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Shewanella oneidensis MR-1 are metal-reducing bacterial cells able to exchange electrons with solid-phase minerals outside
the cell. These bacterial cells can produce outer membrane extensions (OMEs) that are tens of nanometer wide and several
microns long. The capability of these OMEs to transport electrons is currently under investigation. Chemically fixed OMEs
from S. oneidensis have shown good dc conducting properties when measured in air environment. However, no direct
demonstration on the conductivity of intact (non-chemically fixed) OMEs has been provided, yet, due to the inherent
difficulties in measuring it. In the present work, we measured the electrical properties of intact OMEs in dry air environment
by using Scanning Dielectric Microscopy (SDM) in force detection mode. We found that at the frequency of the
measurements (~2 kHz), OMEs show an insulating behavior, with an equivalent homogeneous dielectric constant eome = 3.7
+0.7 and no dephasing between the applied ac voltage and the measured ac electric force. The dielectric constant measured
for the OMEs is comparable to that obtained for insulating supramolecular protein structures (gprotein = 3-4), pointing towards
a rich protein composition of the OMEs, probably coming from the periplasm. Based on the detection sensitivity of the
measuring instrument, the upper limit for the ac conductivity of intact OMEs in dry air environment has been set to
Gomeac<10® S/m, a value several orders of magnitude smaller than the dc conductivity measured in air environment in
chemically fixed OMEs. The lack of conductivity of OMEs can be attributed to the relatively large separation between
cytochromes in non-chemically fixed OMEs and to a suppression of the cytochromes' mobility due to the dry environmental

conditions.

A Introduction

Some bacterial species such as Geobacter sulfurreducens,
Shewanella oneidensis and several others can exchange
electrons extracellularly with solid electrodes or minerals (1),
(2), (3). Electrons are exchanged by direct contact with the
substrate, through molecular shuttles, like flavins, or through
cell appendages, such as pili, outer membrane extensions or
protein fibers (3), (4). The bacterial cell appendages act as
conduits of electrons between the cell and distant substrates
and for this reason they are referred to as bacterial nanowires
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(5), (6), (7), (8), (9), (10), (11), (12). Bacterial nanowires enable
the exchange of electrons with substrates located microns far
from the cell body. Their existence has attracted a lot of
attention in the field of bioelectronics due to their unique and
fascinating potential applications (13), (14), (15).

Outer Membrane Extensions (OMEs) from Shewanella
oneidensis MR-1 have been suggested to be bacterial nanowires
(16). OMEs are produced from the controlled blebbing of the
outer membrane of the bacterial cell under oxygen limitation
growth conditions (16), (17). They are composed of proteins
and lipids, with no presence of RNA or chromosomal DNA (18).
They are microns long and their diameter ranges from ~40 nm
to ~250 nm (17). Different studies have demonstrated that
chemically fixed S. oneidensis OMEs conduct electricity in an air
environment. Conductivities of up to ~1S/cm have been
reported (7). The charge transport mechanism is believed to be
multistep electron hopping between cytochromes (19). The
hopping conduction is made possible because cytochromes are
closely packed in these systems, since the growth under oxygen
limitation condition increases the density of cytochromes and
the chemical fixation reduces the diameter of the OMEs down
to only ~10 nm (6), (20). The charge transport presents a p-type
tunable electronic behavior (10). For non-chemically fixed
OMEs no direct evidence of their conductive properties has
been provided, yet. Measuring the conductivity of intact (non-
chemically fixed) OMEs is very challenging, since two-electrode



or Conductive Atomic Force Microscopy (C-AFM)
measurements are difficult to be performed in such fragile
nanostructures. Indirect evidence on their possible conductive
has been provided wusing ultrastructural cryo-
Transmission Electron Microscopy (cryo-TEM) and Fluorescence
Microscopy studies, which demonstrate that the density and
mobility of cytochromes in the OMEs could enable electronic
hopping conduction assisted by the diffusion of the
cytochromes in the OMEs (17).

