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ARTICLE INFO ABSTRACT

Keywords: This work set out to establish an easily applicable system to improve a broad range of bioelectronic devices using

MtrC the SpyTag-SpyCatcher crosslinking system together with one of the model organisms for extracellular electron

SpyTag/catcher transport, Shewanella oneidensis. Therefore, the surface-displayed c-type cytochrome MtrC was equipped with an

S}?ewa"eua oneidensis accessible SpyTag and coupled to SpyCatcher-functionalized surfaces. A transposon screen followed by nanopore

Direct electron transfer . . . e . L. . o . . .
sequencing was conducted in order to identify integration positions which facilitate MtrC functionality while the
SpyTag is surface accessible. Three integration positions (W314, Y417, T603) were chosen for further charac-
terization. Expression of the MtrC-SpyTag constructs in a S. oneidensis strain lacking all outer membrane cyto-
chromes restored the ability to reduce an extracellular electron acceptor. Two of the three strains reached
reduction rates at the wildtype MtrC level proving that the integrated SpyTag does not hamper extracellular
electron transfer. In vivo, all three constructs showed significantly better binding properties to SpyCatcher
functionalized magnetic beads than the wildtype MtrC control. The two most promising candidates were coupled
to conductive, magnetic gold nanoparticles and directed towards a screen-printed electrode showcasing how
MtrC-SpyTag expression can improve bioelectronic devices. A significantly higher charge transfer compared to
the wildtype control was reached in linear sweep voltammetry and chronoamperometry experiments. Moreover,
a shift towards direct electron transfer was observed which reduces the problem of redox shuttle washout in
flowthrough systems. Direct binding of the cells to SpyCatcher functionalized electrodes enabled robust current
production even after thorough washing of the electrodes while control cells failed to produce current under
these conditions. The versatile SpyCatcher toolbox can be used together with the here reported strains to
eliminate bottlenecks in bioelectronics like poor biofilm formation or the production of an insulating extracel-
lular polymer matrix.

1. Introduction

The rapid advancements in the electronics industry and nanotech-
nology have led to an increased demand for conductive materials,
particularly for flexible wearable devices and innovations on the
Internet of Things (Rogers et al., 2010; Someya et al., 2016). Currently,
most electronic products rely on rigid materials that often contain rare
or expensive elements (Gao et al., 2024). These materials can be difficult
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to recycle and may pose health risks due to the presence of heavy metals
or hazardous chemicals (Kiddee et al., 2013). Therefore, it is essential to
identify sustainable alternatives that not only maintain high perfor-
mance but also introduce beneficial new characteristics. Additionally,
there is a growing interest in interfacing electronics with biological
entities, which has given rise to the field of bioelectronics. The primary
goal is to connect biological materials with electronics and utilize these
hybrid materials to influence biological functions, detect specific

3 CSSB Centre for Structural Systems Biology, Deutsches Elektronen-Synchrotron DESY, Hamburg, Germany.

https://doi.org/10.1016/j.bios.2026.118682

Received 19 December 2025; Received in revised form 23 March 2026; Accepted 30 March 2026

Available online 12 April 2026

0956-5663/© 2026 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).


https://orcid.org/0009-0000-2966-5282
https://orcid.org/0009-0000-2966-5282
https://orcid.org/0000-0002-6174-7613
https://orcid.org/0000-0002-6174-7613
https://orcid.org/0000-0002-8631-1218
https://orcid.org/0000-0002-8631-1218
https://orcid.org/0000-0001-9642-0218
https://orcid.org/0000-0001-9642-0218
https://orcid.org/0000-0002-3247-9103
https://orcid.org/0000-0002-3247-9103
https://orcid.org/0000-0002-1511-3732
https://orcid.org/0000-0002-1511-3732
https://orcid.org/0000-0002-1625-8810
https://orcid.org/0000-0002-1625-8810
mailto:johannes.gescher@tuhh.de
www.sciencedirect.com/science/journal/09565663
https://www.elsevier.com/locate/bios
https://doi.org/10.1016/j.bios.2026.118682
https://doi.org/10.1016/j.bios.2026.118682
http://creativecommons.org/licenses/by/4.0/

L. Kneuer et al.

triggers in biosensors, or replace inorganic components in electronic
devices with bioorganic counterparts (Rivnay et al., 2017).

However, interfacing biology with electronics is not straightforward,
as communication within biological systems often cannot be directly
connected to traditional electronic infrastructures (Liu, 2021; Chenani
et al., 2024). Exoelectrogenic microorganisms represent a notable
exception, which can thrive under anoxic conditions by oxidizing
organic or inorganic compounds and connecting this process to a res-
piratory electron transfer chain that typically terminates at outer
membrane proteins on the cell surface. These outer membrane proteins
are multiheme c-type cytochromes that function similarly to wires,
transferring electrons along their three-dimensional structure (Reguera
et al., 2005; White et al., 2013). The structures of several of these cy-
tochromes have been extensively studied, and the electron transfer
pathways from heme center to heme center are largely understood
(Paquete et al., 2022). Genetic engineering of these exoelectrogenic
microorganisms has enabled the development of biosensors, where
promoters for specific components of the electron transfer chain were
linked to sensor domains for different analytes (Golitsch et al., 2013;
Webster et al., 2014; Si et al., 2015). Among exoelectrogenic model
organisms, Shewanella oneidensis is one of the best-characterized,
alongside Geobacter sulfurreducens. Although S. oneidensis typically
achieves lower current densities in bioelectrochemical systems than
G. sulfurreducens, its amenability to genetic manipulation and faculta-
tively anaerobic lifestyle make it a particularly versatile chassis for
bioelectronic applications and the organism of choice in the present
study.

Despite these advancements, leveraging whole-cell biocatalysts still
presents challenges in establishing an effective interface between
biology and electronics. The attachment of microorganisms to inorganic
electrodes plays a pivotal role (Catania et al., 2021). Many sustainable
conductive materials exhibit disadvantages due to their generally hy-
drophobic properties, which limit the robust and rapid attachment of
microorganisms. After initial attachment, the microorganisms typically
begin to produce extracellular polymeric substances (EPS) composed
mainly of sugar polymers, DNA, and proteins (Flemming and Wing-
ender, 2010; Flemming et al., 2023). While some organisms can
generate a conductive extracellular matrix aided by protein nanowires,
this capability is not widely distributed. Consequently, EPS formation
can act as an insulator that shields electron transfer (Xiao et al., 2017).
To advance the biology-electronics interface, several studies have re-
ported the use of polymers to connect the organisms with a conductive
matrix to the electrode, thereby increasing current output (Zajdel et al.,
2018; McCuskey et al., 2020; Knoll et al., 2022). In these cases, the
polymer serves not only as a connector between cells and electronics but
also enhances the electrode structure by increasing its surface area. For
example, Zajdel and colleagues (2018) embedded S. oneidensis in a
printable conductive PEDOT:PSS matrix, resulting in a 20-fold increase
in current output, while Knoll et al. (2022) produced a synthetic
hydrogel composed of S. oneidensis and conductive agarose, which was
sprayed onto electrodes and increased current output ninefold
(1324 mA m’z). Similarly, McCuskey et al. (2020) created a bio-
composite of S. oneidensis mixed with a polyelectrolyte, leading to a
150-fold increase in current output when deposited on a gold electrode.
However, a significant challenge that remains unresolved is how to
establish a direct conductive interface between biological cells and
stable electrodes without using the polyelectrolytes mentioned above. In
this study, we have developed a pathway toward this goal using the
SpyTag/SpyCatcher technology and the outer membrane cytochrome
MtrC from S. oneidensis. The SpyTag/SpyCatcher technology is based on
the CnaB2 protein domain from Streptococcus pyogenes (Spy), which can
be divided into a 13-amino-acid-long polypeptide (SpyTag) and a
116-amino-acid-long polypeptide (SpyCatcher). When these two com-
ponents come into contact under diverse conditions, they spontaneously
form an isopeptide bond (Zakeri et al., 2012).

