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. Ccancer Therapy

Mitochondria-Targeting Photoacoustic Therapy Using
Single-Walled Carbon Nanotubes

Feifan Zhou, Shengnan Wu, Yi Yuan, Wei R. Chen, and Da Xing*

In vitro photoacoustic therapy using modified single-walled carbon nanotubes
(SWNTs) as “bomb” agents is a newly reported approach for cancer. Herein, a
mitochondria-targeting photoacoustic modality using unmodified SWNTs and its in
vitro and in vivo antitumor effect are reported. Unmodified SWNTs can be taken up
into cancer cells due to a higher mitochondrial transmembrane potential in cancerous
cells than normal cells. Under the irradiation of a 1064 nm pulse laser, 79.4% of
cancer cells with intracellular SWNTs die within 20 s, while 82.3% of normal cells
without SWNTs remain alive. This modality kills cancer cells mainly by triggering cell
apoptosis that initiates from mitochondrial damage, through the depolarization of
mitochondria and the subsequent release of cytochrome c after photoacoustic therapy.
It is very effective in suppressing tumor growth by selectively destroying tumor
tissue without causing epidermis injury. Taken together, these discoveries provide a
new method using mitochondria-localized SWNTs as photoacoustic transducers for

cancer treatment.

1. Introduction

Single-walled carbon nanotubes (SWNTs) exhibit many
unique intrinsic photophysical properties and have been
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intensively explored for biological and biomedical appli-
cations in the past several years. One intrinsic property of
SWNTs is their strong optical absorbance in the near-infrared
(NIR) region.[?l Since biological tissues are relatively trans-
parent to the light of the NIR region,**! such a unique
property makes SWNTs selective photothermal transducers
with a large absorption cross section and highly efficient
light-to-heat conversion.[>>0! Recent findings on the ignition
of SWNTs exposed to a pulsed light source attracted much
interest in the photoacoustic properties of nanotubes.’-1"]
Because of the photothermal and photoacoustic transduction
effects, SWNTs have been used in the past as photothermal
agents for Kkilling cancer cells by enhancing thermal destruc-
tion of tumor cells under NIR continuous laser irradia-
tion,>>®l and also as contrast agents for cancer imaging by
enhancing the photoacoustic contrast of target tumors during
pulse laser irradiation.'-15] Moreover, a novel photoacoustic
technique for targeted cancer destruction by the large pho-
toacoustic effect of SWNTs was developed.['%-10]

The ideal treatment modality for cancer should achieve
tumor target destruction with local intervention through a
minimally invasive technique. It is generally considered that
mitochondria are promising therapeutic targets in cancer
because of their dominant role in cell apoptosis.l'”18] Mito-
chondrial outer membrane permeabilization (MOMP)
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appears to represent a point of no return for cell death.
MOMP can typically lead to cell death by triggering a pro-
gressive decline in mitochondrial function.!'>2"] Mitochondria
in cancer cells are in general more susceptible to perturba-
tions than in normal cells because of their structural and
functional differences, and extensive metabolic reprogram-
ming compared with their normal counterparts.*!?? There-
fore, mitochondria-targeted therapies are promising in
selectively treating tumors without causing, or at least mini-
mizing, damage to surrounding normal tissue.>’]

Previously, we used SWNTs selectively accumulated in
mitochondria as photothermal transducers to destroy cancer
cells using a continuous-wave 980 nm laser.?*?] Herein, we
develop a mitochondria-targeting therapy using the photoa-
coustic transducer property of SWNTs and a NIR pulse laser.
We investigate in vitro and in vivo antitumor effects using
this mitochondria-targeting photoacoustic therapy.

2. Results
2.1. Photoacoustic Effect of SWNTs in the NIR Spectral Region

CoMoCAT SWNTs functionalized with phospholipid—
polyethylene glycol with a terminal amine group (PL-PEG-
NH,) were used in this study. The Vis—NIR absorption
spectra of SWNT-PEG solution exhibited a strong band at
approximately 1016 nm, significantly higher than that of
PEG solution in the same spectral region (Figure 1Aa). The
absorbance of the SWNT-PEG solution depended linearly
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on its concentration at a wavelength of 1064 nm, as shown
in Figure 1Ab. Raman spectroscopy of SWNT-PEG solution
exhibited a strong resonance shift at approximately 1580 cm™
(G band; Figure 1Ac). Moreover, the solution of SWNT-PEG
remained stable for more than 2 weeks at room temperature
without any visible aggregation, which is probably attribut-
able to the noncovalent interaction between PL-PEG and
SWNTs.

