration of C. necator with FEC (red), DCIP (blue), PMS (yellow), and HNQ (green) as mediators. (a) Current density during fermentation. The
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concentrations, the calculation of the total turnover number (TTN)
provides an opportunity to compare their performance independent of
their concentration. After 195 h of cultivation, the TTN was 4.18 for
FEC, 41.04 for DCIP, 2.62 for PMS, and 4.13 for HNQ. The total con-
centration of the individual RMs is taken into account when calculating
the TTN. DCIP therefore shows a very high TTN, although the resulting
current is comparably low. Interestingly, HNQ achieved the same
number of turnovers as FEC even though it was added in a 12-fold lower
concentration. However, it is important to consider that not every
mediator molecule is constantly shuttling electrons back and forth be-
tween the microbe and the electrode. Accordingly, in the case of FEC, it
might be possible to use a lower mediator concentration if only a frac-
tion of the RM molecules is reduced by the cells. Optimization of elec-
tron transfer efficiency by lowering the mediator concentration should
be considered in future experiments.

By utilising the characteristic wavelengths of the oxidized RMs,
quantitative offline measurements of the RM pool were conducted
during the BES experiments. Cell-free samples were prepared from the
reactors and measured spectrophotometrically. Fig. 3 depicts the
resulting concentration curves for FEC, PMS, and HNQ. The redox state
of the DCIP pool could not be measured with the available equipment, as
it re-oxidizes immediately upon contact with air. Reduced PMS is also
known to re-oxidize in contact with O, at a rate constant of about 180
M 157! to form the semiquinone, which increases the absorbance at 387
and 440 nm [50]. The subsequent oxidation to fully oxidized PMS
proceeds more slowly and shifts the absorbance maximum to 387 nm
[51]. The photometric measurement is therefore prone to error and can
only show a trend of the oxidation state present in the reactor.
Furthermore, PMS is known to decompose upon illumination under
anaerobic conditions in equal amounts to reduced PMS and pyocyanine.
Pyocyanine can be detected photometrically due to its absorption
maximum of about 310 nm [50]. The experimental data show that the
absorption at 311 nm indeed increased slightly after the cells were
added to the system (Figure S11), suggesting that some degradation
occurred even though the reactors were protected from light. The initial
RM concentrations determined by absorption measurements, showed
slight deviations from the calculated initial concentrations (Fig. 3). One
partial reason for this might be the inaccuracy that comes with adding
the RMs to the reactors with syringes.

In the case of FEC, after an initial decrease shortly after inoculation,
the amount of oxidized FEC steadily increased, even beyond the amount
initially added. Reasons for this can only be speculated. Again, a possible
factor includes a concentration effect due to evaporation in the reactor.
Another possibility might be the accumulation of metabolites in the
medium with similar absorption as FEC, which were not detectable with
the applied HPLC method. Further investigations are required to un-
derstand the reasons for this observation. Nevertheless, the results
clearly show that FEC is efficiently re-oxidized at the electrode and thus
the availability of oxidized mediator molecules does not limit the overall
process. The amount of oxidized HNQ appeared to increase in the first
abiotic polarisation phase. This might be due to residual reduced HNQ
being oxidized at the anode. After inoculation, the concentration of
oxidized HNQ first decreased slightly and then increased again to
approximately 1.35 mM after 30 h. Consequently, the concentration of
oxidized HNQ remained relatively stable, hovering around 1.25 mM,
taking into account the variations of the method. This might imply that
only a fraction of the FEC and HNQ pools was reduced by the cells and
most of the available mediator molecules remained in the oxidized state.
However, it is more likely that the anode re-oxidized the RMs at a
relatively high rate, which contributes to the observed concentration
patterns. In contrast, PMS appeared to be reduced or degraded in the
abiotic phase, the latter being more plausible because of the oxidizing
potential applied to the medium and because of the known degradation
reaction discussed above. However, pyocyanine was most likely not
formed in this reaction, since the absorption at 311 nm remained almost
constant in the abiotic phase (Figure S11). After inoculation, the
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concentration of oxidized PMS appeared to stabilize until it dropped
again after 72 h. At the end of the experiment, only 77 uM of oxidized
PMS remained.

