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Supplementary Notes

Note 1: Additional results and discussion of the ToF-SIMS analysis

The principal results of the ToF-SIMS analysis are described in the main text. Here we
provide additional experimental results and discussion to support the conclusions drawn in the

main text.

Fragment identification. In total 71 fragment ions were identified in positive mode and
173 in negative mode in the ToF-SIMS runs of the fiber sheaths. Identification was based on
the exact mass in ToF-SIMS analysis and was checked for identity and purity with the
Orbitrap-SIMS runs. For transition metals and S, the isotopic mass distribution was verified.
For Ni, the four main isotopes (°Ni, ®*Ni, ¢'Ni and **Ni) were found with the expected
isotopic abundance, whereas the minor isotope **Ni showed mass interference from a low
amount of Zn. For Cu, both isotopes (**Cu and ®Cu) showed the expected abundance. For Fe,
the two main Fe isotopes (**Fe and *°Fe) showed the expected abundance, whereas the minor
Fe isotopes (*’Fe and **Fe) showed mass interference from an unknown source and Ni
respectively. Zn counts were low and not reliable as the main isotope (**Zn) showed mass
interference from ®*Ni. Other transition metals found in metalloproteins like Mn, Co, Mo and
W were not detected or had very low counts. The main isotopes of Sulfur (**S and **S) also
showed the expected abundances, whereas the minor isotopes >*S and **S showed mass
interference from an unknown source. Assignment of the identified fragment ions to
biochemical components of intact cable bacteria and the fiber sheath was based on

14-20

literature and specific depth profiles (see Supplementary Data 1 and 2, Fig. 1, and

Supplementary Figure 1).
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Transition metals. The ToF-SIMS depth profiles of Ni and Fe are discussed in detail in
the main text. Cu showed a peak at the first data point of the depth profile in both the fiber
sheaths and the intact cable bacteria (Fig. 1D, Supplementary Figure 1A-B, Supplementary
Figure 11), though with a highly variable count number. This surface peak and its variability
between samples was consistent with our LEXRF analysis (Fig. 3), which also showed a
highly variable Cu signal. However, Cu counts from STEM-EDX analysis and the majority of
the ToF-SIMS depth profiles in the fiber sheaths were low compared Ni counts. This suggests
that Cu is not present in high concentrations, but likely derives from an variable impurity that
adsorbs to the sample surface at some stage during sample preparation (either cable bacteria

collection, fiber sheath extraction procedure) or analysis.

Polysaccharide fragments. As discussed in the main text, the basal polysaccharide
layer (Fig. 1D and 1E) most likely consists of peptidoglycan, which consists of an acidic
amino sugar backbone interconnected by short peptides®'. We therefore expected to find
fragments that contain both oxygen and nitrogen, as derived from the amino sugar backbone
of peptidoglycan. To verify that we can detect peptidoglycan specific fragments among these
O- and N rich fragments, we performed ToF-SIMS analysis of four protein and
polysaccharide reference samples: Bovine Serum Albumin (BSA), starch, pectin, and
peptidoglycan (Supplementary Figure 8). Although the mass spectra of these reference
samples showed major differences in both negative and positive mode (Supplementary Figure
8), we could not detect any peptidoglycan specific fragments in the fiber sheaths. Moreover,
fragments that contained both nitrogen and oxygen showed either the same depth profile as
amino acid (protein) derived fragments (i.e. an initial peak at the start of the depth profile), or
were specific for nucleic acids that showed low counts and variable depth profiles
(Supplementary Data 1 and 2). The latter suggests that some residual DNA/RNA remains

associated with the fiber sheaths after extraction. The lack of peptidoglycan specific



70

71

72

73

74

75

76

77

78

79

80

81

82

83

84

85

86

87

88

89

90

91

92

93

94

fragments is most likely due to the abundance of protein in the fiber sheath, which leads to
high signals of amino acid derived fragments that mask fragments derived from
peptidoglycan. Further work is needed to confirm that the polysaccharide layer is indeed

made of peptidoglycan.

P-containing fragments. The fiber sheaths also showed high counts of various P-
containing fragment ions in both positive and negative mode (Supplementary Data 1 and 2)
with variable depth profiles between runs. The likely source of these P-containing ions is the
poly-phosphate granules that are commonly found in cable bacteria??. Likely, the poly-
phosphate granules are incompletely removed during the fiber sheath extraction procedure,
and they comprise the particles that are seen in the interior of fiber sheaths during STEM 3D-

tomography (Fig. 1A).

