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ABSTRACT

Single blocking impacts electrochemistry was used to explore the redox properties of the
outer membrane proteins of the Gram-negative electroactive bacteria Shewanella oneidensis
on disk-shaped ultramicroelectrodes. We report a comparative study of blocking impact
experiments with E. coli DH5a and two strains of S. oneidensis MR-1 (the wild-type strain
SOMR1 and the mutant AMtrC AOmcA where the MtrC and OmcA outer membrane
cytochromes genes were deleted from the genome) based on chronoamperometry
measurements recorded in ferrocyanide as a redox probe at +0.8 V vs Ag/AgCl on carbon
fiber, Pt and Au ultramicroelectrodes. The data analysis was performed by calculating the
change of standard deviation of the background current values measured before and after the
first three impact events for each bacterial strain. Compared to others, SOMR1 bacteria
increases the magnitude of current fluctuations in the i—¢ curves after the first current step

because of the outer membrane redox proteins activity at the polarized ultramicroelectrode
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surface. The role of the S. oneidensis’ outer membrane c-type cytochromes redox proteins in
the adhesion of electroactive bacteria onto a polarized surface is highlighted by blocking

impacts electrochemistry at the single-cell scale for the first time in this work.

Keywords: Shewanella oneidensis, single blocking impact, outer membrane c-type

cytochromes, background current fluctuations, ultramicroelectrode surface.



1. Introduction

Interest in electroactive bacteria has increased in the last decades, given their promising
role in bioelectrochemical systems [1]. In these systems, bacteria interact with electrodes
allowing a wide range of applications, including the production of chemicals, biofuels,
bioelectricity, and biogas. Electroactive bacteria are living organisms that connect their
respiratory metabolism with their extracellular environment by transferring electrons across
biological membranes to or from solid materials like metal oxides or electrodes, using
periplasmic and membrane proteins [2,3]. This is only possible because of their ability to
perform extracellular electron transfer where they can exchange electrons with the electrode

directly, or indirectly by using soluble electron shuttles [4-7].

Studies about model electroactive bacteria, including Shewanella oneidensis MR-1
(Gram-negative), have demonstrated that extracellular electron transfer pathways consist
mainly of periplasmic and membrane-bound multiheme cytochromes, that serve as conduits
between intracellular catabolic reactions and extracellular conductive materials, including
electrodes [5,8-10]. Several of these proteins, mainly those present at the cell surface, are
capable of reducing the soluble electron shuttles used for the indirect electron transfer [7]. The
S. oneidensis’ outer membrane c-type cytochromes (Omcs) are not only involved in
extracellular electron transfer but are also considered part of the adhesion process of the cells
onto electrode surfaces [11-16]. Indeed, the presence of MtrC and OmcA in the outer
membrane of S. oneidensis is essential for the adhesion and the growth of the cells on a
polarized surface, enhancing electron transfer [11,12,14,16]. While MtrC is part of the
MtrCAB complex, OmcA is associated with the outer membrane (Fig. 1) intended to move in
the outer membrane for the reduction of insoluble compounds [7]. A recent study
demonstrated that both MtrC and OmcA have a confined diffusion behavior along the cell’s

surface, playing an important role in overall electron transport over long distances [17].
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Fig. 1. Localization of the c-type cytochromes MtrC and OmcA in the outer membrane of
Shewanella oneidensis MR-1.

As we previously observed, the adsorption of single S. oneidensis MR-1 cells onto the
electrode surface strongly depends on the applied potential [18,19]. In our previous study, we
reported an electrostatic attraction of the living bacteria toward the ultramicroelectrode
(UME) surface polarized at the oxidation potential of the redox probe (potassium
ferrocyanide, +0.8 V vs Ag/AgCl) [19]. This behavior is related to the electrostatic interaction

between the negatively charged Shewanella cells and the positively charged UME surface.

