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ABSTRACT: Scanning ion conductance microscopy (SICM) is a
topographic imaging technique capable of probing biological
samples in electrolyte conditions. SICM enhancements have
enabled surface charge detection based on voltage-dependent
signals. Here, we show how the hopping mode SICM method
(HP-SICM) can be used for rapid and minimally invasive surface
charge mapping. We validate our method usingPseudomonas

h(a) - h(b) mC/m?
-is
0

aeruginosaPA14 (PA) cells and observe a surface charge density of 6p, = —2.0 + 0.45 mC/m’ that is homogeneous within the
~80 nm lateral scan resolution. This biological surface charge is detected from at least 1.7 ym above the membrane (395X the
Debye length), and the long-range charge detection is attributed to electroosmotic amplification. We show that imaging with a
nanobubble-plugged probe reduces perturbation of the underlying sample. We extend the technique to PA biofilms and observe a
charge density exceeding —20 mC/m* We use a solid-state calibration to quantify surface charge density and show that HP-SICM
cannot be quantitatively described by a steady-state finite element model. This work contributes to the body of scanning probe
methods that can uniquely contribute to microbiology and cellular biology.

S canning ion conductance microscopy (SICM) is a topo-
graphic imaging technique that maps a surface according to
the ion current flow through a scanned probe." SICM enables
noncontact imaging in electrolyte solutions with high lateral
resolution (<10 nm) roughly equivalent to the diameter of the
probe tip.” These features make SICM attractive in cellular
biology,” where it has been applied in bacteria,” neurons,”™”
kidney cells,'"~"? and many other studies.'*~**

The “hopping mode” SICM (HP-SICM) method was
developed to better accommodate soft and heterogeneous
biological structures, at the cost of slower imaging.5 In HP-
SICM, the probe records a “baseline current” above each
imaging pixel before lowering toward the surface; a relative
height is recorded when the baseline current reduces by a
predetermined amount (e.g., 1%).

Prior work has augmented SICM beyond topographic
mapping,”*~** including methods that simultaneously record
topography and surface charge.'”~>**~*! These enhancements
are notable because surface charge mapping can inform on
physiological or chemical functionality, is quantifiable with
nanoscale precision using SICM, and is not easily achieved with
other tools.

Surface charge detection occurs when the probe signal is
influenced by a surface’s ionic double layer.”*"***"** Under
these conditions, the recorded SICM height depends on the
probe voltage. Because the voltage mediates the surface
interaction, voltage-dependent height recordings in SICM can
quantify surface charge.””"”' Prior demonstrations quantify
surface charge numerically: a finite element model simulates the
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probe—surface interaction and uses the surface charge density as
a fitting parameter to match experimental data.

Still, challenges remain in SICM-based surface charge
detection. The double-layer thickness limits the charge
detection range to within 1—2 orders of magnitude beyond
the experimental Debye len§th, which is less than 10 nm for
physiological conditions.”*”*" Tt is thus challenging to monitor
surface charge and preserve noncontact imaging conditions.
Further, the small ratio of double-layer charge to bulk ion
concentration results in charge detection methods requiring
precisely calibrated systems”"** or imaging protocols designed
to amplify the probe—surface interaction,'””"*"*!

Here, we demonstrate high-speed (>10 pixel/s) and remote
(probe tip >395X Debye length away from the surface) surface
charge mapping with a hopping mode SICM (HP-SICM)
procedure. We validate our technique by imaging single
Pseudomonas aeruginosa (PA) cells, where we observe the well-
characterized negative membrane charge®™*° from at least
395X the experimental Debye length. The long-range capability
is enabled by rapid probe approach speeds (2—20 ym/s) that
also enable scan rates as fast as 14 pixel/s. We use a solid-state
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calibration procedure to quantify the membrane charge as oy, =
—2.0 + 0.45 mC/m? This charge appears homogeneous at the
~80 nm lateral scan resolution. We show how a nanobubble-
filled HP-SICM probe enables weakly adhered single PA cells to
be imaged without desorption. We extend HP-SICM to imaging
of PA Aphz colony biofilms, i.e., biofilms that are incapable of
producing charged phenazines (a cellular metabolite used as an
electron shuttle).>*® We capture the biofilm topography in situ
with nanoscale resolution and show that it possesses a negative
charge exceeding —20 mC/ m2. Our HP-SICM method achieves
minimally invasive surface charge mapping at >10 pixel/s and is
readily implemented with standard SICM equipment.

