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T
he use of carbon nanotubes (CNTs)
for biological applications has at-
tracted considerable interest due to

their unique optical, mechanical, and elec-
trical properties together with the charac-
teristic one-dimensional structure of the
CNTs.1 Especially, unique near-IR (NIR) laser
responsive properties, such as a strong
photoabsorption,2,3 photothermal conversion,2

and photoacoustic generation3 due to their
large π-conjugated structures have been
utilized for biological applications by taking
advantage of the transparency of biological
tissue in the NIR region.4 Dai et al. reported
the pioneering work regarding the photo-
thermal therapy2 and photoacoustic imaging3

of cancer in vivo using CNTs; since then,
extensive interest has focused on this
topic.5�9 Another important aspect of CNT
applications in biology is tissue engineering
using CNTs as the scaffold material. The
unique one-dimensional structure and hy-
drophobic nature of the CNTs afford accel-
eration of the cell growth10�13 and provide
a better cell adhesion property.14,15

We now describe, for the first time,
the selective cell detachment and collec-
tion from a single-walled carbon nanotube
(SWNT)-coated cell-culture dish triggered
by NIR pulse laser irradiation. Selective se-
paration of living cells is of interest, espe-
cially for stem cell research, organ culturing
and tissue engineering.16,17 Since conven-
tional separation techniques, such as the
aspiration of the cells using capillaries, are
tedious, time-consuming, and risky due to
contamination,18,19 a simple technique rea-
lizing the selective cell detachment and
collection using laser irradiation is strongly
required due to the high resolution, precise
positioning, and remote controllability of
the laser.20�22

RESULTS AND DISCUSSION

Preparation of SWNT-Coated Dish and Cell Cul-
ture on SWNT-Coated Dish. In this study, a glass-
bottom dish was coated by spraying an
aqueous solution of the SWNTs dissolved
by carboxymethylcellulose sodium salt
(CMC-Na).23 The unbound CMC-Na that re-
mained on the SWNT-coated dish was re-
moved by immersion in water for one day.
After this procedure, the surface resistivity
of the substrate reduced from 4.3 � 103 to
1.4� 103 Ω/0 (Figure 1a), whose value was
almost constant even after a subsequent
two-week immersion in water, indicating a
stable SWNT immobilization on the dish.
A photograph of the sprayed dish shows a
slightly grayish color due to a thin SWNT
coating on the dish (see Supporting Infor-
mation, Figure S1). The AFM image of the
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ABSTRACT Unique near-IR optical properties of single-walled carbon nanotube (SWNTs) are of

interest in many biological applications. Here we describe the selective cell detachment and

collection from an SWNT-coated cell-culture dish triggered by near-IR pulse laser irradiation. First,

HeLa cells were cultured on an SWNT-coated dish prepared by a spraying of an aqueous SWNT

dispersion on a glass dish. The SWNT-coated dish was found to show a good cell adhesion behavior as

well as a cellular proliferation rate similar to a conventional glass dish. We discovered, by near-IR

pulse laser irradiation (at the laser power over 25 mW) to the cell under optical microscopic

observation, a quick single-cell detachment from the SWNT-coated surface. Shockwave generation

from the irradiated SWNTs is expected to play an important role for the cell detachment. Moreover,

we have succeeded in catapulting the target single cell from the cultured medium when the depth of

the medium was below 150 μm and the laser power was stronger than 40 mW. The captured cell

maintained its original shape. The retention of the genetic information of the cell was confirmed by

the polymerase chain reaction (PCR) technique. A target single-cell collection from a culture medium

under optical microscopic observation is significant in wide fields of single-cell studies in biological

areas.

KEYWORDS: carbon nanotubes . single cell collection . nanotube-coated cell-cutured
dish . laser pressure catapulting . near-IR pulse laser
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SWNT-coated dish surface after the immersion and
then drying is shown in Figure 1b, in which we clearly
observe the SWNT network structure. The average
surface roughness of the SWNT substrate determined
using the AFM height profile was ∼6.7 nm. The ob-
tained SWNT-coated dish and a glass dish for compar-
ison were used for the cell cultivation. Figure 1c shows
the optical microscope image of the HeLa cells cul-
tured on the SWNT-coated dish for 3 days. The SWNT-
coated dish was found to show a similar adhesion
behavior with the glass dish in terms of a cellular
proliferation rate as plotted in Figure 1d and the
morphology (see Supporting Information, Figure S2).
For the longer culture, the cells in both dishes reached
a confluent state and no difference in their stability was
recognized. Such a good cytocompatibility of the CNT-
coated dish was confirmed by several groups.24 Inter-
estingly, in some cell lines, a better cellular attachment
and growth rate were reported when compared to
those of a conventional culture dish due to (i) the
strong interaction between the cells and fibrous
CNTs25 and (ii) higher ability of the CNTs to adsorb
adhesive proteins.26 We assumed that the growth rate
of the HeLa cell was originally high and no significant
difference was recognized for the SWNT-coated dish in
our case.

