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 Nanomaterials have recently attracted much attention as effi cient transducers for 
cancer photothermal therapy, based on their intrinsic absorption properties in the 
near-infrared region. This study explores a novel therapy model with mitochondria-
targeting single-walled carbon nanotubes (SWNTs), which act effi ciently to convert 
980-nm laser energy into heat and selectively destroy the target mitochondria, 
thereby inducing mitochondrial depolarization, cytochrome  c  release, and caspase 
3 activation. The laser + SWNTs process affords remarkable effi cacy in suppressing 
tumor growth in a breast cancer model, and results in complete tumor regression in 
some cases. Laser + SWNTs could prove to be a promising selective local treatment 
modality, while minimizing adverse side effects. 
  1. Introduction 

 Photothermal therapy for cancer has been widely inves-

tigated as an ideal local, minimally invasive treatment 

modality in comparison with other methods, [  1  ]  due to its 

precise energy delivery to target tissue and the sensitivity 

of tumor tissue to temperature increase. [  2  ]  Laser light in the 

near-infrared (NIR) region, in combination with appropriate 

light-absorbing agents, is particularly attractive for selective 

photothermal interaction, because of the low absorbance of 
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biological tissue in the NIR region. [  3  ]  Recently, nanotech-

nology has engendered a range of novel materials acting as 

photothermal transducers, such as gold nanoshells, [  4  ,  5  ]  gold 

nanorods, [  6  ]  gold nanocages, [  7  ]  carbon nanotubes, [  8–11  ]  and 

graphene, [  12  ]  because of their extraordinary photo-to-thermal 

energy conversion effi ciency with a high absorption cross sec-

tion of NIR light. Among several potential photothermally 

active nanomaterials, as a unique quasi-one-dimensional 

material, single-walled carbon nanotubes (SWNTs) could 

cross cellular membranes without eliciting cytotoxicity, and 

have been explored as novel delivery vehicles in various bio-

logical systems. [  13  ,  14  ]  

 Apoptosis is regarded as the major mode of cell death 

in cancer therapy, and mitochondrial impairment as the 

gateway of the intrinsic pathway of apoptosis. [  15  ]  Initiation of 

the mitochondrial pathway of apoptosis constitutes a point 

of no return in many models of apoptosis. Accordingly, the 

release of mitochondrial intermembrane space proteins, such 

as cytochrome  c  and second mitochondria-derived activator 

of caspase (Smac/DIABLO), into the cytosol presents a key 

initial step, [  15  ]  which leads to activation of caspases, a family 

of proteases that act as common death effector molecules. [  16  ]  

In light of the critical regulatory role of mitochondria in 

the control of cell death and of the different mitochondrial 

functions in human malignancies, [  17  ]  stimuli that target mito-

chondria are considered as promising cancer therapeutics to 

eliminate tumor cells. 

 Our previous study showed that SWNTs could cross the 

cell membrane and selectively localize on the mitochon-

dria, due to the mitochondrial transmembrane potential. [  18  ]  
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    Figure  1 .     Characterization of SWNT–PEG. A) UV/Vis–NIR absorption spectra of the SWNT–PEG. B) Plots of temperature increase for suspensions of SWNTs 
at various concentrations as a function of irradiation time using a diode laser at 1 W cm  − 2  for 2 min. Inset: thermographic image of SWNT–PEG versus 
water after irradiation for 2 min (100  μ g mL  − 1  SWNT, 980-nm laser, 1 W cm  − 2 ). All the data are representative of four independent experiments.  
Based on their photothermal transducer property, the mito-

chondrial SWNTs can be used as a mitochondria-targeting 

photo thermal conversion probe. Here, we further investigate 

the mechanism involved in cell death and confi rm the highly 

effi cient destruction of solid tumors by this mitochondria-

targeting photothermal therapy.   

 2. Results  

 2.1. Characterization of SWNT–PEG 

 A stable SWNT–polyethylene glycol (SWNT–PEG) 

solution was obtained after the fi nal centrifugation of the 

suspension (mixture of SWNTs and PEG after ultrasound). 

The NIR absorption spectra of SWNT–PEG exhibit a strong 

band around 980 nm ( Figure    1  A), which is typical for nano-

tubes produced by a silica-supported Co–Mo catalyst method 

(CoMoCAT). The optical absorbance of the PEG solution in 

this spectral window is extremely low (Figure  1 A).  