In order to shed more light on this open problem, here, we
measured the ac electric properties of intact, non-chemically
fixed, Shewanella oneidensis OMEs in dry air environment using
Scanning Dielectric Microscopy (SDM) in force detection mode
(21). SDM measures the ac electric force acting on the
conductive probe of an Atomic Force Microscope (AFM) in
response to an ac voltage applied between the probe and the
sample's substrate. The measured electric force senses the ac
polarization properties of the nanoscale object, which depends
on its ac conductivity and dielectric constant, whose values can
be obtained following a stablished procedure. SDM, being a
non-contact nanoscale electrical technique, is especially well
suited to determine the electrical properties of fragile
nanoscale objects like non-chemically fixed OMEs. Studies on
the conductive and dielectric properties of nanoscale objects by
means of SDM have been carried in the past on carbon
nanotubes (22), (23), (24), inorganic semiconducting (25) and
metallic (26) nanowires, single metallic (27) and dielectric (21)
nanoparticles, single virus particles (21) and macromolecular
protein structures such as virus capsids and tails (28), and
bacterial flagella (29). Recently, SDM has also been applied to
support the electrical conduction properties of protein fibers in
filamentous cable bacteria (30).
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B Results

(a

OMEs from S. oneidensis MR-1 bacterial cells were produced as
previously described in Ref. (16) (see Materials and Methods).
Figure 1a shows a fluorescence optical microscopy image of the
bacterial cells adsorbed on a glass coverslip labelled with the
membrane FM™ 4-64FX dye. OMEs (some of which are
highlighted with white arrows) can be clearly identified in
several bacterial cells (additional images are provided in the
Supporting Information S1). Figure 1b shows a topographic AFM
image of a sample prepared on a gold-coated glass coverslip and
imaged in a dry air environment in intermittent contact mode.
Again, OMEs can be identified in several of the bacterial cells
(some of which are highlighted by white arrows). Figure 1c
shows a zoom-in AFM image around one of the OMEs. The OME
shows the characteristic bubbling structure formed by a chain
of small vesicles ¥~40—-80 nm in diameter (see cross-section
topographic profile in the inset of Fig. 1c), in agreement with
results reported earlier from cryo-TEM imaging (16). We note
that the drying process does not seem to affect significantly the
size of the OMEs. To show it we have acquired AFM images of
dry and re-hydrated OMEs and observed that their size remains
not much affected, while for instance, that of the bacterial cell
nearly doubles (see Supporting Information S2). This result
suggests that the distribution of cytochromes in non-chemically
fixed dry OMEs could be like the one found in hydrated or flash-
frozen samples, although a more direct demonstration would
be required to confirm it.

To measure the electric polarization properties of the OMEs by
means of SDM (21) we have applied an ac voltage of frequency
fe~ 2 kHz and amplitude vq.=5 V between the conductive AFM
probe and the conducting substrate in dry air environmental
conditions. The applied electric potential induces the oscillation
of the cantilever. The amplitude and dephasing of the 2f
harmonic is measured as a function of distance on selected
positions of the sample. From the oscillation amplitude we
derive the values of the capacitance gradient value, dC/dz,
which contain the information on the electric polarization
properties of the OMEs (21) (see also Materials and Methods).
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Figure 1. (a) Fluorescence light microscope image of S. oneidensis bacterial cells labelled with the membrane dye FMTM 4-64FX dye. White arrows point towards some of the OMEs.
(b) AFM topographic image of S. oneidensis bacterial cells in an air environment. OMEs are marked with white arrows. (c) Zoom in AFM image of one of the OMEs showing its
characteristic bubbling structure. Inset: Topographic cross-section profile of the OME along the white dashed line in (c).
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Figure 2a shows capacitance gradient dC/dz versus tip substrate
distance, z, curves acquired at the five positions marked in Fig.
1c, namely, Psubs (substrate), P1-P3 (OME) and Ppac (bacterial cell
body). At a given tip-substrate distance, z, the dC/dz values
measured on the OME (and on the bacterial cell) are higher than
those measured on the bare metallic substrate (black line). This
fact just reflects that the polarization of the OMEs (and of the
bacterial cell) is detected and that it is higher than that of the
air environment (as should be). We also note that for large tip-
substrate distances, z > 300 nm, all the dC/dz curves merge with
that of the substrate. This fact is an indication that the electric
measurements are local for z<300 nm. The inset of Fig. 2a
shows the dephasing measured between the cantilever
oscillation 2m-harmonic and the ac applied voltage as a function
of the tip substrate distance (see Materials and Methods for
details). No dephasing is observed in none of the locations
where measurements have been performed and for none of the
tip-substrate distances considered. From the results reported in
Fig. 2a, some conclusions can be drawn. First, the lack of
dephasing between the cantilever oscillation 2®-harmonic and
the ac applied voltage is a signature of either an insulating or a
highly conductive behavior (30). This fact discards a poor
conductor or a lossy dielectric behavior, since in those cases
some dephasing should be observed (see discussion section).
Furthermore, we note that the dC/dz versus distance curve
measured on the OME at point P3 is almost identical to that
measured on the bacterial cell body at point Ppac (orange and
green continuous lines in Fig. 2a). Since the heights of them are
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almost the same, these results indicate that the OME
polarization response is like that of a bacterial cell in a dry air
environment. In Ref. (31) we showed that under this condition
bacterial cells show an insulating behavior at the frequency of
the measurements with an equivalent homogeneous dielectric
constant epac ~ 3 — 4. One, therefore, would expect a similar
behavior for the OMEs.

