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D
espite the remarkable progresses
in cancer therapeutics including
conventional surgical resection,

chemotherapy, radiotherapy, and their
combinations, significant impediments are
still unresolved, such as severe adverse
reactions1,2 and poor effectiveness against
multidrug resistant cancer cells.3,4 Recently,
photothermal therapy based on nanomate-
rials that can be activated by a skin-
penetrating NIR irradiation has been sug-
gested as a noninvasive, harmless, and
highly efficient therapeutic technique.5�7

Among several potential photothermally
active nanomaterials, SWNTs hold a particu-
lar interest because of their extraordinary
photon-to-thermal energy conversion effi-
ciency with a high absorption cross-section
of NIR light.8 Moreover, several important
functions and behaviors of SWNTs in bio-
logical system that are prerequisites for the
successful utilization not only in photother-
mal therapy but also in general biomedical
applications, have been well established
through intensive researches during the
past decade. For example, surface function-
alization of SWNTs required to improve bio-
compatibility and cell penetrating capabil-
ity has been widely studied, through which
new diagnostic device platforms for early
detection of diseases,9,10 high quality bioim-
aging probes,11,12 as well as specific target-
ing of cancer cells7,13 have been successfully
demonstrated. The surface-tailored SWNTs
also have been utilized as an efficient deliv-
ery vehicle for small anticancer drugs,14,15

radioactive moieties,16,17 and nucleic acid
such as DNA18,19 and siRNA20,21 for therapeu-
tic purposes.

Nevertheless, as similar as the most of
the previously reported therapeutic applica-
tions of SWNTs, the cancer destruction by

photothermal effect of SWNTs upon NIR ir-

radiation has been attempted mostly from

in vitro systems.7,22�25 Consequently, some

critical issues involved with the real photo-

thermal therapeutic applications of SWNTs

have not yet been confirmed, for example,

whether enough thermal energy would be

generated from the injected SWNTs in a liv-

ing animal upon NIR irradiation, how much

of the NIR flux is required to obliterate tu-

mor cells, and whether the injected SWNTs

are accumulated or removed from the body

after finishing their roles. Herein, we report

highly efficient in vivo destructions of solid

tumors in mice by photothermal effect of

SWNTs and their biodistributions after pho-

tothermal treatments.

RESULTS AND DISCUSSION
An aqueous biocompatible SWNT-

dispersed solution was prepared by nonco-

valently functionalizing Hipco SWNTs with

PL-PEG2000-NH2. The incorporation of poly-

ethyleneglycol (PEG) species was guided by
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ABSTRACT The photothermal therapy using nanomaterials has been recently attracted as an efficient strategy

for the next generation of cancer treatments. Single walled carbon nanotube (SWNT) is an upcoming potent

candidate for the photothermal therapeutic agent since it generates significant amounts of heat upon excitation

with near-infrared light (NIR, � � 700�1100 nm) which is transparent to biological systems including skins. Such

a photothermal effect can be employed to induce thermal cell death in a noninvasive manner. Here, we

demonstrate in vivo obliteration of solid malignant tumors by the combined treatments of SWNTs and NIR

irradiation. The photothermally treated mice displayed complete destruction of the tumors without harmful side

effects or recurrence of tumors over 6 months, while the tumors treated in other control groups were continuously

grown until the death of the mice. Most of the injected SWNTs were almost completely excreted from mice bodies

in about 2 months through biliary or urinary pathway. These results suggest that SWNTs may potentially serve

as an effective photothermal agent and pave the way to future cancer therapeutics.
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strong adsorption of phospholipids (PLs) to the side-

walls of SWNTs. The PEG-coated SWNTs (PEG-SWNTs)

were highly dispersible in serum (fetal bovine serum)

without any severe aggregation or precipitation over

three weeks (Figure 1a), which agrees well with the pre-

vious result.7 The atomic force microscopy (AFM) stud-

ies revealed that the PEG-SWNTs were well dispersed

and present as either individual forms or small bundles

rather than large-size aggregated bundles. The average

lengths and the diameters of PEG-SWNTs were about

50�300 nm and 2�5 nm, respectively (Figure 1b).