Electrochemical analysis at the single-cell scale has been widely extended to various
applications such as biosensing, thanks to the continuous improvement of the instrumentation
sensitivity, especially for the electrochemical detection of individual entities [20-22]. In this
context, single-entity or nano-impact electrochemistry consists in detecting stochastic impacts
of various entities (such as nanoparticles, bacteria or liposomes) in solution onto a polarized
UME [20,23-26]. For each collision event, a specific signal is recorded in the
chronoamperometry (i—) curve corresponding to an “impact” of a single entity onto the UME
surface. The electrochemical nano-impacts method was first reported by Lemay et al. (2004)

with the impact of carboxylated latex beads onto Au UME in aqueous solution containing



ferrocene methanol as a redox probe [27]. In this work, single nano-impacts of insulating
microspheres cause local decreases of the current at the UME which is polarized at the
oxidation potential of the aqueous redox probe. In the recorded chronoamperometry, all of
these impacts are noticed as sharp current drops in a staircase fashion, hence the designation
“current step”. This behavior is called a “blocking impact” and this electrochemical technique
represents a promising opportunity for sensing applications and particularly is well adapted to
the detection of insulating particles and biotargets such as single bacteria [25,28-31]. Usually,
the UME is biased at a potential where the electron transfer reaction is limited by diffusion, in
a solution containing the bacterial cells and a redox species. When a bacterium adsorbs onto
the UME, it locally stops the diffusive flux of redox species to the electrode, leading to a drop
of current (step-shaped transient). Most of the studies dealing with single bacteria blocking
collisions were performed with Escherichia coli as a model Gram-negative bacterium [29,31—
33]. In contrast, our work deals with the single-impact electrochemistry of S. oneidensis
electroactive bacteria [18,19] and we present herein a comparative study with E. coli. For the
first time, a significant difference in the background current fluctuations was observed and

analyzed in the single blocking impact experiments of these two bacterial strains.

Based on chronoamperograms recorded at the oxidation potential of the ferrocyanide
steady-state current (+0.8 V vs Ag/AgCl) at room and cold temperatures, we compared the
blocking impact signals of S. oneidensis MR-1 (the wild-type strain SOMR1) with its mutant
AMtrC AOmcA (where the MtrC and OmcA outer membrane cytochromes genes are deleted)
and E. coli DH5a (EC). The analysis of the background current fluctuations before and after a
single bacterium collision event (current step signal) on a polarized UME surface (Fig. 2)

highlighted the role of the Shewanella Omcs redox proteins in the adhesion of the cell.
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Fig. 2. Analysis of the current fluctuations between single blocking impact events in the i—¢
curve recorded in ferrocyanide aqueous solution and related to the outer membrane redox
proteins involved in the bacterial cells’ adhesion on the polarized UME surface.

2.  Experimental

2.1. Reagents

All chemicals were reagent grade and used as purchased without further purification.
Water used in each experiment was deionized water. Potassium ferrocyanide trihydrate
(98.5%) was purchased from Acros Organics. Phosphate buffer solution at 1.0 M and pH 7.4
(25 °C) was purchased from Sigma Aldrich and stored at 3 °C. Potassium and sodium
chloride were purchased from Sigma Aldrich. Phosphate buffered saline (PBS) used for all
experiments was composed of 0.1 M commercial phosphate buffer solution, 50 mM KCI and
50 mM NaCl (pH 7.4 at 25 °C) and was stored at 3 °C. Luria—Bertani (LB) medium, LB agar

plates and glycerol were obtained from Sigma Aldrich.
2.2.  Bacterial strain and growth conditions