We have quantified the dC/dz versus tip-substrate distance
curves in Fig. 2a to extract the equivalent homogeneous
dielectric constant of the OMEs (and of the bacterial cell), &,
following the standard quantitative procedures of SDM (21),
(32), (33). In a nutshell, theoretical dC/dz vs distance curves
have been calculated for a tip-OME homogeneous dielectric
model and fitted to the experimental dC/dz curves, with the
equivalent homogeneous dielectric constant, &g as single
fitting parameter. The geometrical model of the OMEs has been
extracted directly from the measured sample topography, as
described elsewhere (34). Figure 2b shows an example of one
of the tip-sample geometries modelled to quantitatively analyze
the dC/dz curves, corresponding to position P2 in Fig. 1c. The tip
is assumed to be a cone with a tangent sphere apex, with their
dimensions being obtained from the dC/dz vs distance curves
measured on the bare metallic substrate, as described
elsewhere (21), (32), (33), (35). In Fig. 2b, we show an example
of a calculated electric potential distribution displayed on the
surface of the OME, which highlights the locality of the SDM
measurements.
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Figure 2. (a) Capacitance gradient (from the 2@-electric force harmonic) versus tip-substrate distance curves measured on the selected positions of the sample in Fig. 1c (Psubs
substrate, P1-P3 OME, and Pbac bacteria cell body). All curves are plotted as a function of the tip-substrate distance. The dashed lines represent the fitted numerically calculated
curves. Inset: Dephasing between the 2-electrical force harmonic and the ac applied voltage as a function of the tip-substrate distance. Experimental parameters: v,.=5V,
fe =2 kHz, Gain = 1, tip = PtSi-CONT and k = 0.3 N/m. (b) Example of a tip-OME geometrical model (corresponding to P3) used to compute the theoretical dC/dz approach curves.
One of the calculated electric potential distributions is plotted on its surface. Tip parameters used in the calculations (obtained from the dC/dz curve measured at Psubs): tip radius
R =23 nm, half cone angle 6 = 20°, capacitance gradient offset C'ysset = 97 zF/nm. The remaining parameters of the tip were set to their nominal values: cone height H = 12.5 um,
local cantilever length L. = 3 um and cantilever thickness W, = 3 um. (c) Summary of the equivalent homogeneous dielectric constants, €.q, extracted on three different OMEs. The
insets show the topographic AFM images of the OMEs with the location of the points at which the electrical measurements have been performed. The first inset AFM image is the
same as that of Fig. 1c, reproduced here for an easier reference.
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The dashed lines in Fig. 2a correspond to the fitted theoretical
curves obtained following this procedure (note that for each
point P1-P3 the corresponding local sample topography has
been used in the modelling). The equivalent homogeneous
dielectric constant values obtained are: &p;=3.9+0.2,
gp2=3.4+£0.3, and &p3=2.6+0.2. The errors have been
estimated from the sensitivity of the dC/dz values to the
dielectric constant for an instrumental noise of 1 zF/nm. The
averaged equivalent homogeneous dielectric constant for this
OME is gome = 3.5 £ 0.8. This value is like the one obtained for
the bacterial cell at position Py (by using a bacterial model)
Epac = 3.9 £ 0.1, thus confirming the veracity of the qualitative
argument made above. The dielectric nature of the model
considered in this quantitative analysis also predicts the lack of
dephasing between the 2w-harmonic oscillation and the applied
ac voltage, in agreement with the lack of dephasing found in the
experiments. The same analysis has been repeated for two
additional OMEs corresponding to different bacterial cells (see

Supporting Information S3). A summary of the equivalent
homogeneous dielectric constants extracted is shown in Fig. 2c.
The topographic images corresponding to each OME, and the
locations where the electrical measurements have been
performed, are shown as insets. For the three OMEs analyzed,
similar values for the dielectric constant, &g have been
obtained. The overall averaged dielectric constant value
obtained is gopme=3.7 £0.7, where the error is the standard
deviation over the N = 7 measurements corresponding to seven
different locations on the three different OMEs.