The photoacoustic signal could be generated in SWNT
solution by irradiation with a 1064 nm pulse laser (Figure 1Ba).
The intensity of the photoacoustic signal depended on the
concentration of SWNTs and energy of the laser (Figure 1Bb
and Bc). To evaluate the thermal effects of the SWNT solu-
tion during the 1064 nm pulse laser irradiation, an infrared
thermal camera was used to measure the temperature in the
solution. As shown in Figure 1Bd, irradiation with 17.5 mJ
energy caused a temperature increase of 6 °C in the SWNT
solution (200 pug mL™"), whereas the temperature increase
was almost negligible in the SWNT solution with a concen-
tration of 50 ug mL~! (Figure 1Bd).

2.2. Photoacoustic Effect on Mitochondria Targeted
with SWNTs

Our previous work showed that SWNTs were mainly local-
ized in mitochondria of both tumor cells and normal cells.>*
Here, we further confirm the mitochondrial localization of
SWNTs in EMT6 cells. Cells expressing cyan fluorescent
protein (CFP)-lamp (to label lysosome) were stained with
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Figure 1. Photoacoustic signals of SWNTs in the NIR spectral region. A) Absorption and Raman spectra of PL-PEG-functionalized SWNTs. a) Vis—NIR
absorption spectra of the SWNT-PEG solution and PEG solution. The two well-resolved absorption peaks indicate that the electronic energy states
of individual PEG-SWNTs are well maintained after PEGylation. b) Absorbance of SWNT solutions of different concentrations at 1064 nm. The
solid line is a linear fit. ¢) Raman spectrum of SWNT solution. The band is a characteristic feature of SWNTs. B) Photoacoustic signal of SWNTs.
a) Photoacoustic signal of SWNT solution at 1064 nm. b,c) Peak intensity of photoacoustic signal versus energy of the laser at 1064 nm (b) or
the concentration of the SWNT solution (c). The solid line is a linear fit. d) Temperature of the SWNT solution during irradiation by a pulse laser

(1064 nm, 17.5 mJ) for 30 s at room temperature.
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Figure 2. Photoacoustic destruction of mitochondria targeted with SWNTs. A) Mitochondrial localization of SWNTs. Cells expressing CFP-lamp and
stained with MitoTracker Red were incubated with SWNT-PEG-FITC for 30 min. Confocal images of the cells show that the SWNT is mainly localized
in mitochondria but not in lysosome. DIC=differential interference contrast. B) Change of A¥m under pulse laser irradiation with SWNTs taken up
ex vitro. Mitochondria separated from living cells were stained with Rh123 and incubated with SWNTs (10 pug mL™?) for 30 min before irradiation
by a pulse laser (17.5 m] for 20 s), then subjected to FACS analysis. The decrease in Rh123 signal represents the decline of A¥m. All the data are

representative of four independent experiments.

MitoTracker Deeper Red 633 (MitoTracker Red, to label
mitochondria) and then incubated with SWNT-PEG-fluores-
cein isothiocyanate (FITC) for 30 min. The fluorescence emis-
sion of SWNT-PEG-FITC coincided with that of MitoTracker
Red (Figure 2A), thereby indicating mitochondrial localiza-
tion of SWNTs.

To test whether the photoacoustic effect of SWNTs could
cause mitochondrial damage, we performed an ex vitro
experiment with isolated mitochondria. Mitochondria were
separated from EMT6 cells, stained with rhodamine 123
(Rh123) dye, and incubated with SWNTs (10 pg mL™") for
30 min before 1064 nm pulse laser irradiation (17.5 mJ, 20 s).
Then the changes in Rh123 fluorescence were analyzed by
flow cytometry (fluorescence-activated cell sorting, FACS).
The Rh123 signal clearly decreased under laser plus SWNTs
treatment (Figure 2B), thus indicating the decline of mito-
chondrial transmembrane potential (A¥m) after treatment.

