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THE BIGGER PICTURE Commercial bioelectrochemical systems (BESs) require breakthroughs at the sci-
entific and engineering levels. Although BESs can be used to realize cleaner energy, effective waste treat-
ment, and environmental remediation, technology rollout is hampered by their low efficiency and a lack of
optimum working conditions. Machine-learning solutions can be used for the optimization of BESs; howev-
er, their implementation is hindered by several challenges, such as low-throughput systems and lack of
electrolyte- and potentiostatic-independent operation in high-throughput systems with high reproduc-
ibility. A rational design of high-throughput systems with the application of data science for performance
enhancement is of vital importance to BES research. Our high-throughput platform capable of generating
low deviation datasets with electrolyte and potentiostatic standalone cells, coupled with data science,
could help in progress in fundamental electromicrobiology research and advancing the successful
commercialization of BESs..

o > eoe Proof-of-Concept: Data science output has been formulated,
implemented, and tested for one domain/problem

SUMMARY

Data science emerges as a promising approach for studying and optimizing complex multivariable phenom-
ena, such as the interaction between microorganisms and electrodes. However, there have been limited re-
ports on a bioelectrochemical system that can produce a reliable database until date. Herein, we developed a
high-throughput platform with low deviation to apply two-dimensional (2D) Bayesian estimation for electrode
potential and redox-active additive concentration to optimize microbial current production (/.). A 96-channel
potentiostat represents <10% SD for maximum /.. 576 time-/. profiles were obtained in 120 different electro-
lyte and potentiostatic conditions with two model electrogenic bacteria, Shewanella and Geobacter. Acqui-
sition functions showed the highest performance per concentration for riboflavin over a wide potential range
in Shewanella. The underlying mechanism was validated by electrochemical analysis with mutant strains
lacking outer-membrane redox enzymes. We anticipate that the combination of data science and high-
throughput electrochemistry will greatly accelerate a breakthrough for bioelectrochemical technologies.

INTRODUCTION the fields of energy and environmental sustainability, including

power generation from wastewater, bioremediation, chemical
Electroactive bacteria that perform extracellular electron transfer  production, and amperometric biosensors.”? With increasing
(EET) to/from electrodes show great potential for applicationsin  demand for commercialization,® various strategies are being
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Figure 1. Approaches for reaction optimization
(A) Mechanistic studies enable systematic identifica-
tion of important parameters.

(B) Developed high-throughput electrochemical sys-
tem that operates single-potential amperometry in
96-well plate with printed working electrode (WE),
A counter electrode (CE), and reference electrode (RE).
WE and CE are carbon, and RE is Ag/AgCl electrode.
(C) Graphic outline of Bayesian optimization for two
parameters. 1D example depicting a Gaussian process

) surrogate model fitted to data collected from objective
and the corresponding expected utility surface, which
: - is maximized to select the optimum condition. The solid
~200 UI per 1 well \ ’ line and the shaded area represent the mean of pre-
diction and one-sigma confidence interval, respec-
c Predict mean tively.
« Experimental data Landscape
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o O @\\__/\/—:\\\J - tion system and an analysis platform for
% /'// N/ massive time-current profile data.
g /” \J W In this study, we developed a high-
‘ _____ Acquisition §J/QX~ == throughput potentiostat §ystem with 96-well
H function S| o 7~ plates with silk-screen-printed electrodes that
i g ///, @ / was applied to landscape the redox mediator
~ Expected ShO \(/\ concentration and electrode potential con-
improvement ]M\ structed from 576 time profiles of microbial

Operation parameter

adopted to improve and optimize the performance of bio-
electrochemical systems (BESs), including reactor configura-
tions and varying operating conditions, electrode material devel-
opment, and additives based on fundamental EET
mechanisms.” However, understanding the complexity of
BESs, which includes elucidation of the interactions between
different impactful parameters (Figure 1A) and control of micro-
bial electrochemical catalysis, requires breakthroughs at the sci-
entific and engineering levels. Data science shows potential for
capturing the landscape of such complex systems from limited
databases. However, the effective use of data science in BESs
has been a challenge, as they require a massive dataset with
defined parameters and high reproducibility, referred to as a
“high-quality database.” The less controlled experimental as-
pects, while obtaining large data from manual experiments, often
cause serious reproducibility concerns, which restrict the
consensual knowledge gain. Hence, a high-quality database is
the core area for applying data science to experimental
studies.’®"® However, although significant development has
been achieved in high-throughput BESs, there are no reports
on a system that can achieve enough reproducibility while simul-
taneously controlling the following three parameters for each
reactor: potential, electrolyte, and microorganism, which are
critical for BES performance.'*'® Furthermore, appropriate
data processing algorithms for dealing with a large volume of
current-time profile data have not been established yet.'® There-
fore, even in the most recent studies, the use of data science for
the number of datasets used for training the model are very
limited, at nine.?°~** The foundation for applying data science
to BESs still requires two innovations: a high-quality data collec-
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Operation parameter 1