 To detect the effects of 980-nm optical excitation of 

SWNTs, we carried out a control experiment by irradiating 

aqueous solutions of SWNT–PEG at different concentrations 

(see Figure  1 B). Irradiated with a 980-nm laser at 1 W cm  − 2  

for 120 s, SWNT–PEG solution (100  μ g mL  − 1 ) caused temper-

ature elevation of the solution up to 76  ° C (Figure  1 B, inset), 

and the temperature increase depended on the concentration 

of the SWNTs. However, irradiation of the aqueous solution 

without SWNT–PEG caused temperature elevation only to 

45  ° C. These fi ndings clearly demonstrated the enhanced 

absorption of the 980-nm light by the SWNTs.   

 2.2. Cytotoxicity Assays of SWNT–PEG In Vitro 

 To confi rm the subcellular localization of SWNT–PEG, 

EMT6 cells stained with MitoTracker were incubated with 

SWNT–PEG–fl uorescein isothiocyanate (FITC) for 30 min. 

The confocal images of the cells in  Figure    2  A show that fl uo-

rescence emissions of SWNT–PEG–FITC coincide with that 

of MitoTracker dye, thereby indicating that the SWNTs are 

localized on mitochondria.  
www.small-journal.com © 2011 Wiley-VCH Verlag Gm
 To study the cytotoxic effects of SWNTs, we investigated 

the direct impact of SWNT–PEG on mitochondria. We moni-

tored the changes of mitochondrial superoxide in MitoSOX-

stained cells. Fluorescence emission of MitoSOX, an indicator 

of superoxide production, remained unchanged during incu-

bation with SWNT–PEG (Figure  2 B, top). These results indi-

cate that SWNTs do not cause mitochondrial oxidative stress. 

Similarly, we also monitored the changes of mitochondrial 

transmembrane potential ( Δ  Ψ m) in tetramethylrhodamine 

methyl ester (TMRM)-stained cells during incubation with 

SWNT–PEG. The fl uorescence emission of TMRM remained 

unchanged (Figure  2 B, bottom). Furthermore, we investigated 

the long-term cytotoxic effects of SWNTs on cells. EMT6 cells 

were cultured with SWNT–PEG for 24 h, and then stained 

with 2,7-dichlorofl uorescein diacetate (DCF-DA) for cellular 

reactive oxygen species (ROS) detection, or 2-(6-amino-3-

imino-3 H - xanthen-9-yl)benzoic acid methyl ester (rhod-

amine 123) for  Δ  Ψ m detection. Cells without treatment were 

used as negative controls and cells treated with hydrogen per-

oxide (H 2 O 2 ) or staurosporine (STS) as positive controls. No 

cytotoxicity was observed upon incubation with SWNT–PEG, 

as shown in Figure  2 C. These results indicate that SWNTs do 

not destroy the integrity or functions of mitochondria.   

 2.3. Cytotoxicity Assays of SWNT–PEG Under Laser 
Irradiation In Vitro 

 To study the cytotoxic effects of SWNTs under laser irra-

diation, we investigated the direct impact on mitochondria. 

EMT6 cells were incubated with SWNT–PEG for 90 min, 

stained with DCF-DA or TMRM, and irradiated with a 

980-nm laser at 1 W cm  − 2  for 2 min. Fluorescence emissions 

of DCF gradually intensifi ed in the cells, and fl uorescence 

emissions of TMRM decreased after laser + SWNT–PEG 

treatment ( Figure    3  A). Furthermore, we analyzed the fl uo-

rescence emissions at 60 min after treatment with fl ow cytom-

etry (FACS; Figure  3 B). The results were similar to those for 

the single-cell analysis.  

 For cytochrome  c  release analysis, EMT6 cells trans-

fected with GFP–cyto  c  and DsRed–mit were stimulated by 
bH & Co. KGaA, Weinheim small 2011, 7, No. 19, 2727–2735
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    Figure  2 .     Cytotoxicity assays of SWNT–PEG in vitro. A) Localization of 
SWNT–PEG in subcellular components in EMT6 cells. B) Changes of 
superoxide anion and  Δ  Ψ m during SWNT–PEG incubation. Fluorescence 
images of MitoSOX and TMRM were acquired during different treatments. 
C) Flow cytometry (FACS) analysis of ROS generation and the changes 
of  Δ  Ψ m 24 h after SWNT–PEG incubation. Temporal profi les of DCF 
and rhodamine 123 emission intensities were acquired after different 
treatments. Cells without treatment were used as negative controls 
and cells treated with H 2 O 2  or STS as positive controls. All the data are 
representative of four independent experiments.  
different treatments. The fl uorescence emissions of GFP coin-

cide with that of DsRed in the control cells and laser-treated 

cells, which indicated the mitochondrial localization of cyto-

chrome  c . However, in the laser + SWNT–PEG-treated cells, 

the fl uorescence emission of GFP diffused into the entire cell, 

which indicated the cytochrome  c  release from mitochondria 

(Figure  3 C). These results indicate that mitochondrial locali-

zation of SWNTs could destroy the mitochondria under laser 

irradiation, thereby inducing mitochondrial depolarization 

and cytochrome  c  release. Further study demonstrated that 
© 2011 Wiley-VCH Verlag Gmbsmall 2011, 7, No. 19, 2727–2735
caspase 3 was activated by laser + SWNT–PEG treatment 

