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Zusammenfassung

Herausforderungen in der industriellen Biotechnologie entstehen unter
anderem, wenn gelostes O, in wéssrigen Fermentationsmedien als
Elektronenakzeptor benétigt wird. Diese Herausforderungen bestehen
hauptsdchlich aus der geringen Loslichkeit des Gases bei den
Kultivierungstemperaturen, erhdhter Schaumbildung und der
Explosionsgefahr bei Kombination mit H, als Substrat. Elektroden
konnten O, als Elektronenakzeptor ersetzen und so die Gasfermentation
mit Cupriavidus necator, einem f-Proteobakterium zur Herstellung von
Basischemikalien aus H,/CO,-Gemischen, ermoglichen. Obwohl der
Elektronentransfer zwischen Mikroorganismen und Elektroden durch
16sliche Mediatoren bereits gezeigt wurde, fehlt bisher das Wissen iiber
deren genaue Interaktion, um O» vollstdndig zu ersetzen. Ziel dieser
Dissertation war es, Screening- und Reaktorsysteme zu entwickeln und
Schliisselkomponenten im  Stoffwechsel von C. necator zu
identifizieren, die den extrazelluldren Elektronentransfer beeinflussen.

Dazu wurde ein 300 mL bioelektrochemischer Reaktor konzipiert und
zundchst mit Vibrio natriegens charakterisiert. Hier wurde der
mediatorbasierte und direkte Elektronentransfer des Organismus
gezeigt, der die Produkt- und Biomasseausbeute messbar beeinflusst.
Als MaB fiir die Effizienz des artifiziellen mediatorvermittelten
Transferprozesses wurde zusétzlich der prozentuale Anteil des durch
anodischen Elektronentransfer ersetzten O, eingefiihrt.

Zudem wurde ein 3,5 mL Screening-System entwickelt, das eine
Online-Messung der Zelldichte und des Redoxzustands der Mediatoren
ermoglicht. Pseudomonas putida wurde zur Verifizierung genutzt, da
dessen Kaliumhexacyanoferrat-vermittelter Elektronentransfer bereits
in der Literatur beschrieben ist. Das Screening von 14 Mediatoren mit
variablen Redoxpotentialen in Kombination mit C. necator in dem
entwickelten System ergab ein Potentialfenster fiir die Mediator-
Reduktion in Verbindung mit einer Stromproduktion von -365 bis
206 mV vs. Ag/AgCl, wobei Kaliumhexacyanoferrat mit insgesamt 8,4
Reduktions- und Oxidationszyklen (Turnover) am effizientesten war.
Die etablierten 300 mL Reaktoren wurden dann fiir die
elektrochemische Kultivierung von C. necator zur Aufklarung des
Elektronentransfers eingesetzt. Cytochrom c-Reduktase, Cytochrom c-
Oxidase und  Nitrat/Nitrit-Reduktase = wurden  dabei  als
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Schliisselkomplexe bei der Kaliumhexacyanoferrat-Reduktion durch
RT-qPCR, spezifische Hemmung und Deletionsmutanten identifiziert.

Diese Arbeit legt die Basis fiir das Screening von Mediatoren mit
Mikroorganismen, die in groferen Reaktoren validiert werden, und
schafft zudem eine Grundlage fir die Optimierung des
Kaliumhexacyanoferrat-vermittelten Elektronentransfers in C. necator
und weiteren Organismen.



Abstract

Challenges in industrial biotechnology arise, among other things, when
dissolved O is required as an electron acceptor in aqueous fermentation
media. These challenges mainly consist of the low solubility of the gas
at cultivation temperatures, increased foaming, and the risk of explosion
when combined with H» as a substrate. Electrodes could replace O» as
electron acceptors, thereby enabling gas fermentation with Cupriavidus
necator, a f-proteobacterium used for the production of basic chemicals
from H»/CO, mixtures. Although electron transfer between
microorganisms and electrodes has already been demonstrated using
soluble mediators, knowledge of their precise interaction is still lacking
to fully replace O,. The aim of this dissertation was to develop
screening and reactor systems and to identify key components in the
metabolism of C. necator influencing the extracellular electron transfer.

To this end, a 300 mL bioelectrochemical reactor was designed and
initially characterized with Vibrio natriegens. The mediator-based and
direct electron transfer of the organism was demonstrated, showing a
measurable impact on product and biomass yield. As a measure of the
efficiency of the artificial mediated electron transfer process, the
percentage of O replaced by anodic electron transfer was introduced.

Furthermore, a 3.5 mL screening system was developed that enables
online measurement of cell density and the redox state of the mediators.
Pseudomonas putida was used for verification, as its ferricyanide-
mediated electron transfer is already described in the literature. The
screening of 14 mediators with variable redox potentials in combination
with C. necator in the developed system revealed a potential window
for mediator reduction, along with a current production of -365 to
206 mV vs. Ag/AgCl, with ferricyanide proving most efficient with a
total of 8.4 reduction and oxidation cycles (turnovers). The established
300 mL reactors were then used for the electrochemical cultivation of
C. necator to elucidate the electron transfer. Cytochrome c reductase,
cytochrome ¢ oxidase, and nitrate/nitrite reductase were identified as
key complexes in ferricyanide reduction through RT-qPCR, specific
inhibition, and deletion mutants.

This work lays the foundation for screening mediators with
microorganisms that are validated in larger reactors and also provides a
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basis for optimizing ferricyanide-mediated electron transfer in
C. necator and other organisms.
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Chapter 1

1 Introduction

1.1 Microbial extracellular electron transfer

Electron discharge from organic substrates through microbial
decomposition processes has been known for more than 110 years now,
with the first mention in a publication by M. C. Potter in 1911 [1]. But
still, the underlying mechanisms and potential applications are a matter
of current research. In general, every living organism necessitates a
mechanism for electron exchange with its environment. Electrons
generated from oxidative processes must be expelled from the cell to
establish a proton gradient across the membrane, in turn driving ATP
synthesis [2]. ATP then serves as the primary source of energy in the
cell. This so-called “respiration” process can occur with different
electron acceptors. Under aerobic conditions, the terminal electron
acceptor of the respiration chain is O,. The lack of, or intermittent
availability of O, in some areas of the environment (like marsh areas
with tidal changes) necessitated the use of different acceptors (e.g.,
insoluble oxide minerals) for survival [3]. Some organisms developed
mechanisms for nitrate reduction [4], while others can utilize Fe(III) or
Mn(IV) oxides to dispose of their electrons [5].

A specific form of Fe(Ill) oxide reduction was found within Geobacter
sulfurreducens. The organism forms conductive nanowires over several
microns to reach the solid electron acceptor [6]. A comparable
utilization of conductive appendices was made in Shewanella
oneidensis [ 7], where the trans-membrane electron transfer mechanism
has been recognized with great detail. In short, the membrane-spanning
extracellular electron transfer (EET) pathway consists of multiheme
cytochromes, transferring electrons from the quinone pool in the inner
membrane to the extracellular electron acceptor. First in the chain is
CymaA on the inner membrane, transferring electrons from the quinone
pool towards the soluble tetraheme cytochrome (STC) in the periplasm.
From STC, electrons are transferred to MtrA, which resides within the
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barrel protein MtrB spanning the outer membrane, and finally
transferred onto MtrC. This heme protein is then accessible from the
phase surrounding the organism, allowing the EET onto an acceptor in
direct contact (Figure 1) [8,9]. Hence, the mechanism was termed direct
electron transfer (DET).

Organisms without the aforementioned EET pathway are not
necessarily excluded from the benefits of using alternative electron
acceptors. Via soluble electron shuttles, naturally produced within the
cell or artificially added in biotechnological applications, electron
transfer is possible over large distances. These shuttle molecules, or so-
called redox mediators (RM), need to be redox active, enabling
reversible electron transfer reactions over multiple turnovers to achieve
mediated electron transfer (MET). Pseudomonas aeruginosa applies
this technique by producing phenazines, mediating electrons to distant
electron acceptors, like O, [10], or in a technical environment, an anode
[11]. This mechanism can be transferred on the genomic level to other
hosts lacking the expression of a natural mediator [12]. Alternatively,
the metabolic burden of producing the mediators in the first place can
be eliminated by adding artificial mediators, like ferricyanide (FEC)
[13]. However, it has to be mentioned, that mediator choice is crucial
and based on multiple factors. These aspects are examined in greater
detail in the Chapter 1.2.

In specific cases, microbes can also be provided with artificially added
electron sources or sinks via their natural electron transfer pathways.
For example, when the water-splitting reaction at the electrodes delivers
H; and O, (Figure 1). This bioelectrochemical cultivation mode is then
referred to as indirect electron transfer (IET).
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Figure 1: Known examples of mechanisms for electron transfer between microbes and
an electrode. Adapted from [14].

1.2 Redox mediators

Redox mediators for bioelectrochemical applications are employed to
couple electron transfer between microorganisms or enzymes and an
electrode. They are based on many different molecular groups, like
phenazines, thiazine and azo dyes, viologens, quinones, metal
complexes, and flavins, to name a few. The diversity of these structures
enables different physical properties, like multiple oxidation states,
redox potentials, hydrophobicity, stability, solubility, cytotoxicity, and
extinction characteristics. The extinction characteristics are especially
valuable for process control. Some RMs present colorless leuco-forms
upon reduction or oxidation, which enable the exact measurement of
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the redox state. With all these characteristics and multiple compounds
to choose from, several criteria for the shuttle molecules have already
been raised in the literature [15,16]. These are:

Defined electron stoichiometry

Defined standard redox potential (E°)

Fast electron transfer

Solubility in aqueous media at the relevant pH

Stability in oxidized and reduced form

No interference with optical monitoring of the microorganisms
No interaction with the microorganism that alters the redox
potential

Additionally, the molecular interaction site (MIS) for the RM can vary
in different organisms. Therefore, it is preferable to know the MIS for
the respective mediator in the process, to enable and potentially
optimize electron transfer, e.g., by modifying membrane transfer if the
MIS is located in the periplasm or cytosol. To elucidate more on
durability, the long-term stability of a redox mediator throughout a
batch process is critical for the sustained application of MET. Mediators
within a bioreactor are subjected to various stresses, including physical
factors (e.g., UV light), chemical factors (e.g., oxidative radicals), and
biological factors (e.g., biodegradation), all of which can impact their
long-term stability. Without enduring mediators, the electron transfer
chain between the organism and the electrode weakens over time,
ultimately leading to breakdown. Mediator loss over time is also
conceivable through accumulation inside the cell, adsorption to cell
membranes or electrodes, polymerization, or semi-reversible redox
reactions at the electrodes. For future industrial applications, the
reusability of the mediator is also desirable to reduce process costs. Of
course, the mediator should also be biocompatible with the used
microorganism and the environment, if downstream separation is not
feasible.

To quantify the efficiency of any given mediator against another in a
similar process, the total turnover number (often denoted as TTN, TN,
or TON in the literature [17-19]) can be used. The TTN is a
dimensionless parameter that quantifies the number of turnovers a
catalyst can accomplish in a specific scenario. It has been widely
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assessed and defined as the ratio of moles of product produced to moles
of biocatalyst utilized [17]. The TTN for a respective mediator can be
determined similarly, from the ratio of transferred electrons (measured
as current) per total mediator molecules (either added or synthesized)
under consideration of their stoichiometric electron transfer capability.

1.3 Bioelectrochemical systems

A microbial bioelectrochemical system (BES) is characterized by the
combination of basic electrochemistry with a biotechnological
cultivation system. In general, three electrodes are implemented for
analytical purposes. A working electrode (WE) serves as an electron
donor or acceptor for the respective microbes, while the counter
electrode (CE) completes the electron circuit. A reference electrode
(RE) is placed in direct vicinity to the WE, acting as the reference
potential. Hence, the RE needs a constant potential with no current
flowing through it during the experiment. A potentiostat is often used
to apply a set potential to the WE while using the RE to control the
potential. Keeping the WE and RE close together ensures minimal iR
drop caused by the ohmic resistance of the electrolyte. The current is
then measured between the WE and CE. Figure 2 illustrates the general
setup of a BES with a potentiostat. In well-defined larger-scale
production systems, the reference electrode can also be omitted. When
the CE reaction leads to undesired side-products (like O, evolution),
spatial separation of the two electrolyte chambers is imperative. This
can be achieved via anion- or cation-exchange membranes, which
separate higher molecular products and gases, but allow for charge
balancing between both chambers.

In addition to the general capability of driving enzymatic or microbial
reactions through electrochemical redox equivalents, BESs offer
practical advantages. The foremost advantage is eliminating the need
for O, transfer into the cultivation medium, a common challenge in
scaling up aerobic stirred tank reactor processes [20]. This not only
simplifies the operational aspects but also mitigates the risk of
excessive foaming [12]. Established microbial electrochemical
technologies, such as microbial electrosynthesis and microbial fuel
cells, further expand the scope. Microbial electrosynthesis involves
transferring electrons from the electrode through the metabolism of the
microbe towards a desired reduced product, while microbial fuel cells
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find applications in wastewater treatment, where electroactive bacteria
degrade organic pollutants and transfer surplus electrons to the
electrode, accompanied by electricity production [21,22].

I U

als

i<

CE

Gz
RE

. J

Figure 2: The principle three-electrode BES setup consists of two chambers, with the
working electrode (WE) and counter electrode (CE) separated by a membrane (dashed
line). The potentiostat controls the potential at the working electrode through the RE
and measures the current flowing between WE and CE.

Defining the reactor geometry for a specific process requires knowledge
of the underlying EET mechanism. With organisms relying on a DET,
plate geometries with high surface-to-volume ratios become most
viable, while MET processes need to be stirred and don’t necessarily
need large electrode surface areas, as long as recycling of the mediator
is not limited by the electrode’s surface [23]. The choice of electrode
materials used depends on the application. Most often, carbon-based
materials are chosen for their high biocompatibility, chemical stability,
low cost, and high overpotential towards O, reduction [24,25]. The CE
material can be adapted to the CE reaction, e.g., O» or water reduction.
To prevent limitations, the CE surface area needs to be larger than the
WE surface area. Therefore, mesh or tubular structures become useful,
due to their high surface-to-volume ratio [26].
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1.3.1 Stirred tank reactors

In stirred tank reactors, the entire reactor volume and the whole cell
surface can interact with an electrode via RMs. Setups from recent
literature offer high levels of process control with pH controlling and
stirring options between magnetic stirring and Rushton turbines
[13,27]. The scalability of these has been demonstrated on a laboratory
level. The production of lysine on glucose with Corynebacterium
glutamicum with anodic electron transfer via FEC has been successfully
scaled up from 350 mL [28] to 2.4 L [29], achieving similar lysine
production rates.

Though there are no large-scale processes for electrochemically
supported productions yet, calculations have been performed to assess
the competitiveness against established bioprocesses [30]. On the basis
of an electroactive biofilm consisting of a model mixed culture of
Shewanella and Geobacter strains, in theory, 2.5 g L' h! of acetoin
could be produced assuming they deliver current densities of
600 nA cm onto a graphite electrode [31]. At the same time, 1.34 L h!
of hydrogen could be harnessed as an electrochemical by-product at the
counter electrode. The calculation is also valid when changing the
assumption of a biofilm to a mediated process. In turn, the same current
would have to be delivered in a stirred tank reactor to surpass the typical
industrial titers of >1 g L' h'! [32].

It is further crucial to pre-screen various culture conditions,
electrochemical potentials, and different electron shuttles, but the
laboratory-scale reactors, which, despite their efficacy, require
substantial effort for setup and maintenance. Furthermore, their sample
size is usually on the lower end. These setups fall short of meeting the
demand for rapid screening of different mediators and cultivation
conditions. In traditional bioprocesses, a common approach to address
this challenge involves downscaling and parallelizing established
reactors while retaining the control capabilities of the system. This
allows for more efficient and high-throughput screening of various
factors in BES development [33].
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1.3.2 Screening tools

Examples of automated and parallelized small-scale BESs for screening
purposes have been developed over the past two decades. Via
multiplexer potentiostats, even 96-well plates can be turned into a
microbial fuel cell screening platform, as it has been demonstrated with
P. aeruginosa in a two-electrode setup and a working volume of 5 puL
[34] or a similar setup with unseparated chambers and a 1 mL working
volume [35]. Both setups are capable of measuring the current density
but prohibit a parallel photometric measurement for mediator
characterization since it isn’t recognized as a key performance
parameter for microbial fuel cells. In the case of stirred tank BESs
however, mediator characterization is crucial for an efficient process. A
design published by Ley and co-workers for the investigation of a P450
monooxygenase library with the mediator cobalt sepulchrate as a
substitute for NADPH could in theory be used for MET studies [36,37].
The device features 8 parallel channels in a 24-well plate with an
unseparated three-electrode setup that can be used within a standard
plate reader. However, the shaking has to be stopped for every
measurement, and controlling the gas atmosphere requires an expensive
plate-reader with the proper equipment or the use of a large anaerobic
chamber. Therefore, the need for a rapid screening platform for MET-
based systems is still not satisfied.

1.4 Electroactive microorganisms as production
hosts

Besides the application of wastewater treatment or analytical uses,
electroactive microorganisms are suitable for the production of bulk and
fine chemicals. Hereby, the cellular redox metabolism can be affected
by adding additional electron sinks or sources through electrochemical
techniques. One example is the application of an unbalanced
fermentation mode in S. oneidensis. Here, the limitation of a
fermentative process leading to an identical average oxidation state of
substrate and products [38] was overcome by adding an additional
electron sink in the form of an anode. Thus, acetoin production on
lactate was increased from 40 to 86% of the theoretical yield [39]. The
same approach has been applied to Escherichia coli by Sturm-Richter
and co-workers [40]. The E. coli strain was genetically engineered to
express the S. oneidensis electron transfer chain cytochromes CymaA,
STC, and MtrA in combination with artificial methylene blue as RM.



1.4 Electroactive microorganisms as production hosts 9

With glycerol as substrate, the anode-supported fermentation mode led
to an increased proportion of oxidized products in comparison to
standard fermentation.

Turning the electron transfer pathway around to shift the redox balance
towards reducing conditions can also be used to target specific products.
In Clostridium acetobutylicum, the NAD" pool was regenerated by
neutral red under cathodic conditions, in turn increasing butanol
production significantly [41]. The possibilities have been further
expanded by not only interfering with the redox balance but rather
substituting the electron donor. This has been demonstrated with
Sporomusa ovata growing on graphite cathodes, reducing CO; with the
supplied electrons to acetate [42]. More examples of recent
developments with anodic and cathodic production processes have been
nicely summarized in a review by Kracke and co-workers [43].

1.4.1 Vibrio natriegens

Vibrio natriegens gained increasing attention in recent years owing to
its remarkable capability to grow rapidly on various substrates. It is
even recognized as the fastest-growing non-pathogenic microorganism
on the planet, with a doubling time of under 10 minutes [44]. This
attribute elevates expectations for V. natriegens as a promising host for
broad-range production of low-molecular products, natural products
(like beta-carotene), and protein expression [45,46]. The halophile
bacterium depends on high salt concentrations in the environment,
especially the availability of sodium ions [47]. In contrast to other
organisms, V. natriegens exhibits adaptability in utilizing various
electron acceptors, allowing it to thrive in fluctuating environments. It
can donate electrons not only to O, but also to fumarate, nitrate, Fe(I1I)
citrate, and fermentation products [3,48,49]. This raises the question, of
whether V. natriegens is also able to transfer electrons to a solid
electrode.

A recent study by Conley and co-workers proposed a hybrid EET
mechanism, based on the pathways of S. oneidensis and Aeromonas
spp. [3]. In their genomic analysis, a similarity of 77% for the
cytoplasmic cytochrome CymA, and 68% for the periplasmic shuttle
PdsA was observed between V. natriegens and the Aeromonas spp.
analogue. The outer membrane electron transfer chain proteins
MtrCAB exhibit the highest similarity to those found in Aeromonas
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spp., with a 50% similarity to MtrC, 61-62% to MtrB, and 73-81% to
MtrA [3]. With this hypothesized electron conduit in the membrane, an
EET would be feasible for V. natriegens, but has yet not been
demonstrated. The availability of an outer membrane cytochrome, in
the form of a MtrC analogue, indicates the possibility of a DET. It has
also been demonstrated, that V. natriegens can form biofilms on
metallic surfaces [50,51], allowing for an effective DET. Alternatively,
CymA, MtrA, and PdsA could be targets of mediators able to traverse
the outer membrane. Therefore, the possibility of a MET is also given.
In the case of V. natriegens transferring electrons onto an anode, it is
expected that more oxidized products will be formed to keep the redox
balance. This has already been demonstrated with Propionibacterium
freudenreichii and E. coli before [52,53].

1.4.2  Cupriavidus necator

The Gram-negative and strictly respiratory p-proteobacterium
Cupriavidus necator is among the most extensively researched
industrially relevant “Knallgas” organisms. The bacterium underwent
several name changes since its isolation in 1952 and is formerly known
as Hydrogenomonas facilis [54], Alcaligenes eutropha [55], or
Ralstonia eutropha [56], to name the most relevant. The bacterium
promises to be a valuable production strain for multiple reasons. First,
its ability to utilize a wide range of carbon sources such as fructose,
organic acids, or glycerol in chemoorganotrophic cultivation facilitates
process flexibility and reduces costs [57]. Furthermore,
chemolithoautotrophic cultivation of C. necator utilizing "Knallgas", a
gas mixture of H, and O,, together with CO, as feedstock can be
employed to produce valuable products such as a-humulene [58] or
biopolymers like polyhydroxybutyrate (PHB) [59]. The product
spectrum will most likely increase further over the upcoming decade
since genetic accessibility and the necessary genetic tools are available
[60,61].

In a bioelectrochemical context, isopropanol and a-humulene have been
produced with a genetically engineered C. necator strain employing an
IET mechanism [58,62]. Here, C. necator doesn’t need to be
electroactive in any form, since the applied potential supports water
splitting into H, and O», while CO; is bubbled into the unseparated BES
reactor to serve as carbon donor in the gas fermentation process. With
a MET approach, C. necator exhibited effective extracellular electronic
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interaction with different RMs. For instance, cultures of C. necator
grown on 10 mM fructose demonstrated improved aerobic PHB
production in the presence of the RM poly(2-methacryloyloxyethyl
phosphorylcholine-co-vinylferrocene), which was recycled via an
anode [63]. However, the attained current density of approximately
6.5 pA cm™ was notably low, as O» was introduced as an additional
electron acceptor into the working electrode chamber. In another
approach, utilizing neutral red as RM and applying a constant current
of 10mA, the PHB yield was enhanced through -cathodic
supplementation of electrons [64]. This process was further improved
in a recent study by Tu and colleagues [65]. In their work, the Mtr
electron transfer pathway from S. oneidensis was implemented together
with a Gloeobacter rhodopsin. The rhodopsin facilitated the generation
of a proton motive force, while the Mtr pathway provided electrons for
NAD" reduction to drive CO, fixation into biomass. Additionally,
flavins were artificially introduced to enhance electron transfer from the
cathode towards the Mtr pathway. Nevertheless, an anode working as
the only terminal electron acceptor together with a suitable RM to
substitute O, in “Knallgas” fermentation has not been demonstrated yet.

1.5 Aims and Objectives

The present thesis aims to resolve the MET mechanism of C. necator
for the substitution of O, to enable CO, conversion with H, as an
electron donor, eliminating the risk of explosive gas mixtures in
bioreactors. In addition, a novel screening tool that imitates a stirred
tank reactor is to be developed and applied for parallel rapid screening
of diverse redox mediators with C. necator. The mentioned research
questions and gaps are addressed in this thesis as pictured in Figure 3.
The two phases of this thesis consist of a first phase including a
literature overview of mediators and their proposed interaction sites as
well as two technical tasks. These include the setup of stirred tank BES
reactors and the development and verification of the screening tool. The
second phase is then dedicated to reveal the underlying mechanism of
mediated electron transfer of C. necator in a BES.
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Figure 3: Graphical outline of the present thesis.

In Phase 1, a broad literature overview of the so far known or
hypothesized MIS in different microorganisms is conducted. The
resulting list of RMs with their respective potentials linked to MIS shall
aid in RM selection and understanding of the EET mechanism in
C. necator. The work was published in Publication I [14], attached in
Appendix A.1:

“Gemiinde, A., Lai, B., Pause, L., Kromer, J. & Holtmann, D.
Redox mediators in microbial electrochemical systems.
ChemElectroChem, DOI: 10.1002/celc.202200216 (2022)”

At the same time, a lab-scale electrochemical reactor system is
necessary for anodic cultivation in a controlled environment. To verify
the setup, the fast-growing and potentially electroactive bacterium
V. natriegens is proposed since it can most likely make use of a DET
and MET mechanism. The detailed description of DET and MET with
V. natriegens can be found in Publication II [66], attached in Appendix
A2:
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“Gemiinde, A., Gail, J. & Holtmann, D. Anodic Respiration of

Vibrio natriegens 1in a Bioelectrochemical System.
Chemsuschem, DOI: 10.1002/cssc.202300181 (2023)”

To fill the gap of a parallel and automated screening device for MET
applications, a cuvette-based system is to be developed and verified
with literature known P. putida with ferricyanide as RM. The system
shall be able to mimic the conditions in a stirred tank
bioelectrochemical reactor as accurately as possible. The details of the
device are described in Publication III [67], attached in Appendix A.3:

“Geminde, A., Gail, J., Janek, J. & Holtmann, D. e-Cuvettes
parallelize electrochemical and photometric measurements in
cuvettes and facilitate applications in bio-electrochemistry.
Biosens. Bioelectron. X, DOI: 10.1016/j.biosx.2023.100378
(2023)”

In Phase 2, the developed screening device (e-Cuvettes) is used on a
library of RMs combined with C. necator. For each mediator, the
specific  extinction  wavelength (A) is  determined by
spectroelectrochemical analysis. This enables online analysis of the
RMs in 8 parallel channels. Abiotic controls and biotic triplicates of two
RMs can be obtained at the same time in one batch. The work is
published in Publication IV [68], attached in Appendix A.4:

“Gemiinde, A., Gail, J. & Holtmann, D. Redox mediator
interaction with Cupriavidus necator — spectroelectrochemical
online analysis. Electrochem. commun. DOIL:
10.1016/j.elecom.2024.107705 (2024)”

The results gained via RM screening in e-Cuvettes are then verified in
lab-scale reactors with four exemplary mediators. To assess the stability
of the selected mediators, additional voltametric methods are employed.
The details are published in Publication V [69], attached in Appendix
AS:

“Gemiinde, A., Rossini, E., Lenz, O., Friclingsdorf, S. &
Holtmann, D. Chemoorganotrophic electrofermentation by
Cupriavidus necator using redox mediators.
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Bioelectrochemistry DOIL: 10.1016/j.bioelechem.2024.108694
(2024)”

For a more detailed understanding of the MET mechanism, the exact
MIS of the most efficient RM, ferricyanide, is then investigated via RT-
gPCR, a deletion mutant strain, and site-specific inhibition. Detailed
knowledge about the MIS enables then further optimization of the
process. As an example, the outer cell membrane of C. necator is
perforated with a chemical permeabilization agent to effectively
increase RM membrane transfer. A detailed description of the work is
published in Publication VI [70], and is attached in Appendix A.6:

“Gemiinde, A., Ruppert, N.-L. & Holtmann, D. Unraveling the
Electron Transfer in Cupriavidus necator — Insights Into
Mediator Reduction Mechanics. ChemElectroChem, DOI:
10.1002/celc.202400273 (2024)”
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2 Materials and Methods

The scientific methodology used in this thesis draws from 5 published
research articles, including a wide range of techniques. This section
presents an overview of the methodologies, with more detailed
descriptions available within the Publications included in Appendix A.

2.1 Chemicals

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).

2.2 Strains and cultivation conditions

The strains used and their origin and cultivation conditions are listed in
Table 1. Every strain was cultivated at 30 °C. Aeration was chosen
depending on the process. The detailed media compositions can be
taken from the associated Publications attached in Appendix A. Cryo
stocks of each strain were prepared by adding 25% glycerol to an
aerobic exponential culture and subsequent freezing at -80 °C.
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Table 1: Cultivation media, origin, and associated publications of the strains used in
this work.

Strain Medium Origin Associated
Publication

V. natriegens BHIN German Collection of 11
DSM 759 Ml Microorganisms and

M2 Cell Cultures GmbH

(DSMZ)

P. putida LB Helmholtz Centre for I
KT2440 DM9 Environmental

Research — UFZ
(Leipzig, Germany)

C. necator LB German Collection of IV, V, VI
PHB4 MMasy Microorganisms and

Cell Cultures GmbH

(DSMZ)
C. necator LB Institute of Chemistry, VI
HF210 MMasy Biophysical

Chemistry, Technische
Universitét Berlin
(Berlin, Germany)

2.3 Bioelectrochemical reactor setup

This section provides a summary of two distinct bioelectrochemical
setups. The first setup is used for pH-controlled cultivation within a
parallel cultivation system. The second setup is specifically designed to
replicate the aforementioned system, featuring 8 downscaled parallel
cultivation chambers. Notably, this setup incorporates automated
measurement capabilities for cell density, current density, and the redox
state of the mediator.

2.3.1 Parallel stirred tank reactors

Four stirred tank BES reactors with a working volume of 300 mL,
(SR0400SS, Eppendorf DASGIP, Germany) served as the cultivation
chambers. To keep the media anoxic, 99.999% nitrogen was purged
through the reactor headspace at 45 mL min! throughout the
experiment (Figure 4a, b). When CO, was supplemented to the medium,
45 mL min! of 20% CO, in N, was added through micro spargers. A
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polished graphite rod measuring 80 mm in length and 7 mm in diameter
(Graphite 24, Germany), secured in position by a PTFE rod, served as
the working electrode (Figure 4d). It was paired with a stainless-steel
mesh counter electrode (1.4404, mesh size 0.1 mm, wire diameter
0.065 mm, Jaera GmbH + Co.KG, Germany), resulting in a geometrical
surface area of 20 cm? (Figure 4c).

(a) PH sensor
Off%.as— Base and /‘ / )
coolmg gassing ports Working
m‘ r *—" clectrode
g e
Counter 4 4
electrode
Sampling

Reference
Temperature electrode

SEensor

Heating
mantle
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Figure 4: DASGIP bioelectrochemical reactor setup with peripherals (a). Scheme of the
reactor with electron and proton flows (b). Stainless steel mesh cathode (c¢) and graphite
anode with PTFE stabilization rod (d).

The anodic and cathodic compartments were spatially isolated from
each other using a cation exchange membrane (Nafion117, QuinTech,
Germany). The cathodic compartment consisted of a glass tube with
threading on one end located in the anodic chamber and an open end at
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the top, containing 10 mL of cathode buffer. As cathodic electrolytes,
the buffers of the associated media (Table 1) were used. The exact
composition can be found in the methods section of each paper attached
in Appendix A.

The applied potential was controlled via a multi-channel potentiostat
(MultiEmStat3+, PalmSens, Netherlands) and an Ag/AgCl (satd. KCI)
reference electrode (Xylem Analytics, Germany). The device can’t
compensate for the ohmic drop originating from the resistance between
the working and reference electrode. However, the estimated resistance
values, ranging from 8 to 24 Q in each reactor as determined by double
potential step amperometry, were insignificantly small when compared
to the applied overpotentials for mediator oxidation.

In general, an anodic overpotential of around 200 mV above the
oxidation potential of the corresponding RM was applied to ensure a
sufficient driving force for mediator oxidation. In case of the mediators
being sensitive to light, the reactors were covered in aluminum foil to
exclude light-induced decomposition. If the solubility in aqueous buffer
allowed, the mediators were added from concentrated stock solutions
into the anodic chamber 24 h after polarization of the electrodes started.
The pH in the anodic chamber was regulated using pH sensors
(Easyferm plus K8, 120 mm, Hamilton, Germany) in conjunction with
Eppendorf DASGIP pH and pump modules. 2.5 M NaOH for MMasy
medium and 5 M KOH for M1 or M2 medium was used to control the
pH. This maintained a pH of 6.8 for MMasy and 7.5 for M1/M2
medium in the anodic compartment, while the cathodic chamber
remained uncontrolled.

2.3.2 e-Cuvettes

The e-Cuvette system comprises 8 parallel 4 mL capacity polystyrene
macro cuvettes (Th. Geyer GmbH & Co. KG, Germany) enclosed by a
3D-printed lid out of Rigur (RGD450) resin using a stereolithographic
printer (Stratasys, USA). Peripheral attachments for cable and gas line
management were printed from polylactic acid filament sourced from
Prusa Research a. s. (Czech Republic).

The medium was filled to a maximum of 3.5 mL in each vessel to
prevent overflowing. Sterile cannulas with a diameter of 0.6 mm (B.
Braun, Germany) were inserted through holes in the lid for sparging and
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mixing of the medium with sterile filtered 99.999% N, gas. Gas flow
was individually regulated for all channels using needle valves (Wagner
GmbH, Germany). Additionally, a wash bottle was incorporated to
humidify the gas and reduce evaporation losses. The flow rates were set
between 1.2 and 5+0.1 mL min™' prior to each experiment, with each
rate determined by water displacement in triplicates.

The three electrodes were introduced into each cuvette by submerging
screen-printed electrodes (SPE, C220 AT, Deutsche Metrohm GmbH
& Co. KG, Germany) into the medium. Each SPE comprised a working
and counter electrode, both made from gold with a working electrode
area of 0.125 cm? along with a silver pseudo-reference electrode
printed on a ceramic backplate. All electrodes are connected to the top
connector via paths of silver ink covered by a layer of insulating
material (Figure 5e). The contacts are designed to fit into a circuit board
plug on the 3D-printed lid, which is sealed with silicone against the
surrounding atmosphere.

In total, two designs were developed. Both use the working and counter
electrode on one chip. The difference lies in the use of the reference
electrode. One design uses the pseudo Ag reference electrodes on the
SPE (Figure 5a,b), while the other was modified to fit Ag/AgCl (3 M
KCl) reference electrodes (Pine Research Instrumentation Inc., USA)
through fittings in the lid (Figure 5¢,d). The SPEs reference electrodes
and lid underwent sterilization by immersion in 80% isopropanol for
5 min before being combined with the pre-filled sterile cuvettes and
transferred into the automatic sampler of the photometer (Evolution
201, Thermo Scientific GmbH, Germany). The cultivation temperature
was regulated using a thermostat (Julabo GmbH, Germany), which
circulated water at 30 °C through the autosampler unit.
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counter electrode (Au)

working electrode (Au)

pseudo reference electrode (Ag)

Figure 5: e-Cuvette setups from Publication III. Setup with pseudo Ag reference
electrodes in use outside (a) and inside the photometer (b). Identical setup with the
addition of Ag/AgCl reference electrodes (c, d). Screen printed electrode with the
respective three-pin circuit board plug (e). Adapted from [67].

The extinction measurement is based on the spectroelectrochemical
pre-screening of the respective redox mediator. Details on the process
can be found in Chapter 2.4.2 and in Publication IV.

2.4 Analytics

2.4.1 Substrate and product quantification

Substrate and product quantification was achieved by HPLC analysis.
Therefore, culture broth samples were first centrifuged at 16,900 x g at
4 °C for 5 min. The resulting supernatant was filtered through a 0.2 um
PTFE filter. HPLC analysis was conducted using an Agilent 1200 high-
performance liquid chromatography system equipped with an Aminex
HPX-87H column (Bio-Rad Laboratories GmbH, Germany).
Concentrations of the substrates fructose and glucose were determined
using a refractive index detector at 32 °C. The column temperature was
maintained at 50 °C, and 5 mM H>SO; at a flow rate of 0.6 mL min’!
was used for isocratic elution of the analytes. Fructose analysis in
MMasy medium was conducted at a flow rate of 0.5 mL min™.
Substrate and product standards were measured in 7 concentration steps
within the relevant concentration ranges in every analysis. The
corresponding areas were fitted using linear regression. The calibration
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graphs have been published within the supplementary information of
each Publication.