S and Ni containing fragments in negative mode. Negative mode ToF-SIMS depth
profiles showed a subsurface peak of various S-derived anions (*S", **S", SH™ and Sy") at
approximately the same position as the Ni peak in positive mode (Fig. 1D and 1E,
Supplementary Figure 1, Supplementary Data 2). In addition, a substantial number of Ni-
containing fragments were found in negative mode that also showed this distinct subsurface
peak (Fig. 1D, Supplementary Figure 1, Supplementary Data 2). The most prominent Ni
containing fragments were a series of NixSy cluster ions (x = 1 to 6, y = x +/- 1, both **Ni and
0Ni isotopologues were detected, Supplementary Figure 9). Additionally, we found NiCxNy
(x =1 or 2) and NiCSN", and even a small but detectable Ni" signal (Supplementary Data 2).
All these Ni-containing fragments showed a similar sharp subsurface peak in the depth profile
as found for Ni in positive mode (Fig. 1E). The observed NiS clusters are most likely formed
in the ion plume of the ToF-SIMS rather than being natively present in the fiber sheath? 2.

As a control, we analyzed an artificial mixture of protein (BSA) and freshly precipitated

mineral NiS, and we indeed observed the same NixSy cluster ions (Supplementary Figure

4
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9D). Still, due to an effect called self-focusing®, the detection of NiS clusters suggests that Ni
and S must be present in close proximity in the fiber sheath (lateral (XY) within <0.5 nm,
depth (Z) within <2 nm), otherwise they would not be formed in the ToF-SIMS ion plume.
This observation is hence in agreement with the presence of a S-ligated Ni cofactor in the

fiber sheaths.

We also found a number of organic S fragments in negative mode ToF-SIMS spectra
(Fig. 1E, Supplementary Figure 1, Supplementary Data 2). Most of these fragments showed a
similar depth profile as S” with a sharp subsurface peak on top of a general S signal, and so
again, we cannot exclude that they were formed during ToF-SIMS analysis. However, two
fragments (C2S2™ and C>S;H") showed specific depth profiles, with the subsurface peak much
more pronounced than for S™(Fig. 1E). This suggests that these two fragments originate
directly from the fiber sheath. These fragments could indicate that the fiber proteins are rich
in disulfide bridges (C-S-S-C) or they could be derived from the Ni/S group. Fiber sheaths
display an exceptional chemical resistance, as they remain their integrity and conductivity
after SDS and EDTA treatments, and this resistance could be aided by protein disulfide

bridges.

Sputtering depth calibration. Sputtering depth was calibrated by in-situ AFM height
measurements at three different times (Supplementary Figure 2): before sputtering, just after
the Ni or S peak appeared, and finally just after the carbohydrate peak appeared. Sputtering
depth was approximately linear with sputtering time, although the initial protein layer seemed
to sputter somewhat faster (Supplementary Figure 2). A representative example of the
resulting AFM height maps is shown in Supplementary Figure 10, where sputtering was
stopped at 57 sec (i.e. just after the Ni peak had emerged). There was considerable lateral
variation in sputtering depths for a given sputtering time as seen in transects across the central

cell area (Supplementary Figure 10D) and at the cell junctions (Supplementary Figure 10C).
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As the junctions are higher than the cell areas (e.g. Supplementary Figure 10A), the shading
in sputtering seen at the cell junctions probably due the angled Ar-cluster sputter beam hitting
the side of the cell junction facing the beam at a higher angle whereas the opposite side is hit
much less. This lateral variation in sputtering rate together with the left-over cytoplasm
content and the presence of the cart-wheel structure at the junctions leads to smearing of the
ToF-SIMS depth profiles. This explains why only the first fiber sheath layer is clearly seen in

the ToF-SIMS depth profiles.