(Figure  3 D). Moreover, the expression level of HSP70 was 

signifi cantly increased after laser + SWNT–PEG treatment 

detected by Western blotting (Figure  3 E).   

 2.4. SWNT Selection in Tumor Cells 

 To study the differential accumulations of SWNTs in 

tumor cells and normal cells in vivo, cells dissociated from 

mouse tumors and epithelium were incubated with SWNT–

PEG–FITC. FACS analysis data showed that the fl uores-

cence intensity of SWNT–PEG–FITC in tumor cells was 

much higher than that in epithelial cells ( Figure    4  A), up to 

7.7 times (Figure  4 B). After laser treatment, no enhanced 

injury on epithelial cells by SWNTs was observed, while sig-

nifi cantly enhanced tumor cell killing occurred (Figure  4 C).    

 2.5. In vivo Cytotoxicity Assays of SWNTs Under Laser 
Irradiation 

 The effects of SWNTs were evaluated using a mouse 

mammary tumor model. EMT6 cells were injected subcuta-

neously (s.c.) in the fl ank of female Balb/c mice. After the 

tumor size reached approximately 300 mm 3 , the animals were 

divided into different treatment groups. 

 We investigated the photothermal effect of the SWNTs for 

selective destruction of the neoplastic tissue. Mice were treated 

by intratumoral injections of SWNT–PEG (1 mg kg  − 1 ), at 2 h 

post injection, and then the tumor was subjected to photo-

thermal treatment by exposure to the laser at a power density 

of 1 W cm  − 2  for 10 min. The spot size of the laser beam was 

adjusted to cover the entire tumor ( Figure    5  A). During the 

laser treatment, full-body thermographic images were captured 

using an infrared camera, as shown in Figure  5 A. The tempera-

ture of the irradiated area was plotted as a function of the irra-

diation time (Figure  5 B). For the SWNT–PEG-injected mice, 

the tumor surface temperature increased rapidly within 3 min 

to reach 67  ° C and began to plateau after 5 min at 76  ° C.  

 To confi rm tumor cytotoxicity of laser + SWNT–PEG 

treatment, scathe levels in the tumors were examined 3 h 

after treatment using hematoxylin and eosin (H&E) staining. 

The SWNT–PEG-treated tumor showed similar scathed cells 

to the untreated tumor (Figure  5 C). In contrast, a high scathe 

level was observed in the cells treated by laser + SWNT–PEG 

(Figure  5 C). To further verify the tumor killing by photo-

thermal treatment, single cells dissociated from treated 

tumors were analyzed by FACS (Figure  5 C). Laser treatment 

induced 51.9% cell death, with one half having the typical 

necrosis characteristic, whereas laser + SWNT–PEG treatment 

induced signifi cant apoptosis, up to 82.1% (Figure  5 D).   

 2.6. Therapy Effects of SWNTs Combined with Laser 
Irradiation In Vivo 

 After treatment, mice were observed daily and the tumor 

volumes were measured using a caliper every other day. The 
2729H & Co. KGaA, Weinheim www.small-journal.com
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    Figure  3 .     Cytotoxicity assays of SWNT–PEG under laser irradiation in vitro. A) ROS generation and the changes of  Δ  Ψ m in the cells at different time 
points after treatment. Fluorescence images of DCF and TMRM were acquired after different treatments. B) FACS analysis of ROS generation and 
the changes of  Δ  Ψ m after treatment. Temporal profi les of DCF and rhodamine 123 emission intensities were acquired after different treatments. 
C) Cytochrome  c  (cyto  c ) release analysis in the cells after treatment. Fluorescence images of enhanced green fl uorescent protein (EGFP)–cyto  c  and 
DsRed–mit were acquired after different treatments. D) Caspase 3 activation analysis by Caspase 3 Activity Assay Kit after different treatments. 
E) Western blotting analysis of cells at 1 h after different treatments was performed to detect the expression level of HSP70, using   β  -actin as marker 
of proteins in cells. All the data are representative of four independent experiments.  
mice treated by injection of SWNT–PEG (1 mg kg  − 1 ) only 

