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Nanotube (NT) stamping has the advantage of delivering substances to a large number of cells in a shorter time. However, because it was
controlled manually, the results varied depending on the individual performing the procedure. Here we propose an automated NT stamping system
that enhances the accuracy and reproducibility of delivering liquid substances into cells by combining stepper motor control and image processing
with a conventional inverted microscope. The automated system inserts NTs into adherent cells by sequential two-step focusing of the objective
lens on the target cells and the NT membrane. We show that the automated system achieves submicron precision in controlling the vertical
position of the NTs relative to the adherent cells by the two-step focusing while maintaining a high delivery rate of 72% and high cell viability of
more than 90%. The target substances can be delivered into the nuclei of HeLa cells preferentially by our stamping system.

© 2025 The Japan Society of Applied Physics. All rights, including for text and data mining, AI training, and similar technologies, are reserved.

1. Introduction

Nanotube (NT) stamping is a technique for delivering target
substances directly into cytoplasm. By inserting an array of
NTs protruding from the outer bottom surface of an open-top
glass cylinder into the cell membrane, liquid substances in
the cylinder can diffuse into the cytoplasm (Fig. 1).1,2) Such
direct intracellular delivery techniques have potential to
evaluate the effectivity of drugs or even to impart new
functionalities to cells.3–14) Thus far, the NT stamping has
achieved both a high delivery rate and high cell viability.
Furthermore, a variety of substances, including biomolecules,
biomarkers and nanoparticles, can be delivered by NT
stamping when they are dissolved or dispersed in the
liquid.1,2)

The key to achieving both a high delivery rate and high
cell viability by the NT stamping is precise control of the
vertical position of the NT membrane relative to adherent
cells precisely. The NTs are fabricated by electroless plating
of gold on a track-etched membrane and subsequent dry
etching of the membrane surface.1) Thus, the thin gold film
deposited on the inner wall of pores in the track-etched
membrane remains on the surface as NTs after dry etching
[Fig. 1(a)]. Commonly, the NTs are fabricated so as to
protrude from the membrane surface by approximately 8 μm,
which is in the same order of the height of adherent
cells.15–17) Hence, the NT membrane position needs to be
controlled with a submicron precision when inserting NTs
into cells. If the membrane is placed apart from the cell top,
the substances may be delivered to the culture medium rather
than the cytosol. Contrastingly, excessively deep insertion
may induce damage into the cells.
Industrial applications of NT stamping require high

reproducibility for the membrane position control. An auto-
mated system has the potential to enhance processing speed
as well as reproducibility. Such systems can be incorporated
in the production line of artificially modified cells, such as
smart cells.7,18–26) However, so far, the vertical position of
the NT membrane has been controlled by human manipula-
tion, depending on the operator’s skill.

Here, we propose an automated NT stamping system
which combines image processing and stepper motor control
with a conventional inverted optical microscope (Fig. 1). The
open-top glass cylinder with the NT membrane as the base
plate is mounted on the stepper motor while the vertical
position of the NT membrane is controlled by software to
capture specimen images and measure the vertical position of
the specimen in real time. We demonstrate that this auto-
mated NT stamping system achieves submicron precision in
control of the NT membrane position relative to the target
cells, thereby improving the reproducibility of liquid sub-
stance delivery.