All the manipulations were performed under sterile conditions to avoid contamination
with other microorganisms. Pure culture of Shewanella oneidensis MR-1 (SOMR1), SOMR1

scarless mutant on both outer-membrane cytochromes genes MtrC and OmcA



(AMtrC AOmcA) and Escherichia coli DH5a (EC) were grown aerobically in LB medium. A
single colony collected using a sterile tip from LB agar plates was inoculated into 20 mL of
LB liquid medium. The cultures were then allowed to grow overnight on an orbital shaker
(STUART, S1600) at 30 °C (for S. oneidensis) or 37 °C (for E. coli) with a speed of 150 rpm.
The growth of the bacterial culture was assessed through the measurement of the optical
absorbance at 600 nm using a UV-visible spectrophotometer (Analytikjena SPECORD® 210
PLUS). The optical density at 600 nm (OD600) of the cultures was approximately 4.0, which
is consistent with an exponential growth phase [34]. In preparation for the electrochemical
impact experiments, the cells underwent an initial washing step with 0.1 M PBS aqueous
solution (pH 7.4). Subsequently, they were resuspended in 1 mL of the same buffer and used

within a maximum timeframe of 2 hours.

2.3.  Electrochemical measurements

Following a procedure similarly reported in our previous work [19], the
electrochemical experiments were carried out at room temperature (21 +2 °C) and also at
cold temperatures (10 + 3 °C with a bath of cold water) with a three-electrode cell placed in a
Faraday cage (BiolLogic FC-45) and an SP-300 potentiostat (BioLogic) with an ultra-low
current module using the EC-Lab software. For all recorded chronoamperometry it curves,
the sample interval (in sampling time) was 100 ms and the measurement time range was
200 s. For all electrochemical measurements, a Pt wire and an Ag/AgCl (3 M KCI) electrode
were respectively used as a counter electrode and a reference electrode. 10 pm-diameter Pt
and 12.5 pym-diameter Au disk UMEs from CH Instruments, and a 7 pm-diameter carbon
fiber (CF) disk UME from BASi were used as working electrodes. Before each
electrochemical experiment, the Pt, Au and CF UMEs were mechanically polished using
wetted fine grit silicon carbide paper from Struers (4000-grit SiC) and washed in water. The

solution of 50 mM K4Fe(CN)s and 0.1 M PBS at pH = 7.4 in the electrochemical cell was



degassed by bubbling N, for 5 min before each measurement. The UME was then immersed
in the solution of the electrochemical cell, connected as a working electrode and the
electrochemical measurement was launched straight away in a matter of a few seconds (max.
5s of elapsed time). The concentration of washed bacteria in the electrochemical cell was
estimated at approximately 10° cells mL™ (~2 pM) after dilution of the stock solution with

OD600 = 4.0 [35].
2.4.  Electrochemical data analysis

For the three first current step signals corresponding to the bacterium blocking impacts
recorded in the i— curve, the analysis of the current fluctuations before and after each impact
event was performed. This was performed by computing the standard deviation of the current
values in the i—¢ curve over 5s before and after the current step signal for the three first
impact events (Fig. 3). Additionally, a subtraction of the baseline was performed to straighten
up the values so that only high-frequency fluctuations were measured by the standard
deviation, while slow trends were ignored (Fig.S1). All data collected and calculations
performed were reported in a spreadsheet file provided in Supplementary Materials

(Appendix: Background current SD analysis).
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Fig. 3. Diagram representing the data treatment of the current fluctuations for the three first
current step signals (indicated by arrows) in the chronoamperometry measurement. The




standard deviation of each plateau (before and after each bacterium impact event) is illustrated
by shaded Gaussian curves.

3. Results and discussion

All blocking impact experiments presented in this study were performed by recording a
chronoamperometry measurement at the steady-state current oxidation potential of
ferrocyanide (+0.8 VV vs Ag/AgCl) in an aqueous solution composed of 50 mM K Fe(CN)g
and 0.1 M PBS at pH 7.4. As previously reported, before the blocking impact measurements,
cyclic voltammetry and i— curves were recorded in a bacteria-free solution in order to check
the steady-state current of the working UME according to its size and the concentration of the
redox probe [18,19]. Once these control experiments were performed, successive additions of
the bacterial cells sample (between 20 and 80 pL) in the electrochemical cell containing 2 mL
of the aqueous redox solution were carried out to reach an optimal impact frequency. Indeed,
since the analysis of data required the spacing of bacterium impact events in the first three
collision signals to be more than 5 seconds, a high collision frequency, related to a

concentrated bacterial presence, was not appropriate.
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Fig. 4. i—t curves recorded on a 7 um-diameter CF UME at +0.8 VV vs Ag/AgCl in 2 mL of
50 mM K4Fe(CN)g 0.1 M PBS at pH 7.4 under an inert atmosphere at room temperature, in
the presence of ~10° cells of EC (black), SOMR1 (orange) and AMtrC AOmcA (blue).



