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Abstract
Scanning ion conductance microscopy (SICM) is a nanopipette-based technique that
has traditionally been used to image topography or to deliver species to an interface,
particularly in a biological setting. This article highlights the recent blossoming of
SICM into a technique with a much greater diversity of applications and capability
that can be probed either standalone, with the use of advanced control (potential-time)
functions, or in tandem with other methods. SICM can be used to elucidate functional
information about interfaces, such as surface charge density or electrochemical
activity (ion fluxes). Using a multi-barrel probe format, SICM-related techniques can
be used to deposit nanoscale 3D structures and further functionality is realised when
SICM is combined with scanning electrochemical microscopy (SECM), with
simultaneous measurements from a single probe opening up considerable prospects
for multifunctional imaging. SICM studies are greatly enhanced by finite element
method modelling for quantitative analysis to treat issues such as resolution, surface
charge and (tip) geometry effects. SICM is particularly applicable to the study of
living systems, such as single cells, although applications extend to materials
characterisation and to new methods of printing and nanofabrication. A more
thorough understanding of the electrochemical principles and properties of SICM
provides a foundation for significant applications of SICM in electrochemistry and
interfacial science.
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1. INTRODUCTION
This article is concerned with scanning ion conductance microscopy (SICM), a
scanning probe microscopy (SPM) technique first introduced in 1989 by Hansma [1].
We will show, in particular, how its capabilities can be advanced and its function
extended to applications beyond topographical mapping, for which it has traditionally
been used [2–4]. Recent developments have provided a much better understanding of
the instrument response, and new methods are being developed that make increasing
use of the electrochemical (potential-control) functions. A further trend has been the
combination of SICM with other SPMs and with spectroscopic and wide-field
microscopy methods.
SPM techniques encompass a diverse family of microscopic tools that involve
using a physical probe to obtain information and/or images of substrates and
interfaces [5]. Each SPM technique takes advantage of a specific type of interaction
between a probe (or tip) and an interface in order to provide morphological or
functional information on the interface. Primary examples of SPM techniques include
atomic force microscopy (AFM) [6,7] and scanning tunnelling microscopy (STM)
[8,9]. Scanning electrochemical microscopy (SECM) [10,11] and scanning ion
conductance microscopy (SICM) [1,4] represent prominent techniques where the
probe is under electrochemical control. Electrochemical probes offer interesting
applications for mapping and manipulating interfacial fluxes [12–16].
Hitherto, SECM has been used much more extensively than SICM, with a
diversity of applications concerning the redox activity of electrodes and for measuring
chemical fluxes at other interfaces [17–21], as well as for detection of various ions
and pH using functionalised electrodes [22–25]. However, a longstanding drawback
of SECM is that the probe response depends on both substrate topography (separation
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between the tip and surface) and activity, and separating these effects from the
electrochemical signal has proved to be non-trivial [19,26]. Additionally, nanoscale
SECM probes, needed for high spatial resolution measurements, are rather difficult to
fabricate, handle and characterize [27]. Hybrid techniques such as SICM-SECM [28–
32], which we discuss herein, as well as AFM-SECM [33–36], shear force SECM
[37] and intermittent contact SECM [38] neatly solve the topography-activity
conundrum by introducing an independent means of sensing the distance between a
functional probe and surface and enhance the prospects of making topographyactivity maps of a surface with a single electrochemical probe.
In contrast to SECM, SICM uses a much simpler type of probe and employs
feedback (distance) control, but has mainly been used for topographical imaging. The
purpose of this review is to discuss the recent emergence of SICM as a powerful
multifunctional technique, with significant life science applications, but also with
scope in other areas such as in materials research, including patterning and printing
[39]. To place recent work in context, we briefly review the use of SICM as a
topographical tool, before a comprehensive examination of how the SICM response is
affected by a multitude of surface and bulk phenomena. This leads to new uses, in
which careful interpretation of the SICM signal opens up avenues to map a number of
surface properties, along with topography, as exemplified through studies of
interfacial charge and reactivity [40–44]. Multi-channel probes provide further means
of combining SICM with other SPMs and the SICM platform is readily combined
with optical techniques. These advances lead to growing prospects for SICM as a tool
for probing and imaging biological function, and for nanoscale studies in
electrochemistry and interfacial science, where ion fluxes and interfacial charge are of
paramount importance. This review mainly focuses on recent work from our group,
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and includes unpublished data as well as material from published papers, but we also
reference other studies, as appropriate.

2. BACKGROUND
2.1 Principles of Operation
SICM is mainly used for probing interfaces that are bathed in an ionically-conducting
solution. In a typical setup, a single channel nanopipette probe, pulled from a glass or
quartz tube, is filled with an electrolyte solution and a quasi-reference counter
electrode (QRCE) is inserted, with a second QRCE placed in bulk solution. A bias is
applied between the two QRCEs to drive an ionic current through the end of the
nanopipette, as shown in Figure 1a. In bulk solution, with the probe positioned away
from the substrate, the resistance of the nanopipette, together with that of the
electrolyte solution, mainly determine the magnitude of the ionic current that flows.
The majority of the current-limiting resistance is attributed to the narrowest region of
the nanopipette near the opening. As the inner lumen of the pipette increases, the
contribution to the overall pipette resistance decreases [4].
As the nanopipette is brought towards a substrate of interest, the conventional
view [1,4] has been that the ionic current decreases, most noticeably when the probesubstrate distance is less than one tip diameter. At these separation distances, the
increased access resistance, caused by the narrowing gap between the pipette walls
and the substrate, becomes comparable to the nanopipette resistance. Consequently,
the overall system resistance increases, as shown in Figure 1b, resulting in an
observable decrease in the ionic current flowing through the pipette, as depicted in
Figure 1c. With this simple model, the SICM response can be modelled in terms of a
series of resistors, and Ohm’s Law applies [45,46]. This predictable response occurs
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under a range of imaging conditions and the drop in the ionic current provides a
means by which the probe can sense a surface of interest. By extracting the position
of the nanopipette at the point of closest approach at an array of pixels across a
surface, topographical maps such as that seen in Figure 1d can be constructed. It has
recently been shown, however, that under certain conditions, for example, on
approach to charged interfaces in lower ionic strength solutions, and/or with smaller
tips, the SICM response is also influenced by the electrical double layer (EDL) at the
substrate. Indeed, as we describe herein, depending on the tip polarity and substrate
surface charge, the current may actually increase as the tip-substrate separation
decreases [40,41]. These charge effects must be carefully considered when using
SICM for topographical imaging [40–42,47]. We discuss this aspect of SICM and a
new SICM methodology (tuneable potential control), that opens up charge mapping
with SICM, while removing charge effects in topographical imaging (section 5).
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Figure 1. a) Schematic of the SICM setup with a nanopipette filled and bathed in
electrolyte solution above a substrate of interest. A bias is applied between a QRCE in
the nanopipette and one in bulk solution in order to generate an ionic current that can
be used as a means of the nanopipette sensing the surface. b) Simulated resistance
approach curve of a nanopipette, with 100 nm diameter, approaching an uncharged
surface at 300 mV tip bias in 10 mM KCl. Upon approaching within about one tip
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diameter of the surface, an increase in the resistance is observed due to the reduced
access of ions to the probe opening. c) Corresponding ionic current as a function of
tip-substrate distance from the simulation in (b). d) Topographical image of three
PC12 cells, with surface heights extracted from the point of closest approach at each
pixel (hopping mode scan regime).