2. Experimental methods

2.1. Cell culture
HeLa cells were cultured in glass bottom dishes (Matsunami,
35 mf dish) until a confluent or sub-confluent condition was
achieved. The culture process was as follows. HeLa cells
were suspended in 5 ml of a culture medium containing
61.3 mg of a basic medium (Gibco, Dulbecco’s modified
eagle medium basic medium), 0.27 mg of penicillin, 0.45 mg
of streptomycin, 16.8 mg of NaHCO3, 0.45 ml of fetal bovine
serum (FBS) (Gibco), 4.5 ml of ultrapure water, and 4.5 μl of
hydrochloric acid at 37 °C. Then the suspension was cen-
trifuged at 500 rpm for 4 min. After removing the supernatant
fluid, the cell precipitation was mixed with 5 ml of the culture
medium. Then, the suspension was centrifuged again at
500 rpm for 4 min, and the supernatant liquid was removed.
Finally, the cell precipitation was mixed with a culture
medium, and the cells seeded on the dish bottom were
incubated in 5% CO2 at 37 °C for approximately 2 d. Then,
the cells were used for NT stamping.
2.2. Nanotube stamping with stepper motor control
and image processing
We used an inverted optical microscope (Olympus, IX70)
equipped with a complementary metal oxide silicon (CMOS)
camera (Andor, Zyla 4.2 PLUS). Phase contrast images of the
target cells as well as reflected images of the NT membrane
were taken with the same objective lens (Olympus,
LUCPLFLN20XPH). The correction ring of the objective
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lens is useful for the optical alignment of both the phase
contrast and reflected light microscopy. As shown in
Fig. 1(b), a stepper motor (Surugaseiki, KZG06030-GA,
DS 102) for vertical movement and manual stages
(Surugaseiki, B210-60CN; Chuo precision industrial,
TD602) for horizontal and rotational movement with tilt
angle adjustment were mounted on the microscope. The
resolution of the vertical movement of the stepper motor was
set to be 0.05 μm. The glass cylinder with a NT membrane
was fixed to the stepper motor with a metal arm. We put
200 μl of liquid substances in the glass cylinder just before
bringing the NT membrane closer to the target cells.
Images captured by the CMOS camera were processed by

laboratory developed software. The image processing soft-
ware works as a Laplacian filter to calculate luminance
dispersion value (LDV) of the captured image. Thus, the
software outputs the maximum LDV when the subject is in
focus,27,28) as shown in Figs. 2(a) and 2(b). The frame rate
was set to be 67 ms per frame including the exposure time of
2 ms. First, the vertical position of the objective lens was
controlled by the microscope revolver so that the target cells
on the dish bottom were in focus. To make this, phase
contrast images of the target cells were processed by the
software in real time. The objective lens was immobilized
with the revolver clamp at the position where the software
outputs the maximum LDV. Next, reflected images of the NT
membrane were processed by the software while bringing the
NT membrane closer to the cells by using the stepper motor.
The descending speed was controlled to be decreased to
0.5 μm s−1 as the NT membrane approached the focal point.
The reflected image only showed the light reflected at the

gold NTs, whereas the target cells were almost invisible.
Therefore, the descent of the NT membrane was able to be
stopped at the focal point of the immobilized objective lens.
We conjectured that the NTs were inserted into the cells
when the software output the maximum LDV because we
conducted optical alignment in advance, hence both the
phase-contrast and reflected optics had the same focal point.
The NT membrane was kept at the focal point for 10 min to
deliver the liquid substances into cells by diffusion. Finally,
NTs were pulled out from cells. To prevent cells from peeling
off, the pulling speed was controlled to be 0.5 μm s−1 by
using the stepper motor control. The cells were rinsed twice
with phosphate buffered saline (PBS) and incubated in the
culture medium in 5% CO2 atmosphere at 37 °C for more
than 10 min.
HeLa cells applied for NT stamping were cultured with a

ring-shaped polydimethylsiloxane (PDMS) template placed
on the dish bottom to define the cell adhesion region. The
diameter of the inner circle of the PDMS ring was 6 mm, and

(a)

(b)

Fig. 1. Nanotube stamping system. (a) Process for fabrication of the
nanotube membrane. (b) Schematic of nanotube stamping system.

(a)

(b)

(c)