Toward this, we developed a transposon screen to integrate the
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sequence for a SpyTag polypeptide at arbitrary positions within the mtrC
gene and screened for S. oneidensis cells expressing the MtrC-SpyTag
versions, which retained MtrC functionality and displayed a surface
exposed SpyTag. We characterized three positions of particular interest
due to their location within the MtrC structure and proximity to heme
centers, assessing their potential to bind cells to electrodes and form an
advanced direct cell-electrode interface. All three MtrC-SpyTag con-
structs remain functional and display a surface accessible SpyTag
enabling covalent coupling of cells to artificial surfaces. Moreover, we
could show that this crosslinking system can be used to covalently and
conductively couple cells to electrodes and therefore enhance charge
transfer in these systems.

2. Methods
2.1. Cell cultivation

E. coli and S. oneidensis were grown under oxic conditions in LB-
Medium (10 g L' tryptone, 5 g L™! yeast extract, 5 g L™ NaCl) at
37 °C or 30 °C, respectively.

Anoxic growth of S. oneidensis was carried out in M4 minimal me-
dium (2.21 g L™ KoHPO,, 0.99 g L™ KHyPO,, 87.70 g L™! NaHCOs,
11.89 g L ™! (NH4)SO4) supplemented with 0.1 mM MgCly, 1 mM CaSOs,
1 gL~} caseine hydrolysate and trace elements (2.50 g L™ NagEDTA o 2
H,0, 21.30 mg L™! MnSO4 e Hy0, 58.40 mg L~! NaCl, 107.40 mg L}
FeCl, o 4 Hy0, 119.00 mg L™ CoCl, e 6 H,0, 30.00 mg L' ZnSOy4 e 7
H,0, 5.00 mg L~! CuSO4 e 5 H0, 351.00 mg L~ H3BO3, 93.60 mg L~}
NaMoO,4 e 2 H0, 119.00 mg L™ NiCl, e 6 Hy,0, 28.30 mg L?
NaySeOy4). Sodium D,L-lactate (5.60 g L~1) served as carbon source and
electron donor, ferric citrate (12.25 g L)) as electron acceptor.

If needed, kanamycin (85,83 pM), tetracycline hydrochloride
(31.19 pM) or L-arabinose (100 pM or 5 mM) were added after
autoclaving.

2.2. Vector and strain construction

Stains used in this study and the respective genotypes are listed in
Table S1. The primers used for amplification and sequencing are shown
in Table S2.

2.3. Randomized integration of genetic elements in mtrC

Random transposon mutagenesis and subsequent spytag integration
were carried out as illustrated in Fig. 1. Briefly, the vector pPBAD202 (one
pL) was linearized by digestion with NcoIl-HF and Pmel (one pL each;
New England Biolabs, USA). Primer 1 and 2 were used to amplify mtrC
with 25 bp overlap to the linearized vector with S. oneidensis gDNA as
template. A transposon, that confers a tetracycline resistance, was
directly and randomized integrated into the purified mtrC amplicon
using the EZ-Tn5 (TET-1) Insertion Kit according to the manufactures
protocol with the exception that amplicon DNA was used instead of
plasmid DNA (Biozym Scientific, Germany, a). After stopping the reac-
tion, the DNA was purified with AMPure XP beads (Beckman Coulter,
USA) to remove the enzymes. The purified, transposed DNA was
assembled with the linearized vector using the Gibson Assembly Mas-
ter® Mix (New England Biolabs, USA) with the linearized vector (b).
10 pL of the assembled constructs were transformed via electroporation
into NEB 10beta E. coli (New England Biolabs, USA) cells and plated on
tetracycline selection plates, ensuring that only vectors containing mtrC
with the transposon inserted were able to grow (c). Several thousand
colonies were collected, washed off the plate and united in one reaction
tube. One pg of the pooled plasmid DNA (isolated using the Wizard Plus
Minipreps DNA Purification Kit, Promega, Germany) was then digested
with a pair of single-cutting restriction enzymes (KpnI-HF and SbfI-HF;
New England Biolabs, USA) to excise the tetracycline resistance cassette
and generate uniform ends regardless of transposon integration position
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Fig. 1. Cloning workflow for random integration of the spytag in mtrC on a pBAD plasmid. A detailed description is given in the text.

(d). Primer 3 and 4 were used to amplify the spytag with overlapping
regions to the linearized plasmid using synthetic DNA (Fig. S1) as a
template followed by Gibson assembly (e, f). The resulting cell suspen-
sion was plated on kanamycin plates to ensure plasmid uptake. Several
thousand colonies were reunited and nanopore sequencing was
employed with the mixed plasmid consortium (g). The sequenced mixed
plasmid consortium was finally transformed into a S. oneidensis AmtrC
strain (Schuetz et al., 2009) via electroporation as described earlier
(Corts et al., 2019). Again, several thousand colonies were generated to
conduct the screening shown in Fig. 2.

2.4. Plasmid construction

One pg of the pBAD vector was linearized using one pL of each re-
striction enzyme (NcoI-HF, Pmel, NEB) in CutSmart buffer for 1 h. The
inserts for the single integration plasmids were synthesized as a string
(Thermo Fisher Scientific, USA) and assembled with the linearized pBAD

using a Gibson assembly Mix (NEB, Germany) according to the manu-
facturers protocol. The plasmids were first transformed into an E. coli
DHb5alphaZl strain (Lutz and Hermann, 1997), sequence verified via
Sanger sequencing, and then introduced into the S. oneidensis AOMC
strain via electroporation following the protocol reported by Corts et al.
(2019). The synthesized sequences for the spytag (Fig. S1), mtrC-spy-
tag314 (Fig. S2), mtrC-spytag417 (Fig. S3) and mtrC-spytag603 (Fig. S4)
are given in the supplemental information.