Note 2: Additional results and discussion of the SDM analysis

The key results of the Scanning Dielectric Microscopy (SDM) analysis are described in the
main text. Here we describe additional results that strengthen the conclusions obtained. The
finite element model we used is the same as presented earlier”’ except that here, fibers have a
core-shell structure with a conductive core and an insulating outer shell. The whole simulation
domain (which encompasses the ellipsoid fiber and the surrounding space) is cylindrical with
height 34 um and radius 17 pm. Insulating boundary conditions are assumed on the lateral
and top borders of the simulation domain. A cross-section of the electric potential distribution
obtained from the model calculations is shown in the right insert in Fig. 5C. At the frequency
of the calculations (2 kHz) and for the parameters in Fig. 5, the electric potential is real, and
hence, the phase of the electric potential is constant in space. The length of the fiber in the
model is L =1 um. It has been shown previously that for L >100 nm the force acting on the tip

is independent from the fiber length®.

Supplementary Figure 12A shows experimentally derived capacitance gradient cross-
section profiles corresponding to SDM images (similar to the one shown in the left insert in

Fig. 5B of the main text) acquired at different tip-substrate distances (continuous lines,
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ranging from z=60 nm to z=240 nm). The profile at z=66 nm is shown in Fig. 5C of the main
text. The dashed lines represent the result of the theoretical calculations with the model
described above for the same fiber parameters as those use in Fig. 5 of the main text (h=42
nm, w=87 nm, d=12 nm, &= &.=3, 0s=0 S/cm, 6c=20 S/cm). The tip-substrate distances have
been determined from a capacitance gradient approach curve measured on a bare part of the
substrate (Supplementary Figure 12B, symbols) following procedures previously reported”.
The calculated capacitance gradient profiles nicely reproduce the experimental ones with no
adjustable parameter. At all distances, the theoretical (and experimental) electric force phase
contrast is zero (not shown). Similar conclusions are reached if we analyze the capacitance
gradient approach curves measured on the substrate and on the fiber (pink and black thick
lines in Supplementary Figure 12B). A least square fitting of the model curves to the
experimental curve for &= €.=3 and os=0 S/cm, 6.=20 S/cm gave d=124+2 nm (red continuous
line in Supplementary Figure 12B), in agreement with the value obtained from the
capacitance gradient cross-section profile analysis. The sensitivity of the capacitance gradient
profiles on the thickness of the insulating shell is shown by the dashed lines in Supplementary
Figure 12B for the approach curves and in Supplementary Figure 12C for the profiles at z=66
nm. In these figures we also compare the predictions corresponding to an homogeneous
conductive model, corresponding to d=0 nm (or to 6s= 6:=20 S/cm, dark grey line), and to an
homogeneous insulating model, corresponding to d=h/2 (or 6.=0 S/m, light grey line). In all
cases we assumed a protein composition of all layers, &= &.=3. The pure conductive model

overestimates the force acting on the tip, while the pure insulating model underestimates it.

We have considered other possible sets of electric parameters for the fiber to explore
alternative interpretations of the SDM results. Figs. S13A and S13B show, respectively, the
contrast values of the amplitude (in zF/nm) and phase of the electrical force for the tip at the
center of the fiber at a distance z=66 nm from the substrate as a function of the conductivity

7
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of the core in the range from . =10 S/m (insulator) to 10°> S/m (conductor). The dielectric
constants have been fixed to &= €.=3 (proteins). The thickness of the insulating layer has been
varied from d=0 nm to d=20 nm. The calculations were done for the frequency of the
experiments (2 kHz). The amplitude as a function of the core conductivity displays two
plateaus for low and high conductivities, separated by a transition region, which tends to show
a third plateau not fully displayed. The phase shows a minimum for every transition region
mentioned above. Such behavior is characteristic of materials with (equivalent) permittivities
showing real (dielectric) and imaginary (conductive) parts. An analytical expression for the
equivalent homogeneous permittivity of the core-shell cylinder in a non-uniform electric field
cannot be derived, but the behavior observed is qualitatively similar to the one corresponding
to a core-shell spherical particle in a uniform electric field*®. For a given measured
capacitance gradient contrast (grey band in Supplementary Figure 13A), one can obtain
couples of values for the shell thicknesses and core conductivity that match™?’. For instance,
we observe that the solution found above for the shell thickness (d=12 nm) is valid for 6:>10
S/m (and, in particular, for 6.=2-10° S/m as employed here). Other couples of values are for
instance d=5 nm and 6.=5-10% S/cm or d=0 nm, 6.=7-10” S/cm, among others. For these
values the same capacitance gradient profile (matching the experimental one) is obtained, as
shown in the Supplementary Figure 13C. However, the different couples of values predict
different electrical phase contrast profiles (see Supplementary Figure 13D). Only the couple
of values corresponding to the solution reported in the main text (d=12 nm and 6.>10"2 S/m)

predicts a null phase contrast, as seen in the experimental results.