To assess the uniformity of the dielectric properties of the OMEs
we have acquired lift-mode SDM images and analyzed them
quantitatively. Figure 3a shows the AFM topographic image of
one of the regions analyzed (located around point P2 in Fig. 1c).
Figures 3b and 3c show, respectively, the corresponding lift-
mode dC/dz and phase SDM images acquired at a lift distance z
=55+ 2 nm with respect to the sample surface.
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Figure 3. (a) Topographic AFM image of the OME located around point P2 in Fig. 1c. (b) Corresponding lift-mode dC/dz and (c) phase SDM images at a distance z = 55 nm from the
sample surface, respectively. Experimental parameters: v, =5V, fo = 2 kHz, Gain = 1, tip = PtSi-CONT and k = 0.3 N/m. Cross-section profiles of the (d) topography, (e) dC/dz and (f)
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phase along the dashed lines in (a)-(c), respectively (solid black lines). The grey line with symbols in (d) corresponds to the topographic profile along the dashed line in the reduced
topographic model in (g). The solid lines with symbols in (e) correspond to calculated theoretical dC/dz cross-section profiles along the dashed lines in (h)-(l). (g) Reduced 29x29 pixel
topographic model used for the numerical calculations. (h)-(l) Lift-mode dC/dz images calculated with the reduced geometrical model in (g) for different values of the equivalent

homogeneous dielectric constant of the OME, gome = 2, 3, 4, 5 and 10, respectively. In all calculated cases, the dephasing is null (not shown). Tip parameters: same as in Fig. 2.

The lift-mode dC/dz image (Fig. 3b) shows an excellent contrast,
although a substantial part of it comes from topographic
crosstalk effects, as discussed elsewhere (36). The phase image
shows no contrast at all, confirming the lack of dephasing
induced by the OMEs between the ac electric force and the ac
applied voltage. Figures 3d-3f (black lines) show cross-section
topographic, capacitance gradient, dC/dz, and dephasing
profiles taken along the dashed lines in Figs. 3a-3c. To
quantitatively analyze the lift-mode electric image, we have built
a geometric model for the OME extracted from the topographic
image in Fig. 3a and moved the tip along it at a constant tip-
sample distance to form the corresponding dC/dz lift-mode
images. For computational efficiency, a reduced number of
pixels (29x29) have been included in the geometric model, see
Fig. 3g. Despite the reduction in the number of pixes, the
geometric model still describes the topography of the OMEs
faithfully (see Fig. 3d for a comparison of the topographic cross-
section profiles obtained from the experimental and simulated
reduced topographic images). Figures 3h-3l show calculated lift-
mode dC/dz images for five values of the homogeneous
equivalent dielectric constant of the OME, gome= 2, 3, 4, 5, 10.
By comparing the calculated images (Figs. 3h-31) with the
experimental one (Fig. 3b), we observe that the best matching is
obtained for gome = 3 — 4 (see also the comparison of the
calculated and experimental dC/dz cross-section profiles in Fig.
3e and the histogram analysis in the Supporting Information S4).
This result agrees with what obtained from the electrical
measurements on selected locations (see Fig. 2c) and that gave
gome = 3.7 £ 0.7. This result confirms that the dielectric response
of the OMEs is rather uniform and discards the presence of spots
or regions with different dielectric behavior. Since the model is
purely dielectric, it predicts no dephasing, in agreement with the
experimental measurements.

C Discussion

We have measured the ac electrical properties of intact, non-
chemically fixed, Outer Membrane Extensions (OMEs) from S.
oneidensis MR-1 bacterial cells by means of Scanning Dielectric
Microscopy (SDM) in dry air environment. We have found that
at the frequency of the measurements (~2 kHz) the
homogeneous equivalent dielectric constant of the OMEs is
gome=3.7£0.7. Furthermore, no dephasing between the
measured ac electric force and the applied ac voltage has been
observed. These results indicate that intact OMEs in a dry air
environment, and at the measuring frequency of ~2 kHz, show
an insulating behavior. The measured equivalent homogeneous
dielectric constant reflects, then, the composition of the OMEs
(21). OMEs have a bubbled core-shell structure, with a
membrane composed mainly by lipids and polysaccharides (like