Meanwhile, intrinsic electronic and spectroscopic prop-

erties of SWNTs were not significantly affected by the

adsorption of PEG molecules, as indicated by the clear

preservation of four SWNT characteristic bands: radial

breathing mode (RBM, 120�350 cm�1), disorder related

mode (D band, 1300 cm�1), tangential graphite-like

mode (including G� band, 1590 cm�1,26 and G� band,

1560 cm�1) (Figure 1c), as well as by the well-resolved

absorption characteristics corresponding to the elec-

tronic transitions according to the van Hove singulari-

ties from UV�vis�NIR spectroscopy (Figure 1d).8,27

The photothermal effect of SWNT was first examined

ex vitro by irradiating NIR (� � 808 nm, 3.8 W/cm3) to

the PEG-SWNTs solution. When NIR was irradiated, the

temperature of the solution was increased quite rapidly.

The final temperature as well as the temperature in-

crease rate of the solution turned out to be determined

by the concentration of PEG-SWNTs in solution (Figure

S1a in Supporting Information). For example, even boil-

ing phenomenon was observed upon NIR irradiation

for 10 min to the solution of 140 mg/L, as water vapor

droplets were instantly formed on the wall of a beaker

(Figure S1b in Supporting Information). On the contrary,

a negligible temperature change was monitored when

phosphate buffer saline (PBS) without SWNTs was irra-

diated with NIR. To verify if the temperature increase

was indeed originated from SWNTs rather than PEG

molecules, we tested the NIR irradiation effect for a PBS

solution containing PEG molecules only. As shown in

Figure S1a, no significant temperature increase was ob-

served from the PEG-containing PBS solution. These re-

sults indicate that optoelectronic excitation of SWNT

by NIR irradiation occurs rapidly and the extra energies

are efficiently transferred into molecular vibration

modes to generate significant amounts of thermal

energy.22,27

After confirming the photothermal effect of PEG-

SWNTs, we attempted in vivo therapeutic examina-

tions against nude mice bearing human epidermoid

mouth carcinoma KB tumor cells (Korean Cell Line

Bank) on their backs. A schematic representation

about in vivo photothermal treatment is shown in

Figure 2a. In 2 days after the KB tumor cells were xe-

nografted on mice backs, the tumor sizes became

approximately 70 mm3 (Figure 2b). The PEG-SWNTs

Figure 1. Aqueous solution of PEG-SWNTs. (a) Scheme of PEG-SWNTs. Strong adsorption of hydrophobic alkyl chains of
phospholipid-PEG on the sidewall of SWNT. (Inset) Photographs of fetal bovine serum (FBS, left), PEG-SWNTs in fetal bo-
vine serum (middle) and phosphate buffer salin (PBS, right). (b) Atomic force microscope (AFM) image of individual PEG-
SWNTs deposited on a SiO2. The scale bar is 500 nm. (c) Raman spectrum taken from a PEG-SWNTs solution. The G, D band
and RBM are characteristic features of SWNTs. (d) UV�vis�NIR spectrum of PEG-SWNTs. The well-resolved absorption peaks
indicate that the electronic energy states of individual PEG-SWNTs are well maintained after pegylation.
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(�120 mg/L, 100 �L) were then injected into the tu-
mor regions via intratumoral injection, and the color
of the skin turned into dark gray due to the original
color of PEG-SWNTs (Figure 2c). A mouse ready for
the irradiation was located under the focal lense
through which NIR could be focused to have a power
density of 76 W/cm3 and irradiated for 3 min (Fig-
ure 2d). Figure 3 shows tumor volume changes of
representative mice treated in different experimen-
tal groups (one (I) for the main experiment and three
(II, III, IV) for control experiments) at various post-
treatment periods: (I) (PEG-SWNTs � NIR) A solution
of PEG-SWNTs was injected to mice bearing KB cells,
then NIR was immediately irradiated on the tumor
region for 3 min; (II) (untreated) mice bearing KB
cells were simply monitored without any other treat-
ment; (III) (PBS � NIR) a PBS solution was injected
followed by immediate irradiation with NIR; and (IV)
(PEG-SWNTs) a solution of PEG-SWNTs was injected
without NIR irradiation.

