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Scanning ion conductance microscopy (SICM) using a nanopipette as a probe and ionic current
as a feedback signal was introduced as a novel technique to study live cells in a physiological
environment. To avoid contact between the pipette tip and cells during the conventional lateral
scanning mode, we adopted a standing approach (STA) mode in which the probe was moved
vertically to first approach and then retracted from the cell surface at each measurement point
on an XY plane. The STA mode ensured non-contact imaging of the topography of live cells
and for a wide range of uneven substrates (500 x 300 pm to 5 x 5 um). We also used a
field-programmable gate array (FPGA) board to enhance feedback distance regulation. FPGA
dramatically increased the feedback speed and decreased the imaging time (450 s per image) with
enhanced accuracy and quality of live cell images. To evaluate the potential of the STA mode for
SICM, we carried out imaging of a convoluted surface of live cell in various scan ranges and

estimated the spatial resolutions of these images.

Introduction

Scanning probe microscopy (SPM), particularly atomic force
microscopy (AFM), has been applied for a variety of
physical, chemical and structural characterizations of live
cells. Considerable efforts have been made to improve the
resolution and scan rate as well as to reduce the stress applied
to live samples during imaging.! However, conventional
AFM requires physical contact comparable to a cantilever
with the sample, which might induce undesirable morphological
deformations, especially for measurements under water. Since
the surfaces of live cells are too soft and water viscosity
cannot be disregarded, introduction of the undesired effects
on cell viability is unavoidable due to the force used
as a feedback signal during AFM imaging. Non-contact
oscillating AFM techniques for live cell imaging have been
developed and are already available in commercial micro-
scopes. However, the spatial resolutions of AFM images
obtained for live cell samples are considerably inferior to those
for fixed cells.

Among various SPMs, scanning ion conductance micro-
scopy (SICM) is an effective tool for non-contact topographical
imaging of live cells* ® because measurements are performed
under physiological conditions. SICM uses a micro- or nano-
pipette as a scanning probe to detect an ionic current between
an electrode inside the pipette and an electrode located in
a bath. The pipette-sample distance is regulated by the ionic
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currents used as feedback signals. When the pipette approaches a
sample surface, the resistance between the two electrodes
increases and ionic current decreases. The magnitude of ionic
current depends on the pipette—sample distance. Therefore,
ionic current can be used as a feedback signal to maintain a
constant pipette—sample distance.’

SICM provides information on the height of live cells by
bringing the pipette tip within the proximity of the cell surface.
SICM has previously been combined with other analytical
tools including scanning near-field optical microscopy® 2 and
confocal microscopy'> ! in order to simultaneously obtain
high resolution fluorescent information and cell surface
topography. SICM has also been used as a tool for the
precise local delivery of various biomolecules based on
electrophoresis.'®>* In addition, localized patch clamp using
the SICM configuration®*2® and mapping ion channels?” have
been performed.

The scanning mode is a key element for measuring
convoluted live cell surface topography because the feedback
distance control system cannot predict height information in
advance. Thus, a conventional scanning method in which the
tip—sample distance is controlled by maintaining the set point
of a feedback signal at a constant value can possibly deform a
live cell surface and generate artifacts during the lateral
motion of the tip. In particular, neurons are quite difficult to
image because they have a narrow axon and large cell body.
Jumping-mode AFM, the tip literally jumping from one image
point to another, is effective for convoluted surface topography
measurement of biological sample.?® Scanning electrochemical
microscopy (SECM) was successfully applied for the
topographical imaging of live cells.”**! The advantage of
SECM based on a redox current as a feedback signal is that
the working distance is longer than other feedback signals used
for conventional SPMs. Furthermore, SECM is able to detect

3 . . = ..
enzyme>>>* and cellular respiration®>” activity and generate
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chemical reaction.*®** However, the resolution of a typical
SECM is inferior as compared to other SPMs because
miniaturization of the electrode probe is very difficult. Some
groups have used nanoelectrodes for live cell measurements.*>*!
However, the nanoelectrodes were easily polluted, and therefore
could only be used for a limited time.

The resolution of SICM depends on the size of pipette
aperture. Since it is relatively easy to fabricate nanopipettes
because of the simplicity of their structures, the resolution of
SICM is high compared to SECM. In a previous study, a
membrane protein was imaged by SICM using a pipette with a
15-nm diameter.** The drawback of SICM is the fluctuations
of ionic currents over time, which is called the DC drift. To
circumvent this drift, a modulation mode® and pulse mode****
were developed. However, an adequate probe scanning method
has not been developed.