2.4.2 Spectroelectrochemical mediator characterization
Extinction characteristics of various mediators were determined via
spectroelectrochemical analysis, combining spectroscopic
measurements  with  cyclic  voltammetry (CV). Here, a
spectroelectrochemical cell kit in a quartz cuvette (AKSTCKIT3, Pine
Research Instrumentation Inc., USA) was utilized. The electrode setup
consisted of a gold working electrode with micro holes and a gold
counter electrode on a ceramic substrate. A micro Ag/AgCl (3 M KCl)
reference electrode (RRPEAGCL2, Pine Research Instrumentation
Inc., USA) was submerged into the solution separately. The cell was
maintained at 30 °C via a Peltier element and rendered oxygen-free by
purging the headspace with N> (99.999%). To mitigate any pH
fluctuations affecting the CV, measurements were conducted in
100 mM phosphate buffer (8.23 g L'! Na,HPOs, 5.04 g L'! NaH,POy,) at
pH 7. Data acquisition was performed using a Gamry Interface 1010B
potentiostat (Gamry Instruments Inc., USA) at scan rates of 50 and
10mV s,

2.4.3 Cell dry weight and optical density

The optical density (ODgoo) was measured by assessing the absorption
of the culture broth at 600 nm using a UV-vis spectrophotometer
(Evolution 201, Thermo Scientific GmbH, Germany). To obtain the cell
dry weight (CDW), samples of at least 10 to 20 mL of culture broth
were collected and centrifuged for 15min at 4°C at 3214xg
(Centrifuge 5810 R, Eppendorf, Germany). The supernatant was then
discarded, and the pellet washed in pure water to wash out inorganic
media components. Subsequently, the cell suspension in water was
dried and weighed simultaneously using a scale equipped with a heating
element (Kern, Germany) until no further water loss could be measured.

2.4.4 Real-time quantitative PCR

Expression rates of genes encoding possible mediator interaction sites
were determined via real-time quantitative PCR (RT-qPCR). Similar to
gPCR reactions performed with C. necator mRNA in the literature, the
housekeeping gene gyrB served as a positive control [71]. The cell’s
mRNA was prepared immediately after sampling from the cultures.
Since all experiments were conducted in triplicates, mRNA extraction
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was performed for each triplicate using the Monarch Total RNA
Miniprep Kit (T2010, New England Biolabs - NEB, USA), following
the protocol for tough-to-lyse samples from NEB (available online). An
enzymatic lysis with 1 g L! lysozyme in 10 mM TRIS buffer (pH 8.4)
at 25 °C for 5 min was carried out before adding Monarch RNA lysis
buffer. During the extraction, an on-column DNAse [ treatment
(included in the Monarch Kit) was conducted to remove any DNA
residues. Transcription into cDNA was performed using the Luna®
Universal One-Step RT-qPCR Kit (E3005, NEB, USA) with a total
RNA concentration of <0.05 g L. The reaction setup was conducted as
described in the associated manual. Primers were synthesized by
Sigma-Aldrich and the sequences for the specific genes of interest are
provided in the supplementary file (Table S1) of Publication VI. The
transcription and qPCR reactions were conducted using an Agilent
AriaMX qPCR system with the SYBR® scan mode. Relative gene
expression rates were determined against aerobic control cultivations as
the calibrator using the 224t method [72].

2.4.5 Electrochemical analysis

CV and differential pulse voltammetry (DPV) analysis were employed
in a three-electrode setup to investigate interactions between redox-
active species and the electrode. These species may include the
microorganism, the mediator, as well as fermentation products or
compounds from the cultivation medium. Each experiment was
conducted with the gas and mixers turned off to maintain static
conditions within the liquid phase. In CV experiments, the potential was
then swept in the relevant potential range vs. Ag/AgCl (satd. KCl) for
at least 5 cycles to ensure reproducibility. Detailed descriptions of these
methods can be found in the method sections of the corresponding
Publications.

2.4.6 Cell membrane permeability assay

Cell membrane permeability was assessed using the N-Phenyl-1-
naphthylamine (NPN) uptake assay, following the methodology
outlined by Helander and colleagues [73]. Each microbial culture
sample was diluted in 5 mM HEPES buffer to achieve an ODggo of 1. A
stock solution of the fluorescent probe NPN was prepared by dissolving
in 5 mM HEPES to a final concentration of 40 uM. In a black, flat-
bottom 96-well plate, 150 pL of each sample was combined with 50 pL
of the NPN stock solution to achieve a final NPN concentration of
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10 uM for the assay. Fluorescence measurements of the samples were
conducted using a Synergy HT microplate reader (BioTek-Instruments,
USA) at 30 °C, with excitation at 380 nm and emission at 405 nm,
following an initial shaking step for 6 s.

2.5 Calculations

2.5.1 Midpoint potential and total turnover number

The midpoint potential (£r,) of redox-active substances was determined
as the average of the anodic and cathodic peak potentials from CV
measurements and calculated using the equation:

— on + Ered
m 2

The total turnover number (TTN) for a single mediator system was
calculated as follows:

TTN = Qanode

F Mmediator * Zmediator

Were Mcdiawor 1S the absolute amount of mediator in the system in [mol],
Zmediator TEPresents the electron stoichiometry, meaning the number of
electrons that can be transferred by the mediator in one turnover, and F
is Faraday’s constant (96485.3365 C mol ™). Qunode represents the charge
transferred to the anode in [C] in the process. It is calculated by
integrating the current curve from the inoculation onwards.

2.5.2 Carbon/electron recovery and coulombic efficiency

The carbon recovery was determined as the total carbon content in the
products and biomass relative to the carbon content provided by the
substrate. Electron recovery rates were determined similarly, by
calculating the percentage of substrate-derived electrons present in the
products and transferred to the anode. Further details on both equations
are provided in the supplementary file of Publication II.

The coulombic efficiency (CE) was calculated following established
methods in the literature [11,74]:
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CE [%] — Qanode +100

qubstrate - Qproducts

Qsubstrate/ Qproducts TEpresent the charge present in the available substrate
and the microbial products.

2.5.3 Relative anodic electron uptake

The O, demand for growing cells of the respective organism was taken
from literature. The corresponding measure for anodic conditions is the
electron uptake by the anode, expressed as mol(e”) gcow ! h™!, where
mol(e”) is denoted as q and is calculated from the integration of the
current curve. For O, this value can be converted to the unit of
mol(e”) gcow ! h™! using the equivalent electrons for the O, molecule
(-2 per O atom). For anodic electron transfer, q can be calculated with
respect to the CDW and cultivation time, and then compared to the
value obtained with O, from the literature. This allows the
determination of the percentage of respiratory anodic electron uptake
relative to aerobic respiration. The concept was first introduced in
Publication II and is described in more detail in the corresponding
supplementary file.

2.5.4 Analysis of variance

The e-Cuvette screening tool was statistically assessed using a one-way
analysis of variance (ANOVA) with the OriginPro® 2022 Software.
Levenes’s test [75] was applied to test the equality of variance between
the experimental groups. These two groups contained two reference
experiments each and were performed before and after the screening of
different redox mediators. The Tukey test [76] was further applied to
compare both experimental groups regarding the differences in TTN.
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3 Summaries of Publications

The following Chapter contains short summaries of the Publications
which serve as the basis for this cumulative dissertation.

3.1 Redox Mediators in Microbial Electrochemical
Systems

André Gemiinde, Bin Lai, Laura Pause, Jens Kromer, and Dirk
Holtmann

3.1.1 Summary of the Publication

Redox mediators (RM) enable electron transfer between otherwise non-
electroactive microorganisms and electrodes in both ways. Despite their
common use in microbial and enzymatic electrochemical systems,
knowledge about the mechanism behind the electron transfer pathway
remains scarce. In microorganisms, the molecular interaction site (MIS)
of a RM significantly impacts the electron transfer efficiency in
different ways. E.g., the location of the MIS within the cytosol,
periplasm, or on the outer membrane determines the transfer kinetics.
Therefore, in the present review, the membrane transfer of multiple
RMs is discussed as a critical parameter for mediator selection.
Furthermore, the so far known or hypothesized MIS for different
mediators are summarized and connected with the standard redox
potential (E°) of the respective RM. The dataset is further expanded by
summarizing the latest key characteristics for an ideal redox mediator,
combining them with previous parameters reviewed in 1982 by Fultz
and Durst [15].

Besides the mechanism of the MET, the overall process efficiency for
a mediator-based BES needs to be considered. To quantify the
effectiveness of a RM in a process, the TTN is suggested as a metric.
This parameter enables comparison among RMs irrespective of their
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concentration, while also considering their stability. Moreover, the
downstream removal or recycling of the RM has to be considered as
well, since some mediators are toxic to the environment and/or
expensive in their acquisition. To date, research in this field is rather
scarce. The so far suggested techniques, like ion exchange
chromatography, membrane filtration, or photodegradation are
reviewed and summarized.

The created database is meant to give researchers a tool for designing
an efficient MET-based process, with the key parameters for mediator
selection at their hand. Additionally, the summarized MIS can be used
to hypothesize possible interaction sites of a given mediator for a
detailed study of the MET mechanism.

3.1.2 Individual contributions of the author

The present review article [14] was published in the international peer-
reviewed journal ChemElectroChem in 2022. My contribution to the
Publication was the initial conceptualization and selection of the key
parameters of a MET process to review from current literature.
Additionally, I created all figures and tables and wrote the Chapters 1
to 4 of the manuscript.
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3.2 Anodic Respiration of Vibrio natriegens in a
Bioelectrochemical System

André Gemiinde, Jonas Gail, and Dirk Holtmann

3.2.1 Summary of the Publication

The discovery of the extremely fast growth rate of Gram-negative
V. natriegens led to high expectations as a production host for
biotechnological applications. Besides the attribute as the fastest-
growing bacterium known, V. natriegens also surpasses the substrate
uptake of the biotechnological model production host, E. coli, by a
factor of 2 in aerobic and anaerobic cultivation conditions [77]. The
high ribosome count per cell may also benefit cell-free protein synthesis
[78], while already available genetic tools increase the production
spectrum significantly [45]. A recently proposed EET mechanism [3],
resembling a combination of Shewanella and Aeromonas spp., suggests
a DET and MET mechanism should be possible with V. natriegens.

Hence, the present Publication explores the applicability of
V. natriegens in a stirred tank BES via a MET and DET mechanism and
the influence of bioelectrochemical cultivation on the product
spectrum. Therefore, a commercial parallel fermentation system was
equipped with a three-electrode setup to make use of the pH control
system. MET to a carbon electrode was shown to be possible via
ferricyanide as mediator and glucose as electron and carbon donor. The
addition of CO; into the medium together with a regulated pH at 7.5
resulted in stable currents around 196 pA cm? and the production of
typical fermentation products, mainly acetate, formate, and ethanol
(Figure 6a,b). Without a mediator in place and with no potential
applied, the anaerobic metabolism of V. natriegens led to reducing
conditions in the cultivation chamber and similar products (Figure
6¢,d). However, the additional electron sink in the form of an anode
shifted the product spectrum towards lower formate and succinate
yields and simultaneously higher acetate yields.
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Figure 6: BES cultivation with applied potential vs. open circuit potential (OCP)
cultivation of V. natriegens in M2 medium with supplementary COz. Current density
(black line) at 500 mV vs. Ag/AgCl (satd. KCl), concentration of oxidized mediator
(yellow) starting at 5 mM, and cell density measured by ODeoo (green) (a). Poducts
during BES/OCP cultivation (b,d). Glucose (black squares), ethanol (red dots), acetate
(blue triangles), formate (yellow triangles), lactate (green diamonds), and succinate
(grey circles). Identical experiment setup with no potential applied (OCP) and no
mediator added (c).

Moreover, the experiments revealed the feasibility of a DET to an
anode, but with a distinct reduction in current density to a maximum of
6.6 pA cm?. This can most likely be attributed to the low surface-to-
volume ratio of the anode and provided the first experimental validation
for the EET model as suggested by Conley and co-workers [3].

3.2.2 Individual contributions of the author

The present manuscript [66] was published in the international peer-
reviewed journal ChemSusChem in 2023. My contribution to the work
was the reactor design and setup, the process conceptualization, and the
supervision of the experimental work performed by Jonas Gail.
Furthermore, I wrote the entire original manuscript.
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3.3 e-Cuvettes parallelize electrochemical and
photometric measurements in cuvettes and
facilitate applications in bio-electrochemistry

André Gemiinde, Jonas Gail, Jiirgen Janek, and Dirk Holtmann

3.3.1 Summary of the Publication

BES face similar challenges to traditional bioprocesses, necessitating
extensive experimentation expenses to reduce the time to market.
However, parallelization is hindered by the laborious setup of reactors
and manual sampling. Establishing a BES further requires extensive
pre-screening of electroactive organisms, culture conditions,
electrochemical potentials, and electron shuttles. Current laboratory-
scale BES typically utilize small double-chambered electrochemical
cells, like the H-cell-type or even larger reactors [13,63,79], which
demand for significant setup and maintenance efforts. Consequently,
the rapid screening of mediators and cultivation conditions remains
laborious and time consuming. Traditional bioprocesses often address
this challenge by downscaling and parallelizing established reactors
while maintaining the control capabilities [33]. The same approach led
to the development of the novel e-Cuvette system described in the
present Publication.

Here, commercial 4 mL macro cuvettes are converted into a BES by
implementing screen-printed electrodes (SPE) and stirring through a
continuous gas flow. This enables the use of soluble mediators in 8
parallel channels (see also Figure 5 in Chapter 2.3.2). The setup within
a photometer enables parallel measurement of the redox state of the
ferricyanide mediator and the cell density via online OD measurement.
The design was evaluated using the well-known Pseudomonas putida
KT2440 strain with ferricyanide as a redox mediator. Optimization of
the gas flow rate was required for sufficient mixing, dissolved O
removal, and minimal evaporation loss over time. This led to stable
currents over cultivation times up to 120 h with 4.5 mL min' N,
sparged through each cuvette. The parallel extinction measurement
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further enabled monitoring of ferricyanide reduction during the rising
current phase, while microbial growth was not observed (Figure 7).

In addition to parallelization, a key advantage of the system is its
working volume of 3.5 mL, enabling liquid sample taking during the
process. Moreover, the system is capable of long-term experiments due
to low evaporation rates, thus, complementing existing platforms for
rapid process development. Nevertheless, the cell densities are limited
to the lower range due to the photometric measurement.
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Figure 7: Oxygen saturation (black dots) at different gas flow rates (blue) in a single e-
Cuvette (a). BES cultivation with the adapted N2 flow rate of 4.5 mL min™! at 500 mV
vs. Ag/AgCl in 8 e-Cuvettes (b). Obtained current density (magenta), extinction of the
oxidized mediator (yellow) and cell density at 600 nm (green) during 118 h of
cultivation. Dotted line: abiotic control without mediator.

3.3.2 Individual contributions of the author

The work was published in the international and peer-reviewed journal
Biosensors and Bioelectronics: X in 2023 [67]. My contribution to this
work was the development and testing of the e-Cuvette apparatus, the
development of all methods mentioned in the Publication, and the
execution of the experiments. The original draft and all figures were
also created by myself.
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3.4 Redox mediator interaction with Cupriavidus
necator — spectroelectrochemical online analysis

André Gemiinde, Jonas Gail, and Dirk Holtmann

3.4.1 Summary of the Publication

Bioelectrochemical systems using C. necator as production organism
offer a promising solution for utilizing Ho/CO, mixtures as substrates.
By employing a mediated electron transfer to an inexhaustible electron
acceptor in the form of an anode, O can in theory be replaced to
eliminate explosion risks, bypass gas transfer limitations into the
cultivation medium, and avoid excessive foaming. So far, this process
has not been demonstrated and lacks a model for extracellular electron
transfer.

Based on the previously established e-Cuvette screening tool
(Publication III) and the literature-based dataset (Publication I), a
comprehensive mediator screening of 14 different redox mediators was
tested with C. necator to gain insights about potential interaction sites
for MET. All mediators were spectroelectrochemically characterized
before the screening in triplicates to collect their En values and
characteristic wavelengths (A.) for reduction rate kinetics.

Figure 8 depicts an overview for all 14 mediators in combination with
C. necator in an anodic BES for 118 h. Here, different concentrations
of the mediators have to be applied to achieve solubility and avoid
oversaturation of the extinction measurement. This is compensated by
calculating the concentration independent TTN and comparing the
values for each mediator. In the end, both phenazines demonstrated
high efficiency, with maximum reduction rates of 249 mM h™!' and
0.25mMh! for PMS/PES, alongside a TTN of 5.16 and 6.15,
respectively. However, their limited stability constrains their long-term
applications.
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Figure 8: TTN for 14 redox mediators in biotic electrochemical cultivations over 118 h

with their respective midpoint potential vs. Ag/AgCl (3 M KCl). Error bars depict the
standard deviation for n=3.

FEC exhibited 8.38 turnovers while being reduced at a rate of only
49.43 uM h™!. The selection of mediators demonstrated a cutoff Ey, for
anodic electron transfer below -365 mV vs. Ag/AgCl. Furthermore, the
affinity of the mediators towards organic solvents was termed a
secondary characteristic, as both hydrophobic and hydrophilic
mediators yielded similar TTNs. Yet, optimal mediated electron
transfer might require a combination of both types for an efficient
process.

3.4.2 Individual contributions of the author

The work was published in the international peer-reviewed journal
Electrochemistry Communications in 2024 [68]. My contribution to this
work was the spectroelectrochemical screening of the mediators, the
development of all methods mentioned in the Publication, and the data
analysis of the experiments. Furthermore, I supervised the experimental
work performed by Jonas Gail. The original draft and all figures were
also created by myself.
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3.5 Chemoorganotrophic electrofermentation by
Cupriavidus necator using redox mediators

André Gemiinde*, Elena Rossini*, Oliver Lenz, Stefan Frielingsdorf,
and Dirk Holtmann

*Both authors contributed equally to this work

3.5.1 Summary of the Publication

Next to the electrochemical and spectroscopical characterization of
redox mediators, the biocompatibility with the production strain has to
be considered. The present Publication first explores the limits of
biocompatibility of 11 out of the 14 mediators characterized and tested
in Publication IV, before comparing 4 of the mediators in the larger
scale BES reactors established in Publication II.

Growth rate analysis under non-electrochemical conditions with
ascending mediator concentrations revealed high biocompatibility for
ferricyanide (FEC), resazurin, and riboflavin. 2,6-dichloroindophenole
(DCIP), phenazine metho- and ethosulfate, and methyl viologen on the
other hand, exerted high stress on the cells and led to impaired growth
rates at lower concentrations. With fructose as electron and carbon
source in replacement for H,/CO,, anodic electron transfer was
achieved between stationary C. necator cells and an anode in stirred
tank BES reactors with FEC, DCIP, phenazine methosulfate (PMS),
and 2-hydroxy-1,4-naphtaquinone (HNQ). Among these, FEC
demonstrated 10-fold higher current densities than the other tested
mediators with up to 260 pA cm™.

As already hypothesized for P. putida, the [Fe(CN)s]*- molecule's high
charge and hydrophilic nature likely hinder it from penetrating the
hydrophobic cytoplasmic membrane [13,80]. Consequently, interaction
with periplasmic electron-transferring proteins is most plausible. Outer
membrane transfer is speculated to be achieved through natural outer
membrane porins with sufficient pore size, such as OmpF in P. putida
[13].
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In contrast, membrane traversing of PMS and DCIP is very likely due
to their lipophilic characteristics [81,82]. This alone, however, is not
enough for a more efficient electron transfer process, resulting in low
but stable current densities between 12 and 22 pA cm™. Furthermore,
with the minor currents, substrate consumption was minimal which in
turn means low production capabilities.

Differential pulse voltammetry (DPV) was further used to evaluate the
stability of the mediator compounds over 195 h of anodic cultivation.
The results indicate a side reaction occurring with artificially added
PMS and decreasing peak currents for DCIP, which renders these
mediators impractical for long-term cultivation.

3.5.2 Individual contributions of the author

The work was published in the international and peer-reviewed journal
Bioelectrochemistry in 2024 [69]. My involvement in this study
included the application of mediators in BES reactors and the
electrochemical analysis detailed in Chapters 3.2 and 3.3 of the
Publication. I also undertook conceptualization and initial drafting. This
concept extends from Elena Rossini's mediator pre-screening for
biocompatibility (Chapter 3.1), thereby, both of us are credited equally
as authors of this Publication.
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3.6 Unraveling the Electron Transfer in
Cupriavidus necator - Insights into Mediator
Reduction Mechanics

André Gemiinde, Nils-Lennart Ruppert, and Dirk Holtmann

3.6.1 Summary of the Publication

The Publication is based on the previous Publications I, IV, and V,
opening up the question of where exactly the so far most efficient redox
mediator ferricyanide is reduced within the cell. With a solid model for
MET in C. necator, optimization studies could be carried out to achieve
O, substitution within a BES.

Therefore, in the present Publication, a method set was applied to
narrow down possible interaction sites for ferricyanide in C. necator.
First, targets for RT-qPCR were selected based on already available
literature and mediator screening results. These qPCR targets were then
compared regarding their expression rate between three conditions:
chemolithoautotrophic cultivation with CO, as carbon source, H, as
electron source, and O; as electron acceptor; heterotrophic conditions
with fructose as carbon and electron donor and O; as electron acceptor;
and anodic conditions with fructose and the anode as electron acceptor
(Scheme 1). Previous work by Nishio and co-workers [63] revealed
higher expression levels of three nitrate reductases (NapD, NarK,
NasD) when a polymeric ferrocene mediator transferred surplus
electrons to an anode during aerobic cultivation. In this work, nitrite
reductase NirS proposedly plays a role, as evidenced by its 3.9+1.1-fold
higher expression under anodic conditions. Additionally, the 2.9+0.6-
fold increase in the expression of the natural porin OmpA under anodic
conditions suggests its potential involvement in FEC uptake through the
outer membrane.
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Scheme 1: Illustration of the aims of the study. Possible interaction sites of ferricyanide
(pentagons, yellow: oxidized, grey: reduced) within C. necator are narrowed down via
specific inhibition, applying a deletion mutant, and expression rate analysis comparing
chemolithoautotrophic, heterotrophic, and anodic cultivation conditions. Furthermore,
the influence of creating artificial porins with chemical permeabilizers on anodic
electron transfer is studied.

In addition to qPCR, individual sites were specifically inhibited during
BES cultivation, and a pHG1 megaplasmid deficient strain was used to
elucidate the interaction sites encoded on the plasmid. Here, all sites on
the pHG1 megaplasmid could be ruled out, since the pHG1 deficient
strain delivered identical current densities compared to the non-
deficient strain. Inhibition with 5 mM azide suggested cytochrome c
oxidase as a reduction site, as evidenced by a decrease to 14% of the
original current density post-inhibition, consistent with the findings of
Ertl and Unterladstaetter [83] in E. coli. However, the specific
inhibition with azide targeting the O reduction site, which is not
accessible for ferricyanide, results in an unclear mechanism for
ferricyanide reduction.
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Moreover, chemically permeabilizing cell membranes with
cetyltrimethylammonium bromide doubled FEC reduction rates
without an anode present, providing insights for optimizing redox
mediation in C. necator-based BES.

3.6.2 Individual contributions of the author

The present manuscript [70] was published in the international peer-
reviewed journal ChemElectroChem in 2024. My contribution to the
work was the experiment design and setup, the conceptualization, and
the supervision of the experimental work performed by Nils-Lennart
Ruppert, who carried out the NPN assays. Furthermore, I wrote the
original manuscript.
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Chapter 4

4 Discussion and outlook

The present thesis describes extracellular electron transfer models in
two Organisms, V. natriegens, and C. necator, mainly via redox
mediators, and showcases a tool for parallel screening of these shuttle
molecules. With the aid of a stirred tank reactor system, the screening
results are verified on a larger scale, and mechanics of MET are
explored. The following discussion sets the results of each Publication
in context and evaluates the accomplished objectives. Additionally,
future aspects obtained from the results are addressed.

4.1 Vibrio natriegens — a novel bioelectrochemical
workhorse?

A detailed EET pathway of V. natriegens was proposed by Conley and
co-workers [3] in 2020 via genetic comparison to Shewanella and
Aeromonas EET genes. Together with the fast growth, it promises to be
a novel bioelectrochemical workhorse. The EET pathway hypothesis
comprises of the MtrCAB outer membrane conduit analogous to S.
oneidensis, a soluble cytochrome for periplasmic transfer derived from
Aeromonas spp. (PdsA), and a CymA alike tetraheme cytochrome on
the cytoplasmic membrane (see also Figure 1 in Publication II). The
pathway should enable a DET through the MtrC outer membrane
cytochrome, which can be proven via BES cultivation.

By demonstrating an anodic DET with pure V. natriegens cultures
leading to current densities of up to 6.6 nA cm, the presence of outer
membrane cytochromes could be proven (Figure 4 in Publication II). A
functional MET demonstrated with FEC further supports the
availability of an outer membrane cytochrome. It has to be considered
though, that FEC is most likely able to enter the periplasm through
natural porins [13], which opens up the possible interaction sites to
periplasmic MtrA, PdsA, and CymA analogues of V. natriegens. If the



4.1 Vibrio natriegens — a novel bioelectrochemical workhorse? 39
CymA analogue is used for anodic respiration in parallel to
fermentation, it has to be verified if this analogue can contribute to the
proton motive force to drive ATP synthesis. In S. oneidensis CymA
itself doesn’t act as a proton translocating respiratory enzyme, but
contributes to the proton motive force by oxidizing the quinone pool, in
turn transferring protons into the periplasm [84].

In the MET process, the addition of 1 mM FEC leads to a maximum of
157 uA cm™. Now, the significantly higher current density compared to
a DET can be explained by the number of cells available for anodic
electron transfer. V. natriegens didn’t form dense biofilms on the
polished graphite electrode, which reduces the cell count performing
anodic electron transfer drastically. By adding FEC, every cell in the
bulk medium is now able to direct electrons towards the anode. The
efficiency of DET vs. MET in V. natriegens can therefore not be
evaluated. For this, the same number of cells would have to be
employed with both mechanisms, to compare electron transfer kinetics.

A cultivation study by Hoffart and co-workers [77] together with the
work published by Thoma and colleagues [85] suggested the addition
of CO; into the medium to facilitate the reductive tricarboxylic acid
(TCA) cycle through the anaplerotic reaction of pyruvate to
oxaloacetate or malonate, which requires CO,. This, together with a
constant pH at 7.5 and an increased FEC concentration of 5 mM
resulted in stable currents around 196 pA cm? and total FEC reduction
in the bulk medium. The total reduction of the mediator suggests that
even the higher FEC concentration of 5 mM still limits the electron
transfer efficiency. Now, the electron conduit proposed by Conley and
colleagues can’t be exactly verified via the demonstration of anodic
electron transfer alone, since the interaction site of FEC is unknown.
However, the current EET model fits the experimental observations.

With the EET capabilities demonstrated, the question arises, whether
the additional electron sink in the form of the anode influences the
metabolism of V. natriegens, like it was observed for unbalanced
fermentation mode in other organisms (see Chapter 1.4). From the
observed yields with the CO; supplemented BES, it can be deduced that
with an anode as only electron sink, less formate (0.209 g g') and
succinate (0.109 g g') are produced than under open circuit (OCP)
conditions (0.381 g g! formate and 0.159 g g succinate), where
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fermentation is the only respiration mode available. In contrast, anodic
conditions lead to more acetate (and therefore CO,) with 0.403 g g'! in
anodic vs. 0.286 g g! in OCP conditions and more biomass (0.048 vs.
0.018 gg!). This result is unexpected, as the presence of an
extracellular electron acceptor (e.g., O>) typically results in reduced
acetate accumulation, as observed in studies comparing metabolites
under aerobic and anaerobic (or micro-acrobic) conditions [44,77,86].
For instance, aerobic cultivation on glucose yielded 0.193 g g™' acetate,
whereas anaerobic conditions produced 0.177 gg' acetate [77].
Overall, the alteration of the metabolism in V. natriegens observed in
the results of Publication II is marginal when comparing anaerobic
fermentation to unbalanced fermentation with an additional electron
sink, despite the high current densities recorded. To get a better view of
the dimensions of the current density, the concept of relative anodic
electron uptake vs. respiration on O, was introduced. In brief, the
method calculates the ratio of electrons that are taken up by the anode
instead of being transferred to O, from growing V. natriegens cells (see
also Chapter 2.5.3). The value obtained stays below 1.4% during the
whole cultivation period, demonstrating that anodic electron transfer
only has a small impact on the overall respiration, which is again
represented in the product spectrum discussed before.

In general, the oxidation state of substrates and products should remain
equal on average. However, oxidized products outweigh the identified
reduced product (ethanol) by far. Additionally, in both OCP and anodic
conditions, ethanol is taken up again from the fermentation broth. By
comparing the electron and carbon recovery (Figure 9), a gap in the
carbon and electron recovery is clearly visible. To close the carbon and
electron gap in the experiments, another yet unidentified reduced
product has to be produced, since the anode only makes up for up to 6%
of the electrons, and no further products were identified. Hoffart and
co-workers [77] identified the amino acid alanine in non-growing
V. natriegens cultures in high amounts of up to 0.31 gL' (3.5 mM).
The reduced amino acid could compensate for the redox balance but
was not detected via HPLC with an evaporative light scattering
detector. To close the minimum of 20.6% in carbon recovery for anodic
conditions and supplemented CO,, 26.7 mM of alanine would have to
be produced. This, however, is unreasonable comparing the literature
value. Additionally, HPLC analysis would reveal such high
concentrations in cultivation supernatants.
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Figure 9: Carbon and electron recovery in BES reactors after 216 h of cultivation from
the substrate glucose in %. Additional carbon due to CO:2 addition could not be
quantified and is therefore left out. The respective conditions are mentioned below each
bar. Data points represent the mean values of triplicates. Error bars have been omitted
for clarity.

Therefore, the gap in the balance has to be attributed to more reduced
products. An additional electron sink in the medium is of course the
5 mM of ferricyanide itself being reduced entirely. Nevertheless, this
makes up for only 0.3% of the total electrons available through glucose
and can be disregarded.

Since the release of Publication II, new insights about the production of
exopolysaccharides (EPS) in V. natriegens were gained. A study by
Schulze and colleagues in 2024 [87] reported an EPS formation of up
to 0.157+0.020 g L' with the wild-type strain. These carbohydrate
polymers are excreted from the cell and facilitate biofilm formation
alongside with protection of the cell from environmental stress factors
[88]. The analysis of the carbohydrates in the EPS of V. natriegens
revealed a content of 53+6% glucose, alongside 14+4% galactose, and
12+4% rhamnose, to name the most dominant parts. Still, the marginal
amount of EPS formed cannot compensate for the huge gaps in the
balance.
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This gap has also been reported in the literature with 12% of the carbon
atoms missing from glucose as substrate and has since been closed by
intracellular flux distribution analysis [85]. Here, the CO» release in the
oxidative TCA cycle accounts for an additional 10% of the missing
carbon atoms derived from glucose. In Publication II, the amount of
CO; released was calculated based on the amount of acetate produced
in a 1:1 ratio, and the oxidative TCA cycle was found not to be active
under BES conditions since no succinate was produced without the
addition of COs. This, and the fact that CO; release cannot make up for
the gap in the electron balance, results in a still unidentified by-product.

To summarize, V. natriegens is a promising new strain for microbial
electrochemical applications for multiple reasons:

e [ts flexibility to use a DET and MET pathway with a well-
defined and experimentally confirmed model of complexes
involved

e The observed high current densities with FEC

e The stable current over long cultivation periods, even when
glucose is metabolized

e The availability of genetic tools for further applications

Still, the metabolism is not significantly altered with the unbalanced
fermentation pathway. Nevertheless, higher mediator concentrations
might enable even higher current densities, in turn diverting more
electrons towards the anode leading to a more significant shift in the
product spectrum.
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4.2 Parallel redox mediator screening

A wide variety of different redox mediators are available for
bioelectrochemical applications with little information about their exact
interaction site or membrane transfer characteristics (see Publication I).
Additionally, the number of tools available to identify suitable redox
mediators for a given task in a reasonable time is scarce. With the e-
Cuvette system presented in Publications I1I and IV, the screening times
can be reduced significantly, and screen-printed electrodes (SPE) allow
for easy changes of electrode materials and the use of different coatings.

Nevertheless, the use of SPEs comes with two major drawbacks. Firstly,
the physical stability of the pseudo reference electrode was termed
insufficient for cultivation periods up to 120 h, as the material visibly
deteriorated (see also supplementary file of Publication III). Secondly,
the anode and cathode are not spatially separated. This allows for side
reactions of electrochemically active compounds (like the mediator or
metal oxides) at both electrodes. Using FEC as an example, at the start
of an experiment, 100% oxidized [Fe(CN)e]*" is present. With a
potential difference of 500 mV between the electrodes, [Fe(CN)g]*" is
reduced to [Fe(CN)g]* at the cathode (Figure 10a). This reaction was
observed experimentally in abiotic control cuvettes. Figure 10b depicts
the extinction values of [Fe(CN)]* in yellow in an abiotic cuvette over
120 h at 500 mV. The concentration of [Fe(CN)g]*" declines linearly
while the current increases equally linear (magenta line). A reducing
reaction from a contaminant microbe was ruled out since ODsoo
measurements showed no increase over time. The spatial separation of
the electrodes, e.g., through a membrane, is therefore highly desirable
for further iterations of the e-Cuvette system.
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Figure 10: Possible side reaction of FEC at the cathode and the SPE arrangement (a).
Observed current (magenta line) and extinction values for FEC (yellow) and cell density
(ODsoo, green) in an abiotic control cuvette with 1 mM FEC polarized at 500 mV.

When screening methods or devices are designed, the robustness of the
system is key. The robustness of the e-Cuvette system has not been
evaluated within Publications III and IV yet. The precision (as a
measure of the spread of the measured TTN values) and stability (as a
measure of repeatability with the same conditions applied) can be
evaluated with reference experiments conducted before and after the
screening of the different redox mediators. Accuracy, as a value of
deviance from the true value, can’t be assessed though, since the “true
value” of the TTN of FEC with C. necator during BES cultivation is
unknown.

Now, a one-way ANOVA was conducted to evaluate the difference in
TTN with FEC before and after the screening of the different redox
mediators. In both stages, before and after the screening, two
experiments were conducted (pre- and post-validation). The hypothesis
was defined as equal mean TTNs across all groups. Levenes’s test
revealed a significance of p=0.181, which is determined non-
significant. Hence, equal variances within the groups were assumed.
Between the two experimental groups, the difference in TTN is
statistically significant, with F(3, 13) =22.8, p <0.001, leading to the
alternative hypothesis, that the mean TTN differs between the two
groups. The Tukey test [76] was further used to compare each
experiment within both groups for their mean TTN. It revealed that
within pre-validation experiments and post-validation experiments that
were conducted in a short time period the mean TTN doesn’t differ
significantly (1.68 to 1.03 mean difference, Figure 11). However, the



4.2 Parallel redox mediator screening 45

mean TTN between both groups diverges significantly, with the mean
difference TTN values ranging from 3.34 to 6.05. Here, the up-scaled
reactor can be used as reference, reaching a comparable TTN of 4.18
with a graphite electrode (see Publication V).
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Figure 11: Mean TTN values of reference experiments with FEC as box-plots before
and after the screening of different mediators.

To summarize, the precision of the screening tool can be evaluated as
very high with low standard deviations within a single experiment. The
stability can be termed as sufficient over short time periods. Long-term
experiments with multiple setups of the screening system therefore
need statistical verification with a reference cultivation in between. The
error can most likely be attributed to minimal changes in gas flow rate
due to the manual operation affecting the mass transfer kinetics within
the cuvettes.

With this, the screening results of C. necator published in Publication
IV can be evaluated. First of all, the general interaction of each mediator
with C. necator is not prone to any error caused by the setup. The
mediator can only interact or not interact. To summarize these
interaction results, a potential window between -365 and 206 mV vs.
Ag/AgCl (Figure 8) was observed, where mediator reduction can take
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place at the respective interaction site. Comparing the interacting
mediators with the literature data collected in Publication I,
hypothetical interaction sites can be deduced and further analyzed.

FEC is hereby one of the most studied mediators, with hypothesized
interactions involving cytochrome ¢ reductase (CcR), soluble
cytochrome c, and cytochrome ¢ oxidase (CcO) [28,80,83]. For methyl
red (MR) and 2,4-dihydroxybenzaldehyde (DHB), little is known so far
for their interaction with whole cells. MR can most likely penetrate the
membrane and interact with intracellular NADH, as postulated for yeast
cells [89]. The resulting TTN with the use of DHB (0.49) suggests an
inefficient electron transfer, hence the mechanism was not further
looked into.