2.5. SpyCatcher functionalization of maleimide beads

SpyCatcher3-CYS (TZC025CYS) was purchased from Bio-Rad Labo-
ratories (USA) and covalently coupled to Maleimide Mono Mag Mag-
netic Beads (4.5 pm, RayBiotech, USA). Therefore, SpyCatcher3-CYS
was incubated for 1 h with 5 mM Dithiothreitol (DTT) to reduce di-
mers, followed by size exclusion chromatography using the Micro Bio-
Spin™ P-6 Gel Columns (Bio-Rad Laboratories, USA) to remove excess
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Fig. 2. Initial screen to identify suitable SpyTag integrations in MtrC expressed in a S. oneidensis AmtrC strain. A) Oxford nanopore sequencing results of a mixed
PBAD_mtrC-spytag plasmid consortium isolated from E. coli cells. The x-axis represents an integration at the respective nucleotide of mtrC, while the y-axis shows the
abundance of the reads with an integration in the reading direction pointing upwards and an integration against reading direction pointing downwards. This plasmid
consortium represents the library that was introduced in a S. oneidensis AmtrC strain. B) 1920 single S. oneidensis pBAD_mtrC-spytagm;, colonies were picked and
patched in individual wells of 96-well plates containing anoxic minimal medium with 50 mM ferric citrate as the sole electron acceptor and 50 mM lactate as carbon
source. Hence, each well contains cells with a distinct spytag integration in mtrC. Cells from wells showing the fastest ferric citrate reduction (top 15%) were reunited
and incubated together with magnetic beads displaying the SpyCatcher in order to bind the cells with an exposed SpyTag to the beads. C) A magnetic rack was used to
pull down the cell-bead suspension and remove unbound cells in the supernatant. The cell-bead suspension was rinsed with PBS while keeping it on the magnet to
remove the remaining unbound cells. Subsequently, the cell-bead suspension was re-grown in LB medium containing 85.83 pM kanamycin, the plasmids were
isolated and re-sequenced. D) The results of the sequencing represent the plasmid consortium after the two screening steps that have been carried out. Grey and red
lines highlight the most abundant positions, while the red lines also highlight the mutants that were used in further experiments. As expected, mainly integrations in
reading direction and in-frame endured the screening procedure. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web
version of this article.)

reducing agents. SpyCatcher3-CYS monomers were coupled to the beads fluorescence microscopy.
directly after reducing the dimers, following the manufacturers proto-
col. Additionally, the functionalized beads were incubated with
0.7 mg mL! cysteine for 2 h to saturate free maleimide groups. Func-
tionalized beads were freshly made for each experiment, and purified
SpyTag-GFP was used to qualitatively examine successful coupling using

2.6. Initial screen of mixed plasmid consortium

Single S. oneidensis AmtrC MtrC-SpyTagnix colonies were grown in
96-well plates with oxic LB Medium supplemented with kanamycin and
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transferred to anoxic ferric citrate medium with 100 pM arabinose and
85,83 pM kanamycin using a sterile 96-pin microplate replicator
(CR1000, EnzyScreen, Netherlands). Ferric citrate reduction correlates
with an absorption peak at 390 nm which was used to discriminate
between iron reducing and non-iron reducing colonies. Iron reducing
cells were reunited, adjusted to an ODggg of 0.2 and incubated together
with SpyCatcher functionalized magnetic beads for 1 h. The magnetic
bead cell suspension was washed three times in phosphate buffered sa-
line (PBS; 136.9 mM NaCl, 2.7 mM KCI, 10.1 mM NaPOQy, 1.8 mM KPO4
adjusted to pH 7.4 with HC]) on a magnetic rack, and the remaining cell
bead suspension was used to inoculate LB medium with kanamycin.
Plasmids were isolated (Wizard Plus Minipreps DNA Purification Kit,
Promega, Germany) after the cultures had reached the stationary phase.

2.7. Oxford nanopore sequencing

Plasmid isolation for nanopore sequencing was carried out using the
Wizard Plus Minipreps DNA Purification Kit (Promega, Germany). One
pg of plasmid DNA isolated from the consortium was linearized using
one pL Ndel-HF (New England Biolabs, UK) prior to library preparation.
The library of the mixed plasmid consortium for nanopore sequencing
was prepared using the native barcoding kit 24 V14 and sequenced on a
MinION device with an R10.4.1 flowcell (Oxford Nanopore Technolo-
gies, UK). All procedures were performed according to the manufac-
turer's instructions. Basecalling was performed using Guppy v.3.5.2 in
superaccuracy mode, which included read filtering for quality and
trimming of adapters and barcodes.

A database of theoretical possible plasmids was constructed with a
Python script of all possible versions of transposon sequences/spy-tag
sequences and used as a target for blastn of sequencing reads in the
target gene (word size 20, min e-value 10°). Hits matching the inserted
sequence with bordering sequences were selected and counted for each
possible construct.

2.8. Fluorescence microscopy of S. oneidensis cells to SpyCatcher
functionalized magnetic beads

Induced cells were incubated with anoxic ferric citrate medium at
30 °C overnight. Afterwards cells were stained with 5 pM green fluo-
rescent dye Syto9 (Thermo Fisher Scientific, USA) for 30 min. Excess
Syto9 was removed through washing three times with PBS by centrifu-
gation (16,000 g, 1 min). Stained cells were incubated together with
SpyCatcher functionalized magnetic beads for 1 h and thereafter washed
three times with PBS on a magnetic rack. Microscopy was carried out
using the DM5500 B (Leica Microsystems, Germany) with a HCX PL
Fluotar objective with Y3 and L5 filter, respectively. Images were pro-
cessed with Fiji (Schindelin et al., 2012).

2.9. Growth curve

20% (v/v) of an overnight LB culture was transferred into fresh LB
medium and induced with 5 mM arabinose for 6 h. The cells were again
transferred into fresh medium supplemented with 5 mM arabinose and
grown overnight. This culture was washed three times in M4 salts and
introduced into an anoxic tent. Triplicates were inoculated to an ODggq
of 0.04 in 200 pl M4 medium with 85,83 pM kanamycin, 50 mM D,L-
lactate as electron donor and carbon source and 50 mM ferric citrate
as the sole electron acceptor. Growth was measured in a microplate
reader (infinite 200pro, Tecan, Switzerland). The optical pathlength was
corrected to 1 cm using the pathlength correction function of the infinite
200pro reader.

2.10. Cell-bead binding assay

Cells were pre-grown in anoxic M4 medium with ferric citrate as the
sole electron acceptor and harvested in the exponential phase. 90 pL cell
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suspension (ODggp of 2 in PBS) was mixed with 90 pL magnetic mal-
eimide beads and incubated on a rotary wheel to keep the beads in
suspension at room temperature for 6 h. The suspension was then pulled
down on a magnetic rack and washed three times with PBS to remove
unbound cells. The remaining beads with covalently coupled cells were
resuspended in 40 pL PBS, boiled at 98 °C for 10 min to release DNA of
the lysed cells. Beads were pelleted again using a magnetic rack and 5 pL
of the supernatant was used for quantitative real-time PCR with primers
5 and 6 as described elsewhere (Philipp et al., 2025). Briefly, the gene
mioC, which is present in all strains, was used to extrapolate the total cell
count. A dilution series of S. oneidensis cells with a defined cell number
served as standard curve.

2.11. Linear sweep voltammetry

For assessing the electrical connection of the different mtrC-SpyTag
variants onto a metallic surface, linear sweep voltammetry (LSV) was
employed. 75 pL gold coated magnetic particle suspension (CD Bio-
particles, WHM-GCO06) were added to 30 pL reduced SpyCatcher3-CYS
and incubated overnight in a thermoshaker (1500 rpm, 4 °C) to func-
tionalize the magnetic beads with SpyCatcher. 10 pg mL™! cysteine
(final concentration) was added and incubated for 2 h at room tem-
perature to saturate the gold surface and prevent nonspecific binding of
cells. Afterwards, the functionalized beads were washed twice with PBS
on a magnetic rack and then incubated with ODggg of 1 of cells either
containing mtrC-SpyTag or a control strain without SpyTag for 4 h at
30 °C on a rotating mixer. The bead-cell-suspensions were washed with
40 pL PBS on a magnetic rack. In the experiment that mimicked washout
of redox-mediators in flow-through applications two additional washing
steps with 40 pL PBS were carried out.