had an average tumor burden similar to that of untreated 

control mice ( Figure    6  A). In contrast, mice treated by laser 

irradiation (1 W cm  − 2  for 10 min) alone had an average tumor 

burden noticeably smaller than that of the control mice, and 

laser + SWNT–PEG treatments resulted in signifi cant tumor 

suppression (Figure  6 A).  
www.small-journal.com © 2011 Wiley-VCH Verlag Gm

  Figure  4 .     SWNT accumulation in tumor cells and epithelial cells. A) FACS
incubated with SWNT–PEG–FITC. B) Quantifi ed analysis of average fl uore
of tumor cells and epithelial cells after treatment by laser  +  SWNT–PEG. A
 We next performed histological staining of the excised 

tumors and the tissue at the injection sites, which were har-

vested 30 days after different treatments. The complete reduc-

tion of tumor and presence of fi brotic tissue in the median 

tumors of the laser + SWNT–PEG group were confi rmed by 

H&E staining (Figure  6 B), and the results were consistent 

with the elimination of EMT6 tumor mass (Figure  6 A). 
bH & Co. KGaA, Weinheim small 2011, 7, No. 19, 2727–2735
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    Figure  5 .     In vivo cytotoxicity assays of SWNTs under laser irradiation. EMT6 cells were injected (s.c.) into the fl anks of female Balb/c mice, and 
treatment took place when tumors reached a size of approximately 300 mm 3 . Tumors were treated with intratumoral injections of SWNT–PEG, 
followed by laser irradiation (1 W cm  − 2  for 10 min): i) control, ii) SWNT (1 mg kg  − 1 ), iii) laser, iv) laser + SWNT (1 mg kg  − 1 ). A) SWNT–PEG produces 
a large temperature increase in the EMT6 tumor model in response to NIR illumination. Thermographic images of laser + SWNT versus laser alone. 
B) Temperature on the surface of the tumor during irradiation by the 980-nm laser with or without SWNT–PEG. This result clearly demonstrated 
the selective thermal effect caused by SWNT–PEG absorption of 980-nm light in the tumor. C) Histological staining of the excised tumors 3 h after 
treatment: i) control, ii) SWNT (1 mg kg  − 1 ), iii) laser, iv) laser + SWNT. The upper panels are images with H&E staining of representative specimens at 
 × 10 magnifi cation; the lower panels are images at  × 40 magnifi cation. A high scathe level was observed in the laser + SWNT-treated tumors. FACS 
analysis of single tumor cells dissociated from treated tumors, double stained by Annexin V–FITC/propidium iodide (PI). D) Quantifi ed analysis 
of apoptotic and necrotic cell percentage according to double staining by Annexin V–FITC/PI. All the data are representative of four independent 
experiments.  
Furthermore, H&E-stained sections of liver and spleen har-

vested at 30 days after different treatments were examined, 

without noticing obvious abnormal damage in the main 

organs that had high SWNT uptake (Figure  6 B). 

 For survival studies, 16 mice were used per treatment 

group and the mice were monitored for 100 days after tumor 

inoculation. A single injection of SWNT–PEG (1 mg) resulted 

in no long-term survivors. Under laser irradiation at a power 

density of 1 W cm  − 2 , the mouse survival rates were 75% in 

the laser + SWNT–PEG group and 31.25% in the laser-only 

group (Figure  6 C). At the conclusion of the study (100 days 

after the tumor inoculation), six of the 16 mice were alive 

with complete tumor regression in the laser + SWNT–PEG 

group, but there were no long-term survivors in the laser-only 

group (Figure  6 D). 

 Overall, the study demonstrated that laser + SWNT–PEG 

was the most effi cacious treatment, which resulted in a much 

higher survival rate and stronger tumor suppression (Figure  6 ).    
© 2011 Wiley-VCH Verlag Gmbsmall 2011, 7, No. 19, 2727–2735
 3. Discussion 