current production (Figures 1B and 1C). One
of the most important controllable factors for
BES performance is the type and concentra-
tion of the redox mediator.>® External redox
mediators play a vital role in enhancing the electron transfer be-
tween bacteria and the electrode.?**° The performance of media-
tors may be considerably different depending on their redox
potential, diffusion constant of shuttling electron mediators, and
ability to bind with bacterial membrane enzymes.”®?’ Further-
more, the electrode potential can modify global gene regulation
and metabolic pathways in electrogenic bacteria. Therefore, mi-
crobial current production may be beyond our physicochemical
understanding of the EET mechanism, which is suitable for
application in data science. We used Shewanella oneidensis
MR-1 to compare the impact of variables, different mediators
(riboflavin [RF], flavin mononucleotide [FMN], 2-hydroxy-1,4-
naphthoquinone [HNQ], anthraguinone-1,5-disulfonate [AQDS]),
the concentration of mediators (1-100 uM), and poised potentials
(+200 to —300 mV versus Ag/AgCl). In addition, the potential and
RF concentration dependency were examined using Geobacter
sulfurreducens PCA. Flavins are known to strongly enhance cur-
rent generation in S. oneidensis MR-1 and G. sulfurreducens
PCA, model EET bacteria, as a bound cofactor by forming an inter-
mediate semi-reduced state.’®?"?% In contrast, HNQ and AQDS
indirectly shuttle electrons between bacteria and the electrode.
The basis for combining data science and microbial electrochem-
istry can provide a series of methods, not only as a solid basis for
optimizing and enhancing BES performance but also for identifying
critical parameters for biotic and abiotic complex systems.

RESULTS AND DISCUSSION

To evaluate the variation in the electrochemical signal from each
well in a high-throughput system, the same sample conditions
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Figure 2. Low deviation current profiles in
96-well screen-printed electrochemical plate
(A) Catalytic current profiles of microbial lactate
oxidation by S. oneidensis MR-1 in 96-well screen-

% i wS printed electrochemical plate poised at +200 mV
H [
% % (versus Ag/AgCl).
B Ky (B) S. oneidensis MR-1 attached on the electrode

surface observed by fluorescence microscopy. The
fluorophores SYTO 9 and propidium iodide were

Mean absolute error/ % 0

0 3 6 9

Max |,

Max slope Max curvature used for assessing the vitality, The excitation/emis-

Time /h fuAcm? / pA om™ b /uA o sion wavelengths used were 480/500 nm and 490/
D 635 nm for SYTO 9 and PI, respectively. The arrows
Maximum Czurrent MaximumZSIope Maximum Céurvzature indicate the bacterial cells. Scale bar is 5 um.
(uA/em’) [WA/em™-h)] [pA/(em™ h7)] (C and D) Statistical parameters for maximum cur-
Mean 1.654 0.291 0.087 rent production, slope, and curvature. Box in
Standard deviation 0.138 0.034 0.016 (C) represents mean + SD (n = 95).
Standard deviation (%) 8.35 11.58 18.42 See also Figure S1.
Mean absolute error (%) 6.66 8.84 13.85