We have also considered a homogeneous dielectric model, with no conductivity, and
analyzed the (equivalent) homogeneous dielectric constant that the fiber should have to
explain the experimental results. A least square fitting of the calculated capacitance gradient
approach curves for different dielectric constants to the experimental curve measured on the

8
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fiber gives &= e.~11£3 (see Supplementary Figure 14A). For this equivalent dielectric
constant value the constant height capacitance gradient profiles at the different tip substrate
distances adequately reproduce the experimental ones (Supplementary Figure 14B). The
phase contrast for this model is zero (not shown). However, a problem is that the equivalent
dielectric constant value found (es= e.=11=£3) is much larger than values obtained, with the
same technique, on other (dry) bio-samples made of lipids (¢=2)*%, proteins (e=3-5)?"*%%7 and
even nucleic acids (~8.5)>? (see Supplementary Figure 14C). Our composition data all
suggest that the fibers are made primarily of protein. During ToF-SIMS analysis of fiber
sheaths, some fragments derived from residual RNA or DNA were detected, but these were
not associated with the initial fiber protein layer (see Additional results and discussion of the
ToF-SIMS analysis) and it therefore seems unlikely that an isolated fiber as analyzed here by
SDM would contain major amounts of DNA. For this reason, the pure dielectric model is

discarded in favor of the conductive core-shell model.

We have also analyzed the homogeneity of the fiber electrical properties along its
longitudinal direction in view of the slight variations of the electric contrast observed in the
SDM images along the fiber (see left insert in Fig. 5C of the main text). To this end we
considered the core-shell geometrical model that accounts for the observed (tiny) height
variations of the fiber height (£5 nm)?* shown in Supplementary Figure 15A. Examples of
calculated longitudinal and transversal electric potential distributions are shown in figs. S15B
and S15C, respectively. The tip and electrical parameters of the fiber are the same as those
used in the calculations of in Fig. 5 of the main text, except for the shell thickness, which here
is d=10£2 nm. The slightly smaller value obtained, as compared to d=12+2 nm for the
cylindrical model, is due to the tip convolution effects included in this geometrical model (see
Supplementary Figure 15D), as discussed elsewhere?’. Supplementary Figure 15E shows a

calculated constant height SDM image at z=66 nm corresponding to the region enclosed by
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the dashed rectangle in the insert (which corresponds to the image in the left insert in Fig. 5C
of the main text). The calculated SDM image is nearly identical to the experimental one, a
fact that is further evidenced by comparing the capacitance gradient cross-section profiles
calculated on the hills and valleys of the image with the experimental ones (figs. S15F and
S15G, respectively). This result shows that, to a good approximation, the electrical properties

of the fiber are homogeneous along its length.

Finally, we have also analyzed the electric properties of the fibers when they are still
embedded within the fiber sheath by SDM. Supplementary Figure 16A shows an AFM
topographic image of a fiber sheath. Figs. S16B and S16C show, respectively, topographic
and constant height SDM images acquired in the area enclosed by the dashed rectangle in
Supplementary Figure 16A. The corresponding height and capacitance gradient profiles along
the dashed lines in figs. S16B and S16C are shown in figs. S16D and S16E, respectively
(black lines). The geometry of the tip has been calibrated with a capacitance gradient
approach curve acquired on the substrate (not shown) giving R=26+2 nm, 6=22+3°,
Clofrser=109£3 zF/nm. The sample geometry has been reconstructed by using a topographic
reconstruction procedure®, as above (see Supplementary Figure 16D). For simplicity, we
have considered an equivalent homogeneous dielectric model characterized by an (equivalent)
dielectric constant &sheath. An example of a calculated electric potential distribution is shown in
Supplementary Figure 16F for a tip-substrate distance z=155 nm and &sneatn=7. Supplementary
Figure 16E shows calculated constant height capacitance gradient profiles along the dashed
line in Supplementary Figure 16C for different values of &snearn (thin lines). The experimental
values on the hills (corresponding most likely to fiber positions) agree with the calculated
ones for gsheath~7—11 (except the first hill that gives a somewhat larger value). These values
are in reasonable agreement with those found for the isolated fiber when the equivalent
dielectric model is considered e~11+3. This result implies that the electrical properties