For LSV assessment, a 4 x 4 mm permanent NdFeB magnet (Super-
magnete, Germany) was positioned on the rearside of the working
electrode of a screen-printed gold electrode (SPE, Pineresearch,
RRPE2001AU). The working electrode had a diameter of 2 mm. The
counter electrode was also consisting of gold. The reference electrode
was made of Ag/AgCl. LSV was first performed with bare electrodes in
1 mL anoxic PBS and afterwards 10 pL of the corresponding bead-cell
suspension was pipetted onto the working electrode and LSV was
measured again. LSV was carried out in a range from —0.5 V to 0.5 V (vs.
Ag/AgCl) with a scan rate of 100 mV s ' and the headspace was
constantly kept anoxic by purging with argon.

The software QSOAS (Fourmond, 2016) was used to process raw data
of the linear sweep voltammetry. The commands “baseline” and “fil-
ter-fft” were used to subtract the baseline and remove the noise,
respectively. The raw data are shown in Fig. S9 and Fig. S10.

2.12. Chronoamperometry

To further assess the direct covalent cell-electrode linkage estab-
lished by MtrC-SpyTag603 relative to the native MtrC control strain, and
to evaluate its potential utility in a biosensing context, a chro-
noamperometry experiment was performed using the same screen-
printed gold electrodes (SPE, Pineresearch, RRPE2001AU) described
above. The working electrodes were directly functionalized by applying
5 pL of reduced SpyCatcher3-CYS and incubating for 2 h at room tem-
perature. Cysteine was then added to a final concentration of 10 pg mL ™!
and incubated overnight at 4 °C to saturate remaining free gold surface
sites and minimize nonspecific cell binding. The functionalized SPEs
were washed twice with PBS, electrically connected to a potentiostat,
and placed in 50 mL vials containing 30 mL of a cell suspension
(ODggp = 1) in anoxic M4 minimal medium supplemented with 50 mM
lactate, using either MtrC-SpyTag603-expressing cells or the native MtrC
control. Chronoamperometry was conducted at an applied potential of
0 V vs. Ag/AgCl. After 120 min, the measurement was paused and the
medium was exchanged with 30 mL of fresh anoxic M4 minimal medium
supplemented with 50 mM lactate to mimic the washout of planktonic
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cells and soluble redox mediators in a flow-through system. Current
production was then monitored for a further 30 min. Subsequently, a
more stringent washing step was applied by repeatedly pipetting PBS
directly onto the working electrode surface to approximate hydrody-
namic shear stress on electrode-attached cells under flow-through con-
ditions. The SPE was then placed in 30 mL anoxic PBS and current
production was monitored for a final 30 min period. All experiments
were performed in duplicate, and the headspace of each reactor was
maintained anoxic throughout by continuous purging with nitrogen gas.

2.12.1. Cell counting on working electrode surface

Directly after stopping the chronoamperometry experiment the
working electrodes were stained with DAPI and fluorescence micro-
scopy of the whole working electrode surface was carried out. For this an
ECHO Revolution microscope with U-PLAN PHASE FLUORITE 60x
objective (LWD, Ph2) was employed. In order to visualize the whole
electrode surface in one image, 25 x 25 singular microscope images
were taken and the built in ECHO image stitching function was used.
Thereafter, the corresponding image was analyzed via (Fiji Is Just)
ImageJ version 2.1.0/1.53 (Schindelin et al., 2012). The 2 mm diameter
circular electrode surface area was cropped and an appropriate
threshold was set (2846, 36246). The “analyze particles” command was
applied for a size of 0.5 to 4.5 pm?, followed by “count”. Threshold and
particle size were set in a way to reliably count cells and minimize
background.

3. Results

In this study, we set out to use the SpyTag/SpyCatcher system inte-
grated into MtrC to covalently and conductively bind S. oneidensis to
electrode surfaces. However, the successful implementation of this sys-
tem depends on two key factors. First, the surface displayed SpyTag
should be integrated in an exposed location to facilitate SpyCatcher
coupling without steric hindrance. Second, integration of the SpyTag
should not disrupt MtrC structure in order to maintain functionality and
therefore electron transfer via the MtrCAB electron transport chain.
Hence, a transposon screen was developed to identify integration posi-
tions matching the mentioned criteria using a high-throughput screen.

3.1. Screening for suitable spytag integration positions in mtrC

A hyperactive Tn5 transposase (Goryshin and Reznikoff, 1998) was
used to randomly integrate a tetracycline resistance gene in a mtrC
amplicon. The mixture of mtrC-tetR constructs was cloned onto a
plasmid and introduced into E. coli cells. Several thousand colonies were
collected and the whole plasmid consortium was sequenced. As ex-
pected, the transposon was integrated in both directions, in and against
the reading direction. Moreover, an integration after almost every
nucleotide could be observed without any selection towards integrations
in the reading frame of MtrC (Fig. S5). In the next step, the tetracycline
resistance was excised using unique restriction enzymes in the trans-
poson sequence. Hence, every single plasmid, regardless of the inte-
gration position and direction, had now identical overlaps that could be
used to integrate the spytag in mtrC via isothermal in vitro assembly. The
detailed cloning workflow is depicted in Fig. 1. The resulting mixed
plasmid consortium pBAD_mtrC-spytagmix Was sequenced, and a similar
pattern as for the initial transposon integration could be observed
(Fig. 2A). This was expected since a screen for functionality or surface
accessibility had not yet been performed. The plasmid consortium was
then introduced in S. oneidensis AmtrC strain, which is characterized by
severely impaired ferric citrate reduction compared to the wildtype
strain (Gao et al., 2010). We inoculated 1920 single colonies in wells of
microtiter plates containing a selective medium with ferric citrate as the
sole electron acceptor and screened for strains that were able to grow
under these conditions (Fig. 2B). The most efficient iron reducing cells
were then reunited (280 wells in total), incubated together with
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SpyCatcher functionalized magnetic beads and pulled down using a
magnetic rack (Fig. 2C). The selected cells contain a functional MtrC, as
they were able to reduce ferric citrate, and also display a surface exposed
SpyTag which is essential for binding to the SpyCatcher functionalized
magnetic beads. After conducting both screens subsequently, plasmids
were re-sequenced using nanopore sequencing. We refer to this screened
culture in the following as MtrC-SpyTagselected-

Sequencing of the resulting MtrC-SpyTagselected culture predomi-
nantly revealed integrations in the correct reading direction and in-
frame, ensuring proper translation of MtrC as well as the SpyTag motif
(Fig. 2D). Interestingly, mostly broad integration regions and not
distinct integration positions appeared in the sequencing. Of note, at the
3" end of mtrC (downstream of nucleotide 1811), some integrations still
appear against the reading direction, which is probably due to a small
number of unbound cells remaining after the bead wash steps. Those
cells could then propagate faster than the bound cells and would
therefore be over-represented in the plasmid sequencing. We excluded
those integrations from further analysis since the resulting MtrC-SpyTag
constructs could not confer SpyTag binding. Otherwise, the most
frequent integrations can be attributed to a growth advantage with ferric
citrate as the sole electron acceptor, efficient bead binding or both.