As clearly shown in Figure 3a, the mice treated
with PEG-SWNTs and NIR irradiation (I) showed com-
plete destructions of tumors after 20 days of the
treatments. One noticeable observation is that there
were black round marks on the mice skins when
treated with (I) (Figure 3a, I, 2 Day and 14 Day). This
black mark is a skin burn scar which is a direct evi-
dence of the generation of excessive local heating
from PEG-SWNTs by NIR. In contrast, there was no
noticeable sign of temperature increase from the

mice treated with PBS followed by NIR irradiation. Al-
though we admit that the precise determination of
therapeutic effect at the earlier stage is subtle be-
cause of the skin burn marks until 20 days after the
treatments, it seems that the photothermal effect is
very prompt since we frequently observe rapid dis-
appearance of solid tumors right after the photo-
thermal treatments. Moreover, the photothermally
treated mice were quite healthy without toxic ef-
fects, abnormal behavior, or recurrence of tumors
over six months (Movie S1 in Supporting Informa-
tion). On the other hand, tumors treated in the con-
trol groups II through IV were continuously grown,
leading to fatal status of the mice. Such four-group
(I through IV) treatment experiments were repeated
for another four independent sets, and the results
were very reproducible as all of the mice treated
with I showed dramatic destructions of solid tumors
(Figure 3b). The photothermal therapeutic effect
was also analyzed quantitatively by monitoring the
tumor growth rates in terms of tumor volume
changes as a function of time per each treatment
(Figure 3c). While the tumors in the mice treated
with II through IV were continuously grown up, the
tumor sizes of the mice treated with I displayed al-
most zero volume.

Histological examinations of tumor tissues from
each group further confirmed the successful destruc-
tion of tumor cells by the photothermal effect of
PEG-SWNTs (Figure 4). According to the hematoxy-

Figure 2. Photothermal treatments for in vivo tumor ablation using PEG-SWNTs: (a) schematic view of the procedure and
results of PEG-SWNTs mediated photothermal treatment of tumors in mice; (b) photograph of a mouse bearing KB tumor
cells (�70 mm3); (c) photograph of a mouse after intratumoral injection of PEG-SWNTs solution (�120 mg/L, 100 �L); (d) pho-
tograph of near-infrared irradiation (808 nm, 76 W/cm3) for 3 min to tumor region.
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lin and eosin (H & E) staining results, common fea-

tures of thermonecrosis such as loss of nucleus, cell

shrinkages, and coagulation were found from the tu-

mor tissues treated with PEG-SWNTs � NIR (Figure

4a). Extensive thermonecrotic or apoptotic cells

could be also evidently identified by TUNEL assay,

in which dead cells are stained in brown. As shown

in Figure 4d, only the tumor cells treated with PEG-

SWNTs and NIR exhibited brown color within the

cells, while robust and viable tumor cells were re-

maining with no obvious thermal damage from both

untreated and PBS � NIR treated groups (Figure

4b,c, e,f). To check the presence/absence of residual

tumor cells in the photothermally treated region,

histological examinations were repeated again at

25 days after the complete recovery from skin dam-

age. By analyzing histologic specimen thoroughly,

we could confirm that most of the tumors
were removed from the photothermally
treated region as it displayed similar feature
to normal skin tissue (Figure S2 in Supporting
Information).