the outer cell membrane) and a core filled with periplasm
content consisting of a gel of densely packed proteins (16), (17).
The thickness of the membrane is only ~5 nm, much smaller than
the actual size of the OMEs (~40-80 nm). Moreover, the
polarizability of the membrane components is lower to that of
proteins (lipids and lipopolysaccharides have dielectric
constants in the range &, ~ 2 — 3, while proteins have &proteins ~ 3
— 4 (28), (37), (29)). These facts imply that the equivalent
homogeneous dielectric constant of the OMEs is basically
determined by the dielectric constant of the proteins in the core.
This result explains, then, why the measured dielectric constant
of the OMEs (gopme=3.7 £0.7) is similar to that measured on
other supramolecular insulating protein structures (€proteins ~ 3 —
4). On the other side, for the case of conductive protein fibers,
as those present in filamentous cable bacteria, it has been
shown that the equivalent homogeneous dielectric constant is
much higher (&cpe=11+%3), what is compatible with a
conductive core-insulating shell model (30).

We have analyzed whether the measured electrical forces for
the OMEs are compatible with the presence of some relevant
conductivity in the OMEs. To this end we followed a similar
procedure to the one described in Ref. (30). We have considered
a dielectric homogeneous model like the one in Fig. 2b, and
added to it an equivalent homogeneous conductivity, Gome.
Figures 4a-4c (res. Figs. 4d-4f) show surface (res. cross-section)
electric potential distributions calculated for this model for three
characteristic conductivities ocome=108S/m, come= 10°¢S/m
and ocome= 10°S/m, corresponding, respectively, to insulator,
lossy insulator and conductor behaviors (see below). It is
observed that the presence of just minute conductivities would
largely alter the electric forces measured by the tip. Figures 4g
and 4h show the values of the dC/dz contrast and dephasing,
respectively, as a function of the conductivity of the OME for a
frequency of 2 kHz and for a tip-substrate distance z =196 nm.
The results show that for conductivities come < 1077S/m the OME
shows an insulating behavior with dC/dz being independent of
the conductivity, come, and strongly dependent on the dielectric
constant, gome. No dephasing is obtained in this conductivity
range. For conductivities come> 10°S/m, the OME shows
already a "full' conductive behavior, with dC/dz being
independent from both the conductivity and the dielectric
constant. No dephasing is predicted for this range of
conductivities neither. Finally, in the intermediate range of
conductivities 107 S/m< come < 10> S/m the OME behaves like
an insulator with loses, with dC/dz being dependent on both the
dielectric constant and the conductivity. A non-null dephasing of
a few degrees is obtained in this case.
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Figure 4. (a)-(c) Calculated electrical potential distribution overlaid on the surface of a conductive homogeneous OME model around point P2 from Fig. 1c, for three characteristic

conductivities come = 108 S/m (insulator), Gome = 106 S/m (insulator with losses) and come = 10 S/m (conductor). (d)-(f) Corresponding cross-section electric potential distributions.
(g) Capacitance gradient and (h) dephasing as a function of the conductivity of the OME for three different values of the die lectric constant of the OME. The dashed line corresponds

to the value of a pure dielectric model with a dielectric constant equal to the experimentally determined value. The grey area represents the noise of the measuring instrument.

Parameters: R=23 nm, 6=202, H=12.5 um, L.=W.=3 um, z=196 nm, 41 x 41 pixel.

The grey band in Fig. 4g and 4h represent the experimental
values for the dC/dz contrast and the dephasing under
uncertainty corresponding to the experimental values
(eome ~ 3.5 and come ~ 0 S/m, dashed lines in Figs. 4g and 4h,
and dC/dznoise ~ 1 zF/nm and phasencise ~ 1°). By analyzing the
graphs, one can set that the upper conductivity limit compatible
with the experiments for the OMEs is come <3 x107S/m, a
value very far from that reported in chemically fixed OMEs
(oomEfixed ~1S/m) (7). We have performed a similar analysis
for the case of considering a core-shell conductive model for the
OMEs, which, in principle, should better reflect their actual
structure (see Supporting Information S5). The core has been
assumed to be insulating (ccore =0S/m) with a dielectric
constant gcore = 3 (corresponding to proteins). The shell, instead,
has been assumed to be conductive (e.g. due to the cytochrome
hopping conduction) with conductivity Gshen, and with a
dielectric constant &snen =2 (corresponding to lipids) and
thickness, d. From the analysis performed, we obtained similar
conclusions to the ones obtained with the homogeneous
conductive model, namely, the maximum conductivity of the
shell compatible with the experiments and the sensitivity of the
measuring instruments is very low, in this case, Gsheir < 10 S/m.
From both the conductive homogeneous and core-shell models
the upper limit of the conductivity for non-chemically fixed dry