B EXPERIMENTAL SECTION

Scanning lon Conductance Microscopy. We use the NX-
Bio (Park Systems) tool with an AxoPatch 200B (Molecular
Devices) current amplifier. Currents are sampled at 10 kHz and
processed in XEP (Park) and Clampex (MD) software. HP-
SICM is conducted with a 1 ym retract height, 1% threshold
current (I* = 0.99I;,), and 2—20 um/s approach speed.
Topographic data are processed using XEI (Park) and
MATLAB software.

Pseudomonas aeruginosa. For single-cell experiments,
PA14 (UCBPP-PA14)*" wild-type cells are used. For colony
biofilm experiments, wild-type PA14 or PA14 Aphz mutant™
cells are used. More details are included in the Supporting
Information (Note S1).

Substrate Preparation. A polystyrene dish is used with a
Cell-Tak (Corning) coating to immobilize cells. More details are
included in the Supporting Information (Note S2).

Probe Fabrication and Electrolyte Composition. Nano-
pipette probes are pulled from 1.0/0.5 mm boroscilicate
capillaries with a P-97 (Sutter): P = SO0IH = 590IVel = OIPul
= 25IDel = 80. Tip diameters (65—250 nm) are determined by
the capillary thickness and deduced from ion current data.
Smaller probes improve lateral resolution at the cost of SNR.
KCI electrolyte solutions are adjusted to pH 7 with KOH.

Solid-State Surface Charge Calibration. Varying surface
potentials are applied to solid-state electrodes to modulate the
surface charge. The HP-SICM step height at the electrode edge
is recorded for varying surface and probe potentials. More details
are included in the Supporting Information (Note S3).

Finite-Element Modeling. COMSOL v5.4 is used to
numerically simulate HP-SICM experiments. More details are
included in the Supporting Information (Note S4).

Dynamic Light Scattering. The zeta potential for PA cells
is determined by dynamic light scattering (DLS) measured by a
Zetaszier (Malvern).

B RESULTS AND DISCUSSION

Topographic SICM Verification. We verify topo%raphic
data from HP-SICM by scanning individual PA cells.”” The
nanopipette probe scans over a PA cell-coated substrate with a
voltage difference (V) driving an ionic current (I) between a
working Ag/AgCl electrode inside the probe and a grounded
Ag/AgCl reference electrode in the electrolyte. In the hopping
mode, the probe records a baseline current over the substrate
(Iim), lowers toward the substrate, and registers a relative pixel
height when the current reduces to the predetermined threshold
value (I* = 0.99I;;,,). The probe then retracts and repeats the
approach procedure.

PA cells weakly adhere to substrates and are susceptible to
desorption.””*" Low electrolyte concentrations (<5 mM) are
required for electrostatic adhesion. Desorption is mitigated
when less fluid flows through the probe, e.g, due to a smaller-
diameter probe or a nanobubble-plugged probe. Immobilization
also requires a substrate coated with tacky protein and treated
with a deposition/washing procedure (Note S2 and Figures S1,
S2). Without washing, floating cells can spontaneously order
into film-like structures (Figure S3). This process may promote
biofilm nucleation** and is observed to increase desorption.

Imaging is verified by comparing an HP-SICM micrograph
(Figure 1la) to optically visible cell morphologies (Figure S4).
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Figure 1. (a) HP-SICM micrograph of PA cells on a polystyrene
surface. (b) Height distribution for the cells depicted in (a).

The PA cells are recorded as hemispheroid protrusions with a
Gaussian height distribution between 400 and 750 nm (Figure
1b). Experimental conditions are V' = 200 mV and a ~100 nm
diameter probe. Round PA cells are observed in contrast to the
typical rod-shaped geometry,43 which is attributed to a
biological response to the nutrient-deficient electrolyte. Addi-
tional micrographs illustrate the rest of the experimental
verification (Figure S5).