One of the important concerns after accom-
plishing photothermal therapy is whether the
PEG-SWNTs are accumulated in tissues/organs
or cleared out of the body. By utilizing the intrin-
sic and sensitive Raman scattering properties of
SWNTs, the amounts of SWNTs accumulated in
various tissues/organs were measured without
additional radio- or fluorescent labeling.26 For
quantitative measurements of SWNT concentra-
tions, standard solutions containing PEG-SWNTs
at various concentrations were first examined
with Raman spectroscopy to establish a calibra-
tion curve. As shown in Figure S3 (Supporting In-
formation), strong G bands were exhibited at
around 1590 cm�1, of which intensities were di-
rectly proportional to the concentrations of PEG-
SWNTs. The tissue/organ lysates samples were
prepared by sacrificing mice at 1, 3, 7, 20, 40
days after intratumoral injection of PEG-SWNTs
(�120 mg/L, 100 �L) and NIR irradiation (76
W/cm3, 3 min). The relative amounts of SWNT
in the various tissues/organs are represented as
%ID/g (percentage of injected dose per gram) in
Figure 5a. After 1 day of the treatments, signifi-
cant amounts of SWNTs were detected from, in
order, muscle where PEG-SWNTs were originally
injected, spleen, blood, and skin, while little
was observed from other organs including kid-
ney. Until 7 days of the treatments, the levels of
SWNTs in blood and liver were gradually in-
creased but the level of SWNTs in muscle was re-
markably decreased. The spleen showed a simi-
lar level of %ID/g at this period. However, after 7
days of the treatments, the levels of SWNTs
from all of the organs were rapidly decreased,

and ultimately the overall levels of %ID/g were dropped
to nearly zero over time.

These findings suggest that the injected SWNTs pri-
marily remain in muscle and skin, but they are slightly
diffused into blood as the time spans over. At early
stage, the diffused PEG-SWNTs were circulated in blood
then prominently accumulated in spleen and liver
which are related with reticuloendothelial system (RES).
Such a RES uptake is known to be a general phenom-
enon on the fate of SWNTs with and without function-
alization, primarily due to the role of mononuclear
phagocytes.16,26,28�30 Since the levels of SWNTs in RES
organs were clearly decreased as a function of time, we
assumed that the majority of PEG-SWNTs would be ex-
creted from the body. According to the report by Liu
et al.,26 there are two possible excretion pathways of
PEG-SWNTs: PEG-SWNTs bigger than 100 nm in lengths

Figure 3. In vivo photothermal effects of PEG-SWNTs for tumor obliteration. (a) Rep-
resentative photographs of the mice treated in different groups at various time
points after each treatment (I, PEG-SWNTs � NIR; II, untreated; III, PBS � NIR; IV, PEG-
SWNTs). (b) Four mice after 60 days of photothermal treatments (I) from four inde-
pendent sets. (c) Time-dependent tumor growth curves of KB tumor cell xenografts.
Tumor volumes were measured three times a week after sample treatments. The re-
sults are presented as the arithmetic means with standard deviations of tumor vol-
umes in each group (n � 4). Only the PEG-SWNTs � NIR treated group (I) shows sig-
nificant suppression of tumor growth compared with other experimental groups (n
� 4, p � 0.05, two-way ANOVA).
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exceeding the renal excretion are
known to be easily accumulated in the
liver, then excreted via the biliary path-
way, ending up in feces. Meanwhile,
very short PEG-SWNTs (�50 nm in
length, diameter of 1�2 nm) are ex-
creted through the urinary pathway. In
our study of biodistribution of PEG-
SWNTs, the decreased level of PEG-
SWNTs in RES organs proposes that
most of PEG-SWNTs were eliminated
from mice bodies through biliary path-
way. Furthermore, the Raman signal in
collected urine over 18 days (Figure 5b)
supports the excretion of short PEG-
SWNTs as well. Actually, the biodistribu-
tion displays quite different patterns
depending on the type of functionaliza-
tion of SWNTs,31,32suggesting that vari-
ous types of functionalization have a
significant effect on the in vivo behav-
iors of SWNTs. Nevertheless, our results
about the biodistribution and clearance

of PEG-SWNTs agree well with previous
reports.16,26,28

CONCLUSION

We demonstrated the photothermal ef-
fect of PEG-SWNTs upon NIR irradiation to
destruct solid malignant tumors in vivo.
When NIR was irradiated on the tumor re-
gion into which PEG-SWNTs were intratu-
morally injected in advance, high thermal
energy was generated from the optically ex-
cited PEG-SWNTs enough to destroy tumor
cells in a noninvasive manner. Although
partial skin damages occurred, the SWNT-
based photothermal treatment showed
complete eradications of solid malignant tu-
mors without toxicity or abnormal behav-
ior or recurrence of tumors for a long pe-
riod of time. Moreover, the issue concerned
with residual SWNTs in the body after the
treatment was resolved as most of SWNTs
were excreted through biliary or urinary
pathway by monitoring their biodistribu-
tions in various tissues/organs.