In this study, we adopted a standing approach (STA) mode
in which the probe was moved vertically to first approach and
then retracted from the sample surface at each measurement
point on an XY plane during imaging. The STA mode is also
useful for uneven substrates over a large range of scanning
areas.*>™ The vertical motion of the pipette completely
prevents contact with the sample surface. Furthermore, the
DC drift in the probe current is completely nullified by
defining the set point for the ionic current at each measurement
point before the tip approaches the sample surface.

A major disadvantage of the STA mode is that the acquisition
time for imaging is long compared to the conventional scanning
mode. Therefore, the approach speed of the pipette was
increased by adapting a field-programmable gate array
(FPGA) board for feedback distance regulation. Korchev
et al. very recently reported a similar concept for an SICM
configuration for live cell imaging.>® This novel SICM
imaging algorithm will expand the applicability of SICM for
characterizing various phenomena that occur on the surfaces
and outside of live cells and tissues under truly stress-free
physiological environments.

To evaluate the potential of the STA mode we imaged
convoluted live cells and cell surfaces. The SICM setup used
two scanning stages to obtain topographical images: wide-area
scanning with micrometre resolution and narrow-area scanning
with nanometre resolution. The resolution of SICM with the
narrow-area scanning system was compared to that of AFM
using a PDMS micro-mould. We investigated topographical
imaging of MCF-7, HeLa and CHO cells, as well as myotubes
formed in C2C12 cells and axons of a single PC12 cell. In
addition, we also performed high speed (7 min per image) and
high resolution imaging of live HeLa cells.

Experimental
Measurement system

The configuration of the scanning ion conductance micro-
scopy (SICM) system used in the present study was essentially
the same as the home-made SECM reported previously.*
Electrochemical measurements used a two-electrode configuration
with an Ag/AgCl (saturated KCI) reference electrode. The
ionic current signal was amplified using a high-gain current

amplifier (Keithley, Model 427). The rise time of the current
amplifier was set at 1-3 ms for high-speed ionic current
feedback control. Optical images of the cells were observed
using inverted optical microscopy (TE-300, Nicon) using an
objective lens (CFI Fluor 20x, 0.45 NA, Nikon) and recorded
with a digital camera (Coolpix 990, Nikon).

We used two scanning systems: wide-area and narrow-area
scanning systems with minimum and maximum scan ranges
from 100 x 100 pm to 2000 x 2000 pm and 5 X 5 pm to
100 x 100 pm, respectively. In the wide-area system, the
pipette position was controlled by an XYZ stage (Suruga
Seiki, K701-20R) driven by a stepping motor controller
(Suruga Seiki, D70). The vertical position (Z direction) for
the probe was precisely controlled by a piezoelectric actuator
(Melles Griot, 17PAZ013) and an actuator controller (Melles
Griot, 17PCZ001). The traversing distance of the stepping
motor in the XY direction was 20 mm and that for the
piezoelectric actuator in the Z direction was 80 pm. The
system was controlled by a program written in Visual Basic
6.0 (Microsoft) using a 16-bit D/A converter board (Interface,
PCI-3310) and 16-bit A/D converter board (Interface,
PCI-3178). In the narrow area, a high resolution scanning
system and a X'YZ piezoelectric scanner (Physik Instrumente,
P-517.3CL) connected to an amplifier module (Physik
Instrumente, E-503.00) and servo control module (Physik
Instrumente, E-509.C3) were used to precisely control the
relative position of the probe and a sample. The system was
controlled by a program written using LabVIEW 8.0
(National Instruments). Signals were converted to digital data
using an FPGA board (NI-7831R, National Instruments).
FPGA programming used a LabVIEW FPGA module that
converted the LabVIEW programs into a very high-speed
integrated circuit hardware description language (VHDL).

An AFM image was obtained in air using conventional
AFM (NanoScope III AFM Dimension 3000 stage system;
Digital Instruments, Inc., Santa Barbara, California) operated
in a tapping mode.

