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A B S T R A C T   

Bioelectrochemical systems with Cupriavidus necator present a viable solution for harnessing H2/CO2 mixtures as 
substrates, employing mediated electron transfer to an infinite electron acceptor in the form of an anode instead 
of O2. Fourteen redox mediators were spectroelectrochemically characterized, 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− 1 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 
for optimizing bioelectrochemical applications involving C. necator.   

1. Introduction 

A robust CO2-utilizing strain capable of thriving on H2 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 H2 as elec-
tron, and CO2 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 O2 is needed as the electron 
acceptor, particularly in large-scale reactors where the use of H2/O2 
mixtures poses a significant explosion risk, which call for special pre-
cautions [5]. Bioelectrochemical systems offer a potential solution by 
replacing O2 with an anode, circumventing safety concerns while at the 
same time overcoming oxygen transfer limitations and cost implications 
of transferring O2 into the medium. Moreover, an anode serves as an 
inexhaustible electron acceptor, unlike gaseous or solid acceptors that 

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 
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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 PHB-4 [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 g L− 1 tryptone, 5 g L− 1 yeast extract, 10 g L− 1 

NaCl). For BES precultures, cryostocks were initially streaked on LB agar 
plates (15 g L− 1 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–1 fructose as carbon and electron source. The 
medium further contained 2.895 g L− 1 Na2HPO4, 2.707 g L− 1 NaH2-

PO4⋅H2O, 0.94 g L− 1 (NH4)2SO4, 0.8 g L− 1 MgSO4⋅7H2O, 0.097 g L− 1 

CaSO4⋅2H2O, 0.17 g L− 1 K2SO4, and 0.1 % (v/v) of trace element solu-
tion. The trace element stock solution consisted of 15 g L− 1 FeSO4⋅7H2O, 
2.4 g L− 1 MnSO4⋅H2O, 2.4 g L− 1 ZnSO4⋅7H2O, 0.48 g L− 1 CuSO4⋅5H2O, 
1.8 g L− 1 Na2MoO4⋅2H2O, 1.5 g L− 1 Ni2SO4⋅6H2O, and 0.04 g L− 1 

CoSO4⋅7H2O 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 N2 (99.99 %). To eliminate 
any pH changes affecting the CV, measurements were carried out in 100 
mM phosphate buffer (8.23 g L− 1 Na2HPO4, 5.04 g L− 1 NaH2PO4) 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 µM 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, 

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, N2 is sparged 
through the channels at a flow rate of 3.5 mL min− 1 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− 1 at 
30 ◦C without mixing the medium. 

The midpoint potential (Em) was derived as the mean of anodic and 
cathodic peak potentials obtained from CV analysis via the equation Em 
= (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 
increasing linear extinction could be transformed into reduction rates in 
µM h− 1. 

3. Results and discussion 

3.1. Spectroelectrochemical redox mediator characterisation 

A selection of fourteen RMs, each exhibiting different midpoint po-
tentials (Em) 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 (λc). 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, ΔE, Ip,c/Ip,a, and λc of each RM measured by the described spectroelec-
trochemical approach. Conditions. 30 ◦C, anaerobic, pH 7, CV scan rate. 10 mV 
s− 1.  

Redox mediator Em vs. Ag/ 
AgCl (3 M 
KCl) [mV] 

ΔE 
[mV] 

Ip,c/ 
Ip,a 

λc 

[nm] 

2,2′-azino-bis(3- 
ethylbenzothiazoline-6-sulfonic 
acid) (ABTS) 

492 82 0.881 338/ 
415 

Methyl red (MR) 205.5 177 – 430 
Ferricyanide (FEC) 194.6 315.1 0.925 320/ 

420 
3,4-dihydroxybenzaldehyde 

(DHB) 
156.5 81 0.664 317 

2,6-dichloroindophenole (DCIP) 16.3 66.5 0.889 607 
Phenazine methosulfate (PMS) − 134.5 62 0.748 383 
Phenazine ethosulfate (PES) − 144 68 0.682 383 
Menadione (MEN) − 226.3 192.5 0.999 262/ 

325 
Resorufin (RES) − 242.3 51.5 1.037 568 
Methylene blue (MB) − 261.5 63 1.024 642 
2-hydroxy-1,4-naphtaquinone 

(HNQ) 
− 364.5 261 1.010 452 

Riboflavin (RF) − 411 64 1.095 373/ 
445 

Neutral red (NR) − 553.5 73 1.575 445 
Methyl viologen (MV) − 666.8 156.5 0.822 390/ 

