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ABSTRACT The features of the ion current dependence on distance when a glass nanopipette with an aperture
diameter of ∼100 nm approaches the surface of a solid dielectric in a scanning ion conductivity microscope
have been studied. A characteristic peak in the approach curve has been observed when the electrode in the
nanopipette with an electrolyte is negatively biased relative to electrode in the bath, while a monotonic current
decline occurs with a positive bias. To explain this unusual behavior of the ion current, the model accounting
for the overlap of electric double layers and water confinement phenomenon in nanochannels and nanogaps
have been proposed. The model demonstrates good agreement with the experimental data and provides a
basis for quantitative assessment of surface charge at electrolyte–solid interfaces with nanometer-scale spatial
sensitivity.
KEYWORDS nanoscale water confinement, nanopore, peak-effect, Poisson–Nernst–Planck equations, surface
charge density
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1. Introduction

Scanning ion conductance microscopy (SICM) is a unique probe microscopy technique [1] that enables non-contact
imaging of the topography and local biophysical properties of living cells and soft biological objects in physiological
environments with nanometer spatial resolution [2, 3]. High-resolution studies of biological systems are also performed
using atomic force microscopy (AFM) [4, 5] or advanced optical microscopy techniques that overcome the diffraction
limit [6]. However, SICM has several advantages: it avoids the mechanical damage associated with AFM when probing
soft samples, and it is simpler than optical approaches, which require specific fluorescent labels and specialized optical
systems. Moreover, SICM inherently relies on ionic currents in liquid media – the very processes that govern cellular
function. Thanks to its high spatial and functional sensitivity, SICM has become a powerful tool in cell and molecular
biology, enabling studies of ion channel activity, microvilli distribution, cytoskeletal and membrane stiffness, and other
critical surface properties in real time [7–9].

The principle of SICM is based on measuring the ionic current flowing between a sample and a nanopipette probe with
an aperture diameter of ∼100 nm during mechanical scanning. Far from the sample surface, at distances much larger than
the nanopore size, the nanopipette exhibits a saturation current (Isat) that does not depend on the probe-sample separation.
The conventional explanation for current reduction near the surface is the geometrical blockage of the nanopore by the
sample. To maintain a nanometer-scale gap between the pipette and the surface, SICM employs a feedback control system.
Thus, the dependence of ionic current on distance underlies the imaging principle of SICM. Several operating modes exist:
constant-current mode [1], AC modulation modes with voltage or distance modulation [10], and the hopping mode [11],
in which the probe is sequentially approached and retracted at each scanning point.

For imaging samples with pronounced surface relief, the hopping mode provides superior image quality, though at
the expense of slower acquisition compared to DC or AC modes, which are effective only for relatively flat surfaces [12].
Typically, stable SICM operation is achieved by choosing a set-point current of ∼ 99 – 99.5 % of Isat [1], corresponding to
approximately (0.5 – 2) nA at applied voltages of 0.1 – 1 V and noise levels of 1 – 10 pA. When using glass nanopipettes
in aqueous solutions, electrical double layers (EDLs) form at the pipette surface. For apertures less than 100 nm, these
EDLs overlap inside the nanopore, giving rise to nonlinear current-voltage (I–V ) characteristics, known as ion current
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rectification (ICR). This rectification is highly sensitive to volumetric charge and has been used, for example, in pH
sensing [13].

A similar phenomenon occurs when the nanopipette approaches a charged interface: the ionic current near the sample
surface increases beyond the reduction expected from simple geometric blockage. This effect is referred to as surface-
induced rectification [12]. The growing branch of I(z) in this case has been theoretically analyzed in detail [14]. However,
several studies [15, 16] reported an experimental peak in I(z), that is, an increase in current to a maximum followed by a
monotonic decay. Reanalysis of I(V ) data at different probe-sample distances in [17] also revealed a characteristic peak
when plotted as I(z). The origin of this peak remains debated: some authors [15] attributed it to “electroosmotic flow
separation”, but this explanation lacked quantitative support and was later shown to be negligible [18]. Notably, existing
theoretical models capture only the monotonic growth of I(z) with surface charge and distance, and fail to reproduce the
experimentally observed descending branch. Conventional reasoning attributes this decrease solely to nanopore blockage
by the sample. Yet, our experiments indicate that current reduction begins at surprisingly large probe–sample separations,
and our PNP-NS simulations reveal that current enhancement due to surface charge can outweigh the geometric blockage.