Typical i—¢ curves recorded on 7 um-diameter CF UME in the presence of about
10° cells of EC (black), SOMR1 (orange) and AMtrC AOmcA (blue) are shown in Fig. 4. As
expected in these electrochemical blocking impact experiments, several current step signals
were observed, corresponding to single bacterium impact events onto the UME surface
[18,19,29,31-33]. The same behavior was observed in the i—¢ curves recorded on 10 pum-
diameter Pt and 12.5 um-diameter Au UMEs as working electrodes (Fig. S2). The difference
in the collision frequency (higher for SOMR1) is probably due to a difference in the bacteria
concentration in the electrochemical cell rather than a difference in the bacterium surface
potential, which is quite close for the negatively-charged EC and SOMR1 cells at pH 7 [36—
38]. By focusing on the impact event signals, the current step magnitude values (4iss) were
similar for the three strains and averaged around 250 pA for EC, SOMR1 and AMtrC AOmcA
bacteria in the i—¢ curves recorded on CF UME (200 pA and 120 pA on Pt and Au UMEs,
respectively). Note that, in the present study, only current steps with a current drop at least
three times higher than the noisy current fluctuations were considered as collision events. The
current step magnitude in electrochemical blocking impact experiments depends on several
parameters such as the entity position on the UME surface (edge effect) and the sizes of both
the disk UME and the adsorbed entities [28,39,40]. Current steps caused by E. coli and
S. oneidensis had similar magnitudes, as expected from their close shapes and morphologies
(rod-shaped bacillus bacteria). Furthermore, the duration of a single cell impact event was
virtually always less than 1 s, which is also in agreement with our previous work [19]. The
UME surface materials are not critical parameters in single bacteria impacts, as suggested by
a similar behavior observed in the different i— curves (Fig. 4 and Fig. S2) and by our previous

results [19].



The most significant difference in the i—¢ curves presented in Fig. 4 was the stronger
fluctuations of the background current for the SOMR1 strain (orange i—¢ curve) after the first
impact events (in the first minute). Indeed, the background current wanes evenly between
steps over the duration of the measurement (Fig. 4) for EC (black curve) and AMtrC AOmcA
(blue curve), while with SOMR1 (orange curve) intense fluctuations appear as the number of
impacts increases. This qualitative observation can be explained by the different behavior of
the adsorbed SOMR1 bacterial cells on the polarized UME because of their Omcs redox
proteins. To study this further, this phenomenon was quantitatively investigated by analyzing
the standard deviation of the background current values before and after the first three impact
events in the i—¢ curves of the three strains. First, a selection of suitable i—¢ curves recorded on
CF, Pt and Au UMEs in the presence of EC, SOMRI1 and AMtrC AOmcA bacteria was
carried out in order to be able to analyze the current fluctuations between the first three
current step signals (Fig. S3). The standard deviation values of the background current values
before the first and after the third bacterium impact events of the i— curves recorded on CF,
Pt and Au UMEs in the presence of EC, SOMR1 and AMtrC AOmcA bacteria are
summarized in Table 1. Given that the SD values strongly depend on the wear of the UME
surface after repeated polishing, only its order of magnitude and the variation between the
first and the third bacterium impact events were compared (Table 1). Indeed, the SD value of
the background current was usually about 5 + 3 pA in our experimental conditions, hence we
considered that an increase of the SD values superior to three times this initial value (~15 pA)
was significant and related to the single bacteria collisions. Moreover, the very discrete nature

of charge carriers causes unavoidable fluctuations of current described by the SD o; =
Vi qe fow- (shot noise) [41]. Considering a current i of 40nA, this value reaches

o; == 0.25 pA for our bandwidth of f,, =10 Hz. As expected, SD values of measured

currents are higher because of the additional instrumental noise.



