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Neurite Imaging of Living PC12 Cells with Scanning Electrochemical/
Near-Field Optical/Atomic Force Microscopy**
Akio Ueda, Osamu Niwa,* Kenichi Maruyama, Yutaka Shindo, Kotaro Oka, and Koji Suzuki*

The mechanisms of intercellular communication are impor-
tant with respect to neurite formation and signal transmission
between nerve cells. Scanning electrochemical microscopy
(SECM) has played a prominent role in fields of neuroscience
such as single-cell surface reactions.”! As the result of further
investigations of biological systems, hybrid SECM systems
integrated with surface plasmon resonance (SPR),F! atomic
force microscopy (AFM), and fluorescent spectroscopy (FS)™
have been developed to provide information on physical
structures and chemical reactions simultaneously. Shear-
force-based SECM/AFM techniques have definite advan-
tages as they allow the topographical and electrochemical
imaging of individual cells,” diffusion from a nanopore, and
enzyme activity.l" In contrast, optical methods are capable of
imaging inner cell reactions and have been combined with
SECM. Bard and co-workers reported shear-force-based
SECM/optical microscopy (OM).! We have also reported a
nanometer-sized straight optical fiber electrode for SECM/
OM,®! and employed it to obtain topographical images of
PC12 neurites. More recently, Matsue and co-workers
reported a combined SECM/near-field optical microscopy
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(NSOM)/AFM technique capable of three-mode imaging in
standing-approach mode.!"”!

However, the topographical and electrochemical resolu-
tion for such hybrid SECM techniques is commonly on the
order of micrometers because it is governed by the tip size of
the probe and the distance between tip and sample. For
accurate distance control, Kranz and co-workers reported a
dynamic force mode AFM system with an integrated sub-
micrometer-sized electrode that has an insulated apex.” This
system can realize submicrometer resolution, whereas the
conventional shear-force system can achieve only micrometer
resolution. However, for cell surface imaging and the
detection of neurotransmitters such as the zeptomolar con-
centrations of released catecholamine,'!! the insulated apex
must be shorter so that the electrode can be brought as close
as possible to the sample without touching it.

Herein, we demonstrate improved resolution imaging by
using a hybrid SECM/NSOM/AFM technique in the
dynamic-force mode with a protection layer system to prevent
direct contact between the electrode and sample. When
insulating polymer (Figure 1a) fabricated with a focused ion
beam (FIB) at an angle of 60 degrees to the tip axis is used as
a protective layer (Figure 1b), the electrode part can be
located on the nearer edge so that the electrode area and the
distance between the tip and the sample can be decreased.
The edge of the ring electrode nearer to the imaging target
mainly contributes to the SECM detection because decreas-
ing the distance between the probe and the sample increases
the variation in the SECM signal. In Figure 1c, the protective
layer theoretically keeps the distance between the electrode
and the sample at only 100 nm. By applying this technique in
proximity to the cell, we can simultaneously obtain chemical
information from near the outer membrane and optical
information about the membrane and cytoplasm by using
SECM and NSOM, respectively, at the submicrometer level,
whereas the images obtained with previously reported hybrid
SECM techniques are typically limited to cell bodies because
of their resolution. We applied this three-mode imaging to the
neurites of Fluo-4-labeled PC12 cells.

The tip was fabricated according to our previous report.”
To obtain submicrometer resolution, a novel bent probe
(Figure 2a) was employed for the dynamic force mode
system, and the tip was fabricated with the FIB process. The
tip had an approximately 100-nm aperture surrounded by a
250-nm gold-ring electrode, and an outermost electrophoretic
insulating polymer, which we confirmed with a scanning
electron microscopy (SEM) image (Figure 2b). When this
bent probe approaches the sample at a certain angle, the
outermost insulating polymer functions as a protective layer.
The voltammetric responses from the electrode with 10 mm
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Figure 1. Conceptual diagram of the tip fabrication and dynamic force
mode AFM system: The tip shape before (a) and after (b) the FIB
process; c) enlargement of the circled area in (b) indicating the
proximity of the tip to the sample in dynamic-force mode. The
conductive electrode and sample are separated by a small gap filled
with insulating polymer.
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Figure 2. Topographical image and electrochemical properties of the
probe: a) SEM image of a bent probe; b) FIB image of a tip with an
aperture of 100 nm and a ring electrode radius of 300 nm; c) cyclic
voltammogram of a tip in 10 mm [Fe(CN)¢*~ and 0.5 m KCl at a scan
rate of 50 mVs™'.
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[Fe(CN)¢J* in the presence of a supporting electrolyte (0.5 M
KCl) showed sigmoidal curves and a diffusion-limited current
of 7.32 x1071® A (Figure 2c¢). Although the tip appears to be a
ring electrode, it is considered to be a disk electrode because
the ratio of the radius of the gold part to that of the aperture is
less than 1.25.1” The radius of the electrode tip calculated as a
disk electrode was 292 nm, which agreed well with the radius
obtained from the SEM image (Figure 2b).