Thus, the physical origin of the extremum in the SICM approach curve I(z) remains unresolved. We refer to this
phenomenon as the “peak effect,” which is of interest from both a fundamental and applied perspective. On the one hand,
studying the peak effect provides new insight into ionic transport mechanisms in microfluidic systems under nanoscale
water confinement. On the other hand, the existence of such extrema must be considered in practice, since peaks in I(z)
can compromise the stability of SICM feedback control. At the same time, the peak effect can also be exploited for
quantitative measurements, for instance, in probing surface charge densities at liquid–solid interfaces with SICM.

The aim of this work is to investigate the SICM peak effect experimentally and to develop an adequate theoretical
model that incorporates the influence of nanoscale water confinement.

2. Experiment

Experimental measurements were performed using a custom-built SICM setup. Nanocapillaries were fabricated from
borosilicate glass capillaries BF-100-69 (Shutter Instruments, USA) using a PMP-107 puller (Micro Data Instruments,
Inc., USA) by the method of thermal pulling and breaking of glass microcapillaries with outer and inner diameters of
1.2 and 0.69 mm, respectively. The characterization procedure for nanopipettes has been described elsewhere [19]. The
cone angle of the nanocapillary tip was about 3°, and the nanopore diameter at the apex was approximately 100 nm.
The average ion current rectification (ICR) factor was about 1.15. Approach curves were measured on polystyrene and
on cover glass substrates etched in a 10 % NaOH solution at 250 ◦C. Samples were fixed at the bottom of a Petri dish
filled with 1× PBS, the same electrolyte used to fill the nanopipettes. Ag/AgCl electrodes were prepared from 300 µm
silver wires chloritized according to [20]. A potential bias from 0 to ±1 V was applied to the electrode inside the glass
nanopipette. To minimize mechanical vibrations, acoustic noise, and electromagnetic interference, the setup was mounted
on an active vibration-isolation table and enclosed within a Faraday cage. A schematic of the experimental setup is shown
in Fig. 1.

FIG. 1. Schematic diagram of the SICM experimental setup. 1 – current-to-voltage converter, 2 –
signals generator, 3 – high-voltage amplifier

For each sample, the ionic current was recorded as a function of the pipette-sample separation at randomly selected
surface points. At positive potentials applied to the nanopipette electrode, the approach curves I(z) showed a monotonic
decrease in current upon approaching the surface. A representative example measured on etched cover glass is shown in
Fig. 2(a), and for polystyrene in Fig. 3(a, curve 1).

In contrast, at negative pipette biases, the I(z) curves exhibited a pronounced peak, as illustrated in Fig. 2(b) and
Fig. 3(b, curve 1). SICM images of the same etched glass region, acquired in hopping mode at opposite bias polarities,
are shown in Fig. 2(c) and Fig. 2(d). The set-point currents used for imaging are indicated by circles on the I(z) curves.
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(a) (b)

(c) (d)

FIG. 2. Approach curves and SICM images for NaOH-etched cover glass. (a, b) I(z) curves at
+300 mV and −300 mV pipette potentials; (c, d) SICM images of the same sample fragment ob-
tained at positive and negative pipette biases, respectively

Notably, in the case of polystyrene, approach curves with peaks were observed in ∼60 % of randomly selected surface
locations, whereas for etched glass, the peak effect was consistently observed at all locations. The peak heights also varied
across different positions on the same sample. Importantly, no peaks were ever observed at positive pipette biases. We
refer to the emergence of a peak in the I(z) dependence upon approaching the sample surface as the “peak effect.”

3. Modeling

To calculate the approach curves I(z) while accounting for the nanopipette geometry, we developed a two-dimensional
axisymmetric mathematical model in COMSOL Multiphysics, using parameters consistent with our experiments (see in
Supplementary materials). For comparison with experimental data, we employed both the standard Poisson–Nernst–
Planck–Navier–Stokes (PNP-NS) framework commonly used to describe ionic currents in SICM [19, 21–23] and a mod-
ified version proposed here, which incorporates variations of dielectric permittivity, diffusion coefficients, and viscosity
under nanoscale water confinement. For reference, we also compared our results with calculations based on the orthodox
Ohmic theory [24].

