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ABSTRACT: Scanning ion conductance microscopy (SICM) is a
promising tool for visualizing the dynamics of nanoscale cell surface
topography. However, there are still no guidelines for fabricating
nanopipettes with ideal shape consisting of small apertures and thin
glass walls. Therefore, most of the SICM imaging has been at a
standstill at the submicron scale. In this study, we established a
simple and highly reproducible method for the fabrication of
nanopipettes with sub-20 nm apertures. To validate the improve-
ment in the spatial resolution, we performed time-lapse imaging of
the formation and disappearance of endocytic pits as a model of
nanoscale time-lapse topographic imaging. We have also success-
fully imaged the localization of the hot spot and the released
extracellular vesicles. The nanopipette fabrication guidelines for the
SICM nanoscale topographic imaging can be an essential tool for understanding cell−cell communication.

■ INTRODUCTION
The spatial resolution of live cell imaging is one of the most
important factors to understand cell structure and function.
Super-resolution microscopy enables the visualization of the
dynamic morphology of cells at the submicron scale. For
example, lattice light sheet microscopy was used to visualize
the dynamics of micropinocytosis.1,2 However, visualizing the
endocytosis process is still difficult because of the spatial
resolution issue.
Scanning ion conductance microscopy (SICM) is a live cell

topography imaging tool for visualizing the dynamic nanoscale
structure changes without labeling.3−7 SICM uses glass
nanopipettes as scanning probes for topographic imaging and
has been used to visualize the nanoscale topography of cardiac
myocyte,8 neuron,9−12 kidney,13 cancer,14,15 hair,16 and lung
cells.17 The combination of SICM with fluorescence imaging
techniques is effective in identifying the structure-specific
localization of biomolecules on the cell surface.8,18−21 The
improvement of scanning speed is one of the hot topics of
SICM system development.10,15,17,22−24 Limited by the
temporal resolution of the current amplifier, the nanopipette
aperture size has to be adjusted. If imaging speed is a priority,
the spatial resolution must be compromised by making the
nanopipette slightly larger. The internalization process of the
nanoparticle on a live cell is essential to cell membrane
phenomena and a desirable target for SICM imaging.
Previously, SICM has been used for visualizing the endocytosis
process25 and nanoparticle internalization.17,26 A cap formation
process during clathrin-dependent endocytosis was a new

finding enabled by SICM imaging. SICM time-lapse imaging of
the cap formation requires nanopipettes with thin glass walls as
small cell surface structures can be deformed when using thick
glass nanopipettes. A lack of guidelines for reproducibly
fabricating nanopipettes with sub-20 nm apertures with thin
glass walls prevents SICM’s widespread use for time-lapse
imaging of the cap formation.
A nanopipette with a small aperture and a thin glass wall is

necessary for improving the SICM spatial resolution. High-
resolution SICM was reported for the visualization of the 6 nm
periodic structure of the S-layer protein using a quartz
nanopipette.27 The melting temperature of quartz glass is
higher than that of borosilicate glass, providing a better control
of the pulling process on a laser puller. Therefore, the
fabrication of a quartz nanopipette with a small aperture and
thin glass wall capillaries is easier than with the borosilicate
ones. The optimization of these factors was established by
patch clamp researchers.28 However, a particular protocol is
required to fill the nanopipette with an aqueous solution due to
the surface hydrophobicity of the quartz glass,29−31 and the
quartz capillary is expensive compared to the borosilicate glass
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capillary. To overcome these issues, we established a new
fabrication method that enables easy and reliable fabrication of
borosilicate nanopipettes with a sub-20 nm radius.
Extracellular vesicles (EVs) are implicated in cellular

homeostasis and cell−cell communication.32,33 Especially,
small extracellular vesicles (small EVs) with a diameter of
40−150 nm have attracted attention for therapeutic and
diagnostic applications.34 The size of the small EV is smaller
than the limit of conventional optical microscopy; therefore,
super-resolution microscopy35,36 and atomic force micros-
copy37−39 are used to visualize the small EVs. However, it is
still difficult to image single small EV release to characterize
cell−cell communication. Shirasaki and co-workers developed
the linking method of released position and released protein
detection method by capturing the protein on the substrate
surface close to the cell.40

In this study, we established the guidelines for fabricating
nanopipettes with sub-20 nm apertures that enabled us to
visualize the nanoscale topography of the endocytic pit and the
released EVs at a single particle level. Furthermore, we used
SICM and confocal microscopy to visualize released small EVs
at a single particle level and the localization of the hot spot.