2.2 Scanning Regimes and Feedback types
When close to a surface, the probe can be moved laterally in one of two
regimes. In the constant-distance mode (Figure 2a), the probe is moved across the
surface while the piezo positioners adjust the position of the nanopipette to maintain a
constant current value, corresponding to a constant probe-separation distance, similar
to constant-distance STM [8], although the principles underlying the current
generation are obviously very different. Constant-distance scanning is usually
performed in a raster scan pattern [1,2,4,48], where line-by-line maps are generated,
with a typical scan profile shown in Figure 2b. More recently, a spiral scan profile has
been introduced into SICM experiments [43,49], also depicted in Figure 2b, greatly
increasing image acquisition rates. In this configuration, the piezo positioners used to
control the nanopipette (or sample) movement in the x-y plane are moving
continuously. In section 5 we discuss how this approach can be implemented into a
routine for dynamic electrochemical reaction mapping.
Alternatively, pixel-wise measurements can be performed whereby, once the
set point current value is reached, upon vertical approach of the probe to the surface (z
direction), the probe is retracted and moved laterally to a new location before
repeating the same approach (Figure 2c). This has advantages for mapping samples
with large height gradients, which would be difficult to track with a constant-distance

8

scan mode. This scan regime is known as a “hopping” or “standing-approach” mode
[50–52]. Whilst the constant-distance mode enables faster scanning, an interesting
feature of hopping mode is that it allows “self-referencing” measurements as the
response in bulk and near the surface can be compared at each pixel. This becomes
particularly beneficial when using SICM to elucidate surface properties other than
topography, or if the probe response changes (e.g. the signal drifts) over the relatively
long times that can be required to acquire images. Moreover, this mode allows
simpler, but robust modelling and analysis of the current response. Each of these scan
profiles can be used in combination with different types of feedback, which are now
discussed.

Figure 2. The SICM probe is typically employed in one of two scanning regimes,
either with a fixed probe-substrate separation in constant-distance mode (a) with a
raster or spiral scan profile (b) or by hopping across the surface (c). Schematic
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depiction of three SICM feedback types. In the DC approach (d), a decrease in the
ionic current is usually used to sense the substrate. In DM-SICM (e), an oscillation is
applied to the z-piezoelectric positioner controlling the tip, generating an AC current
between the two QRCEs, the magnitude of which is only significant when the
nanopipette approaches the substrate. In BM-SICM (f), an oscillation is applied to the
bias between the QRCE in the nanopipette and that in bulk solution, generating an AC
signal, which is sensitive to the substrate even when zero net bias is applied between
the QRCEs. d-f) are adapted with permission from Reference 12. Copyright 2016
American Chemical Society.

The use of the ionic current as a means of feedback for topographical mapping
is often termed direct current (DC) feedback (Figure 2d) in SICM experiments [4].
However, the ionic current may sometimes be susceptible to drift, which is
problematic in constant-distance imaging. To overcome this problem, modulation
techniques can be employed to generate an AC signal between the QRCEs.
Oscillation of the nanopipette position normal to the surface at an applied frequency,
typically in the 100 Hz - 1000 Hz range (Figure 2e), results in an ionic current
response at the same frequency that can be measured with a lock-in amplifier, which
also provides the harmonic potential signal for the modulation of the z-piezoelectric
positioner. The AC amplitude and/or phase is much more stable [53–56] and more
sensitive to nanopipette position near the surface.
Using this approach, when the nanopipette is in bulk solution, typically more
than one tip diameter away from the surface [4], the AC signal is small because there
is little difference in the resistive state at the furthest and closest points of the probesurface distance during the oscillation (Figure 2e). However, at closer distances, there
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is a noticeable change in resistance during the oscillation period and, as such, there
will be an AC signal that can be picked out with the lock-in amplifier. Typically, in
distance modulated (DM-) SICM experiments, a value of the AC amplitude is set and
used for feedback (Figure 2e) [55,57], with a z-piezoelectric positioner adjusting to
maintain this value and hence trace substrate topography [4].
An alternative modulation method, known as bias modulation (BM-) SICM
(Figure 2f) has recently been developed by our group, whereby an AC signal is
generated by oscillating the bias between the two QRCEs with a small amplitude [58].
This approach has several advantages over the DM-SICM scheme; most significantly
that it is possible to operate with no net bias applied. As discussed in section 5, this
renders the SICM response essentially insensitive to surface charge, when desired,
making SICM a truer tool for topographical mapping [41]. Moreover, there are
concerns over operating SICM with a strong bias for topographical imaging of cells
due to the intense electric field at the end of the tip [42]. BM-SICM greatly reduces
such effects.
BM-SICM measurements provide single frequency impedance data. Typically,
the SICM response to an uncharged interface is represented by an equivalent circuit
diagram, such as that in Figure 3a. Upon approach to an uncharged interface, the
access resistance increases. In BM-SICM measurements, this increase in resistance is
manifested as an increase in the phase component of the AC signal and a decrease in
AC amplitude (Figure 3b). As the resistance increases, a higher proportion of the
current flows through the capacitive part of the system, resulting in the phase tending
to 90 degrees with respect to the applied alternating bias. This change in the AC
response - phase or amplitude - can be used as a feedback signal for probe
positioning. Impedance measurements (Figure 3c) performed with a 150 nm diameter
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nanopipette in bulk solution, and near a glass interface, in 100 mM KCl, show an
increase in the impedance as the tip-substrate distance decreases.

Figure 3. a) Typical equivalent circuit diagram to explain the BM-SICM response,
where Rbulk, Racc and Rp represent the resistance of the bulk solution, the access
resistance and the probe resistance respectively, while C is the capacitance across the
wall of the pipette. b) Experimental approach curves (tip current response as a
function of tip-radius-normalised distance between the tip and surface) of a 75 nm
radius (ro) borosilicate glass nanopipette to a glass surface at 0 V net bias in 100 mM
KCl solution (10 mV modulation amplitude and 270 Hz frequency), showing the
change in AC phase and amplitude with tip-substrate separation. c) BM-SICM
impedance data of the system in (b) with the nanopipette in bulk (black line), and at
tip-substrate distances of approximately 150 nm (red line), 100 nm (green line) and 50
nm (blue line). Upon approach to an interface with no net bias, the impedance can be
seen to increase.

Figure 4 shows example topographical maps, obtained using BM-SICM to
highlight the range of possible substrates that can be imaged, including polymer films
(Figure 4a), living cells (Figure 4b) and electrode surfaces (Figure 4c). A hopping
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regime was used in each case. Further consideration is given to the SICM and BMSICM responses in the context of charged interfaces in section 5.
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Figure 4. Topographical imaging with BM-SICM showing: a) a polystyrene film on
glass; b) a PC12 cell and c) a gold ultramicroelectrode. Note that there is no
interpolation of data, and each pixel shown represents a measurement point.

Whilst modulation techniques hold these notable advantages, opening up more
robust imaging capabilities, they can suffer from longer scan times than experiments
performed using DC feedback. The extraction of the AC signal using a lock-in
amplifier and the inherent response time (which should be approximately 3-4 times
the period of oscillation for the acquisition of a reasonable signal) is greater than in
the DC mode. In DC-SICM operation, the ionic current responds quickly to changes
in the conductance state of the system [59], and with hopping mode the measurement
of the tip response in bulk and near-surface at each pixel also provides a robust
measurement capability that mitigates against any drift in the response. A comparison
of DC and AC modes and the trade-off between speed and precision is considered
below (section 5) in the context of surface charge mapping.

2.3 Topographical Imaging of Living Cells
As exemplified by Figure 1d and Figure 4b, the non-invasive (non-contact) nature of
SICM, combined with the wide range of possible imaging media, make it particularly
suitable for live cell imaging when compared to other SPMs [60]. The first studies of
cell morphology using SICM, in 1997 [2,61], highlighted the benefits of the noncontact nature of the technique, showing that there was no damage to cells from the
scanning process.
SICM has subsequently been used to investigate the properties of a variety of
cell types. Some studies have considered the fluctuation of the cell volume as a
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function of time via the acquisition of multiple topographical maps [48,61,62], while
others improved the scan rate (image time) to study the dynamics of subcellular
structures [50] such as microvilli [63] or processes including exocytosis [64] and the
cell cycle [3]. Phenotypic changes in cell morphology [65,66] have also been used as
a diagnostic tool for a variety of conditions including heart disorders [67] and
Alzheimer’s disease [68]. As these applications have been extensively reviewed [4]
and since they relate to SICM in conventional operation, we do not consider this type
of study further.