2.3. Photoacoustic Effect of SWNTs in vitro

To determine whether the photoacoustic effect of SWNTs
could cause cell death through inducible mitochondrial
explosion, we further detected the photoacoustic effect at
the cellular level. First, we investigated the photoacoustic
effect on cell viability with different energies of laser or
different concentrations of SWNTs. The tumor cells were
incubated with SWNTs for 2 h, followed by irradiation with
a 1064 nm pulse laser. We found that treatment with laser
energy of 17.5 mJ and a SWNT concentration of 10 pg mL™!
achieved significant cellular cytotoxicity (Figure 3Aa).
The cellular cytotoxicity was obviously enhanced by the
increase of SWNT concentrations from 2.5 to 20 ug mL™
(Figure 3Ab). Apparently, the in vitro photoacoustic effect
of SWNTs depends on both the SWNT concentration and
the laser energy.
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Furthermore, we investigated the in situ photoacoustic
effect of SWNTs on mitochondria in intact tumor cells.
EMT6 cells were stained with Rh123 and then incubated
with SWNTs for 2 h before being irradiated by the 1064 nm
pulse laser (17.5 mJ, 20 s). The changes in Rh123 fluorescence
signal were analyzed by FACS. Under the laser treatment,
the Rh123 signal decreased in the cells with concentrations of
SWNTs from 5 to 20 pg mL~! (Figure 3Ba). Notably, SWNTs
of concentration 10 and 20 pg mL™" caused nearly the same
level of significant decrease in Rh123 signal compared with
5 ug mL~' SWNTs (Figure 3Ba). Experiments using tetrame-
thyl rhodamine methyl ester (TMRM), another A¥Ym fluores-
cent probe, with confocal microscopy showed the same sharp
decrease in AYm, which indicated the explosion of mitochon-
dria (Figure 3BDb).

Release of cytochrome c is another indicator of mito-
chondria explosion. For cytochrome ¢ release analysis, cells
doubly expressing green fluorescent protein (GFP)-Cyt c
and DsRed-mit were stimulated by various treatments. The
fluorescence emission from GFP coincided with that of
DsRed in control cells, thereby indicating the mitochondrial
localization of cytochrome ¢ under physiological conditions
(Figure 3C). In contrast, in the laser plus SWNT-treated cells,
the fluorescence emission from GFP diffused into the entire
cell, clearly demonstrating the release of cytochrome ¢ from
mitochondria (Figure 3C). These results demonstrate that
mitochondria-localized SWNTSs can destroy the mitochondria
under laser irradiation.

To clarify the cell death mode upon photoacoustic treat-
ment, annexin V-FITC/propidium iodide (PI) double staining
analysis was used. As expected, neither SWNTs nor laser
treatment alone could induce cell death. In contrast, laser
plus SWNTs treatment induced obvious cell death, revealed
by the strong positive annexin V-FITC signal (Figure 3D).
Statistical analysis of the data showed that laser plus SWNTs
treatment induced 1.35% cell necrosis (PI positive cells),
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Figure 3. Photoacoustic effect of SWNTs on tumor cell death. A) Photoacoustic effect of SWNTs on cell viability under a) different energies of laser
(10-20 mJ) or b) different concentrations of SWNTs (2.5-10 ug mL™?). Cells were incubated with SWNTs for 30 min and then irradiated by a pulse
laser. The treated cells were incubated in complete medium for 30 min before assessing cell viability. Cells without any treatment were used as
control. Bars (means + standard deviation, n = 4). B) Changes of A¥m in mitochondria targeted by SWNTs. a) Rh123-stained cells were incubated
with SWNTs (5-20 ug mL™) for 30 min with irradiation by a pulse laser (17.5 mj for 20 s), then subjected to FACS analysis. The decrease in Rh123
signal represents the decline of A¥m. b) TMRM-stained cells were incubated with SWNTs (10 ug mL™) for 30 min with irradiation by a pulse laser,
then the fluorescence images were recorded by confocal microscopy. The disappearance of TMRM fluorescence represents the depolarization of
mitochondria. C) Cytochrome ¢ (Cyt c) release analysis. Cells expressing GFP-Cyt c and DsRed-mit were incubated with SWNTs (10 ug mL™?) for 30 min
before pulse laser irradiation (17.5 mJ for 20 s), then the fluorescence images were recorded by confocal microscopy. D,E) Cell death analysis. Cells
were incubated with SWNTs (10 ug mL™) for 30 min before pulse laser irradiation (17.5 m) for 20 s). Thirty minutes after treatment, the cells were
subjected to cell death analysis by FACS with annexin V-FITC/PI double staining. All the data are representative of four independent experiments.
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and 79.4% cell apoptosis (annexin V-FITC positive cells;
Figure 3E). Thus, these results show that the mechanism of in
vitro photoacoustic therapy is cell apoptosis but not necrosis.