Standing approach (STA) mode measurements

The STA mode featured repetitive approaches to and
retractions from the surface by the probe for measurements
while defining a new set point at each point. Fig. 1 shows a
schematic diagram of the standing approach (STA) mode. The
procedure is as follows: first, a reference ionic current was
measured using a nanopipette positioned at a reference
point (usually 2 pum from the sample surface). The set
point was defined as 99% of the reference ionic current
(Fig. 1(a)). Then, the nanopipette approached the surface at
20-100 nm ms~' while monitoring the ionic current until
the current was damped to the set point (Fig. 1(b)). The
vertical position of the probe tip was also continuously
monitored with the control system. Then, the nanopipette
was retracted 2 pm upward to avoid contact with the surface
during lateral movement (Fig. 1(c)). When the reference
ionic current was less than 99.95% of the previous reference
point, the probe was moved upward until the ionic current
reached 99.95% of the previous reference point. Additionally,
the probe was further retracted by 1 pm to avoid undesired
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Fig. 1 Schematic representation of the standing approach mode.
(a) The set point is established at a position far from the substrate.
(b) Pipette engages the sample surface. (c) Pipette withdraws
from the sample and moves to the next point. (d) The set point is
re-established.

contact with the sample surface. A new set point was defined
by measuring the reference ionic current (Fig. 1(d)).

Fabrication of nanopipette

The SICM nanopipettes were fabricated by pulling either a
borosilicate glass pipette (id = 0.86 mm, od = 1.5 mm;
GCI150F-10, Harvard Apparatus) or a quartz glass pipette
(id = 0.70 mm, od = 1.0 mm; Q100-70-7.5, Sutter Instrument).
A borosilicate glass pipette was pulled using a capillary puller
(Narishige PE-21). A quartz glass pipette was pulled using
a carbon dioxide laser puller (Sutter Instruments, Model
P-2000).

Fig. 2 shows SECM images of typical borosilicate and
quartz nanopipettes. The inner/outer radii of borosilicate
and quartz capillaries were 40/63 nm and 8/67 nm, respectively.
We mainly used borosilicate nanopipettes for measurements.

Materials

D-(+)-Glucose, NaCl, KCI and Na,SO,-10H,O were purchased
from Wako Pure Chemicals (Osaka, Japan) and used without
further purification. RPMI-1640 (Gibco), poly(dimethylsiloxane)
(PDMS; Dow Corning Toray Co., Ltd.) and SU-8 (3050,
Microchem) were purchased and used as received. All
solutions were prepared using purified water from a Milli-Q
II system (Millipore). PBS was prepared from 7.2 mM
Na,HPO4-12H,0, 2.8 mM KH,PO, and 150 mM NaCl
(pH 7.0).

Fabrication of PDMS patterns

Line-and-space and hollow array patterns with PDMS were
used to investigate the performance of the SICM system.
These patterns were fabricated as follows: a 10:1 mixture of
a silicon elastomer and curing agent was poured onto the
masters on glass substrates and left at 80 °C for 1 h. After

Fig. 2 Scanning electron microscopic photographs of (a) borosilicate
and (b) quartz nanopipettes.

curing, the PDMS replica was peeled from the substrate.
A line-and-space pattern was fabricated using a corresponding
SU-8 master. The resulting pattern showed lines of width
80 and 100 pm and height 40 um that were separated
by 150 pm from adjacent lines. The master for the hollow
array pattern was prepared by dispersing 500 nm diameter
polystyrene beads (Polysciences Inc.) onto a glass substrate.
The beads formed a densely-packed, self-assembled monolayer
on the glass substrate after vaporizing the solution. The
resulting substrate was used as the master for the hollow array
pattern.

Cell cultures

HeLa cells (human cervix epithelial cell line), MCF-7 cells
(human breast cell line) and CHO cells (Chinese hamster ovary
cell line) were cultured in Petri dishes (Falcon) containing
RPMI-1640 medium (Gibco) supplemented with 10% heat-
inactivated fetal bovine serum (Gibco) and 1% penicillin—
streptomycin (Gibco) at 37 °C under a 5% CO, atmosphere.
C2C12 cells were cultured in DMEM (Gibco) supplemented
with 10% FBS, 30 pg ml™' penicillin and 100 pg ml™!
streptomycin (growth medium) at 37 °C under a 5% CO,
atmosphere. Three days after plating, cells reached 80-90%
confluence (day 0). C2C12 cell differentiation was then induced
by switching the growth medium to DMEM supplemented
with 2% calf serum, 30 pg ml~' penicillin and 100 pug ml™'
streptomycin (differentiation medium). The differentiation
medium was changed every 24 h. PCI2 cells were cultured
in Petri dishes (Falcon) using RPMI-1640 medium (Gibco)
supplemented with 5 ng ml~! nerve growth factor (7 s, Gibco),
10% heat-inactivated fetal bovine serum (Gibco) and 1%
penicillin—streptomycin (Gibco) at 37 °C under a 5% CO,
atmosphere. After 3 days of culturing, PC12 cells were
attached to Petri dishes coated with collagen (Research
Institute for the Functional Peptides) and differentiated by
extending their axons.