2.4 Conductance Measurements, Local Delivery and Sizing
While SICM has been used predominantly for the topographical mapping of living
cells, other potential applications were evident in early studies. In the very first SICM
study [1], for example, areas of high conductance were used to identify pores in a
membrane. Further work has considered the imaging of both synthetic [69,70] and
biological [71,72] nanopores, with quantitative measurements of individual nanopores
possible [73].
The SICM nanopipette can also be used as a reservoir of analyte (for example
DNA) that can then be delivered to a surface in a highly localised manner by
controlling the bias of the QRCE in the nanopipette [16,74–78]. Such studies have
potential application in the delivery of particular molecules and therapeutics to a
specific cell or subcellular region. Recent work has highlighted the extraordinary
precision with which nanopipettes can be used to detect and size individual
nanoparticles (NPs), by analysis of the resistive pulse caused by the NP being passed,
to and fro, through a nanopipette orifice [79], as well as to deliver NPs to an electrode
surface [80]. Interesting applications of this type of technology can be envisaged,
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where an extremely well characterised NP is delivered to an interface (from cells to
materials) and the response used to characterise the interaction of the material with
the interface. In this respect, dual channel (theta) micropipettes have already been
used to deliver microparticles [81] and polymers [82] to living plant root cells, and
this novel microfluidic device could be shrunk down to the nanoscale.
As well as being able to deliver material to a surface, the SICM nanopipette
also allows single-cell nano-biopsies to be performed, through the extraction of a
small amount of material from inside a cell which is then further analysed [83,84].
This material can be, for example, mRNA, the levels of which can be quantified using
PCR. Extraction in this manner is valuable as the subsequent analysis can be tied to
cell location, or used to compare the properties of a number of cells in a group.

3. SICM PROBE CHARACTERISATION
As evident from the foregoing discussion, SICM usually employs a single barrelled
micropipette or nanopipette as the probe (although other geometries and multichannel
probes are possible, as discussed later). Probes are fabricated from either a glass or
quartz capillary, which is heated in the centre, typically using a laser puller, which
applies a pulling force to each end of the capillary during heating [4]. At the position
of the laser heating, the capillary is melted and the pulling force distorts the glass,
pulling it finer until the two halves of the capillary separate, yielding two similar
nanopipettes with a fine taper at the end. The parameters used in the production of
nanopipettes can be varied to produce different geometries, tailored to particular
applications. Depending on the heat used, pulling force and material chosen, it is
possible for pipettes to be fabricated reliably with openings spanning from several
tens of nanometres to the micrometre scale.
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In contrast to the traditional (ohmic) view of the SICM response outlined
above in Section 2.1, it has recently been shown that many factors, particularly the
surface charge density of the sample and the tip, can have a significant effect on the
ionic current in the vicinity of the surface [40,47,85]. It is thus imperative that the
response of SICM probes is fully understood in order to obtain quantitative
information, topographical or other, from the data collected. A key aspect of this
analysis is to know the tip geometry.
Nanopipette probes are often assumed to be conical (see section 4 for more
details) [45,46] and the size of the nanopipette opening has usually been extracted
from ionic conductance measurements [86]. While it is possible to consistently pull
probes with diameters in a range of several tens of nanometers, nanopipettes produced
in different pulls or on different days can vary in geometry, and it has recently been
shown that very small changes in probe geometry can result in measureable
differences in the conductance behaviour of the nanopipettes [87]. Scanning electron
microscopy (SEM) is used to provide information about the nanopipette geometry
near the orifice; a typical SEM image of a nanopipette opening is shown in Figure 5a.
However, SEM can only provide information about the nanopipette opening size and
outer nanopipette dimensions, forcing assumptions to be made about the nanopipette
inner geometry. As the nanopipette resistance is extremely sensitive to the
nanopipette inner angle and the lumen size, for a significant portion of the nanopipette
beyond the aperture, it is important to look inside the nanopipettes using, for example,
transmission electron microscopy (TEM) which has recently been shown to be a
powerful means of visualising nanopipette geometry [87,88]. Figure 5 compares SEM
and TEM images of quartz and borosilicate nanopipettes, illustrating how TEM
provides a more complete picture of nanopipette geometry that can be implemented in
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models to better understand the ionic current response. Comparisons can be made
between nanopipettes pulled from quartz (Figure 5b) and borosilicate glass (Figure
5c) capillaries. Evidently the probes fabricated from these different materials have
somewhat different geometries. From TEM measurements, the inner angle of quartz
nanopipettes can be seen (Figure 5d) to vary by up to 10° across the region of the
pipette, suggesting that the typical assumed conical geometry may not be sufficient to
accurately model the SICM response. The parameters extracted from a full
characterisation can subsequently be used to model SICM experiments in
considerable detail, vide infra, and elucidate the contribution of various surface and
solution phenomena to the current-potential-time response [87].
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Figure 5. Characterization of nanopipette geometry with SEM and TEM showing
typical SEM (a) and TEM (b) images of quartz nanopipettes and a TEM image of a
borosilicate nanopipette (c). d) Plot of the inner angle of a typical quartz nanopipette
as a function of the height of the nanopipette (measured from the opening). b-d) are
reprinted with permission from reference 87. Copyright 2016 American Chemical
Society.

4. MODELLING
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With multiple inputs (substrate topography, surface charge, local chemical and ion
fluxes, applied potential, tip-substrate separation, time etc.) influencing the output
(the ionic current), it becomes near impossible to confidently interpret SICM signals
without an accompanying theoretical framework. In much of the work discussed in
the remainder of this article, a combination of established simple analytical models
and computational modelling techniques, specifically finite element method (FEM)
simulations, are used to analyse and quantify SICM data. The use of FEM
simulations, in particular, is an important aspect of SICM that has recently been
developed [42,47,87,89].
Not withstanding the resulting uncertainties (highlighted in the preceding
section), when a nanopipette is assumed to have a conical geometry, and the inner
cone angle is known or assumed, with surface charge playing no role in the current
response [85,90,91], theoretical approach curves (current-distance) to insulating
surfaces can readily be produced, for example, by applying equation 1 [4,58]:

𝑅𝑡𝑖𝑝 = 𝑅𝑏𝑢𝑙𝑘 +

𝑟
3
log 𝑜𝑢𝑡
2
𝑟𝑖𝑛

𝐾.𝜋.𝑑

[1]

where rout and rin are the outer and inner radii of the nanopipette at the opening,
respectively, d is the separation distance between the end of the tip and the surface
and K is the solution conductivity. Such equations are useful approximations, but
need to be used with care.
In FEM simulations, computational software, such as COMSOL Multiphysics,
as applied in the majority of the studies discussed herein, can be used to solve a
specified set of partial differential equations in a defined geometry [87], subject to
initial conditions and boundary conditions chosen by the user. A typical FEM model
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first involves defining the desired geometry to closely match the experimental system
and specifying the necessary material properties of the solution and nanopipette, such
as solution viscosity, dielectric constants (of both the pipette and electrolyte) and
density. The simulated geometry can be in 1D, 2D, or 3D, with the higher dimensions
requiring more computational power, but usually enabling more faithful
representation of the experimental setup. Additionally, concentrations, charge number
and ion mobility are required for each ionic species present in solution. Other
experimental conditions such as chemical reactions and equilibria, as well as
temperature, also need to be specified. The equations to be solved are the NernstPlank equation, describing the flux of ions and molecules in solution:

𝐷

𝐽𝑖 = −𝐷𝑖 ∇𝑐𝑖 − 𝑧𝑖 R𝑇𝑖 F𝑐𝑖 ∇𝜙 + 𝑐𝑖 𝑢

[2]

where Ji is the total flux of species i, Di is the diffusion coefficient of species i, ci is
the concentration of species i, zi is the charge on species i, R is the universal gas
constant, T is the temperature, F is the Faraday constant, 𝜙 is the electric potential and
u is the fluid velocity, and the Poisson equation to describe the electric potential:

−F

∇2 𝜙 = εε ∑𝑖 𝑧𝑖 𝑐𝑖
0

[3]

where ε is the relative permittivity of the solvent, typically water [58] and ε0 is the
vacuum permittivity. FEM modelling of steady-state problems involves setting initial
conditions as a first approximation and then estimating subsequent solutions until the
calculated error has been minimised. Alternatively, time-dependent simulations can
be performed, based on the initial state of the system, which help to provide physical
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insights into dynamic (transport) processes and timescales [44,92]. We consider here
the use of FEM models for the types of SICM studies carried out hitherto, but note
that extension to other processes such as mixing [93], crystal growth and dissolution
[94], heat transfer problems [95] and the study of electrodes and electrical
components [96] is straight forward.
We outline below (section 5) how FEM simulations can be used to understand
and predict the current-potential response of a charged nanopipette in the vicinity of a
charged interface in an SICM experiment [41,42,44], from which, in turn, surface
charge values can be quantified. Additionally, simulations performed in bulk solution
can also aid in the characterisation of nanopipette surface properties and response
[87]. Utilising TEM to extract the true geometric parameters of a nanopipette, as
discussed in Section 3, leaves the surface charge of the nanopipette walls as the only
unknown parameter, which can be varied until a match is achieved with experimental
measurements, using an appropriate model for the EDL.
In other studies, FEM simulations have helped provide insights into the
limitations of SICM including the resolution achievable [86,97]. 3D simulations
performed of a nanopipette over a cylindrical pore showed that it was possible to
clearly resolve features when they were separated by 3rin/2, where rin is the radius of
the nanopipette opening [97]. Whilst there are some limitations of these simulations,
in that they assumed nanopipettes to exhibit a conical geometry, the results help to
understand the SICM response and various factors such as the nanopipette size
required to achieve a desired resolution, and the tip-surface separation distances that
would be needed. It should be noted that there is some discrepancy between simulated
and experimental studies of resolution in SICM [98], because experiments have
suggested that a resolution as small as 0.5rin [98,99] is possible.
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FEM simulations can also aid understanding of how the nanopipette response
changes with the slope of the sample being probed [100]. This study showed that the
change in resistance with distance on approach to a flat sample could be different to
that where there is a significant slope of the sample (e.g. cell surface) on the scale of
the nanopipette opening. FEM simulations have been useful in implementing
algorithms to deal with this and to provide image processing protocols to help correct
images of non-planar objects. This involves combining the initial topographical
information extracted from SICM experiments with FEM simulations of the
nanopipette response and using an iterative procedure to improve the final SICM
topographical image [100].

5. FUNCTIONAL SICM: BEYOND TOPOGRAPHY
We consider two main ways in which SICM can be extended beyond topographical
imaging to the consideration of function: (i) the design and use of specific voltage
(electrochemical) routines combined with the comprehensive modelling of the system
to extract functional information in a single barrel setup; and (ii) combining SICM
with other techniques, either by the use of multichannel probes or using a second
technique in tandem. Sections 5.1 and 5.2 will focus on the first of these two
approaches and will comprise the majority of the discussion. An overview of the
various techniques used for the second approach is provided in sections 5.3-5.6.

5.1 Surface Charge Mapping
One of the most significant recent advances in SICM has been the development of
capability for the mapping of surface charge heterogeneities on extended substrates by
sensing variations in the surrounding EDL [40,47], and the development of this
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concept to turn SICM into a robust and quantitative tool for unambiguous mapping of
both surface topography and surface charge for a range of systems, both
biomimetic/materials and living cells [41,42,44,101]. Surface charge is of vital
importance in a diverse range of complex interfacial systems, though perhaps most
significantly in living systems, where it is known to play a key role in many
processes, including cellular growth and division [102,103], adherence [104–106],
cellular uptake [107–111], and communication [112–114]. Thus, a robust method of
quantitatively resolving spatial heterogeneities in surface charge density adds
significant functional power to SICM. In this section of the article we discuss the
principles of surface charge mapping with SICM and summarise recent developments.

5.1.1 The Electrical Double Layer
While some solids are neutral (uncharged) in an aqueous environment, ions may
adsorb onto the surface or surface groups may ionise, resulting in a net charge at the
surface, which leads to the formation of an EDL of ions that are attracted to the
charged surface to balance the charge. The size (length normal to the surface),
structure, and composition of the EDL strongly depends on the magnitude of the
surface charge, the ionic composition and concentration of ions in the bulk fluid
[115].
Understanding the structure and properties of EDLs is of great importance in a
many areas, including colloidal systems and in the electrochemical behaviour of
electrodes [116]. For dilute solutions, and moderate potentials, a Gouy-Chapman
model is often reasonable [115], in which the electric potential decays exponentially
with distance from the charged surface into solution, so that the EDL is represented as
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a diffuse double layer (DDL). For a symmetrical electrolyte, the relationship between
surface charge and the surface potential has the form [115]:

𝑧ψ 𝐹

0
𝜎 = (8𝑅𝑇εε0 𝑐 × 103 )1/2 sinh( 2𝑅𝑇
)

[4]

At low potentials, this equation yields the Debye parameter [115]:

1

2𝐹2 𝐼×103 2

κ=(

𝑅𝑇εε0

)

[5]

where I is the ionic strength of the electrolyte solution, whose reciprocal determines
the characteristic DDL thickness. It is significant to note that as the value of I
increases, the characteristic thickness of the DDL decreases.

5.1.2 Ion Current Rectification in Nanopipettes and Nanopores
It is useful to first consider the current-voltage behaviour of a nanopipette in bulk
solution. The surface chemistry of the glass or quartz probes means that the surface
charge presented in solutions depends strongly on the solution properties such as pH
for aqueous solution [117]. The pKa for the dissociation of silanol groups is about 7.5
[117], although the value depends on the type of glass used, and thus at neutral pH
glass usually has a negative surface charge [117]. This, combined with the conical
geometry and asymmetric mass transport rates within and outside the nanopipette (or
nanopore) results in the phenomenon known as ion current rectification (ICR)
whereby the current response to linearly applied bias between a QRCE in the
nanopipette and one in bulk solution shows rectification [90,91,118–122]. Figure 6a
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presents simulated current-voltage profiles with different surface charge applied to the
nanopipette walls in 10 mM KCl solution. It can be seen that the level of rectification,
defined as the ratio of the current magnitude at a positive potential to the current
magnitude at the same potential at the opposite polarity, varies with the magnitude of
applied bias and surface charge [87,89]. When the nanopipette has a negative surface
charge, there is an enhancement of the current at negative voltages and a diminution
at positive voltages, relative to an ohmic response. When the nanopipette is positively
charged, these effects are reversed and the shape of the current-voltage response, and
thus the rectification ratio, is the inverse of what is observed for a negatively charged
nanopipette.

When the lumen size of a nanopipette is comparable to the size of the DDL, the
negative charge at the walls of the nanopipette creates a region where positively
charged cations can pass but the flow of anions is restricted. When a negative bias is
applied to the QRCE in the nanopipette with respect to that outside in the bulk, there
is an accumulation of cations because the diffusion/migration of cations to the
nanopipette is greater than the movement of cations up the nanopipette due to the
geometry [59]. FEM simulations, presented in Figure 6b highlight this effect. This
results in an enhanced conductance in the nanopipette and greater ionic current, as
seen in Figure 6a. When no net bias is applied, the concentrations inside and outside
the nanopipette are comparable (Figure 6c). However, when the polarity of the bias is
reversed (Figure 6d) a depletion zone forms at the end of the nanopipette because
movement of cations from the nanopipette is greater than they can be replaced from
further inside the probe [42,87,91]. Figures 6e-g show the effect of different levels of
surface charge on the amount of accumulation/depletion within the nanopipette at
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negative, zero and positive net biases. It can be seen that switching the polarity of the
surface charge on the walls flips the concentration levels in the nanopipette and that
the amount of accumulation/depletion of cations scales with the applied surface
charge.