 From a clinical perspective, conventional cancer thera-

pies still have signifi cant impediments, such as severe adverse 

reactions [  19  ,  20  ]  and poor effectiveness against multidrug-

resistant cancer cells. It is important to develop a local 

noninvasive treatment targeting tumor tissue, with a low level 

of adverse side effects regardless of tumor types. Recently, 

NIR laser light, in combination with nanomaterials, has shown 

promise as a noninvasive, nontoxic, and selective therapeutic 

technique. The ideal nanomaterials for photothermal therapy 

should have an absorption band in the NIR region, and 

with uniform size so that a narrow absorption peak can be 

used for effective optical irradiation. CoMoCAT nanotubes 

were used in this study since they exhibit a sharp absorption 

band at around 980 nm (Figure  1 A). [  21  ]  The selective photo-

thermal laser–tissue interaction using the 980-nm laser and 

CoMoCAT SWNTs has been demonstrated through in vitro 
2731H & Co. KGaA, Weinheim www.small-journal.com
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    Figure  6 .     Therapy effects of SWNTs combined with laser irradiation in vivo. A) Volumetric change in tumor sizes of different treatment groups.  ∗   P    <  0.005 
versus control group;  ∗  ∗   P   <  0.0005 versus control group; #  P   <  0.05 versus laser group. B) Histological staining of the tumor, liver, and spleen from 
treated mice 30 days after treatment. C) Survival rates of EMT6 tumor-bearing mice treated by intratumoral injections of different components 
followed by laser irradiation at 1 W cm  − 2  for 10 min.  ∗   P   <  0.001 versus control group;  ∗  ∗   P   <  0.00005 versus control group; #  P   <  0.005 versus laser 
group. D) Plot of outcomes for each of the treatment groups: mortality (light gray), tumor growth (gray), and complete tumor regression (dark gray).  
and in vivo experiments. [  10  ,  18  ]  It is clear from our data that 

SWNTs released substantial heat after exposure to 980-nm 

laser irradiation in vitro, and increased the surrounding tem-

perature (Figure  1 B). This advantage could be used in selec-

tive photothermal therapy to assure lethal thermal injury to 

neoplastic tissue. 

 Mitochondria have been considered as a target for cancer 

therapy. [  22  ]  On the one hand, as the gateway of the intrinsic 

pathway of apoptosis, mitochondrial destruction consti-

tutes a point of no return in many models of apoptosis. [  15  ]  

Therefore, the stimuli that target mitochondria are consid-

ered as promising cancer therapeutics to eliminate tumor 

cells. On the other hand, the differences in the physiological 

state of mitochondria between tumor cells and normal cells 

provide a potential possibility to establish an effective tumor-

targeted approach that will kill cancer cells without harming 

or at least minimizing the harm of normal tissue. [  17  ]  Most 

of the cells derived from tumors have a higher  Δ  Ψ m than 

normal epithelial cells. [  23  ]  The difference in  Δ  Ψ m between 

tumor and normal cells is at least 60 mV. [  23  ]  According to the 

Nernst equation, every 61.5 mV increase in  Δ  Ψ m leads to a 

tenfold increase in cation concentration in the mitochondrial 
www.small-journal.com © 2011 Wiley-VCH Verlag Gm
matrix. [  24  ]  Our previous study showed that the SWNTs could 

accumulate in the mitochondria due to the existence of elec-

tric potential ( Δ  Ψ m). [  18  ]  Therefore, the SWNT accumulation 

on mitochondria in cancer cells will be more than that on 

normal cells (Figure  4 A,B). Hence, the SWNTs could be used 

as a special mitochondria-targeting photothermal conversion 

probe for cancer treatment (Figure  4 C). 

 It is reported that PEG can mediate cell fusion by infl u-

encing the structure of the cell membrane, and further induces 

mitochondrial fusion between different cells. [  25,26  ]  However, the 

concentration of PEG to fuse cells is 0.4 –0.6 g mL  − 1  as previously 

reported in the literature, a concentration that is much higher 

than that used in our present experiments (0.25  ×  10  − 4  g mL  − 1 ). 

So, the PEG used in the present study may not be able to 

induce cell fusion and thus may play no role in SWNT inter-

nalization. To confi rm this, we also tested the effect of PL-PEG 

(see Experimental Section) alone on cell fusion and our results 

show that PEG at the concentration of 0.25  ×  10  − 4  g mL  − 1  has 

no infl uence on cell fusion or mitochondrial fusion. 

 A thermal effect could trigger different events such as the 

expression and activation of some members of heat shock pro-

teins (HSPs), Bcl-2 family proteins, and other apoptosis-related 
bH & Co. KGaA, Weinheim small 2011, 7, No. 19, 2727–2735
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proteins. [  27,28  ]  The new therapy modality mentioned in our 

present study exerts its tumor killing effect based on direct 

mitochondrial damage due to the mitochondrial localization 

of thermally sensitive SWNTs. Thus, we detected cytochrome 

 c  release and subsequent caspase 3 activation to confi rm cell 

apoptosis induced by mitochondrial destruction. Without 

laser irradiation, the mitochondrial SWNTs caused neither 

oxidative stress nor dysfunction, either during incubation or 

after long-term stimulation (Figure  2 ). However, under laser 

irradiation, the mitochondrial SWNTs act as mitochondria-

targeting photothermal conversion probes, to effi ciently con-

vert the laser energy into heat and selectively destroy target 

mitochondria, inducing mitochondrial depolarization, cyto-

chrome  c  release, and initiation of the mitochondrial pathway 

of apoptosis to activate caspase 3 (Figure  3 ). 