Fig. 2. Image processing software. (a) Schematic of nanotube insertion into
cells and corresponding reflected images of nanotubes. (b), (c) Relationship
between the vertical position of the nanotube membrane and the luminance
dispersion value calculated from the reflected image of nanotubes by image
processing software. *, p < 0.05.
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HeLa cells were seeded within the ring. Thus, the cells were
restricted to grow out the adhesion region. The PDMS
template was removed just before NT stamping. All the
HeLa cells within the adhesion region were applied for NT
stamping using a NT membrane with a diameter of 8 mm.
2.3. Evaluation of substance delivery rate
The delivery rate was measured by observing HeLa cells with
a confocal laser scanning microscope (Olympus, FV3000).
Before observation, calcein was delivered to HeLa cells by
NT stamping, and HeLa cells growing within the 1 mm
diameter central area of the adhesion region were observed.
We used PBS solution containing 200 μM calcein for the NT
stamping. After that, we performed plasma membrane
staining (Thermo Fisher scientific, CellMask Deep Red
plasma membrane stains). Phase contrast and confocal
fluorescent images of the HeLa cells in the same area were
taken, and the three-dimensional distribution of calcein was
compared to the cell membrane geometry. Wedetermined that
calcein was delivered preferentially by NT stamping if
calcein fluorescence within the cell was more than twice as
strong as the background fluorescence in the confocal
microscopy image.
2.4. Evaluation of cell viability
All the HeLa cells incubated using the PDMS template were
re-plated in a 96 well plate at the density of 5.0× 103 cells
per well after stamping, and the cell viability and the
population doubling level (PDL) were measured by using a
cell counter (Bio-rad, TC20). The cell viability was defined
as the ratio of the number of live cells on day N to the total
cell number. The PDL was defined as the logarithm to base 2
of the number ratio of live cells on day N to that of day zero.
The trypan-blue-stained cells were evaluated as dead cells,
whereas non-stained were evaluated as live cells.

3. Results and discussion

First, we investigated the accuracy of the vertical membrane
position control using our automated NT stamping system.
The accuracy was evaluated through the following two steps.
In the first step, we assessed how precisely the focal point of
the objective lens could be positioned on the target cells in
the culture dish by using the microscope revolver.
Specifically, we captured the phase contrast images of target
cells and defined the focal point as the vertical position at
which the image processing software output the maximum
LDV for the phase contrast image. In the second step, we
examined how accurately the NT membrane could be
brought to this focal point by using the stepper motor. For
this, we captured the reflected light images of gold NTs on
the membrane and defined the focal point as the vertical
position at which the image processing software output the
maximum LDV for the reflected light image. In the final step,
we retract the NTs from the cells by moving the NT stamp
upward (i.e. in the negative z-axis direction) by using the
stepper motor. In this paper, we define movement away from
the cells as negative and deeper insertion into the cells as
positive.
During the first step, the objective lens was brought closer

to the target cells by the microscope revolver while mon-
itoring the phase contrast image, stopping at the LDV peak
(i.e. when the cells were in focus). This procedure was
repeated 75 times, and the stop position was measured by

referring to the revolver scale. The standard error of the stop
position was 0.59 μm.
For the second step, we used the stepper motor to move the

NT membrane toward the focal point, monitoring the
reflected light image of the NTs. We then stopped the
membrane’s descent at the LDV peak. This procedure was
repeated 75 times, and the stop position was measured by
referring to the stepper motor movement, yielding the
standard error of 0.67 μm. Throughout the second evaluation,
the objective lens hence the focal point was fixed. If we
consider that the first and second steps are performed in
series, the fluctuation is convoluted to be 0.89 μm.
In addition to these evaluations, we also evaluated the

accuracy of the LDV output from the image processing
software itself. The LDV always fluctuated even when
imaging a static specimen under the same optical conditions.
To evaluate the fluctuation quantitatively, we placed the NT
membrane at the focal point and captured 75 continuous
images for 5 s at the frame rate of 15 frames per second.
Figure 2(c) shows the relationship between the vertical
position of the NT membrane and the LDV calculated from
the reflected image of NTs. The standard errors with the same
degree were obtained when we observed different positions
of the NT membrane by reflected light microscopy or the
target cells by phase contrast microscopy. Since the specimen
was immobilized under the same optical condition, the error
was attributed to the shot noise of the CMOS camera.29) This
shot noise can be reduced by averaging LDVs of multiple
images or increasing the exposure time longer than 2 ms.
Nevertheless, as shown in Fig. 2(c), there is a significant
difference between the LDV at the focal point and that at the
position 0.5 μm above or below it, which aligns well with the
accuracy of our two-step focusing procedure. In addition, the
67 ms per frame rate provides enough duration to calculate
the LDV by the image processing software and to stop the
descent of the NT membrane after exposure.
The ideal resolution of the image processing in the optical

axis direction is theoretically calculated to be 0.38 μm, which
is equivalent to the focus depth of the objective. However,
the standard error obtained in the first and second steps
exceed the ideal resolution. We conjecture that the discre-
pancy contains the error in controllability of the machinery
such as the revolver and the stepper motor. Nevertheless, the
precision of the stepper motor control and the image
processing is confirmed to be less than 1.0 μm experimen-
tally.
Next, we evaluated the delivery rate of substances to target