2.4. Photoacoustic Effect of SWNTs in vivo

The in vivo photoacoustic effect of SWNTs was evaluated
using a mouse mammary tumor model. EMT6 cells were
injected subcutaneously in the flank of female Balb/c mice.
When the tumor size reached approximately 100 mm?, the
animals were divided into various treatment groups.

First, we investigated the mitochondrial localization of
SWNTs in tumor tissue. Two hours after intratumoral injec-
tion with various reagents, mitochondria were separated
from tumor tissue and then subjected to FACS analysis. With
either FITC or PEG-FITC injection, the fluorescence emis-
sion from mitochondria remained nearly unchanged in com-
parison to the control group. In contrast, the fluorescence
emission significantly increased with SWNT-PEG-FITC
injection (Figure 4A). These results demonstrate the mito-
chondrial localization of SWNTSs in tumor tissue.

Next, we explored whether SWNTs-based photoacoustic
therapy could selectively destroy tumor tissue without
damage to the epidermis. Figure 4B and C shows that after
laser plus SWNTs treatment, almost all the cells isolated
from the tumor tissue were dead whereas the epidermal cells
were largely intact.

To determine tumor cytotoxicity of the photoacoustic
effect with mitochondria-targeted SWNTs, scathe levels in
tumors were examined 30 min after various treatments using
hematoxylin and eosin (H&E) staining or terminal deoxy-
nucleotidyl transferase dUTP nick end labeling (TUNEL)
staining. Tumor cells treated by SWNTs alone or by laser
alone showed similar levels of scathe compared to the
untreated tumors (Figure 5A). In contrast, a high scathe
level was observed in the cells treated by laser plus SWNTSs
(Figure 5A).

After treatment, the mice were observed daily and the
tumor volumes were measured using a caliper every other
day. The mice treated by laser only had an average tumor
burden similar to that of untreated mice (Figure 5B). In con-
trast, laser plus SWNTs treatment significantly suppressed
tumor growth and the suppression was positively correlated
with the dose of SWNTs. Near total inhibition of tumor
burden was found with SWNTs of dose 50 pg.