■ MATERIALS AND METHODS
SICM Setup. The SICM setup was as described in our

previous report.41 The glass nanopipettes were fabricated from
a borosilicate glass capillary (inner diameter (ID) 0.58 mm and
outer diameter (OD) 1.00 mm) (GC100F-15, Harvard
Apparatus) using a CO2 laser puller (Model P-2000, Sutter
Instruments). To miniaturize the nanopipette, we controlled
the ID and OD of the nanopipette in advance. The details of
the nanopipette fabrication method are described in the
Results and Discussion section. The nanopipettes were filled
with the same sample immersion solution, and Ag/AgCl
electrodes were inserted into them. The applied voltage (+0.2
V) generated an ionic flow through the tip that was used as a
feedback signal.
The ion current was measured using a homemade 1 GΩ

feedback resistance current amplifier. The probe was placed
close to the sample by using a stepping motor (KXC06030-
GC, SURUGA SEIKI) and the homemade Z-piezo stage. The
stepping motor with the Z-piezo stage was implemented on a
manually operated XYZ manipulator (BSS76-60C, SURUGA
SEIKI) with the travel range of ±6.5 mm. The precise probe
position was controlled by XY- and Z-piezo stages. The
scanning algorithms were controlled by a program written
using LabVIEW2014 (National Instruments). The field-
programmable gate array (National Instruments, NI USB-
7856 OEM) was compiled using programs developed by us.
The measurement was conducted on an optical microscope
(Nikon, ECLIPSE Ti−S) placed on an antivibration table
(Herz, TS-150).
SICM imaging was performed using the hopping

mode.11,16,42 The hopping amplitude was 1−3 μm. The
waiting time after the lateral movement was 1.0 ms. During this
time, a reference current, IREF, was measured as the average of
the DC current through the probe. The probe falling and
withdrawing speed were 100−320 and 1200 nm/ms,
respectively. The set point was 99.7−99.3% of IREF. SICM
images were processed and analyzed with Gwyddion and a
homemade program.
Cell Preparation. 293T cells (ATCC, CRL-3216), 293

cells (ATCC, CRL-1573), and B16F10 cells (ATCC, CRL-

6475) were maintained at 37 °C and 5% CO2 in DMEM and
10% heat-inactivated fetal bovine serum (FBS) supplemented
with penicillin and streptomycin. Human CD63 gene,
pHluorin gene, and monomeric DsRed [red fluorescent
protein (RFP)] gene were amplified by polymerase chain
reaction from cDNA of K562 cells, pCMV-lyso-pHluorin
(Addgene, 70113), and Lamp1-RFP (Addgene, 1817),
respectively. The pcDNA-hCD63pHluorinRFP plasmid was
generated by inserting a fusion gene of human CD63,
pHluorin, and RFP into a site between EcoRI and KpnI of
pcDNA3.1(−) using the Gibson Assembly System (NEB; New
England Biolabs). Then, the pcDNA-hCD63pHluorinRFP
plasmid was digested with ScaI (NEB) and transfected into
293 cells using FuGENE6 (Promega). Three days after
transfection, the cells were cultured for 2 weeks in 1 mg/mL
G418/DMEM−10% FBS to establish 293 CD63pHluorinRFP
cells.
Preparation of EVs for SICM Imaging. The EV-depleted