 When laser irradiation was used, the photothermal effect 

of SWNTs on the neoplastic tissue was signifi cantly enhanced 

(Figure  5 A,B). With H&E staining analysis, a high scathe 

level was observed in the laser + SWNT–PEG-treated tumors 

(Figure  5 C), together with the complete reduction of the tumor 

and presence of fi brotic tissue in the median tumors of the 

groups (Figure  6 A,B). Laser + SWNT–PEG treatment induced 

much higher levels of tumor cell death, with signifi cant apoptosis 

characteristics, compared to laser-only treatment, which causes 

mainly necrosis (Figure  5 C,D). On the one hand, the enhanced 

tumor killing effect was due to the fact that SWNTs can selec-

tively absorb the 980-nm laser light. On the other hand, the 

high level of apoptosis was due to a thermal effect originating 

from the mitochondrial SWNTs. In addition, our previous study 

found that apoptotic cells can afford more tumor antigens and 

induce a higher immune response than necrotic cells during 

photodynamic therapy. [  29  ]  Furthermore, H&E staining analysis 

demonstrated the absence of abnormal damage in the main 

organs (Figure  6 B) that had high SWNT uptake. [  9  ]  

 Our therapeutic study in mice shows that the 

laser + SWNT–PEG treatment caused signifi cant tumor sup-

pression (Figure  6 A,B) and proved to be the most effec-

tive, with a survival rate of 75% (Figure  6 C) and six out of 

16 mice with complete tumor regression (Figure  6 D). These 

results show that the SWNTs have a remarkable capability 

to enhance photothermal destruction of tumor cells; how-

ever, it did not always result in complete tumor regression. 

The mitochondria-targeting SWNT in this study provides a 

potential method to effectively treat tumor cells. In addition 

to repeated intratumoral injections of SWNTs, conjugations 

of tumor-specifi c antibodies could potentially further increase 

the effectiveness of laser–SWNT treatment. In our pre-

vious studies, we found that when coupled to certain tumor-

targeting molecules, the functionalized SWNTs could enter 

into lysosomes but not mitochondria. [  18  ]  It is conceivable that 

conjugation of appropriate tumor-specifi c antibodies could 

result in mitochondria-targeting SWNTs. We plan to explore 

such a possibility in our future studies.   

 4. Conclusion 

 To the best of our knowledge, this is the fi rst time that 

a therapy model with mitochondria-targeting nanomaterials 
© 2011 Wiley-VCH Verlag Gmbsmall 2011, 7, No. 19, 2727–2735
was used to selectively destroy target mitochondria under 

laser irradiation for cancer treatment. SWNTs can be more 

effi ciently accumulated in the mitochondria of cancer cells 

due to the higher  Δ  Ψ m, and can selectively destroy cancer 

cell mitochondria when irradiated by a NIR laser. The laser–

SWNT treatment selectively induces cancer cell apoptosis, 

hence reducing the laser dose due to the special mitochondria 

targeting and thus minimizing normal cell damage. Therefore, 

laser–SWNTs could prove to be a promising mitochondria-

targeting photothermal therapy for cancer treatment.   

 5. Experimental Section 

  Functionalization of SWNTs : Functionalization of SWNTs 
with 1,2-distearoyl-  sn - glycero-3- phosphoethanolamine- N -
[amino(PEG)2000] (PL-PEG-NH 2 ) or fl uorescein isothiocyanate (FITC) 
was performed following the procedures as previously described. [  18  ]  
The CoMoCAT SWNT was used in this study due to its unique prop-
erties of uniform size (0.81 nm) and NIR light absorption (980 nm). 
The CoMoCAT method produces SWNTs using a silica-supported 
bimetallic cobalt molybdate catalyst.   [  30  ]  The product is com-
posed of a narrow distribution of nanotube types, with the (6, 5) 
semiconducting chirality dominating and an average diameter of 
0.81 nm,   [  21  ]  with length between 500 and 1500 nm. [  18  ]  

  Optical Spectroscopy : Measurements were performed following 
the procedures as previously described.   [  10  ]   