Surface Charge Detection with HP-SICM. Voltage-
dependent and surface charge-mediated HP-SICM data are
demonstrated over a single immobilized PA cell. Consecutive
line scans with varying probe voltages record drastically different
topographies (Figure 2a). Imaging is done with V' = +200 and
+150 mV, a ~150 nm diameter probe, and a 6 ym/s approach
speed. Reported heights depict mean values (with standard
deviations) across three scans. The positive-voltage scans
capture overlapping profiles with height Hp, = 497 nm. In
contrast, the negative-voltage scans capture a pit with a voltage-
dependent depth.

Comparing the V= 4200 mV data, a height discrepancy Ah =
732 nm is observed. This Ah represents the minimum value for
the probe-surface separation distance at which I* is recorded,
based on the cell not being contacted during imaging. Because
the membrane charge is first detected at the edge of the cell, the
data indicate that the charge detection range is at least 170X the
experimental Debye length (k™! = 4.3 nm).

Thus, Figure 2a contains a pair of true topographies and a pair
of charge-mediated topographies. The agreement between the
positive voltage data shows that probe—surface interactions are
negligible in this configuration, making these data control
measures. The negative voltage data show that surface charge
interactions can significantly modulate the HP-SICM signal.
Smooth topographies recorded with negative voltages suggest
that this surface charge is uniformly distributed with respect to
the lateral resolution of these scans (~80 nm).
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Figure 2. (a) Voltage-dependent HP-SICM topographies consec-
utively recorded over a single PA cell. (b) Ion current approach curves
for the shaded pixels in (a). The data show voltage-dependent and
charge-mediated HP-SICM signals.

DLS supports the data as being attributable to the PA cell’s
negative membrane charge.”” DLS indicates a surface charge
density 6p, = —3.3 mC/m” for suspended PA cells (Figure S6),
consistent with prior reports.34’35’ *

Voltage-dependent I, increases over the PA membrane
(Figure 2b) further attest to the charge detection capabilities of
HP-SICM. Approach curves over the cell (shaded region in
Figure 2a) show consistent I, values at V = 200 mV and
amplified I, values at V.= —200 mV. Amplified Ij;, values arise
due to the transfer of charged fluid from the membrane surface
into the probe tip. Iy, increases the scale with the membrane
height and similarly occurs at V = —150 mV (Figure S7).

Electrokinetic Model for Charge Detection with HP-
SICM. Having demonstrated voltage-dependent and surface-
charge-mediated HP-SICM data, we describe the relevant
physical mechanism. When approaching a negatively charged
surface with a negative probe voltage, the double-layer fluid
enters the probe tip to add conductance and oppose the
proximity-based impedance increase. As a result, I* is recorded
nearer to the surface than in the absence of charge. Approaching
the same surface with a positive probe voltage, the repulsive
effect is negligible.

Therefore, HP-SICM data recorded with equal and opposite
probe voltages yield a set of control pixels (equivalent voltage
and charge polarity) and a set of charge-detecting pixels
(opposing polarities). A schematic depicts these dynamics over a
PA cell (Figure 3), which presents a negative membrane charge
due to lipopolysaccharides (LPS).*

We attribute the strong surface effect (Ah > Hp,) and long
detection range (170x') to fluid flows driven by electro-
osmosis and the approaching probe velocity (2—20 pm/s).**

Double layer | Double layer
fluid expelled | fluid intake
Negligible effect| Probe-surface
on SICM signal |distance reduced
h#f(Vl],0) | h=1([V],0)

Fluid Flows

Figure 3. Electrokinetic mechanism for PA cell membrane charge
detection using HP-SICM.

These flows amplify the probe-surface interaction by enriching
the inner probe tip with charged fluid. They also extend the
probe-surface separation to more than 3.5X greater than the
distances predicted by an electrophoretic transport model
(~200 nm).*”** Based on I;;,, increases that are measured when
the probe is stationary, the charged fluid remains in the probe
and thus adds current to the Iy, signal.

Calibrating HP-SICM with a Solid-State Surface To
Quantify Surface Charge Density. We scan an electrode-
SU8 interface to quantify voltage-dependent height discrep-
ancies as functions of charge density (Note S3). We then derive
a transfer function that relates the HP-SICM height to the
underlying surface charge, e.g., op, = f(Ah).