FBS was prepared by rotating a mixture of 5 volume of FBS
with 1 volume of 50% polyethylene glycol-10,000 (Sigma-
Aldrich) for 3 h and centrifuging the mixture at 1500g, 4 °C for
30 min to remove a pellet including EVs. To isolate EVs, 293T
or B16F10 cells were seeded at 8 × 106 cells on a 150 mm dish
and cultured for 2 days in Advanced DMEM (Thermo Fisher
Scientific) with 2% EV-depleted FBS. The cultured super-
natant was centrifuged at 300g, 4 °C for 5 min, 2000g, 4 °C for
20 min, and 10,000g, 4 °C for 30 min to remove the cells,
cellular debris, and large EVs, respectively. The supernatant
centrifuged at 10,000g (10 K sup) was subjected to imaging
under SICM or further isolation of highly pure EVs. The highly
pure EVs were recovered from the 10 K sup by using the
TIM4-affinity method.43 The isolated EVs were sealed in a
dialysis membrane MWCO 3.5k (Repligen) and stirred in
PBS(−) (137 mM NaCl, 8.1 mM Na2HPO4, 2.68 mM KCl,
and 1.47 mM KH2PO4, pH7.4) overnight to change the buffer.
The concentration of the EVs was determined in a nano-
tracking analysis (NTA) by using a NanoSIGHT NS300
(Malvern, UK). After diluting the EVs with PBS(−) in the
range between 1 and 10 × 108 particles/mL, the movement of
EVs was recorded for 30 s at the camera level 15 and analyzed
by setting the detection threshold 4.
Non-treated Petri dishes, 35 mm (Thermo Fisher Scientific),

were coated with 2 mL of 1 μg/mL mouse TIM4-Fc protein/
bicarbonate buffer (71.4 mM NaHCO3/28.6 mM Na2CO3,
pH9.6) at 4 °C overnight. After blocking the dishes with 1%
bovine serum albumin (BSA) at room temperature for 1 h, 2
mL of 10 K sup or highly pure EVs suspended in TBS-TCa (2
mM CaCl2/0.002% Tween 20/TBS) was added to the TIM4-
Fc-coated dishes and incubated at 4 °C overnight to capture
EVs. The dishes were washed twice with 2 mL of TBS-TCa at
each step. The EVs immobilized on dishes were imaged using
the SICM. Mouse TIM4-Fc proteins were purchased from
FUJIFILM Wako Pure Chemical Corporation.
Imaging EVs under Confocal Microscopy. Tissue-

treated 4-room 35 mm glass-bottom dishes (Griener) were
coated with 1 μg/mL mouse TIM4-Fc protein/PBS(−) 400
μL/well at 4 °C overnight. After blocking the dishes with 1%
BSA at room temperature for 1 h, 4 × 104 cells of 293 CD63-
pHluorinRFP cells, 0.8 μL of Red Fluorochrome 635-
conjugated anti-CD63 antibody (clone 3-13, FUJIFILM
Wako Pure Chemical Corporation), and 400 μL of Advanced
DMEM with 2% EV-depleted FBS were added to the well. The
dishes were centrifuged at 400g for 3 min to make the cells
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attached to the dishes. Then, the EV secretion from the cells
was imaged under a confocal microscope ECLIPSE Ti2
(Nikon) with a Dragonfly (Oxford Instruments), a CFI Plan
Apo IR 60XWI lens (NA = 1.27, Nikon), and a stage top
incubator STX (TOKAI HIT).

■ RESULTS AND DISCUSSION
Fabrication and Characterization of the Nanopipette.

During the pulling process of the glass capillary used for the
nanopipette fabrication, the diameter of the glass capillary
becomes smaller, and the glass wall thickness of the glass
capillary becomes thinner, eventually, at the point when the
glass wall runs out, separating one glass capillary into two
nanopipettes. The tip aperture becomes smaller as the glass
becomes thinner during the pulling process, so the size of the
nanopipette aperture depends on the ratio of the initial ID to
OD of the glass capillary. The smaller the ID and the larger the
ID/OD ratio (thicker glass) of the initial shape of the glass
capillary, the smaller the capillary can be fabricated. However,
there is a limited choice in the ID/ID ratio of the glass
capillaries available on the market. Therefore, we adjusted the
ID of the capillary and the ID/OD ratio in advance by
preheating the glass capillary. Heating shrinks the glass, making
the ID smaller and the glass wall thicker. The higher the
heating temperature, the greater the glass deformation due to
heating (Figure 2), thus enabling the fabrication of thinner
capillaries.