The performance obtained with the SECM/NSOM/AFM
technique was confirmed by the acquisition of topographical
and electrochemical images of gold dots (400-nm gold dots
spaced with 1.0-pm glass and with a gold height of 50 nm) and
topographical and near-field optical images of 100-nm
fluorescent spheres (the preparation of these samples is
described in the Supporting Information). The images of the
400-nm dots obtained with a bent probe (r.;=136 nm) in
AFM mode (Figure 3a-1) corresponded to those obtained in
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Figure 3. Topographical (a-1) and electrochemical (a-2) images of 400-
nm gold dots with SECM/AFM, and topographical (b-1) and fluores-
cent (b-2) images of 100-nm fluorescent spheres with NSOM/AFM
recorded by using a bent probe. Scan rate: 0.3 Hz. Electrochemical
imaging (a-2) was performed at a probe potential of 0.5V (vs. Ag/
AgCl) in 3.0 mm ferrocenyl methanol and 0.5 m KCI. The fluorescence
of the spheres (b-2) with a maximum emission wavelength of 520 nm
excited at a wavelength of 488 nm by near-field optics from the tip was
led to a avalanche photodiode detector through a band-pass filter.
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SECM mode (Figure 3a-2). Although we obtained a
relatively clear image of the submicrometer-order
target, the image contrast is not high because the tip
surface is tilted from the plane parallel to the substrate
surface for dynamic force mode imaging. The
approach curves in relation to the contrast are shown
in the Supporting Information. In addition, the effect
of positive feedback becomes weaker and the current
approaches that for an infinite insulating substrate!>!¥
when the tip size is similar to or larger than the
unbiased conductive substrate. For imaging 400-nm
dots, the tip size is not sufficiently small relative to the
dot size and this may also reduce the contrast because
of the low positive feedback effect. However, we
obtained relatively clear images of 400-nm conductive
areas in SECM mode by achieving accurate distance
control with a protective layer and a submicrometer
electrode. The resolution of each mode, which was
measured with reference to a report by Lee et al.,”!
was 240 nm in AFM mode and 380 nm in SECM mode.
Images of 100-nm fluorescent spheres obtained in
AFM and NSOM modes are shown in Figure 3b-1 and
3b-2, respectively. The ellipsoid NSOM image reflects
the ellipsoid aperture of the tip. The full width at half-
maximum photon intensity of a 100-nm fluorescent

b-2)

minor axis, which is below the diffraction limit. These
images indicate that all three modes have the potential
to reveal the submicrometer structure or characteristic
chemical sites on the neurites.

PC12 cells are well known as model neuronal cells,
and the differentiation into neuron phenotypes is
triggered by nerve growth factor (NGF).I! Although
SECM imaging of PC12 cells has been reported for
various imaging modes including constant-height
mode,"®! constant-current mode,'”! and shear force
feedback mode,"”! detailed imaging has been limited to
the PC12 cell body owing to its micrometer-order
resolution. In contrast, neurites are attractive objects of study.
For example, varicosity, which is related to the release of Ca**
and neurotransmitters, only exists at neurites, which are very
important for intercellular communication. However, it is
difficult to image neurites and varicosities with a conventional
SECM system, because neurites are smaller than a micro-
meter. Our SECM/NSOM/AFM technique allows us to image
the topography and chemical reactions of the neurites of
PC12 cells.

The tip was used for the topographical imaging of
differentiated PC12 cell neurites within the red square in
Figure 4a-1 by using the AFM mode. An AFM image is
clearly obtained, as shown in Figure 4 a-2. The submicrometer
tip size and dynamic force mode system enable the measure-
ment of the high-resolution topographical image. The PC12
cell neurites were 800 nm wide and 150 nm high, and their
central swelling appeared to be varicosities whose size was
previously determined from an SEM image.'¥! As the AFM
mode can cause a physical interaction, we evaluated the size
of the PC12 neurites with both the AFM mode and SECM/
NSOM in constant-height mode. For this purpose, the PC12

www.angewandte.org

© 2007 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

a-1) b-1)
’ o )
R B
L 5.0 ym
A SO |
|
|
a-2)

Height 0
fnm

yipm

b-3)

200

Photon 0
sphere was 390 nm in the major axis and 180 nm in the :‘c}:;s

Figure 4. Optical images of control PC12 cells (a-1) and Fluo-4-labeled PC12
cells (b-1). The topographical image (a-2) was obtained by using the dynamic-
force mode. Simultaneous near-field optical (b-2) and electrochemical (b-3)
images were obtained in constant-height mode. Fluo-4 was excited from the
near-field optics (1 =488 nm) at the tip, and the emitted light was led to an
avalanche photodiode through a band-pass filter. The tip (r.s=105 nm) was
held at a potential of 0.5V (vs. Ag/AgCl) in 50 mm HEPES buffer containing
3.0 mm ferrocenyl methanol. The working distance was set at less than 2.5 um
above the glass sample (see the Supporting Information). Scan rate: 0.3 Hz.

cells are labeled with a Ca®* fluorescent marker, because Ca>*
plays an important role in neurotransmitter release!’” and
apoptosis induction.”” SECM/NSOM imaging was used for
differentiated PC12 cell neurites (Figure 4b-1) within the
yellow square. The images obtained in the NSOM mode
(Figure 4b-2) correspond to the fluorescent labeled Ca®" in
the cell, and the SECM negative feedback mode (Figure 4b-
3) corresponds to hindering of the diffusion of redox species
toward the tip. This top right part of the inner cell Ca?'-
derived NSOM image corresponds well to the topographically
derived SECM image, indicating that the Ca®" distribution is
the same size as the neurite width. In contrast, the width of the
bottom left part obtained from the SECM image is more than
that obtained from the NSOM image. This may be because
the image reflects the inhomogeneous Ca®* distribution in the
neurites. These results show that our system enabled us to
image both the distribution of the fluorescence strength near
the inner membrane in the neurites and the subtle height
differences between neurites simultaneously in the NSOM
and SECM modes. We demonstrate the imaging of character-
istic sites, such as varicosity-like structures and the distribu-
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tion of Ca®*, located at neurites in PC12 cells for the first time
with our newly developed SECM/NSOM/AFM system.

Our system is capable of imaging submicrometer-order
structures and characteristic chemical sites in three different
modes with low submicrometer resolution in the dynamic-
force mode with a thin protection layer. This system can be
used for directly studying the dynamic activity of local cellular
areas such as the relationship between inner cell Ca®" level
and dopamine release near a varicosity on a neurite.
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