Table 1

Standard Deviation (SD) values of the background current values determined before the first
and after the third bacterium impact events of the i— curves recorded on 7 um-diameter CF,
10 pm-diameter Pt and 12.5 um-diameter Au UMEs at +0.8 V vs Ag/AgCl in 2 mL of 50 mM
K4Fe(CN)s 0.1 M PBS at pH 7.4 under an inert atmosphere at room temperature, in the
presence of ~10° cells of EC, SOMR1 and AMtrC AOmcA (Fig. S3).

UME SD (pA) EC SOMR1 AMtrC AOmcA
CE Before step 1 6 7 1
After step 3 7 15 4
Pt Before step 1 3 4 2
After step 3 2 46 15
Al Before step 1 4 3 3
After step 3 5 28 8

For EC bacteria on all three (CF, Pt and Au) UMEs, no significant change was observed
for the current fluctuations (SD changes ranged between -1 and +1 pA) before the first and
after the third current steps in the i—¢ curves recorded. This suggested that EC cells did not
move on the polarized UME surface after the adsorption following the single impact. In
contrast, a significant difference between SD values before the first impact (between 3 and
7 pA) and after the third impact (between 15 and 46 pA) was observed for SOMRL cells. This
result could be explained by a different adhesion behavior of the adsorbed SOMR1
electroactive bacteria at the polarized UME. To evaluate if this effect was due to the presence
of the Omcs redox proteins at the cell surface, the AMtrC AOmcA strain was also studied.
The increase of SD values before the first (between 1 and 3 pA) and after the third (between 4
and 15 pA) current steps observed for this strain was significantly lower than that observed
for native SOMRL. This indicates that the adhesion behavior of adsorbed SOMR1 bacteria on
the polarized UME surface is related to the Omcs redox proteins that probably move in the

outer membrane of the cells under the polarization effect. The increase of the current



fluctuations for SOMRL1 collisions could be also related to a current flow at the cell surface
due to the presence of redox proteins, even if our experimental conditions (under aerobic
conditions and without the presence of a carbon source) hinder the cells from growing and

producing electrons that can be transferred to the electrodes.

In order to investigate if the increase of the current fluctuations in the i—¢ curves
recorded in the presence of SOMRI1 was due to the cells’ mobility on the polarized UME
surface, electrochemical blocking impact experiments were performed at cold temperatures
(10 £ 3 °C). In these experimental conditions, the current fluctuations related to the mobility
of SOMR1 bacteria or Omcs redox proteins onto the polarized UME surface should be much

lower than at room temperature (21 £+ 2 °C) due to the cells’ reduced activity.
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Fig. 5. i—t curves recorded on a 7 um-diameter CF UME at +0.8 VV vs Ag/AgCl in 2 mL of
50 mM K4Fe(CN)s 0.1 M PBS at pH 7.4 under an inert atmosphere at cold temperatures, in
the presence of ~10° cells of EC (black) and SOMR1(orange).

Table 2

Standard Deviation (SD) values of the background current values determined before the first
and after the third bacterium impact events of the i— curves recorded on 7 um-diameter CF,
10 pm-diameter Pt and 12.5 um-diameter Au UMEs at +0.8 V vs Ag/AgCl in 2 mL of 50 mM
K4Fe(CN)s 0.1 M PBS at pH 7.4 under an inert atmosphere at cold temperatures, in the
presence of ~10° cells of EC and SOMR1 (Fig. S4).