10
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obtained for the fibers when within the fiber sheath are consistent with those obtained on
isolated fibers. Similar results are expected for a fiber sheath model that included its internal
structure, composition and electrical properties (e.g. conductive core-shell model for the
fibers), as the one sketched in Fig. SA of the main text. However, obtaining quantitative
predictions from SDM measurements for such complex model involving buried structures lies
outside the current capabilities of SDM*° since too many unknowns are present in the model
(e.g. fiber position within the fiber sheath, number of fibers present within the polysaccharide

layer, thickness of the polysaccharide layer, etc.).

Note 3: Calculations for estimating the contribution of the fibers to the fibers sheath, the

distance between Ni atoms in the conductive fibers and electron tunneling times.

Electron hopping rates between redox sites in metalloproteins decreases logarithmic
with the distance between the redox sites’!. Given the relatively low Ni content of the fiber
sheaths of 0.017 and 0.034 Atm% as determined by STEM-EDX for two sample batches
(Supplementary Table 1), we tried to estimate what the inter atomic distance of the Ni atoms
would be. At the cell area thick fiber sheaths are ca. 4 um wide and 117 nm high (this study)
and contain on average 60 parallel fibers? that each contain a conductive core of 26 nm
diameter (this study). From this we calculate that the conductive fiber cores explain only 7%
of the cross-section area of the fiber sheath. If we do the same calculations for the total 50 nm
fiber with that includes the non-conductive outer shell, we arrive at a 25% contribution from
the fibers to the fiber sheath. Assuming that the conductive fiber core is made of protein with
a density of 1.4 g-cm™ (density from>?) and that Ni is concentrated in the conductive core (this
study), we estimate that the Ni concentration in the conductive fiber core is between 0.24 and

0.54 Atm% or 260 and 580 pMol-cm™, which are substantial concentrations. Further
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assuming that Ni is homogenously distributed in the core of the fibers, this Ni concentration
in the fiber core leads to an interatomic Ni distance of 1.4 — 1.9 nm, which is within the range

as found for metalloproteins involved in electron transfer!.

We then used these estimates of interatomic Ni distances to calculate electron
tunneling times needed to support the high average normalized currents in fiber sheaths of 28
nA (calculated from the standard SDS+EDTA extraction data in Fig. 4D). Estimated
tunneling times are 50 — 90 nsec, which is possible but on average however approximately a
factor 10 faster than expected for metalloproteins with similar hopping distances®!. It seems
therefore unlikely that long distance electron redox hopping through the Ni/S-group can on its
own support the high conductivity of the fibers in cable bacteria (see Discussion in the main

text).
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Supplementary Figure 1. Principal Component Analysis (PCA) of ToF-SIMS depth profiles
for a selection of ion fragments recorded from fiber sheaths of cable bacteria. ToF-SIMS data
were collected in both positive (A, B) and negative modes (C, D), and the results of three
replicate depth profiling runs are shown. Counts for fragments were normalized and centered.
Panels (A, C) show the scores plot (labels indicate sputtering time in seconds; colors denote
separate runs). Panels (B, D) show the loading plots of the fragments. Only the data until the
peak carbohydrate-derived fragments at 125-164 seconds of sputtering time were retained

(representing the first half of the double-folded fiber sheath).
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293  Supplementary Figure 2. Calibration of sputtering depth as a function of sputter time during
294  ToF-SIMS analysis. The in-situ AFM within the ToF-SIMS instrument was used to record
295  height images at three different times (start (sputter time = 0 sec), just after the Ni or S peak
296  (ca. 50 sec) and just after the carbohydrate peak (ca. 160 and 190 sec)). Sputtering depth

297  (black diamonds, average +/- SD) showed a linear relation with sputtering time (dashed line =
298  regression line through origin), though the initial protein layer seemed to sputter somewhat
299  faster. The total thickness of the double-folded fiber sheath amounts to 117 = 10 nm

300 (determined within the middle of cells at t = 0 sec; black dotted line) and is well in agreement
301  with previous independent AFM imaging 2. The average position of the Ni/S peak (15 + 3 nm)
302  and the carbohydrate peak (59 + 6 nm) are indicated (red and green dotted lines respectively,