The E° of DCIP (217 mV vs. SHE) fits that of cytochrome c1 in the CcR
complex (220 mV vs. SHE) [90], adding further to the hypothesis that
CcR plays a major role in MET of C. necator. Both phenazines possess
lower redox potentials than CcR and it has been reported that phenazine
methosulphate  oxidizes a periplasmic  hydrogenase from
Dehalococcoides ethenogenes [91], leading to the assumption that
hydrogenases from C. necator could also take part in MET. The
reduction rates of the phenazine sulphates that were determined in
Publication IV, surpass those of other mediators by far. Given the
lipophilic character of these molecules and their known affinity towards
the intracellular electron transfer chain [11,81], the interaction with
NAD(P)H is also feasible. Interaction of menadione was previously
linked to acting as a replacement for ubiquinone, due to the similar base
structure and redox potential. This would enable menadione to oxidize
succinate dehydrogenase (SDH) in the respiration chain [90]. However,
the TTN was very low and the growth rate massively reduced from
0.011 h'! to 0.003 h'! (see Publication IV, Table 2). These undesired
effects exclude menadione from further investigations. Both resazurin
and methylene blue have been shown to oxidize Shewanella-specific
membrane-spanning cytochromes (CymA, MtrA, MtrC, STC, OmcA)
[92,93], which are not present in C. necator. HNQ on the other hand, is
most likely able to interact with the quinone pool directly via various
quinone reductases [94]. However, the resulting TTN from screening
suggests the interaction is too small to play a significant role in MET.
While these screening results together with literature data can build a
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solid hypothesis for MET mechanisms, a definite experimental proof is
still necessary.

As a final proof of concept, results from the e-Cuvette screening system
were reproduced qualitatively in larger-scale stirred tank reactors that
have been established with V. natriegens in Publication II. Comparing
the 4 RMs, FEC, phenazine methosulfate (PMS), DCIP, and HNQ
should yield roughly identical current density curves between the
reactor and e-Cuvettes, assuming equal mixing and electrode
interaction. However, the more inefficient mass transfer within the
cuvettes due to the mixing via gas sparging is already known.
Additionally, e-Cuvettes use gold electrodes compared to graphite in
the reactor and concentration ranges for RMs are lower in e-Cuvettes,
to prevent saturation of the extinction measurement. Figure 12 depicts
current density curves measured in e-Cuvettes and a stirred tank BES
from Publication V in the same scale with the different concentrations
added to each curve. For PMS and DCIP, the e-Cuvette system mimics
the current density curves with the expected lower currents values.

FEC, on the other hand, performs differently in e-Cuvettes. The current
rises slowly, opposite to the immediate rise in the stirred tank vessel.
Later on, the current drops in a stirred tank, while it continues to rise
within the cuvettes. While it was generally believed that gold electrodes
are inert, recent interaction studies between gold electrodes and
ferricyanide revealed a competing reduction of the gold electrode
forming Au(CN), and consequently dissolving the electrode [95].
Whether this affects the e-Cuvette performance needs to be further
investigated. Nevertheless, the highest current densities can be reached
with FEC, making it the best available RM so far discovered. Within
the comparison, only HNQ delivers exceptionally low currents, not
comparable to a BES reactor cultivation.
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Figure 12: Comparison of current densities between stirred tank BES (red lines) and e-
Cuvettes (blue lines) for 4 mediators with their respective concentrations (FEC: top left,
PMS: top right, DCIP: bottom left, HNQ: bottom right). Data combined from
Publication IV and V. Conditions: MMasy medium with 4 g L' fructose, anodic
polarization. BES reactor: V=300 mL, N=400 rpm, n=1; e-Cuvettes: V=3.5mL,
3.5 mL min!' Np, n=3.

These results underline the capability of the e-Cuvette system. It is
primarily usable to pre-screen and compare the interaction of different
RMs with high precision, and has secondary use for the sufficient scale-
down of the 300 mL batch reactor system, which requires a lot of time
and resources to set up.
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4.3 Anodes as alternative electron acceptors for
C. necator

C. necator reached high current densities of up to 183+5 pA ¢cm? within
triplicate BES cultures with 5 mM FEC and a graphite anode poised at
500 mV vs. Ag/AgCl (satd. KCI). This is comparable to the value
reached with V. natriegens (196 pA cm™?) and even higher than
literature values of P. putida F1 producing 2-ketogluconate with FEC
as mediator reaching a maximum current density of 66 pA cm™ [74].
The CE is calculated with 63.1+£5.7%, without any products detectable
in HPLC analysis. Therefore, around 37% of the available electrons
from consumed fructose are not (yet) transferred to the anode and are
presumably used within the metabolism.

To assess if the target of substituting O, in BES cultivation was
achieved with the reached current density, the relative anodic electron
uptake vs. O, was calculated as described in Publication II. Therefore,
the specific O, consumption rate (qO2) was taken from literature. Under
chemolithoautotrophic conditions with O, concentrations below toxic
limits for C. necator, 1.4 mM(O,) gcow™ h! was proposed [96,97].
Using this value for the calculation of relative anodic electron uptake
within the BES cultivation, stable values between 10 to 12% vs. O; in
comparison to the literature value were achieved (Figure 13). This gives
an idea of how many more electrons need to be transferred to achieve
equal cultivation conditions in a BES without supplying O,. However,
since MET is apparently not limited by mediator concentration for
C. necator (see Figure 1 in Publication VI), it remains unclear how the
electron transfer capabilities can be increased by a factor of 8-10 to
achieve 100% relative anodic electron uptake. One option could be to
increase the concentration of available mediator molecules at the
interaction site through enhancing membrane transfer, which is further
discussed in Chapter 4.5.
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Figure 13: Relative electron uptake of the anode in relation to cultivation on Oz (black
line) over the cultivation time for three anaerobic BES reactors with 5 mM FEC and
500 mV vs. Ag/AgCl (satd. KCl) applied potential in MMasy medium. CDW (green)
was interpolated over offline data points. The current density is plotted in magenta for
comparison.

4.4 Mediated electron transfer mechanism in
C. necator

Based on the demonstrated MET with multiple different redox
mediators, the question of the exact mechanism arises. From the already
discussed screening experiments, it is clear that mediator interaction
can occur at different levels of microbial metabolism. In Publication VI,
a method set combining RT-qPCR, specific inhibitors, and deletion
strains for identifying mediator interaction sites was applied to shed
light on the mechanism of the so far most efficient mediator FEC.

From the literature overview on interaction sites in different
microorganisms with FEC in Publication I and the mediator screening
results described in Chapter 4.2, several sites for FEC reduction can be
summarized in groups. The first includes respiration chain complexes,
as they have been part of intensive studies regarding FEC interaction in
the past [28,80,83]. The suspected interaction with hydrogenases based
on the previously discussed interaction with PMS leads to a second
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group, which comprises the soluble and membrane-bound hydrogenase
of C. necator. Furthermore, the nitrate respiration system was
examined, since FEC could also take up electrons from these complexes
based on the redox potential, and especially from the nitrate reductase
which has been shown to interact with FEC in E. coli [98]. At last, FEC
needs a transfer pathway to cross the outer membrane. The kinetics of
this mechanism will ultimately affect the anodic electron transfer and
could be a target for optimization. A selection of porins and the
transporters of the nitrate respiration chain were summarized in a
separate group. The groups with the respective sites and their genetic
locations are summarized in Table 2. These sites were then further
studied by RT-qPCR to assess their expression rates under ‘“normal”
aerobic and chemolithoautotrophic (here short: autotrophic) conditions,
compared against BES cultivation with FEC. Additionally, a pHG1
megaplasmid deficient mutant strain (C. necator ApHG1) was used to
study the effects of eliminating all sites encoded on the megaplasmid.

Within the respiration chain, qualitative RT-qPCR revealed no
significant expression rate differences of CcR, SDH, and the ATPase in
BES conditions (Figure 14a) However, the cbb3 subunit of CcO was
found to be over-expressed by a factor of 1.9+£0.3 vs. aerobic conditions.
Regarding FEC membrane transfer, only OmpA stood out with a
significant over-expression in BES (2.9+0.6) and autotrophic (3.8+1.9)
conditions. As expected, both hydrogenases were expressed in
autotrophic environments with hydrogen present, while being absent
within the ApHG1 mutant strain which is genetically unable to express
them. In the BES with FEC, the SH was expressed 2.6+0.5-fold, and
the MBH 1.8+0.1-fold higher than under aerobic conditions (Figure
14b). This is remarkable since BES conditions lack hydrogen as an
inducer for the expression. However, since C. necator ApHG1 could
deliver equal current densities within the stirred tank BES (see
Publication VI), these hydrogenases are apparently not necessary for
MET. The same applies to all other sites located on the pHGI
megaplasmid.
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Table 2: hypothesized interaction sites with their respective genetic location.

Group Site Abbreviation Gene location
Respiratory Cytochrome ¢ CcO Chromosome 1
chain oxidase
complexes Cytochrome ¢ CcR
reductase
Succinate SDH
dehydrogenase
ATPase ATPase
Hydrogenases Soluble SH pHGI1
hydrogenase megaplasmid
Membrane-bound MBH
hydrogenase
Nitrate Respiratory NarG pHG1/
respiration nitrate reductase Chromosome 1
Periplasmic NapA pHGI
nitrate reductase
Nitric oxide NorB pHG1
reductase
Nitrous oxide NosZ pHG1
reductase
Nitrite reductase ~ NirS Chromosome 2
Transporters ~ Nitrate/H" NarKI pHGI
and porins symporter
Nitrate/Nitrite NarKII pHG1
antiporter
Outer membrane  OmpA Chromosome 1
porin
Type VI ImpK Chromosome 2
secretion protein
Outer membrane  CzcC2 Chromosome 2

porin (heavy
metal efflux
system)
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Nevertheless, nitrate reductase (NarG) has a genetic duplicate on the
chromosome and nitrite reductase (NirS) is located there as well.
Hence, their involvement in MET is still possible. RT-qPCR reveals
that NarG is not significantly over-expressed within the BES (1.5+0.2-
fold vs. aerobic), while NirS is expressed 3.9+1.1-times more than in
aerobic conditions (Figure 14c¢). Comparing this to autotrophic
conditions (2.2+0.1-fold vs. acrobic) confirms that the absence of O»
enables NarG and NirS expression [99] but to a lesser extent. From a
thermodynamical point of view, electron transfer from both reductases
is only possible with a suitable £°. NarG catalyzes the first reduction of
nitrate to nitrite at £°=420 mV vs. SHE before NirS converts nitrite into
the intermediate nitric oxide at E°=375 mV vs. SHE [99]. Therefore,
both enzymes could in theory enable electron transfer towards FEC
with E°=416 mV vs. SHE.

For a decisive determination of the now further narrowed down
interaction sites, specific inhibition was used. Of special interest were
both CcR and CcO from the respiratory chain as well as NarG and NirS
from the nitrate reduction pathway. CcR can be inhibited with
Antimycin A, while the CcO O, binding site is inhibited by sodium
azide. As a side effect of azide, both nitrate reductases (NapA and
NarQG) are also inhibited via an unknown mechanism. BES cultures
treated with these inhibitors separately, exhibit a direct current
response. Antimycin A treated cultures (Figure 15b) show a
continuously declining current output over 72h following the
inhibition, while [Fe(CN)s]* is not re-oxidized back to [Fe(CN)s]*" by
the anode. This makes the interpretation of the inhibition more difficult
since the effect of Antimycin A can be attributed to the CcR being
deactivated, or a side reaction with either FEC or the anode. The same
observation was made for P. putida F1 cultures in a study by Lai and
co-workers [80] with a similar BES and FEC as mediator. An influence
of Antimycin A on the photometric FEC quantification as well as
passivation of the graphite electrode could be ruled out in their study.
The cause of this observation is therefore still unknown.
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Figure 14: Relative gene expression levels in BES and autotrophic cultures of
hypothesized proteins involved in the MET process vs. stationary aerobic culture as
calibrator. BES samples were taken from the reactor 24 h after inoculation. Autotrophic
samples were cultivated until stationary (54 h). Error bars depict the standard deviation.
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With azide-treated cultures, the results can be interpreted clearly at first
glance. After azide addition, the current declines immediately while
[Fe(CN)]* is re-oxidized to [Fe(CN)]** by the anode (Figure 15a). The
reduction power by the cells is therefore clearly affected and the
specific inhibition of CcO suggests that the oxidase is a major
interaction site for FEC. However, looking deeper into the mechanism
of CcO catalysis reveals that azide binds specifically to the heme a3/Cuy
binuclear O, reduction site deep within the complex [100]. O, and azide
both enter the active site through a channel opening towards the
intermembrane space of the cytoplasmic membrane [101]. This space,
however, is most likely unreachable for the charged FEC molecule. The
interaction site for FEC therefore needs to be facing the cytoplasm, e.g.,
the soluble cytochrome ¢ oxidation site. Why the electron transfer
mechanism to FEC would then still be interrupted by azide binding deep
within the complex, remains unsolved. Since azide will also inhibit the
respiratory nitrate reductase NarG at the same time, the involvement of
this enzyme is also feasible. NarG can further provide proton
translocation through the cytoplasmic membrane, aiding in ATP
synthesis [102]. However, the enzyme is oriented towards the
cytoplasm on the inner membrane, where FEC cannot enter. Hence, the
interaction would have to take place at the membrane integral Narl
subunit, which contains two b-type cytochromes that oxidize
menaquinol for nitrate reduction [102]. A further possibility is
supported by the observation that 14% of the current before inhibition
remains 120 h past inhibition. This current could be attributed to nitrite
reductase NirS, which remains active in the presence of azide. The
enzyme was also identified as a potential interaction site via RT-qPCR
and is located in the periplasm, where it is accessible to FEC [103].
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Figure 15: Inhibition of CcO with 5 mM azide (a) and CcR with 20 pg mL! Antimycin

A (b) in C. necator BES cultures. Online current density is plotted in black, offline

measured [Fe(CN)s]*- concentration values are plotted in red.

To conclude, via qPCR, inhibition, and the BES cultivation of a pHG1
deficient C. necator strain, the interaction sites could be narrowed down
to cytochrome c reductase, cytochrome ¢ oxidase, and nitrate/nitrite
reductases. While pinpointing the exact mechanisms via the
aforementioned methods is not possible, a deeper understanding of the
FEC reduction mechanism was gained and further optimization of MET
can be based on these findings.

4.5 Optimization approaches

To enhance the MET capabilities of C. necator, several approaches can
be considered. One option is to increase the number of interaction sites
for the mediator to boost reduction rates, although this is challenging
due to the difficulty of increasing the number of available respiratory
chain complexes. Alternatively, given that the mediator interaction site
is likely accessible from the periplasm, a second strategy is to increase
the availability of oxidized mediator molecules at the interaction site by
improving outer-membrane transfer. The concept was briefly
mentioned in Publication VI and will be discussed in more detail here.
To increase mediator uptake into the periplasm, the outer membrane
must become more permeable to the mediator. FEC was chosen as the
exemplary mediator due to its superior performance within a BES. Two
strategies were tested to enhance FEC membrane transfer. First,
heterologous porins were expressed in C. necator under the control of
a rhamnose promoter to artificially increase the number of channels in
the outer membrane. Second, artificial pores were created using
chemical permeabilization agents to allow more mediator molecules to
traverse the outer membrane.
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The heterologous expression of various porins, including E. coli FhuA
and its FhuA A1-160 derivative missing the “cork” domain, as well as
P. aeruginosa OprF, in C. necator did not enhance mediated electron
transfer and resulted in reduced current densities (Figure 16a), most
likely due to the metabolic burden of producing the additional proteins
and keeping up the plasmids with the antibiotic resistance genes. From
this, two hypotheses arise. First, the increase of available mediator
molecules to the interaction site doesn’t increase overall EET, hence,
the mediator membrane transfer kinetics are not the limiting factor.
Second, the heterologous porins are not secreted or folded correctly.
Regarding the second hypothesis, the effect of increased membrane
transfer could be demonstrated via the NPN uptake assay in all porin-
producing mutants. Here, these mutants could take up more NPN in the
same amount of time, leading to an increased fluorescence of the probe
(Figure 16b). This observation leaves the hypothesis of membrane
transfer being not limiting for EET.
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Figure 16: BES cultivation of porin-producing C. necator. Porin expression (FhuA, red
line; FhuA A1-160, blue line; OprF, green line) leads to significantly decreased current
densities in comparison to PHB" strain (black line). Expression of the porins was already
started in the pre-culture (a). NPN uptake assay with porin-producing strains. The
fluorescence signal is increased with expressed porins, indicating an increased
membrane permeation of the fluorescent probe NPN (b). Conditions: MMasy minimal
medium, 30 °C, 400 rpm, pH 6.8, n=1, 500 mV vs. Ag/AgCl (satd. KCl). Error bars
depict the standard deviation of the NPN assay.
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A further test to this hypothesis is to rule out misfolded porins and
instead apply chemical permeabilization agents. Pre-screening via NPN
uptake assays of cetyltrimethylammonium bromide (CTAB),
benzalkonium chloride, ethylenediaminetetraacetic acid (EDTA),
Triton X 100, polyethylenimine (PEI), Tween 20, and succimer
(dimercaptosuccinic acid) with C. necator revealed increased
membrane permeability for succimer, PEI, benzalkonium chloride, and
CTAB (see supplementary information of Publication VI). However,
side reactions with the mediator and the cultivation medium, such as
clumping, precipitation, increased turbidity, and reduction of FEC,
prevented the use of succimer, PEI, and benzalkonium chloride for BES
cultivation. 20 uM CTAB on the other hand proved to be applicable
with the medium and FEC. Serum flask experiments with FEC and
C. necator treated with 20 uM CTAB showed doubled mediator
reduction rates. However, BES reactor cultures treated with CTAB did
not exhibit increased mediator reduction rates or higher current
densities (see Figures 5 and 6 in Publication VI).

To conclude, expressed porins and artificial chemical pores could both
increase the membrane permeability for the fluorescent probe NPN, but
neither permeabilization method led to a benefit for MET efficiency in
a BES reactor with FEC as mediator. This leads to the assumption, that
membrane permeation is not the limiting step in anodic electron transfer
via FEC in C. necator. Nevertheless, the expression of OmpA as a
natural C. necator porin should be explored in the future to verify this
hypothesis.
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4.6 Summary and Outlook

The direct and mediator-based electron transfer mechanisms of
V. natriegens have been experimentally validated. As a result of the
application of different gas supplies in the medium, CO; or N, the
product spectrum was shifted. With anodic cultivation conditions, a
slight change in the product spectrum from formate and succinate to
more acetate and ethanol was noticeable. The currents generated were
high in comparison to P. putida and could potentially be increased
further if mediator limitations are overcome. V. natriegens could
therefore be used as an electroactive production strain and potentially
be fed with additional electrons through the Mtr pathway or via
mediators to produce more reduced products, such as succinate.

For C. necator, current densities were comparable to V. natriegens in
the stirred tank BES with FEC, but with no apparent limitation caused
by mediator shortage. This suggests that maximum currents are already
reached. However, the percentage of replaced O, by the anode needs to
increase by a factor of 8-10 for an effective bioprocess comparable to
chemolithoautotrophic conditions. Additionally, fructose consumption
under BES conditions needs to increase drastically to allow for the
production of valuable compounds. Still, a high coulombic efficiency
with 63.1% for C. necator has been achieved for the amount of fructose
consumed. The underlying limitations should be explored, as the
mediator was not the limiting factor. As a control, OmpA, which is
C. necator's own porin, should be expressed under the control of a
promoter to ensure that mediator membrane transfer is also not limiting.

The e-Cuvette screening tool was proven to be a valuable asset in
mediator screening and the first ever system to enable online analysis
of cell density and redox state of the mediator. Nevertheless, a
significant improvement of the setup could be achieved by separating
the working and counter electrodes to eliminate electrochemical side
reactions. Furthermore, more data for statistical validation should be
gathered to enable balancing calculations within the small-scale system.

A major achievement was the circumscription of possible interaction
sites of FEC in C. necator to four complexes from the O, and nitrate
respiration chain. The determined complexes were cytochrome c
reductase and oxidase, as well as nitrate/nitrite reductases.
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Nevertheless, further clarification of the role of these four complexes is
needed. A proteome analysis (as referenced in source [80]) for the three
conditions should further be considered to broaden the view of
interaction sites, as some may be overlooked due to the manual
selection.

To achieve the overall goal of eliminating explosion risks with O»/H»
gas mixtures, another way could be to reverse the EET to cathodic
conditions. Hereby, electrons are supplied through the electrode and a
suitable mediator instead of H,. Then, O, can act as the preferred
electron acceptor.
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Redox mediators are commonly used in microbial electro-
chemical systems to enable or enhance the electron transfer
between microorganisms and electrodes. In recent studies, new
insights into the mechanism of mediated extracellular electron
transfer were gained, but some questions remain unanswered.
In this review, some of the most outstanding research questions
regarding the use of redox mediators in microbial electro-
chemical systems were discussed. These included the recycling
of artificial and natural redox mediators, limitations in electron
transfer rates by mediator turnover, metabolic burden, mem-
brane permeability, and the putative interaction sites between

1. Introduction

Besides the general possibility to drive enzymatic and microbial
reactions by electrochemical redox equivalents, there are also
some further practical advantages to the use of bioelectro-
chemical systems (BES). The first and, at the same time, greatest
advantage is making the oxygen transfer into the cultivation
medium obsolete, which is often a major obstacle for scaling up
aerobic stirred tank reactor processes.” In addition, the risk of
excessive foaming is also decreased by removing the need for
sparging the culture, especially when biodetergents like
rhamnolipids are the desired product.?® The term anodic
electro-fermentation (AEF) was shaped by Vassilev et al.®? for
such processes, where an anode acts as an inexhaustible
electron acceptor in replacement of oxygen. Additionally,
established microbial electrochemical technologies are micro-
bial electrosynthesis (MES), where the electrons are transferred
from the electrode to a desired reduced product, and microbial
fuel cells (MFC). MFCs are typically used in wastewater treat-
ment, where electroactive bacteria break down organic pollu-
tants and transfer the surplus electrons to the electrode, which
is accompanied by electricity production.®” It has to be noted
that in the following, the term “BES” is exclusively used for
microbial electrochemical reactions. For the sake of simplicity,
we will not introduce a new abbreviation.

Recently, Fruehauf etal!® briefly described three main
obstacles for microbial electrosynthesis, whereby two directly
refer to mediator-based BESs. The first one being the removal
of mediators from the fermentation broth; the second one
states that artificially added mediators are oftentimes limited in
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commonly used redox mediators and the proteins of the
electron transport chain of diverse electroactive microorgan-
isms. To simplify the planning of mediator-based bioelectro-
chemical systems, these molecular interaction sites were
defined by their redox potential and are assigned to redox
mediators, known or hypothesized to be able to transfer
electrons from or to the specific interaction site. Furthermore,
we addressed the kinetics of mediator transfer through the
membrane and the potential rate-limiting step in mediator-
based processes.

turnover number. The third unsettled question mentioned by
the authors is the mostly unknown interaction site between
microorganism and electrode, regardless of the determining
electron transfer mechanism. Therefore, this review aims to look
further into those obstacles and unsettled questions and shed
some light on solutions, which are already in existence for
mediator-based BESs. After looking further into those research
gaps and possible obstacles, we further want to extend the list
of properties an ideal redox mediator has to offer based on the
publications by Yang et al.”’ and Fultz and Durst."”

1.1. Mechanisms of extracellular electron transfer

Any living organism requires a mechanism to exchange
electrons with its environment. For the most part, electrons
emerging from oxidative processes need to be discarded from
the cell to create a proton gradient from the negative outside
of the membrane to the more positive counterpart on the
inside, which in turn drives ATP synthesis as the cell’s main
source of energy. This process is then called “respiration”.l"! For
numerous microorganisms, many of them electroactive, oxygen
is by far not the only terminal electron acceptor the cells can
make use of. Those include, among others, iron-, manganese-,
copper- or chromium oxides.! These organisms developed
different extracellular electron transfer (EET) mechanisms to
exchange electrons through the non-conductive cell membrane
by mainly three methods, shown in Figure 1. The first one being
a direct electron transfer (DET) between the surface of the
microbial membrane and, in this case, an electrode. Therefore,
the organisms have to express proteins, which reside in the
membranes and can bridge the isolating gap to transfer
electrons to an external acceptor. Inside such a redox-active
protein, electron transfer usually takes place through heme-,
iron-sulfur, or copper groups. The direction of electron flow is
thereby determined by the formal potential of the reaction
partners involved. In general, electrons are transferred from a
lower potential donor to an acceptor with a higher redox
potential.™ A more specialized form of DET can be used by
organisms like Shewanella oneidensis or Geobacter sulfurredu-
cens, which form conductive nanowires, spanning several
microns between electron acceptor and cell surfacel'*'
Suppose the organism doesn't exhibit redox-active proteins
on the cell surface or forms nanowires, which can utilize the

© 2022 The Authors. ChemElectroChem published by Wiley-VCH GmbH
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Figure 1. General electron transfer mechanisms between electrode and
electroactive microorganisms.

DET pathway. In that case, it might still be able to move
electrons through the cell membrane by taking advantage of a
mediator-based electron transfer (MET). The mediator hereby
acts as an electron shuttle between electrode and micro-
organism. For the process to work, the molecular interaction
site (MIS) has to be reachable for the shuttle molecule. So, in
many cases, when the MIS lies beneath or on the cytoplasmic
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membrane, the mediator must be able to cross the outer
membrane by transportation or diffusion. In contrast to DET,
one major advantage of MET is the utilization of the whole
reactor volume for biocatalytic conversions." To clarify, a
mediator can make use of the entire microbial surface area,
while the DET pathway can only cover a proportion of it, which
leads to unsatisfactory efficiency in standard stirred tank vessels.
Additionally, mediators could be used to target specific known
MIS, which in reverse could be used to study electron transfer
pathways in electroactive microorganisms."”

The third pathway is referred to as indirect electron transfer
(IET) and shares similarities to MET regarding the use of the
whole reactor volume. The important difference lies in the
irreversible redox reaction of the shuttle compound. Those
compounds can be synthesized at the electrode and transfer
electrons to the organism, using up the shuttle molecule in the
process like it is depicted in Figure 1. In reverse, reduced
metabolic substances can be secreted by the microorganism
and transfer electrons in a one-way process to the electrode.”

1.2. The obstacles and unsettled research questions

The first obstacle described by Fruehauf et al.®’ mentions the
costly downstream removal of mediators from the fermentation
broth. Some artificial redox mediators are expensive chemicals
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and are putatively toxic to the environment, so downstream
removal techniques or biodegradable electron shuttles are
highly desirable™ If such a shuttle component is fully
recoverable, the second question arises, if there is a limit on
how often they can be recycled and, even if they are intended
for a single batch use, how long they are stable in the BES. This,
in turn, means that the stability and total turnover have to be
considered for each mediator beforehand. This is especially the
case for “natural” redox mediators like riboflavin (RF) or
phenazines, which some organisms can secrete for themselves
since these substances are susceptible to degradation in BESs.

A particular obstacle comes up if we extend the view of
interaction sites from nanowires and outer membrane cyto-
chromes to the specific interaction sites of redox mediators and
electron transport chains of different organisms. For the most
part, they are unknown or can only be hypothesized. Only for a
few well-studied BES model organisms, like S. oneidensis,
profound information was acquired on which enzymes are
involved and what range their respective electrochemical
windows span. This knowledge gap hinders further optimiza-
tion of electron transfer rates in many electroactive bacteria."®'®
Also, since most known MIS can be found on the cytoplasmic
membrane, the mediator must eventually cross the membrane
barrier to reach the intended site. This, in turn, means that
transmembrane electron transfer might be a rate-limiting step
for MET pathways.

2. Downstream Removal and Recycling of
Redox Mediators

The toxicity of redox mediators to the environment is one major
concern when the MET-based bioelectrochemical process
comes to industrial application. Many of the electron shuttles,
like menadione or methyl viologen (MV), exhibit high toxicity

on living organisms, even in low concentrations."®*” The
mediators would thus need to be either recycled or removed
before discharging them into nature, meaning purification and/
or degradation have to be implemented into the downstream
process. This adds costs to the process and requires a balancing
of the entire bioprocess, which means the value of the product
has to be considered when mediators are introduced. So far,
the research regarding the recycling or removal of mediators in
BESs is rather scarce but can benefit readily from the research
efforts in other relevant fields. For instance, the reuse of culture
medium has been a long-term desire in biotechnology
(especially for large scale cultivation) to reduce the operation
cost.?'¥ Membrane or chromatography-based approaches are
used mostly to separate and recycle usable nutrients. These
might also be applicable in BESs for mediator recycling, while
the economic feasibility might be a key limitation.

Since many redox-active dyes have been used as mediators
in BESs, removal or degradation technologies developed for the
waste streams of the textile industry could also be transferred
to BESs. Table 1 summarizes methods for downstream removal
from an aqueous solution of some dyes or substances that have
been employed as redox mediators in BESs. As an example,
Goruh and Gurkan® could adsorb up to 98 % of neutral red
(NR) from an aqueous solution onto waste foundry sand. But
still, to achieve full reusability of the mediators after their
removal by adsorption, a suitable desorption method has to be
developed as well. With a desorption method added to the
process, an adsorber/desorber unit could be used on an
industrial scale to achieve sufficient regeneration. The same
applies to membrane filtration, since continuous downstream
recycling would be possible.? In contrast, degradation proc-
esses like photodegradation are only viable when a toxic
mediator has to be removed, since recycling is not an option in
those cases.

In reverse, new MFC or MES applications involving media-
tors could also be used for wastewater treatment in the textile

Table 1. Downstream removal techniques for common redox mediators used in BESs.
Technique Mediator System spedifics Removal efficency Reference
lon exchange Methylene blue Adsorption with Amberlite XAD-16 >99% within 30 min Lunn et al#*
chromatography Desorption with Methanol
Neutral red Adsorption with Amberlite XAD-16 >99% within 10 min Lunn et al.#"4!
Safranine O Adsorption with Amberlite XAD-16 >99% within 60 min Lunn et al. ¥4
Adsorption Neutral red Adsorption from aqueous solution onto waste foundry Up to 98 % within 120 min Goruh and
sand Glirkan®!
Methylene blue Adsorption from aqueous solution onto dried urban Not determined Otero et al1®*!
sewage sludge
Membrane Humic acid (analogues ~ Membrane filtration with carbon polymer composite 80% within 120 min Hwang et al.**!
filtration are e.g.: AQS, AQDS)
Extraction bae Extraction from aqueous solution into chloroform as >99% at a flow rate of Phillips et al.*!
organic phase. Porous PTFE capillary for separation 30 pl/min
Methylene blue Phase-transfer liquid phase microextraction Up to 100% within 10 min Chen et al*
Neutral red Up to 99.97 % within 10 min
Methyl red Up to 85 % within 10 min
Coagulation- Methyl red Coagulants: bentonite day and polyaluminium chloride >97 % within 15-20 min Fosso-Kankeu
flocculation mixing and 60 min settling et al.k®
Photodegradation  Methyl red Simulated solar irradiation catalysed by nanocomposites 95 % within 60 min Pouretedal and
Methylene blue of Zn, Cd, S Sabzevari'*’!
Mechanical Riboflavin Immobilization on magnetic beads Up to 90% (no time interval  Arinda et al.*")
stated)
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industry since the dye pollutants are often times redox-active
mediators.?

One approach to bypass the necessity of downstream
processing of mediators is the use of biodegradable redox
chemicals. For example, some humic substances, already
endogenous in waste sludge, can be harvested and used as an
electron shuttle in a BES.?” Also, flavins are occurring naturally
in the environment and can therefore potentially be discarded
safely in low concentrations. Another possible way can be to
immobilize the redox-active compound on the electrode, as it
was shown multiple times in literature221 However, this
comes with a severe disadvantage for scale-up because it
negates the advantage of soluble redox mediators to use the
whole reactor volume for the biotransformation process. There-
fore, a downstream removal technique or possibly biodegrad-
able redox mediators are still desirable for the broad mass of
organisms used in BESs.

3. Turnover Number in Mediated Electron
Transfer

The turnover number (often referred to as TN or TON in the
literature®*%) is a dimensionless number, which describes the
number of turnovers a catalyst can achieve in a given case. In
the context of enzymatic catalysis, the total turnover number
(TTN) has been widely accessed and defined as the quotient of
mol product per mol of biocatalyst used.">*¥ The concept of
TTN was only rarely touched in the field of microbial electro-
chemical technologies but is especially critical while a MET is
involved.®**9 The proper calculation of the TTN plays an
important role when determining the electrochemical behav-
iour of mediators in a BES, which will be further discussed in
section 3.2. Prior to that, the stability of the redox compounds
against physical, chemical, and biological stresses in a BES
system should be evaluated, which consequently affects the
precise estimation and calculation of TTN.

3.1. Defining the TTN

The definition of TTN has been used in the field of mediated
enzymatic processes by, e.g., Kochius et al® to calculate the
TTN for a mediated NAD(P)* regeneration system. It is defined
by the quotient of mol product in the system at the end of the
enzymatic reaction per mol of added mediator. For the
enzymatic process, the transformation reaction is rather simple
in terms of the profiles of substrate(s) and product(s), and thus
the electron donor(s) and sink(s) can be defined and deter-
mined relatively easy. When the definition of TTN comes to the
MET using whole cells as the catalysts, it is much more
challenging to precisely determine all the involved electron
donors and sinks, which is one key issue that needs to be
considered. Apart from the fed-in substrate and desired
product(s), possible substrate(s) coming from the medium or
inoculum and the by-products have to be screened and
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quantified. Moreover, biomass accumulation should also be
considered, where in this case, the chemical formula of the
biomass can be measured®™” (especially for pure culture systems
or defined consortium), or a general formula can be assumed®®
(particular for undefined systems). An electron balance analysis,
based on the degree of reduction, can even be conducted prior
to the TTN calculation.*** This can examine the coverage of all
possible electron donors and sinks in the system in the
calculations and subsequently affect the accuracy of TTN
calculation.

The TTN for the mediator (TTNg,) can be calculated from
the measured current and the total mediator concentration
(added or synthesized amount). We propose an equation similar
to the one used by Kaneko et al.“” which calculates the TTNg,,
by dividing the total amount of electrons g in [mol] transferred
to or from the electrode by the total amount of mediator used
(g in [mol], also taking in mind its electron transfer
capabilities, indicated by the number of electrons that can be
transferred per molecule of redox mediator in one turnover
(Za):

q
T = ®

The amount of electrons q can hereby be determined by
the measured current f in [A] over the reaction time t in [s]
divided by Faraday’s constant C in [A¥/mol]:

_Jinde
q=1l @

Still, it is not possible to distinguish the electron flux coming
from DET or MET using the approach described above if they
are both present in the system. These have to be selectively
activated or deactivated on a genetic level. In addition, redox-
active compounds other than the mediator can also cause
under- or over-estimation of the charge transfer via the
mediator, meaning, possible side reactions at the electrode
surface will lead to a falsely higher TTN. Therefore, abiotic tests
of the working conditions should always be carried out to
exclude such effects while attempting the TTN calculation of
the mediator.

3.2. Stability of mediators in bioelectrochemical
environments

The stability of redox mediators over one batch process is
essential for the long-term application of BESs. The mediator in
a BES is exposed to physical (e.g., UV light), chemical (e.g.,
oxidative radicals), and biological (e.g., biodegradation) stresses,
while all of them can affect its long-term stability. Without long-
lasting mediators, the electron transfer chain between organism
and electrode is weakened over time and ultimately breaks
down, which is reflected in the TTN. Conceivable reasons for
mediator loss in a BES would be: accumulation inside the cell,
permanent adsorption to cell membranes or electrodes, mem-
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brane permeability restrictions for one of the redox states,
instability, unwanted polymerisation, and semi-reversible redox
reactions at the working electrode. Numerous artificial redox
mediators are sufficiently stable and can withstand the
influence of UV-light in the typical time period of a BES
cultivation. For example, ferricyanide, 2-hydroxy-1,4-naphtaqui-
none (HNQ), and MV are very stable under neutral pH and
oxygen-free conditions."**" |n contrast, the metachromatic dye
thionine is unstable and can adsorb onto the electrode surface,
weakening the long-term BES efficiency.? Furthermore, NR can
be adsorbed to the cell membranes of gram-negative bacteria,
like A. succinogenes, as shown by Park and Zeikus.®" This,
however, facilitated the EET of the bacteria, which was likely
due to the reduction of NR by membrane-bound redox
proteins.