were measured in a 96-well three-electrode screen-printed elec-
trochemical plate with our custom-made potentiostat, capable
of measuring 20 units in parallel. S. oneidensis MR-1 cells were
filled into all the wells at an optical density (OD) of 0.5 in an elec-
trolyte of 200 pL, and the electrode potential was then poised
at +200 mV (versus Ag/AgCl) in the anaerobic chamber at
30°C. A total of 95 out of 96 wells showed stable current gener-
ation without any significant noise (Figure 2A), indicating that
manufacturing the custom potentiostat did not noticeably limit
the number of effective channels. Each well showed almost iden-
tical time-current (/-T) profiles, where the current production
started with a steep rise and then gradually saturated. Given
that scarce current was produced in the absence of lactate as
the sole electron donor (Figure 2A), the current production (/)
in each well was attributable to the EET process associated
with metabolic lactate oxidation. Furthermore, the /. value and
I-T profile were almost identical to those of the well-established
commercially available potentiostat (VMP3; Biologic) (Figure S1),
suggesting that potentiostatic conditions were achieved using
our custom-made potentiostat. At the end of the current mea-
surement, the working electrode (WE) surface was covered by
MR-1 cells (Figure 2B), similar to conventional BES reactors.?*°
These results demonstrated that 96-well plates with Ag/AgClI-
printed reference electrode (REs) were stable during the mea-
surement, and /-T profiles for each well reflected the microbial
activity on the bioanode.

To quantify the variation in the data, we analyzed each time
profile for the maximum /., slope, and curvature. No baseline
correction was applied, as S. oneidensis MR-1 cells were mixed
in the electrolyte prior to addition to the electrochemical plate.
Max I, slope, and curvature had standard deviations of approx-
imately 8.4%, 11.6%, and 18.4%, respectively, whereas mean
absolute percentage errors for each case were 6.7%, 8.8%,
and 13.8%, respectively (Figures 2C and 2D). While the
maximum /. has the lowest deviation percentage from the
mean, the other two also lie within the SD, which is comparable
with established high-throughput systems.*'*** Thus, based on
the data variation, our system demonstrated high reproducibility
through all wells in the 96-well plate.

Next, we compared the data for some key variables (poised
potential, mediator type, and concentration on /;) with 120

different electrolytes and potentiostatic conditions in stand-
alone screen-printed 576 wells (Figure S2), using six 96-well
electrochemical plates, with at least n = 4 (n is the number of
wells used for one condition) (Figures 3, S3A, S3B, and S3D).
In all cases, /. increased immediately upon poising the electrode
potential. In the absence of redox mediators, maximum /.
decreased at a more negative electrode potential, suggesting
that the biological effect of increasing /. at negative potentials
did not occur in our system (Figures 3 and S3B).** For
S. oneidensis MR-1, an increase in /. with an increase in medi-
ator concentration was observed for all redox mediators at each
electrode potential (Figure 3). For the positively poised elec-
trode at +200 mV, flavins and HNQ showed relatively large cur-
rents at low (1-10 pM) and high concentrations (100 pM),
respectively This is consistent with the difference between the
bound cofactor and electron shuttling mechanism reported pre-
viously.”® AQDS showed the least current enhancement among
the four redox mediators. A more negative electrode potential
(—100 to —300 mV) resulted in a lower I for all tested mediators
and concentrations. Meanwhile, the impact of the decrease was
substantial in the case of HNQ, as shown in Figure 3; a reduc-
tion in current by seven times was observed when the poised
potential was decreased gradually from +200 to —300 mV.
However, the I, decrease was only observed from —200 to
—300 mV in RF and FMN, suggesting that bound cofactors
and redox shuttles have different potential dependencies on
the I, performance.

To analyze such differences in potential dependency among
these redox mediators in detail, we estimated the enhancement
factor and its efficiency against the concentration of redox medi-
ators (Figure 4). In some cases, I did not reach its peak during
the electrochemical assay (Figure S3C). Therefore, we evaluated
the performance in terms of the current enhancement factor us-
ing the maximum slope achieved in each case. The current
enhancement factor was calculated using the following relation:

Smax

Smax,ref

- Smax,ref

EF (o) = , (Equation 1)

where EF is the current enhancement factor, S,,,ax is the maximum
slope for each tested case with different mediators and poised
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Figure 3. Impact of redox mediators and electrode potential on current production
Time-current profiles in the presence of redox mediators at different electrode potentials and concentrations in S. oneidensis MR-1 and G. sulfurreducens PCA.