3.2. Fluorescence microscopy of MtrC-SpyTagselecteq cultures reveals cell-
bead agglomerates

To visualize the cell-bead binding, S. oneidensis AmtrC mtrC-spy-
tagselected €Xpressing cells were stained with a green fluorescent dye
(Syto9) and incubated together with the SpyCatcher functionalized
magnetic beads, which show a red auto-fluorescence. The same strain
with the only difference that native MtrC, instead of MtrC-SpyTagselecteds
was overexpressed, served as a negative control. In this sample, no cell-
bead binding should be possible since the SpyTag is missing. The cell-
bead suspension was washed three times on a magnetic rack in order
to remove unbound cells. These washed suspensions were used for
fluorescence microscopy (Fig. 3). Indeed, cell-bead agglomerates were
observed only for the MtrC-SpyTagselected culture, while only a few un-
bound cells remained in the negative control (Fig. 3, Fig. S6). Although
the experiment is only a qualitative indicator for coupling of the mag-
netic beads to cells expressing the SpyTag its results were corroborated
in further analyses (see below).

3.3. Visualization of integration positions in the 3D structure of MtrC and
distance to heme groups

To enable more detailed characterization, a selection rationale was
developed to identify transposon integration positions either at surface-
accessible sites or in close proximity to a heme group. This was intended
to position the redox-active moieties near a biosensor surface, thereby
facilitating covalent and electrically conductive cell-to-electrode bind-
ing. To this end, the distances from the Ca atom of each residue at the
respective integration position to all heme groups were measured
(Table 1), providing a basis for identifying the most promising positions
for conductive crosslinking.

In order to be able to conduct experiments with pure cultures, we
narrowed the selection down to three integration positions:

- First, the most abundant integration position (MtrC-SpyTag417),
located in domain III of MtrC, which is most likely well suited for
covalent cell coupling.

- Second, a position with average abundance and a fairly exposed
location (MtrC-SpyTag603), located in domain IV of MtrC.

- Third an integration which is interestingly in very close proximity to
several heme groups (MtrC-SpyTag314) and integrated in the flex-
ible hinge region of MtrC (domain II).

Subsequently, the AlphaFold 3 server (Abramson et al., 2024) was
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MtrC

Fig. 3. Fluorescence microscopy of Syto9 stained cells (green) bound to SpyCatcher functionalized magnetic beads (red). The cells were incubated together with the
beads displaying a SpyCatcher and the cell-bead suspension was washed on a magnetic rack to remove unbound cells. A) S. oneidensis AmtrC pBAD_mtrC-spytagselected-
B) S. oneidensis AmtrC pBAD_mtrC. Agglomerates appeared only in the samples with cells expressing MtrC-SpyTag. In the negative control, a few cells remain after
washing the cell bead suspension, but no agglomerates could be observed. (For interpretation of the references to colour in this figure legend, the reader is referred to

the Web version of this article.)

Table 1

Minimum distance of the C, atom of the most abundant integration positions of the SpyTag in MtrC to all
heme groups. Shown in bold is the minimal distance of the respective amino acid to a heme group. High-

lighted in red are the closest 10 % of all integration positions to a heme group.

used to predict the structure of the MtrABC-SpyTag constructs and
therefore model the surface accessibility of the integrated SpyTags as
well as the effect on the protein structure of MtrC. Alignment of the
predicted structures to the crystal structure of MtrC from S. oneidensis
(PDB: 4LM8) and to the MtrCAB complex isolated from S. baltica (PDB:
6R2Q) suggests that the SpyTag integration would not affect the MtrC
structure (Fig. 4). The model confidence and root mean square de-
viations are given in Table S3. MtrC-SpyTag417 and MtrC-SpyTag603
have an exposed SpyTag while the MtrC-SpyTag314 is predicted to be
located very close to the MtrAB complex and therefore the outer mem-
brane which could result in steric hindrances. In contrast, the flexibility
of the hinge region could overcome these steric hindrances and enable
binding to a SpyCatcher. The overall confidence of the model is high
(Table S3, Figure S8) which suggests that the 3D structure of MtrC is
very likely not disturbed. However, the low confidence in the transposon
and SpyTag region does not allow to carry out deeper analysis with

Position 1 2 3 4 5 6 7 8 9 10
N101 2529 2245 1520 1781 1518 37.80 47.55 46.78 49.22 58.37
V146 2116 1542 2443 3455 39.84 3166 4284 3272 30.86 37.63
K295 30.50 30.83 24.00 16.46 11.48 38.85 4512 50.15 5284 61.99
W314 2548 3173 1560 10.55 1145 3156 38.01 4223 4822 57.53
K370 3730 4958 36.86 31.84 3793 2959 2513 37.75 46.81 53.84
Y417 4458 57.52 4838 46.36 5429 32.07 22.72 34.23 4335 47.42
T467 26.74 3917 27.30 2366 3139 19.69 18.08 29.14 37.75 4555
Y548 3354 4429 4166 40.88 4983 20.62 10.57 2183 26.80 30.72
N584 2998 39.31 3892 4436 53.86 20.37 2140 9.74 1565 18.13
K602 40.21 48.93 49.60 49.25 57.99 28.67 20.88 27.27 2841 29.61
T603 4138 5045 5091 51.01 5997 2921 2096 26.52 28.00 28.43

regards to SpyTag-SpyCatcher binding. To verify functionality, indi-
vidual plasmids encoding mtrC with a SpyTag integrated at each of the
three positions (W314, Y417, or T603) were cloned and introduced into
an S. oneidensis AOMC strain lacking all outer-membrane cytochromes
(Biicking et al., 2010), a strain incapable of extracellular electron
transfer.

3.4. MtrC remains functional for all three integration positions

In order to quantitatively assess the functionality of the MtrC-SpyTag
versions, the S. oneidensis AOMC MtrC-SpyTag pure cultures were tested
in a growth experiment with ferric citrate as the sole electron acceptor.
Due to the lack of outer-membrane cytochromes, S. oneidensis AOMC is
not able to reduce ferric citrate (Biicking et al., 2010). Similarly, the
negative control, S. oneidensis AOMC carrying an empty plasmid, also
did not grow over the time course of the experiment. The growth of the
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Fig. 4. AlphaFold 3 structural models of MtrC-SpyTag constructs aligned to the MtrCAB complex. MtrAB (dark grey) is derived from the crystal structure of the
MtrCAB complex from S. baltica (PDB: 6R2Q). AlphaFold 3-predicted structures of MtrC-SpyTag314 (teal), MtrC-SpyTag417 (purple), and MtrC-SpyTag603 (orange)
are aligned to the wildtype MtrC crystal structure from S. oneidensis (PDB: 4LM8, light grey). The inserted amino acid sequence is highlighted in blue, with the
reactive aspartic acid residue of the SpyTag — which forms the covalent isopeptide bond with the SpyCatcher — shown as a green stick. Red spheres represent the
iron centers of heme groups, and roman numerals denote the respective structural domains of MtrC. The overall high structural agreement between the predicted and
experimental MtrC structures suggests that SpyTag integration does not substantially perturb the native fold of MtrC. Model confidence scores and root mean square
deviations relative to PDB: 4LM8 are reported in Table S3. Individual structure alignments for each of the three constructs are shown in Fig. S7. (For interpretation of
the references to colour in this figure legend, the reader is referred to the Web version of this article.)

positive control, S. oneidensis AOMC expressing MtrC without a SpyTag,
was similar to the growth of the MtrC-

SpyTag417 and MtrC-SpyTag603 strains (Fig. 5A). The MtrC-
SpyTag314 strain had a similar lag phase but a lower maximum
growth rate in the exponential phase (Fig. 5B). Although the strains
expressing the MtrC variants reduced ferric citrate completely and
reached similar maximum ODs, their different growth behavior suggests
slight activity differences due to the integration positions of the SpyTag.
Nevertheless, all strains were able to reduce ferric citrate and express a
functional MtrC. Thus, our first key objective, integrating the SpyTag in
MtrC without compromising the enzyme functionality, was fulfilled for
all three integration positions.