 Temperature Measurement During NIR Radiation : For ex vitro 
experiments, SWNT solutions were irradiated by the 980-nm laser 
at 1 W cm  − 2  for 2 min, and the temperature was measured in 3 s 
intervals with an infrared thermal camera (TVS200EX, NEC, Japan). 
For in vivo measurements, tumors injected with different samples 
were irradiated by the 980-nm laser at 1 W cm  − 2  for 10 min, and 
the surface temperatures of the tumors were measured in 30 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) supplemented with 15% fetal calf serum (FCS), penicillin 
(100 units mL  − 1 ), and streptomycin (100  μ g mL  − 1 ) in 5% CO 2 /95% 
air at 37  ° C in a humidifi ed incubator. Cells were cultured directly 
on the glass microscopy coverslips. The cells were then transfected 
with plasmid DNA of GFP–cyto  c  (1  μ g, provided by Dr. G. J. Gores, 
Center for Basic Research in Digestive Diseases, Molecular Medi-
cine Program, Mayo Clinic, Rochester, Minnesota) and DsRed–mit 
(provided by Dr. Y. Gotoh, University of Tokyo, Yayoi, Tokyo, Japan) 
in the transfection solution (2  μ L Lipofectin reagent (Invitrogen) in 
100  μ L serum-free medium) at 37  ° C for 4 h, then cultured in RPMI 
1640 for 24 h before experiments. The concentration of SWNTs in 
the incubation solution was typically 2.5  μ g mL  − 1 . 

  Confocal Laser Scanning Microscopy : Fluorescence emissions 
from FITC (Sigma, St Louis, MO), MitoTracker Red (100 n M , Invit-
rogen Life Technologies, Inc.), DsRed, GFP, TMRM, MitoSOX, and 
DCF were observed confocally using a commercial laser scanning 
microscope (LSM 510 META) combination system (Zeiss, Jena, 
Germany) equipped with a Plan-Neofl uar 40 × /1.3 numerical 
aperture (NA) oil differential interference contrast (DIC) objec-
tive. The excitation wavelength and detection fi lter settings for 
each of the fl uorescence indicators were as follows. FITC, GFP, 
2733H & Co. KGaA, Weinheim www.small-journal.com
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and DCF were excited at 488 nm with an Ar-ion laser (refl ected by 
a beam splitter HFT 488 nm), and the fl uorescence emission was 
recorded through a 500–530 nm IR band-pass fi lter. MitoTracker 
Red was excited at 633 nm with a He–Ne laser, and emitted light 
was recorded through a 650 nm long-pass fi lter. DsRed and TMRM 
were excited at 543 nm with a He–Ne laser, and emitted light was 
recorded through a 600 nm long-pass fi lter. MitoSOX was excited 
at 514 nm with an Ar-ion laser, and the fl uorescence emission was 
recorded through a 565–615 nm IR band-pass fi lter. 

  Detection of Mitochondrial Potential Depolarization and 
Intracellular ROS Generation : TMRM (100 n M , Molecular Probes, 
Inc., Eugene, OR) and rhodamine 123 (5  μ  M , Sigma) were used 
as an indicator of mitochondrial potential depolarization. 
Cells (1  ×  10 4  per well) growing in 35-mm Petri dishes were stained 
with TMRM for 20 min at 37  ° C, and rinsed three times with 
phosphate-buffered saline (PBS) prior to fl uorescence measure-
ment by confocal microscope or FACS. 

 Intracellular ROS generation was estimated using DCF-DA (5  μ  M , 
Molecular Probes). Cells (1  ×  10 4  per well) growing in 35-mm Petri 
dishes were stained with DCF-DA for 30 min at 37  ° C, and rinsed 
with PBS once prior to fl uorescence measurement by confocal 
microscope or FACS. 

 Intracellular accumulation of superoxide was estimated using 
MitoSOX (5  μ  M , Molecular Probes), which selectively targets mito-
chondria and is oxidized by superoxide, emitting red fl uorescence 
upon binding to nucleic acids. The 1  ×  10 4  cells growing in 35-mm 
Petri dishes were loaded with MitoSOX for 10 min at 37  ° C, and 
rinsed with PBS once prior to fl uorescence measurement by a con-
focal microscope. 