Choi et al™” observed the current gradually increased in the
cyclic voltammetry cycles for a L-a-phosphatidylcholine coated
electrode, while the phenazine-derivative mediator safranine O
was present in the electrolyte. This indicated an accumulation
of mediator on the electrode surface, which was due to the
changes in permeability crossing the fatty acid membrane: the
oxidized safranine O can diffuse through the membrane but
not the reduced form. This accumulates the redox chemical on
the electrode surface, resulting in increased current response
along the CV scans. Similar phenomena were also found for the
bipyridines MV and benzyl viologen (BV). These mediators
cannot pass the bacterial membrane barrier in their oxidized
MV2+/BV2+  states. BV, however, is able to cross the
membrane.*

Continuous feeding of artificial redox mediators might be
needed to sustain the BES system performance while using
these dwindling or unstable mediators in BES. This will increase
the operating cost of the process and can lead to toxicity effects
of the chemicals on microbes after reaching a certain concen-
tration. Another approach to compensate for the declining
efficiency could be microbial self-secreted mediators, e.g.,
phenazines, flavins, or pyrroloquinoline quinone (PQQ)."! This,
however, also comes with an additional metabolic burden to
the microbial host, which could further impact the EET
efficiency and system performance. Pyocyanine (PYO), for
example, is a natural redox mediator secreted by Pseudomonas
aeruginosa, and it was also found to be an effective mediator
for many other strains interacting with NADPH:pyocyanin
oxidoreductase.* However, the stability of PYO is quite low. Its
half-life was only one day, determined by Chukwubuikem
et al® in a PYO supplemented BES of Pseudomonas putida
KT2440. Similar results were obtained by Clifford et al.*” as no
electrochemical activity for PYO could be measured after 15
hours of redox cycling in a biophotovoltaic system. In addition
to the poor stability, the redox activity of PYO was also found to
be semi-reversible under BES conditions™ and toxic for bacteria
like Escherichia coli, even in concentrations below 3 pg/mL.[sg]
All these render PYO ineffective as an external redox mediator
in organisms other than P. aeruginosa. Stability issues were also
found for phenazine methosulfate, a derivative of PYO synthe-
sized chemically. The current signal halved after 500 cycles of
cyclic voltammetry.™ Instead, the PYO precursor phenazine-1-
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carboxylic acid (PCA) could be a more promising candidate as a
recombinant redox mediator. Its half-life in a BES spans more
than 10 days, and the compound can be reversibly oxidized
and reduced.”®*® Still, phenazine redox mediators might also
adsorb to electrodes or even further chemically react at the
surface, which would limit their long-term usability in BESs.*]

3.3. Metabolic burden of recombinant mediator production

For MET experiments, redox mediators can be supplied to the
system in two different ways. Either a chemically synthesized
mediator can be added externally, or the cells can be
metabolically engineered to secrete self-synthesized mediators
if they don't already have a way to produce them.*" The usage
of an artificial redox mediator comes with the clear advantage
that timing, amount, and redox potential can be adjusted to fit
the individual purpose of the experiment. On the downside,
this approach generates additional costs and an increased
ecological footprint. Conducting electromicrobial experiments
with the aid of self-secreted mediators might be the cheaper
option, but one has to rely on naturally occurring compounds
and their synthetic pathways. Furthermore, this approach might
require the use of genetically modified strains, timing, and the
amount of redox mediator produced is far less controllable.
Anyways, in both approaches, downstream processing might
be needed to recover the mediators as large amounts of these
chemical compounds cannot be discharged easily, as they
might be toxic to the environment. Therefore, the question of
which approach is the favourable choice for MET experiments is
not easy to answer. In this section, we attempt to estimate the
impact of producing a natural mediator in a recombinant strain
on the process yields. For this purpose, we assume that PCA is
produced in a recombinant P. putida strain from the hexose
glucose. Such a production has been published recently by
Schmitz and Rosenbaum.

We used our existing elementary flux mode analysis model
for P. putida and included the reactions necessary to produce
PCA from P. aeruginosa'® Using the computation tool
efmtool® we predicted the amount of glucose that would be
needed per mol of PCA synthesized in the metabolic network
with glucose as carbon and ammonia as nitrogen source. The
resulting theoretical carbon yield is 0.71 c-mol-c-mol~', which
translates to a mass vyield of 04 gp(A-ggm(o&e’w, or
2.46 Gyucose' Tpca (1.99 MOlyjucose Mol ). Looking at the de-
gree of reduction of glucose, one would invest 1.99¥24 mol
electrons into the mediator. Hence, the mediator will need to
complete 24 two electron cycles until the equivalent amount of
electrons invested into the mediator are transferred to the
anode. This might be highly relevant if the mediator is not
stable enough and cannot be fully degraded by the cell to
recover the invested electrons. This would be even more
problematic when the carbon sources are less reduced than
sugars. In terms of the metabolic burden, based on the
theoretical yields and the observed glucose uptake rate, one
can estimate how much substrate would be invested into the
mediator. According to the calculations, 13.4% of the observed
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glucose uptake will end up in PCA in P. putida (estimated from
Figure 2A Schmitz & Rosenbaum, 2020%%) in the first 5 hours of
cultivation. It has to be stated that this calculation does not
account for the metabolic costs of producing the recombinant
enzymes for the pathway or plasmid maintenance, if applicable.
Therefore, the actual metabolic burden for the cell will be even
higher. At the same time, this scenario only provided mediator
concentrations around 200 uM, which might be, depending on
the TTN of the chosen mediator, insufficient for a high current
output (fast process).

To conclude, when choosing a mediator, one has to keep in
mind that not every redox-active compound is an ideal redox
mediator. Especially the stability of the compound is a crucial

ability to reach MIS

Figure 2. Extended criteria for an ideal redox mediator in a BES.
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the usage in a mediated BES system. Anyways, the production
of phenazines comes with a high metabolic burden for the cell
and drains a high share of carbon to the mediator production.
Keeping in mind that also self-secreted mediators have to be
removed in downstream processing. The usage of an artificial
mediator, which is separately added to the BES, seems to be
more promising. Such a mediator would not pose a metabolic
burden for synthesis of the substance. Good candidates for
such mediators are transition metal complexes. Their redox
potential, molecular charge, and polarity can be customized by
coupling different metal ions and ligands.* Therefore, depend-
ing on the target product, the chemical to be used can be
rationally tuned and allow relatively easy separation and
recycling in the downstream process using, e.g, charge
separation approaches. Cobalt-organic complexes, for instance,
have been successfully applied in some BES studies.

4. Interaction Between Redox Mediators and
Electroactive Microorganisms

In recent years, numerous electroactive organisms and their
associated EET pathways have been examined. Zhao et al.®”
recently summarized how the different microorganisms use
their respective native redox proteins to perform EET and
proposed potential engineering solutions to improve them.
However, this review focuses on the interaction between redox
mediators and cellular components (e.g, redox proteins)
involved in the MET pathway. Understanding how the redox
mediator withdraws electrons from the cellular electron carrier
is crucial for effective MES processes or to improve the power
density of a MFC based on MET. The complexity of the MET
process could be well underestimated. The electron flux
mediated by the redox chemicals can either be inward from the
cathode or outward to the anode with respect to the cells. In
addition, the cellular energy metabolism can be significantly
impacted by the MET pathway. This is dependent on the MIS
between mediator and microorganism, e.g, whether the
membrane protein containing the transmembrane proton
pump is involved or not. Consequently, this would impact the
electrode-steered bioprocess, e.g., the yield of the target
product."** Further, the potential difference between MIS and
mediator has to be considered. Already in 1982, Fultz and
Durst"” published their review on formal potentials of redox
mediators and proposed an ideal range of +118 mV in redox
potential between a “biocomponent” and a mediator, based on
the Nernst equation.

Table 2 and 3 summarize the so far known MIS for different
artificial and natural redox mediators for different microorgan-
isms, ascendingly sorted by their standard redox potential vs.
the standard hydrogen electrode (SHE) and preferably those
already used in BESs. In cases where redox potentials of the MIS
are marked with a (b), the potential was estimated based on
the different mediators tested in the publication. For instance
Liang et al® could only see influences on electron transfer
with mediators which possess lower redox potentials than
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thionine. So, in turn, the potential of the MIS has to be lower
than the 60 mV vs. SHE for thionine, or alternatively, the
mediator is for other reasons, such as membrane restrictions or
stability issues not interacting with the organism.

It must also be noted that the redox potentials of mediators
and interaction sites are not always fixed. The E° values of
mediators can be affected by the prevailing pH, and the redox
potentials of the MIS are sometimes stated as a potential range.
This has multiple reasons. Firstly, the standard redox potential
E® of membrane proteins depends on pH, ionic strength, and
the presence of surrounding lipids."" Secondly, many MIS are
heme, iron-sulfur, or copper groups, which reside inside the
protein and are partly restricted for mediators due to accessi-
bility reasons. This, in turn, results in a broad range of potentials
for many MIS, instead of one fixed redox potential, like it can be
stated for most redox mediators at defined pH. As an example,
Marritt et al”” could identify the redox potentials of the four
hemes in purified CymA from $. oneidensis MR-1 by spectropo-
tentiometric titration. Their determined redox potentials range
from —265 mV (heme IV) to —110 mV (heme Il). The electron
transfer chain can hereby act unexpectedly by allowing
thermodynamically unfavourable (“uphill’) reactions from high-
er to lower potentials between nearby redox centres, typically
within the range of 14 Angstrom, through electron
tunnelling.l""7"73

Firer-Sherwood et al.” used protein film voltammetry on
the Mtr-Proteins from S. oneidensis to determine their respective
E® values. Among other cytochromes, these values and their
respective electrochemical windows can be taken from Table 4.
The potential ranges of the electron transfer proteins in the
Mtr-chain overlap significantly, allowing for the thermodynami-
cally favoured transport along the chain to the outer mem-
brane. Only the entry point redox potential of the electrons
from the menaquinone couple lies higher in potential than the
E° value for the first electron acceptor in the electron transfer
chain, CymA. The authors presume that the binding of the
quinone cofactor alters the redox potential of the complex to
allow for the electron transfer to CymA and afterwards further
down the chain.”™ This is also the case for the binding of flavins
like riboflavin or flavin mononucleotide (FMN) to outer mem-
brane cytochromes like MtrC. The formed complex alters the
redox properties of both components, which enables thermo-
dynamically favoured electron transfer. Okamoto et al.” could
provide data on this process by using differential pulse
voltammetry on whole cells with flavins as redox shuttling
compound. The complex of FMN and MtrC showed a midpoint
potential of —145 mV vs. SHE in comparison to —219 mV for
free FMN. For RF and OmcA, respectively, a positive shift of
69 mV was recorded for the complex./¥

Still, the number of known interaction sites in whole-cell
electrobiocatalysis is scarce, and further research in this field
would benefit the understanding, as well as the optimization of
MET in diverse organisms.

73]
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Table 2. Artificial redox mediators with their respective redox potentials (Ef,) and MIS (Ef,;). The electroactive organism used, as well as the working
electrode potential of the BES (E,) from the associated reference, are also given, The E° values below are reported against the conditions: 25°C, 1 atm, pH 7.
Mediator Epy vs. SHE  Molecular interaction site Efys vs. SHE Organism Eye vs. SHE  Ref.
[mV] [mV] [mv]
[Co(trans-diammad)]** —555 Hypothesis: Rnf complex (ferredoxin —500<x<—400  Jostridium autoe- —603 [65]
dependent transhydrogenase) thanogenum
Methyl viologen (MV2F/MV**) —440 Periplasmatic hydrogenase —4149 Dehalococcoides ~ No BES [82]
ethenogenes
Periplasmatic hydrogenase —442 Dehalococcoides —500 [83]
spp.
Periplasmatic Fe-hydrogenase (pH 7.5) —351 Desulfovibrio vul- ~ No BES [84]
garis
Periplasmatic hydrogenase —41219 Desulfovibrio vul-  MFC [85]
garis
Recombinant nitrogenase from Paeniba- 2751 Synechococcus —606 [87]
ciffus sp. WLY78.7 elongatus
PCC 7942
Benzyl viologen (BV) —360 Periplasmatic hydrogenase —4149 Dehalococcoides No BES [82]
ethenogenes
Neutral red (NR) —325 Cytochrome c: CedA, a cytochrome ¢ —180<x< 60" Methanosarcina —651 [69]
synthesis gene, was upregulated barkeri
Menaguinone -72 Escherichia coli —451 [88]
Fumarate reductase —55 Actinobacillis suc-  —2000 [51,89]
cinogens
NAD* —-320 Actinobaciflis suc-  —2000 51
cinogens
Hypothesis: NAD* —325 Methylobacterium =551 [90]
extorquens
Safranine O -300 Bound as cofactor to: OmcA, MtrC —450 Shewanelfa onei- —450 (o1
densis MR-1
PMBVI (poly (2-methacryloylox- —-280 Hypothesis: ubiquinone and/or FAD, 90/-220 Escherichia coli —400 [40]
yethyl phosphorylcholine-co-butyl which further donate electrons to
methacrylate-co-viologen)) nitrate reductase
9,10-anthraquinone-2-carboxylic —247 Outer membrane cytochrome ¢(OmcA,  —400<x<0 Shewanella putre-  —186 [92]
add (AQQ OmeB, OmcS, MtrC,...) faciens 200
Cytochrome ¢ CedA, a gytochrome ¢ —180 <x < 60" Methanosarcina —651 [69]
synthesis gene, was upregulated barkeri
9,10-anthraquinone-2-sulfonic —225 Outer membrane cytochrome ¢ (OmcA,  —400<x <0 Shewanelfa putre-  —198 921
acid (AQS) OmcB, OmcS, MtrC,...) faciens 200
Bound specifically as cofactor to OmcA  —550 Shewanella onei- —450 [on
densis MR-1
Cytochrome ¢: CedA, a cytochrome ¢ —180<x < 60" Methanosarcina —651 [69]
synthesis gene, was upregulated barkeri
Periplasmatic hydrogenase —41219 Desulfovibrio vul-  MFC [85]
garis
9,10-anthraquinone-2,6-disulfonic ~ —184 Outer membrane cytochrome ¢ (OmcA,  —400<x <0 Shewanelfa putre-  —178 921
acid (AQDS) OmeB, OmcS, MtrC....) faciens 200
AQDS replaces menaquinone and shut-  —320<x< 73" Paracoccus versu-  No BES [94]
tles electrons between NADH and Com- tus
plex | of the respiratory chain
Periplasmatic hydrogenase —4149 Dehalococcoides ~ No BES [82]
ethenogenes
Cytochrome c: CedA, a cytochrome ¢ —180<x< 60" Methanosarcina —651 [69]
synthesis gene, was upregulated barkeri
OcwA from Thermincola potens JR —450<x <100 Purified protein CV analy- [95]
sis
2-hydroxy-1,4-naphthoquinone 137 Putative quinone hydrogenase(s) —73<x<90% Kiebsiella pneu- 699 [96]
HNQ) (Menaquinone, moniae
Ubiquinone)
Outer membrane cytochrome ¢ (OmcA,  —400<x<0 Shewanela putre-  —93 921
OmcB, OmcS, MtrC,...) faciens 200
Resazurin -51 Outer membrane cytochrome ¢ (OmcA,  —400<x <0 Shewanella putre- 61 921
OmeB, OmcS, MtrC,...) faciens 200
Methylene blue (MB) i CymA, MtrA, STC el Recombinant £s- 200 1971
cherichia coli
FMN cofactor / Fe—S clusters of pyru- < —150°% Saccharomyces MFC [99)
vate dehydrogenase and several dehy- cerevisiae
drogenases from the TCA cycle
Menadione (+ [Fe(CN)|* * ) 30 Succinate dehydrogenase 30 Saccharomyces 500 [100]
cerevisiae
Dichloroindophenol (DAP/DCPIP) 217 Cytochrome ¢1 subunit of complex Il 220 Saccharomyces 500 [100]
cerevisiae

ChemelectroChem 2022, 9, 202200216 (9 of 15)

© 2022 The Authors. ChemElectroChem published by Wiley-VCH GmbH



Chemistry

Review Europe
ChemElectroChem doi.org/10.1002/celc.202200216 Socreses busmbing
Table 2. continued
Mediator Epy vs. SHE  Molecular interaction site Efys vs. SHE Organism Eye vs. SHE  Ref.
[mv] [mVv] [mv]
DCIP+ [Fe(CN)g]* * NADH-ubiquinone oxireductase | (Com-  —320<x <90 Staphylococcus 405 [1o1]
plex 1) aureus
[Colbpy))*+2* 310 Cytochrome c reductase (Complex Ill) 78 <x<208" Pseudomonas pu- 699 [16]
tida F1
Soluble cytochrome ¢ el
Periplasmatic subunits of cytochrome ¢ 270
oxidase (Cuy, ccoO, ccoP)
[Fe(CN)g)® 416 Cytochrome ¢ reductase (Complex Il) 78<x <208 Pseudomonas pu- 699 [16]
tida F1
Soluble cytochrome ¢ el
Periplasmatic subunits of cytochrome ¢ 270
oxidase (Cuy, ccoO, ccoP)
Cytochrome o/bd I/bdll oxidase el Recombinant £s-  No BES [102]
cherichia coli
Hypothesis: complex IV, cytochrome el Corynebacterium 697 4]
supercomplex (aa3, belc) glutamicum
Cytochrome bd oxidase (unlikely, due el
to a resulting lack of proton motive
force)
Succinate dehydrogenase (unlikely, due 30
to a resulting lack of proton motive
force)
Menaquinone (unlikely, due to aresult-  —73
ing lack of proton motive force)
PMF [poly(2-methacryloyloxyethyl 500 Nitrate reductases. Upregulated genes 4209 Ralstonia eutro- 600 [103]
phosphorylcholine-co-vinylferro- encoding for: narK1, nasD pha (aka. Cupria-
cene)] vidus necator)
MB combined with NR:
MB m FAD cofactor from succinate dehydro- 30 Saccharomyces MFC [99]
genase cerevisiae
NR -325 NADH is oxidized by NR in the cyto- —3209 Saccharomyces MFC [99]
plasm to NAD* cerevisiae
[a] See list of cytochromes, [b] Interpretation based on the mediators tested. [c] Potential for the catalysed reaction.

5. Cross-Membrane Transportation as a Key
Process for Redox Mediator Selection

Most of the known or hypothesized MISs for redox mediators
are located on the cytoplasmic membrane (Table 2 and 3). Thus,
the transportation of redox mediators across the cellular
membrane (especially the outer membrane) becomes a critical
parameter determining the MET efficiency. That particularly
matters for the cases using hydrophilic mediators to bridge the
electron flux between suspended cells and the electrode.
Kinetically, it has been shown that the intramolecular electron
transfer rate constant between the microbial membrane protein
hemes can reach 10°-10°s™'"*77 and the intermolecular
electron transfer rate constant between the heme and external
electron acceptor is also on the level of 10° M~'s™'.7® All these
considerations above raise critical concerns of the transmem-
brane electron transfer (via artificial or self-secreted electron
carriers) as the potential rate-limiting step for the MET path-
ways.

5.1. The potential challenges

Understanding the transportation pathway of mediators is
critical to rationally improve the MET efficiency. Although the
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MET pathway has been found and used in the field of microbial
electrochemical technologies for decades,”**" revealing the
fundamental mechanism is still facing many challenges and
needs more investigations.

Firstly, differential transporters might be required for the
uptake and secretion of a redox mediator, respectively.
Riboflavin, for instance, is an effective mediator widely present
in different microorganisms, including Shewanella, Geobacter,
and many other microorganisms.'*""? An outer membrane
cytochrome was reported to be interacting with riboflavin for
Geobacter, and thus a membrane transporter might not be
absolutely essential’™ But for many other strains, including
Shewanella, specialized membrane transporters for its secretion
and uptake are needed. The pathway was nicely reviewed by
Garcia-Angulo™¥ in 2017, where outer membrane transporters
Bfe from Shewanella and YeeO from E. coli were proposed for
RF secretion, and diverse receptors were reported as the likely
transporters for its uptake.

In addition, different transporters might also be required for
the mediator’s varied redox status. This was briefly discussed in
section 3 above, as it might significantly affect its precise TTN
calculation. Still, this phenomenon could also raise critical
concerns and difficulties to screen, identify and optimize the
respective transporters. Balancing the transportation kinetics for
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Table 3. Natural redox mediators with their respective redox potentials (Ef,,) and MIS (Ey,). The electroactive organism used, as well as the working
electrode potential of the BES (Ey) from the associated reference, are also given. The E° values below are reported against the conditions: 25°C, 1 atm, pH 7.
Mediator Egy Vs, SHE  Molecular interaction site Epys vS. SHE Organism Eye vs. SHE  Ref.
[mV] [mVv] [mV]
Ferredoxin —432 Periplasmatic hydrogenase —4144 Dehalococcoides ethe-  No BES [82]
nogenes
FMN/FAD -219 MtrF (MtrC homologous) —400<x<100 Shewanella oneidensis No BES [104]
MR-1
FMN -219 MrC 50 Shewanella oneidensis 399 741
MR-1
Outer membrane cytochrome ¢ (OmcA, —400<x<0 Shewanella putrefa- —178 921
OmcB, OmcS, MtrC....) ciens 200
OcwA from Thermincola potens JR —450<x<100 Purified protein QV analy-  [95]
sis
FMN (bound)™ —145 MtrC —145 Shewanella oneidensis 399 174)
MR-1
Riboflavin (RF) —208 Outer membrane cytochrome ¢ (OmcA, —400<x<0 Shewanella putrefa- —184 [92]
OmcB, OmcS, MtrC....) ciens 200
OcwA from Thermincola potens JR —450<x<100 Purified protein Vanaly-  [95]
sis
RF (bound)™! -139 Bound to OmcA -139 Shewanella oneidensis 399 174)
MR-1
-110 FMN(ox) > FMNH(Sq) bound to OmcA -110 Shewanella oneidensis ~ —450 [105,106]
MR-1
—400 FMNH(Sq) > FMNH-(Hq) bound to OmcA —400 Shewanella oneidensis ~ —450 [105,106]
MR-1
Phenazine—1-carbox —140"7 Terminal heme-copper oxidases: aay, bo,, L Pseudomonas aerugi-  No BES [108]
amide (PCN) cbby(1), cbb,(2) nosa PA14
Terminal quinol oxidase: cyanide insensitive  Unknown
oxidase (Cio)
Phenazine—1-carboxylic —116™7 Glucose dehydrogenase (PQQ dependent) 40 / 344" Pseudomonas aerugi- 399 [56]
acid (PCA) nosa
Pseudomonas putida
Terminal heme-copper oxidases: aay, bos, el Pseudomonas aerugi-  No BES [108]
cbby(1), cbb,(2) nosa PA14
Terminal quinol oxidase: cyanide insensitive  Unknown
oxidase (Cio)
recombinant PCA from P. Menaquinone —731 Recombinant Escheri-  —401 (54]
aeruginosa chia coli
Pyocyanine (PYO) —4007 Glucose dehydrogenase 40 /344" Pseudomonas aerugi- 399 [56]
nosa
Pseudomonas putida
Periplasmatic hydrogenase —4144 Dehalococcoides ethe-  No BES [82]
nogenes
Terminal heme-copper oxidases: aay, bos, L Pseudomonas aerugi-  No BES [108]
cbby(1), cbb,(2) nosa PA14
Terminal quinol oxidase: cyanide insensitive Unknown
oxidase (Cio)
Phenazine methosulfate 80 Periplasmatic hydrogenase —4144 Dehalococcoides ethe-  No BES [82]
nogenes
OcwA from Thermincola potens JR —450<x<100 Purified protein QY analy-  [95]
sis
[a] See list of cytochromes. [b] Complex of mediator and MIS. The E° values of MIS and redox mediator are therefore equal. [c] Potential for the catalysed
reaction. Sq: Semiquinone. Hq: Hydroquinone.

the mediator in different redox statuses can be very challeng-
ing.

Last but not least, the transportation pathways are largely
unclear for many of the mediators used in the MET field. The
efflux pump MexGHI-OpmD in P. geruginosa was found to act
on the secretion of phenazines,"'? but such efflux pump was
not widely found in other strains where phenazines can also act
as an effective mediator, e.g, E. coli, Enterococcus faecium,
etc" Although the uptake of PCA into the cytosol of P. putida
was recently proven by Chukwubuikem et al,”™ more studies
will still be needed to elucidate its detailed pathway and the
presence of a similar uptake mechanism in other strains. For the
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artificial redox mediators, compounds like NR and AQDS have
been studied intensively in biochemical studies for decades,
and their interactions with the microbial membrane are well-
known. For instance, NR can readily penetrate into the cell
membrane via non-ionic diffusion, and it has been used as a
common assay for cell viability tests."”! On the other hand, the
transportation pathways for other inorganic or metal-organic
compounds need more investigation. In vitro studies have
shown interactions between redox compounds (e.g., ferricya-
nide, cobalt organic complex, etc.) with the cytoplasmic redox
proteinst'*'2% or periplasmic electron carriers.'*'%! The outer
membrane is very likely permeable for these charged hydro-
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Table 4. List of cytochromes and their redox-active subunits with the respective standard redox potential (%). The E° values below are reported against the
conditions: 25 °C, 1 atm, pH 7.
Cytochrome Redox-active E° vs. SHE Electron donor/ E% vs. SHE Organism Reference
subunit [mv] acceptor [mV]
Cytochrome aa, aay(1) 143 C. glutamicum ~ Kao et al,, 2016™
aay(2) 317
CuA 150 cc di-heme (bcc) 100
Cytochrome bcc~ Heme b (low) -291 C. glutamicum ~ Kao et al, 2016™
Heme b (high) —163
cc di-heme 100
Rieske iron sulfur 160 Menaquinone -73
cluster
Cytochrome bo, ~ Heme b (low) 220-250 Ubiquinone 90 E. coli Salerno et al, 1989"!
Ingledew et al,, 19957
Heme o (high) 160 Salerno et al,, 1989
Cytochrome cbb,  Heme ¢ 260 Soluble cytochrome ¢ 260 P. stutzeri Melin et al, 2016
Heme b 372
Heme b, —54 0, 820
CcoP 269 P, stutzeri Melin et al, 2016
Cytochrome bd Heme d 260 E. coli Pudek and Bragg, 1976""
Heme by, 165
Heme by 35
Soluble cyto- Heme ¢ 260 Melin and Hellwig, 2020""
chrome ¢
CymA Hemel —240 S. oneidensis Marritt et al,, 2012
MR-1
Heme Il =110
Heme Il -190
Heme IV —265
Whole enzyme —200+125 Donor: Menaquinone 73 S. oneidensis Firer-Sherwood et al, 20087,
Acceptor: STC (among —160+125 pH6
others) McMillan et al, 201202
Small tetraheme —138<x<—248 S. oneidensis Harada et al, 2002"%", pH 9,1
cytochrome (STQ)
—160£125 MtrA —100£150 S, oneidensis Firer-Sherwood et al, 2008",
pH6
MtrA —100£150 MtrC —138£1375 S, oneidensis Firer-Sherwood et al, 2008"%,
pH6
MtrC —138+1375 S. oneidensis Firer-Sherwood et al,, 20087,
pH6

philic molecules, but not the cytoplasmic membrane2*?¥ An
outer-membrane-crossing pathway will thus be a key for this
type of mediator.

5.2. The proposed solutions

The high diversity of transportation mechanisms for different
mediators and different strains poses significant challenges for
rationally improving the MET efficiency. To overcome this
problem, we propose two potential solutions from the aspects
of biology and technology, respectively.

Strain _engineering. ldentifying the respective membrane
transporter and optimizing its efficiency is an ultimate solution
to rationally improve the MET rates. Systems and synthetic
biology, which have gained increased interest in the field of
microbial electrochemical technologies, provide efficient ap-
proaches to achieve it. Omics, especially proteomics and
transcriptomics, can be used to identify potential candidates by
comparative analysis. They have been applied to fundamental
studies of EET pathways,"*"*" and similar approaches could be
adapted for transporter identifications. Afterwards, the (over-)
expression of the target transporter using synthetic biology or
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the improvement of the transporting kinetics by protein
engineering can be applied. This will be challenging, especially
for those microorganisms that are less well-studied. Sound and
fundamental understandings of the host organisms are prereq-
uisites for efficient protein engineering. Finally, other ap-
proaches can also be effective. For instance, metabolic model-
ling can be used to simulate the optimized scenario to balance
the MET and metabolic turnover rates under certain physiology
conditions if the transporter kinetic is known and structural
understanding of the interaction between the transporter and
mediator can provide a molecular basis for efficient, rational
engineering.

System configurations. The strain engineering solutions can
be applied to model microorganisms where the genetic tools
are available and microbial physiology is well-understood. But
for many other non-model microorganisms, improving the MET
efficiency by tuning the system configuration might be more
practical. In that case, a dual mediator system or amphiphilic
mediator can probably be used. The hydrophobic mediator (or
hydrophobic head of the amphiphilic compound) integrates
with and thus electrify the cellular membrane by extracting the
metabolic electrons to the cell surface, and then the second
hydrophilic mediator (or the hydrophilic head of the amphi-
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philic mediator) bridges the electron flux from the cell
membrane to the electrode. Rawson et al."*"! examined the dual
mediator system in yeast by combining ferricyanide and differ-
ent hydrophobic compounds. The MIS of the hydrophobic
mediator was found to be a determining factor for the MET
efficiency, while the bulk phase was well-mixed. On the other
hand, the amphiphilic mediator could overcome the diffusion
issue in the bulk phase, and a redox-active polymer layer can
be built with this mediator with the microbial cells. This concept
was nicely reviewed by Kaneko et al® in 2020, and thus will
not be discussed in detail here.

6. Summary and Outlook

MET-based EET has been overlooked in the community in the
past two decades (at least partially) due to the concerns of
toxicity effect and add-up operation cost. When working with
mediator-based BESs, the focus often lies on, e.g., maximizing
space-time product vyields, coulombic efficiency, mediator
turnover, etc. The reusability of the mediators is, at least until
now, far away from being sufficiently studied. However,
mediator-based electron transfer brings a variety of possibilities
to bioelectrochemical applications, especially for the integration
with industrial biotechnology for bioproduction purposes.
Extensive research has to be focused on understanding the
interactions between mediators and electroactive microorgan-
isms to realize those possibilities. In this review, we summarized
those so far known or hypothesized MIS for different mediators,
which have been used in whole-cell electrobiocatalysis. More
research in this field is urgently needed and would benefit the
rational optimization of future MET applications, e.g, the
fundamental understandings of the EET pathways using omics
techniques.

To conclude the findings of this review, we want to extend
the criteria of an ideal redox mediator by Yang et al.”! and Fultz
and Durst" as depicted in Figure 2: First, long-term stability
regarding the definition stated above and therefore reusability,
as well as low toxicity to the environment in case a sufficient
separation is not achievable, has to be reached. Second, the
ideal mediator most likely has to be added artificially since the
transportation through the membrane exerts a lower metabolic
burden on the organism than the natural production. As well as
that, a redox potential that fits the targeted MIS is crucial. Third
and final, the ability to reach the MIS by penetrating the
microbial membrane has to be one of the key features of an
ideal redox mediator. As we discussed, the mechanism of
membrane transfer is most likely rate-limiting and therefore has
to be investigated in further detail.
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Anodic Respiration of Vibrio natriegens in a

Bioelectrochemical System

André Gemiinde,® Jonas Gail,” and Dirk Holtmann*®

Vibrio natriegens promises to be a new standard biotechnolog-
ical working organism since it grows extraordinarily fast, its
productivity surpasses E.coli by far, and genomic tools are
getting readily available. Recent studies provided insights into
its extracellular electron transfer pathway, revealing it to be
similar to other well-known electroactive organisms. Therefore,
we aimed to show for the first time that V. natriegens donates
electrons from its metabolism to an electrode by direct contact

Introduction

V. natriegens receives more and more attention in biochemical
engineering due to its ability to grow very fast on different
substrates. It is referred to as the fastest-growing non-
pathogenic microorganism on the planet.” This attribute raises
high expectations for the microorganism as a promising broad-
range production host.** Essential for growth of the gram-
negative, rod-shaped marine bacterium is the availability of
sodium ions? Another advantage for surviving in changing
environments compared to other organisms is the flexibility in
using different electron acceptors. V. natriegens can donate
electrons to oxygen as well as fumarate, nitrate, nitrite, Fe'
citrate and fermentation products.*® Nevertheless, the fast
growth also demands for high oxygen uptake, which calls for
reactors enabling high oxygen transfer rates. However, this can
theoretically also be addressed by using bioelectrochemical
methods.

Bioelectrochemical systems (BES) offer electrodes as elec-
tron donors or acceptors. For electrodes polarized as anodes,
meaning the electrode acts as an acceptor, organisms can
respire through this electrode in a process therefore termed
“anodic respiration”. Compared to conventional processes, this
offers the advantage that no oxygen has to be introduced into
the medium. In theory, scale-up limitations originating from
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as well as via an artificial redox mediator. Our results
demonstrate current densities up to 196 pAcm ™ using an
artificial mediator. Via direct electron transfer, 6.6 ;LAcm’Z were
achieved within the first 24 h of cultivation. In the mediated
system, mainly formate, acetate, and succinate were produced
from glucose. These findings favor V. natriegens over estab-
lished electroactive organisms due to its superior electron-
transfer capabilities combined with an outstanding metabolism.

oxygen transfer can therefore be eliminated. However, for this
to happen, the organisms need to be electroactive, meaning
that mechanisms are required to enable electron transfer
through the isolating cell membrane.” Detailed knowledge
about those mechanisms still remains unknown. In case of the
model organisms Shewanella oneidensis and Geobacter sulfurre-
ducens detailed models existed for several years.” For V.na-
triegens, Conley et al. recently proposed a mechanism describ-
ing the extracellular electron transfer (EET) pathway as a hybrid
of S. oneidensis and Aeromonas spp.”’ Genomic analysis revealed
77 % similarity between CymA, an inner membrane tetraheme
cytochrome transporting electrons from the quinone pool to
the periplasm (Figure 1), of V. natriegens to the Aeromonas
schubertii analogue. Further, the periplasmatic shuttle molecule

aerobic electrochemical

cultivation

cultivation

Electrode

[Fe(CN)dl*

[Fe(CN)®

Figure 1. Electron transfer pathways in aerobic vs. anaerobic BES cultivation
for V. natriegens. Under aerobic conditions, oxygen acts as a terminal
electron acceptor. With an electrode as a terminal electron acceptor,

V. natriegens can transfer electrons from the quinone pool to the anode via
direct transfer. This is enabled by an electron transfer chain made up from
multiple c-type cytochromes. Additionally, planktonic cells can “respire”
through the anode by using [Fe(CN),]* "~ as soluble electron shuttle.
Created with BioRender.com.

© 2023 The Authors. ChemSusChem published by Wiley-VCH GmbH



Chemistry
Europe

European Chemical
Societies Publishing

Research Article

ChemSusChem doi.org/10.1002/cssc.202300181

PdsA from Aeromonas hydrophila and A. schubertii is 68 % similar
to the respective V. natriegens periplasmatic electron shuttle.
The outer membrane electron transfer chain proteins MtrCAB
share the most similarity to Aeromonas spp. with 50% to MtrC,
61-62% for MtrB, and 73-81% for MtrA.”' In theory, those
cytochromes should enable a direct electron transfer (DET)
between V. natriegens and electrodes or mediators.

To the best of our knowledge, only the experimental studies
by Lam et al. provide evidence of an EET with an unspecified
Vibrio strain isolated from a BES.” In their study, mixed cultures
were investigated and it was shown that a Vibrio sp. isolate was
able to transfer electrons to anodes as well as cathodes.
However, it has not yet been shown whether pure cultures of
V. natriegens are electroactive or able to produce industrial-
relevant chemicals in a BES.

A further way to enable EET is the mediated electron
transfer (MET). Hereby, redox-active shuttle molecules, so-called
mediators are able to transfer electrons between electrodes and
microorganisms. Some of those shuttles are capable of
traversing the (outer) membrane which grants them access to
periplasmic or cytoplasmic interaction sites.”” The mediators
can be distinguished into two main groups, artificial or self-
synthesized natural molecules.""”