Figure 6. a) Simulated current-voltage curves for a nanopipette in bulk solution with
varying surface charge applied to the nanopipette walls. The nanopipette had an
opening of radius 90 nm, and the geometry can be gleaned from (b-d) which are 2D
concentration profiles for a surface charge of -20 mC/m2 applied to the nanopipette
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walls with an initial concentration of 10 mM KCl both in the probe and in bulk and an
applied tip bias with respect to the bulk, VDC, of -0.4 V (b), 0 V (c) and +0.4 V (d). eg) 1D profiles of K+ concentration at a fixed height of 4 m into the pipette, against
applied surface charge at -0.4 V (e), 0 V (f) and +0.4 V (g). The key for surface
charge in (a) and (e-g) is the same.

The level of ICR observed in nanopipette or nanopore systems depends on the
shape and size of the nanopipette: for larger nanopipettes, the effects are much less
pronounced and the rectification ratio is closer to unity [120]. ICR is also more
prominent when the concentration of the electrolyte in the nanopipette solution is low.
At higher electrolyte concentration the surface charge of the walls is screened
effectively by ions in solution, compressing the EDL and resulting in a smaller
influence of the charge unless the size of the nanopipette is also decreased [91].
The role of electroosmotic flow (EOF) on the ionic current has also been
discussed in previous work and has shown to have a minimal effect when the
magnitude of the surface charge is small (few mC/m2) [120]. However, there has not
been much study as to the relative contribution when higher surface charge densities
are considered. This is an aspect that we discuss further below. Additionally, the
relative contribution of surface charge and flow phenomena may be greatly affected
by the nanopipette geometry, which is often modelled as being conical, but in practice
this is rarely the case, as shown earlier (Figure 5).

5.1.3 Surface Induced Rectification
Whilst ICR in nanopores and nanopipettes has been studied over the last few decades
[90,91,120], the impact of surface charge on SICM measurements has been neglected
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until recently. The work discussed herein [40–42,44,87] and studies performed in
other groups [47,101] has demonstrated that SICM can be used to provide information
about the polarity and magnitude of substrate charge. In fact, SICM is sensitive to
substrate surface charge for similar tip-substrate distances to which the standard
SICM response is observed, ~one tip radius away from the surface [55,99]. The
response of the ionic current upon approach to a charged interface differs significantly
from that to an uncharged surface, with the response depending on the magnitude and
sign of the applied bias, the nanopipette characteristics and ionic strength of the bulk
solution [40,41,47]. An understanding of this surface induced rectification (SIR,
Figure 7) combined with a suitable scanning regime permits the mapping of surface
charge features. Further, surface charge can then be quantified by modelling the
SICM setup as described above (section 4).
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Figure 7. FEM simulated SICM approach curves at a) +0.4 V tip bias and b) -0.4 V
tip bias to different charged surfaces (see key), with tip geometry as defined in (e-h).
c) Working surface, at a tip-substrate separation of 10 nm, of tip current normalised to
the current with the tip in bulk, as a function of substrate charge and tip bias for a
nanopipette wall charge of -20 mC/m2. d) Working curves of normalised tip current
against surface charge for three tip biases. e-h) Concentration profiles in the region of
a nanopipette near a positively charged substrate, +40 mC/m2 (f,h) and negatively
charged substrate, -40 mC/m2 (e,g) with tip biases of -0.4 V (e,f) and +0.4 V (g,h).

Figure 7 illustrates the effects of surface induced rectification phenomena using FEM
simulations for a 10 mM KCl solution. As was highlighted in Figure 1, the
conventional (established) model for SICM has been that the ionic current should
decrease as the nanopipette probe moves within one tip radius of a surface due to the
increased resistance caused by the hindrance of ion flow. However, when the QRCE
in the nanopipette is held at a negative potential relative to the bulk QRCE and the
probe is approached to a negative surface, such as glass, then the ionic current may
actually increase. This is observed in Figure 7b for the blue curve, a simulated
approach curve to a negatively charged surface (-40 mC/m2) in which the QRCE in
the probe is held at -0.4 V vs. the bulk QRCE. Current enhancements are also
observed in these conditions for a positively-biased probe QRCE approaching a
positive surface (+40 mC/m2) [40,47]. In contrast, for a positively charged tip
approaching a negatively charged surface (blue curve, Figure 7a), the ionic current is
seen to strongly decrease, even more than in the case of an uncharged substrate
(orange curve Figure 7a). These results have significant implications for
topographical mapping with SICM, the most common application of the technique, as
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the approach bias and substrate charge evidently influence the ionic current response.
Alternative explanations for current enhancements have been proposed, specifically
that the phenomenon results from electroosmotic effects at high ionic strength [123],
but this has not been widely accepted. Moreover, as shown below, EOF cannot
explain ICR observations.
Figure 7c illustrates further the effects of SIR, presenting a working surface of
how the current (normalised to the current measured with the probe in bulk solution)
varies with both surface charge and tip bias at a tip-substrate separation of 10 nm (tip
radius 90 nm). As described above, when the probe QRCE bias and the surface charge
are of the same polarity, current enhancements are observed, whereas at opposite
polarities a diminution in the current is seen. It is also worth mentioning that, as the
nanopipette walls were negatively charged in these simulations (-20 mC/m2, as
appropriate for glass [47,87]) a stronger enhancement and depletion is observed at
negative and positive tip biases, respectively, than if the tip was neutral. From this
working surface, individual profiles at different biases can be extracted and show that
with increasing bias magnitude, the sensitivity to surface charge increases. Around 0
V, the effect of surface charge on the ionic current is negligible and a near constant
decrease of current with distance from bulk irrespective of the substrate surface
charge is observed, as would be expected in the traditional SICM response [1,4].
Figure 7e-h presents concentration profiles within the region of the
nanopipette near both positively (+20 mC/m2) and negatively (-20 mC/m2) charged
surfaces with an applied tip bias of either +0.4 V or -0.4 V. The charge on the
nanopipette walls was the same as in Figure 6b-d (-20 mC/m2) and so the data are
comparable. It can be seen that with negative tip bias, near a negatively charged
substrate, there is an accumulation of cations within the nanopipette and at positive
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bias, there is a strong depletion of cations. Similar effects are observed with the
nanopipette near a positively charged surface, although the effects are partly
diminished by the charge of the pipette walls [47].
As noted above, some previous work suggested that current enhancements on
approach to charged interfaces could arise from the effects of EOF [123]. In this
work, experimental data was presented in 150 mM NaCl solution that suggested bias
dependent current enhancements of over 40% were possible on approaching a glass
nanopipette to glass or polystyrene. It is important to note that such significant current
enhancements have not been observed in other studies under these conditions [2,4,44]
and would unlikely result from a surface charge phenomenon because of the
compression of the DDL at these concentrations. Additionally, this work did not
include any validation via a simulated response to show that the proposed mechanism
of current enhancements was reasonable. Previous studies of nanopipettes both near a
surface and in bulk have tried to assess the effects of electroosmosis on the expected
ionic current and it has been demonstrated that with low surface charge densities (-1
mC/m2) on the nanopipette walls in moderate ionic strength (10 mM) the effects of
including EOF into simulations results in a small (negligible) impact (<1 %) [40,120].
In order to assess the effect of EOF on SICM experiments under physiological
conditions, we have performed FEM simulations with a nanopipette (radius 90 nm,
characterised by TEM) positioned both in bulk solution and in the vicinity of a
charged interface both in 10 mM and 150 mM KCl solutions, both incorporating EOF,
and not including it. As found in previous work, it was seen that EOF had a negligible
effect on the expected ionic current when surface charge densities of <5 mC/m2 were
applied to the pipette walls (Figure 8a,b). For higher surface charge densities (-10
mC/m2) there was a more noticeable change (~8% at the -0.4 V tip bias) to the bulk
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ionic current value, as shown in Figure 8c,d. However, it is interesting to note that
incorporating EOF into the simulation appears to influence the ionic current in a
rather different manner to ICR, in that EOF increases the predicted current at both
polarities of tip bias. In spite of this effect of EOF on the ionic current, performing
SICM measurements in a self-referencing regime (where the near-surface response is
normalised by the bulk response) negates the impact of EOF. For example, for a
variety of surface charge densities (-1 mC/m2, -5 mC/m2 and -10 mC/m2) applied to
the substrate beneath a nanopipette with surface charge (-10 mC/m2) applied to its
walls, differences of less than 0.5% were predicted, at the extreme potentials explored
( 0.4 V), between normalized current values where EOF had been included and
excluded from simulations. It is worth noting that simulations in 150 mM electrolyte
solution, similar to that used experimentally [123], do not predict current
enhancements at any tip bias, let alone of the magnitude seen and so these SIR
observations cannot be explained by EOF.
To summarize, EOF is often excluded from theoretical considerations of
nanopipettes both in bulk and near an interface either because it is believed to have a
negligible effect [89,91] or because it is computationally expensive to include it.
However, as shown herein, it can have some effect on the ionic current in nanopipette
experiments when high surface charge densities are on the nanopipette walls. For
modelling purposes, it is thus important to first establish whether EOF will have a
significant impact and whether excluding it is justifiable. For surface charge
measurements, such as those that we have advocated [41,42,44], the self-referencing
approach employed - in which near-surface current values are normalised by those
with the tip in bulk solution – removes any impact of EOF (within typical
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Figure 8. FEM simulated I-V curves with a 90 nm radius nanopipette in bulk solution
in a) 10 mM KCl, surface charge -5 mC/m2, b) 100 mM KCl, surface charge -5
mC/m2, c) 10 mM KCl, surface charge -10 mC/m2, d) 100 mM KCl, surface charge 10 mC/m2. Blue lines are simulated results with EOF included, whereas orange lines
are the results where EOF is excluded.