These preliminary results successfully
proved that SWNT-mediated photothermal
therapy is a highly feasible cancer therapeutic
approach. Nevertheless, several important
challenges still remain for effective and practi-
cal therapeutic usages. The most important is-
sue, as we currently are investigating, is the se-
lective destruction of cancer cells with minimal
toxic effects on normal cells. This concern will
be resolved when the photothermal treat-

Figure 4. Histologic assessments of tumor tissues after photothermal treat-
ments. (a�c) Hematoxylin and eosin staining (H & E) of tumor tissue from (a)
PEG-SWNTs � NIR group, (b) untreated group, (c) PBS � NIR group. Most pink-
stained cells represent apoptotic or necrotic cells (pink staining, cytoplasm; vio-
let staining, nucleus). (d�f) Deoxynucleotidyl transferase biotin-dUTP nick-end
labeling (TUNEL) assay for the detection of apoptotic or necrotic cells in tumor
tissues from PEG-SWNTs � NIR group (d), untreated group (e), and PBS � NIR
group (f). The apoptotic cells were stained brown (TUNEL positive) and non-
apoptotic cells were visualized green (TUNEL negative) by counterstaining with
methyl green. Data shown are representative regions. The scale bar is 50 �m.

Figure 5. In vivo biodistribution and clearance of PEG-SWNTs. (a) Bio-
distribution of intratumorally injected PEG-SWNTs (�120 mg/L, 100
�L) in various tissues/organs. The data expressed as the arithmetic
means � standard error (n � 3). (b) Raman spectrum of urine dropped
on a Si. The urine samples were collected for 18 days from mice treated
with PEG-SWNTs and NIR. A drop of urine sample was measured us-
ing a Raman spectrometer (laser excitation wavelength of 785 nm,
317.9 mW of power, 30 s of collection time, 2 scans, ICRM7000,
Lambda Ray Co., Korea).
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ments are performed using SWNTs specifically function-
alized with tumor targeting moieties such as specific
ligand7,12 or antibodies.13,33 Having efficient photother-

mal capabilities with excellent specificity toward can-
cer cells, SWNTs can be a powerful therapeutic agent for
future cancer treatments.

MATERIALS AND METHODS
Preparation and Characterization of PEG- SWNTs Solution. A solution

of PEG-SWNTs was prepared by adding Hipco SWNTs (Carbon
Nanotechnologies, Inc., USA) into an aqueous solution of 2 mg/L
PL-PEG2000-NH2 (2-distearoyl-sn-glycero-3-phosphoethanola-
mine-N-[amino(PEG)2000]) (Avanti Polar Lipids). The mixture
was then sonicated for 1 h to make a stable PEG-SWNTs dis-
persed solution (250 mg/L). The solution was centrifuged at
13000 rpm for 3�4 h to remove bundles and aggregates, and
then the supernatant was filtrated through a polycarbonate fil-
ter (Whatman, pore size � 100 nm). The filtrates were resus-
pended in a 1 mL phosphate buffer solution (PBS). This filtration/
resuspension cycle was repeated two more times in prior to
obtain the final PEG-SWNTs solution.26 Throughout the prepara-
tion processes, the optical absorbance of PEG-SWNTs solution
was measured using a UV�vis�NIR spectrometer (UV-3600
spectrometer, Shimadzu) to determine the concentration. The
morphological and spectroscopic characterizations were per-
formed by atomic force microscopy (AFM, tapping mode, Nano-
scope IIIa, Digital Instruments) and Raman spectroscopy
(LabRAM ARMIS Raman microscope, Horiba Jobin Yvon), respec-
tively. Specific conditions for Raman experiments are following:
785 nm of laser excitation wavelength, 62 mW of power, 100 �m
of beam diameter, 30 s of collection time, 3 scans, macro mode.