A two-step program of the P-2000 puller was generally used
to fabricate the borosilicate nanopipette for SICM. The
parameters used in this paper are shown below.
HEAT 310 FIL 3 VEL 25 DEL 150 PUL.
HEAT 280 FIL 2 VEL 23 DEL 150 PUL 250.
The resistance of the nanopipette can be modeled as two

components.3,7 One is the pipette resistance, which is
dependent on the length of the elongated glass part (shunt)
at the tip of the glass nanopipette. Another is the access
resistance, which is dependent on the movement of ions at the
aperture of the pipette. The access resistance changes with the
nanopipette−sample distance. Figure 1 shows the typical shape
of the SICM nanopipette. An ideal shape of the nanopipette
for SICM imaging consists of a short shunt and small aperture
(Figure 1a). When the puller parameters do not adjust well,
the tip of the nanopipette shape changes steeply (Figure 1b).
This is because the glass is cooled down during the pulling
process of the second step. In this case, the heat or velocity
parameters of the second step need to be adjusted. If the heat
and velocity values are too high, a long shunt nanopipette is
fabricated (Figure 1c). The long taper nanopipette shows an
unstable and rectified ion current.44−46 When the nanopipette
is cooled down before the pulling process of the second step,
the glass capillary breaks during the second step, and a thicker
glass nanopipette is fabricated (Figure 1d).
To miniaturize the nanopipette, fabrication guidelines are

important. The first step of the borosilicate capillary fabrication
process is used to adjust the ID/OD ratio of the glass capillary,
which is related to the aperture size of the nanopipette. The

Figure 1. Different shapes of nanopipettes. (a) Ideal, (b) low reproducible, (c) long taper, and (d) thick glass nanopipettes. (e) Scheme of the new
fabrication method for controlling the glass ID/OD ratio in advance.
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second step adjusts the sharpness of the glass. Although the
parameters of the first step influence the size and
reproducibility of the fabrication of nanopipettes, a compre-
hensive optimization of the fabrication parameters has not
been reported yet. In addition, since commercially available
glass capillaries do not come in a variety of ID/OD ratio, the
control over the ID/OD ratio would be important to fabricate
nanopipettes with the desired geometry.
To overcome this problem, we have established a method to

adjust the ID/OD ratio of the glass in advance for fabricating
sub-15 nm borosilicate nanopipettes with high reproducibility
(Figure 1e). The ID/OD ratio was adjusted by heating the
glass capillary for 5.0 s without stretching the capillary by
keeping the pully bars at a fixed position using a stopper in a P-
2000 puller. We tested several heat values of the glass thinning
step to optimize the inner/outer ratio. Figure 2 shows the
optical microscopy images of the glass capillary after heating.
The ID/OD ratio changed depending on the heat values.
Then, we pulled the ID/OD-controlled borosilicate capillaries
using a second step as described above. Figure 2 shows the
optical microscopy (Nikon ECLIPSE LV100) and field
emission SEM (Hitachi SU5000) images and the IV
characteristics of the tip of the fabricated borosilicate glass
nanopipettes. From the optical microscopy and SEM images,
the differences in terms of the shape and length of the shunt
and aperture radii can be observed. The pulling process of
borosilicate capillaries preheated setting the heat parameter to
360, 370, 380, and 390 resulted in the fabrication of
nanopipettes, showing a radius equal to 38, 29, 15, and 12
nm and resistances of 117, 155, 314, and 1527 MΩ,
respectively. The fabrication reproducibility was characterized
by IV curves (Figure S2). The relationship of the preheating
value and the fabricated nanopipette radius is shown in Figure
S3. The preheat values higher than 390 resulted in the melting

of the filament within the glass capillary, generating nano-
pipettes that were hard to fill with the electrolyte solution used
for imaging.
In addition, the glass thickness at the tip is also an important