Cell Detachment Triggered by NIR Irradiation. An NIR
pulse laser (1064 nm, 4 ns) was irradiated to the cells

under monitoring by an optical microscope. Inter-
estingly, a very fast detachment of the cells in the
irradiated area at a laser power over 25 mW (Figure 2a;
right) was recognized, while the cell on glass dish
stayed unchanged. It is evident that the detachment
of the cells is derived from the SWNT-coating response
to the NIR laser irradiation. This technique is applicable
not only for the removal of large cell population
detachments, but also for the single cell detachment
by varying the focus area using different objective
lenses (Figure 2b). To reveal the mechanism of the
cell detachment, a blank experiment using the SWNT-
coated dish in the absence of the HeLa cells was
conducted. We irradiated the substrate position de-
noted by the letter “K”bymoving themicroscope stage
(Figure 2c; left) and found that, by measuring the
Raman mapping of the irradiated area monitored at
the G-band (1590 cm�1), no SWNTs remained in the
letter “K” area (Figure 2c; right). The obtained result
strongly suggests that the cell detachment is accom-
panied by the SWNT detachment triggered by the NIR
pulse laser irradiation. Indeed, a change in the objec-
tive lens varies the detached area of the SWNT as
clearly monitored by the optical microscope observa-
tions (Figure 2d, see also Supporting Information,
Figure S3). This result suggests that the controllability
of the cell detachment as shown in Figure 2a,b is
associated with the SWNT detachment.

Figure 1. (a) Plots of the surface resistivity (measured in air) of the SWNT-coated dish as a function of the water immersion
time. (b) AFM image of the SWNT-coated dish surface after dipping for 1 day. Scale bar: 1 μm. (c) Optical microscope image of
theHeLa cells culturedon the SWNT-coateddish. Scalebar: 100μm. (d) Comparisonof the cell numbers attached to the SWNT-
coated dish (black bar) and a glass dish (white bar).
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The effects of theNIR pulse laser irradiation for SWNTs
have been investigated by several groups, and the
general understanding for the irradiation is the induction
of an effective photoacoustic effect.27�29 The intense
photoacoustic response of the SWNTs generates a shock-
wave around a surrounding medium, which sometime
causes bubble formation as well as transformation of the

SWNTs into different types of various carbons.27�29 In our
case, the generation of the shockwavewas evidenced by
the bubble formation (Figure 2b; indicated by arrow). It
was assumed that the shockwave generation from the
irradiated SWNTs resulted in the cell detachment.

Cell Catapulting Triggered by NIR Irradiation. Quite inter-
estingly, we found that the detached cells were

Figure 2. (a) Optical microscopic images of the HeLa cells on the SWNT-coated dishes before (left) and after (right) the NIR
pulse irradiation at a power of 40 mW through a 10� objective lens. The focused area is indicated by the yellow circles. Scale
bars, 100 μm. (b) Microscopic images of the HeLa cells on the SWNT-coated dish before (left) and after (right) the NIR pulse
irradiation at a power of 25 mW using a 20� objective lens. The focused area is indicated by a yellow circle. The yellow allow
indicates the bubble generated after the NIR irradiation. Scale bars: 50 μm. (c) Optical microscopic image (left) and Raman
mapping monitored by G-band peak (right) of SWNT-coated dish after NIR irradiation. The NIR laser was irradiated in the
shapeof a “K” as indicatedby the yellow line. Scalebars: 25μm. (d) Plots of the removedarea as a functionof theobjective lens
magnification.
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catapulted from the cultured medium when the depth
of the cultured medium was less than 150 μm and the
irradiated laserpowerwas∼40mWas shown inFigure3a.
In Figure 3b, the snapshots of the cultured medium
surface monitored using a high speed camera during
the NIR laser irradiation is shown, fromwhich we found
that the generation of ripples, and at the same
time, the cell catapulted from the substrate surface
(Figure 3b; indicated by arrow). The snapshot image
analysis allows us to calculate the flying rate of the cell
in air to be as fast as 1.25 m/s.