OMEs is orders of magnitude lower than the conductivity
reported on chemically fixed dry OMEs (oowmefixed ~ 1 S/m) (7).
The absence of an ac conductivity in intact OMEs in dry air
environment can be explained in terms of their structural and
physical properties, which are different from those of dry and
chemically fixed OMEs and from those of hydrated intact non-
chemically fixed OMEs. Dry and chemically fixed OMEs show a
strong reduction of its diameter during the sample preparation
process passing from ~50 — 250 nm to just ~10 nm. The shrinking
in size could drastically reduce the separation between
cytochromes, which could eventually enable multistep hopping
conduction, as discussed elsewhere (19), (20). Instead, in dry
but non-fixed OMEs the diameter of the OMEs remains
practically unmodified (see Supporting Information S2). As a
result, the separation between the cytochromes is considerably
larger than on fixed OMES, what would drastically reduce the
hopping probability (which depends exponentially on the
separation between hopping centers (19)). Furthermore, the
diffusivity of the cytochromes in intact OMEs in dry air
environment is also expected to be drastically reduced with
respect to fully hydrated OMEs. This fact can prevent the
occurrence of hopping conduction facilitated by the diffusivity
of the hopping centers, which is the mechanism believed to take
place in hydrated OMEs (17). The fact that the measurements

3 S
10° 10° 10° 10* 10°




are performed in the kHz range can make the reduced diffusivity
of the hopping centers even more very relevant. Altogether
these facts can explain the lack of ac conductivity observed in
the SDM measurements reported here. These results, however,
do not imply that some conductivity cannot be observed on
OMEs in hydrated natural conditions. As we mentioned above,
in hydrated OMEs the cytochromes diffusivity is expected to be
non suppressed, and hence could facilitate electron transport,
at least at very low measuring frequencies, as it has been argued
in Ref. (17). A direct demonstration of the conductive properties
of intact OMEs in fully hydrated conditions is still challenging at
present. A direct demonstration would require the realization
of electric conductivity measurements in the liquid
environment on intact OMEs. The possibility to operate SDM in
the liquid environment has already been demonstrated (38),
and applications on several fragile samples have been reported,
like lipid bilayers (39), (40), self-assembled monolayers (41) or
liposomes (42) and on electrolyte gated organic field-effect
transistors (43). However, in-liquid SDM measurements need to
be performed at frequencies in the MHz regime, which could
make difficult the observation of diffusion assisted conductivity,
which is expected to take place at lower frequencies. In
addition, the preparation of intact OMEs in fully hydrated
conditions for SDM measurements is challenging, due to the
poor absorption of the OMEs on the conductive substrates
required for SDM measurements. Further research is, then
necessary, to overcome these issues.

D Experimental

Bacterial cell growth and preparation of OMEs samples. OMEs
from Shewanella oneidensis MR-1 bacterial cells were produced
as previously described in Ref. (16). S. oneidensis MR-1 (ATCC
700550) bacterial cells were grown overnight at 30°C in Luria-
Bertani broth (LB) (Scharlab) in aerobic conditions. 5 ml of the
overnight culture were centrifuged for 5 min at 4226 G, and the
harvested bacteria were resuspended in the minimal defined
medium (16) supplemented with 30 mM fumarate, and
incubated anaerobically overnight at 30°C in Hungate tubes
(purged with N3). 50 ml of the anaerobic culture were again
centrifuged for 5 min at 4226 G and resuspended in the minimal
defined medium without fumarate. The resuspended bacterial
cells were then placed in a reactor consisting of a glass cylinder
pasted with silicone to a glass coverslip (or to a gold-coated
glass coverslip) and let incubate for 3 -4 hours at room
temperature (see Supporting Information S6). The medium was
then removed, and the sample was gently rinsed with miliQ
water and left to dry at room temperature. Finally, the glass
coverslip was removed from the reaction chamber. For
fluorescence optical microscopy imaging, the glass coverslip
was directly placed on the microscope. For SDM measurements,
a gold-coated glass coverslip was used. In this case, after
removing it from the reactor it was attached to a magnetic disk,
which was connected on the one side to the gold surface, and
on the other side to the ground of the AFM/SDM with a small
wire by using silver paste.