Next, we investigated whether tumor cytotoxicity was
influenced by the photothermal effect during laser irradia-
tion. Mice were treated by intratumoral injections of SWNTs
(50 pg). Two hours post injection, the tumors were subjected
to laser treatment at an energy of 17.5 mJ for 60 s. The spot
size of the laser beam was adjusted to cover the entire tumor.
During laser treatment, full-body thermographic images were
captured using an infrared camera, as shown in Figure 5C.
The temperature of the irradiated area was plotted as a func-
tion of the irradiation time (Figure 5D). For the SWNTs-
injected mice, the tumor surface temperature increased only
about 1 °C during laser treatment.
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Figure 4. Tumor damage caused by photoacoustic therapy with
mitochondria-targeted SWNTs. A) Mitochondrial localization of SWNTs
in tumor tissue. Two hours after injection of various reagents into the
center of the tumor tissue, mitochondria were separated from the tumor
tissue and subjected to FACS analysis. A positive FITC signal was only
detected in SWNT-PEG-FITC-injected tumors. B) Photographic images
of epidermis injury on tumors after photoacoustic therapy. One day
after laser treatment plus SWNTs injection, the epidermis injury of
tumor tissues was observed, compared to SWNTs injection only. C) Cell
apoptosis analysis using annexin V-FITC staining of tumor cells and
epithelial cells after laser treatment with or without SWNTs injection.
Upon laser treatment plus SWNTs injection, quite a low cell apoptosis
rate was observed in epithelial cells in comparison to the high rate
in tumor cells. All the data are representative of four independent
experiments.
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Figure 5. Photoacoustic effect of SWNTs on tumor therapy in vivo. A) Histological staining of the excised tumors 30 min after various treatments. The
upper panel shows images with H&E staining of representative specimens at x10 magnification. The lower panel shows images with TUNEL staining
of representative specimens at x40 magnification. High scathe level was only observed in the group that underwent laser treatment (17.5 mJ) plus
SWNTs (50 pg) injection. B) Relative volumetric change in tumor size of various treatment groups. VO was the tumor volume at the time of laser
treatment. C,D) Monitoring of the changes in temperature on the surface of tumor tissue during laser treatment with or without SWNT injection.
C) Thermographic images of the group that underwent laser treatment plus SWNTs injection versus laser treatment alone. D) Temperature changes on
the indicated region in the left image. Only a small increase in temperature was observed in the group that underwent laser treatment (17.5 mJ) plus
SWNTs (50 pg) injection. The results show the negligible thermal damage to the tumor surface caused by photoacoustic therapy with mitochondria-
targeted SWNTs. All the data are representative of four independent experiments.

3. Discussion

Recently, the combination of nanomaterials and NIR light
has provided a noninvasive, nontoxic, and selective thera-
peutic technique.[*¢2¢21 We chose a CoMoCAT nanotube
suspension with PL-PEG in the present study since it exhib-
ited a sharp absorption peak at 1016 nm (Figure 1A), thus
meeting the requirements for selective phototherapy. The in
vitro and in vivo effectiveness of photothermal therapy using
a 980 nm continuous laser and CoMoCAT SWNTs has been
demonstrated in our recently published work.[02*2] Herein,
we developed a photoacoustic therapy for targeted cancer
destruction by the large photoacoustic effect of SWNTs with
the pulse laser. We confirmed that photoacoustic laser—tissue
interaction using a pulse laser and SWNTs could be an effec-
tive local intervention due to the low light dose, noninvasive-
ness, and tumor targeting. It is clear from our data that the
light energy can be transformed into sound energy by the

© 2012 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

SWNTs (Figure 1B), and this effect can be applied in photoa-
coustic imaging and photoacoustic therapy.

A previous study showed that PL-PEG-SWNT could
localize in mitochondria. Herein, we confirmed the photo-
acoustic effect of SWNTs on single mitochondria during
1064 nm pulse laser irradiation. After incubation with
SWNTs, laser irradiation could bomb the mitochondria into
dysfunction (Figure 2B). The cellular cytotoxicity clearly
depends on both the SWNT concentration and the laser dose
(Figure 3A).

MOMP is an essential step for an intrinsic apoptosis
pathway. Due to the permeabilization, some pro-apoptotic
factors, such as cytochrome ¢ in the mitochondrial inter-
membrane space, can be released into the cytosol, which in
turn leads to activation of caspases, a family of proteases
that act as common death effector molecules.'$-2] Com-
pared to laser-only treatment, laser plus SWNTs treatment
induced a much higher level of apoptotic cell death (Figure 3D
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and E) due to the dysfunction of mitochondria (Figure 3B and
C). Therefore, we conclude that laser plus SWNTSs photo-
acoustic therapy can initiate the mitochondrial pathway
of apoptosis. In addition, our previous study found that
apoptotic cell death afforded more tumor antigens and
induced higher immune response during photodynamic
therapy.’%! It is also reported that carbon nanotubes conju-
gated to tumor lysate protein could enhance the specific anti-
tumor immune response.?']