This study aimed to investigate the mediated and direct
electron transfer of V. natriegens. Hence, special attention is
devoted to characterizing growth and product formation under
the artificial electrochemical cultivation conditions.

Results and Discussion

In a first step, batch cultivations of V. natriegens were conducted
in 300 mL BES reactors containing 1 mM of K;[Fe(CN)y] as an
artificial mediator in mineral medium. Immediately after inocu-
lation, a current production could be observed and a maximum
current density of 157-2855pAcm™ was obtained after
19.5h (Figure 2a). The concentration of oxidized mediator
mirrored the current density in the opposite direction, although
the desired concentration of 1 mM was not reached in the
beginning. This could be due to errors during the addition by
syringes or by decomposition reactions since the mediator is
added 24 h prior to inoculation. When the maximum current
density was reached, the concentration of the oxidized species
([Fe(CNg)I*") dropped to a minimum of 0.13 mM.

Therefore, around 16.3 % of the initially added mediator was
still in its oxidized state. It is therefore likely that the electrode
reaction was not limiting the maximum current density at this
point. Though it is still conceivable, a higher amount of
available [Fe(CNg)*~ could enhance the electron transfer from
the microorganism to the electrode. Similar results were shown
for Pseudomonas putida KT2440 in a stirred tank electrochemical
bioreactor and Lactococcus lactis cultivated with [Fe(CNg)*",
where increasing the concentration of the redox shuttle
[Fe(CNg)>~ led to higher growth rates."? After the current
density decreased, the electrode was again able to re-oxidize
the mediator to 100%. The mediator’s total turnover number
(TTN) was calculated as 18.84+2.15. This demonstrates the
reversibility of the mediator’s redox reaction over the entire
batch cultivation. As under strictly anaerobic conditions,
V. natriegens was able to grow under BES conditions from a
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Figure 2. (a) Anaerobic batch cultivation of V. natriegens at 30°C in 300 mL stirred-tank bioreactors at 400 rpm and applied potential 500 mV vs. Ag/AgCl
(satd. KCI) with 1 mM added [Fe(CN),)* as redox mediator to the M1 medium. The headspace of each reactor was flushed with 45 mLmin~" N,. Black line:
current density, red dots: pH value, green dots: cell density measured at 600 nm, black squares: [Fe(CN)s]*~ concentration in mM. (b) Substrate and product
concentrations over the course of the batch process. Concentrations of glucose (black squares), ethanol (red dots), acetate (blue triangles), formate (yellow
triangles), lactate (green diamonds), and pyruvate (purple stars). Dotted lines: interpolation of the data points. Error bars depict the standard deviation from

triplicates.
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starting cell dry weight (CDW) of 0.04 gL™' to a maximum of
0.26 gL~ with a growth rate of 0.228 h™" (Figure S4b and S4c in
the Supporting Information). During growth, the acidic products
formate, acetate, and lactate were excreted and subsequently,
the pH dropped. Then, at a pH below 55, the glucose
metabolization stopped, no further products were synthesized
and the current began to drop (Figure 2b). When the pH was
manually corrected in the range of 6-6.5, the current gener-
ation was extended, but the metabolic activity declined over
time (Figure $6). Overall, the pH plays a significant role within
the system. The metabolism stops at a pH below 5.5 in the M1
medium. With a low pH in the anodic chamber, the pH drop
between the anodic and cathodic chamber increases, leading to
a potential loss of around 0.06 V per pH unit according to the
Nernst equation.!™™ Furthermore, the formal redox potential of
the mediator ferricyanide is affected by pH changes. Due to
protonation of the ligands in aqueous environments, the formal
potential changes to more positive values in acidic
conditions." However, stability is not affected until very high
pH values are reached.™

In order to understand the electron flow within the
metabolism of V. natriegens, the electron balance was calcu-
lated. In total, from the amount of electrons that were available
through glucose consumption, 2.3+0.29% were found to be
transferred to the anode resulting in a current flow (Figure 2a,
Figure S10). In contrast, 45.9141.21% could be attributed to all
products, and 2.844+0.93% were calculated for generated
biomass, which leaves 48.95% undetected. Therefore, a cou-
lombic efficiency (CE) of 4.2540.42 % was reached. The missing
electrons could be attributed to the biomass accumulating as
biofilm on the reactor internals or the formation of extracellular
polymeric substances since no oxygen or other known electron
sinks were present in the system (Figure 59). We compared the
anodic respiration to the common aerobic respiration on
oxygen via the oxygen uptake rate known from the literature
(Supporting Information, Section 2.5.6).1"" This resulted in only
1.44% of the electron uptake needed for growing cells on
oxygen being available through anodic respiration. In contrast,
29.08% were reached via fermentation products. Since the
electron balance is not closed so far, other electron sinks might
influence the respiratory electron flow. In addition, the carbon
balance could only show 55.24+1.38% of the added carbon in
the products and 2.56+0.36% in the biomass, leaving until
now 42.24% undetected. From the literature, the amino acid
alanine is known to be produced with high titers by non-
growing V. natriegens cells in anaerobic cultivations."” However,
in our study, alanine could not be detected via the chosen
HPLC method in supernatants at the end of BES cultivations
with both media.

In the anaerobic batch culture supernatants of V. natriegens,
no succinate could be detected. This might be due to the fact,
that only nitrogen and no additional carbonate was fed into the
medium. Therefore, there was not enough CO, available to
enable the carboxylation of phosphoenolpyruvate or pyruvate
through the reductive TCA cycle (Figure 52)1'¥ This may also
explain the accumulation of pyruvate in our experiments.

ChemSusChem 2023, 16, 202300181 (3 of 8)

To circumvent this metabolic “obstacle”, we added CO, and
HCO,~ to the medium according to Thoma et al. for anaerobic
succinate production. In the anodic cultivation chamber, the pH
was controlled at 7.5

Hereby, a maximum current density of 196.27+
16.95 pAcm™ was obtained and held nearly constant through-
out the 216 h of cultivation time (Figure 3a). Furthermore, the
CDW reached a maximum of 1.49 gL™' with a growth rate of
0.493 h™', which is about half the rate compared to aerobic
conditions (0.965h~', FigureS4a and S4e). [Fe(CN)J* was
reduced entirely to [Fe(CN)]*~ after 5 h, indicating the total
mediator concentration or the anode re-oxidation was limiting
the maximum current. Another possible limitation might be
that the buffer in the (abiotic) cathodic compartment becomes
too basic due to the excessive H* consumption, resulting in a
potential loss in the system (Figure S7).

With a gaseous phase containing 20% (v/v) CO, and
10gL™" HCO,” added to the medium, glucose was quickly
consumed and typical anaerobic products like acetate, ethanol,
formate, and lactate were formed. This time, pyruvate accumu-
lated during the exponential growth between 3 and 23 h and
was taken up again (Figure $8), as it was already demonstrated
under aerobic conditions (Figure S3b) and reported in the
literature™ More importantly, succinate was produced to an
amount of 9.06-+0.68 mM (Figure 3b). Interestingly, after the
primary substrate was depleted, the current density stayed at a
high level, unlike it is the case with P.putida F1, where the
current drops immediately after glucose is taken up.?” The
electrons in our case might derive from a metabolic shift from
glucose to the excreted fermentation products. In fact, it can be
seen from Figure3b that acetate is accumulated in high
concentrations during exponential growth. When the stationary
phase is reached, the acetate concentration starts to decrease.
Ethanol, formate, and to a lesser extent lactate, are also
accumulated during the exponential phase and re-assimilated
in the stationary phase. However, gas striping can also explain
the decrease in ethanol concentration.

With the continuous CO, supply, coulombic efficiencies (CE)
up to 13.67+255% can be reached. This represents a
comparatively high value. A Wild-type S.oneidensis MR-1
reaches only CE values of around 8.6% on lactate?” The
determined electron uptake of the anode relative to the oxygen
demand during the cultivation never exceeds 1.4% (Figure S12),
meaning that fermentation is still the predominant way to
dispose of electrons.

The experiment was repeated without applying a potential
or adding a redox mediator to the reactors. Instead of current,
the system’s open circuit potential (OCP) was measured. In the
first abiotic 16 h, the OCP dropped steadily from 167 mV vs. Ag/
AgCl (satd. KCl) to —12mV (Figure3c). A control cyclic
voltammetry (CV) scan caused the OCP to spike to 193 mV and
consequently drop to 14 mV right before the inoculation took
place. The addition of the cells then led to a fast decrease in the
OCP, eventually reaching a constant level of around —280 mV.

V. natriegens was also able to grow with an OCP in the
reactor as long as glucose was available. On glucose, the CDW
reached a maximum of 1.85 gL~ with a growth rate of

© 2023 The Authors. ChemSusChem published by Wiley-VCH GmbH
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Figure 3. 500 mV BES vs. open-circuit potential (OCP) cultivation of V. natriegens in M2 medium with supplementary CO,. (a) Current density (black line) at
500 mV vs. Ag/AgCl (satd. KCI), concentration of oxidized mediator (yellow) starting at 5 mM, and cell density measured by ODy, (green). (b) Respective
products during BES cultivation. Glucose (black squares), ethanol (red dots), acetate (blue triangles), formate (yellow triangles), lactate (green diamonds), and
succinate (grey circles). (c) Identical experiment setup with no potential applied and no mediator added: OCP and cell density at ODg. (d) Respective
products during OCP cultivation. Dotted lines: interpolation of the data points. Error bars depict the standard deviation from triplicates. Conditions: 300 mL
M2 medium, 30°C, 400 rpm.

0.647 h™' (Figure S4f). 8 h after inoculation, the glucose was
already depleted (Figure 3d). Subsequently, the product for-
mation was negligible. The changes can be mostly attributed to
evaporation losses leading to higher concentrations. E.g., with
the prevailing evaporation rate of 0.103 mLh', the concen-
tration of formate would increase by 0.026 mMh™" without any
product synthesis. However, it is obvious that the concen-
trations of ethanol and lactate are decreasing again, although it

is still conceivable that ethanol is being stripped from the liquid
phase.

Observed product yields from BES and OCP cultivations lead
to the assumption, that BES conditions do not have a
particularly strong effect on the metabolism of V. natriegens
when CO, is available (Table 1). In both experiments, neither
lactate nor pyruvate was accumulated. Instead, more formate,
acetate, and biomass were produced. Interestingly, the succi-

KCl). Standard deviations are calculated from triplicates.

Table 1. Observed product yields from glucose as substrate. Comparison of anaerobic reactor cultivations from Hoffart et al."” to anaerobic serum flask and
BES reactor cultivations in M1 medium on pure N, and in M2 medium with supplementary CO, with and without polarization at 500 mV vs. Ag/AgCl (satd.

Product Observed yield Y5 [gg ']

Anaerobic (HCO, )" Anaerobic serum flask (N,) BES (N,) BES (CO,) OCP (CO,)
lactate 0.17+0.01 0.138+0.001 0.207+0.018 0.0010.001 0.0040.003
ethanol 0.141+0.06 0.153+0.002 0.0620.004 0.04:0.001 0
formate 0301+0.22 0.178+0.003 0.231£0014 0.209+0.03 0.381:+001
succinate 0.066+0.05 0 0 0.109:+0.007 0.159+£0.019
pyruvate nd. 0.101+0.002 0.059+0.009 0 0
acetate 0.193+0.15 0.096 0.234+0.029 0.403+£0.132 0.286:0.014
alanine 0.31+0.01 n.d. n.d. n.d. nd.
biomass 0.120.01 0.087+0.011 0042001 0.0480.006 0.0180.003

n.d.=not determined.
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nate yield was higher when no potential was applied. It cannot
be ruled out though, that the addition of CO, led to increased
yields due to the availability of an inorganic carbon source."®
However, the difference between the addition of CO, and pure
N, is noteworthy. For instance, without supplementary CO,,
lactate, pyruvate, and ethanol are accumulated while succinate
is absent. Comparing our BES with supplemented CO, to the
results from the anaerobic cultivation by Hoffart etal., our
experiment led to higher succinate and acetate yields."” These
results indicate, that V. natriegens is using the MET pathway to
respire through the anode, but to a very small extent. The
fermentative pathway is still the dominant way to dispose of
excess electrons.

To confirm the assumption from Conley et al., that V. na-
triegens can perform a DET through MtrCAB/CymA homologous
cytochromes, we performed BES cultivations with an applied
potential of 500 mV vs. Ag/AgCl (satd. KCI) in M1 medium and
without the addition of a redox mediator and supplementary
CO,." Here, a current response after inoculation with a
maximum of 6.6 pAcm 2 (Figure 4) was measured. Even though
the current density appears quite low, the fact that a clear
current response occurred immediately after the inoculation is
still outstanding, showing that a direct electron transfer
between V. natriegens and a graphite electrode is possible. An
abiotic electrochemical reaction or other parasitic currents can
be ruled out since no significant current density evolved in the
abiotic phase.

The current density might be limited by the metabolic
capacity of the MtrCAB/CymA homologous cytochromes or the
electrode surface. Here, the pH was not controlled, resulting in
the fast drop and concurrent decline in growth after 24 h. The
growth rate before reaching the critical pH was calculated as
0.455 h™" (Figure S4d), which is comparable to purely anaerobic
conditions in M1 medium without CO,, achieving a growth rate
of 0.549 h™' (Figure S4b). This is probably due to the fact that

8 7.0
abiotic biotic
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Figure 4. Anaerobic batch cultivation of V. natriegens at 30°C in 300 mL
stirred-tank bioreactors at 400 rpm and applied potential of 500 mV vs. Ag/
AgCl (satd. KCI) in M1 medium. The headspace of each reactor was flushed
with 45 mLmin~" N,. Current density (black line), pH value (red dots), and
cell density measured by ODg, (green dots). Dotted lines: interpolation of
the data points. Data points represent the mean values of duplicates.
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planktonic cells cannot interact with the electrode and there-
fore switch to anaerobic metabolism, thereby enabling a higher
cell density than in a mediated system without supplementary
CO,. CV scans at a rate of 50 mVs~' before inoculation and after
48 h of cultivation did not show any distinct peaks (Fig-
ure S13a). Since biofilm formation is not visible to the eye and
current densities during cultivation are very low, the number of
adsorbed cells is therefore probably also low. A lower scan rate
CV or differential pulse voltammetry may therefore be more
applicable to look into the DET of V. natriegens. This can also be
done electrochemically via CVs at different scan rates. In a
diffusion-less system, the Laviron equation describes the
relationship between the scan rate and the electron transfer
rate of adsorbed redox species.”” Scanning electron microscopy
imaging of electrodes out of a BES reactor could further be
used to demonstrate the presence of a thin (electroactive)
biofilm. The electroactivity of this biofilm can then be
demonstrated by transferring the overgrown electrodes into
fresh medium without planktonic cells, to monitor the evolving
current from the biofilm exclusively. Similarly, V. natriegens may
be grown inside an electrochemical flow cell, to specifically
support the growth of an electroactive biofilm.

Conclusions

In summary, we demonstrated that V. natriegens produces high
current densities in a BES via a MET pathway. Further, our
experiments showed that a DET to an anode is also possible
with a drawback in current density most likely due to the low
surface-to-volume ratio of the anode. These findings further
support the suggested EET model published by Conley et al.”’
By adding HCO;™ and further sparging CO, into the anode
compartment, microbial growth was enhanced and the current
density increased to a stable maximum of 196.27+
16.95 pAcm % This current stayed constant, even when the
substrate glucose was depleted.

Our findings set the basis for using V. natriegens as a novel
broad-range electroactive strain in microbial electrosynthesis.
Via genetic manipulation tools, which are becoming more and
more available for this strain, the production of reduced
products might be enhanced by supplying additional electrons
to the organism by reversing the Mtr pathway or via
appropriate redox mediators.

Experimental Section

Bacterial strains and chemicals

Vibrio natriegens wild-type DSM 759 purchased from the German
Collection of Microorganisms and Cell Cultures GmbH was used for
all experiments. All chemicals used in this work were supplied by
Merck KGaA (Germany), VWR Chemicals (USA), Carl Roth GmbH &
Co. KG (Germany), or Sigma-Aldrich (USA).
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Media and culture conditions

V. natriegens was cultivated in BHIN medium consisting of brain
heart infusion with an additional 10 gL™" NaCl added. Cultures
were incubated at 30°C and 180 rpm in cultivation tubes filled with
2.5 mL BHIN. Cryo-stocks were prepared by adding 25% (v/v)
glycerol in total to an exponential culture and freezing it at —80°C.
Cultivation in BES reactors was performed in two different minimal
media. The first one being a modified minimal medium from
Schwarz and co-workers, herein referred to as M1 medium,
containing 13.21 gL™" Na,HPO,, 6.59 gL™' K,HPO,, 25.71 g L™" NaCl,
118 gL NH,Cl, 163 gL~ MgSO, 7-H,0, 735 mgL™" CaCl,-H,0,
50 mgL~' EDTA, 83 mgL™" FeCl, 0.84 mgL™" ZnCl, 0.13mgL™"
Cucl, 0.1 mgL™" CoCl,-6 H,0, 0.1 mgL™" H,BO;, and 0.016 mgL™"
MnCl,-2 H,0.%' For succinate production, the second medium
(referred to as M2) was adapted from Hoffart and colleagues, which
contained 5gL™" (NH),SO, 1gL™" KH,PO,, 1g K;HPO, 15gL™"
NaCl, 0.01gL™" CaCl,-H,0, 0.25gL~ MgSO, 7-H,0, 164 mgL™
FeSO,-H,0, 10mgL™ MnSO,-H,0, TmglL™" ZnSO, 7-H,0,
0.3 mgL™" CuSO, 5-H,0, and 0.02 mgL™" NiCl, 6:H,0.'” MOPS (3-
(N-morpholino)propanesulfonic acid) buffer was not used since
cultivations were performed in pH-controlled reactors. The medium
was adjusted to pH 7.5 with 5M KOH. KHCO; was added to the M2
medium just before cultivation to a final concentration of 10 gL™.
Glucose was used as substrate with a concentration of 10gL™" in
both media. For BES precultures, cryo-stocks were first streaked on
BHIN agar plates and incubated overnight. One colony was used to
inoculate a 250 mL flask with baffles filled with 50 mL of the
respective culture medium and placed in an orbital shaker at
180 rpm (2.5 cm orbit, Infors, Switzerland). Aerobic cultivation in
shake flasks was performed identically to BES precultures in shake
flasks with baffles and M1 medium filled to 20% of the flask
volume. Anaerobic cultivations were performed in 250 mL serum
flasks filled to 50 mL with M1 medium and flushed with nitrogen
for 2 h prior to inoculation.

Bioelectrochemical system

Batch BES cultivations were performed in 4 parallel DASGIP stirred
reactors with 300 mL working volume (Eppendorf DASGIP, Ger-
many). Heating and stirring were controlled via the temperature
control module (Eppendorf, Germany). The whole reactor volume
was used as anodic compartment with the cathodic compartment
separated in a 10 mL glass tube fitted with a GL14 thread on one
end. The tube was immersed in the reactor and sealed with a
circular cation exchange membrane (Nafion 117, QuinTech, Ger-
many). The membrane is pressed against the tube by a sealing ring
and a GL14 cap with a 9.5 mm diameter hole. This enables the flow
of protons from the anodic to the cathodic chamber. Polished
graphite rods with a diameter of 7 mm were used as working
electrodes (Graphite24, Germany). The working electrode was
further isolated to a length of 80 mm and submerged for 2 h in
ethanol and then soaked in water overnight prior to installation.
The graphite was contacted with titanium wire (@ 0.5 mm, 99.6 %,
GoodFellow Cambridge Ltd., England) and fixated with conductive
carbon cement (Leit-C, Sigma-Aldrich, USA). The electrode was
further strapped to a PTFE rod to hold it in place during stirring
(Figure S1B). The pH control was performed via pH electrodes
(Hamilton, Germany) fitted through the PTFE lid and the respective
pH control and feed pump module (Eppendorf, Germany), dosing
5M KOH into the medium. Furthermore, a sampling port consisting
of a stainless-steel needle was installed. A potential of 500 mV was
applied vs. a Ag/AgCl (satd. KCI) reference electrode (Xylem
Analytics, Germany). In this work, all potentials will be stated
against this reference. In the reactor, the reference electrode was
immersed into a Luggin capillary filled with saturated KCl as an
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electrolyte and placed near the working electrode. As a counter
electrode, a stainless-steel sheet (SS 1.4404, 4 cm? surface area,
0.5 mm thickness) was immersed into the cathodic chamber
containing a 50 mM phosphate buffer solution with added 15 gL~
NaCl. The potential was controlled and the current response
measured via a multi-channel potentiostat (PalmSens BV, Nether-
lands). The potential was chosen at 500 mV vs. Ag/AgCl (satd. KCl)
based on prior cyclic voltammetry (CV) analysis of the mediator
K;[Fe(CN) ] at a concentration of 1 mM. Anaerobic conditions in the
reactor were maintained by flushing sterile nitrogen gas (99.999 %
Nippon Gases GmbH, Germany) at a rate of 45 mLmin~' through
the headspace. To keep the evaporation losses at a minimum, a
condenser was mounted on the reactor and cooled with water at
4°C. For CO, transfer into the medium, micro spargers (Eppendorf
DASGIP, Germany) were used with a gas mixture of 20% CO, and
80% N, (Nippon Gases GmbH, Germany). To prevent excessive
foaming, 100 pL of sterile 10% (v/v) Antifoam 204 was added after
inoculation.

Substrate and product quantification

Culture broth samples were collected from the reactor and
centrifuged at 16900g and 4°C for 5 min. The supernatant was
further filtered (0.2 pm, cellulose acetate) for HPLC analysis. Using
an Agilent 1200 high-performance liquid chromatography system
combined with an Aminex HPX-87H column (Bio-Rad Laboratories
GmbH, Germany) concentrations of the substrate glucose and the
product ethanol were detected with a refractive index detector. The
additional products acetate, lactate, pyruvate, and formate were
measured by absorption at 210 nm with a diode array detector. The
column was heated to 50°C while 5 mM H,SO, at a flow rate of
0.6 mLmin™" was used to isocratically elute the analytes. The amino
acid alanine was measured via a HPLC method according to
Holzgrabe et al. using an evaporative light scattering detector
(Sedere, France) added to a Knauer HPLC system (Germany).” A
Phenomenex Kinetex 5 p C18 column was used for separation at
30°C (150x4.6 mm, Phenomenex, USA). The mobile phase con-
tained 96% (v/v) water, 4% (v/v) methanol, and 1.5 mM perfluo-
rheptanoic acid as an ionic coupler at a flow rate of 1 mLmin~". The
column was pre-treated overnight with 50% (v/v) methanol in
water at 0.2 mLmin~". The ELSD was preheated to 50°C and used
99.9999% nitrogen gas for evaporation of the mobile phase. After
that, the column was flushed for 3 h with the mobile phase before
40 pL of each sample was loaded onto the column. A calibration
with 6 alanine standards was performed to enable quantification
(Figure S15).

Mediator redox state

Concentrations of the oxidized mediator were measured by
absorption in a UV/Vis spectrophotometer (Thermo Scientific
GmbH, Germany). The characteristic absorption wavelengths for the
oxidized mediator are 320 and 420 nm. In contrast, the reduced
species only absorbs at 320 nm. The absorption at 420 nm was
therefore used to determine the concentration of the oxidized
species. For calibration, 7 concentrations of K;[Fe(CN)J] were used
(Figure S16).

Cell dry weight and cell density

The optical density was determined via the absorption of the
culture broth at 600 nm in a UV/Vis spectrophotometer (Evolution
201, Thermo Scientific GmbH, Germany). For high cell densities
(ODgqy >>0.6), the samples were diluted with 9 gL~ NaCl solution.
To determine dry biomass, samples of at least 10 to 20 mL culture
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broth were taken and centrifuged for 15 min at 4°C at 3214g
(Centrifuge 5810 R, Eppendorf, Germany). The supernatant was
discarded and the pellet resuspended in pure water to remove
inorganic media components from the measurement. The cell
suspension was then dried and weighed at the same time on a
scale fitted with a heating element (Kern, Germany) until no water
loss remained measurable.

Electrochemical analysis and calculations

Cyclic voltammetry analysis was conducted to examine interactions
between redox-active species and the electrode. The redox-active
species in this case can be V. natriegens, ferricyanide, as well as
fermentation products or compounds from the cultivation medium.
For each CV, the gas was turned off to ensure static conditions in
the liquid phase. The potential was then swept between —0.2 and
0.8V vs. Ag/AgCl (satd. KCI) at a scan rate of 50 mVs™' for 5 cycles
to ensure reproducibility. The midpoint potential (£,) of redox-
active substances was then determined as the average of anodic-
and cathodic peak potentials, according to the equation:

En=(EoxsErea) /2- m

The carbon recovery was calculated as the sum of carbon in the
products and biomass in relation to the carbon provided by the
substrate. Measurements for CO, in the off-gas were not available.
Hence, for the carbon balance, a ratio of 1 mol CO, per mol of
acetate synthesized was assumed. For succinate production via the
oxidative TCA cycle, 2 mol of CO, are to be expected for each mol
of succinate produced." However, our results indicated that
succinate was mainly produced via the reductive TCA cycle, where
1mol of CO, is consumed to synthesize 1mol of succinate.
Therefore, CO, formation by V. natriegens was only calculated via
the produced acetate. Electron recovery rates were determined in a
similar way, by calculating the percentage of substrate-derived
electrons located in the products and transferred to the anode. A
detailed description of both equations is given in the supplemen-
tary file.

The coulombic efficiency was calculated as described in the
literature.™

CE (%] = Qanode/(qub:trale_opvodu(ts) % 100 2)

With Q being the charge transferred to the anode in [C]. The total
turnover number of ferricyanide was calculated as follows:

TTN = (Qunede/F)/ Mincaistor * Zmestiator) 3)

Were M., gt IS the absolute amount of mediator in the system in
[mol], Z,eqiator the number of electrons that can be transferred by
the mediator in one turnover, and F is Faraday’s constant
(96485.3365 Cmol™). For ferricyanide, z is equal to 1.

Supporting Information
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systems arc widely used in process development and optimization in
bioelectrochemical applications. This includes the rapid testing and measuring of clectrochemical potentials,
electrical current densities, mediators, buffers, and biocatalysts. While different methods for screening electro-
active organisms have been developed and evaluated in recent studies, there is no parallel device available so far,
that can imitate a gas-fed and mediator-based bioelectrochemical system. Here we propose a device that is based
on common 3.5 ml. cuvettes as reaction vessels that impl c ially printed electrodes.
In combination with a photometer fitted with an autosampler, the device measures the cell density as well as the
mediator redox state online. The design enables cultivation times up to 120 h in 8 parallel e-Cuvettes and was

validated by cultivating the well-ch ized el

active strain

putida K12440 with 1 mM Ks[Fe

(CN)g] as redox mediator. With this setup, high current densities up to 113.42 + 22.00 pA cm 2 were obtained.

Via e-Cuvettes, setup times can be shortened from days to hours in

mparison to bioelectrochemical

reactor systems, while maintaining sufficient liquid volume to allow for sampling of the culture broth.

1. Introduction

Generally, systems combining enzyme or microbial reactions with an
electrochemical cell are called bioelectrochemical systems (BES). Their
applications range from the production of bulk and fine chemicals,
wastewater treatment, and energy recovery to analytical uses. BESs
enable new possibilities for standard bioprocesses like balancing the
redox metabolism via an additional electron sink (Sturm-Richter et al.,
2015; Bursac et al., 2017; Forster et al., 2017), making oxygen transfer
into the medium obsolete by using redox mediators (Lai et al., 2016),
recovering energy from waste streams (Aelterman et al., 2006; Rossi
et al., 2022), regenerating cofactors for enzymatic catalysis (Kochius
et al.,, 2014; Ruinatscha et al., 2014), or the electrosynthesis of reduced
products with additional electrons provided by an electrode (Guerrero
et al., 2021).

For a microbial BES to function properly, microorganisms need a
path to transfer electrons between their intracellular electron carriers
and the electrode. Current research proposes mainly three concepts for
extracellular electron transfer (EET). The first one applies to organisms
directly attached to the electrode and is therefore termed direct electron
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transfer (DET). By this, electrons are transferred via membrane-located
cytochromes or conductive cell appendages (El-Naggar et al., 2010;
Edwards et al., 2018). The second one, termed mediated electron
transfer (MET), can be utilized by many organisms, even if they are not
able to perform DET. It is based on redox-active mediators, endogenous
or artificial, which can reversibly shuttle electrons between the elec-
trode and the organism’s molecular interaction site (Gemiinde et al.,
2022). EET is hereby not limited to the electrode surface, as it is for the
DET mechanism, since solvated mediators are ubiquitously available in
the cultivation medium (Lai et al., 2020). The third model, called indi-
rect electron transfer (IET), differs from MET regarding the origin and
reusability of the electron shuttle. “Indirect” means, that electron
shuttles can be synthesized at the electrode and used up by the organism,
or, in reverse, the organism releases a reduced product which is then
oxidized at the electrode. In both cases, electrons are transferred in a
one-way process (Sydow et al., 2014).

Nonetheless, BESs still suffer from the same issues as traditional
bioprocesses. In order to bring down the time to market, many experi-
ments have to be done and parallelization is laborious due to the setup of
the reactors. In particular, when establishing a BES, the pre-screening of
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different electro-active organisms, culture conditions, electrochemical
potentials, and different electron shuttles (if necessary) is mandatory.
Most laboratory-scale BESs rely on H-cell-type reactors that have to be
set up and maintained with effort. With these setups, the demand for fast
screening of different mediators and cultivation conditions cannot be
fulfilled. For traditional bioprocesses, this issue is often resolved by
downscaling and parallelizing the established reactors while retaining
the control capabilities of the system (Kostov et al., 2001). The same
principle can be applied to a BES and has already been done to some
extent,

One example of such a highly parallelized screening device was
recently published by Taherniaand colleagues (Tahernia et al., 2020), In
their study, they implemented a separated two-electrode setup into a
96-well microbial fuel cell platform achieving rapid polarization curves
and output power measurements with Pseudomonas aeruginosa in a
microliter volume of around 5 pL. The system is based on a DET
mechanism or endogenous mediators for electron transfer but does not
allow for photometric measurements or sampling of the culture broth
due to the small volume. Szydlowski and co-workers employed a similar
two-electrode system based on DET or endogenous mediators in a 1 mL
volume without a separating membrane (Szydlowski et al,, 2022).
However, both these systems only allow for the measurement of electric
current density and are not suitable for mediator characterization.

A more complex microfluidic device was developed by Hou and as-
sociates (Hou et al., 2012). It consists of 24 independent chambers
where anolyte and catholyte can be replenished through microvalves at
any given time. Additionally, the anode and cathode chambers are
separated by a proton exchange membrane. Nonetheless, like the sys-
tems mentioned before, it only allows for the measurement of power and
current density.

In 2013, Ley and colleagues provided a non-separated, three-elec-
trode setup that could be integrated into a standard microplate reader,
allowing for the parallel recording of electrochemical and optical data in
8 chambers (Ley et al., 2013b). Fitted with a Ag/AgCl micro-reference
electrode, the electrochemical microtiter plate was used to charac-
terize the discoloration of the dye indigo carmine via ABTS. In addition,
the system was used for the investigation of an electro-enzymatic pro-
cess. A P450 monooxygenase library was screened for its performance in
a mediator-driven production (Ley et al,, 2013a). Yet, the setup is
disadvantageous for electrotrophic cultivation, since shaking can only
be performed in between measurements and the gas atmosphere has to
be controlled via the atmosphere surrounding the plate, which most
plate readers are not capable of from the factory.

Another example of the implementation of electrodes into well plates
was presented by Piermarini and associates (Piermarini et al., 2007).
Here, they used a modified 96-well plate for the detection of aflatoxin By
in an immunoassay, where the bottom of each well was fitted with a
single-use screen printed electrode (SPE). A pseudo Ag/AgCl reference
electrode and graphite working and counter electrodes allowed for
intermittent pulse amperometry, which could potentially be used for the
cultivation of electrotrophs, but the design prohibits the measurement of
cell density by absorption. The same applies to the design by Frank and
co-workers, which is based on a custom-printed 96-well plate with in-
dium tin oxide working electrodes on borosilicate plates at the bottom of
each well (Frank et al., 2022). The design features a combination of
potentiostatic and fluorometric measurements, which is of great use for
bioelectrocatalysis. In theory, the total concentration of fluorescent
mediators would also be measurable, but the mediator redox state is still
not measurable with this setup, as it is the case for all of the
above-mentioned systems. Despite its great use for parallelization, the
small volumes of the mentioned systems prohibit sampling of the culture
broth during cultivation, which is a major information loss for down-
scaling a BES.

Therefore, our study aimed to develop a novel cuvette-based
screening system specifically for mediated microbial BESs. Herein, we
extend the range of applications by engineering a miniature BES in
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cuvettes that enables the measurement of mediator redox state, current,
and cell density online as well as providing enough volume to take
samples during cultivation. As model electrotrophic microorganism,
Pseudomonas putida KT2440 was used to evaluate the system, since its
anodic respiration capability via the mediator K3[Fe(CN)g] has already
been demonstrated (Schmitz et al., 2015; Hintermayer et al., 2016).

2. Materials and methods
2.1. Bacterial strains and chemicals

Pseudomonas putida KT2440, kindly provided by Dr. Bin Lai from the
Helmholtz Centre for Environmental Research — UFZ in Leipzig, was
used throughout the experiments. All chemicals used for this work were
supplied by Merck KGaA (Germany), VWR Chemicals (USA), Carl Roth
GmbH & Co. KG (Germany), or Sigma Aldrich (USA).

2.2. Media and culture conditions

Cultures were incubated at 30 °C and 180 rpm in cultivation tubes
with 2.5 mL LB medium (10 g L. ! tryptone, 5 g L ! yeast extract, 10 g
L ! NaCl). Cryo stocks were prepared by adding 25% glycerol to an
exponential culture and freezing it at —80 °C. For BES precultures,
cryostocks were first streaked on LB agar plates (15 g L ! agar) and
incubated overnight at 30 °C. Liquid precultures were then prepared by
ransferring one colony into a 100 mL flask with baffles filled to 20 mL
with defined mineral medium (DM9) as it has been described by Lai
etal. (2019)., The medium contained 1.5 gL 1 glucose as carbon source,
6 gL ! NagHPOs, 3 g L ' KHpPOs 1 g L ! NH4CL 0.1 g L !
MgS04-7H,0, 1.5 mL of sterile-filtered 10 g L 1 CaCly-2H,0 stock so-
lution, and 1 mL of trace element solution. The trace element solution
consisted of 1.5 g L ! FeCls-6H,0, 0.15 g L ! H3BO3, 003 g L !
CuS045H,0, 0.18 g L ' KI, 0.12 g L ! MnCl,-4H,0, 0.06 g L !
Na;MoO4-2H,0, 0.12 g L 1 ZnS04-7H,0, 0.15 g L 1 CoCly-6H,0, 0.023
gL 1 NiCl,-6H,0, and 10 gL 1EDTA. Cultures were then incubated in
an orbital shaker at 180 rpm (2.5 em orbit, Multitron, Infors, Bottmin-
gen, Switzerland).

2.3. Preparation of the screening device based on e-Cuvettes

The eightfold e-Cuvette system (Fig. 1) consists of parallel 4 mL
polystyrene macro cuvettes (Th. Geyer GmbH & Co. KG, Germany)
covered by a 3D-printed lid made from Rigur RGD450 resin in an SLA
printer (Stratasys, USA). Peripheral attachments for cable and gas line
management were printed from polylactic acid (PLA, Prusa Research a.
5., Czech Republic). The medium was filled to a maximum of 3.5 mL in
each vessel to avoid overflowing. Sterile cannulas (& 0.6 mm, B. Braun,
Germany) were fitted through holes in the lid for sparging and mixing of
the medium with sterile filtered 99.99% nitrogen gas. Gas flow was
controlled for all channels separately via needle valves (Wagner GmbH,
Germany) and a wash bottle was installed to humidify the gas. The flow
rates were set before each experiment between 1.2 and 5 + 0.1 mL
min ', measured via water displacement in triplicates.