As well as using FEM simulations to investigate the effects of SIR, impedance
measurements also provide valuable information. Figure 9 presents impedance data
collected in 10 mM KCl with a 10 mV oscillation applied on top of specified fixed
biases to the nanopipette QRCE in an SICM setup. Similar experiments have been
performed in the study of ICR phenomena at nanopipettes in bulk solution, which
demonstrated that the charge on the nanopipette walls results in the appearance of
multi-time constant impedance loops, depending on the tip bias [124]. Figure 9
presents some initial data, which suggest that similar - but amplified - effects are
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observed when a nanopipette is near charged interfaces. At 0 V (Figure 9a), similar
behaviour to that observed in high electrolyte is observed (Figure 3c), with the
impedance magnitude increasing as the access resistance to the nanopipette increases,
at closer tip-substrate separations (labelled ‘Surface’). For conditions where current
enhancements are observed (negative tip bias, negative surface), a decrease in the
impedance is observed with the nanopipette near the surface, compared to bulk, and a
second loop appears in the low frequency regime (Figure 9b). In contrast, at positive
tip biases, a second loop appears with the nanopipette near the surface, with
increasing impedance at lower frequencies, and the impedance is much larger than
with the tip in bulk solution (Figure 9c). These effects were also seen at the opposite
tip polarity on approach to a positively charged (3-aminopropyl)triethoxysilane
surface. Impedance and BM-SICM measurements complement traditional ionic
current measurements and can provide important information for understanding the
effects of the EDL on the ion conductance response.
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Figure 9. Nyquist plots representing impedance data for an SICM configuration, with
a nanopipette in 10 mM KCl aqueous solution (pH ca. 6.5) with a 10 mV oscillation
applied on top of a fixed bias of a) 0 V, b) -0.4 V, c) 0.4 V. The nanopipette was
positioned either in bulk solution (blue) or near a glass substrate (orange). Data points
corresponding to decades in frequency are denoted by stars and labelled according to
the frequency.
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5.1.4 Application of SICM Charge Mapping to Living Cells
While SIR was initially explored in relatively low electrolyte concentration, it is
manifest in solutions up to 150 mM, although not as strongly [42]. Nonetheless, it is
an important consideration as this is the ionic strength used in many physiologically
relevant experiments. Furthermore, SIR effects are detectable at this ionic strength
with relatively large tip sizes (diameters up to 200 nm [42,44]) and the effect would
be more significant with smaller tips. As described above, the extent of surface charge
influence on the SICM response during the approach of a nanopipette to a surface is
dependent on the bias applied between the two QRCEs [41]. At a higher bias, the
effect of surface charge is more pronounced, while at a lower bias the convolution is
negligible, making 0 V the ideal bias at which to approach a surface and determine
topography [41]. This brings BM-SICM [58] to the fore, as zero net bias can be
applied.
The effect of SIR on the SICM tip current response, which can then be
converted to surface charge density, can be elucidated in the following hopping
regime: (i) the topography of the sample, essentially free from surface charge effects,
is extracted at zero net bias, using the change in the AC phase between the bulk and
surface as feedback (set point) during the approach of the probe; (ii) at each pixel in
the topographical image, at the point of closest approach, surface charge is then
elucidated by sweeping the bias between the two QRCEs; (iii) this voltammetric
response is then compared with a current−voltage curve recorded in bulk solution to
reveal any effects of the substrate surface charge. It should be noted that in this
regime it is possible to concurrently map both topography and surface charge
essentially independently, extending the power of SICM far beyond its conventional
application as a topographical tool.
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The regime described above has been used to probe both model surfaces [41]
and living cells [42,44]. Figure 10a shows an optical image of a Baker’s yeast cell
imaged in 10 mM KCl using BM-SICM (scan area indicated by the black square).
The topographical map, extracted with no net bias, is shown in Figure 10b. The
normalised current at a probe QRCE bias of -0.4 V with respect to bulk (Figure 10c)
shows a sharp contrast between the yeast and the glass support substrate. There is a
strong current enhancement near the surface of the yeast cells, relative to the bulk
solution, suggesting the presence of a strong negative charge (see simulations in
Figure 7d). Figure 10d-f shows data relating to a small scan area on the top of a root
hair cell. The BM-SICM technique reveals nanoscale heterogeneities in surface
charge. The simultaneously collected topography (Figure 10e) and normalised current
(Figure 10f) maps demonstrate the ability of the technique to collect multifunctional
information in a single scan with a single-channel probe, simply by making fuller use
of the potential-control capabilities in SICM.
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Figure 10. BM-SICM topography and surface charge mapping of Baker’s yeast (a-c)
and root hair cells (d-f) in 10 mM KCl with optical image (a,d), topographical data
(b,e) and normalised ionic current data at a bias of 0.4 V (c,f) presented. The scan
areas are represented on the optical images by a black dashed square.

As mentioned above, SIR is also seen at higher ionic strength (physiological
conditions), for example, in studies of adipocyte cells [42]. Physiological conditions
were also employed to demonstrate a second approach for charge mapping, making
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use of a pulsed potential chronoamperometric regime [44]. This increases the pixel
acquisition rate by over an order of magnitude, with scope for further gains. A DC
mode is used for enhanced speed, but to minimise the convolution of surface charge,
the approach bias is minimised to a few mV (precise value depending on tip size and
electrolyte concentration). Once the surface is detected (topography), the probe is
fixed in position and the potential is pulsed to a value where the SICM current is more
sensitive to surface charge (higher magnitude bias). This pulse need only be of a few
ms duration. Figure 11a presents a topographical map of a PC12, neuron-like, cell
obtained using this approach. Current-time curves were collected in bulk and near the
substrate at each pixel to elucidate surface charge effects precisely (Figure 11b). By
taking the normalised current value (tip current at surface divided by bulk response at
a particular time, Figure 11c) and utilising time-dependent FEM simulations of the
experimental geometry to generate a current-surface charge working curve (Figure
11d), it becomes possible to quantify the surface charge present on the surface (Figure
11e).
It is important to note that the accuracy of surface charge estimation is
predicated on the model used for the EDL. We have chosen a Gouy-Chapman model
for the EDL at both the nanopipette and the substrate surface, as also used in many
studies of rectification in glass and quartz nanopipettes [59,91,120] with electrolyte
concentrations up to 100 mM [120]. As mentioned above, the Gouy-Chapman model
is strictly applicable to low ionic strengths and small surface potential. However, for
insulating materials, including the glass/quartz nanopipette and cell membranes, the
surface charge often arises from a fixed number of sites which restricts ion
concentrations in the EDL near the surface even at moderate to high ionic strengths
[125,126]. As a consequence, the model has been used at supporting electrolyte
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concentrations of the order of 100 mM [127,128]. An advantage of using the DDL for
the EDL, as opposed to alternatives for solid surfaces [129] and cell membranes [130]
is that only a few, well posed, parameters are needed, avoiding additional arbitrary
assignment of parameters (including ion binding parameters) as needed for alternative
models, such as a Stern-Gouy-Chapman model [130]. Furthermore, surface force
apparatus has been used to demonstrate that the potential profile fits the GouyChapman model at separations of greater than 2 nm from the surface in 1:1 electrolyte
concentrations of up to 100 mM [128]. As SICM is being used to probe the DDL from
a distance of tens of nanometres [42,44], Gouy-Chapman is the most suitable model
for the EDL. In general, it is recognised that more sophisticated descriptions of the
EDL are needed and SICM measurements could have a significant role to play in
assessing models from simulations of the EDL [131], although very small SICM
probes would be needed that could be stationed very close to the substrate surface
being probed.
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Figure 11. Surface charge mapping of a PC12 cell in physiological conditions, RPMI
cell media (~150 mM ionic strength), using pulse potential SICM. a) Topographical
map obtained at an approach bias of +20 mV. b) Example current-time curves
extracted in bulk and near the substrate (over the cell and glass support, see part (a)
for locations) after pulsing the applied bias at the probe QRCE to -400 mV vs. bulk.
c) Map of normalised SICM current (current from the surface pulse divided by current
during bulk pulse at 50 ms). d) Simulated working curve at 50 ms to convert (c) to
surface charge values (e) at the probe working distance of 30 nm. This figure is
adapted with permission from reference 44 Copyright 2016 American Chemical
Society.