Fluorescence images. Bacterial cells attached to the glass
coverslip were stained with N-(3-triethylammoniumpropyl)-4-
(6-(4-(diethylamino) phenyl) exatrienyl)pyridinium dibromide
(FM™ 4-64FX, Thermo Fisher Scientific) at a concentration of 5
ug/ml, according to manufacturer instructions. Fluorescent
images were acquired with a Nikon inverted fluorescent
microscope ECLIPSE Ti-S/L100 (Nikon) equipped with a DS-Qi2
Nikon camera (Nikon).

Scanning Dielectric Microscopy. SDM measurements in force
detection mode have been performed as described earlier (21).
A Cypher S AFM system from Oxford Technologies (former
Asylum Research) has been used with PtSi-CONT conductive
probes (Nanosensors) with a typical spring constant
k ~ 0.2 N/m, determined by the provider according to the
probe dimensions, resonance frequency f,~ 13 kHz and
nominal tip radius R ~ 20 nm. An ac voltage of amplitude vp~ 5
V and frequency fei~ 2 kHz, much smaller than the resonance
frequency of the cantilever, was applied between the probe and
the conducting substrate. The amplitude, A;», and phase, @z,
of the oscillation 2w-harmonic was measured by using the
system internal lock-ins (for further details see Ref. (29)). The
overall conversion of raw A,»data to capacitance gradient
values dC/dz values was done by using the relation (21)

dc 4 A=Az offse

o = e (e &)
where Azu,of1set is the lock-in offset, m the optical lever sensitivity
and G the lock-in gain. Equation (1) comes from the
relationships between the ac force and the oscillation
amplitude in off-resonance, F.»=kA;» and between the ac force
and the capacitance gradient, dC/dz, F20=1/4 dC/dz vq2. SDM
measurements were performed in controlled dry air
environment conditions (RH < 1%) maintained by an N, flow.
Extraction of the equivalent homogeneous dielectric constant
of the OMEs. The quantitative extraction of the equivalent
homogeneous dielectric constant of the OMEs, &4, was done
following the standard methods of SDM (21), (32), (33). In a
nutshell, we used finite element numerical calculations to
simulate theoretical SDM capacitance gradient approach curves
for a homogeneous dielectric model of the OMEs and fitted
them to the experimental with the equivalent
homogeneous dielectric constant, &4, being the single fitting

curves,

parameter. The tip geometry (tip radius, half cone angle and
capacitance gradient offset) was determined from dC/dz
approach curves measured on a bare part of the metallic
substrate as detailed elsewhere (21), (32), (33), (35). The
following tip parameters were set to their nominal values: cone
height H=12.5 um, local cantilever L.=3 um and cantilever
thickness W, = 3 um. The sample geometries for the OMEs and
the bacterial cell body were directly reconstructed from the
topographic images, as detailed elsewhere (34). Tip convolution
effects were not accounted for explicitly, as they were assumed
to have little effect in the extraction of the dielectric constant
values since the probes tip radii were small (~20 nm) and the
OMEs had a relatively large diameter ~ 50 nm —100 nm. The
numerical calculations have been implemented in COMSOL
Multiphysics 5.3a by using the AC/DC electrostatic module. The



quantitative analysis was carried by using a custom software
routine written in Matlab (Math Works).

Analysis of the effects of the conductivity. To analyze the
effects of an eventual conductivity of the OMEs in the
magnitude of the capacitance gradient dC/dz and on the electric
force dephasing we have considered the above-described
model with a non-zero homogeneous conductivity, and solved
it in the frequency domain by using the currents model
implemented in the AC/DC electrostatic module of COMSOL
Multiphysics 5.3a. The modulus and phase of the electric force
have been determined by integration of the Maxwell stress
tensor on the tip surface.