The optical microscopic image of the substrate
placed 10 mm above the medium surface during
several pulse shots is shown in Figure 4a (left). Several
objects whose sizes are similar to those of the HeLa

cells (10�20 μm) were observed on the substrate. The
fluorescence image of the same area (Figure 4a; right)
staining with a mixture of Calcein-AM and PI shows a
clear red fluorescence due to the intercalation of the PI
into the double-stranded DNA, indicating that the
observed images are HeLa cells captured on the sub-
strate. The absence of green fluorescence of Calcein-
AM and the presence of red fluorescence from PI imply
the termination of the cell activity.

It is worth mentioning that the present technique
allows us to collect the cells without any fragmentation
even in the absence of supporting materials.30 In the
conventional UV laser pressure catapulting (LPC) tech-
nique, a thick UV absorbing film (∼1.35 μm)31 used for
the pulse absorber supports the shape of the cells
during catapulting. However, the thick films make
optical microscopic observations of the catapulted
cells difficult when the films under of the cell come
to the front side of the cells after catpulting.30 On the
other hand, the effective energy conversion of the
SWNTs requires only small amounts of the SWNT layer
(∼40 nm in thickness) for catapulting, enabling the
further analysis of the catapulted cells using the micro-
scope observation such as the fluorescent measure-
ment describing above.

We also carried out scanning electron microscope
(SEM) measurements of the catapulted cell. As shown
in Figure 4b (right), it was clear that by comparison to
the cell before the catapulting as shown in Figure 4b
(left), no cell fragmentation occurred and the cell
morphology was retained. Such a microscopic obser-
vation will offer useful information in order to analyze
the structural as well as functional properties of the
cells of interest.

Figure 3. (a) Schematic illustration of NIR catapulting of the
cell. (b) Snapshots of the surface of cultured medium
monitored by a high speed camera at 0 (A), 0.1 (B), 0.2 (C),
and 0.3 (D) ms after NIR irradiation. The catapulted cell is
marked by the yellow arrow. Scale bar: 0.25 mm.

Figure 4. (a) Optical microscope image of the catapulted cells (left) and the fluorescent microscope image in the same area
(right). Scale bars: 100 μm. (b) SEM images of the HeLa cell on the SWNTs dish measured after the removal of the culture
medium (left; scale bar = 5 μm) and the catapulted cell on silicon substrate (right; scale bar = 5 μm).
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Gene Analysis of the Catapulted Cell. As a functional
analysis for the catapulted single cell, we carried out
an RNA analysis using the real-time reverse transcrip-
tion polymerase chain reaction (RT-PCR) technique.
The glyceraldehyde-3-phosphate dehydrogenase gene
(GAPDH), a typical housekeeping gene for the transla-
tion of the dehydrogenase protein, was chosen as the

target because the HeLa cell contains the sequence.
Figure 5a (red line) shows the amplification plot mon-
itoring of the RT-PCR using the GAPDH primer and the
complement DNA (cDNA) of the RNA obtained from
the captured single cell (see Method section). We
observed an increase in the fluorescent intensity cor-
responding to the gene amplification. Based on the

Figure 5. (a) Monitoring the fluorescence on the PCR cycles in the presence (red line) and absence (black line) of the
catapulted cell. (b) Themelting curves of the PCRproductsmeasuredusing the captured single cell (red line) and350 collected
cells from the culture dish (blue line). The black line shows the result of the blank test for a sample not containing the cell.

Figure 6. Optical microscope (left), Calcein-AM fluorescent (middle), and PI fluorescent (right) images at 2 (A), 4 (B), 6 (C), and
8 mW (D) irradiation. Scale bars: 100 μm.
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control experiment carried out in the absence of the
catapulted cell that shows a very weak fluorescent in
Figure 5a (black line), it is obvious that the signal
originated from the genetic information of the cata-
pulted single cell. The sharp and unimodal melting
profile of the amplified gene indicates that the genes
are a single component (Figure 5b, red line). The profile
for the captured single cell almost coincided with that
of the 350 cells collected from the culture dish
(Figure 5b, blue line). Such a peak is not observed in
the absence of the cell (Figure 5b, black line). All the
obtained results clearly state that the amplified gene
originated from the GAPDH gene in the captured single
cell. Now it is evident that the catapulted cell retains
the genetic information. It is worth emphasizing that
a functional analysis using the captured single cell is
possible. The present technology would provide a
novel tool for cell bioengineering.