The solid-state model reproduces the trends observed over
the biological sample. With the probe voltage V= —200 mV, the
recorded interface height increases with increasing magnitude of
negative surface charge (Figure 4a), as the probe lowers closer to
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Figure 4. (a) HP-SICM heights recorded over a SU-8-platinum surface
electrode interface while sweeping the charge on the platinum surface.
(b) Transfer functions for relating HP-SICM height deviations to
underlying charge densities, based on fitting of the data in (a) and
Figure S8.
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Figure S. (a,b) Consecutive HP-SICM micrographs with probe voltages V= 4200 mV, plotted on a bipolar color scale. (c) Voltage-dependent PA cell
heights recorded in micrographs (a, b). (d) Quantitative surface charge mapping, based on the height deviations between (a, b) and the 4,4, = 0.48 ym/
[mC/m?] calibration factor derived in Figure 4. (e) Threshold currents (I*) corresponding to the micrograph pixels in (b) and (inset) (a). (f, g) I*

distributions for the micrographs in (e).

the negatively charged electrode before recording I*. With the
probe voltage at V' = 200 mV, the recorded interface height is
minimally affected by the negative surface charge. Upon
repeating the solid-state calibration experiments with V =
+100 mV, similar trends are observed with reduced sensitivity
(Figure S8).

Surprisingly, the calibration reveals our HP-SICM config-
uration to be insensitive to positive surface charge (Figure 4a).
We attribute this to the intrinsic negative charge on the glass
probe, which rejects double-layer fluid intake over positively
charged surfaces and inhibits the probe-surface interaction.
Thus, a probe modified to be positively charged (e.g., by coating
with PLL) or uncharged (e.g., by metallization) is needed for
positive or bipolar charge detection, respectively.

We derive transfer functions that relate height deviations to
negative surface charge densities. This is done by fitting trend
lines to the solid-state interface heights recorded at V' = +200
and +100 mV (Figures 4a and S8). For each voltage pair, the
transfer function is calculated as the difference between the two
trend line slopes. With V = +200 mV, we observe charge
sensitivity Ao = 0.48 um/[mC/m?]; with V= £100 mV, 4o =
0.041 pm/[mC/m?] (Figure 4b). For a pair of HP-SICM
heights recorded with equal and opposite voltages, the charge
density can thus be determined as o = Ah/A.

The quantification procedure is verified by comparing the op,
values predicted by HP-SICM to that measured by DLS (—3.3
mC/ mz). Excellent agreement is observed, with the range of
height deviations across all +£200 mV experiments (Ah = 0.73—
1.7 ym) placing op, in the range of —1.5 to —3.6 mC/m™

Large-Area Charge Mapping with HP-SICM. With our
calibrated HP-SICM system, we perform charge mapping.
Consecutive scans recorded with a ~250 nm-diameter probe
show many protruding cells with V'=200 mV that appear as pits
with V' = =200 mV (Figure 5a,b). With V = 200 mV, average
heights are Hp, = 701 & 167 nm; with V' = —200 mV, average
heights are Hp, = —271 + 48 nm (Figure Sc). Because these cells
did not desorb after two scans, we consider the procedure to be
noncontact and noninvasive. We attribute oblong, crescent, and
other irregular cell shapes to clusters where individual cells are
separated by distances less than the lateral scan resolution. The
average charge is thus op, = —2.0 + 0.45 mC/m? The dynamic
range Ah = 1.7 ym indicates that in this experiment, surface
charge detection is achieved at distances of more than 395X the
Debye length. More cells are reported with V = =200 mV
because this scan was executed first. Discrepancies across the
image pair are attributed to surface adsorption/desorption or
flagellar rotation.*’

We generate a surface charge map (Figure 5d) by first plotting
the pixel-level height deviations between the V'= 4200 mV scans

https://doi.org/10.1021/acs.analchem.2c05303
Anal. Chem. XXXX, XXX, XXX—XXX


https://pubs.acs.org/doi/suppl/10.1021/acs.analchem.2c05303/suppl_file/ac2c05303_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.analchem.2c05303/suppl_file/ac2c05303_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.analchem.2c05303?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.analchem.2c05303?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.analchem.2c05303?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.analchem.2c05303?fig=fig5&ref=pdf
pubs.acs.org/ac?ref=pdf
https://doi.org/10.1021/acs.analchem.2c05303?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Analytical Chemistry

pubs.acs.org/ac

and then scaling the resulting heights by the coefficient (4,4) of
the transfer function described above. The charge map shows
negative charge density over all PA cells and negligible charge
density over the polystyrene substrate.