Conclusions

In this work, we have determined the dielectric properties of
intact, non-chemically fixed, outer membrane extensions
(OMEs) of S. oneidensis MR-1 by means of Scanning Dielectric
Microscopy (SDM) in force detection mode in a dry air
environment. We have found that at a frequency of ~ 2 kHz the
OMEs show an insulating behavior with dielectric constant,
gome = 3.7 £0.7. This value is compatible with the composition
of OMEs being dominated by periplasmic proteins. Based on the
sensitivity of the measuring instrument an upper conductivity
limit was set to come< 10°%S/m, a value several orders of
magnitude lower than the one measured on dry chemically
fixed OMEs. We argued that the lack of conductivity in intact
OMEs in dry air environment could be caused by the relatively
large separation between cytochrome centers and to its
reduced diffusivity due to the dry conditions. Present results do
not preclude the occurrence of an eventual conductivity on
hydrated intact OMEs, in which the mobility of the cytochromes
is expected to be large enough for diffusion assisted hoping
conduction.
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S1. Additional data to Figure 1a.

Figure S1: Time sequence of fluorescence light microscope images of S. oneidensis bacterial cells

labelled with the membrane dye FM™-464FX. White arrows point towards some of the OMEs.



S2. Effect of hydration on the OMEs physical dimensions

(a) (b)
285nm

Bacteria Bacteria

Onm
(02 (d)
00— . . Br 120—
acteria OME
300/ 90/°" -
B B
£ 200 . £ 60
= e
1001 . 304
0 . ; . 0 . ;
0,0 05 1,0 1,5 2,0 0,0 0,5 1,0 1,5

X (1m) X (um)

Figure S2: (a) and (b) AFM topography images of S. oneidensis bacterial cells with OMEs adsorbed
on a glass substrate in dry air and fully re-hydrated conditions, respectively. (c) and (d) Topographic
cross-section profiles of the bacterial cell and of the OMEs, respectively, in air and re-hydrated
conditions along the lines in (a) and (b). While the bacterial cell nearly doubles its size upon-

rehydration, OMEs remain almost unaffected.



$3. Additional data to Figure 2c
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Figure S3: (a) and (c) AFM topographic images of two Shewanella oneidensis OMEs, and (b) and (d)

corresponding capacitance gradient curves measured at selected positions. The dashed lines
represent the theoretically fitted curves, from where the tip geometry and the equivalent
homogeneous dielectric constants have been extracted. Parameters for (a) and (b): tip PtSi-CONT, k
=0.4 N/m, Vac =5V, fer=2kHz, R=31+2 nm, 9 =22 + 3°, C'offset = 88 + 1 aF/nm, €ome = 3.6 + 0.1.
Parameters for (c) and (d): tip PtSi-CONT, k = 0.3 N/m, Vac =5V, fey=2kHz, R=25+2nm, =22 +
3°, Cloffset = 103 + 1 aF/nm, €ome = 4.3 # 1.0.



S4. Additional data to Figure 3.
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Figure $4: Histogram analysis of the experimental lift-mode dC/dz SDM image shown in Fig. 3b of
the main text (black line), and the theoretically calculated ones shown in Figs. 3h-3I corresponding
to equivalent homogeneous dielectric constants come=2, 3,4, 5, 10 (remaining lines). The best

agreement is found for gome= 3 —4 (red and blue lines).



S5. Effect of the shell conductivity on the dC/dz values for a core-shell model of the OMEs.
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Figure S5: Calculated electric potential distributions on the surface (a)-(c) and cross-section (d)-(f) of
a cylindrical conductive core-shell model of an OME for three characteristic homogeneous
conductivities of the shell oshen= 107 S/m (insulator), oshen = 2.5-10°° S/m (insulator with losses) and
oshe=1 S/m (conductor). (g) Capacitance gradient contrast and (h) dephasing as a function of the
conductivity of the shell, osnen, for four different values of the thickness of the shell (d =5 nm, 10 nm,
15nmand 20 nm). The black dashed lines correspond to the value of a homogeneous dielectric model
with the experimentally found equivalent homogeneous dielectric constant (ge.q = 3.7). The remaining
dashed lines correspond to the indicated values in the figure. The grey areas correspond to the
uncertainty in the measurements due to the noise of the measuring set-up. Parameters used in the
calculations: width and height of the OME home = wome = 50 nm, length of the OME Lome = 4 um, tip-
sample distance = 50 nm, &core=3, &shel=2, Ocore=0S/Mm, R =23 nm, 8=20°, H=12.5 um, L. = 3 um and

We =3 um.



S$6. OMEs growth reactor
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Figure S6: (a) Schematic representation of the reactor used to growth the OMEs. (b) Pictures of the

reactor set-up used with a glass coverslip and a gold-coated glass coverslip.