See also Figure S3.

potentials, and Spax ref is the maximum slope of the reference cells
without mediators at different poised potentials. The EF was then
normalized to the added mediator’s concentration to present the
efficiency of each mediator molecule to enhance EET using the
relation:

EF
Additives performance = < (Equation 2)

where C is the concentration of mediators for each tested case.
To plot additive performance against electron potential or
mediator concentration, we conducted Bayesian estimation.
Bayesian statistics were employed to explore the most efficient
conditions, which were determined by the balance between ad-
ditive addition and current enhancement. The basic idea of
optimizing a function f(x) is to determine x that maximizes
f(x). In Bayesian optimization, a regression model based on a
Gaussian process (GP) is built for f(x) from a dataset of
observed x and f(x). In this study, is a two-dimensional (2D)
vector composed of the poised voltage and the concentration
of the mediator, and f(x) is the additive performance. In this
study, a scikit-learn library (i.e., sklearn GP regressor) was
used to build a GP model, and a combination of three types
of kernels (i.e., radial basis function, constant, and white ker-
nels) was employed as the GP kernel. From the mean and
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SD of the GP posterior predictive at x (u(x) and o(x), respec-
tively), the most probable x that might give the maximum value
is estimated on the basis of an acquisition function. We used
expected improvement (El) as the acquisition function, which
is defined as the following formula:

(1) = FX) ey — £)P(2) +0(X)0(2), a(x)>0
0, d(x)=0 ’
(Equation 3)

El(x) = {

where

_ /“’(X) — f(X)max _ E
Z = a(x) '

Here, ®(Z) and ¢(Z) are the cumulative distribution function
and the probability density function of Z, respectively. The
parameter £ was introduced to tune the degree of trade-off be-
tween exploration and exploitation. In this study, £ was set at
0.01 of the SD of a dataset.

The EF profiles showed that, at lower mediator concentra-
tions, RF and FMN exhibited higher current enhancement
than HNQ and AQDS (Figure 4). For flavins, the EFs did not
significantly vary with electrode potential at all concentrations
(Figure 4A). High EF was observed with HNQ and AQDS,

(Equation 4)
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Figure 4. Additive’s performance dependency on concentration and electrode potential for redox mediators

(A) Current enhancement for RF, FMN, HNQ, and AQDS additive concentration and poised electrode potentials, where enhancement factor was calculated using
maximum slope against base current without any additives. Data are represented as mean + SEM (n = 4).

(B) Gaussian process regression model for the RF, FMN, HNQ, and AQDS additive performance against additive concentration and poised electrode potentials.
(C) Heatmaps for the expected improvements in RF, FMN, HNQ, and AQDS additive performance against additive concentration and poised electrode potentials.

See also Figure S4.

specifically when concentration and potential were high and
positive, respectively (Figure 4B). These results demonstrate
that the EFs show the overall transition in the /-T profile under
different conditions, as shown in Figure 3. The GP models and
corresponding Els are depicted for additive performance as 2D
heatmaps, as shown in Figures 4B and 4C, with the optimized
conditions for each mediator marked in these panels. The GP
models effectively integrate the data into a 2D landscape,
and the estimated condition for the peak performance is
consistent with raw data, except for the highest performance
of HNQ at 1 uM concentration, which may be associated with
the amplification of error from the low current range. As shown
in Figure 4C, a low (<10 uM) concentration of RF was estimated
for additive peak performance, and the peak potential ranged
from +200 to —100 mV. In contrast, the peak performance
was localized at positive potentials from +150 to 0 mV and at
HNQ concentrations greater than 50 pyM. FMN and AQDS
showed similar tendencies to RF and HNQ, respectively (Fig-
ures 4B and 4C).

The potential dependency of El at peak performance concen-
tration for each mediator showed that the El functions of RF and
FMN had one large peak and a shoulder, while those of HNQ and
AQDS had one peak (Figure S4), suggesting that the two redox
reactions are involved in I, in the presence of flavins. Given
that the redox potentials of bound RF and FMN, HNQ, and
AQDS are closely located,®**° the peak and the shoulder at
around —100 mV are most likely assignable to their redox reac-
tion with the electrode surface. Meanwhile, the main peak of fla-
vins observed at —50 to —0 mV may also be attributable to the
bound flavin cofactors in the outer membrane cytochrome
(OMC). Bound flavin cofactors in OMCs mediate the single-elec-
tron redox reaction to form a semiquinone state (Sq); therefore,
there are two types of redox reactions, oxidized (Ox)/Sq and
Sag/hydroquinone (Hg). While the Sg/Hq coupling redox reaction
was reported to mediate electron uptake from the electrode sur-
face,”® the Sg/Hq reaction may mediate anodic /. at a negative
electrode potential, more so than the Ox/Sq coupling reaction
in MR-1.
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Figure 5. EET mechanism via RF as a bound
cofactor in OMCs at negative potential

(A) DP voltammograms for wild type (WT) measured
at different RF concentrations an hour after RF
addition during current production shown in Fig-
ure S5.