3.1. Standard Poisson–Nernst–Planck–Navier–Stokes model

The ionic flux Ni in micro- and nanofluidic systems is typically described by the PNP-NS system [19, 21–23]:

Ni = −Di∇Ci − ziFuiCi∇Φ+ uci, (1)

where Di is the diffusion coefficient, ui is the ion mobility, zi is the ionic charge, F is the Faraday constant, Φ is the
electric potential, u is the velocity vector, Ci is the concentration of specific ions type. The first term corresponds to
diffusion driven by concentration gradients, the second – to electrophoresis driven by electric field gradients, and the
third – to convection through electrolyte flow. In the standard model, diffusion coefficients and ion mobilities are treated
as constant throughout the computational domain. For Na+ and Cl−, diffusion coefficients were taken from [25], and ion
mobilities were calculated using the Nernst–Einstein relation:

µ =
D

kBT
, (2)

where R is the gas constant and T is the absolute temperature. The surface charge density σ in the electrical double layer
(EDL) was defined as:

σ = −
√
8εε0c0kBT · sinh

(
zeφ0

2kBT

)
, (3)
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where ε is the dielectric constant of the medium, ε0 is the vacuum permittivity, kB is the Boltzmann constant, T is the
temperature, φ0 is the surface potential, z is the valency of surface bonds, e is the elementary charge.

To compute the electrostatic field distribution in the EDL, the condition of electroneutrality was not imposed. Instead,
the Poisson equation with volumetric charge density was used:

∇2Φ = − F

εε0

∑
i

zici, (4)

where zi is the ionic charge, ci is the concentration of ions of a specific sign.
The third term in equation (1) accounts for electroosmotic flow (EOF), which arises in the diffuse layer. The EOF

velocity was found by solving the Helmholtz–Smoluchowski equation:

uEOF =
ζεε0
µ

∇Φ, (5)

where Φ is the electric potential, ζ is the zeta potential of the surface.
The EOF velocity in the computational domain was found using the Navier–Stokes equation (Laminar Flow solver):

ρ (u⃗ · ∇) u⃗ = µ∆u⃗−∇p, (6)

where ρ is the electrolyte density, u⃗ is the flow velocity, p is the pressure, µ is the kinematic viscosity.
Figure 3(a, dashed curve 3) and Fig. 3(b, dashed curve 3) show the calculated I(z) curves obtained using the stan-

dard PNP-NS model equations (1–6) for positive and negative pipette biases, respectively. In these simulations, dielectric
permittivity, diffusion coefficients, viscosity, and ion mobilities were assumed uniform throughout the domain. For com-
parison, the orthodox Ohmic approach based on resistance [24] is also shown (Fig. 3, dashed curves 4). Numerical values
of simulation parameters are listed in Supplementary materials.

(a) (b)

FIG. 3. Comparison of experimental approach curves I(z) with theoretical curves calculated using
different models. (a) Positive bias applied to the nanopipette electrode. (b) Negative bias applied to
the nanopipette electrode. PNP-NS models account for sample surface charge density σ. NP’s surface
charge density for all modeled cases was σpip = −30 mC·m−2

3.2. Modified Poisson–Nernst–Planck–Navier–Stokes model under nanoscale water confinement

The standard PNP-NS model described above does not account for interionic interactions or for the changes in
physicochemical properties of electrolytes that arise under nanoscale confinement of water. It is well established that
water near solid interfaces exhibits properties markedly different from those of bulk water. Molecules form structured
interfacial layers with restricted mobility, giving rise to two coupled effects: an increase in viscosity and a decrease in
dielectric permittivity.

For instance, it has been reported that in 40 nm gaps, water viscosity is reduced by 5 % compared to bulk values, while
at 1 nm separations it increases by nearly an order of magnitude [26–28]. Molecular dynamics simulations [29] further
show that when two surfaces are separated by > 100 nm, water retains bulk-like properties with dielectric permittivity
ε ≈ 80. As the gap decreases, however, ε drops by an order of magnitude to values as low as 5 – 10. This finding has also
been confirmed experimentally [30].
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A reduction in ε lowers the electrostatic screening of ions by water, thereby strengthening ion–ion interactions ac-
cording to Debye–Hückel theory. In the extended Debye–Hückel–Onsager approximation, the ionic activity coefficient
γi is explicitly linked to dielectric permittivity [31]:

log10 γi = − Az2
√
Ci

1 +Ba
√
Ci

, (7)

where

A =
e2B

2.303 · 8πε0εkBT
, (8)