The 3 electrodes were added into each cuvette by immersing screen-
printed electrodes (C220 AT, Deutsche Metrohm GmbH & Co. KG,
Germany) into the medium. Each SPE consisted of a working and
counter electrode (working electrode area: 0.125 sz) made from gold
with a silver pseudo reference electrode on a ceramic back plate. Silver
contacts connect the electrodes at the top. The remaining area is covered
with an insulating layer. The contacts fit into a circuit board plug
mounted on the 1id that is sealed with silicone against the surrounding
atmosphere (Fig. 1E). In total, two designs were tested. The first one
depicted in Fig. 1(A and B) uses the pseudo Ag reference electrode of the
SPE in combination with the working and counter electrode on one chip.
The second one was constructed to fit Ag/AgCl (3 M KCl) reference
electrodes (Pine Research Instrumentation Inc., USA) through fittings in
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counter electrode (Au)

working electrode (Au)

pseudo reference electrode (Ag)

Fig. 1. e-Cuvette setups. Setup with pseudo Ag reference electrodes in use outside (A) and inside the photometer (B). Identical setup with the addition of Ag/AgClL
reference electrodes (G, D). Screen printed electrode with the respective 3-pin circuit board plug (E).

thelid (Fig. 1Cand D). SPEs, reference electrodes, and 1id were sterilized
by immersion in 80% isopropanol for 5 min before adding the pre-filled
sterile cuvettes and transferring the setup into the automatic sampler of
the photometer (Evolution 201, Thermo Scientific GmbH, Germany).
The cultivation temperature was set via a thermostat (Julabo GmbH,
Germany) cycling water at 30 °C through the autosampler. Monitoring
of the mediator redox state was performed by constantly measuring the
extinction at 420 nm in 15-min intervals. At the same time, the cell
density was measured by extinction at 600 nm. Since the P. putida cells
absorb at 420 nm as well, the Extgpo values were corrected by sub-
tracting the Exteoo values.

2.4. Analytics

Culture broth samples were collected from the cuvettes and centri-
fuged at 16,900 xgand 4 °C for 5 min. The supernatant was collected and
further filtered through a 0.2 ym cellulose acetate or PTFE filter for
HPLC analysis. Using an Agilent 1200 high-performance liquid chro-
matography system combined with an Aminex HPX-87H column (Bio-
Rad Laboratories GmbH, Germany), concentrations of the substrate
glucose were detected through a refractive index detector at 32 °C. The
column was heated to 50 °C while 5 mM H,SO, at a flow rate of 0.5 mL
min ! was used to isocratically elute the analytes. Standards were
measured between 0.01 and 1.5 g L ! in 7 concentration steps and the
corresponding area fitted by linear regression (Fig. S1).

Oxygen saturation was measured via optical oxygen sensor spots
(PyroScience GmbH, Germany) glued onto the inside of a single cuvette.
These spots are small enough (¢ 5 mm, 0.15 mm thickness) to not
disturb the flow inside the reaction vessel. Oxygen saturation is then
measured via an optical fiber through the transparent cuvette wall. 2-
point calibration was performed by gassing the medium with air for
100% saturation and afterward with 99.99% nitrogen and added sodium
sulfite for 0% saturation.

2.5. Spectroelectrochemical mediator characterization

The extinction characteristics of the mediator K3[Fe(CN)g] were
determined by spectroelectrochemical analysis. Hereby, optical mea-
surements can be taken simultaneously with cyclic voltammetry (CV)
analysis. For this, a spectroelectrochemical cell kit in a quartz cuvette
was used (Pine Research Insttumentation Inc., USA). The electrode
consists of a gold working electrode with micro holes and a gold counter
electrode on one ceramic substrate. A Ag/AgCl (3 M KCl) reference
electrode is immersed into the solution separately. The analytes as well

as light can penetrate the working electrode, while the electrochemical
reaction occurs. This enables the measurement of absorption changes
during a CV of the mediator. The cell was heated to 30 °C and kept
oxygen-free by sparging the headspace with nitrogen gas. To eliminate
any pH changes affecting the CV, the measurements were carried out in
100 mM phosphate buffer (8.23 gL ! NayHPO4, 5.04 gL ! NaH,PO4) at
pPH7.

2.6. Electrochemical analysis and calculations

Calibration of the silver pseudo reference electrode was done by
performing a CV in each channel containing the mediator prior to each
experiment, Therefore, the gas was turned off to ensure static conditions
in the liquid phase. The potential was then swept between —0.4 and 0.8
Vvs. Agatascanrate of 50 mV s ! for 3 cycles to ensure reproducibility.
The midpoint potential (Ey) was then determined as the average of
anodic - and cathodic peak potentials, according to the equation Ep, =
(Eox + Ered)/2.

The resulting Ep, value was then compared to a CV conducted with
Ag/AgCl (3 M KCl) reference electrodes to determine the potential shift.
In chronoamperometric BES experiments, the potential was chosen at
0.5 V vs. the respective reference. This potential is situated above the
oxidation potential to ensure a thermodynamic driving force toward the
oxidation of the mediator. Both electrochemical methods were applied
via an 8-channel multi-potentiostat (Palmsens BV, Netherlands).

The total turnover number of the mediator (TTN) was calculated by
dividing the total amount of electrons g in [mol] transferred to the anode
by the total amount of mediator used (ngm) in [mol]. The electron
wansfer capabilities of the mediator are indicated by the number of
electrons that can be transferred per molecule of redox mediator in one
turnover step (zgy). For K3[Fe(CN)g] zpy is equal to 1.

__ 9
FRM *ZRM

(€3]

The amount of electrons g results from the measured current I in [A]
over the reaction time ¢ in [s] divided by Faraday’s constant F in [A s
mol 1]:

_frar

= 2
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3. Results and discussion
3.1. Spectroelectrochemical mediator characterization

The photometric behaviour of K3[Fe(CN)g] under reducing and
oxidizing conditions was measured via a spectroelectrochemical
approach. Here, the mediator is electro-chemically reduced and
oxidized via CV at the working electrode while light can pass through
micro-holes of the electrode simultaneously. This allows for the mea-
surement of the spectroscopic properties of the mediator, where the
extinction changes due to the alteration of the redox state.

Fig. 2 depicts the data obtained for 1 mM K3[Fe(CN)g] in phosphate
buffer at pH 7 and 30 °C. A CV scan at 50 mV s * was performed while
extinction spectra were taken simultaneously at every second of the
scan. The black line shows the extinction spectrum of the oxidized state,
where a clear peak at 420 nm is visible. This spectrum was taken at 315
mV, before the electrochemical reduction begins. In red, the spectrum of
the reduced form (red dot in the CV at 86 mV) shows a shrinking peak at
420 nm. This behaviour can therefore be used to determine the redox
state of the mediator online by measuring the extinction at 420 nm, as it
has been done by Lai et al. (2016). By looking at the peak currents in the
CV, the electrochemical reaction of the redox mediator shows a
reversible behaviour with a cathodic to anodic peak current ratio (Ip‘c/lp)
a) of 0.9. The reversibility is of great interest for the long-term usability
of the mediator within the screening device. From the peak potentials,
Em =194.5mV vs. Ag/AgCl (3 M KCl) was determined. The potential of
this reference can be converted to the SHE by adding 210 mV to the
measured potential (Friis et al.,, 1998). This results in Ey = 401.5 mV vs.
SHE at 30 °C and pH 7, which is slightly lower than the 416-430 mV
reported in the literature (Fultz and Durst, 1982; Ley et al., 2013b; Lai
etal, 2016). Since the potential of the [Fe(CN)5]3 /[Fe(CN)5]4 couple
is strongly dependent on the ionic strength of the electrolyte, a slight
shift is to be expected (Kolthoff and Tomsicek, 1935). To ensure
comparability of the two different references, all potentials given in this
work will be stated against the respective Ag or Ag/AgCl reference
electrodes.
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3.2. Calibration of pseudo reference electrodes

Pseudo reference electrodes are convenient to use since they can be
scaled down with ease and often only require platinum or silver wires.
With thin-layer technologies being available for several years, screen
printing of such electrodes became an attractive method for disposable
electrode systems. However, their stability is limited and a thermody-
namic equilibrium between aqueous and solid phases cannot be ach-
jeved due to the lack of a common ion in both phases. Furthermore, they
are susceptible to a potential shift during longer experiments (Inzelt,
2013). Therefore, it is necessary to calibrate these kinds of electrodes
against a stable reference electrode like the Ag/AgCl electrode.

Therefore, CVs were performed in each e-Cuvette containing medi-
ator prior to polarization and compared to a CV using an Ag/AgCl (3 M
KCl) reference electrode. Fig. 3 exemplarily shows one of these scans
with a pseudo silver reference (a) against a Ag/AgCl reference (b). As
electrolyte, 1 mM K3[Fe(CN)s] was dissolved in DM9 medium. Both
scans were conducted with the screen printed working and counter
electrodes at a scan rate of 50mV s 1, Using the Ag reference, Ep, = 55.5
mV with a peak separation of 241 mV was calculated. Contrary to that,
with the Ag/AgCl reference in use, Ep, = 204 mV with a peak separation
of 166 mV was determined. Having both midpoint potentials estimated,
the shift of the pseudo reference vs. the Ag/AgCl reference can be
determined as —148.5 mV.

For the reversible transfer of one electron at the electrode, a peak
separation of 2.22 (RT/F) is to be expected (Savéant, 2006). At 30 °C this
corresponds to 58 mV under ideal conditions. One cause for increased
separation could be the ohmic drop due to the distance between refer-
ence and working electrode (Elgrishi et al., 2018). In case of the pseudo
reference, the distance is 1 mm vertical and the electrodes do not face
each other. For the Ag/AgCl electrode, the distance is slightly larger
(~5-6 mm), but the frit is placed directly in front of the working elec-
trode. At room temperature and in DM9 medium with 1 mM Ks[Fe
(CN)g] as electrolyte, the uncompensated resistance between the pseudo
Ag reference and gold WE amounts to 103.4 Q. With the Ag/AgCl
reference in place, the resistance rises to 152.9 Q. Furthermore, both
reference systems show nearly ideal reversibility of the redox reaction.
The I}, /Ip,a Tatios can be approximated by 1.06 for the Agreference, and
0.94 for the Ag/AgCl reference electrode.
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Fig. 2. Spectroelectr ization. 1 mM Kj;[Fe
(CN)e] at 30 °C in 100 mM phosphate buffer at pH 7 in the spectroelec-
trochemical cell. Spectra were recorded shortly before re-reduction or re-
oxidation of the mediator is about to happen, marked by the black and red
dot in the CV scan. Red arrows in the CV indicate the direction of the potential
sweep from the starting potential at 300 mV.

3.3. luation and optimization of the e-Cuvette

The e-Cuvette screening system is based on macro cuvettes as reac-
tion vessels. In those, a gold working electrode positioned on a one-chip
three-electrode setup is used for regenerating any reduced mediator
originating from the organism’s electron transfer pathway. A sterile
cannula is used to bubble nitrogen gas from the bottom of the cuvette
through the medium, acting as a mixer and simultaneously removing
oxygen. Via this method, the light pathway of the photometer is not
perturbed, and electrochemical as well as photometric data can be
recorded continuously throughout the cultivation. The gas was humid-
ified beforehand by bubbling through a column of water to reduce
evaporation losses during cultivation. Further, finding the optimal gas
flow rate was essential for two reasons. First, if the flow rate is set too
high, the evaporation losses will lead to the electrode being exposed.
Second, if the gas flow rate is set too low, oxygen is not fully removed
from the cuvette and the mixing effectiveness is diminished. Therefore,
the gas flow rate for the initial verification experiments over multiple
days was set at a low flow rate (1.2 mL min 1y to ensure evaporation
losses were minimal and the electrodes stay in contact with the
electrolyte.

3.3.1. Verification of e-Cuvettes with Ag reference electrodes

Verification was performed with P. putida KT2440 since its interac-
tion with K3[Fe(CN)g] is well known (Hintermayer et al., 2016). First,
we consider the simple setup with the Ag pseudo reference in use. Each
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Fig. 3. CV calibration of the pseudo reference electrode. CV scans of 1 mM ferricyanide with pseudo Ag reference (a) and Ag/AgCl reference (b) in a single e-
Cuvette with 3.5 mL DM9 medium including 1 mM K;[Fe(CN)¢)] at 30 °C. The scan rate was set to 50 mV s~! for both experiments. E,, stands for the

midpoint potential.

of the 8 channels was filled with DM9 medium and K3[Fe(CN)g] was
added to a final concentration of 1 mM. The SPEs were connected to the
lid and placed on the 8 cuvettes. Together with the sterile cannulas, the
setup is transferred to the preheated autosampler where the gas ports
connect to the cannulas. After the initial mixing and heating of the cu-
vettes, the gas was turned off to perform the CV calibration as described
above. Fig. 4(a) shows the third CV scan of all 8 e-Cuvettes. As expected,
the abiotic e-Cuvette without mediator present (Ch 1) showed no sig-
nificant oxidation or reduction of the minimal medium. All remaining
channels containing K3[Fe(CN)s] displayed a clear oxidation peak be-
tween 177 and 275 mV. However, a definite reduction peak cannot be
determined from the voltammogram and the variations between the
channels are quite high. Here, the reduction peak might be covered up
by a cathodic oxygen reduction. This reaction is visible in the CV of Ch1
containing only DM9 medium in Fig. 4(a). At a potential below —150
mvV, a cathodic current can be observed, most likely linked to oxygen
reduction.

The calibration of the reference electrodes was followed by a 2 h
abiotic polarization phase at 500 mV vs. Ag. Therefore, the gas supply
‘was again turned on to set up micro-aerobic conditions before 6 chan-
nels are inoculated from an aerobic preculture to an ODsggo of 0.37 +
0.07. With the inoculation, the current density from the 6 biotic chan-
nels starts to rise immediately until 22 h after inoculation. At this point,
the slope increases even more. The maximum current density is reached
after 47.8 h with 56.74 4 11.73 A em 2 and stays nearly constant until
around 60 h after the inoculation when the current response starts to
drop off. The minor percentage deviation from the mean current values
of 23.36% in the first 48 h of cultivation is particularly noteworthy. The
current transferred in the biotic channels would theoretically result in
4.2 £ 0.68 total turnovers of the mediator over the entire cultivation

(a)

period. By keeping the time frame of the experiment constant, the TTN
can give insight into the interaction efficiency of different mediators by
giving a rough approximation of the electron transfer rate.

In a perfectly mixed system, [Fe(CN)5]3 would be reduced at the
counter electrode preferably to the hydrogen evolution reaction, since
[Fe(CN)5]3 reduction appears at a higher potential. The reduction of
[Fe(CN)5]g is also electrochemically more favourable than oxygen
reduction due to a lower overpotential (Ucar et al., 2017). With the
constant cycling of the mediator, the TTN has to be considered differ-
ently. The “real” TTN would describe all turnovers of the redox mediator
within a cuvette. Those include reduction by the cathode or the organ-
ism and the re-oxidation at the anode. In reality, these reactions cannot
be measured separately. However, as long as there is an increasing
current originating from glucose metabolism, a “measurable” TTN can
be deduced from the electron flow which is used here.

Mediator reduction is also visible in the decreasing extinction of the
culture broth at 420 nm after the inoculation. As the current density
reaches its peak, the oxidation state of the mediator does not change any
further, indicating the oxidation rate of [Fe(CN)(,]4 seems to be in
equilibrium with the reduction rate caused by P. putida and the reaction
at the counter electrode. It has to be considered though, that with the
low flow rate used the mass transfer inside each cuvette is most likely
diffusion limited in turn, leading to hydrogen evolution when no [Fe
(CN)5]3 is present at the counter electrode. In the setup presented here,
evolving hydrogen can leave the cuvettes through the venting hole or
interact again with the organism or the anode and be re-oxidized.

During the whole cultivation period, the abiotic e-Cuvette (Ch 1)
shows no current response to the polarization. In the abiotic e-Cuvette
(Ch 2) with added K3[Fe(CN)g] however, a constantly increasing current
density was measured. One could argue that this may be the result of

Fig. 4. BES cultivation of P. putida KT2440 in e-

extinction

n=6 Cuvettes with pseudo Ag reference electrodes.
Calibration of the pseudo Ag reference electrodes via
CVs of the mediator (1 mM Kz[Fe(CN)¢]) in all 8
channels (a). Obtained current density (magenta),
extinction of the oxidized mediator (yellow), and cell
density at 600 nm (green) during 102 h BES cultiva-
tion at 500 mV vs. Ag in e-Cuvettes (b). The dotted
and dashed lines resemble abiotic controls (dotted
line: without mediator, dashed line: added mediator).
Standard deviations were calculated from 6 equal
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residual [Fe(CN)g]* present from the stock solution being oxidized to
[Fe(CN)5]3 . However, by looking at the extinction of the oxidized
mediator in the abiotic channel (Fig. S3 (b)), there is no significant
change during the course of the experiment. It can be assumed though,
that over short time periods, this reaction is locally limited to the
interspace between the working and counter electrode, thereby not
affecting the overall Extspg value. The previously discussed constant
redox cycling of [Fe(CN)(,]3 /4 cannot explain this phenomenon, since
the redox reaction would result in a constant current based on the
amount of initially available [Fe(CN)]* (Ley et al., 2013b). Since the
pure medium (Fig. S3 (a)) does not react electrochemically in any form,
the current therefore most likely results from a mediator reaction which
is yet unexplained and needs further research. One hypothesis might be
the solubility of gold in the presence of CN ions as described by the
“Elsner equation”. This would lead to the oxidation of the gold elec-
trodes and the formation of the very stable and soluble complex [Au
(CN),] in the presence of oxygen. Since oxygen is always present in
trace amounts and the electrode itself acts as an additional oxidizer, this
oxidation might result in a constantly increasing current.

The comparably large volume of the cuvettes allows for sampling of
the culture broth in order to perform substrate analysis via HPLC.
Analysis showed that all biotic channels were depleted of glucose at the
end of the experiment. As expected, the glucose concentration of the
abiotic e-Cuvettes did not change throughout the cultivation period
(data not shown). The complete uptake of glucose in the biotic channels
suggests that a total of 67,480 C of charge from 8.33 mM glucose were
available to the organism. If we assume a CE of 4.1%, as determined by
Chukwubuikem and colleagues (Chukwubuikem et al., 2021), and do
not count the minor product peaks from HPLC analysis, which were not
quantified, a theoretical charge transfer to the anode of around 2767 C
occurs from glucose metabolization. In reality, only 1.42 + 0.23 C were
transferred to the anode. This is most probably due to the micro-aerobic
conditions in the system. Oxygen hereby acts as an alternative electron
acceptor, favoured by the organism.

The residual current, when the substrate is already depleted, might
result from metabolite reserves of the cell. Therefore, the mediator is not
recovered to its oxidized state at the end of the cultivation.

According to the cell density measured by extinction, the cells could
grow after an initial lag phase of around 8.5 h with an approximated
growth rate of 0.047 h 1 (Fig. $2 (a)). Under micro-aerobic conditions,
growth was to be expected. Under strictly anaerobic conditions this
strain was only reported to grow under BES conditions at a rate of 0.01
h lat high stir rates and high [Fe(CN)(,]3 concentrations (Hintermayer
etal.,, 2016). However, for a BES reactor with lower mixing rates, growth
on phenazine-1-carboxylic acid and pyocyanin as expressed mediators
was demonstrated recently for P. putida KT2440 (Chukwubuikem et al.,
2021). Current densities in this recent report stated between 8 and 18
LA em 2 In our system, even higher current densities could be reached,
which possibly enables sufficient electron transfer to support growth
under anaerobic conditions.

3.3.2. Integration of Ag/AgCl reference electrodes into the e-Cuvettes
From the data presented above, it can be concluded that pseudo
reference electrodes are not able to produce ideal CVs during calibra-
tion. More importantly, deterioration of the Ag material and sometimes
even detachment from the substrate was visible after the experiment
(Fig. $4). Sawhney et al. (2019) studied the interactions of potassium
ferrous cyanides with pseudo Ag reference electrodes in detail and
concluded, that [Fe(CN)(,]3 /4 exposure results in the transformation of
the Ag surface due to side reactions and deposition leading to a high risk
of inaccuracies when performing impedance spectroscopy. Therefore, a
Ag/AgCl (3 M KCl) reference electrode was implemented into each
e-Cuvette to chemically isolate the reference electrode and eliminate the
risk of inaccuracies. The verification experiment with P. putida KT2440
was then repeated with the same procedure as described before but with
a reduced liquid volume of 3.2 mL due to the larger reference electrodes.
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For 7 e-Cuvettes containing K3[Fe(CN)g] and one control with just DM9
medium, CV scans at 50 mV s 1 were conducted (Fig. 5()). The e-Cu-
vettes containing mediator delivered clear oxidation and reduction
peaks with a mean Ey,, = 144.07 + 22.73 mV vs. Ag/AgCl (3 MKCl) and a
peak separation of 351.29 + 47.56 mV.

Cultivation data acquired during the experiment is reported in Fig. 5
(b). Each cuvette was inoculated to an ODggg = 0.46 + 0.04. This time,
the current density increased faster than in the first verification with Ag
reference electrodes. But as before, the slope of the current density
started to increase further after 22 h. The maximum current density
reached 59.24 + 17.31 pA em 2after 27.5 h. The current started to drop
off after only 38.3 h of cultivation. Over the whole experiment, the TTN
of the mediator can be calculated with 3.42 + 1.73 turnovers, which is
slightly lower than before. As before, reduction of [Fe(CN)5]3 oceurs
measurable when the extinction at 420 nm starts to decrease after 22 h
simultaneous to the current slope increasing further. The maximum
current density seems to keep the equilibrium between oxidation of the
mediator at the anode and reduction due to the organism and the
counter electrode until the current suddenly drops. With this change, the
mediator is further reduced until at the end only 1/3 of the initially
oxidized mediator remains in its oxidized state.

Again, the abiotic reference without added mediator seems to be
electrochemically inert since no current flows in response to the polar-
ization. With added mediator, a steadily increasing low current density
occurs like in the previously discussed experiment. HPLC analysis
revealed no glucose consumption in abiotic e-Cuvettes and total deple-
tion of the substrate in all biotic cuvettes after 118 h, while 1.16 + 0.59
C of charge were transferred to the anode. This again indicates that
oxygen is the preferred electron acceptor for P. putida and has to be
eliminated.

The cell density measurements showed that growth starts with a
minor lag phase of 1.75 h and a rate of 0.038 h 1 (Fig. 82 (b)). Current
density values reach a maximum and drop at the same time as the cell
density. This indicates an interdependency, as it was already described
for an electrochemical bioactivity sensor (Holtmann et al., 2006). The
drop of both these values most probably indicates the point of total
glucose consumption when the cells enter stationary and death phase.
Mediator reduction still occurs after this point, visible by the declining
extinction of the oxidized mediator in Fig. 5(b). This phenomenon could
have two potential origins. First, the counter electrode reduction of
K3[Fe(CN)s], and second, the remaining vital cells may metabolize
electron donors from lysed cells or from their maintenance metabolism,
as it was discussed before for the Ag pseudo reference system.

Comparing both setups, the pseudo reference electrode setup showed
only minor standard deviations for the current density of 6 biotic cu-
vettes. However, the CV calibration implies that further electrochemical
analysis like impedance spectroscopy might not be feasible. In contrast,
using Ag/AgCl reference electrodes led to clear oxidation and reduction
peaks in the CV scans but attained high deviations between the current
densities of the 6 biotic channels. Therefore, both setups can be used for
screening mediators in BESs, with the pseudo reference offering a
cheaper setup.

By comparing the performance data of the small-scale e-Cuvettes to
larger-scale reference data provided by the literature (Schmitz et al,
2015; Hintermayer et al., 2016) it can be concluded, that our parallel
system obtains similar, but overall lower current density curves. Minor
deviations from the mean from 6 parallel channels further support the
use of e-Cuvettes in favour of H-cells or large BES reactors for screening
purposes.

3.4. Oxygen removal in the e-Cuvette

‘We recorded the oxygen saturation of one e-Cuvette outside the
photometer via a sensor spot to determine the flow rate at which oxygen
is completely removed from the system. The flow rate was set from
initially 1.5 mLmin ®to finally 5 ml min in 0.5mLmin !steps(Fig. 6
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Fig. 5. BES cultivation of P. putida KT2440 in e-

e

120
Cuvettes with Ag/AgCl reference electrodes. Cy-
clic voltammetry of mediator (1 mM Ks[Fe(GlN)s])
and medium for reference in all 8 channels (a). Ob-
tained current density (magenta), extinction of the
oxidized mediator (yellow), and cell density at 600
nm (green) during 118 h BES cultivation 500 mV vs.
Ag/AgCl in e-Cuvettes (b). The dotted lines resemble
abiotic controls (dotted line: without mediator,
dashed line: added mediator). Standard deviations
were calculated from 6 equal channels. Cultivation
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Fig. 6. Oxygen concentration in e-Cuvettes. Oxy-

gen saturation (black dots) at different gas flow rates
(blue) in a single e-Cuvette (a). BES cultivation with
the adapted I, flow rate of 4.5 mL min~! at 500 mV
vs. Ag/AgCl in 8 e-Cuvettes (b) Obtained current
density (magenta), extinction of the oxidized medi-
ator (yellow) and cell density at 600 nm (green)
during 118 h cultivation. Dotted line: abiotic control
without mediator. Standard deviations were calcu-
lated from 7 equal channels. Cultivation Parameters:
30 °C, 3.5 mL DM9 medium.
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(a)). With the lowest rate at 1.5 mL min 1, a saturation of ~20% was
reached after 1 h. By stepping up the rate to 5 mL min ', a minimum of
3% could be determined for a flow rate of 4.5 mL min *. Further
increasing the flow rate to 5 mL min ! did not decrease the oxygen
saturation any further. This could be the result of oxygen permeating
through the gas tubing before entering the cuvette or by ambient air
passing through the venting hole of the lid.

The determined flow rate of 4.5 mL min ' was then used for culti-
vation in 7 parallel e-Cuvettes (Fig. 6(b)). Right away, cell growth was
minimal and a maximum current density of 113.42 + 22.09 yA em 2
was reached after 43.3 h. Nonetheless, glucose was again consumed
completely after 118 h of cultivation leading to a low coulombic effi-
ciency of 0.005%, indicating that oxygen is still favoured as an electron
acceptor.

Even if oxygen cannot be removed entirely in the current setup, for
screening purposes, this is still a promising result. All K3[Fe(CN)g]
mediated channels could achieve a mean TTN of 9.35 + 2.35 and the
reduction of the mediator was measured online together with the cell
and current density. With this, a screening of different mediators can be
achieved fast and easily for different organisms and mediators. How-
ever, to achieve complete oxygen removal, the system has to be further
optimized.

1

4. Conclusions

To date, combining optical and electrochemical techniques for bio-
electrochemistry in one compact system is still challenging and has not
yet been shown in combination with photometric measurements. In this
work, we combined online electrochemical measurements with photo-
metric analysis in up to 8 parallel channels. A major benefit of this
system is the compatibility with a standard photometer and commer-
cially available cuvettes and electrodes. These screen-printed electrodes
are affordable and enable easy exchange of electrode materials. To

-20
120

72 %

time [h]

oxidized mediator (OD,z0.g00)
abiotic, no mediator

mitigate the uncertainty of the pseudo Ag reference printed on those
SPEs, the incorporation of Ag/AgCl reference electrodes further facili-
tated detailed and durable electrochemical analysis. Via the “mixing
through sparging” method, the system can be used to study mediated
electron transfer under conditions closely resembling those of a BES
reactor. This resemblance was shown with P. putida KT2440 in 7 parallel
e-Cuvettes, delivering current densities up to 113 pA cm 2 Further-
more, by keeping the setup simple and all structural parts 3D printable,
the system can be adapted to fit nearly every commercially available
photometer. One main advantage of the system, besides parallelization,
is the working volume of 3.5 mL, which allows for sampling during the
process time. This is usually not possible in the microliter systems
described above. It is also possible to carry out long-term experiments
since the evaporation rate at the optimal gas flow rate of 4.5 mL min !is
low enough to not expose the electrodes. The described system thus
complements existing systems for rapid process development with the
limitation to lower cell densities, still measurable by the photometer.
Finally, the wide applicability of the system must be mentioned. Besides
the microbial electrosynthesis, the system can also be used for electro-
enzymatic process development. In addition, all electrochemical and
bioelectrochemical processes can be measured in which photometric
measurements indicate the time course of the reaction. By integrating
transparent electrodes (e.g, ITO electrodes), even biofilm-based pro-
cesses can be monitored online.
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ARTICLE INFO ABSTRACT

Keywords:

Bioelectrochemical systems with Cupriavidus necator present a viable solution for harnessing H,/CO, mixtures as
substrates, employing mediated electron transfer to an infinite electron acceptor in the form of an anode instead
of O,. Fourteen redox medi were 1 hemically ct ized, and their efficiency was evaluated
through screening with C. necator in common cuvettes with screen printed electrodes (e-Cuvettes). Key perfor-
mance indicators, including total turnover number, reduction rate, and growth, were analyzed. Ferricyanide
emerged as highly effective for anodic respiration, reaching a total turnover number of 8.38 over 120 h of
cultivation. On the other hand, phenazine methosulfate exhibited the highest reduction rate at 2.49 mM h™* with
a total of 5.16 turnovers. Contrary, growth impairment is reported for menadione, possibly leading to deficient
anodic electron transfer. The utilization of a broad spectrum of these shuttle molecules highlights the potential

Redox mediators

Anodic respiration
Cupriavidus necator
Parallelization
Bioelectrochemical system

for optimizing bioelectrochemical applications involving C. necator.

1. Introduction

Arobust CO,-utilizing strain capable of thriving on H, as an electron
donor would be an ideal candidate for industrial fermentation of value-
added products in the future. A promising microorganism to fulfil this
task was found to be Cupriavidus necator. The conversion of H, as elec-
tron, and CO, as carbon source to products like the polymer alternative
polyhydroxybutyrate [1] or terpenes for fragrance applications [ 2] is the
key feature of C. necator. As genetic tools become more accessible,
metabolic engineering facilitates the production of a broader array of
products and applications [3,4].

However, challenges surface when O, is needed as the electron
acceptor, particularly in large-scale reactors where the use of Hy/O,
mixtures poses a significant explosion risk, which call for special pre-
cautions [5]. Bioelectrochemical systems offer a potential solution by
replacing O with an anode, circumventing safety concerns while at the
same time overcoming oxygen transfer limitations and cost implications
of transferring Oz into the medium. Moreover, an anode serves as an
inexhaustible electron acceptor, unlike gaseous or solid acceptors that

Abbreviations: BES, bioelectrochemical system; CV, cyclic

1 1y; DCIP, 2,6-dichloroindoph

necessitate replacement or regeneration [6,7].

Electron transfer mechanisms in this context involve direct contact
with the electrode via redox-active proteins in the membranes, as well as
via redox-active electron shuttles in the medium in a mediated electron
transfer. Notably, C. necator lacks expression of redox-active proteins for
maintaining a conductive “electron bridge” across the periplasmic
space, necessitating the use of redox mediators (RMs) for efficient
electron transfer to the anode.

The choice of RMs is critical and multifaceted, considering charac-
teristics like membrane permeation (including hydrophobicity and
charge), stability, toxicity, redox potential, solubility in aqueous media,
and fast electron transfer [8,9]. Despite this, limited information exists
regarding the interaction of C. necator with various redox mediators in
so called “anodic respiration”. Given that the process does not align with
respiration in terms of generating a proton gradient through an electron
transport chain, it should be emphasized that anodic respiration denotes
the substitution of the terminal electron acceptor with the anode.
Despite sporadic research efforts in this domain, a critical gap exists in
the form of a mediator database specific to anodic respiration with

1dehvd

le; DHB, 3,4-di 0X) FEC, ferricyanide;

HNQ, 2-hydroxy-1,4-naphtaquinone; MB, methylene blue; MV, methyl viologen; PES, phenazine ethosulfate; PMS, phenazine methosulfate; RES, resorufin; RF,
riboflavin; RM, redox mediator; RZ, resazurin; MEN, menadione; NR, neutral red; TTN, total turnover number.
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C. necator (and other organisms), underscoring the need for compre-
hensive exploration.

This study aims to address this gap by firstly, establishing a
comprehensive dataset comprising crucial spectroelectrochemical data
for diverse redox mediators, extending the scope of already existing
data. Secondly, these RMs will be screened with C. necator for specific
key performance indicators to determine their suitability for anodic
respiration. By delving into the interaction dynamics between C. necator
and various RMs, this research aims to pave the way for leveraging
anodic respiration as a sustainable and efficient means of electron
transfer, offering valuable insights for bioprocessing applications.

2. Materials and methods
2.1. Bacterial strains and chemicals

The strain Cupriavidus necator PHB4 [10] was employed in all biotic
trials. Chemicals were sourced from Merck KGaA (Germany), VWR
Chemicals (USA), Carl Roth GmbH & Co. KG (Germany), or Sigma
Aldrich (USA).

2.2. Media and culture conditions

Cultures were incubated at 30 °C and 180 rpm in tubes containing
2.5 mL of LB medium (10 gL ! tryptone, 5 gL ! yeast extract, 10 gL 1
NacCl). For BES precultures, cryostocks were initially streaked on LB agar
plates (15 g L ! agar) and incubated overnight at 30 °C. Liquid pre-
cultures were subsequently generated by transferring a single colony
into a 100 mL flask with baffles containing 20 mL of MMasy minimal
medium [11] with 4 g L™ fructose as carbon and electron source. The
medium further contained 2.895 g L 1 NaoHPO4, 2.707 g L 1 NaH,._
PO4H20, 0.94 g L ! (NH4)2804, 0.8 g L 1 MgSO4-7H20, 0.097 g L 1
CaS04-2H20, 0.17 g L 1 K2S04, and 0.1 % (v/v) of race element solu-
tion. The trace element stock solution consisted of 15 g L 1 FeS04-7H20,
2.4 gL 1 MnSO4H0, 2.4 g L 1 ZnS047H,0, 0.48 gL 1 CuSO4-5H,0,
1.8 g L ! NapMo0O4-2H,0, 1.5 g L ! NiyS046H,0, and 0.04 g L !
C0S04-7H50 dissolved in 0.1 M HCl. Cultures were then incubated in an
orbital shaker at 180 rpm (2.5 cm orbit, Multitron, Infors, Bottmingen,
Switzerland).

2.3. Spectroelectrochemical mediator characterisation

Extinction characteristics of different mediators were determined by
spectroelectrochemical analysis. Hereby, optical measurements are
combined with cyclic voltammetry (CV) analysis. A spectroelec-
trochemical cell kit in a quartz cuvette was used (AKSTCKIT3, Pine
Research Instrumentation Inc., USA). The electrode consisted of a gold
working electrode with micro holes and a gold counter electrode on a
ceramic substrate. A micro Ag/AgCl (3 M KCl) reference electrode
(RRPEAGCL2, Pine Research Instrumentation Inc., USA) was immersed
into the solution separately. The cell was heated to 30 °C and kept
oxygen-free by sparging the headspace with N (99.99 %). To eliminate
any pH changes affecting the CV, measurements were carried out in 100
mM phosphate buffer (8.23 gL ! NayHPO4, 5.04 g L 1 NaH,PO4) at pH
7. Data was recorded on a Gamry Interface 1010B potentiostat (Gamry
Instruments Inc., USA) at 50 and 10 mV s 1, Each RM was used within a
concentration range of 100 uM to 1 mM, if the solubility in aqueous
buffer allowed. Poorly soluble mediators (such as menadione) were used
at their maximum solubility.

2.4. BES screening

The screening device holds 8 independent 4 mL polystyrene cuvettes
(Th. Geyer GmbH & Co. KG, Germany) in an automatic cuvette sampler
within a spectrophotometer (Evolution 201, Thermo Scientific GmbH,
Germany). Implementing screen-printed gold electrodes (C220 AT,

Electrochemistry Communications 162 (2024) 107705

Deutsche Metrohm GmbH & Co. KG, Germany) into each channel turns
the cuvettes into an unseparated BES. For long term stability, the micro
Ag/AgCl (3 M KCl) reference electrode was used again instead of the
printed Ag pseudo electrode on the chip. Additionally, N, is sparged
through the channels at a flow rate of 3.5 mL min ! to keep the channels
anaerobic and mixed. A detailed description of the device can be found
in [12].