(B) Plots of peak current at —460 from each DP vol-
tammogram in (A) and /. derived from Figure S5. The
squares of the correlation coefficients were esti-
mated by the addition of the point of origin to the
obtained data.

(C) Linear sweep voltammetry for WT and AomcAll at

0.0 : : —— 0 . . , , 1 10 uM RF.
06 04 0.2 0.0 0.2 0 500 1000 1500 2000 2500 (D) DP voltammogram for WT with excess addition of
E(Vvs Ag/AgC|) Current production / nA RF after incubation at —200 mV (versus Ag/AgCl).
c Inset: DP voltammograms for WT and AomcAll at
49 —— WT with 10 uM RF 10 pM RF after incubation at —200 mV (versus

—— AomcAll with 10 uM RF 41 —— WT with 10 M RF Ag/AgCl).

3 d —— AomcAll with 10 uM RF
£ £

é 1 T‘E 2 gene deletion resulted in slight /, enhance-
8 g ment with increasing RF concentration. A
04 1 clear decrease in the LSV and DPV signals
was attributable to electron flow mediated
R . ' ' ‘ ' 0| WT with 100 uM RF by Sg/Hqg (Figures 5C and 5D). These re-
08 -06 -04 -02 00 02 06 04 02 0.0 02 sults further demonstrate that the Sq/Hq
E(V vs Ag/AgCl) E(V vs Ag/AGCl) redox couple is the main mechanism for /.

To examine the origin of /. enhancement at the negative elec-
trode potential in the presence of flavins, we electrochemically
analyzed the presence of Sq/Hq redox coupling using differential
pulse voltammetry (DPV) during potential poising at —200 mV at
various RF concentrations (Figures 5 and S5). We observed
peaks at —460 and —30 mV versus Ag/AgCl, and the peak cur-
rent increased with increasing RF concentration (Figure 5A).
Plots of I, and the peak currents at —460 mV showed a linear cor-
relation passing through the original point (Figure 5B), suggest-
ing that both peaks are assignable to RF and that the redox
signal at —460 mV attributable to RF mediates /. under
—200 mV incubation condition. Accordingly, the linear voltam-
metry measurement showed the onset potential of linear sweep
voltammetry (LSV) started from around —0.6 V, consistent with
the onset of the RF peak at —460 mV (Figure 5C). When an
excessive amount of RF was added to detect the DPV signal
of the free form, an additional peak at —430 mV was detected.
The half-peak width (E,,1,2) for the signals at —460 and —30 mV
was approximately 130 mV, and the E, for the —430 mV
peak was approximately 50 mV, which is consistent with the
one- and two-electron flavin redox processes, suggesting that
—460, —430, and —30 mV are Sg/Hqg, Ox/Hqg, and Ox/Sq redox
reactions, respectively. This assignment is in accordance with
the relative location potential for each redox couple, that is, the
two-electron Ox/Hq peak is between the two redox peaks for
the single-electron redox reaction, and the observation that
—460 and —30 mV peak currents both increased with the added
flavin concentration. Given that the Sg/Hqg redox couple was sta-
bilized in OMCs under cathodic electrode conditions in MR-1,%¢
we used a mutant strain lacking OMCs (AomcAll). The impact of
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enhancement under negative electrode
poising conditions.