When using a probe of this diameter, cells do not desorb due
to the presence of a nanobubble in the tip. We previously
showed that electrolyte-filled nanopipette tips may contain
metastable nanobubbles, as evidenced by enhanced current
rectification, reduced conductance, and increased noise when
compared to nanobubble-free channels.”® When the volume of
such a nanobubble is small compared to the volume of the tip,
these aforementioned effects are minimal and slowly become
more pronounced as the nanobubble grows over several hours.
During SICM scans, gradual decreases in conductance (e.g.,
Figures Se and S9) are therefore attributed to slowly growing
nanobubbles. Remarkably, in these experiments, the presence of
a small nanobubble is beneficial (despite the slightly reduced
SNR) because of the nanobubble’s fluid-blocking effect and the
resulting ability to less invasively image the PA cells.

The I* signals (Figure Se) confirm that these experiments
occur under the presence of nanobubbles. We note that II*] is
directly measured during HP-SICM and serves as a proxy
measure for I, and conductance shifts. In addition to I, shifts
observed over cells, we observe I, decreases across the bottom-
to-top scan direction (Figure Se and inset). These I;;;,, decreases
confirm the presence of a slowly growing nanobubble inside the
probe and are replicated in a different experiment (Figure S9).
Similarly supporting these claims are enhanced current
rectification (~4.2X) and aggregate I* counts showing Gaussian
distributions with drifts (and secondary peaks when V = —200
mV) (Figures Sf,g and S9). We note that across more than n =
100 attempts to scan PA cells without a nanobubble in the probe,
cells consistently desorb after multiple scans.

Finite-Element Modeling of the HP-SICM System. We
explore whether a finite-element model (FEM) can describe
HP-SICM and obviate the need for solid-state calibrations.””**
To enable this, a new experiment is performed with a
nanobubble-free probe to simplify the fluid dynamics. Without
the nanobubble’s fluid blocking, a smaller ~65 nm-diameter
probe is required to keep cells immobilized. The proximal area
scans are plotted with the heights normalized against the flat
substrate (Figure 6a,b). An adequate quantity of cells is captured
to permit FEM characterization. However, these cells are
perturbed during scanning, as evidenced by geometric
distortions.

The FEM simulates approach curves under varying probe
voltages and surface charges (Note S4 and Figure S10).
Simulated I/I;, values fit to experimental values (Figure 6c,
table).

The FEM cannot quantitatively reproduce HP-SICM data
due to the invalidity of the steady-state assumption. This is
consistent with the experimental Ij;,, shifts due to the transient
accumulation of charged fluid. Due to imposing steady-state
transport, the FEM simulates the approach current to reduce to
I* only after the probe is within 100 nm of the surface (Figure
S10), which is at least 7—10X closer than in experiments. An
accurate FEM would require a transient solver and time-
modulating geometry.

A comparison of normalized currents recorded and simulated
over the highlighted pixels of Figure 6ab (A, *) shows the
quantitative limits of the FEM (Figure 6c, solid lines). To fit the
simulated I > I, peak to the experimental data,'® a simulated
current density of opy = —30 mC/m? is required. Even so, the
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Figure 6. (2, b) HP-SICM micrographs recorded over proximal areas of
a substrate, plotted on a bipolar color scale. (c) Experimental approach
curves recorded at the highlighted pixels in (a, b) (solid lines) are
overlaid with simulated approach curves using a finite element model
(dashed lines). Quantitative inaccuracy of FEM, due to the invalidity of
the steady-state assumption, is reflected by the simulated surface charge
being 10X greater than the true value.

qualitative accuracy of the FEM is further supported by the
simulated peak only occurring in the approach velocity range of
15—40 pum/s (Figure S11), consistent with experimental
velocities (Figure S12).