2.5. Electrochemical analysis and calculations

Cyclic voltammetry within the BES was carried out in using the
screen-printed gold electrodes and Ag/AgCl (3 M KCl) reference elec-
trodes. CVs were recorded at scan rates between 10 and 1000 mv's 'at
30 °C without mixing the medium.

The midpoint potential (Ey,) was derived as the mean of anodic and
cathodic peak potentials obtained from CV analysis via the equation Ep,
= (Eox + Ered)/2. The total turnover number of the mediators (TTN)
within the BES was calculated following a previously established
method [13]. Reduction rates of redox mediators were determined by
linear regression of the extinction values during the initial reduction of
the respective mediator during BES cultivation. With calibration stan-
dards in the relevant concentrations of the mediator, the depleting or
inv:reasling linear extinction could be transformed into reduction rates in
pMh %

3. Results and discussion

3.1. Spectroelectrochemical redox medi characterisation

A selection of fourteen RMs, each exhibiting different midpoint po-
tentials (Ep,) and featuring redox indicator properties (colour change
upon reduction/oxidation), was chosen for assessment regarding their
interaction with C. necator in a BES designed for anodic respiration (see
Table 1). Via an online screening device based on cuvettes in an auto-
matic sampler of a photometer, the redox state of each indicator RM can
be monitored via a colour change upon reduction by C. necator at a
characteristic wavelength (). This wavelength was determined by
combining cyclic voltammetry with spectrophotometric analysis.

In total, during the experiment 3 oxidations and 3 reductions take

Table 1
Em, AE, I,o/I, 5 and ). of each RM measured by the described spectroelec-

trochemical approach. Conditions. 30 °C, anaerobic, pH 7, CV scan rate. 10 mvV
—1
s

Redox mediator Eu vs. Ag/ AE Lo/ e
AgA(BM vl L, mm]
KQ) [mV]
2,2-azino-bis(3- 492 82 0.881 338/
ethyl benzothiazol ine-6-sul fonic 415
acid) (ABTS)
Methyl red (MR) 205.5 177 - 430
Fetticyanide (FEC) 194.6 3151 0925 320/
420
3,4-dihydroxybenzal dehyde 156.5 81 0.664 317
(DHB)
2,6-dichloroindophenole (DCIP) 16.3 66.5 0.889 607
Phenazine methosul fate (PMS) —134.5 62 0748 383
Phenaine ethosulfate (PES) -144 68 0.682 383
Menadione (MEN) —226.3 1925  0.999 262/
325
Resorufin (RES) 2423 515 1.037 568
Methyl ene blue (MB) —261.5 63 1024 642
2-hydroxy-1,4-naphtaquinone —364.5 261 1010 452
(HNQ)
Riboflavin (RF) —411 64 1095 373/
445
Neutral red (NR) —553.5 73 1575 445
Methyl vid ogen (MV) —666.8 1565  0.822 390/
602
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place (3 CV scans). Fig. 1 shows an example of how the A, of resazurin
(RES) was determined via the aforementioned method. In Fig. 1 (a), the
extinction spectra recorded over time create a 3-dimensional image of
the redox reaction taking place at the working electrode during reduc-
tion and oxidation. For better visibility, Fig. 1 (b) depicts these spectra as
a 2D topographic map. The repetitive redox reaction now enables to
read off the %, and monitor side reactions. At the start of the CV scan at
400 mV (Fig. 1 (c)), meaning also 0 s in the extinction time-frame,
distinct peaks at 270, 375 and 600 nm are visible. Now, as the poten-
tial is lowered (direction of the scan is shown with a red arrow) and the
first reduction at —390 mV takes place, the extinction spectrum shifts to
a single peak at 568 nm which rises and declines according to the
reduction or oxidation occurring at the working electrode. Furthermore,
the first reduction current appears to be much higher than in the second
or third scan, indicating an irreversible reduction.

The observed phenomenon conforms to resazurin’s characteristics,
undergoing irreversible reduction to resorufin and resulting in a pink
colour change. (Fig. 1 (d)) [14]. Resorufin can undergo a reversible
redox reaction to dihydroresorufin in a two-electron transfer step. The
colourless dihydroresorufin formation is evident through the extinction
spectrum peak at 568 nm disappearing during reduction and the sub-
sequent reappearance during resorufin formation at the working elec-
trode (indicated with the black dashed line in Fig. 1 (b)). Therefore, A,
can be determined with 568 nm, as this wavelength determines the
redox state of the reversible electron transfer.

The same method was also applied to all 13 remaining RM to

Extinction
0.59
0.54
0.48
0.43
0.37
0.32
0.26
0.21
0.15
0.097
0.042
(c)
104
04
-104
-204
<& -30+
~ -40-
-504
~601 ——Scan 1
=704 -Scan2
- Scan 3
-80

-06 -04 -02 00 02 04
Potential vs. Ag/AgCl (3 M KCI) [V]

Fig. 1. Spectroelectrochemical characterisation of resazurin. (a) Extinction spectra over the course of 3 CV scans. (b) Topc
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determine the 2. Ep, for each RM for a single, reversible electron transfer
reaction can also be obtained from the CVs. With this, both the reduc-
tion- and oxidation-potential can be determined and any following
chemical reactions of the reactants are visible in peak current ratios (IP,
o/Ipa) divergent from 1, since some of the reactant is now missing for the
reverse reaction leading to a smaller peak current [15]. Furthermore,
peak separation values (AE) can hint towards reversible or irreversible
redox reactions of the RM, with a typical AE value close to 58 mV for a
perfectly reversible one electron transfer process (at 25 °C). Fig. 2 shows
all CVs obtained for 13 of the 14 RMs (except methyl red). For better
visualisation, the obtained current values were normalized to equal
values.

The determined E, values as well as the I, ¢/I,a ratios are listed in
Table 1. Since a reaction can appear reversible at slower scanrates, these
values are not universally valid [15]. In this case, a scan rate of 10 mvV
s 1 was applied. High AE values, especially higher than 58 mV under
standard conditions, are a further indicator for quasi-reversible or irre-
versible reactions. For 2 electron transfer reactions, higher peak sepa-
rations are to be expected, if one of the electron transfer steps is
thermodynamically less favourable. However, above 140 mV both
electron transfer steps should separate into single waves in the CV scan
separation [16,17].

The CV of MR, depicted separately in Fig. 3, shows a typical irre-
versible behaviour within the wide potential range applied. For the first
reversible electron transfer step, a potential of 140 to 165 mV is to be
expected [18,19]. In this range, a smaller oxidation and reduction peak

Extinction
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E
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N
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A
20 || 2¢
21 || 2m°
"
|
N
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hical visualisation of the

spectra. (c) GV scans of 100 M resazurin. Red arrow indicates the start of GV scan 1. Scan rate: 50 mV s~%, 30 °G, anaerobic, pH 7. (d) Resazurin reaction scheme.

Created with ChemDraw®.
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Fig. 2. CV scans of 13 redox mediators recorded with the spectroelectrochemical cell. Current values were normalized from 0 to 1 for better comparability of the
mediators. Abbreviations: MV: methyl viologen, RF: riboflavin, MB: methylene blue, RES: resazurin, PES: phenazine ethosulfate, DHB: 3,4- dlhydroxybenzaldehyde

ABTS: 2,2-azino-bis(3-ethylbenzothiazoline-6-sulfonic acid, NR: neutral red, HNQ: 2-hydroxy-1,4 h MEN: di PMS: ph
DCIP: 2,6-dichloroindophenole, FEC. ferricyanide. Conditions: 10 mV s~!, 30 °C, anaerobic, pH 7.
(a) (b)
—Scan 1 —— MR before CV
40 0.35
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300 400

Fig. 3. (a) 3 GV scans of methyl red. The red arrow indicates the decrease in peak intensity over the course of the 3 scans. (b) Extinction spectrum taken before and
after the GV scans. The vanished extinction maximum indicates an irreversible reaction took place. Scan rate. 50 mV s™*, 30 °G, anaerobic, pH 7.

is visible in the CV scan. The oxidation potential of 294 mV and
reduction potential of 117 mV result in En = 205.5 mV. However, a
redox state characterisation by extinction measurement becomes
impossible after MR is degraded above 700 mV [20]. The compound is
therefore only applicable as a redox mediator below 700 mV. Side re-
actions like this could potentially degrade other mediators as well.
However, within the potential ranges stated in Fig. 2, no such reaction
was observed.

For all other RMs, Fig. 4 depicts the topographic view to determine
each A.. The extinction spectrum of DHB did not exhibit a A, shift,
possibly attributed to either a high scan rate, an inadequate concen-
tration, or a slow electrochemical reaction. This phenomenon is also
discernible in the minor peaks within the CV of DHB (Fig. 2). In the
spectrum of MB, only one growing and decreasing peak is visible at 642
nm. The reasons for this might also be found within the electrochemical
parameters. For MR and DHB, the maximum extinction from a separate
spectrum was chosen as the A for further biotic screening.

Tlable 1 summarizes the formal potentials and electrochemical peak
separations calculated from CV scans and the A determined from Fig. 4
for all examined RMs. In the case of MR, the reversible peaks were too
small to determine the I, /I, o Tatio accurately.

3.2. In vivo mediator interaction screening

Screening of the RMs was carried out in the e-Cuvette screening
device, as already described elsewhere [12]. With this setup, the current
density and the redox state of a RM can be determined online via the A,
while simultaneously measuring ODggo for changes in cell density.
Exemplarily, Fig. 5 illustrates a typical BES cultivation of C. necator in 6
parallel cuvettes and 2 abiotic controls with and without FEC. Prior to ty
(abiotic phase), there is no evolution of current in the system. As soon as
C. necator is introduced into the system at tp, an anodic current starts to
rise (magenta), while the FEC extinction at 420 nm (yellow dots) drops
as it is reduced. Throughout cultivation, the anode partially re-oxidizes
FEC, leading to an anodic current and an increase in extinction. After
118 h (t;) the polarisation is stopped. The decline in extinction at 420
nm reaffirms that oxidized FEC remains present and is being reduced by
viable cells.

The abiotic control including FEC polarized at 500 mV returns a
steadily increasing current over time (Fig. 5 (a), dashed line), while FEC
is also reduced as indicated by the declining extinction at 420 nm (Fig. 5
(b), yellow dots). It is most likely, that FEC is reduced at the cathode and
simultaneously oxidized at the anode within this unseparated chamber
(Fig. 5 (c)), while the cathodic reaction seems to be dominant and
therefore shifts the ratio towards the reduced form. Other reactions, like
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Fig. 4. Topographic visualization of the extinction spectra during 3 CV scans over the vertical time scale for each mediator used in this study (except MR and RES).
The X h of each mediator can be deduced from the recurring peaks over time. Conditions. 30 °C, anaerobic, pH 7, CV scan rate. 10 mV s~

O, development (1.033 V vs. Ag/AgCl according to AG value) are not
feasible at 500 mV and don’t occur in CV analysis (Fig. 5 (d), dashed
lines). Unknown side reactions from the medium can be observed within
the CV. From the control cuvette without FEC, the direct involvement of
these side reactions can be ruled out though, since the polarization of the
pure medium doesn’t result in a current evolving over time (Fig. 5 (a),
dotted line).

The real-time analysis of current and extinction provides insights

into three performance indicators, defining the efficiency of the medi-
ator for anodic respiration. First, the slope of the extinction value during
reduction of the RM enables reduction rate analysis. The reduction rate
may indicate highly efficient mediators, regardless of the electro-
chemical regeneration system’s efficiency. Second, with the charge
wmansferred to the anode, the TTN can be calculated, giving further
insight into the efficiency of the RM, independent of the concentration
used. Moreover, the interaction between C. necator and a RM with a
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Fig. 5. (a) C. necator cultivation in e-Guvettes with 1 mM FEC as redox mediator. t; marks the inoculation, while t; designates the point at which the polarisation is
stopped. Current density (magenta) during polarisation at 500 mV for biotic cuvettes (solid line), abiotic control with FEC (dashed line), and without FEC (dotted
line). Extinction values at 420 nm are plotted in yellow and cell density at 600 nm in green. (b) Abiotic control cuvette with FEC displays reduction of FEC, as
indicated by the decline in OD45. (¢) Screen-printed electrode setup and abiotic redox cycle of FEC in the unseparated system. (d) CV scans of pure medium in
comparison to medium with FEC in e-Cuvettes. Conditions. 3.5 mL MMasy medium, 30 °C, anaerobic, n 6.

known redox potential provides insights into the minimum potential
required for the oxidation of the yet unidentified interaction site(s) of
C. necator. And third, growthrate analysis can hint towards impairments
stemming from the redox mediator.

The described method was employed to screen all previously char-
acterized RMs and evaluate their suitability for anodic respiration. Po-
tentials for re-oxidation of the mediator were chosen above the
oxidation potential of the RM, as determined by CV analysis. The first
performance indicator, the reduction rate, is summarized in Table 2
including the applied concentrations and the observed growth rate.
From the results, both phenazines, PMS and PES stand out with reduc-
tion rates of 2.49 and 0.25 mM h 1, respectively.

Phenazine compounds are known for their high affinity towards the
intracellular electron transfer chain. However, their stability within a
BES varies between one and more than 10 days [21]. PMS decomposi-
tion to pyocyanine [22] also plays a role during the experiment. Abiotic
controls of PMS at 300 mV exhibit a consistent decline in extinction at
383 nm with minimal current response, indicating both degradation and
cathodic reduction. Moreover, the current density within the biotic cu-
vettes containing PMS never reaches a steady state, instead, it rapidly
decreases after 2 h (Fig. 6 (a)).

The second performance indicator, the TTN, was determined over a
118 h cultivation period (Fig. 7). Interaction of the RM with C. necator is
linked to the Ep, of the respective RM and can reveal a minimum redox
potential that is necessary for an electron shuttle compound to enable
electron transfer from the still unknown interaction site(s) to the RM. By
listing the TTN in a descending order according to their determined Ey,,
a major cut-off potential below —261 mV can be determined. However,
HNQ is still interacting with C. necator in the first 10 h (data not shown),
but the resulting current is extremely low resulting in a TTN of only
0.01. In conclusion, any mediator between 206 and —365 mV is able to

Table 2
RM reduction rates, concentrations, and observed growth rates of C. necator in
BES cultivations.

RM Concentration  Applied potential Reduction Growth
[uM] [mV vs. Ag/Agd  rate rate g
3 MK [uM*h '] h "1
ABTS 100 700 - 0.017
FEC 1000 500 49.43 0.015
DHB 120 700 3.73 0.013
MR 50 300 1.98 0.012
DCIP 80 300 353 0.009
PMS 50 300 2492.83 0.009
RES 100 0 99,85 0.013
PES 50 300 245.15 0.011
MEN 509% saturated 230 116" 0.003
solution
MB 20 100 0.63 0.007
HNQ 400 100 - 0.007
RF 100 300 - 0.016
NR 100 —200 - 0.008
MV 625 —400 - 0.014
No RM 0.011

2 only the initial reduction of RZ—RES was quantified in pM*h~!
® measured in % h™!

interact with C. necator, indicating the interaction site(s) offer a broad
potential range.

Upon comparing the TTN with the determined reduction rates, it
becomes evident that slowly reduced redox mediators can still
contribute to anodic respiration through consistent and stable cycling. E.
g, MR is able to perform 4.2 cycles per molecule while only being
reduced by C. necatorat1.98 yM h 1, RES, on the other hand, is reduced
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at 99.85 yM h ! and only achieves 0.96 turnovers. As a lipophilic
molecule, RES can most likely penetrate the cell membrane even though
it is negatively charged [23]. This enables the direct oxidation of
intracellular NADH, FADH or intracellular cytochromes. Transport
within the bulk medium may limit the TTN and could hence benefit from
a secondary, more hydrophilic redox mediator like FEC to facilitate
electron transport to the anode. Furthermore, MR proves to be an
effective RM with intact indicator properties in our BES when used at
300 mV vs. Ag/AgCl, were the molecule is not electrochemically
degraded. MR, DCIP, PMS, PES, and FEC all resulted in a TTN above 4.2
promising future applications for anodic respiration. Both phenazines,
MR, and DCIP share the hydrophobic characteristics with logP values of
3.06/2.9 for PES/PMS, 1.67 for MR, and 3.12 for DCIP [18,24]. FEC on
the other hand, is more hydrophilic according to the logP value of —0.26
[18] and is most likely not membrane permeable due to the high
negative charge. Hence, outer membrane porins likely play an important

role in FEC transport. The affinity towards non-polar solvents is there-
fore not the key parameter for RM selection.

In a control experiment without a RM (Fig. 6 (b)), growth still occurs
without the development of a current. Therefore, the growth is most
likely caused by traces of O, entering the system as described before
[12]. Comparing the growth rates with RMs from Table 2 to the refer-
ence rate without a RM, only MEN stands out with a significant inhibi-
tory effect. This could also explain the exceptionally low TTN attributed
to potential toxic effects on the metabolism. MB, HNQ, and NR have a
slight inhibitory effect. Among them, only MB is deemed feasible for
anodic respiration, with a TTN of 2.81.

4. Conclusions

In this study, A, and Ey, values for 14 RMs were determined These
values enable the online determination of redox states during BES
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cultivation within a standard spectrophotometer. The determined AE
and Ip,./Ipa values CVs provided insights into which RM is capable of
achieving reversible electron transfer with a gold electrode.

In BES screening experiments, phenazines proved to be highly effi-
cient with maximum reduction rates of 2.49mM h !and 0.25 mM h !
for PMS/PES and a TTN of 5.16 and 6.15 respectively. Nevertheless,
their stability constrains their applicability for long-term experiments.
The screening further revealed that high reduction rates can oceur in-
dependent of a high TTN. Especially FEC, delivering 8.38 turnovers
while only being reduced at a rate of 49.43 _M h 1, stands out in this
context. The affinity towards organic solvents for each RM was termed
secondary for selecting a RM, since both hydrophobic and hydrophilic
RMs resulted in a similar TTN. However, to achieve an efficient process,
the combination of both may lead to an optimal mediated electron
transfer.
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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 H,, 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 for their f lity 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 pA 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
p-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” (Hy/O5) 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 O; 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
Oy, 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 pA 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 thodopsin. The thodopsin 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 O, 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
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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 H/CO, 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

G. necator precultures grew in 2.5 mL LB medium (10 gL tryptone,
5 gL yeast extract, 10 g L1 NaCl) in cultivation tubes at 30 °C and 180
1pm. 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 gL 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 ODggg of
0.1. MMasy medium contained 4 g L1 fructose as carbon and electron
source, 2.895gL' NayHPO4 2.707 gL' NaH,PO4H»0, 0.94gL?!
(NH4)2S04, 0.8 g L1 MgS04.7H0, 0.097 gL' CaS04-2H0, 0.17 gL!
K2SO4, and 0.1 % (v/v) of trace element solution. The trace element
stock solution consisted of 15 gL'1 FeS04-7H20, 2.4 gL'1 MnSO4-H0,
2.4 g 11 ZnS04-7H,0, 0.48 g L™ CuS04-5H,0, 1.8 g L™ NayMoO4-2H50,
1.5 g L1 NipSO4-6H0, and 0.04 gL 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 em 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 em) 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 ODggo, and 3.13 for ODgyg 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 (¢;/o) 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 0 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.

1 [6))]

Ho B
1+ (,%@g)

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 ODggg of 0.5. Cell-
free minimal medium containing FEC was used for the blank. The
resulting absorbance values were converted to 1 em 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 + Co.KG, Germany) with a
geometrical surface area of 20 em? as a counter electrode. The anodic
and cathodic compartment were separated from each other with a cation
exchange membrane (Nafionl17, 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 L1 NagHPO,, 27.07 gL~ NaH,PO4H,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 { 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 pm 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»SO4 at a flow rate of 0.5 mL min 1 was used to isocratically elute the
analytes. Fructose standards were measured at seven concentrations
between 0.1 and 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 (Ep,) was determined as the average of anodic
and cathodic peak potentials using the equation Ey, = (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*Mmediator *Zmediator)- 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 1), Mipediator
the absolute amount of mediator molecules in mol, and Zpyediator the
number of electrons that can be transferred by the mediator in one cycle.

The uncompensated resistance (Ry) 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
KC.

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 4+ 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
at500 pM 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 gLl turned out to be not limiting and although 2 g L™t
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 gL 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 O [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 O,. Thus, the cells reduce the redox mediator in
parallel with O, 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 $3). 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 y/uo were plotted against the
inhibitor (RM) concentration in Figure 1, where g is the “inhibited”
growthrate in the presence of RM and g 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 Ep, = -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 yM), and HNQ (1.25 mM).
DCIP was used at a concentration of 80 pM, 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 pA cm 2 after 15.8 h.
In comparison, DCIP resulted in a maximum cwrent density of
21.67 pAem 2 while PMS delivered 12.14pAcm 2, and HNQ
28.85 pA em 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 (Ey, =-320 mV), FMN/FAD (Ey, =
-219 mV), or periplasmic hydrogenases (Em = -414 mV for the reaction
Hy — 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 highredox potential of 420 mV for the nitrate/nitrite couple [44]. At
this potential, however, FEC (Ep, = 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 /4o 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), (¢) 2,6-dichloroindophenole (DCIP), (d) 3,4-dihydroxybenzaldehyde (DHB), (e) phenazine ethosulfate (PES), (f)

h Ifate (PMS), (g) 2-hydroxynapth: (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 Cc
Redox mediator RM*[mM] Growth RM"[mM] Growth 1C50
rate™” rate’ [mm]
h '] 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 ethosul fate (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-dichloroindophenal e (DCIP) 0.063 0.119 2 0.033 0.05
3,4-dihydroxybenzal dehyde (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-ethyl benzothiazal ine-6-sul fonic acid) (ABTS)' 5 0.214 10 0.189 ND

# RM concentrations atwhich 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).

£ The IC50 could not be determined (ND — not determined, see text for details).

anything below the Ej 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 IIl 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 choicerather 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 mgL1h 1 for FEC
and HNQ, respectively. Between 24 and 96 h, therates decreased to 2.81
and 1.53mgL1h 1, respectively, until the rates for bath RMs were less
than 0.67 mgL ' h ! after 120 h (Figure $9).

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 pA em 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 ODsgo
measurements. As DCIP has an absorption maximum at 607 nm, ODygo
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 1id and the reactor wall (Figure S10).

Since RMs were inwoduced into the medium at different
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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 Is 1to 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 tend 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
theavailability 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 yM 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 Ey,. As already hypothesized for
P. putida, the high charge and hydrophilic character of the [Fe(CN)g]>
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, (¢) 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 Os.
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Unraveling the Electron Transfer in Cupriavidus necator -
Insights Into Mediator Reduction Mechanics

André Gemiinde,® Nils-Lennart Ruppert,” and Dirk Holtmann*®"!

Cupriavidus necator, despite lacking direct electron transfer
capabilities, demonstrates efficient reduction of various redox
mediators in oxygen-free cultivation within bioelectrochemical
systems. This study investigates the reduction site of ferricya-
nide through inhibition and expression rate analysis of oxygen
and nitrate respiration chain complexes, comparing aerobic
cultivation conditions with fructose as carbon and electron
donor to autotrophic (CO,/H,/0,) and anodic cultivation
conditions (fructose/anode). Azide inhibition identified cyto-
chrome ¢ oxidase as the primary complex facilitating electron
transfer to ferricyanide, with a secondary role proposed for

Introduction

To develop sustainable biotechnological applications, the
utilization of microorganisms capable of efficient CO, conver-
sion has raised immense interest. Among these, Cupriavidus
necator emerged as a promising strain for chemolithoautotro-
phic and chemoorganotrophic cultivation, demonstrating its
potential as a capable producer of polyhydroxyalkanoates as
biological polymer alternative” terpenes as a basis for
fragrances and advanced biofuels,”™ precursors for aroma
components like ferulic acid,” and branched-chain alcohols
(isobutanol and 3-methyl-1-butanol) as alternative biofuels.®
The genetic accessibility further allows for even more products
to be integrated for industrial-scale production.” When fed
with CO, and H,, C. necator is able to fix the carbon through the
Calvin-Benson-Bassham cycle and acquires electrons through
the oxidation of H, via its soluble hydrogenase. On the electron
acceptor side, C. necator proves to be respiratory flexible, as it
can naturally rely on two different terminal electron acceptors,
NO,” and O, However, with NO,™ as the terminal electron
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nitrite reductase NirS, demonstrating a 3.9+ 1.1-fold higher
expression when exposed to anodic conditions. The 2.940.6-
fold increase in the expression of the natural porin OmpA under
anodic conditions implies its potential involvement in ferricya-
nide uptake. Additionally, chemically permeabilizing cell mem-
branes with cetyltrimethylammonium bromide doubles ferricya-
nide reduction rates without an anode present, offering insights
for optimizing redox mediation in C. necator based bioelec-
trochemical systems. This study opens up new possibilities for
the targeted optimization of mediated electron transfer in C.
necator and other organisms.

acceptor, the growth rate is greatly reduced.” Most of the
nitrate respiration as well as the hydrogen oxidation genes are
located on the pHG1 megaplasmid. The pHG1 plasmid further
contains 429 potential genes including the CO, fixation
enzymes and cytochrome ¢ maturation genes!® While the
prospects of utilizing this strain in chemolithoautotrophic
cultivation systems for CO, fixation and industrial-scale produc-
tion are encouraging, challenges persist, particularly concerning
explosion risks of H,/O, gas mixtures and operation costs from
O, transfer into the cultivation medium. With the use of
microbial electrochemical technologies, these challenges might
be addressed through anodic electron discharge. Hereby, an
anode offers the possibility to act as terminal and inexhaustible
electron acceptor for C. necator instead of O,.

However, one major obstacle when using bioelectrochem-
ical systems often lies in the lack of a detailed understanding of
the electron transfer mechanisms. This also applies to C.
necator. The proteome of C. necator provides no known genes
enabling a direct extracellular electron transfer (DET). Never-
theless, using a mediated extracellular electron transfer (MET),
electron transfer between planktonic cells and an electrode can
still be established. It has already been recognized, that C.
necator can interact with ferricyanide and various other
mediators.!"*'¥ The specific interaction site that engages with
ferricyanide or any other mediator in C. necator still remains
unclear. The MET process has further been demonstrated with
the polymeric redox mediator poly(2-methacryloyloxyethy!
phosphorylcholine-co-vinylferrocene) in the presence of oxygen
as the main electron acceptor."” Here, an upregulation of three
nitrate reductases was detected, indicating their potential role
in MET. Another study used neutral red to supply electrons in
the opposite direction from a cathode to C. necator,"" but the
study lacks a clear definition of the mediator interaction site.

The determination of the interaction sites for various redox
mediators in other organisms has yet been challenging. So far,
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inhibition results with antimycin A and azide hint towards
cytochrome ¢ reductase as the interaction site of the mediators
ferricyanide and tris(2,2-bipyridylcobalt(ll) in Pseudomonas
putida KT2440.04 In Lactococcus lactis, the endogenous media-
tor 2-amino-3-carboxy-1,4-naphthoquinone accepts electrons
from the type II NADH dehydrogenase (NoxAB) which then
reduces ferricyanide in the periplasm or extracellular."? Adding
to the complexity, various mediators may interact with different
interaction sites. As an example, the lipophilic compound 2,6-
dichlorphenolindephenol (DCIP) can accept electrons directly
from complex | of the respiration chain in Staphylococcus
aureus," while neutral red can penetrate both membranes and
most likely reduces NAD* directly in the cytosol.'?

In C. necator, the so far reached current densities via MET
are insufficient to replace O, entirely.') Therefore, methods to
enhance mediator reduction rates are needed. A significant
bottleneck for MET is the cell membrane itself. Theoretically, its
lipophilic characteristics pose a disadvantage for numerous
hydrophilic or charged mediators, preventing their passage.
However, it has been demonstrated, that some hydrophilic
redox mediators, like ferricyanide,"'® can penetrate the outer
membrane of Gram-negative bacteria while lipophilic mediators
can most likely pass both membranes."? The uptake mecha-
nisms are still barely known and further research is needed. It is
conceivable though, that outer membrane porins, like OmpF in
P. putida, play an important role in the uptake of hydrophilic,
charged mediators."®

In this context, our study aims to elucidate the interaction
sites of ferricyanide within C necator using fructose as electron
and carbon donor and an anode as the only available terminal
electron acceptor. Hypothesized interaction sites are narrowed
down through inhibition studies, qPCR analysis, and the use of
a pHG1 megaplasmid deficient strain (lllustrated in Scheme 1).
Additionally, our objective is to optimize MET by increasing
mediator membrane transfer as a potential bottleneck. In this
preliminary investigation, our research is focused on under-
standing the involvement of key cellular components in MET,
particularly in the context of ferricyanide reduction. Addition-
ally, our study explored the permeabilization of cellular
membranes to gain insights into potential strategies for
enhancing electron transfer efficiency

Results and Discussion
Reduction of Ferricyanide in a BES

In this study, a BES reactor system with ferricyanide as a redox
mediator was used to elucidate the mediated electron transfer
mechanisms within C. necator. A PHB deficient strain (C. necator
PHB™) was used primarily to eliminate side effects from stored
metabolic reserves. As a benchmark with 5 mM ferricyanide and
an anode poised at 500 mV vs. Ag/AgCl (satd. KCI), C. necator
PHB~ reached a maximum current density of 18345 pAcm™
and a total charge of 1686101 C was transferred within 192 h

artificial possible interaction sites
chemical
porins A site specific
b Y inhibition

rate
analysis

deletion
mutant

conditions

T -

®

.
5 chemolithoautotrophic

electrode

s
oW
210
(<)

[Fe(CN){J*
anodic

Scheme 1. lllustration of the aims of the study. Possible interaction sites of ferricyanide (pentagons, yellow: oxidized, grey: reduced) within C. necator are
narrowed down via specific inhibition, applying deletion mutants, and expression rate analysis comparing chemalithoautotrophic, heterotrophic, and anodic
cultivation conditions. Furthermore, the influence of creating artificial porins with chemical permeabilizers on anodic electron transfer is studied. Created with

BioRender.
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(Figure 1a). While the current density increases, the AODgy, rises
slightly from 1.2 (0 h) to 1.7 after 6 h. The cell density remains
almost constant for the rest of the cultivation period. The total
fructose consumption is only 0.3+0.02gL™" (Figure 1b). The
electrons originating from fructose are transferred through
ferricyanide to the anode at a coulombic efficiency of 63.1+
5.7%, with no side products detectable by HPLC analysis. The
remaining fraction of electrons could, in theory, be disposed of
through the bidirectional soluble hydrogenase, generating
gaseous H,.”” A further option would be the conversion into
biomass, hence the observed growth within the first 6 h. Most
of the oxidized ferricyanide is also reduced within the first 6 h,
while the current rises. The maximum mediator reduction rate
in this phase reached 0.22 mMh~". As the current drops over
time, the ratio of oxidized to reduced ferricyanide tends
towards the oxidized state. It seems likely, that C. necator is not
able to support the high initial current and reduction rate over
extended time periods. Limitations can be assumed within the
metabolism and the mediator transfer-rate, since the anode
provides enough oxidized ferricyanide in the bulk medium to
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Figure 1. C. necator reference BES cultivation with 5 mM ferricyanide as
mediator. (a) Current density (black line) and concentration of oxidized
ferricyanide (red) from a biological triplicate. (b) cell density determined via
AODgy, (black squares) measurement and fructose concentration (blue)
during cultivation. Conditions: MMasy minimal medium, 30°C, 400 rpm,
pH=6.8, n=3, 500 mV vs. Ag/AgCl (satd. KCl). Error bars depict the standard
deviation.
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keep up the electron transfer from C. necator to the anode
(Figure 1a, red squares).

Expression Rate Analysis within BES Cultures

To get a deeper understanding of the MET mechanism, the first
step is to shed some light on the interaction site of ferricyanide
with C. necator. So far, it can be assumed that C. necator is
unable to transfer electrons directly to an anode, as control
experiments without ferricyanide as a mediator in the BES show
no current evolution (Figure S1). It is therefore most likely, that
no electron-transferring cytochromes are located on the outer
membrane, as it is known for Geobacter sulfurreducens,
Shewanella oneidensis, or Vibrio natriegens.”'** The interaction
site is therefore expected to be located on the cytoplasmic
membrane, or in the cytosol. Cytosolic sites are excluded in this
study since ferricyanide is most likely not able to reach the
cytosol.*

Therefore, several hypothesized interaction sites that are
located on the cytoplasmic membrane or in the periplasmic
space (Table S1) were chosen for expression rate analysis by
gPCR. Of these interaction sites, one group comprises the
respiration chain complexes (Figure 2a), another group includes
both the soluble and membrane-bound hydrogenases together
with three channel proteins (OmpA, ImpK, czcC2), which might
be involved in the outer-membrane transfer of ferricyanide
(Figure 2b). Additionally, the nitrate respiration proteins were
chosen for analysis (Figure 2c), since the interaction of nitrate
reductase with ferricyanide has already been suggested in E.
coli® Expression rates for all identified interaction sites were
compared to stationary aerobic cultures (48 h after inoculation)
without ferricyanide in a shake flask. Cultivation conditions to
compare were stationary (54 h) autotrophic cultures on CO,/H,/
0O, and BES cultures with ferricyanide and the anode as a
terminal electron acceptor. Samples from BES cultures were
taken 24 h after inoculation, where current densities peaked.
Within the BES cultivation, a specific mutant lacking the pHG1
megaplasmid (C. necator ApHG1) was chosen as negative
control for gPCR analysis. Via this control, the missing
interaction sites from the pHG1 megaplasmid and their
relevance for MET can be elucidated. The relative gene
expression rates for autotrophic cultivation, BES cultivation and
the ApHG1 strain vs. aerobic conditions as reference were
determined via the 27**“ method.

From the relative expression rates gathered, it can be
concluded that the respiration chain proteins are not over-
expressed significantly under BES conditions. One exception is
the cytochrome c oxidase (cbb3) with a relative expression vs.
aerobic conditions of 1.9+03 in a BES. Slightly higher
expression rates were determined for autotrophically grown
cells with values ranging from 1.240.1-fold for cytochrome ¢
reductase to 1.9+ 0.1-fold for the ATPase (Figure 2a). The pHG1
deficient strain expresses the respiration chain complexes
within the same range (minding the error) as the pHGI1
containing strain.
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Figure 2. Relative gene expression levels in BES and autotrophic cultures of
hypothesized proteins involved in the MET process vs. stationary aerobic
culture as calibrator. BES samples were taken from the reactor 24 h after
inoculation. Autotrophic samples were cultivated until stationary (54 h).
(GyrB (pos. control, housekeeping; CtaC (aa3-type cytochrome oxidase,
subunit 1), CcoO (cbb3-type cytochrome oxidase, monohaem subunit I1),
GerC (ubiquinol-cytochrome c reductase, cytochrome c1), SDH (succinate
dehydrogenase iron-sulfur subunit), NuoD (NADH-quinone oxidoreductase
subunit D), AtpH (F-type H-+-transporting ATPase subunit delta, NarK |
(nitrate/proton symporter), NarK Il (nitrate/nitrite antiporter), NarG (respira-
tory nitrate reductase catalytic subunit), NapA (periplasmic nitrate reductase
large subunit), NorB (nitric oxide reductase subunit B), NosZ (nitrous-oxide
reductase), NirS (cytochrome cd1 nitrite reductase), OmpA (outer membrane
protein or related an-associated (lij in), ImpK (type VI
secretion system protein), CzcC2 (outer membrane protein, heavy metal
efflux system). Error bars depict the standard deviation.

From the three porins chosen for qPCR analysis, OmpA is
expressed 2.9+06 and 3.8+1.9-fold higher under both
anaerobic conditions (BES and autotrophic) compared to
aerobic cultivation. This seems to be independent of the anodic
conditions. Contrary to that, the expression in the ApHG1 strain
under BES conditions is comparable to aerobic conditions, even
though OmpA is encoded on chromosome 1, rather than the
pHG1 plasmid. In a broader context, OmpA proteins are
characterized by an N-terminal domain that configures an
eight-stranded, antiparallel B barrel embedded within the outer
membrane.””’ The globular C-terminal domain of OmpA is
situated within the periplasmic space. Outer membrane
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signal transduction, adhesion to host cells, catalysis of crucial
reactions, and facilitation of active and passive transport of
solutes and nutrients across the cell membrane.?® This may
enable the MET in the first place, by importing and exporting
ferricyanide.