The use of mitochondria as therapeutic targets for
cancer treatment has attracted much attention recently,
because of the proliferative and bioenergetic differ-
ence between normal and cancerous cells.[?!:?3] Most cells
derived from tumor mass had higher mitochondrial AYm
than normal epithelial cells.??l Our previous study showed
that the SWNTs could selectively accumulate in mito-
chondria due to the existence of A¥Ym, with a higher level
of accumulation in cancerous cells than normal cells.?*23]
Herein, our results showed that laser plus SWNTs could
selectively destroy tumor tissue without epidermis injury
(Figure 4). However, photothermal therapy with SWNTs
could induce partial skin damage.l] This difference between
photothermal therapy and photoacoustic therapy is due
to the different laser treatment model and laser dose. The
photothermal effect results from continuous irradiation,
with a higher laser dose in local tissue,[>>°] whereas the
photoacoustic effect results from a pulsed light source
causing transduction from light energy to acoustic pressure,
with lower laser dose.[1-10]

With H&E and TUNEL staining analysis, a high scathe
level was observed in the laser plus SWNTSs treated tumors
(Figure 5A). The enhanced tumor-killing effect was due
to the fact that SWNTs can selectively absorb the 1064 nm
laser light, transduce to acoustic pressure, and bomb the
mitochondria.

Laser plus SWNTs treatment caused significant tumor
suppression (Figure 5B). With increasing concentrations of
SWNTs, remarkable enhancement of photoacoustic destruc-
tion of tumor cells can be observed (Figure 5B). The skin
overlying the mouse tumor experienced only a small temper-
ature increase (Figure 5SC and D), which is entirely different
from past photothermal techniques that heat the SWNTs in
tumor tissue to high temperature.[5]

4. Conclusion

We have presented a new photoacoustic therapy model for
cancer treatment using mitochondria-targeted SWNTs. The
SWNTs can be more efficiently accumulated in mitochondria
of cancerous cells due to the high AYm compared with that
of normal cells. Upon NIR pulse laser treatment, cancer-cell
mitochondria can be destroyed directly by the photoacoustic
effect of SWNTs. Minimal normal cell damage and reduced
laser dose can be achieved because of the high-level accumu-
lation of SWNTs in mitochondria of cancer cells. Therefore,
the combination of laser and SWNTs could prove to be a
promising mitochondria-targeting photoacoustic therapy for
cancer treatment.
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5. Experimental Section

Functionalization of SWNTs: Functionalization of SWNTs with
PL-PEG-NH, or FITC was performed following the procedures previously
described.[2%2%1 Briefly, COMoCAT SWNTsB2 with an average diameter
of 0.81 nm and length 500-1500 nm were sonicated in an aqueous
solution of PL-PEG-NH, (1 mg SWNTs, 1 mg PL-PEG, 1 mLwater) for 6 h.
The mixture was then centrifuged at 10 000 g for 15 min, and the
supernatant was collected. Excess phospholipids were removed by
repeated filtration using 100 kDa filters (Millipore Corporation, Bill-
erica, MA) and rinsing with phosphate-buffered saline (PBS).

FITC (1 mm) was mixed with SWNT-PL-PEG-NH, solution (1 mL)
overnight at room temperature, avoiding light exposure. The SWNT-
PL-PEG-FITC was filtered through 100 kDa filters (Millipore Corpora-
tion, Billerica, MA) to remove excess FITC.

Optical Spectroscopy: The optical absorbance of SWNTs was
measured using a UV/Vis—NIR spectrometer (Lambda 35, Perkin—
Elmer, USA). Raman spectra were measured with a microscopic
Raman spectrometer (Nippon Optical System Co., Japan). The exci-
tation source was from a He—Ne laser (Melles Griot, USA) tuned at
632.8 nm with a power of 2 mW at the sample location. The typical
accumulation time used in this study was 20 s.

Photoacoustic Therapy: A Nd:YAG (neodymium-doped yttrium
aluminum garnet) laser (Brilliant B, Bigsky) with wavelength of
1064 nm, output of 8 ns pulse width, and repetition rate of 10 Hz
was used to irradiate the targets; the laser was transmitted with
an optical fiber. The experiments were conducted with an energy
density of 10-20 m) cm™2.

Temperature Measurement during NIR Radiation: For ex vitro
experiments, SWNT solutions were irradiated by the Nd:YAG pulse
laser for 30 s, and the temperature was measured in 3 s intervals
with an infrared thermal camera (TVS200EX, NEC, Japan). For in vivo
measurement, tumors injected with different samples were irradi-
ated by the pulse laser for 60 s, and the surface temperatures of
the tumors were measured in 3 s intervals with the infrared thermal
camera. All the experiments were conducted at room temperature.