303 N =6 from 3 positive and 3 negative depth profiles in Supplementary Figure 1).

304
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Supplementary Figure 3. (A) Green-laser Raman spectra of intact cable bacteria from
additional sediments also show the characteristic low-frequency bands at 371 and 492 cm’'.
Spectra are from ca. 1 um wide freshwater cable bacteria (Aarhus pond sediment, intact living
filaments in glass micro-chambers, average background-corrected spectrum) and ca. 1 um
wide brackish cable bacteria (Yarra River sediment, intact filaments air-dried on a CaF»
cover, average raw spectrum). (B) Interpretation of the Raman signal distribution in the scan
across an individual cable bacterium in Fig. 2B. General components of a bacterial cell such
as proteins and CH are more-or-less evenly distributed in the cross section (green filled
circle), whereas the Ni/S group is only found in the periplasmic space (red open circle). In the
depth integrated Raman signals, this leads to a unimodal distribution for Raman bands from
the general components and a bimodal distribution for the two low frequency Ni/S bands with

a peak at both edges of the filament.
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Supplementary Figure 4. Effect of °C labelling on the green-laser Raman spectra from

intact cable bacteria. A) The low-frequency bands either do not shift (371 cm™ band) or are

only slightly affected (491 cm™ band shifts to 489 cm™!) by the labelling. B) The characteristic

cytochrome bands clearly shift to lower values suggesting that cable bacteria filaments were

highly labelled with 'C. The average of N = 32 spectra is shown for both unlabeled control

and '°C treatments and shifts in wavenumbers are indicated. C) PCA analysis of the 350 to

550 cm! region of the spectra containing the low-frequency bands shows a difference

between the labelled versus unlabeled treatments. D) Variable (wavenumber) loadings on the

first PCA axis show that only the second lower band at 492 cm™ shifted slightly to lower

values in the labelled spectra.
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Supplementary Figure 5. NanoSIMS images of A) negative ions and B) positive ions of
metals from single fiber sheaths deposited on a gold-coated polycarbonate filter. In A) only
the first 100 planes of analysis were selected as this most clearly showed the fibers structure
in the 32S image. In B) the first 50 planes were selected as this showed the fibers most clearly

in the *®Ni image. Independent replica’s (N = 2) yielded similar results.
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Supplementary Figure 6. Atomic Force Microscopy (AFM) images of fiber sheaths as
extracted with the standard protocol (A and B, SDS+1 mM EDTA for 10 min) and the high
EDTA treatment to remove Ni (C and D, SDS+50 mM EDTA for 10 min). Shown are the
height (A,C) and peak force error (B,D) data. The parallel fiber structures are retained after

high-concentration EDTA extraction. Independent replica’s (N = 2) yielded similar results.
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Supplementary Figure 7. AFM-IR height (in nm) and deflection maps of extracted fiber

sheath showing the parallel fibers.
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354  Supplementary Figure 8. ToF-SIMS positive (A) and negative (B) mode mass spectrum of
355 additional protein and polysaccharide reference samples analyzed to aid in the interpretation

356  of the fiber sheath mass spectra.
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Supplementary Figure 9. ToF-SIMS negative mode Ni and S cluster ions from fiber sheaths

and a NiS/BSA mixture. A) ToF-SIMS negative mode mass spectrum of a mixture of NiS

mineral in BSA. Positions of a selection of important Ni and S cluster ions are indicated. B)

Distribution of Ni3S3™ isotopomers as a seen in the spectrum of fiber sheaths and C) compared

to the expected distribution showing the good fit (similar fits were found for the other NixSy-

clusters described, data not shown). D) Distribution of NixSy-cluster ions in fiber sheaths and