3.5. MtrC-SpyTag expressing cells can be crosslinked to SpyCatcher
functionalized surfaces

To quantitatively assess the binding efficiency of the three individual
MtrC-SpyTag constructs, we employed a cell-bead pulldown assay. Cells
of each strain were incubated with SpyCatcher-functionalized magnetic
beads under identical conditions, and unbound cells were subsequently
removed by repeated washing on a magnetic rack. The number of cells
remaining covalently coupled to the beads after washing was quantified
by gPCR targeting the chromosomal mioC gene as a proxy for cell

number. All three MtrC-SpyTag variants bound significantly more cells
to the SpyCatcher-functionalized beads compared to the negative con-
trol strain expressing wildtype MtrC without a SpyTag (unpaired t-test,
p < 0.05), confirming that binding is specifically mediated by the Spy-
Tag/SpyCatcher interaction rather than by nonspecific cell-bead adhe-
sion. Among the three constructs, MtrC-SpyTag417 showed the highest
binding efficiency, followed by MtrC-SpyTag603, while MtrC-
SpyTag314 exhibited the weakest binding of the three MtrC-SpyTag
strains, consistent with its predicted partially occluded surface accessi-
bility in the AlphaFold structural model (Fig. 4,Fig. 6).

In summary, all selected constructs featured a functional MtrC and a
surface exposed SpyTag that can be coupled to a SpyCatcher, making
them promising candidates for usage in living electronics.

3.6. MtrC-SpyTag accelerates electron transfer to SpyCatcher
functionalized electrodes

MtrC-SpyTag417 and MtrC-SpyTag603 were selected to test for
potentially altered interaction characteristics to electrode surfaces as
both supported faster growth and better SpyCatcher interaction
compared to MtrC-SpyTag314. Therefore, magnetic SpyCatcher-
goldbeads were used to pull the MtrC-SpyTag cells onto an electrode
and current was measured using linear sweep voltammetry. Two peaks,
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Fig. 5. Growth of S. oneidensis AOMC strains expressing either MtrC or MtrC-SpyTag variants in anoxic minimal medium with ferric citrate as the sole electron
acceptor. The negative control carries only an empty plasmid. A) Optical density at 655 nm over the course of time. B) Maximum specific growth rate p,ax of all
strains that reached the exponential phase. Error bars represent standard deviations from three independent replicates (n = 3). All growth rates are significantly

different to the wildtype MtrC (unpaired t-test, p < 0.01).

which can be attributed to cytochrome based-reduction of the electrode,
were observed. This finding is in good accordance with the literature
identifying redox shuttle, or mediated, electron transfer with an onset
potential around —0.2 and —0.1 V vs SHE and direct electron transfer
with an onset potential between 0.15 and 0.2 V vs SHE
(Carmona-Martinez et al., 2011; Okamoto et al., 2013; Roy et al., 2013,
2014; Xu et al., 2016). However, in our setting, the peaks of the strain
expressing wildtype MtrC slightly shifted to higher potentials for
mediated as well as direct electron transfer which could be due to
different buffer compositions, slightly different pH, or faster sweep
rates. Strains expressing MtrC and MtrC-SpyTag versions show identical
onset potentials for mediated electron transfer while the peaks are
higher and the reduction window is broader for MtrC-SpyTag cells.
However, the introduction of a SpyTag into MtrC leads to lower onset
potentials for direct electron transfer compared to native MtrC. Again,
MtrC-SpyTag redox window as well as peaks are broader and higher,
respectively (Fig. 7A).

Integration of the peak areas revealed that the area is over 6-fold
(SpyTag603) or > 2-fold (SpyTag4l7) increased, respectively,
compared to the MtrC wild-type expressing strain (Fig. 7B). This in-
crease in charge transfer of the two variants compared to the wild-type is
likely due to the expected higher number of cells on the electrode due to
binding to the Spy-Catcher beads. The overall charge transfer seems to
be highest for MtrC-SpyTag603, the ratio between direct and mediated
electron transfer is most favored toward direct electron transfer for this
strain accordingly.

To simulate conditions more relevant to flow-through biosensing
applications, where soluble redox mediators such as flavins are subject
to continuous washout, a second set of LSV measurements was per-
formed after more extensive washing of the cell-bead suspension. Spe-
cifically, following the initial gentle wash, two additional washing steps
with PBS on a magnetic rack were carried out prior to electrode depo-
sition, thereby progressively depleting the suspension of potential me-
diators. Under these conditions, the mediated electron transfer peak was
abolished, and only the direct electron transfer peak remained

detectable (Fig. 7C). This corroborates that the first peak observed under
gentle washing conditions (Fig. 7A) is potentially attributable to flavin-
mediated electron transfer, while the second peak reflects direct electron
transfer via the MtrCAB complex. Both MtrC-SpyTag variants retained a
measurable direct electron transfer signal after extensive washing, while
the signal of native MtrC was markedly diminished, underscoring the
benefit of covalent cell-electrode anchoring for maintaining electrode-
relevant electron transfer under washout conditions. Notably, MtrC-
SpyTag603 outperformed MtrC-SpyTag417, retaining the strongest
direct electron transfer signal of the three strains tested. Quantification
of the area under the direct electron transfer peak confirmed that MtrC-
SpyTag603 transferred significantly more charge than the native MtrC
control (unpaired t-test, p < 0.01), while the difference between MtrC-
SpyTag417 and native MtrC, though consistently in the same direc-
tion, did not reach statistical significance under these more stringent
conditions (Fig. 7D). Taken together, these results demonstrate that
SpyTag integration enhances direct electron transfer robustness under
flow-through-relevant conditions, with MtrC-SpyTag603 emerging as
the most promising candidate for stable cell-electrode interactions.