cells. To do this, we delivered cell-impermeable fluorescent
molecules, calcein, to HeLa cells, and analyzed three-
dimensional images obtained by confocal laser scanning
microscopy. We then calculated the total fluorescence
intensity from calcein inside the cell membrane by taking
multiple cross-sectional fluorescent images of calcein and the
cell membrane. Thus, non-specific adsorption of calcein on
the outside of the cell membrane and the background
fluorescence from other molecules outside the cell membrane
were excluded from the total fluorescence intensity. We
concluded that calcein had been delivered into the cells if the
ratio of the total fluorescence intensity from calcein inside the
cell membrane to the average background fluorescence
intensity reached at least twice as strong as the background
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level. In addition, we placed the NT membrane 75 μm above
the focal point (z=−75 μm) as a reference (i.e. no NT
insertion). As shown in Fig. 3, fluorescence from calcein was
observed clearly within the target cells when the NT
membrane was placed at the focal point (z= 0 μm). When
the NT membrane was placed at the focal point, the delivery
rate was 72%, higher than the delivery rates at other vertical

positions. The increase in delivery rate from = -z 75 μm to
= -z 35 μm is due to the fluctuation in the height of the

adherent cells, whereas the gradual decrease from z= 0 μm to
=z 25 μm is attributed to the deflection of the NT mem-

brane, which brought the NTs into contact with the culture
dish surface and prevented diffusion of the liquid substances
into the cells. The delivery rate at = -z 75 μm was not zero
even though the NTs were not inserted into the target cells.
We conjecture that calcein diffused into cells through their
damaged cell membrane.30)

Intriguingly, calcein was delivered dominantly to the
nucleus of HeLa cells when the NT membrane was placed
at near the focal points as shown in Fig. 3(e). This tendency is
also observed in many cells, as shown in Figs. 3(a) and 3(c).
Commonly, nuclei are in the center of the cell, suggesting
that controlling the NT membrane in the center of the cell
height made such delivery possible. The vertical position
control of NT membrane at the submicron level by our
system is effective for direct delivery into nucleus.
Figure 4 shows cell viability and the PDL after NT

stamping. Again, we used = -z 75 μm as the reference
condition (no NT insertion). There is no significant difference
among all the conditions including the reference. The
decrease in the cell viability on day 5 is because the cell
culture became confluent, hence the number of dead cells
increased. However, at z= 25 μm, we found that NT
stamping peeled off a part of the target cells, indicating that
deep insertion may lift off the target cells. In short,
preferential NT stamping can be performed when the NT

Fig. 3. Calcein delivery into HeLa cells with automated nanotube stamping
system. Confocal laser scanning microscopy images of calcein (green) and
plasma membrane staining (red) on cells when the nanotube membrane was
placed at the focal point ( =z 0 μm) (a) and at 75 μm above the focal point (
= -z 75 μm) (b). (c) Confocal laser scanning microscopy image of cells

after calcein delivery. The central area ( ´1mm 1mm.) after nanotube
stamping was observed individually with the image. (d) Relationship
between the vertical position of the nanotube membrane and the delivery
rate. (e) Confocal laser scanning microscopy image showing that calcein is
delivered into nucleus.

(a)

(b)

Fig. 4. (a) Cell viability and (b) population doubling level of the cells after
nanotube stamping with the vertical position of the nanotube membrane as
the parameter.
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membrane is kept at the focal point by using the stepper
motor control and the image processing.

4. Conclusion

We proposed an automated NT stamping system to enhance
the accuracy and reproducibility of liquid substance delivery
into adherent cells. This system combines stepper motor
control and image processing with a conventional optical
microscope, achieving a standard error of 0.89 μm in the
vertical positioning of the NT membrane. Moreover, cell
viability remained intact after NT stamping. Although the
objective lens was controlled manually with the microscope’s
revolver in our setup, the standard error in its vertical
positioning could similarly be minimized to a submicron
level, as demonstrated by the NT membrane control. In
summary, the proposed system achieves submicron accuracy
and reproducibility for liquid substance delivery into ad-
herent cells.
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