NiS/BSA mixture (counts were normalized to Ni3S3"). Cluster ions with 3 or less Ni atoms

were sufficiently mass separated from fragments containing 2 oxygens instead of sulfur such

as Ni3S,0;".
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Supplementary Figure 10. Example of in-situ AFM calibration of ToF-SIMS sputtering
depth for fiber sheaths. AFM height map. A) mapping before ToF-SIMS analysis was started.
B) mapping after 57 sec of sputtering time (i.e. shortly after the peak in Ni* counts). C) The
differential image between (A) and (B) shows the amount of material removed after 57 sec
sputtering. Notice shading of the junctions with higher than average sputtering rates on the
side and lower than average sputtering rates on the opposite side. D) Height profiles as
indicated by the blue lines in panel (C) showing the lateral variation in sputtering depth.
Actual sputtering depths were calculated from height profiles as the average difference in
height of the fiber sheath (relative to the wafer surface) before and after sputtering (in this

example 22.8 + 3.2 nm).
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Supplementary Figure 11. ToF-SIMS depth profiles of intact cable bacteria demonstrate that
the Ni/S group is located in the periplasmic space. Representative ToF-SIMS depth profiles
from intact cable bacteria are shown in A) positive mode and B) negative mode. A selection
of fragments is shown representing the major biomolecule classes, and counts of individual
fragments were scaled to fit all data in a plot. Duplicate runs in both positive and negative
modes showed similar profiles. The counts from Ni3Ss™ are the sum of all **Ni and **Ni
isotopologues. The fatty acid fragment (C16H2002") clearly shows two peaks with the first
peak at the surface coming most likely from the outer membrane and the broader secondary
peak from the cell membrane. Phosphate (PO3") also shows a first peak at the surface probably
coming from phospholipids and the secondary rise from phospholipids in the cell membrane
and poly-phosphate and nucleic acids in the cytoplasm. Arrows indicate sputtering depths as
determined with the in-situ AFM in the ToF-SIMS. Average sputtering rate was 0.52 + 0.05
nm/sec, which places the Ni and S containing peak at approximately 30-40 nm depth in

agreement with the expected position of the fibers in intact cable bacteria?.
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Supplementary Figure 12. Additional information on the SDM quantitative analysis shown
in Fig. 5 of the main text. A) Capacitance gradient cross-section profiles measured
(continuous lines) and calculated (dashed lines) at different tip-substrate distances. The
profiles for z=66 nm are those displayed in Fig. 5 of the main text. The parameters used in the
calculations are the same as those of Fig. 5 of the main text: H=12.5 um, W= 3 pum, L=3 um,
=1 um, 6=22, R=54 nm, z=60 nm, h=42 nm, w=87 nm, d=12 nm, I=1 um, &= &~3, cs=0
S/m and 6.=2-10° S/m. B) Capacitance gradient approach curves measured on a bare part of
the substrate (pink continuous line) and on the fiber (black continuous line). The continuous
dark blue and red lines correspond to the curves that best fit the experimental results from
where the tip geometry (R=54+1 nm, 6=22°+0.5°, Cor=112.5+1.5 zF/nm) and shell thickness
(d=12+2 nm) have been extracted. The dashed lines represent calculated capacitance gradient
approach curves on the fiber for other values of the shell thickness. The continuous dark and
grey lines correspond to the homogeneous conductive and dielectric models, respectively. The
green and orange symbols correspond to the values measured on the bare substrate and fiber,
respectively, on the SDM images at different heights. These values have been used to set the
tip-substrate distances of the SDM images. C) Effect of the shell thickness on the calculated

capacitance gradient profiles for z=66 nm. The meaning of the lines is the same as in B).
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Supplementary Figure 13. Additional analysis of the core-shell conductive model used to
interpret the SDM measurements shown in Fig. 5 of the main text. A) Amplitude (in
capacitance gradient) and B) phase of the electric force contrast calculated for the cylindrical
fiber model as a function of the conductivity of the core for different values of the shell
thickness. The grey band corresponds to the experimental values extracted from the profiles
shown in Fig. 5 of the main text. Calculated capacitance gradient C) and phase D) profiles for
the couples of shell thickness-core conductivity that match the experimental measured
capacitance gradient contrast in A). The thick lines represent the experimental results (same
as in Fig. 5 of the main text). The parameters used in the calculations are the same as those of