3.3. Electrochemical mediator analysis by DPV

For electrochemical characterization of the RMs during the BES
cultivation, DPV (differential pulse voltammetry) measurements were
conducted instead of conventional cyclic voltammetry because the
former is less susceptible to capacitive currents. Comparison of DPV
scans of HNQ and FEC (Fig. 4 (a,d)) in the abiotic and post-biotic phases
revealed no significant changes in potential and peak current. Together
with the concentrations measured via absorption and the constant cur-
rent density, it can be concluded that HNQ and FEC are very stable RMs
under the applied conditions.

From the current density curve and the spectrophotometric con-
centration measurement it can be deduced that PMS is not stable over
longer time periods, as has already been described for aqueous PMS
solutions [52]. The DPV measurements indicate a side reaction of PMS in
the BES reactor, as illustrated by a prominent secondary peak at —-127
mV in the voltammogram after 195 h of cultivation (Fig. 4 (c)). In
contrast, only a single peak at 90 mV was visible for PMS in the abiotic
phase. Remarkably, the total peak current did not decrease significantly,
although PMS was already degraded/reduced in the first abiotic 24 h
according to the absorption measurements. According to DPV, no sec-
ondary peak formed during this time period. As discussed before, the
anaerobic photodegradation of PMS to pyocyanine is expected to some
extent. However, the redox potential of pyocyanine is reported to be —-60
mV [26]. Therefore, another degradation product might be present in
the solution. Heterologous production of a biological phenazine medi-
ator might therefore be a preferable option for continuous supply of the
RM, as previously shown for P. putida KT2440 [14].

The DCIP-added culture showed a significantly decreased peak cur-
rent after 195 h compared to the abiotic phase, indicating a decrease in
the amount of electrochemically active molecules in the system, as peak
currents correlate with the concentration of the RM (Fig. 4 (b)) [53,54].
This could be due to either RM accumulation within the cells or
degradation. Therefore, DCIP may not be suitable for use as the sole
mediator over long time periods, but its high TTN could still be useful
when combined with a secondary mediator to support electron transfer
to the cytoplasmic membrane.

4. Conclusions

Analysis of the inhibitory effect of redox mediators on C. necator cell
cultures revealed that the higher the initial cell density, the higher the
permissible concentration of redox mediators. In case of C. necator, FEC,
ABTS, and RES are the redox mediators that can be used in larger
amounts. However, in some instances, the limited solubility of the RM
does not allow for higher concentrations, preventing an adequate
analysis of their inhibitory effect.

According to our BES data, FEC appears to be the most promising
redox mediator for anodic respiration by C. necator. It is stable during
the fermentation process, can be used at concentrations up to 15 mM
without having a significant inhibitory effect, when stationary cells are
used. Furthermore, it does not appear to limit the electrochemical re-
action. A stable but low anodic current was achieved with HNQ, which
was not to be expected due to its low Ep,. As already hypothesized for
P. putida, the high charge and hydrophilic character of the [Fe(CN)6]3'
molecule most likely prohibits FEC to penetrate the hydrophobic cyto-
plasmic membrane. Therefore, a possible interaction with periplasmic
electron transferring proteins is most likely. The same applies to HNQ
until its ability to penetrate the cytoplasmic membrane is demonstrated.
PMS and DCIP provided only low current densities, although they have
been shown to pass bacterial membranes. However, the lack of fructose
consumption of the C. necator cultures with PMS and DCIP indicates that
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Fig. 4. DPV analysis of the four RMs used in the BES. Measurements were conducted for (a) FEC, (b) DCIP, (c) PMS, and (d) HNQ in the abiotic polarisation phase
(red traces) and after 195 h of cultivation (blue traces). The baseline is normalised to an initial current of 0 mA.

neither RM is suitable for BES, and in case of PMS, additional problems
arise from constant degradation. Future experiments combining FEC
with a redox-compatible RM that can cross the cytoplasmic membrane
may even increase the EET capabilities of C. necator to achieve 100 %
substitution of O-.
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