5.2 Flux Imaging
A second example of how a full theoretical interpretation of the ionic current response
has permitted the application of SICM to functional mapping is the resolution of
nanoscale fluxes arising from interfacial reactions [43]. Any reaction that produces or
consumes charged species will change the local conductivity (ion composition) of the
solution and this can be detected via the local ionic current signal at the SICM probe
with appropriate potential control. Tuning the potential of the probe QRCE with
respect to the bulk QRCE can either make the response sensitive (negative probe
potential in the example in Figure 12a) or insensitive (positive probe potential for the
example in Figure 12b) to the changing ionic environment at the surface. This
selective (and tuneable) potential-dependent sensing of either the topography or local
activity was verified by FEM modelling (Figure 12c,d). It was also possible to
separate topography and activity by applying a potential such that the SICM current
response was sensitive to local changes in conductivity (reactivity) and oscillating the
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nanopipette in a DM mode. The AC amplitude was shown to be relatively insensitive
to local reactivity and could be used for topographic feedback, whilst the DC ionic
current resolved differences in local reactivity. This approach was applied to the case
of hydrazine oxidation and proton reduction (Figure 12e) in a hopping mode with a
substrate CV measurement at each pixel (tip potential fixed). Proton reduction leads
to a decrease in the local conductivity whilst hydrazine oxidation produces protons
and increases the conductivity, giving a higher normalised current (Figure 12f). Highspeed electrochemical reaction mapping of flat samples with SICM has also been
demonstrated, where electrochemical reactivity maps with 16,250 pixels were
generated every 4 seconds [43].

Figure 12. a,b) Experimental (red and blue traces) and simulated (solid black lines)
SICM current-distance curves acquired with a nanopipette (biased at −0.1 and +0.1 V,
respectively) positioned over an inert (blue) and Fc+ generating (diffusion-controlled
rate) from the oxidation of Fc (Ferrocene methanol) in bulk solution (1.95 mM) at a
12.5 μm radius Au UME (red). Note the difference in scales between (a) and (b).
Tuning the tip potential makes the SICM response sensitive (a) or relatively immune
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(b) to the substrate reaction. c,d) Simulated conductivity distributions (magnified
view) with a nanopipette (biased at ± 0.1 V) positioned at 1 μm distance from an Fc+
generating substrate electrode (Au UME). e) Schematic representation of the
experimental setup employed for mapping hydrazine oxidation and proton reduction
at ∼600 nm radius Pt UME. f) Electrochemical images from a 380-snapshot image
sequence, constructed from voltammetric data resolved at each image pixel. The
nanopipette current has been normalised by the value at the point of the closest
approach (at each individual pixel) with the substrate potential held at −0.2 V (no
substrate reaction). Adapted with permission from reference 43 Copyright 2016
American Chemical Society.

Given the multiple applications of single-barrelled SICM it is important to
consider the possible convolution of responses between, for example, surface charge
and flux imaging. In principle, it should be possible to separate the two functional
signals, and obtain topographical information, by exploiting the potential-time control
functions that we have implemented, and making measurements at a range of
(positive and negative) potentials, in combination with a robust model of the setup.
For the systems considered hitherto, the issue of functional convolution has not
arisen, i.e. either surface charge or reactivity has dominated. For example, when
mapping the surface charge of cells, the ion flux from individual ion channels will
have a comparatively negligible effect on the SICM current signal, and – if desired this can easily be checked by making measurements of surface charge at extreme
positive and negative potentials, as we have done [41,42,44], where any ion channel
flux would be manifested differently in the SICM response.
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5.3 Open Dual-Barrel Techniques
Dual-channel nanopipettes provide additional functionality for SICM, with the
simplest type of probe being based on a ‘theta’ pipette, containing two open barrels
(Figure 13a). There have been several applications of such probes. An early
application was the independent deposition of DNA, one channel containing DNA
stained with alexa 647 and the other DNA stained with rhodamine green [132],
allowing the printing of two-component, graded images on a polyethyleneimine
modified glass surface. This type of approach was recently advanced to create 3D Cu
nanostructures [39], with one barrel used for SICM feedback while the other served as
a reservoir of Cu2+ ions that were then reduced at the Au substrate (Figure 13a). This
technique was able to deposit structures with very high aspect ratios and a critical
dimension of less than 1 µm, a significant improvement on previous work using
FluidFM [133,134], in which a hollow AFM tip and fluid feed-through in the
cantilever is used for deposition. Simple pillars (Figure 13b) and more complex
structures (Figure 13c) were deposited (written), which could then be scanned again
(read) using the SICM channel to generate high resolution topographical images
(Figure 13d). This ability to both build features and verify their construction with the
same probe in-situ has added significant new functionality to SICM.
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Figure 13. Deposition of Cu nanostructures with a dual-barrel nanopipette. a)
Schematic of the experimental setup, with one barrel of the theta pipette used for
SICM feedback and the other used as a source of Cu2+ ions. b) Array of nine pillars
deposited at a substrate potential of -0.75 V (vs. Ag/AgCl QRCE with an SICM bias
of 0.2 V and a bias in the Cu reservoir barrel of 1 V (vs. same QRCE). The deposition
time was 60 s and the probe was translated away from the surface under positional
feedback control during the growth of each feature. c) Example scanning electron
micrographs of Cu nanostructures created by retracting vertically before moving
laterally with and without feedback to create zig-zag and gamma structures (left and
right hand images respectively). d) Hopping mode SICM image of a deposited Cu
pillar, taken with the same nanopipette probe as used for patterning. Adapted with
permission from reference 39. Copyright 2016 American Chemical Society.
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The development of potentiometric scanning ion conductance microscopy (PSICM) [88,135–138] has added further functionality to the theta pipette, permitting
the simultaneous measurement of both topography and conductance across
membranes. The setup for P-SICM (Figure 14a) requires the application of a bias
between electrodes on each side of the membrane to drive trans-membrane ion flow.
One barrel of a dual-channel pipette is then used for SICM topographical feedback
while the other measures the local conductance near the end of the pipette in a
potentiometric regime. This setup has been applied to model nanopores in a polymer
membrane (Figure 14b) [135] and to channel conductance at tight junctions (Figure
14c) [88,135,136], with applications including the demonstration that claudin-2 (a
protein found in tight junctions) regulates permeability at the junctions of some
epithelial cell strains (Figure 14d) [135]. Further work with theta pipettes has included
the incorporation membrane patches into one channel of the pipette [139] and using
one channel for topographical feedback while the other collects mRNA [84].
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Figure 14. Potentiometric scanning ion conductance microscopy (P-SICM). a)
Schematic of the P-SICM experimental setup. A bias is applied between the working
electrode (WE) and the counter electrode (CE) while the pipette electrode (PE)
measures topography and the potential electrode (UE) records the local potential at
the pipette tip to make conductance measurements. All electrode potentials are
referenced to a single reference electrode (RE). b) Local potential variation at
nanopores in a polymer membrane at three different transmembrane potentials,
measured using P-SICM in imaging mode. Scale bar = 1 µm. c) Topographical image
of the surface of a cell monolayer shows the position of cell bodies and cell junctions.
Scale bar = 5 μm. The inset shows the zoom out image of the cell monolayer under
study (40 x 40 μm). CB indicates the cell body and CJ the cell junction. d)
Histograms of conductances measured at cell junctions for two cell strains (MDCKIIWT and MDCKII-C2, red and blue respectively) using P-SICM, showing that
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claudin-2 regulates epithelial permeability. b-d) are reproduced with permission from
Dr Lane A. Baker from reference 88. Copyright 2014, The Electrochemical Society.