factor for live cell nanoscale imaging without artifacts. In the
case of patch clamp measurement, the PDMS coating at the
top of the pipette has been used to increase the side glass wall
resistance and reduce the capacitance at the tip of the pipette
to enhance the signal-to-noise ratio.28 Local heating of the tip
of the nanopipette using SEM was also performed to shrink the
glass wall to fabricate a small-aperture nanopipette.24,47 The
pipette shape-dependent spatial resolution has been evaluated
both theoretically and experimentally.7,48,49 A thick glass
nanopipette has a disadvantage for SICM topography imaging
because the outer glass wall of the tip of the nanopipette may
deform the sample even when the ion current signal decrease
does not reach the setpoint. Figure S1 shows the SICM images
on the same region of the fixed HeLa cell using a thick [the
nanopipette glass outer and inner radii ratio (RG) is more than
5.0] and thin glass (the RG is less than 2.0) nanopipette and
typical thick and thin glass nanopipette SEM images. In the
case of the thin glass nanopipette, the membrane ruffle can be
clearly visualized, whereas in the case of thick glass, the
topography of the ruffle was assessed to be concave with
respect to the flat cell surface. This is because the deformed
membrane ruffles are trapped between the nanopipette and the
cell and prevented the tight packing between the nanopipette
and the cell. In this case, the ion current did not change even if
the nanopipette side wall contacts the cell surface. For this
reason, SICM researchers are currently unable to visualize the
cap formation process during clathrin-dependent endocytosis
even if they could visualize the endocytic pit as a snapshot
image. Therefore, a relatively thin glass nanopipette is
preferred for SICM.

Figure 2. Controlling the ratio of the glass inner/outer thickness. Optical microscopy images, SEM images, and IV characteristics. IV
characterization was performed in PBS (−) solution.
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Time-Lapse Imaging of Endocytic Pit. To confirm the
effectiveness of the fabricated nanopipettes for SICM topo-
graphic imaging, we imaged the same area of immobilized
HeLa cells with the fine nanopipettes fabricated using the
newly established method and with conventional nanopipettes
(Figure 3). The pipette resistances were 412 and 261 MΩ,

respectively. The slope images are also shown to facilitate the
understanding of the small height change. The miniaturized
nanopipette succeeded in capturing some small protrusion
structures that could not be captured by a conventional pipette
with an aperture diameter of 100 nm. Thus, the glass thickness
obtained using the new nanopipette fabrication method does
not introduce artifacts.
The nanopipette shape is also an important factor for a low-

noise ion current measurement. The miniaturization of the
nanopipette aperture is not so difficult and can be obtained by
tuning the heat, velocity, pull, filament, and delay parameters of
a P-2000 puller. However, the pipette resistance increases
because of the long shunt length. Furthermore, the long shunt
nanopipette causes the rectification effect, which interferes
with the ion current measurement and decreases the steady-
state ion current stability.44−46,50 This problem occurs when
the glass is not sufficiently thinned during the first step of the
elongation process. Since the thickness of the glass is
excessively thick at the start time of the second step, the
shunt of the nanopipette after being elongated in the second
step becomes excessively long, resulting in a nanopipette
showing a rectifying behavior. In this case, it can be resolved by
increasing the velocity of the first step to make thinner glass
capillaries at the first step. These results indicate that the shape

of the nanopipette is an important factor for steady ion current
measurement.
Then, we observed the endocytic pit using a nanopipette

with small aperture and thin glass walls obtained with the
newly developed protocol. Figure 4a shows the results of the
high-resolution imaging of fixed HeLa cells. The nanopipette
resistance was 197 MΩ. In the hopping mode, the measure-
ment of rough samples takes more time due to the longer
vertical travel of the nanopipette, and it is more prone to
artifacts due to the noise affecting the ion current. Therefore,
the imaging region is generally limited to a very flat and small
area on the cell surface, in most cases 7 × 7 μm2, which enables
the visualization of the endocytic pits. By using the nanopipette
with a small aperture and thin glass walls, the endocytic pits
and the microvilli on the cell surface were visualized
simultaneously with a wide field of view of 20 × 20 μm2,
overcoming the limits imposed by the hopping mode. In
addition, time-lapse imaging of the clathrin pit on live HeLa
cells was also performed by using a borosilicate glass
nanopipette (Figure 4b, supporting Movie S1). The nano-
pipette resistance was 286 MΩ. The imaging time was 36 s/
frame. The cap formation to enclose the endocytosis cavity and
the disappearance of the endocytic pit were visualized. This is
the first time when a borosilicate glass nanopipette was used to
visualize the cap formation during endocytosis.
Topographic Imaging of Released Small EVs. Confocal