UME SD (pA) EC cold SOMRL1 cold

CE Before step 1 3 4
After step 3 7 3
Pt Before step 1 2 6
After step 3 4 7
Al Before step 1 3 9
After step 3 5 6

In Fig. 5, the i— curves recorded on 7 um-diameter CF UME in the presence of
~10° cells of EC (black curve) and SOMR1 (orange curve) are presented. The SD values of
the background current values determined from the corresponding measurements (Fig. 5 for
CF UME and Fig. S4 for Pt and Au UMES) are reported in Table 2. At cold temperatures, the
overall current was lower in the i—¢ curves (because current decreases with the temperature),
thus the current step magnitude of impact events (between 70 and 90 pA for the three UMES)
was also lower for the three strains. While the SD values (Table 2) determined from i—¢ curves
recorded in the presence of EC bacteria were in the same order of magnitude (between 2 and
7 pA) as those at room temperature, the values observed for SOMR1 were different (Fig. S5).
For SOMRL1 bacteria no significant change of the background current SD (between 3 and
9 pA) before the first and after the third current steps in the i—¢ curves recorded on CF, Pt and
Au UMEs was observed at cold temperatures. This result demonstrates that the increase of the
current fluctuations observed in the i~ curves after the first impact events of single SOMR1
cells at room temperature is indeed related to the adhesion behavior of adsorbed bacteria and
the mobility due to the Omcs redox proteins onto the polarized UME surface. It is the first
time that the role of Shewanella’s Omcs proteins in the bacteria adhesion onto a polarized
surface is demonstrated by blocking impacts electrochemistry at the single-cell scale. This
study highlights the difference in the electrochemical response of single blocking impact
experiments between E. coli and S. oneidensis, attributed to variations in the redox properties

at the cell surface of Shewanella.



4. Conclusions

In this work, a comparative study of two Gram-negative bacteria (E. coli and
S.oneidensis) by single blocking impacts electrochemistry was conducted.
Chronoamperometry measurements (i—¢ curves) were recorded at +0.8 V vs Ag/AgCl on
7 um-diameter carbon, 10 um-diameter Pt and 12.5 pum-diameter Au UMES in an agueous
solution of 50 mM K4Fe(CN)s 0.1 M PBS at pH 7.4 in the presence of three bacteria strains.
The data collected for EC and two strains of S. oneidensis (the wild-type strain SOMRL1 and
the mutant AMtrC AOmcA with the MtrC and OmcA outer membrane cytochromes genes
deleted) showed similarities in terms of current step signal magnitude related to the similar
shape and size of E. coli and S. oneidensis bacterial cells. The most significant result of this
study was the difference in the current fluctuations obtained with the different strains. Our
analysis of the standard deviation of the background current values before and after the three
first impact events revealed a different trend for SOMR1 bacteria. Contrary to EC and the
mutant AMtrC AOmcA, which presented stable background currents during the 200s i—¢
measurement, intensification of the current fluctuations could be observed for SOMR1. Based
on supplemental single blocking impact experiments performed at cold temperatures, the
increase of the current fluctuations after the first impacts of SOMR1 bacteria at room
temperature was assigned to the different adhesion behavior of the adsorbed cells at the
polarized electrode surface. This behavior is absent for the Shewanella mutant lacking MtrC
and OmcA, demonstrating that these Omcs, usually involved in the adhesion properties of this
electroactive bacterium, are responsible for the increase of the current fluctuations in the i—¢
curves recorded at room temperature. We suggest that single blocking impacts
electrochemistry may be an original and useful tool for investigating Shewanella redox
proteins in regard to the cell’s mobility and adhesion onto a polarized surface. This is

important to understand the significance of these proteins not only for electron transfer but



also for the adhesion process to electrodes. This study should be extended to other types of

electroactive bacteria.
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e Blocking impacts electrochemistry of Shewanella oneidensis electroactive bacteria
e Chronoamperometry at the oxidation potential of the ferrocyanide redox probe

e Current step signals related to bacteria adsorption on the microelectrode surface
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