Result
Imaging PDMS patterns

The development of micropipette-based live cell manipulation
systems for inducing®"> and collecting®>>* biomolecules and
genes has been actively pursued. However, a process for
precisely bringing a pipette probe to within the proximity of
a cell surface remains difficult. An automated cell-surface
recognition system with an XYZ positioner is required to
improve manipulation efficiency and reliability. A feature of
SICM is the possibility of obtaining sub-micro scale topographic
images under physiological conditions.

To test the performance of the wide-area scanning system, a
PDMS micro-mould with line patterns was imaged in 100 mM
KCI (Fig. 3(a) and (b)). The 2D and 3D topographic images
indicated clear patterns of 80 and 100-um wide lines (dark)
and 150-pum wide spaces (bright). The height was 30 pm.
These dimensions agreed well with those observed using a
conventional optical microscope. The topography of HeLa
cells was also imaged using the same system in RPMI-1640
medium (Fig. 3(c)). The height of HeLa cells calculated from
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Fig. 3 SICM topographic images of (a) linear pattern PDMS and
(b) HeLa cells in 100 mM KCI and RPMI-1640 medium, respectively.
SICM pipette aperture = 100 nm. Applied voltage = —20 mV vs.
Ag/AgCl. Step size = 5 pm. Scan ranges were 500 x 300 pm and
500 x 200 pm, respectively.

the image was 11 pm, which was in good agreement with the
results obtained by high resolution SICM with the narrow-
area scanning system, as shown later.

The performance of SICM using a high resolution scanning
system was investigated using a hollow-array PDMS pattern
in the STA mode. Fig. 4 shows the images of the patterns
obtained using SICM and AFM systems. The SICM image
was very similar to the AFM image showing the periodic
nanostructure on the PDMS surface. From the cross-section
of the SICM image, the height and inter-space of the nano-
structure were found to be 120-130 nm and 540-600 nm,
respectively, which were also in good agreement with those
obtained from the AFM image. The resolution of SICM was
defined by the pipette inner radius, in this experiment 40 nm,
therefore a SICM image was laterally distorted compared with
an AFM image. However the resolution can improve by using
a small pipette and these results clearly indicate that SICM
using an STA mode can be applied to investigate nanostructures
in solution.
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Fig. 4 (a) SICM and (b) AFM topographic images and cross-sections
of a PDMS surface moulded by self-assembled 500-nm diameter beads.
SICM pipette aperture = 100 nm. Applied voltage = —300 mV vs.
Ag/AgCl. Step size = 50 nm. Imaged in 100 mM KCl. AFM
measurements were performed in air. Scan range was 5 X 5 um.

Live cell imaging by SICM

We also investigated the imaging of different types of live cells
using the high resolution SICM system. Fig. 5 shows the
topographic images of HeLa, CHO, MCF-7 and C2CI12 cells
in culture media. The images clearly show cell features without
artifacts. The heights of MCF-7, HeLa and CHO cells were 10,
9 and 9 um, respectively. In a previous paper, shear-force
distance regulation was used to image live cell topography,
although it was difficult to obtain a clear shear force signal
from the cell if the solution viscosity was high. Therefore, we
believe that SICM is a suitable system for live cell topography
measurements because solution viscosity does not affect ionic
currents. Furthermore, the feedback signal from an ionic
current can be easily amplified by increasing the applied
voltage between the electrodes in the pipette and bath. From
the 3D image, the differences in curvatures of HeLa and CHO
cells were clearly distinguished. The SICM images of C2C12
cells clearly demonstrate myotubes inside the cells, whereas
they are unclear and difficult to recognize in optical micro-
scopy images.

The STA mode was effective for topographic imaging of a
convoluted structure. Fig. 6(a)—(c) shows SICM optical and
topographic images of a single PCI12 cell and its axons. The
heights of the axon and cell body calculated from the 3D
image were 2-4 um and 18-20 um, respectively. Fig. 6(d)
shows a histogram of the differences in height between two
adjacent pixels in the SICM image. The occupancy rate of the
height differences less than 0.3 pm is 64%; this flat area
corresponds to the substrate surface. The intermediate range
between 0.3 an d 2.1 um comprises 31%, probably indicating
cell surface area. The third category with height differences of
more than 2.1 um shows the edges of the cell body and axons.