B =

√
2e2NA

ε0εkBT
. (9)

Here a is the effective ionic radius, Ci is the molar concentration.
The drop in ε increases the constant A, leading to a reduction in the activity coefficient γ. Under these conditions,

bulk diffusion coefficients can no longer be applied. First, tabulated diffusion coefficients are given for infinite dilution,
and second, they assume bulk water with ε ≈ 80. At electrolyte concentrations above 10 mM/L, ion–ion interactions
become significant [32]. A thermodynamic description of diffusion accounting for ion activity, originally developed by
Lewis, Debye, and Onsager [31–33], introduces a correction to the diffusion coefficient:

Di = D0
i

(
1 + Ci ·

δ ln γi
δCi

)
, (10)

where D0
i is the diffusion coefficient at infinite dilution, Ci is the electrolyte concentration, γi is the ionic activity coeffi-

cient.
Our simulations show that under surface-induced rectification at surface charge densities of −30 mC/m2, the local

ion concentration in the gap can increase 2–3 fold relative to bulk (150 mM/L), while the corrected diffusion coefficient
(eq. (10)) decreases by ∼10 %.

The dependence D(ε) calculated from equations (7–10) is shown in Fig. 4. We found that the diffusion coefficient
(eq. (10)) is more dependent on the dielectric constant than on the concentration. For example, at a gap of ∼15 nm, ε ≈
30, corresponds to a ∼20 % reduction in the diffusion coefficient according to the Lewis–Debye–Onsager model [31]. As
reported in [30] with a further decrease of the gap, the permittivity will continue to decrease even more. With the dielectric
permittivity value of ε ≈ 7, the coefficient of diffusion of the aqueous solution with a concentration of C = 150 mM/L
via equation (10) tends to zero (Fig. 4).

FIG. 4. The dependence of the diffusion coefficient on the electrolyte permittivity in the water confine-
ment conditions

This means that with such low values of dielectric permeability, equation (10) ceases to work for the water media.
It is clear that ε ≈ 7 is a critical value for the dielectric permeability of an aqueous solution of electrolyte, below which
there is a radical change in the ion transport mode, when the energy of electrostatic interaction between ions begins to
significantly exceed the energy of their thermal movement (kBT ).

As mentioned above, another important parameter affecting the ion current is dynamic viscosity η of the solvent. An
increase in viscosity in the water confinement conditions leads to a decrease in convective flow (electro-osmotic flow) (see
equations (1) and (6)), as well as to a decrease in the ion diffusion coefficient according to the Stokes–Einstein equation:

D =
kBT

6πηa
, (11)
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where a is the effective ion radius. Thus, when η increases by a factor of 5 – 10 under confinement, diffusion is propor-
tionally reduced. In equation (6), the value of the kinematic viscosity µ is used. The dynamic and kinematic viscosities
are related by the following expression µ = η/ρ, where ρ is the density of the medium (kg/m3).

Figures 3(a, dashed curve 2) and Fig. 3(b, dashed curve 2) present the approach curves I(z) calculated using the mod-
ified PNP-NS model that incorporates nanoscale confinement effects. Fig. 5 further illustrates model curves at negative
pipette bias for different surface charge densities on the sample.

FIG. 5. Theoretical approach curves I(z) with negative voltage bias U = 1 V on the electrode in
the NP, obtained for different sample surface charges densities σ. NP’s surface charge density for all
modeled cases was σpip = −30 mC·m−2

4. Discussion

When comparing experimental and simulated approach curves I(z), it is important to properly define the probe-
sample separation. In the model, the gap is an explicit parameter; in SICM, however, it is not measured directly. Instead,
the extension of the piezo scanner is monitored until the ionic current decreases to its minimum detectable value.

In an ideal case with perfectly rigid probes and samples, atomically smooth and parallel surfaces the scanner extension
would equal the true distance between the pipette and the sample. The minimum current would then be limited by
instrumental noise only. In practice, however, the situation is more complex. On soft surfaces (e.g., polymers or living
cells), electroosmotic pressure [34] and Coulombic repulsion between like charges on the pipette and sample can deform
the surface, effectively increasing the gap. This introduces systematic errors in estimating the true probe-sample distance
from piezo extension. Additional factors such as surface roughness and imperfect parallel alignment also affect the
residual current at contact, further complicating tip-sample distance determination.