Ex Vitro Experiment of Photothermal Effect of PEG-SWNTs Solution. The
PEG-SWNTs solution (140 mg/L) was serially diluted in 2 mL of
PBS and irradiated using a 808 nm laser (diode laser, JENOPTIK
unique-mode GmbH, Germany) on 0.9 cm of spot diameters at
3.8 W/cm3. During the NIR irradiation, the temperature of the so-
lution was measured with a thermocouple linked to tempera-
ture controller (Hanyoung, Korea) at every 20 s for total 3 min.
Three sets per each PEG-SWNTs solution were measured.

In Vivo Photothermal Destruction of Tumors. Human epidermoid
mouth carcinoma, KB cell line (Korean Cell Line Bank) was cul-
tured in RPMI 1640 medium supplemented with 10% FBS and
1% penicillin/streptomycin (all reagents from Hyclone) under 5%
CO2 atomosphere. The KB cells (1 � 107 cells) were harvested,
suspended in 100 �L PBS, and subcutaneously injected into the
back of male nude mice of each group (n � 4, 5- to 6-week-old,
Balb/c). When the tumors were grown up to a volume of �70
mm3, the mice of each group were intratumorally injected with
100 �L of each solution (120 mg/L PEG-SWNTs solution, PBS) and
immediately irradiated with continuous NIR laser to tumor re-
gion for 3 min under the ether anesthesia. The tumor size of each
group was measured using a skinfold caliper, and tumor vol-
ume was calculated using the following equation: tumor vol-
ume � ab2/2, where a is the maximum diameter of tumor and
b is the minimum diameter of tumor.34 All procedures for in vivo
experiments were performed in accordance with Pohang Univer-
sity of Science and Technology guidelines on animal care and
use.

Ex Vivo Histological Assessment of Tumor Tissue. Two mice of each
group were euthanized after 24 h of all treatments, and tumor
tissues were resected and fixed overnight in 4% paraformalde-
hyde solution. Then, tumor tissues were embedded in paraffin af-
ter tissue processing. Paraffin sections of 4 �m thickness were
mounted on a glass slide for histologic examinations with hema-
toxylin and eosin staining (H & E staining), and with terminal
deoxynucleotidyl transferase biotin-dUTP nick-end labeling
(TUNEL assay) to detect apoptotic or necrotic cells following
standard protocol provided by Promega (DeadEnd. Colorimetric
TUNEL System, Promega Corp., USA).

Raman Measurement of PEG-SWNTs for Calibration Curve. Sequen-
tially diluted PEG-SWNTs solutions were transferred to a quartz
cuvette (optical path length: 1 cm) and measured uisng a Raman
spectrometer. The carbon nanotube characteristic G band26 was
observed at around 1590 cm�1. The standard calibration curve

against the concentration of PEG-SWNTs was plotted using Sig-
maplot (version 10.0, Systat Software Inc., USA).

Raman Measurement of PEG-SWNTs in Mouse Tissues/Organs for
Biodistribution. The nude mice intratumorally injected with PEG-
SWNTs (�120 mg/L, 100 �L) and irradiated with NIR were sacri-
ficed after 1, 3, 7, 20, 40 days of post-treatments. In total, 15 mice
were used, 3 per each time point. For biodistribution analyses,
each tissues/organs were collected, weighed, and homogenized
in 3 mL of lysis buffer (1% SDS, 1% triton X, 10 mM DTT, 40 mM
tris-acetate-EDTA buffer) by sonication (Vibra-Cell VCX 750 Soni-
cator, Sonics & Materials Inc., USA). The muscle and skin tissue
samples were collected by taking both areas mainly covering the
SWNTs injection spots as well as their nearby areas. Blood was
also collected by pipet-suction from dissected mice bodies. Then,
the G band intensity in each tissue/organ lysates was measured
using a Raman spectrometer. Note that G band from SWNTs was
not affected by the solvent types. The concentration of each tis-
sue/organ lysates was calculated from a standard calibration
curve and converted into a unit of %ID/g (percent injected dose
per gram tissue) based on the following equation:26

Statistical Analyses. Four mice per each group were used for
comparison using an analysis of variance (GraphPad Instat,
GraphPad software Inc., USA). Differences between experimen-
tal groups were considered to be statistically significant at p �
0.05. All values were expressed as arithmetic means 	 s.d. (stan-
dard deviation).
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