In contrast, such tolerance for the nega-
tive electrode potential was not observed in G. sulfurreducens,
whichis also capable of using RF as a redox cofactor in c-type cy-
tochromes.?® |, was measured under the same conditions as
S. oneidensis MR-1, except for the electrolyte medium and con-
centration range of RF because the dissociation constant of RF
for binding OMCs was 100 times lower than that in S. oneidensis
MR-1.2% The effect of RF addition was not significant, most likely
because the RF secreted or contained in the medium was suffi-
ciently higher than the K4 value. Meanwhile, I, was considerably
suppressed at more negative electrode potential than —0.1V (Fig-
ure 3). Assuming that the low /; at a negative potential is caused by
the dissociation of RF from OMCs, the interaction of OMCs with
the negatively poised electrode may change the binding affinity
of RF to OMCs. These results suggest that while the /. capability
of G. sulfurreducens is higher than that of S. oneidensis MR-1 un-
der positively poised conditions, S. oneidensis MR-1 is advanta-
geous for sustainability under conditions of anodic potential fluc-
tuation with varying wastewater conditions. In real wastewater
treatment systems, the redox potential substantially changes de-
pending on the wastewater oxidation-reduction reactions.®” For
instance, the redox potential of wastewater increases in the pres-
ence of strong oxidizing agents such as hydrogen peroxide or de-
creases in the presence of strong reducing agents such as sodium
bisulfite.>® The biological oxidation-reduction reactions such as
nitrification, denitrification, biological phosphorus removal, and
the removal of biological oxygen demand (carbon- and
hydrogen-containing compounds) also dictate the redox potential
conditions. Most of these processes occur in the range of —300
to +200 mV, varying from anaerobic to aerobic systems.***? In
this respect, the tolerance to negative electrode potential
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in MR-1 is important, as among the bacteria that power
BESs, S. oneidensis MR-1 species are widely studied for bioreme-
diation and environmental energy recovery, owing to their robust
growth in both aerobic and anaerobic environments within a
wide range of redox potentials.*®*' However, the potential range
advantage of S. oneidensis MR-1 has not been highlighted. This
study, which captured the landscape of varying electrode poten-
tials, not only identified the optimum additive conditions against
the range of potentials but also helped elucidate the mechanism
in EET. This will help real wastewater systems to control the addi-
tion of current enhancement agents in varying redox potentials for
the maximum performance of BESs.

Conclusions

We demonstrated the utility of applying data science to complex
bacteria and electrode interactions by successfully developing a
high-throughput and low-deviation electrochemical platform. 2D
landscapes of electrode potential and additive concentration
generated from Bayesian estimation were primarily consistent
with the bound and diffusible mechanisms in redox mediators,
verifying that the quality of the database is sufficient to apply
data science analysis. Furthermore, the uninvestigated region
of electrode potential and mediator concentration showed an
electron transfer mechanism via a bound flavin cofactor with a
negatively poised electrode surface. This finding validates the
database quality and provides the first example of an EET mech-
anism revealed by data science, highlighting the importance for
the fundamental understanding of BES. By further combining it
with the other data science model, our Bayesian estimation
model may enable complex BES models to improve the perfor-
mance of practical systems.*” Owing to the flexibility of the elec-
trolyte, potential poising, and electrode material, the present
method can be extended to many other applications in electro-
microbiology —microbial fuel cells and microbial electrosynthe-
sis, or metabolic activity sensor technologies for antibiotic drug
discovery.*44

EXPERIMENTAL PROCEDURES

Resource availability

Lead contact

The lead contact is Akihiro Okamoto (okamoto.akihro@nims.go.
ip). He can be contacted for information relevant to the paper and
requests for code and data.

Materials availability

This work did not produce any physical materials.

Data and code availability

All data reported in this paper will be shared by the lead contact
upon request. Original codes have been deposited at Zenodo
under https://doi.org/10.5281/zenodo.7050972 and are publicly
available. Any additional information required to reanalyze the
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Materials and methods

S. oneidensis MR-1 and G. sulfurreducens PCA
cultivation

S. oneidensis MR-1 was cultured in 10 mL LB medium at 30°C for
20 h under aerobic conditions by picking a single colony from the
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LB solid medium plate. The bacteria were washed twice with
defined medium (DM) with a composition of 2.5 g NaHCOs,
0.08 g CaCl,, 1 g NH,CI, 0.2 g MgCl,, 10 g NaCl, 7.2 g HEPES,
and 0.5 g yeast extract in 1 L ultrapure water. The cells were
centrifuged at 7,200 x g for 5 min, and the supernatant was
removed. Cell pellets obtained after centrifugation were resus-
pended in 10 mL DM medium with 10 mM lactate (DML). Micro-
bial cells were precultured in DML for 4 h under anaerobic con-
ditions and then washed. Finally, the cell OD at 600 nm (ODggonm)
was adjusted to 0.5, using DML as the final concentration in the
screen-printed electrochemical cells. AomcAll that referred to
deletion of all outer membrane multiheme cytochrome gene ho-
mologs was constructed by deleting the genes SO1778 to
S0O1782, SO2931, and SO1659 from S. oneidensis MR-1 as
described earlier.>*®