PA Biofilm Imaging. In nature, PA exists in biofilms where
many cells co-exist in a self-produced, hydrated polysaccharide
matrix.”” Better understanding of biofilms has relevance to
public health and biofouling mitigation. The topographic charge
distribution of the matrix material and how matrix structures
support biofilm physiology are unknown. To our knowledge,
biofilm matrix topography has yet to be measured in situ with
nanoscale resolution.

We thus image the in situ topography of PA Aphz biofilm
cross-sections (Figure S13). The Aphz mutant is studied
because of increased matrix production compared to wild-type
biofilms.”" The increased porosity of the wild-type matrix limits
its hindrance of ion flow, such that the approaching probe does
not record an I* signal.

A large-area micrograph depicts the biofilm’s polysaccharide
matrix (Figure 7a). An amorphous mesh with a large distribution
of pore sizes between 500 nm and 3 ym is observed. The image is
recorded at V=200 mV with a ~40 nm diameter probe and a 30
mM electrolyte. Because the biofilm easily adheres to the
surface, we can use a more concentrated electrolyte to enable a
smaller probe and improved lateral resolution.
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Figure 7. (a, b) HP-SICM micrographs of PA Aphz biofilms recorded
with V' =200 mV. (c) Difference map of the highlighted region in (b)
subtracted from a subsequent micrograph taken with V' = 100 mV.

We attempt to replicate the initial scan with a negative voltage
and map the biofilm’s surface charge distribution. However, the
biofilm charge causes the probe current to increase through the
approach, and I* is never recorded (Figure S14). This dynamic
cannot be overcome by modifying the probe size, approach
speed, or electrolyte concentration. Thus, the biofilm presents a
surface charge exceeding the —20 mC/m” limit investigated over
the solid-state reference electrode.

For completeness, we compare biofilm scans across two
positive voltages. These images are captured by scanning with V'
=200 mV (Figure 7b) and then with V' = 100 mV (Figure S15).
A topographic difference map is generated by subtracting the V
=200 mV signal from the V' = 100 mV signal (Figure 7c). The
small dynamic range of the difference map (200 nm, versus 10.5
um in the source images) indicates that neither of these datasets
is strongly influenced by the biofilm charge. This is consistent
with the probe’s insensitivity to both positive charge detection
and the repulsive probe—surface interaction.

B CONCLUSIONS

In this work, we demonstrate how hopping mode SICM (HP-
SICM) can be used for nanoscale surface charge detection by
imaging PA cells. Voltage-dependent HP-SICM heights
recorded over PA cells are translated into surface charge
densities using a solid-state calibration. With this calibration,
HP-SICM estimates the PA cell membrane charge to be opy =
—2.0 + 0.45 mC/m?, in agreement with DLS data. Smooth
membrane surfaces (recorded under charge-detecting con-
ditions) indicate the PA membrane charge to be homogeneously
distributed at the lateral scan resolution (~80 nm). We show
that during HP-SICM, surface charge influences topographic
measurements through attractive interactions between the
probe and the ionic double layer. Due to amplification from
fluid outflows and electroosmosis, the probe detects the PA
membrane charge from as far as 395X the Debye length.

The data provide insights into PA cells, PA14 Aphz biofilms,
and investigating these samples with SICM. Because single cells
adhere weakly to substrates, we show that a nanobubble-filled
SICM probe reduces fluid outflows to permit less invasive
imaging. We image Aphz biofilms in situ and show the biofilm
matrix to possess a net negative charge exceeding —20 mC/m”.

Our HP-SICM charge detection method builds upon
emerging capabilities in microbiology. It enables nanoscale
charge mapping, promotes noncontact imaging, is robust to
biological specimens, supports scan rates in excess of 10 pixels/s,
and can be performed with standard SICM tools. With a
positively charged probe, future scans of PA biofilms might find
positively charged subdomains®” within the (overall negatively
charged) biofilm matrix. Such insight into PA charge
distribution may inform on antibacterial coatings®*~>* or cell-
surface adhesion properties.*”***” With multifunctional scan-
ning probes,”® surface charge detection could be done in parallel
with other methods for studying the antibiotic response” and
biofilm nucleation*” of PA and other microbes.
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