  Caspase 3 Activation Analysis : The activity of caspase 3 was 
determined using the Caspase 3 Activity Assay Kit, based on the 
ability of caspase 3 to change acetyl-Asp-Glu-Val-Asp  p -nitroanilide 
(Ac-DEVD-pNA) into a yellow formazan product  p -nitroaniline. 
Lysates were centrifuged at 12 000  g  for 10 min, and protein con-
centrations were determined by Bradford protein assay. Cellular 
extracts (30  μ g) were incubated in a 96-well microtiter plate with 
Ac-DEVD-pNA (20 ng) for 4 h at 37  ° C. OD405, the absorbance 
value at 405 nm, was read with a 96-well plate reader (INFINITE 
M200, Tecan, Switzerland). An increase in OD405 indicated the 
activation of caspase 3. 

  Western Blot Analysis : Cells were harvested in lysis buffer 
(300  μ L, 50 m M  Tris/HCl, pH 8.0, 150 m M  NaCl, 50 m M    β  -
glycerophosphate, 1% Triton X-100, 100 m M  phenylmethanesul-
fonyl fl uoride). The resulting lysates were resolved by 4–2% 
SDS-PAGE, and transferred to pure nitrocellulose blotting mem-
branes (BioTrace NT; Pall Life Science, Pensacola, FL, USA). The 
membranes were blocked in 10 m M  Tris/HCl (pH 7.4), 150 m M  NaCl, 
and 0.1% Tween-20 containing 5% nonfat milk, and then probed 
with different antibodies (HSP70, 1:1000;   β  -actin, 1:2000). Pro-
teins were detected with an Odyssey two-color infrared imaging 
system (LI-COR; Lincoln, NE, USA). 

  Animal Models : EMT6 cells (1  ×  10 6 ) in solution (100  μ L) 
were injected into the fl ank region of female Balb/c mice, aged 
6–8 weeks. Animals were used in experiments 7 to 10 days after 
tumor cell inoculation, when the tumors reached a size of approxi-
mately 300 mm 3 . 

  SWNT Accumulation Analysis in Tumor Cells and Epithelial Cells : 
Tumor cells (5  ×  10 5 ) and epithelial cells (5  ×  10 5 ) were dissociated 
from mouse tumors and epithelium, and incubated with SWNT–
www.small-journal.com © 2011 Wiley-VCH Verlag G
PEG–FITC. The fl uorescence emission from the cells was analyzed 
by FACS. The average fl uorescence intensity (AFI) of SWNT–PEG–
FITC is defi ned as AFI of FITC minus AFI of control. In addition, both 
tumor cells and epithelial cells were stained by Annexin V for cell 
death analysis with FACS after treatment by laser + SWNT–PEG. 

  Laser Treatment : For in vitro cell treatment, tumor cells (1  ×  10 4  per 
well) in 35-mm Petri dishes were incubated with SWNTs for 90 min, 
rinsed with PBS, and exposed to light at a fl uence of 120 J cm  − 2  
(1 W cm  − 2  for 2 min). The light source was a 980-nm semiconductor 
laser. For in vivo tumor treatment, tumor-bearing mice were divided 
into four different treatment groups (16 mice/group). A solution 
(100  μ L) containing SWNTs (0.2 mg mL  − 1 ; 1 mg kg  − 1 ) was directly 
injected into the center of each tumor 2 h before irradiation with 
a 980-nm laser. The light was delivered to the tumor using a fi ber-
optic delivery system. The power density at the treatment area, 
which encompassed the tumor and 0.5 cm of the surrounding skin, 
was 1 W cm  − 2  for a treatment duration of 10 min. During laser irra-
diation, the mice were anesthetized with an intraperitoneal injec-
tion of pentobarbital sodium (i.p. 2%) and were restrained in a 
specially designed holder. After treatment, the mice were observed 
daily and the tumors were measured every other day for a period of 
100 days. 

  Cell Death Assay : For H&E staining analysis, tumors (4 mice/
group) were harvested from mice 3 h after treatment. The spleen 
and liver (4 mice/group) were harvested from mice 30 days after 
treatment. Individual tumors, spleen, and liver were fi xed in 10% 
neutral buffered formalin, processed routinely into paraffi n, sec-
tioned at 5  μ m, stained with hematoxylin and eosin (H&E), and 
examined by light microscopy. For cell death statistical analysis in 
vivo, the tumors (4 mice/group) were harvested 3 h after treatment 
and physically dissociated. Single cells in suspension were stained 
with Annexin V–FITC and PI (Becton Dickinson, Mountain View, 
CA, USA), and analyzed by FACScantoII fl ow cytometry (Becton 
Dickinson) with excitation at 488 nm. 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. 

  Statistic s: For fl uorescence emission intensity analysis, a back-
ground subtraction was performed for all the data. Each experi-
ment was performed at least three times. Statistical analysis was 
applied using the two-tailed Student’s  t  test. Otherwise, represent-
ative data are shown.  
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