Evaluation of Cell Viability. To address the effect of the
NIR laser power for the cell viability, we carried out a
series of fluorescent staining studies for samples
obtained after differentpower laser irradiations. Figure 6
shows the optical and fluorescent microscope images
of the HeLa cells cultured on the SWNT surface after the
NIR irradiation of only the right half area of the images.
The images were taken 10min after the irradiation. It is
clear that the green fluorescence was dominant when
the irradiation power was less than 4 mW, and the red
fluorescent spots increased when the NIR power was
greater than 6 mW. The results obviously indicate that
the NIR laser causes termination of the cell activity
and the termination occurs below the power of cell
removal (∼25 mW). The temperature thresholds lead-
ing to cell death are high for a short power exposure
time.31 For example, Simanovskii et al. estimated that
the cell survivable temperature could be as high as
130 �C for a 300 μs exposure by a CO2 laser at the
wavelength of 10600 nm.32 Assuming that all the
energy absorbed by the irradiated SWNTs is converted
to heat, the temperature change at the irradiated

SWNT interfaces is roughly calculated to be 2300 �C/
pulse cm2 (see Supporting Information). Because the
irradiation time for our system is quite short (4 ns) and
the cells are placed on the adhesive proteins on the
SWNT coating, the direct effect of the pulse heating
of the SWNTs on the cell termination is rather difficult
to estimate. At this moment, we assumed that the
mechanism of the cell termination is due to the dis-
ordering of the cell membrane triggered by the shock-
wave since the PI molecules can only penetrate into
the damaged membrane.33,34 Similarly, it is explained
that the termination of the cell activity observed for the
cell catapulting experiments carried out at a higher
power, 40 mW as displayed in Figure 4a, was also
induced during the laser irradiation. Although some
cell analyses, such as the proliferating ability of the
catapulted cells, are limited, the present technique is
useful for subsequent genomic or proteomic analyses
as demonstrated in Figure 5.

CONCLUSIONS

The selective detachment of the cells is achieved by
the NIR irradiation of the cells cultured on a SWNT-
coated dish. The shockwave generated by the
NIR pulse laser irradiation of the SWNTs plays an
important role in the detachment of the cell. By
increasing the laser power as well as decreasing the
depth of the cultured medium, the detached cells are
readily catapulted onto the substrate placed close to
the medium surface. Such a catapulting method
enables the highly selective collection of the targeted
cells of interest and is a very useful tool for single cell
studies. The SEM experiment revealed that no frag-
mentation occurred for the catapulted cell. The
RT-PCR analysis for the catapulted single cell revealed
the retention of the genetic information. The
light-induced cell detachment technique would be
also applicable as a novel cell patterning technique,
and such studies are currently underway in our
laboratories.

METHODS

Materials. The SWNTs (synthesized by an arc method) were
purchased from Meijo Nano Carbon. Carboxymethyl cellulose
sodium salt (CMC�Na) was purchased from Kishida Cemical
and used as received.

Fabrication of an SWNT-Coated Dish. CMC-Na (3 mg) and the
SWNTs (1mg)were dissolved in H2O (10mL) by sonication using
a bath-type sonicator (Branson 5510) for 120 min, followed by
centrifugation (10000g) using a ultracentrifugator (Kubota,
3K30C) for 15 min. The obtained SWNT aqueous dispersion
was sprayed on a glass substrate (Glass Base Dish, IWAKI, 27mm
j) placed on a temperature-controlled sheet at 100 �C. The
obtained SWNT-coated dish was immersed in deionized water
and dried with flowing N2 gas. For the cell culture, the dish was
sterilized by ultraviolet radiation for 24 h.

Cell Culture. The HeLa cells were seeded on the SWNT-
coated dish. The cells were cultured in D-MEM (Wako) with

10% FBS and antibiotic-antimycotic (GIBCO) at 37 �C in humi-
dified 5% CO2.

Measurements. An atomic force microscope (AFM) study was
conducted using a probe microscope (SHIMADZU, SPM-9600).
The surface resistivity measurements were performed using a
resistivity meter (Mitsubishi Chemical Analytech, MCP-T600).
The SEM observations were carried out using a digital SEM
(Keyence Co., VE-9800).