5.4 SECM-SICM
In contrast to SICM, SECM often makes use of the faradaic current signal at a probe
(solid or liquid/liquid interface) due to a charge (ion or electron) transfer reaction and
can be used to obtain electrochemical maps of a wide variety of interfaces [14,19]. As
mentioned in the Introduction (section 1), in comparison to SICM, the topographical
capabilities of SECM are often rather poor and the SECM response is much more
susceptible to effects of electrode fouling, and from the convolution of topography
and activity in the response [21,29]. These limitations can be overcome by combining
SECM and SICM into a single probe (SECM-SICM). Two types of SECM-SICM
probes have been described: (i) using a dual-barrelled ‘theta’ pipette where one barrel
serves as the SICM channel and the other is a solid SECM electrode [30,32,140,141];
or (ii) by using a ring configuration where metal is deposited on the walls of the
SICM channel and is used for SECM imaging [28,29,31]. The theta configuration is
used most and is simple to make.
SICM-SECM has recently been used to detect the delivery and uptake of
molecules to a cellular surface, with the SECM barrel used to monitor the flux of a
molecule of interest, delivered from the SICM barrel, which also tracked the substrate
topography [141]. A self-referencing hopping mode was used in which the SECM and
SICM channels were calibrated at each pixel. This allowed precise sub-cellular
measurements of molecular uptake rates and the protocol was particularly important
to avoid complications from substantial drift (deterioration) of the SECM response.
SICM-SECM has also been employed for pH sensing [140,142], allowing the
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acquisition of simultaneous topography-potentiometric pH maps of surfaces.
Functionalization of a carbon electrode in the SECM-SICM setup with platinum has
also permitted measurements of O2 [143,144] and H2O2 [145] by amperometry.
SICM-SECM has facilitated studies of the electrochemical properties of a wide range
of different substrates ranging from dissolving crystals [140] and single living cells
[144] to electrocatalytic nanoparticles [30,145] and electrode surfaces [29]. It is
expected that these applications will grow in the future.

5.5 Other Hybrid SICM Techniques
Several studies have attempted to further combine SICM with other techniques. For
example, SICM-AFM, in which a bent nanopipette serves both as a cantilever and
also as an open channel to probe conductance. This type of device has been used for
both conductance-topography [146] and topography-force measurements [147,148].
The use of confocal microscopy in tandem with SICM has allowed the simultaneous
collection of sample topography and the spatial distribution of fluorescent molecules
or particles of interest [149]. This approach has been used to study endocytic
pathways [150], such as probing the mechanism of clathrin-coated pit closure [151].
Additionally fluorescence measurements have been very valuable in following the
dynamics of delivery from nanopipettes and the behaviour of the fluorescent moieties
whilst in a nanopipette [75,152]. These studies showed that it was possible to deliver
a single fluorescent molecule to different subcellular regions of a boar spermatozoon
and track the diffusion therein [152]. SICM has also been combined with scanning
near field optical microscopy to combine optical measurements with ion conductance
information [153].
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5.6 Further Conductance Techniques
A notable technique that employs ion conductance measurements for positioning
[154] or to map ion fluxes [92] is SECCM, a droplet-based electrochemical imaging
technique, which does not require the substrate of interest to be bathed in electrolyte
solution [154,155]. In this configuration a dual-barrelled pipette is used with both
channels filled with electrolyte solution and a QRCE. A meniscus forms at the end of
the pipette and, with a bias applied between the two QRCEs, an ion conductance
signal is produced. When the droplet contacts with a substrate, the meniscus changes
shape and this is detected in the conductance response. By recording the probe
position required to maintain a constant conductance value, as the droplet is scanned
across a substrate, SECCM can be used to map topography of insulating or
conducting samples [96,154]. Additionally, through the inclusion of redox-active
species in the SECCM barrels, electron transfer between probe molecules and a
working substrate electrode can be studied in a highly localised manner [156]. In this
way, heterogeneities in surface activity can be identified through variations in the
faradaic current at the working electrode, defined by the mobile meniscus cell.
SECCM has been used extensively to obtain major new insights into the behaviour of
carbon electrodes including: graphene [96,157], carbon nanotubes [158,159] and
boron doped diamond [160] as well as for studying other electrode materials [161]
and individual catalytic nanoparticles [162,163]. All of these materials find
application in bioelectroanalysis, and the deeper understanding of structure-activity
revealed by SECCM, in tandem with complementary microscopy methods applied to
the same area in a correlative multimicroscopy approach [12,164], is hugely valuable
for the development of next generation sensors and electrocatalysts.

52

As with SICM, droplet techniques allow for the controlled deposition and
delivery of material to a substrate allowing for complex patterning and formation of
microstructures on an electrode or other substrate [132,165]. Furthermore, such
probes can be used to make local dissolution measurements [92], including of
biominerals such as dental enamel, and the assessment of treatments to protect the
tooth surface [166]. Additional channels can be added to the probe to make multiple
ionic current and electrochemical measurements [167]. An in depth consideration of
the SECCM technique can be found in a recent review [155].

6. CONCLUSIONS
Although SICM was invented more than a quarter of a century ago, it is only in recent
years that its full potential as a multi-functional tool has been realised. SICM has long
been recognised as a powerful instrument for mapping topography of a wide range of
different substrates, most prominently living cells, where the non-contact nature of the
technique is particularly beneficial for measurements at soft samples. Further, SICM
is a simple but versatile tool for the precise delivery of molecules to a desired location
on a substrate and is able to make high-resolution conductance measurements, with
applications to membrane transport. These are established capabilities of SICM that
make the instrument valuable for various life sciences applications.
The main focus of this article has been to highlight new developments,
spanning novel control functionality, a deep understanding of the electrochemical
properties and principles underpinning the response, new types of scan regimes and
feedback protocols that turn SICM into a very powerful multifunctional technique
capable of probing new processes, such as surface charge and ion flux processes
through careful monitoring of changes in the nanopipette conductance. Furthermore,
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by combining SICM with other microscopy techniques, for example confocal
microscopy and SECM, considerable additional functionality is added that provides a
promising outlook for future studies using multi-barrelled nanopipette probes. An
important aspect in the recent advance of SICM has been the development of a robust
theoretical framework for understanding the substrate-solution interface and probe
response, an important aspect that we have considered herein. We have assessed the
physicochemical phenomena that can contribute to the SICM response and how they
can best be accounted for and modelled. This theoretical foundation, together with
methods for the exact characterisation of nanopipette probes, means that quantitative
information can be extracted from SICM measurements.
SICM is very much suited for the study of living systems and there is a vast
range of information that can be obtained through control of the SICM potential-time
and scan regimes. Ion conductance measurements are expected to play a key role in
the future for elucidating valuable information about cellular function, and correlating
the surface properties of cells with physiological function. Some of the proof of
concept studies outlined herein serve as a roadmap for what may be possible.
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