602  
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place (3 CV scans). Fig. 1 shows an example of how the λc 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 λc 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, λc 
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 

determine the λc. Em 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, 

c/Ip,a) 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 (ΔE) can hint towards reversible or irreversible 
redox reactions of the RM, with a typical ΔE 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 Em values as well as the Ip,c/Ip,a ratios are listed in 
Table 1. Since a reaction can appear reversible at slower scan rates, these 
values are not universally valid [15]. In this case, a scan rate of 10 mV 
s− 1 was applied. High ΔE 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 

Fig. 1. Spectroelectrochemical characterisation of resazurin. (a) Extinction spectra over the course of 3 CV scans. (b) Topographical visualisation of the extinction 
spectra. (c) CV scans of 100 µM resazurin. Red arrow indicates the start of CV scan 1. Scan rate: 50 mV s− 1, 30 ◦C, anaerobic, pH 7. (d) Resazurin reaction scheme. 
Created with ChemDraw®. 
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is visible in the CV scan. The oxidation potential of 294 mV and 
reduction potential of 117 mV result in Em = 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 λc. The extinction spectrum of DHB did not exhibit a λc 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 λc for further biotic screening. 

Table 1 summarizes the formal potentials and electrochemical peak 
separations calculated from CV scans and the λc determined from Fig. 4 
for all examined RMs. In the case of MR, the reversible peaks were too 
small to determine the Ip,c/Ip,a ratio 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 λc 
while simultaneously measuring OD600 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 t0 
(abiotic phase), there is no evolution of current in the system. As soon as 
C. necator is introduced into the system at t0, 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 (t1) 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 

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-dihydroxybenzaldehyde, 
ABTS: 2,2′-azino-bis(3-ethylbenzothiazoline-6-sulfonic acid, NR: neutral red, HNQ: 2-hydroxy-1,4-naphtaquinone, MEN: menadione, PMS: phenazine methosulfate, 
DCIP: 2,6-dichloroindophenole, FEC. ferricyanide. Conditions: 10 mV s− 1, 30 ◦C, anaerobic, pH 7. 

Fig. 3. (a) 3 CV 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 CV scans. The vanished extinction maximum indicates an irreversible reaction took place. Scan rate. 50 mV s− 1, 30 ◦C, anaerobic, pH 7. 
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O2 development (1.033 V vs. Ag/AgCl according to ΔG 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 
transferred 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 

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 λc 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− 1. 
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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, growth rate 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 Em 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 Em, 
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 

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. necator at 1.98 µM h− 1. RES, on the other hand, is reduced 

Fig. 5. (a) C. necator cultivation in e-Cuvettes with 1 mM FEC as redox mediator. t0 marks the inoculation, while t1 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 OD420. (c) 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. 

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

RM Concentration 
[µM] 

Applied potential 
[mV vs. Ag/AgCl 
3 M KCl] 

Reduction 
rate 
[µM*h¡1] 

Growth 
rate µ 
[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 35.3 0.009 
PMS 50 300 2492.83 0.009 
RES 100 0 99.85[a] 0.013 
PES 50 300 245.15 0.011 
MEN 50 % saturated 

solution 
230 1.16[b] 0.003 

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  

a only the initial reduction of RZ→RES was quantified in µM*h− 1 

b measured in % h− 1 
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at 99.85 µM h− 1 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 O2 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, λc and Em values for 14 RMs were determined These 
values enable the online determination of redox states during BES 

Fig. 6. (a) Current density of C. necator with 50 µM PMS in e-Cuvettes at 300 mV (magenta, n = 3) with extinction data (λ = 383 nm, yellow). Abiotic control with 
PMS at 300 mV (yellow line and magenta dashed line). (b) Control experiment with C. necator at 500 mV lacking a RM. Current density (magenta) and OD600 (green). 

Fig. 7. TTN for all 14 RM in biotic electrochemical cultivations over 118 h with their respective redox potential vs. Ag/AgCl (3 M KCl). Conditions. 3.5 mL MMasy 
medium, 30 ◦C, anaerobic, n = 3. Error bars depict the standard deviation. 
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cultivation within a standard spectrophotometer. The determined ΔE 
and Ip,c/Ip,a 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 2.49 mM h− 1 and 0.25 mM h− 1 

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 occur in-
dependent of a high TTN. Especially FEC, delivering 8.38 turnovers 
while only being reduced at a rate of 49.43 µM 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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