Fig. 5 of the main text and of Supplementary Figure 12, when not otherwise stated.
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Supplementary Figure 14. Analysis of the SDM measurements shown in Fig. 5 of the main
text with a homogeneous cylinder dielectric model (es= ec=¢€efr, 0s= 0c=0 S/m). A) Calculated
capacitance gradient approach curves on the fiber for different values of the equivalent
dielectric constant &.fr compared to the experimental measured curves on the substrate and
fiber (same as in Supplementary Fig 6B, thick lines). The best fit is obtained for €.s=11+£3. B)
Calculated capacitance gradient profiles for e.s=11 for different tip-substrate distances, and
comparison with the measured profiles (thick lines, same as in Supplementary Figure 6A). C)
Calculated capacitance gradient profiles for z=66 nm and different equivalent dielectric
constants &efr, and comparison with the measured profile (thick line, same as in Fig. 5 of the
main text). The parameters used in the calculations are the same as those of Fig. 5 of the main

text and of Supplementary Figure 6, when not otherwise stated.
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Supplementary Figure 15. Analysis of the SDM measurements shown in Fig. 5 of the main
text with a geometrical core-shell model reconstructed from the measured topography. A)
Detail of the geometry and mesh of the model generated from the measured topography of the
fiber (corresponding to the insert in Fig. 5B of the main text). The core-shell structure is
defined by assigning a sigmoidal behavior to the dielectric constant and conductivity with
plateau representing the shell and core values, respectively. The thickness of the shell
corresponds to the center of the sigmoid. B) Example of a calculated electric potential
distribution along the fiber for z=66 nm, &= =3, 6s=0 S/m, 6.=2-10°> S/m and d=10 nm. The
tip parameters are the same as those in Fig. 5 of the main text. C) Example of a cross-section
electric potential distribution corresponding to B). D) Comparison of the cross-section of the
measured topography (red line), the topographically reconstructed fiber model (black
continuous line) and of the cylinder model (black dashed line). E) Calculated constant height
capacitance gradient SDM image by using the model in A) for the parameters in B). The
calculated image corresponds to the area enclosed by the dashed line in the insert. F) and G)
Comparison of the calculated capacitance gradient profiles (red lines) with the experimental

ones (black lines) on the hills (A,B,C) and valleys (a,b) indicated in E), respectively.
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Supplementary Figure 16. SDM measurements and analysis on a fiber sheath. A) AFM
topographic image of the fiber sheath analyzed. B) and C) AFM topographic and SDM
constant height (z=155 nm) images measured on the region enclosed by the dashed rectangle
in A). D) and E) Cross-section topographic and capacitance gradient profiles along the dashed
lines in B) and C) (thick black lines), respectively. The hills in the image correspond to
different fibers. F) Geometrical model reconstructed from the measured topography used in
the calculations, with an example of an electric potential distribution overlaid on it. The
electrical properties of the fiber sheath have been characterized by an equivalent
homogeneous dielectric constant, &sneath. The tip geometry has been calibrated from a
capacitance gradient approach curve on the bare substrate giving R=26+2 nm, 6=22+3°,
Clofrser=109£3 zF/nm. The theoretically predicted capacitance gradient profiles for this model
for different values of &sheath are shown in E) (thin lines). Most of the hills (fibers) correspond
to &sheath=7—11 1n good agreement with the equivalent dielectric constant value found on
isolated fibers (ee=7—11). For the first hill a higher value is obtained, probably indicating that

two fibers are overlaid.

30



471

472

473

474

475

476

477

Supplementary Table 1. STEM-EDX element compositions for intact cable bacteria and

fiber sheaths. Data from two separate imaging sessions are shown (dates in first row).

04-05-17 08-08-17
intact cable intact cable
bacteria fiber sheath bacteria fiber sheath
N=3 N=3 N=8 N=7

Elements

(atm%) AVG SD AVG SD AVG SD AVG SD
Carbon 76.617 2.382 73.013 0.508 82.233 1.231 80.099  1.081
Oxygen 14.370 1.185 15.880  0.322 10.854 1.394 11.319  1.205
Nitrogen 6.133 0.250 9.283 0.224 5.411 0.547 7.333  0.477
Phosphorus 1.120 0.607 0.663 0.100 0.833 0.167 0.736  0.150
Sulphur* 0.510 0.035 0.350 0.225 0.483 0.078 0.329  0.023
Zinc 0.210 0.061 0.103 0.015 0.145 0.035 0.149  0.040
Iron 0.047 0.006 0.023 0.006 0.033  0.007 0.013  0.005
Nickel 0.009 0.001 0.037 0.006 0.009 0.004 0.016  0.005
Copper 0.009 0.004 0.010  0.009 0.006  0.005 0.007  0.005

*: Sulphur showed interference from a Molybdenum impurity derived most likely from the

TEM grid and is therefore uncertain.
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