3.7. MtrC-SpyTag generates more robust anodic biofilms in biosensing
applications

Building on the LSV results, MtrC-SpyTag603 was selected for further
assessment of its potential applicability in biosensing contexts, given its
consistently superior performance in all preceding experiments. As a
proof-of-concept, the working electrode of a screen-printed gold elec-
trode was directly functionalized with SpyCatcher and placed in a small-
scale microbial electrolysis cell containing either MtrC-SpyTag603 cells
or the native MtrC control strain. While screen-printed electrodes
represent a simplified model system, they allow controlled assessment of
cell-electrode interactions and current production under defined con-
ditions. In a chronoamperometry experiment, the current output of each
planktonic cell suspension was first monitored for 120 min under
identical conditions. During this initial phase, both strains produced
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Fig. 6. Number of S. oneidensis AOMC cells coupled to SpyCatcher-functionalized magnet beads after washing the cell-bead suspension on a magnet. The cell number
was quantified using qPCR with mioC as the target and cell numbers were calculated using a standard curve with a defined cell number of S. oneidensis cells. In all
samples with MtrC-SpyTag variants remained significantly more cells in the suspension than in the negative control with cells expressing only MtrC (unpaired t-test,

*p < 0.05, **p < 0.01, n = 3).

comparable current, with the control reaching a mean steady-state
current density of approximately 1 pA cm ™2 and MtrC-SpyTag603 per-
forming slightly, though not significantly, lower at around 0.6 pA cm ™2
(Fig. 8A). This comparable initial performance is consistent with the
expectation that planktonic electron transfer, which relies primarily on
diffusible redox mediators, is not substantially affected by SpyTag
integration.

After 120 min, the chronoamperometry was paused and the medium
was exchanged with fresh, mediator-free medium to mimic the washout
of planktonic cells and soluble redox shuttles in a flow-through setup.
Current density was then monitored for a further 30 min. Under these
conditions, a clear divergence between the two strains emerged: MtrC-
SpyTag603 maintained a stable steady-state current density of approx-
imately 10 nA cm ™2, while no positive current could be detected for the
native MtrC control (Fig. 8, B). This demonstrates that, at least under the
conditions tested here, only cells covalently anchored to the electrode
via the SpyTag-SpyCatcher interaction were capable of sustaining
electron transfer after mediator washout.

To further assess the robustness of the cell-electrode interface, the
measurement was paused a second time and a more stringent washing
procedure was applied, in which PBS was repeatedly pipetted directly
onto the working electrode surface to approximate hydrodynamic shear
stress on electrode-attached cells. It should be noted that the shear forces
applied in this way may not fully recapitulate those encountered in real
flow-through devices; nonetheless, this step provides a useful qualitative
indicator of cell-electrode attachment stability. Following this
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procedure, current density was monitored for an additional 30 min.
MtrC-SpyTag603 still maintained a stable steady-state current density of
approximately 5 nA cm 2, while the control continued to produce no
detectable positive current (Fig. 8, C). These results suggest that the
covalent SpyTag—SpyCatcher linkage confers sufficient mechanical sta-
bility to resist cell detachment and sustain direct electron transfer under
conditions that disrupt non-specifically attached cells.

To corroborate the electrochemical findings, cell numbers on the
working electrode surfaces were quantified by fluorescence microscopy
immediately after the conclusion of the chronoamperometry experi-
ment. The empty electrode yielded approximately 400 counts, repre-
senting background fluorescence noise. The native MtrC control strain
produced a similarly low count of 386 cells, confirming that essentially
no cells remained attached to the electrode surface after the washing
steps, in full agreement with the absence of detectable current produc-
tion (Fig. 8D). In contrast, the MtrC-SpyTag603 strain yielded a count of
2467 cells on the electrode surface, directly demonstrating that covalent
SpyTag-SpyCatcher coupling effectively retains cells on the electrode
even under these more stringent washing conditions (Fig. 8E). Taken
together, these proof-of-concept results indicate that SpyTag-mediated
covalent cell anchoring can meaningfully improve electrode attach-
ment and direct electron transfer stability, and motivate future assess-
ment of this approach in more complex flow-through device
configurations.
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Fig. 7. Linear sweep voltammetry of S. oneidensis AOMC strains expressing MtrC-SpyTag603 (blue), MtrC-SpyTag417 (red), or native MtrC (grey), coupled to
SpyCatcher-functionalized magnetic gold beads and depleted of unbound cells by washing. The washed cell-bead suspensions were deposited onto a screen-printed
gold electrode using a permanent magnet and submerged in anoxic PBS. (A) LSV recorded after gentle washing, revealing two distinct current peaks attributable to
flavin-mediated electron transfer (onset ~—170 mV vs. Ag/AgCl) and direct electron transfer (onset ~160 mV vs. Ag/AgCl), respectively. (B) Integrated charge
transfer for mediated (hatched) and direct (solid) electron transfer peaks from (A). MtrC-SpyTag strains show significantly higher total charge transfer than native
MtrC, with the largest share occurring via direct electron transfer. (C) LSV recorded after extensive washing to remove potentially remaining redox mediators. Under
these conditions, only the direct electron transfer peak is detectable, corroborating the mediator-independent nature of this signal. (D) Integrated charge transfer for
the direct electron transfer peak from (C). MtrC-SpyTag603 shows significantly higher direct charge transfer than native MtrC. Error bars represent standard de-
viations from independent replicates (n = 3); significance was assessed by unpaired t-test (*p < 0.05, **p < 0.01). (For interpretation of the references to colour in

this figure legend, the reader is referred to the Web version of this article.)

4. Discussion

In this study, we set up a direct cell-electrode connection which can
be applied to bioelectronics. We first established a cloning technique
that can be used to integrate any given DNA sequence into arbitrary
positions of the gene of interest within a week. To investigate the effect
of crosslinker integrations in MtrC, we conducted a high-throughput
assay that allows the screening of surface-accessible cell crosslinkers
that confer the ability to bind cells to electronics while maintaining the
normal function of the key enzyme. Using the screening approach
described here, we identified several regions that are potentially suitable
for integrating peptides into MtrC and to crosslink cells with
SpyCatcher-displaying materials. In a previous study, Lockwood et al.
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(2024) demonstrated that A293, E344 and A430 can be substituted with
non-canonical amino acids (ncAAs) without compromising the structure
or functionality of MtrC in vitro. However, in vivo experiments with FMN
as electron acceptor were not carried out with ncAAs incorporated at
position A293 due to the location at the interface with the MtrAB
complex. Interestingly, this region also appeared in the initial screen
conducted in this study (Table 1; N101 and K295), suggesting that it is
indeed suitable for the integration of artificial sequences without
affecting the functionality of MtrC in vivo.

Integration position W314 was of particular interest to us, since it is
localized within a flexible hinge region in close proximity to a heme
group and was therefore characterized in more detail. The ferric citrate
reduction assay and the SpyCatcher-bead binding assay revealed that
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Fig. 8. Assessment of covalent cell-electrode anchoring via MtrC-SpyTag603. The working electrode of a screen-printed gold electrode was directly functionalized
with SpyCatcher3-CYS and incubated with either S. oneidensis AOMC MtrC-SpyTag603 (blue) or the native MtrC control strain (grey) at 0 V vs. Ag/AgCl. (a) Current

density during the initial 120 min incubation with planktonic cell suspensions.

(b) Current density after medium exchange with fresh lactate-supplemented M4

medium to mimic mediator washout in a flow-through setup. (c) Current density after repeated pipetting of PBS directly onto the electrode surface to approximate

hydrodynamic shear stress. Shaded areas represent the range of duplicate measu

rements. (d, e) Fluorescence microscopy images of DAPI-stained working electrode

surfaces after the chronoamperometry experiment for the native MtrC control (d) and MtrC-SpyTag603 (e). Images are stitched composites of 25 x 25 individual

fields of view covering the full 2 mm electrode surface. Scale bars = 100 pm. (For
to the Web version of this article.)