Fig. 6(e) shows the SICM images after extracting the pixels
of the above three categories indicating the substrate area, cell
and axon surfaces, and edges (or outlines). The STA mode is
absolutely superior to the conventional lateral scanning mode
when capturing images of fragile and rough surfaces. As
another advantage, the STA mode can define the set point at
each measurement point before the pipette approaches the
sample. Therefore, the DC drift is not a serious problem and a
clear topographic image can be acquired, although the level of
ionic current changed by at most 7 nA during this imaging.

Increase imaging speeed

The SICM in the STA mode was useful for imaging the
topographies of live cells. However, the imaging time in the
STA mode was longer than the conventional lateral scanning
mode because of the time-consuming algorithm for the
repeated vertical motions of the probe. Especially, concerning
the cell imaging on the whole, the nanopipette should
approach the surface and then move upward at least 6 um
before going to the next XY measurement point to avoid
undesired contact with the sample surface, because of the
drastic height change at the edge of the living cell (Fig. 6(d)).
We accelerated the vertical and lateral movement speeds by
introducing an FPGA board and high speed algorithm.

Fig. 7 shows the conventional STA mode and high-speed
mode images of live MCF-7 cells in RPMI-1640 solution with
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Fig. 5 Photograph (left) and SICM topographic images (right) of (a)
HeLa, (b) CHO, (c) MCF-7 and (d) C2C12 cells. Pipette aperture =
100 nm. Applied voltage = —20 mV vs. Ag/AgCl. Step size = 1 pm.
Scan range areas were 100 x 100 um, 100 x 100 um and 60 x 60 pm,
respectively. Cells were plated on Petri dishes and imaged in growth
medium.

a scan area of 100 x 100 pum, a step size of 0.78 um and 16 384
data points. These images showed good agreement and heights
were the same as in the result of Fig. 5(c). FPGA is a device
that contains a matrix of reconfigurable gate array logic
circuitry. It can perform complex and discrete signal processing
algorithms with clock rates at a maximum of 40 MHz. The
probe—sample distance feedback control and data acquisition
can be achieved without completing the main PC operation.
The high speed algorithm enables minimizing the probe
upward distance, in this case 1.2 um, and avoiding the
deformation of the living cells by comparing a reference
current with the previous one and moving the probe upward
when the probe contacts with a cell during lateral movement.
The entire imaging time of the high speed algorithm required
was 450 s with each measurement point of 27 ms. By comparison,
the conventional STA mode imaging required 965 s for

ZUUum - 60

oum 03 09 15 21 27 33 39 45

100 um x 100 pm

Fig. 6 Photograph (a) and SICM topographic 2D (b) and 3D
(c) images of a PCI2 cell. (d) Histogram of the probability of the
pixels as a function of the height difference as the tip moved to the next
pixel. (e) Pixel distributions for varying ranges of the height differences.
Pipette aperture = 100 nm. Applied voltage = —20 mV vs. Ag/AgClL.
Scan range was 100 x 100 pm and step size = 1 um. Cells were plated
on Petri dishes and imaged in growth medium.

11.0 um

Opm

100 um x 100 um

Fig. 7 Photograph (a) and SICM topography of STA mode (b) and
high speed mode (c) topography images of MCF-7 cells. The pipette
aperture = 100 nm. Applied voltage = —300 mV. The scan range =
100 um x 100 pm, and the step size = 0.78 pm.

imaging the same area. Adopting the FPGA board and high
speed algorithm accomplished increasing the imaging speed.

Conclusions

SICM with an STA mode was successfully applied to 2D and
3D imaging of live cells without cell contact and cell shape
deformation. Both the wide-area and high-resolution scanning
systems gave quantitative information on cell structures.
Furthermore, DC drifts in the pipette currents were completely
nullified by defining the ionic current of each set point before
the probe tip approached a cell. Longer image acquisition
time, which was the major drawback of this mode, was
circumvented by improving the scanning speed after including
an FPGA board and high-speed imaging algorithm. This
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scanning method will extend the research fields applicable to
SICM and enhance the understanding of the phenomena
involved in morphological changes in cells.
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