Cell Culture and Transfection: Mouse mammary tumor cell line
EMT6 was used in this study. Cells were cultured in RPMI 1640
(GIBCO, Grand Island, NY), supplemented with 15% fetal calf serum
(FCS), penicillin (100 units mL™?), and streptomycin (100 pg mL™)
in 5% CO,, 95% air at 37 °C in a humidified incubator. Cells cul-
tured on the glass microscopy coverslips were transfected with
plasmid DNA (1 ug) of CFP-lamp, GFP-Cyt ¢, or DsRed-mit in the
transfection solution at 37 °C for 4 h, then cultured in RPMI 1640
for 24 h before experiments.

Confocal Laser Scanning Microscopy: Fluorescence emissions
from FITC (Sigma, St Louis, MO), MitoTracker Red (100 nm, Invit-
rogen Life Technologies, Inc., Carlsbad, CA), CFP, DsRed, GFP, and
TMRM were observed confocally using a commercial laser scan-
ning microscope (LSM 510 META) combination system (Zeiss, Jena,
Germany) equipped with a Plan-Neofluar 40x/1.3 numerical
aperture (NA) oil DIC objective. Excitation wavelength and detec-
tion filter settings for each of the fluorescent indicators were as
follows. FITC and GFP were excited at 488 nm with an argon-ion
laser (reflected by a beam splitter HFT 488 nm), and the fluores-
cence emission was recorded through a 500-530 nm IR band-
pass filter. CFP was excited at 458 nm with an argon-ion laser, and
emitted light was recorded through a 470-500 nm IR band-pass
filter. MitoTracker Red was excited at 633 nm with a He—Ne laser,
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and emitted light was recorded through a 650 nm long-pass filter.
DsRed and TMRM were excited at 543 nm with a He—Ne laser, and
emitted light was recorded through a 600 nm long-pass filter.

Detection of Mitochondrial Potential Depolarization: TMRM
(100 nm, Molecular Probes, Inc., Eugene, OR) and Rh123 (5 um,
Sigma-Aldrich, St Louis, MO) were used as an indicator of mito-
chondrial depolarization. Cells (1 x 10 per well) growing in 35-mm
Petri dishes were stained with TMRM or Rh123 for 20 min at 37 °C,
and rinsed three times with PBS prior to fluorescence measure-
ment by confocal microscopy or FACS.

Cell Apoptosis Detection: Tumor cells were harvested 30 min
after treatment, stained with annexin V-FITC and PI (BD PharMingen,
Mountain View, CA), and analyzed by flow cytometry (FACScanto
Il, BD Bioscience, Mountain View, CA) with excitation at 488 nm.
The fluorescence emission of FITC was measured at 515-545 nm
and that of DNA-PI complexes at 564—-606 nm. Compensation was
used wherever necessary.

Animal Models: EMT6 cells (1 x 109 in solution (100 uL) were
injected into the flank region of female Balb/c mice, aged 6—8 weeks.
Animals were used in experiments 5 days after tumor-cell inoculation
when the tumors reached a size of approximately 100 mm?>.

Cell Death Assays: Cytotoxicity in vitro was examined with a
colorimetric tetrazolium salt-based assay using a Cell Counting
Kit-8 (CCK8, Dojindo Laboratories, Kumamoto, Japan) as described
previously.33! To detect cytotoxicity, tumor cells were irradiated by
the pulse laser at an energy of 10-20 J cm™2 with or without SWNTs
incubation. OD450, the absorbance value at 450 nm, was read
with a 96-well plate reader (INFINITE M200, Tecan, Switzerland) to
determine the viability of the cells.

For cell death analysis in vivo, the tumors were harvested
30 min after treatment. Individual tumors were fixed in 10% neu-
tral buffered formalin, processed routinely into paraffin, sectioned
at 5 um, stained with H&E or TUNEL fluorescent dye (Genmed,
Boston, MA), and examined by optical or fluorescence microscopy.

Statistics: Each experiment was performed at least three times.
Statistical analysis was applied using the two-tailed Student’s t
test. Otherwise, representative data are shown.
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