The two other efflux proteins are expressed by a factor of
1.6+0.4 (ImpK) and 2.2+0.7 (czcC2) in a BES with pHG1. Since
the expression is even higher within the ApHG1 strain in BES
and autotrophic cultures, the effect is most probably triggered
by the lack of O,. ImpK is a primarily inner membrane protein
with a C-terminal OmpA-like domain facing the periplasm.
However, a small fraction of the total ImpK amount was also
located in the outer membrane of Gram-negative Agrobacte-
rium tumefaciens.”” The protein is associated with the bacterial
type VI secretion system providing a membrane channel with a
pore size of 40 A% large enough for small molecules like
ferricyanide to pass. CzcC is equally an efflux protein complex,
transporting divalent cations through the outer membrane as a
proton antiporter.?” A passive or active import of ferricyanide
via one of the two complexes cannot be proven by qPCR and
might be unlikely when looking into the mechanisms, but
cannot be ruled out. Further research in mediator membrane
transport will be needed to shed light on the exact
mechanism(s).

As expected, both the soluble (SH) and membrane-bound
hydrogenases (MBH) are not expressed when the pHG1 plasmid
is absent and significantly over-expressed under autotrophic
cultivation conditions with hydrogen present (5.8+1.1 times
for MBH and 13.542.7 times for SH). Within the BES, these
hydrogenases can be found at expression rates of 2.6 +0.5-fold
higher for SH and 1.8£0.1-fold higher for MBH in comparison
to aerobic conditions. These hydrogenases are reportedly only
expressed under autotrophic conditions feeding on H,/CO,/O,
gas mixtures as well as under heterotrophic conditions with a
switch from fructose to the less favourable substrate
glycerol.?>*" Based on our results, it can be concluded that
these hydrogenases are expressed under BES conditions, but to
a very limited extent.

The obtained data from the denitrification pathway proteins
supports the conclusion that both the membrane-bound nitrate
reductase (NarG) and periplasmic nitrate reductase (NapA) are
expressed under BES conditions (1.5+0.2 and 2.4+0.7 respec-
tively), similar to autotrophic cultivation conditions (1.9+0.3
and 27+40.8). These enzymes catalyse the first step in
denitrification (NO,—NO,, E° = 420 mV),*? when nitrate is
available as an electron acceptor. It has to be noted, that the
present minimal medium only contains ammonium sulphate as
a nitrogen source. It is known, that NarG only forms in the
absence of O, while NapA forms in the stationary phase of
growth under aerobic conditions.”” Therefore, NapA is already
present from the stationary pre-culture when C. necator is
added to the BES. Furthermore, the NapA genes are located on
the pHG1 megaplasmid, hence it is not expressed in the ApHG1
BES cultivation. The proven expression in a BES together with
the accessibility from the periplasm and standard redox
potential of 420 mV of these reductases makes the reduction of
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ferricyanide theoretically feasible (F° = 416 mV vs. SHE for
ferricyanide).®” It has to be considered though, that ferricyanide
might mimic oxygen in a way, that the oxidizing conditions
within the culture broth may inhibit the nitrate reduction
pathway during the cultivation.*"

Periplasmic nitrite reductase (NirS) converts NO, into the
toxic intermediate NO. Regarding the redox potential, the
reaction with ferricyanide is feasible, since the NO,/NO reaction
couple exhibits an £° of 375 mV vs. SHE.*? In Figure 2c, NirS is
expressed 3.9+ 1.1-fold in a BES vs. 2.2+0.1-fold with H,/CO,/
0,. This reductase is encoded on the chromosome, hence the
expression is also measurable 2.5+0.5-fold with the pHG1
deficient strain. The nitric oxide reductase (Nor) catalyses the
reaction of NO—N,0 (° = 1175 mV).®? The necessary genes
are located in two copies, one on the pHG1 megaplasmid and
one on the chromosome.”* From our data, this is visible in the
expression rate of NorB. The difference between autotrophic
and BES cultivation is marginal (2.0+0.6 vs. 2.7+0.3) with
respect to the error. The ApHG1 strain expresses NorB 0.840.1-
times the amount that an aerobically grown strain with the
pHG1 plasmid achieves. The NorB subunit contains two b-type
hemes, but no heme ¢. The enzyme was also able to accept
electrons from reduced phenazine methosulfate (£ = 80 mV vs.
SHE) .***7) If the enzyme is also able to reduce ferricyanide is
speculative, since the redox potential of the catalysed reaction
might be too high compared to the £° of ferricyanide.

The nitrous-oxide reductase (NosZ) catalyses the last step
from N,0—N, (E°=1335mV).*? For this specific site, the
expression rate was equal for autotrophic and BES conditions
with a 6.9-fold higher rate. It has to be noted though, that
standard deviations were uncommonly high. Both NarK nitrate
transport proteins were not significantly over-expressed with
ferricyanide in a BES. Their involvement in ferricyanide import is
not yet determined. The fact that these transporters are
naturally importing anions might benefit the ferricyanide
uptake. However, there is evidence for a reversible inactivation
of NarK under oxidizing conditions, which in turn, stops the
transport.”® The nitrate assimilatory enzyme (Nas) is inhibited
by ammonium, which is always present in the medium.*”
Therefore, it was not part of the analysis. To summarize, both
nitrate reductases (NapA and NarG) expose reachable inter-
action sites for ferricyanide in the periplasm and the reduction
is thermodynamically feasible. The same applies for the nitrite
reductase (NirS).

Eliminating Megaplasmid Encoded Interaction Sites

The role of the nitrite/nitrate reductases and both hydrogenases
in MET cannot be concluded via qPCR alone. Therefore, BES
data comparing the ApHG1 vs. the PHB™ strain can shed light
on their role in MET. The pHG1 megaplasmid contains all
hydrogenases, including the regulatory and actinobacterial
hydrogenases,” as well as most of the nitrate respiration genes
(Table S1). With those possible interaction sites missing, as it
was confirmed via qPCR, no current response should be

ChemElectroChem 2024, €202400273 (5 of 12)

possible with this strain if one of the missing genes plays a
crucial role in ferricyanide reduction.

Figure 3a shows the result for a BES cultivation of the
ApHG1 strain with ferricyanide in a biological triplicate. The
black line indicates the current density increasing right after
inoculation at t=0h. As for the control with the PHB™ strain
(Figure 1), the current density for the ApHG1 strain reaches a
slightly lower maximum of 161414 pgAcm™ and a similar
coulombic efficiency of 68.1+9%. Even without the soluble
and membrane-bound hydrogenase, a part of the electrons is
not transferred to the anode, ruling out the theory of H,
production through the hydrogenases. Ferricyanide (red
squares) is reduced at the highest rate (0.19 mM h~") during the
initial phase when the current rises after inoculation, as
observed before with C. necator PHB™. With the current density
reaching a plateau, the reduction rate of C. necator seems to be
equal to the re-oxidation rate by the anode. Hence, the
concentration of oxidized ferricyanide stays nearly constant.
When the current starts to decline, the equilibrium shifts
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Figure 3. BES cultivation of C. necator HF210 strain, lacking the pHG1
megaplasmid. (a) Current density (black) and concentration of oxidized
ferricyanide (red) from a biological triplicate. (b) cell density determined via
AODgy (black squares) measurement and fructose concentration (blue)
during cultivation. Conditions: MMasy minimal medium, 30°C, 400 rpm,

pH 6.8, n=3, 500 mV vs. Ag/AgCl (satd. KCI). Error bars depict the standard
deviation.
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towards the anode re-oxidizing ferricyanide, so the concen-

tration starts to rise to the originally added value.

Figure 3b depicts the cell density as AODsy, values. In
contrast to the PHB™ strain, the AOD,,, doesn't increase within
the first 6 h of cultivation. However, both strains share the low
fructose uptake in a BES cultivation, with the ApHG1 strain

consuming 0.2740.02 gL' of fructose during 216 h of culti-
vation. The overall standard deviations were significantly higher

with the ApHG1 strain. This originates from reactor cultures

varying in AOD,,, current density, and total fructose concen-

tration, although stemming from parallel pre-cultures and using
one identical medium stock.

In summary, the current density in the ApHG1 strain follows
the same pattern as observed in the strain containing the pHG1

plasmid. This observation rules out all hydrogenases and the
nitrate respiration pathway, except membrane-bound nitrate

(NarG) and nitrite (NirS) reductases which are also located on
the chromosome, as the main interaction site for ferricyanide.
Inhibition of Suspected Interaction Sites

A common method for identifying interaction sites is specific
inhibition. By applying inhibitors of the respiration chain

complexes and the nitrate reductases during BES cultivation of

C. necator, the effects of site-specific inhibition on the current
generation and redox state of ferricyanide can be studied. The
specific inhibition site, the postulated inhibition mechanism,
and the applied concentration of each substance used in this
study are listed in Table 1. The resilience of C. necator against
the inhibitors was determined via growth analysis in aerobic
cultivation. In the end, the concentration where growth is
inhibited but no rapid cell death occurs was chosen for BES
experiments (data not shown). Myxothiazol and rotenone are
poorly soluble in aqueous buffers leading to increased turbidity,
hence the OD values become more uncertain.

The applied inhibitors listed in Table 1 were added within
the stable/declining current phase, so the effect of each
inhibitor is visible. The current density plots and the respective
concentrations of ferricyanide are plotted in Figure4. The
associated AOD;,, values are plotted in the supplementary
information (Figure S2).

The inhibition of cytochrome ¢ reductase with antimycin A
affects the current response from C. necator in the BES
immediately (Figure 4a). As antimycin A is introduced into the
reactor, the current density drops fast. The reduced ferricyanide
is not re-oxidized by the anode as the current declines,
indicating an interaction of antimycin A with the electrode or
ferricyanide itself, preventing the oxidation. It cannot be ruled
out, that this side reaction causes the observed drop in current
density, rather than the inhibition itself. The same effect was
observed for C. necator ApHG1 (Figure S3) and was also
demonstrated by Lai and co-workers in their BES with P.
putida." Antimycin A blocks the quinone reduction from Q to
QH, at the Q site of cytochrome ¢ reductase (Table 1). Never-
theless, if ferricyanide is reduced at the Q, site, where QH, is
oxidized back to Q, antimycin A would not directly interfere
with this reaction. Ferricyanide reduction could therefore
continue until the QH,-pool is deprived and the insufficient
proton gradient starves ATP synthesis. The inhibition of the
antimycin A insensitive Q, site with myxothiazol, however, had
no effect on the current density with 6.8 pM of the inhibitor
added into the culture (Figure 4b). It is conceivable though, that
the inhibitor concentration might be too low, due to the poor
solubility, to effectively inhibit cytochrome ¢ reductase. With
the substantial number of cells in the reactor, the inhibition of
only a few cytochrome c reductase enzymes would therefore
not affect the current density curve. Because of the unclear way
antimycin A interacts with ferricyanide or the electrode and the
fact that myxothiazol doesn't dissolve well, we can't say for sure
if cytochrome ¢ reductase is an important site for ferricyanide
interaction.

European Chemical
Socleties Publishing

Table 1. Inhibitors used in this study with their respective interaction sites and known inhibition mechanism.
Inhibitor Inhibition site Inhibition mechanism Concentration
used
Antimydin Cytochrome ¢ reduc- Blocks quinone reduction site (Q) of the be; complex near heme by, preventing generation 20 pgmlL !
A tase Q site of the semiquinone in the second half of the Q-cycle
Myxothiazol  Cytochrome c reduc- Blocks Fe—S oxidation of ubiquinol at Q, site."! 6.8 UM
tase Q, site
Rotenone NADH dehydrogenase Inhibition of last electron transfer step from Fe—S cluster to ubiquinone.? 200 pM
Side effect: generation of reactive oxygen spedies leading to apoptosis®*!
Nitrate reduction Unknown'*!
Sodium Cytochrome ¢ oxidase Binding between heme a, and Cug in O, reduction site.#* 5mM
azide Side effect: ATP hydrolase activity of the ATPase is inhibited.“®!
Nitrate reductases Unknown.
(Nar, Nap) Nar is sensitive to azide in the pM, Nap in the mM range4
ZnSO, Periplasmic nitrate re- Uncompetitive, Zn’* binding site (sulphur or methionyl residue of methionine 153) is 400 pM
ductase (NapA) revealed when nitrate is bound.“
Malonate Succinate dehydro- Unknown.*! 20 mM
genase
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Figure 4. Inhibition studies with C. necator BES cultures containing 5 mM
ferricyanide as mediator. Inhibition: (a) cytochrome c reductase Q site with
20 pg mL™" antimycin A, (b) cytochrome ¢ reductase Q, site with 6.8 uM
myxothiazol, (c) cytochrome ¢ oxidase with 5 mM sodium azide, (d)
periplasmic nitrate reductase with 400 uM zinc sulphate, (e) NADH
dehydrogenase with 200 uM rotenone, (f) succinate dehydrogenase with
20 mM malonate. Current density (black) and concentration of oxidized
ferricyanide (red). Conditions: MMasy minimal medium, 30°C, 400 rpm,

pH 6.8, 500 mV vs. Ag/AgCl (satd. KCI). Cell densities measured via AODgp
can be found in Figure S2.

The addition of 5 mM sodium azide (Figure 4c) led to an
immediate drop in current density with simultaneous re-
oxidation of ferricyanide. Contrary, in experiments conducted
with P. putida F1, no current changes were observed when
cytochrome c oxidase was inhibited with 3 mM sodium azide."”
It's important to note that the reduction of the mediator follows
a similar pattern to the control experiment: as the current
density decreases, the concentration of oxidized mediator
increases. In contrast to the inhibition with antimycin A, this
demonstrates that ferricyanide and the electrode are not
affected by azide. Furthermore, the cell density measured by
AODy,, doesn’t decrease significantly in the first 24 h following
the addition of azide (Figure S2b), indicating the current decline
is not a result of cell lysis. Studies in E. coli could demonstrate,
that 6 mM of potassium cyanide added to mid-exponential cells
limits the ferricyanide reductase activity of cytochrome c
oxidase to 14%." In our experiment with stationary cells, the
current response, which indicates reductase activity, decreased
from 170 yAcm™ to 24 pAcm™ (and continued to decline
slightly) within 120 h after adding azide, representing approx-
imately 14% of the initial current remaining.
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Mechanistically, cytochrome c oxidase catalyses oxygen
reduction between cytochrome a; and the Cuy site, accessible
for oxygen located in the cytoplasmic membrane.”? Interrupt-
ing the electron transfer chain at cytochrome c oxidase would
lead to the over-reduction of chain components upstream.
However, since molecular oxygen is excluded from the medium,
no reactive oxygen species should result from this effect. Most
importantly, inhibiting the oxygen reduction site with azide
would have no effect on ferricyanide reduction, if the mediator
cannot access the ay/Cug binuclear site. This is likely the case,
since the charged molecule will not penetrate the cytoplasmic
membrane. This indicates, that [Fe(CN)s]>~ can't replace oxygen
within the normal catalytic cycle of cytochrome c oxidase.
Nevertheless, reduced [Fe(CN)¢]*~ can likely donate electrons to
cytochrome c oxidase through the Cu, site, accessible from the
periplasm.®® Studies with isolated cytochrome c oxidase placed
in liposomes further suggested that the oxidized [Fe(CN),]*" can
be reduced at the cytochrome c reduction site via Cu, and
heme a.*¥ If this mechanism results in a proton translocation,
e.g, via the release of redox Bohr protons, remains
speculative.*”

It has to be considered though, that azide concentrations in
the mM range will also inhibit both nitrate reductases Nar and
Nap (Table 1). The pHG1 deficient strain, which lacks NapA and
still effectively reduces ferricyanide, rules out NapA as a possible
interaction site for ferricyanide. This suggests that NarG could
be an alternative active site for ferricyanide reduction, distinct
from cytochrome c oxidase. The 14% leftover current after
inhibition suggests that the nitrite reductase NirS might be
responsible for maintaining the remaining anodic electron
transfer.

As a control, the periplasmic nitrate reductase (Nap) was
inhibited with 400 uM of ZnSO,, which resulted in an instant
decline in current by 40 pAcm? before reaching a plateau and
proceeding with the initial decline, 36 h after inhibition (Fig-
ure 4d). Ferricyanide seems to be recovered as expected while
the AOD, increases rapidly from 1.16 to 1.69 and stabilizes
over the next 72 h at about 1.5. This sudden increase can only
be explained by adsorbed cells being resuspended again since
ZnSO, doesn't absorb at 600 nm. Hence, the inhibition of the
periplasmic nitrate reductase (NapA) doesn’t seem to affect the
MET in great effect, validating the previously discussed results.

The inhibition of NADH dehydrogenase with rotenone
(Figure 4e) led to a similar observation as the inhibition with
ZnSO,. After adding the inhibitor, the current density drops by
50 pAcm?, then reaches a plateau before continuing to decline
as observed before the inhibition. Additionally, ferricyanide
undergoes rapid oxidation during the decline in current. After-
wards, the ferricyanide concentration mirrors the current
density curve, as observed in the control experiment (Figure 1).
Similar results were observed with 250 uM of rotenone in P.
putida F1,"¥ leading to the assumption that NADH dehydrogen-
ase is not a reduction site for ferricyanide.

Finally, 20 MM malonate was used to inhibit succinate
dehydrogenase. The briefly occurring pH drop caused by the
addition of malonic acid resulted in a short current spike, which
was quickly recovered by the pH control unit (Figure 4f).
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Interestingly, after inhibition, there was an initial increase in the
current response along with a further reduction of ferricyanide.
However, this effect is not stable, and the current density
quickly decreases again. A reducing effect of malonate on
ferricyanide was ruled out in abiotic tests over 24 h (data not
shown). Moreover, a metabolic pathway utilizing malonic acid
as a substrate is unknown for C. necator. A comprehensive
justification explaining this effect cannot be provided in this
context. Continued investigation into this observation may
provide a pathway for optimizing MET.

While it is not possible to create a mutant strain lacking
parts of the respiration chain, total RNA sequencing to compare
expression levels for all available mRNA during BES cultivation
might be a further option to identify the interaction sites of
different mediators accurately. However, the azide inhibition
performed in this study suggests that cytochrome ¢ oxidase is
the primary site of reduction for ferricyanide under BES
conditions. This observation leads to similar conclusions as
those stated by Ertl and Unterladstaetter™” for E. coli and likely
applies to other Gram-negative organisms as well: The rate of
ferricyanide reduction ultimately depends on the expression
rate of transport proteins and respiratory cytochrome c oxidase.

Overcoming the Membrane Obstacle

Since an artificial over-expression of the respiratory enzymes is
not feasible, the first step in optimizing MET is to increase the
membrane transfer rate of ferricyanide to circumvent a possible
limitation.”"**”) This was initially addressed by expressing various
porins in C. necator PHB™. The heterologous expression of the
FhuA porin from E. coli and its derivative missing the “cork”
domain FhuA A1-160, along with the channel protein OprF
from Pseudomonas aeruginosa, did not exhibit a positive impact
on mediated electron transfer in C. necator. Contrarily, the
metabolic burden associated with expressing these porins led
to a reduction in current densities (Figure S4). However, our
qPCR investigations suggest that the outer membrane protein
OmpA may be involved in the artificial electron transfer process
and should be further investigated.

Alternatively, we investigated cetyltrimethylammonium
bromide (CTAB), benzalkonium chloride, EDTA, Triton X 100,
polyethylenimine (PEl), Tween 20, and succimer (dimercapto-
succinic acid), as possible chemical permeabilizing agents.
These substances are expected to create artificial pores in the
outer (and potentially inner) membrane, to facilitate the
membrane transfer of ferricyanide.”-* Toxic concentrations for
the respective substances were determined via growth curves
at increasing concentrations (Figure S5). Via an uptake assay of
the fluorescent probe N-Phenyl-1-naphthylamine (NPN) vs. non-
treated cells, increased membrane permeation could be dem-
onstrated for succimer, PEl, benzalkonium chloride, and CTAB
(Figure S6, Figure 5a). In contrast, EDTA, Triton-X-100, and
Tween 20 could not increase the uptake of NPN (Figure S6). In a
further step, the concentrations for effective membrane per-
meabilization and minimal cell toxicity were determined and
prepared for reduction assays with ferricyanide. However, side
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reactions with the mediator like clumping, precipitation,
increased turbidity, and reduction of ferricyanide prohibited the
use of succimer, PEl, and benzalkonium chloride for BES
cultivation (Figure S7). This issue might be resolved when other
mediators are used. At last, only CTAB was compatible with
ferricyanide, with a minimal turbidity increase with 20 pM CTAB.

Figure 5a depicts the NPN uptake with ascending CTAB
concentrations. Increased emission rates vs. background there-
fore hint towards increased cell membrane permeation. Step-
ping up the CTAB concentration in the range of 20 to 300 uM
doesn't result in higher fluorescence signals of NPN, indicating
a concentration-independent mechanism for the number of
cells applied within the well. However, a limiting amount of
NPN cannot be ruled out.

In growth analysis experiments conducted in 96-well plates,
C. necator could not replicate in CTAB containing growth
medium (Figure 5b). For minimal medium with a starting
AODy,, of 0.5 supplemented with 300 uM CTAB, a decrease in
AODy, suggests the maximum concentration for vital resting
cells is 220 pM. As previously described, membrane permeabil-
ity is not concentration-dependent. Therefore, a concentration
of 20 pM CTAB was selected for BES experiments to minimize
toxic stress on the cells. Preliminary experiments in anaerobic
serum flasks with fructose as electron and carbon source and
ferricyanide as the sole electron acceptor were performed to
determine ferricyanide reduction rates. In comparison to non-
permeabilized cells, CTAB treated cells with identical AOD,,
values reduce ferricyanide 2-fold faster with 53 pMh~' vs.
27 uMh~" (Figure 5¢, d).

A recent study by Wu and co-workers®® applied CTAB to
anaerobic sludge biofilms in a MFC with an optimum of 200 uM
CTAB to facilitate riboflavin-mediated electron transfer. How-
ever, there are no studies yet about the actual application of
CTAB using pure cultures within a BES. Hence, our objective
was to enhance the MET process with C. necator by introducing
20 uM CTAB into the BES reactor. Additionally, the impact of
artificial pores on fructose uptake is a subject of further
investigation. Figure 6 depicts the recorded current densities
with (red) and without (black) CTAB (Figure6a) and the
respective concentrations of oxidized ferricyanide (Figure 6b).
Current densities were normalized to the CDW, to eliminate
current variations caused by minor deviations in cell number
between both conditions.

The current densities vary only slightly between CTAB
treated cells and the control. In the first 24 h, CTAB treated cells
reach minimal higher maximal current densities (1095.7 vs.
973.5 pAgcow~ €m™), which cancels out during further cultiva-
tion, as the same charge is transferred after 120 h for treated
and untreated cells. A similar effect is visible for oxidized
ferricyanide concentration. With CTAB, slightly more ferricya-
nide is reduced, but at an identical rate. To rule out a
concentration limitation for CTAB, another 20 pM of CTAB was
added after 120 h for a final concentration of 40 uM CTAB. This,
however, had a detrimental effect on the metabolism of the
cells, resulting in an instant current decline. Moreover, an
increased substrate uptake was not observed (data not shown).
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Figure 5. (a) NPN uptake assay with increasing CTAB concentrations with the background of NPN, buffer solution, and CTAB. (b) Growth analysis with
increasing CTAB concentrations from a starting AODy,, of 0.5. (c) Reduction rates of ferricyanide with (red) and without (black) 20 uM of CTAB. (d) AODy,, of
cultures reducing ferricyanide with and without CTAB. Conditions: MMasy minimal medium, 30°C, anaerobic, n= 3. Error bars depict the standard deviation.

In conclusion, CTAB has a beneficial effect in low concen-
trations on the reduction rate of ferricyanide, but BES experi-
ments suggest the effect is only minor. This opens up two
hypotheses. Firstly, the natural membrane transfer of ferricya-
nide was not limiting the overall MET and secondly, the
limitation must be in the metabolism or the interaction site, as
enough oxidized mediator is provided during cultivation,
excluding the anodic oxidation reaction as the limiting factor.
Nevertheless, the first hypothesis stands against the obtained
result of a faster reduction rate with CTAB in anaerobic serum
flasks. The second hypothesis has to be further investigated
e.g., via metabolic flux analysis.

Conclusions

Mediated extracellular electron transfer in C. necator via
ferricyanide was characterized regarding the reduction site
within the cell. Previous work by Nishio and co-workers"
revealed higher expression levels of three nitrate reductases
(NapD, NarK, NasD) when a polymeric ferrocene mediator
transferred surplus electrons to an anode during aerobic
cultivation. In this study, for the first time, expression rate
analysis of hypothesized interaction sites, namely the nitrate
and oxygen respiration chains, as well as the hydrogenases and
three porins (OmpA, ImpK, czcC2) was performed in anaerobic
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BES reactors vs. aerobic cultivation conditions to elucidate on
the ferricyanide reduction site(s). Furthermore, individual sites
were specifically inhibited during BES cultivation with 5 mM
ferricyanide mediating electrons to an anode as the sole
terminal electron acceptor.

Inhibition with 5mM azide hints towards cytochrome ¢
oxidase as a reduction site due to an imminent decrease to
14% leftover current density after inhibition, consistent with
the work of Ertl and Unterladstaetter® in E. coli. However, the
specific inhibition with azide targeting the oxygen reduction
site, which is not accessible for ferricyanide, results in an unclear
mechanism for ferricyanide reduction. As demonstrated in the
publication by Lai and co-workers,"™ cytochrome ¢ reductase
was found to be affected by antimycin A. However, an unclear
side reaction of antimycin A prohibits ferricyanide oxidation by
the anode. Therefore, the role of cytochrome c reductase in
ferricyanide reduction remains questionable. The nitrate reduc-
tase NarG, also inhibited by azide, was proven to be present in
BES cultures via qPCR and could also serve as reduction site for
ferricyanide.

Comparing the megaplasmid deficient C. necator ApHG1 to
the PHB™ strain in BES cultivations revealed that both strains
can transfer electrons to ferricyanide, resulting in equal current
densities. This excluded all hydrogenases present in C. necator
from the list of potential interaction sites and further narrowed
down the possible sites to respiration chain and nitrate

© 2024 The Authors. ChemElectroChem published by Wiley-VCH GmbH



ChemElectroChem

Research Article

doi.org/10.1002/celc.202400273

Chemistry

Europe

40 uM CTAB - 2000

-4 1500

- 1000

charge/C

"
a
=3
=3

specific current density

——T— T
72 96 120 144 168 192 216
time/h —CTAB

control

K,[Fe(CN)g] / mM
caw e

-72-48-24 0 24 48 72 96 120 144 168 192 216
time/h

Figure 6. (a) specific current density normalized to CDW for BES cultures
with 20 uM of CTAB (red, n=3) and a control cultivation without CTAB
(black, n=1). Dashed lines indicate the charge transferred to the anode via
ferricyanide. (b) concentrations of oxidized ferricyanide during BES culti-
vation with (red squares) and without (black squares) the addition of CTAB.
Conditions: MMasy minimal medium, 30°C, 400 rpm, pH 6.8, 500 mV vs. Ag/
AgCl (satd. KCI). Error bars depict the standard deviation.

reduction proteins encoded on the chromosome. Of these,
nitrite reductase (NirS) stood out as a possible candidate,
catalysing a reaction with a redox potential close to that of
ferricyanide alongside an observed 3.9+ 1.1-fold expression
under BES conditions. Furthermore, a 2.9 +0.6-fold overexpres-
sion vs. aerobic conditions of the porin OmpA was observed
when cultivating C. necator under BES conditions. This might
imply a ferricyanide transport property of this porin and opens
up the possibility of enhancing ferricyanide membrane transfer.
Alternatively, CTAB was applied as chemical permeabilizer to
facilitate membrane transfer via artificial pores in the outer
membrane. The reduction rate of ferricyanide was doubled with
20 uM CTAB added to the medium in anaerobic serum flasks. In
contrast, the effect of CTAB was minor when applied in BES
reactors and could not yield a higher charge transfer compared
to untreated cells. Therefore, the hypothetical membrane trans-
port limitation could not be eliminated via CTAB. Nevertheless,
it cannot be ruled out that other mediators might benefit from
chemical permeabilizers.

In a broader context, this study is a first step to elucidate
MET for C. necator with one exemplary mediator. In future
studies, whole transcriptome analysis comparing aerobic con-
ditions to BES and autotrophic cultivations could reveal addi-
tional interaction sites, which have not yet been looked into.

ChemElectroChem 2024, €202400273 (10 of 12)

Experimental Section

Bacterial Strains and Chemicals

Cupriavidus necator PHB4,“” as well as C. necator HF210®" (missing
the pHG1 megaplasmid) were used in this study. All chemicals
utilized in the study were procured from reputable suppliers,
including Merck KGaA (Germany), VWR Chemicals (USA), Carl Roth
GmbH & Co. KG (Germany), and Sigma Aldrich (USA).

Media and Culture Conditions

Cultures were incubated at 30°C and 180 rpm in cultivation tubes
containing 2.5mL LB medium (10gL™" tryptone, 5gL' yeast
extract, 10 gL' NaCl). Cryo stocks were prepared by adding 25%
glycerol to an exponential culture, which was subsequently frozen
at —80°C. For BES precultures, cryostocks were cultivated on LB
agar plates (15 gL ' agar) and incubated overnight at 30°C. Liquid
precultures were prepared by transferring a single colony into a
100 mL flask with baffles filled to 20 mL with LB. After 24 h, 1L
shake flasks with baffles filled to 200 mL with MMasy medium were
inoculated with the exponential pre-culture to achieve an AODg, of
0.1. The MMasy medium, as described by Sydow and co-workers,?
consisted of 4gL" fructose as the carbon and electron source,
2.895gL " Na,HPO,, 2.707 gL' NaH,PO,-H,0, 0.94 gL ' (NH,),SO,,
0.8 gL ' MgSO,-7H,0, 0.097 gL ' CaSO,-2H,0, 0.17 gL ' K,SO,, and
0.1% (v/v) of a trace element solution. The trace element stock
solution was composed of 15gL' FeSO,-7H,0, 24gL"'
MnS0,-H,0, 2.4 gL' ZnSO,-7H,0, 0.48 gL' CuSO,-5H,0, 1.8 gL
Na,Mo0,-2H,0, 1.5 gL' Ni,SO,-6H,0, and 0.04 gL~ CoSO,-7H,0
dissolved in 0.1 M HCI. Cultures were then incubated in an orbital
shaker at 180 rpm (2.5 cm orbit, Multitron, Infors, Bottmingen,
Switzerland). The BES precultures were incubated for 48 h to ensure
the stationary phase was reached before inoculating the reactor.

Autotrophic or anaerobic cultures were inoculated from liquid pre-
cultures in LB in gas-tight serum flasks (1000 mL). Each flask was
filled to 200 mL with MMasy minimal medium without fructose. The
headspace was then pressurized with the respective gas. For
autotrophic conditions, a H,/CO,/0O, gas mixture with a composition
of 64:16:20 as described by Sydow and colleagues®® was used. In
the case of anaerobic cultivations with ferricyanide, 99.999% N,
was applied. The gas phase was renewed after taking a sample.

Bioelectrochemical System

The BES reactor was used in the configuration already described
before."” In brief, a polished graphite rod (Graphite 24, Germany)
with a length of 80 mm and a diameter of 7 mm (geometrical
surface area of 18 cm?), held in place by a PTFE rod, served as the
working electrode inside the 300 mL DASGIP stirred tank reactor. It
was paired with a stainless-steel mesh electrode (1.4404, mesh size
0.1 mm, wire diameter 0.065 mm, Jaera GmbH + Co.KG, Germany)
with a geometrical surface area of 20 cm’, functioning as the
counter electrode. The anodic and cathodic compartments were
separated by a cation exchange membrane (Nafion117, QuinTech,
Germany). The cathodic compartment, enclosed in a glass tube
with one threaded side and an open side, held 10 mL of cathode
buffer (28.95 gL' Na2HPO4, 27.07 gL' NaH,PO,-H20). The anodic
buffer consisted of MMasy medium with 4 gL' fructose as the
substrate. The applied potential of 500 mV was controlled using a
multi-channel potentiostat (MultiEmStat3+, PalmSens, Nether-
lands) and Ag/AgCl (satd. KClI) reference electrodes (Xylem
Analytics, Germany). 2 mL of ferricyanide was added as a concen-
trated stock solution (750 mM) for a final concentration of 5 mM.
The anodic overpotential of 500 mV was applied to ensure
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sufficient driving force for ferricyanide oxidation. pH control was
achieved using pH sensors (Hamilton, Germany) along with
Eppendorf DASGIP pH and pump modules, with 2.5 M NaOH being
fed through the headspace of each reactor. This maintained a pH of
6.8 in the anodic compartment, while the cathodic chamber
remained uncontrolled.

Analytics and Calculations

Culture broth samples were obtained from the reactors and
subjected to centrifugation at 16,900 x g and 4°C for 5 minutes.
The resulting supernatant was filtered through a 0.2 pm PTFE filter.
HPLC analysis was performed using an Agilent 1200 high-perform-
ance liquid chromatography system equipped with an Aminex
HPX-87H column (Bio-Rad Laboratories GmbH, Germany). Concen-
trations of the substrate fructose were determined using a
refractive index detector at 32°C. The column temperature was
maintained at 50°C, and 5 mM H,SO, at a flow rate of 0.5 mLmin~'
was employed for isocratic elution of the analytes. Fructose
standards ranging from 0.1 to 4 gL~ in seven concentration steps
were measured, and the corresponding areas were fitted using
linear regression.

Determination of the redox state of the RM in the BES was
performed as described before."*¥ In short, the extinction of the
characteristic wavelengths of ferricyanide (320/420 nm) were moni-
tored offline with a spectrophotometer. Reduced ferricyanide does
not absorb at 420 nm and can therefore be distinguished from the
oxidized form. The concentrations were then determined via 7
standards of oxidized ferricyanide.

The coulombic efficiency (CE) was calculated via the following
equation: CE [%]=Q,4/(QuupstrateQproductd *100. Q indlicates the
charge transferred to the anode in [C]. Fructose was used as the
only substrate, contributing 24 equivalents of electrons per mol of
fructose. Since no products were detected in culture supernatants,
Qproducts Was assumed to be 0.

RT-qPCR

Expression rates of the genes of interest encoding for possible
mediator interaction sites were determined via qPCR. Analogous to
qPCR reactions performed with C. necator mRNA in the literature,
the housekeeping gene gyr8 was used as positive control* Cells
were prepared immediately after taking samples from the cultures.
Since all experiments were at least performed as triplicates, mRNA
extraction was performed for each of those triplicates using the
Monarch Total RNA miniprep Kit (T2010, NEB, USA), according to
the manual for tough-to-lyse samples (available online). Here, an
enzymatic lysis with 1 gL~ lysozyme in 10 mM TRIS buffer (pH=
8.4) at 25°C for 5 min was performed prior to adding monarch RNA
lysis buffer. During the extraction, an on-column DNAse | treatment
was performed to remove any residues of DNA. The transcription
into ¢DNA was performed with a Luna® Universal One-Step RT-
qPCR Kit (E3005, NEB, USA) with a total RNA concentration of
<0.05 gL™". The reaction setup was performed as described in the
associated manual. Primers for the specific genes of interest are
listed in (Table S1) The transcription as well as the qPCR reaction
was done in an Agilent AriaMX qPCR system with the SYBR® scan
mode. Relative gene expression rates were determined vs. aerobic
control cultivations as calibrator using the 274“ method.*!
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Mainz, Germany

Poster presentation: ,,Anodic respiration of
Pseudomonas putida in parallel
bioelectrochemical systems

André Gemiinde, Hendrik Schewe, Roland Ulber,
Dirk Holtmann

EU-ISMET - International Society for Microbial
Electrochemistry and Technology, Girona, Spain
Poster presentation: ,,Anaerobic cultivation of
genetically engineered Pseudomonas putida in a
bioelectrochemical system*
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Supervised student theses

2022

2022

2023

Jonas Gail, Bachelor thesis

,Optimization of the cultivation conditions of
Vibrio natriegens in a bioelectrochemical
system for potential use in industrial
biotechnology*

Leonie Marie Fratini, Master thesis
,,Characterization of alternative media for the
cultivation of  Vibrio  natriegens  and
investigation of electron transfer*

Nils-Lennart Ruppert, Bachelor thesis
,»Optimization of mediator uptake by
Cupriavidus necator in a bioelectrochemical
system*