microscopy can be used to visualize the active releasing site of
EVs, but it is difficult to identify and count individual EVs due
to the diffraction limit. Electron microscopy allows the details
of EVs to be seen. However, the fixation process required for
electron microscopy can cause alterations in the EV shape.
SICM can be used to visualize the topography of EVs in
solution. In addition, SICM allows physiochemical informa-
tion,51 such as charge, and sample surface stiffness52 to be
obtained. The surface charge of individual EVs is also an
important topic,53 and differences in the expression state of
negatively charged phosphatidylserine on the surface of EVs
can be evaluated using SICM.
The nanopipette fabricated with the newly developed

protocol is useful to visualize the nanoparticle’s internalization
and release. As a demonstration of the nanoparticle measure-
ment, we imaged the small EVs and large EVs. The results are
shown in Figure 5. The topographic images of the small EVs
and large EVs can be captured clearly by SICM. These results
suggest that SICM is effective to visualize the small EVs even
in the case of highly convoluted surfaces. Then, we imaged the
released EVs using SICM. Since EVs are released by
exocytosis, which happens in less than a few tens of ms, it is
difficult to capture the cell surface shape changes because of
the temporal resolution of SICM imaging. Therefore, the
released EVs were trapped on the Petri dish using the
interaction of TIM4 and phosphatidylserine.54 Confocal
microscopy was used to confirm the trapped EVs on the
Petri dish as a fluorescent signal of the Red Fluorochrome 635-
anti CD63 antibodies. Figure 6 shows the confocal and SICM
topographic images. The nanopipette resistance was 220 MΩ.
From the confocal microscopy image, heterogeneous fluo-
rescence signal distribution was observed around the cells on
the Petri dish. Some regions showed high-density fluorescence
signals, while others showed low-density fluorescence signals.
Then, we imaged the regions showing a high-density
fluorescent signal (Figure 6c) using SICM, and we compared
it to the regions with a low-density fluorescence region (Figure

Figure 3. SICM topographic images of microvilli on a HeLa cell for
evaluating the effect of nanopipette sizes. (a,d) SEM images of the tip
of the nanopipette and (b,e) topographic images and (c,f) slope
images of the conventional nanopipette and a miniaturized nano-
pipette, respectively. Scan sizes: 10 × 10 μm2.
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6d). In the high-fluorescence area, many trapped EVs could be
visualized. The diameter of EVs was 189 nm from the SICM
cross-section (Figure 6f). In the low-fluorescence area, almost

no EV was observed by SICM. These heterogeneity results
suggest that the hot spot of the EV release was localized on the
cell. Our newly developed protocol enables the measurement

Figure 4. Topography images of the endocytic pit using SICM. (a) Fixed HeLa cell surface. (b) Live Cos7 cell time-lapse images. 36 s/frame. Scan
sizes: (a) 20 × 20 μm2 and (b) 2.5 × 2.5 μm2. Pixel numbers: (a) 512 × 512 and (b) 64 × 64.

Figure 5. SICM topography images of small EVs on (a) dish, (b) fixed cell, (c) and live cell and large EVs on (d) dish and (e) fixed cell. Scan sizes:
(a,b) 1 × 1 μm2, (c) 2 × 2 μm2, (d) 5 × 5 μm2, and (e) 1.5 × 1.5 μm2.
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of biological entities with size below the diffraction limit of
optical microscopy using a borosilicate nanopipette.

■ CONCLUSIONS
A simple method has been established for the highly
reproducible production of small aperture and thin glass
nanopipettes by controlling the glass ID/OD ratio by
preheating the glass capillary. This method allows the ID/
OD ratio of the glass to be freely adjusted, making it possible
to create nanopipettes of various sizes. The control of the
inner/outer thickness ratio of glass capillaries is also an
important factor for fabricating sub-20 nm radius nanopipettes
for high-resolution SICM imaging. We established the
guidelines to control the glass thickness of borosilicate
capillaries to fabricate nanopipettes with small apertures and
short shunts. We used this technique to fabricate nanopipettes
suitable for visualizing the nanoscale cell surface morphology
changes and single small EVs during endocytosis/exocytosis. In
addition, we combined SICM and confocal microscopy to
visualize the hot spot of the EV release. We envision that this
protocol will help to reproducibly fabricate borosilicate
nanopipettes for high-resolution topographical mapping using
SICM.
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