For this reason, in our analysis we restrict quantitative comparison between experiment and theory to hard, smooth
samples (e.g., polystyrene), where errors in gap determination are minimal (Fig. 3(a,b), solid curves 2).

In the conventional interpretation of “no-peak” approach curves in SICM, current decay is attributed to the increasing
total resistance, consisting of contributions from the nanopipette interior, the gap, and the bulk electrolyte [24]. In such
cases, the descending branch of I(z) is well reproduced both by Ohmic theory (Fig. 3(a, dashed curve 4)) and the classical
PNP-NS model (Fig. 3(a, dashed curve 3)). However, comparison with experimental data (Fig. 3(a, solid curve 1)) shows
clear discrepancies in the onset of current decay. This indicates that both Ohmic and classical PNP-NS models become
inaccurate at nanoscale separations. By contrast, the modified PNP-NS model that includes surface charge and nanoscale
water confinement effects (Fig. 3(a, dashed curve 2)) shows significantly improved agreement with experiment.

The sign and magnitude of surface charge on dielectric materials in aqueous media are typically determined by silanol
group dissociation or anion adsorption, with glass and most polymers acquiring negative charge at pH greater than 4. In
our modeling, surface charge density served as a fitting parameter. The surface charge density of polystyrene extracted
from our approach curves was approximately twice the value obtained using a macroscopic surface tension method [35].
We attribute this discrepancy to the different sampling scales: the droplet-deflection method averages over ∼1 mm2,
whereas SICM provides highly localized measurements (∼10−8 mm2), which can differ from the mean surface charge
density value.

A more pronounced divergence between experiment and theory arises under negative pipette bias, when current
enhancement due to surface charge is observed. In principle, such enhancement can occur at both positively and negatively
charged surfaces. For negatively charged materials such as glass, many polymers, and chromosomes in physiological
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solutions [16], the growth branch appears at negative pipette potentials. For positively charged surfaces (e.g., APTES-
modified or poly-L-lysine-treated glass), enhancement occurs at positive bias [15, 36].

In our experiments with polymer samples, the appearance of a peak was probabilistic (∼60 %). We attribute this to
surface heterogeneity, arising from local roughness and random distribution of functional groups. To test this hypothesis,
we prepared glass samples with more uniform surface by etching in NaOH at 250 ◦C. On these surfaces, the peak effect
was consistently observed (∼100 %). However, we did not compare these data directly with simulations, since defor-
mation and roughening of the etched glass surface must be considered. Indeed, Fig.2 shows that the effective tip-sample
separation for etched glass is more than twice that for polystyrene (Fig. 3, solid curve 1). This indicates surface softening
after alkali etching, consistent with sample deformation effects when decreasing the gap.

As emphasized earlier, the current growth branch of I(z) has been extensively studied as a function of surface
charge, pH, electrolyte concentration, and pipette aperture. However, all previous models predict monotonic growth up
to zero gap (Fig. 3(b, curve 3)), and cannot reproduce the experimentally observed peak. Our model, which incorporates
surface charge, reduced permittivity, and increased viscosity under nanoscale confinement, explains the origin of the
peak. Specifically, confined water conditions halt the unbounded current growth otherwise predicted for a negatively
biased glass pipette approaching a negatively charged surface.

The small offset (∼10 nm) between the experimental and simulated peaks can be explained by the finite stiffness
and roughness of polystyrene [37] and by slight misalignment between the pipette and the sample surface. Fig. 5 further
illustrates that peak height is sensitive to sample surface charge density, highlighting the potential of SICM as a nanoscale
probing method of local surface charge of living cells.

Finally, the presence of a peak in I(z) has practical implications for SICM operation. In standard feedback mode,
the set-point is typically chosen at 99 % of Isat. In the presence of a peak, however, this working point lies on the much
steeper descending branch of I(z) (Fig. 2(b)) compared to a no-peak curve (Fig. 2(a)). As a result, SICM images acquired
under peak-effect conditions (Fig. 2(d)) exhibit increased noise relative to images obtained at positive bias without a peak
(Fig. 2(c)). Thus, while the peak effect can serve as a useful tool for local surface charge detection and measurements, it
must also be considered to ensure stable feedback operation.
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