MtrC remains functional and that the SpyTag is accessible, albeit the
AlphaFold prediction suggests a sterically hindered orientation towards
the MtrAB complex (Fig. 4, Fig. S7 A). This finding highlights that the
screen reported here can be used to identify protein regions suitable for
synthetic engineering that would have been excluded if using compu-
tational biology as the sole decision basis.

However, the other two constructs assessed in this study (MtrC-
SpyTag417 and MtrC-SpyTag603) showed even better bead-binding
characteristics and higher growth rates with an extracellular electron
acceptor. The ferric citrate reduction rates achieved by expression of
either MtrC-SpyTag417 or MtrC-SpyTag603 are comparable to those of
native MtrC, indicating that there are no negative effects due to the
SpyTag integration. This is in good agreement with the study conducted
by Lockwood et al. (2024), that showed that E344 and A430, which are
in very close proximity to Y417, are interchangeable with non-canonical
amino acids without loss of MtrC functionality in vivo. Both integration
positions, Y417 and T603, showed better bead-binding properties
compared to the wildtype MtrC and even MtrC-SpyTag314 which is
consistent with the predicted surface accessibility (Fig. 4).

Consequently, these two strains were used in an approach to evaluate
the applicability for bioelectronic systems (Fig. 7). While the overall
charge transfer could be improved by more than 6-fold, the more sig-
nificant finding is that the majority of the electrons translocated to the
electrode occurred through direct electron transfer. This shift is partic-
ularly advantageous for flow-through biosensing systems, where redox
shuttles are prone to be washed out and depleted (Engel et al., 2019;
Klein et al., 2024), consequently leading to signal drifts and long term

interpretation of the references to colour in this figure legend, the reader is referred

instabilities. As S. oneidensis is a poor biofilm former on anodes and is
usually highly reliant on shuttle-mediated transfer, this is even more
relevant. To mimic the washout of redox-mediators and biofilm sheer
stress, additional LSVs were performed after more thorough washing of
the electrodes, which demonstrated that in flow-through setups elec-
trode attachment and direct electron transfer become more important
for stable whole-cell biosensing processes. SpyTag603 showed, in line
with the previous experiments, the best direct electron transfer rate
before and after thorough washing. Building on this finding, an addi-
tional chronoamperometry experiment of this strain versus the control
was conducted, which resulted in the same trend, namely higher current
densities after medium exchange and washing of electrodes and can be
attributed to the covalent anchoring of the cells onto the electrode
surface, making the biosensor overall more stable and independent of
redox-mediators. This behavior is also reflected in the microscopy data
retrieved from SpyTag603 and control electrodes.

The Chronoamperometry experiment acts as exemplary use case for a
biosensing application and additionally demonstrates that the electrode
surface can directly be functionalized with SpyCatcher to generate sta-
ble covalent anchoring of SpyTag cells without the need of employing
SpyCatcher-functionalized magnetic beads.

The magnetic beads can nonetheless be utilized for working elec-
trode surface enhancement, which results in signal amplification. A
previous study with comparable magnetic nanoparticles focused on this
enhancement and no substantial cytotoxicity of the nanoparticles for
S. oneidensis was observed (Wurst et al., 2024). Moreover, in environ-
mental monitoring scenarios where particle recovery is desirable, the
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magnetic properties of the nanoparticles would allow for straightfor-
ward reuse of bead-cell conjugates via magnetic separation, further
reducing material costs, improving process engineering and minimizing
environmental particle release.

The SpyTag/SpyCatcher system offers several advantages over
existing surface functionalization strategies for bioelectronics. Ap-
proaches such as polymer embedding (e.g., PEDOT:PSS or conductive
agarose hydrogels) and polyelectrolyte composites, discussed in the
introduction, increase current output by improving electrode architec-
ture and surface area, but rely on passive cell entrapment rather than
defined covalent cell-electrode coupling. This means that cell posi-
tioning and orientation at the electrode surface remain largely uncon-
trolled, and the interface is susceptible to mechanical disruption under
flow conditions. In contrast, the SpyTag/SpyCatcher system forms an
irreversible isopeptide bond, providing a chemically defined and me-
chanically stable linkage between the cell surface protein MtrC and the
electrode. Critically, this bond is formed site-specifically at a defined
position within MtrC, ensuring that the electron-transferring cyto-
chrome remains correctly oriented relative to the electrode surface.
Furthermore, the SpyCatcher toolbox is commercially available with a
broad range of surface-compatible linkers, making this approach readily
adaptable to diverse electrode materials and device geometries without
requiring custom synthesis of conductive polymers or biocomposites.

Furthermore, the SpyTag-SpyCatcher system is well established and
is commercially available with a wide range of attached linkers and can
therefore be utilized to functionalize a broad spectrum of already
existing bioelectronic sensors (Cai et al., 2025).

Recently, Philipp et al. (2025) demonstrated that MtrC is
surface-displayed in E. coli strains that express the S. oneidensis type II
secretion system. This finding suggests that E. coli, in conjunction with
MtrC-SpyTag, can be utilized as living sensors, thereby expanding the
range of substrates that can be detected. To extend the applicability of
this approach even further, SpyTag can be exchanged with a SpyCatcher
to enable cell-cell crosslinking and, therefore, used to form thick and
conductive  biofilms. This and even more elaborated
MtrC-SpyTag/MtrC-SpyCatcher networks will clearly be the scope of
future research.

While the SpyTag/SpyCatcher system effectively addresses the
challenge of establishing a stable and direct cell-electrode interface,
several other bottlenecks inherent to whole-cell bioelectronic systems
remain to be resolved.

The current system relies on plasmid-based expression of the MtrC-
SpyTag constructs induced by arabinose, which introduces a degree of
genetic and regulatory instability that may be problematic for long-term
device operation. Chromosomal integration of the construct would be a
necessary step toward a genetically stable production strain suitable for
real-world applications.

The obligate requirement for anoxic conditions to sustain extracel-
lular electron transfer in S. oneidensis remains a fundamental constraint
that this approach does not overcome, limiting applicability in oxic
sensing environments. Here, a strategically developed mass transfer
limitation for oxygen by depositing high cell densities on the electrode
via magnetic beads could be a solution.

While the SpyTag/SpyCatcher coupling improves the cell-electrode
interface, it does not intrinsically increase the electron transfer rate of
MtrC itself or address limitations in intracellular electron flux from
metabolism to the outer membrane. These aspects would require com-
plementary metabolic or protein engineering strategies. Several studies
in this direction were conducted usually leading to an about two-fold
increase in current density (Delgado et al., 2019; Sun et al., 2021).

While a variation in the batch-to-batch reproducibility of the Spy-
Catcher functionalization could be seen as further bottleneck, the con-
sistency of results across five independent SpyCatcher functionalization
experiments conducted in this study — using different batches of mal-
eimide beads, gold beads, and gold electrodes — suggests that the
functionalization protocol is sufficiently robust for repeated use, though
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a dedicated long-term stability assessment will be an important step
toward practical device integration.

This study demonstrates a fast forward approach to screen for
functional modifications of surface displayed enzymes. The MtrC-
SpyTag can be implemented in already existing biosensors to improve
the sensitivity and stability of these systems.
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