Selective Detachment. The HeLa cells cultured SWNT-coated
dish was placed on the stage of an inverted microscope
(Nikon, TE2000) equipped with a stage-top incubator (Tokai
Hit, ONICS). A near-infrared (NIR) laser beam from a pulse laser
(Nd: YVO4, 1064 nm, 20Hz; NewWave Research, Polaris III) with a
pulse duration of 4 ns was focused on the SWNT-coated dish
through the objective lens (4�, NA = 0.13; 10�, NA = 0.3; 20�,
NA = 0.45; 40�, NA = 0.6). The microscope images were
monitored by a CCD video camera (Watec, model WAT-221S).
The actual laser power was monitored by an energy meter
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display (Ophir Optronics, Orion TH) equipped with a thermal
head (Ophir Optronics, 30A-P). The cell catapulting was mon-
itored by a high speed camera (IDT Japan, MOTION Pro Y4S-2).

Real-Time RT-PCR of Catapulted Cell. One of the cells cultured on
the SWNT-coated dish was catapulted to the cap of the PCR
tube by the NIR irradiation. Cell lyses buffer (20 μL, Ambion,
Cells-to-cDNA II kit) was added to the cap of the PCR tube and
the cell was collected in the PCR tube. The obtained cell lysis
solution was heated at 75 �C for 10 min to inactivate the RNases
in the cells and incubated at 5 �C for 5 min. The DNase I solution
(Ambion, Cells-to-cDNA II kit) in sterilized water (1 μL, 0.4 μL/μL)
was added to the cell lysis solution and incubated at 37 �C for
15 min to degrade the genomic DNA. To inactivate the DNase,
the solution was heated at 75 �C for 5 min. For the reverse
transcription, the mixture of the cell lysis solution (10 μL), dNTP
Mix (4 μL, Ambion, Cells-to-cDNA II kit) and oligo (dT) primers
(2μL, Ambion, Cells-to-cDNA II kit) in the PCR tubewas heated at
70 �C for 3 min and incubated at 5 �C for 1 min. Room
temperature buffer (10�, 2 μL, Ambion, Cells-to-cDNA II kit),
M-MLV Reverse Transcriptase (1 μL, Ambion, Cells-to-cDNA II kit)
and RNase Inhibitor (1 μL, Ambion, Cells-to-cDNA II kit) were
added to the solution and incubated at 42 �C for 60min, then at
92 �C for 10min to provide a cDNA solution transcribed from the
RNA of the captured cells. For the PCR, the cDNA solution (5 μL),
10� PCR buffer (5 μL), dNTP Mix (4 μL, Ambion, Cells-to-cDNA II
kit), human GAPDH primer (2 μL, Takara, Human Housekeeping
Gene primer Set), thermostable DNA polymerase (0.4 μL,
Ambion, SuperTaq Plus DNA Polymerase), SYBR Green (1 μL,
Takara, SYBR Green I Nucleic Acid Gel Stain) and sterilized water
(30 μL) weremixed in a PCR tube. The PCR cycle (95 �C for 30 s to
denature, 95 �C for 5 s for amplification, then at 60 �C for 30 s)
was repeated for 40 cycles using a thermocycler (Bio Rad,
PC808) equipped with a Mini Opticon (Bio Rad). The control
experiment using 350 collected cells from the culture dish by a
trypsin treatment was carried out in a similar fashion, in which
35 PCR cycles were repeated.

Cell Viability after NIR Irradiation. The cell viability after the NIR
irradiation was estimated using a mixture of calcein-AM and
propidium iodide (PI) as the fluorescent probes (DOJINDO,
Cellstain Double Staining Kit). The stock solution for the mixture
of calcein-AMandPIwaspreparedbyadding10μLof a 1mmol/mL
calcein-AM stock solution and 15 μL of a 1.5 mmol/mL PI
solution to 5 mL of Dulbecco's phosphate buffered saline
(DPBS) (GIBCO). The calcein-AM/PI mixture solution in DPBS
was added to the HeLa cells cultured on the SWNT-coated dish
after the NIR laser irradiation through the objective lens (10�,
NA = 0.3) at the powers of 2, 4, 6, and 8 mW. The cells were
analyzed using a microscope (Nikon, TE2000) equipped with a
filter system (G-2A excitation filter, 510�560 nm; and B-2A
excitation filter, 450�490 nm).
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