G. sulfurreducens PCA freeze stock was used for inoculation
of the culture in anaerobic PSN medium?® supplied with
20 mM acetate and 80 mM fumarate. Cells were were grown in
an anaerobic bottle at 30°C for 3—-4 days. Finally, the suspended
cells were centrifuged (10 min at 5,000 x g) and washed with the
PSN medium for electrochemical measurements.
Experimental plan
Screen-printed electrochemical array formed by 96 three-elec-
trode electrochemical cells (DRPx11L (U100), Metrohm,
DropSens, Tokyo, Japan) was utilized for this study. The electro-
chemical array was fixed at the bottom of a standard
microtiter ELISA plate with 96 wells. Plastic substrate
(L7.4cm x W11 cm x HO.5 mm) was used as the base for screen
printing the three electrodes. The screen-printed carbon (surface
area: 7.07 mm? for each well) was used as the WE. Also, for each
cell, screen-printed carbon and Ag/AgCl were used as the auxil-
iary (counter electrode [CE]) and RE, respectively. The backside
of the plates was printed with gold-plated contact paths where
96 x 3 contacts were present, corresponding to the independent
WE, CE, and RE printed for each well. Each well had a standard
volume capacity of around 300-400 pL, and a working volume of
200 pL was used. After the anolyte addition, all plates were
sealed with sterile aluminum seals. Since multichannel 96-well
systems were used where effective volume of each cell was
much less (~200 pL), it was ensured that no turbulence affected
the operation by adding the medium, bacterial cells, and media-
tors at the beginning of experiments. Nevertheless, to probe the
mechanism, control cells were included in the experiments
where no exogeneous small-molecule mediators were added,
and hence rational analysis for elucidation of mechanism can
be ensured.

In the scheme of current-time profile experiments, first, single
potential amperometry measurements with our custom poten-
tiostat using 96-well plates were compared with a commercial
potentiostat (VMP3; Biologic Science Instruments, Seyssinet-
Pariset, France) using screen-printed electrodes with the same
electrode material and working volume as the 96-well plates.
The variation in the data for 96-well plate was analyzed for the
maximum /., slope, and curvature. For the multivariable impact
study, five 96-well electrochemical plates were selected for
S. oneidensis MR-1 and one plate for G. sulfurreducens PCA
(Figure S2). For S. oneidensis MR-1, the first plate was checked
by poising a single potential (versus Ag/AgCl) for two rows each,
that is, the first two rows were poised at +200 mV, followed by
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two rows at —100, —200, and —300 mV without the addition of
any external mediator (Figure S2A). Four plates were tested by
poising a single potential per plate with varying mediator con-
centrations (Figure S2B). DM (pH 7.8) containing lactate as the
sole electron donor and DM containing each redox molecule
was de-aerated by bubbling with nitrogen for 30 min. An electro-
lyte (200 pL) was then added to each electrochemical cell con-
taining 10 mM lactate and the desired concentrations of flavin
analogs and quinones (1-100 uM), and MR-1 cell suspensions
with ODggonm = 0.5. PLATEMASTER P220 (Gilson, Middleton,
WI, USA) was used for pipetting volumes of 2-220 pL for high-
throughput manual pipetting of 96 wells. For G. sulfurreducens
PCA, a single plate was used to study 24 conditions (Figure S2C).
This includes four poised potential conditions (+200, —100,
—200, and —300 mV) and six RF mediator concentrations (0,
100, 250, 500, 1,000, and 5,000 nM). All the experiments were
performed in an anaerobic chamber filled with 100% N,. The
chamber was also intermittently filled with H, gas mix (5% or
less) that reacted with a palladium catalyst to remove O, by
forming a H,O molecule. The temperature was maintained at
30°C during the measurements.

At the end of bioelectrochemical  experiment,
S. oneidensis MR-1 attached on the electrode surface were
observed by fluorescence microscopy. The fluorophores SYTO
9 and propidium iodide (PI) were used for assessing the vitality,
The excitation/emission wavelengths used were 480/500 nm
and 490/635 nm for SYTO 9 and PI, respectively. Fluorescein
isothiocyanate (FITC) and Texas Red (TxR) were used as filters.
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