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a b s t r a c t

An immunologically modified nanotube system was developed using an immunoadjuvant, glycated
chitosan (GC), as surfactant of single-walled carbon nanotube (SWNTs). This SWNT-GC system not only
retained both optical properties of SWNTs and immunological functions of GC, but also could enter cells
due to the carrier properties of SWNTs. Cellular SWNTs induced thermal destruction of tumor cells when
irradiated by a near-infrared laser and, at the same time, cellular GC could serve both as damage asso-
ciated molecular pattern molecules (DAMPs) and pathogen associated molecular pattern molecules
(PAMPs) to enhance the tumor immunogenicity and enhance the uptake and presentation of tumor
antigens, leading to special antitumor response. Using this system and a 980 nm laser, we treated tumors,
both in vitro and in vivo, and investigated the induced thermal and immunological effects. Laser þ SWNT-
GC afford a remarkable efficacy in suppressing tumor growth in animal cancer models, in many cases
resulting in complete tumor regression and long-term survival. Mice successfully treated by
Laser þ SWNT-GC could establish resistance to tumor rechallenge. This system forms a multifunctional
temporal-spatial continuum, which can synergize photothermal and immunological effects. The
Laser þ SWNT-GC could represent a promising treatment modality to induce systemic antitumor
response through a local intervention, while minimizing the adverse side effects.

� 2011 Elsevier Ltd. All rights reserved.

1. Introduction

Single-walled carbon nanotubes (SWNTs) have been applied in
various biological systems [1]. One intrinsic property of SWNTs is
their ability to cross cellular membranes without eliciting cyto-
toxicity [2], as a unique quasi one-dimensional material, have been
explored as novel delivery vehicles for drugs [3], proteins [4], and
so on. Another intrinsic property of SWNTs is their strong optical
absorbance in the near-infrared (NIR) region [5,6]. It was reported
that SWNTs could enhance thermal destruction of cells during NIR
laser irradiation [6,7]. Now it has been developed for tumor tar-
geting [8] and tumor subcellular targeting photothermal therapy
during NIR laser irradiation [9,10].

For biological applications, SWNTs should be prepared in
aqueous suspension; surfactants are needed for stable dispersion to
avoid aggregation of nanotubes. The electronic structure of SWNTs
is sensitive to changes in the surrounding electrostatic environ-
ment. For example, their optical response can be greatly changed by
surface charge transfers or by adsorption of molecules [11].
Therefore, it is crucial to have a SWNTs solution with appropriate
optical properties for biomedical applications.

Photothermal therapy can be effective for local cancer treatment
due to the sensitivity of tumor cells to temperature elevation [12].
However, tumor recurrence is the biggest problem facing the
current thermal therapy. Weak immunogenicity of tumors seri-
ously affected cancer therapy effects. Therefore, increasing immu-
nogenicity of tumors can enhance therapeutic effects of any
treatment modality. One such approach is to combiner selective
photothermal therapy and active immunological stimulation to
enhance the host tumor-specific immune responses and laser
immunotherapy was developed based on this principle for the
treatment of metastatic cancers [13e15].

In this work, we designed a multifunctional SWNTs system,
utilizing the absorption properties of the SWNTs during NIR region
to destroy tumor cells, utilizing the transport properties of the

* Corresponding author. MOE Key Laboratory of Laser Life Science & Institute of
Laser Life Science, College of Biophotonics, South China Normal University,
Guangzhou 510631, China. Tel.: þ86 20 85210089; fax: þ86 20 85216052.
** Corresponding author. MOE Key Laboratory of Laser Life Science & Institute of
Laser Life Science, College of Biophotonics, South China Normal University,
Guangzhou 510631, China. Tel.: þ86 405 974 5147; fax: þ86 405 974 3812.

E-mail addresses: wchen@uco.edu (W.R. Chen), xingda@scnu.edu.cn (D. Xing).

Contents lists available at SciVerse ScienceDirect

Biomaterials

journal homepage: www.elsevier .com/locate/biomater ia ls

0142-9612/$ e see front matter � 2011 Elsevier Ltd. All rights reserved.
doi:10.1016/j.biomaterials.2011.12.029

Biomaterials 33 (2012) 3235e3242



Author's personal copy

SWNTs carry immunostimulant into tumor cells to enhance the
tumor immunogenicity. In this study, we investigate the antitumor
effects of this immunologically modified nanotube system in the
treatment of tumors both in vitro and in vivo.

2. Materials and methods

2.1. SWNT-GC solutions preparation

To prepare the SWNT-GC solution, pristine CoMoCAT SWNTs of 2.5e3 mg were
mixed with 7 ml aqueous GC of different concentrations. To disperse the SWNTs, the
mixture was sonicated for 30 min using a ColeeParmer Ultrasonic Processor
(CPX750) at 22% amplitude. This suspension of SWNTs was then centrifuged at
30,150 g for 30 min. The final concentration of SWNT in GC solutionwas determined
by comparing its optical absorbance with that of a calibration SWNT solution of
known concentration. The resonance ratio, a measure of the ability of a surfactant to
suspend individual nanotubes, for an SWNT suspension in GC was also measured.

2.2. GC-FITC and SWNT-GC-FITC functionalization

FITC (13 mM, 50 ml) was dissolved in DMSO, and then mixed with 1 ml GC or
SWNT-GC solutions. After incubating the mixture for overnight at room tempera-
ture, avoiding light exposure, the GC-FITC or SWNT-GC-FITC solutions were filtrated
through 100 kDa filters (Millipore) to remove excess FITC.

2.3. Cell culture

Mouse mammary tumor cell line EMT6, and mouse macrophage cell line
RAW264.7 were cultured in RPMI 1640 (GIBCO), supplemented with 15% fetal calf
serum (FCS), penicillin (100 units/ml), and streptomycin (100 mg/ml) in 5% CO2, 95%
air at 37 �C in a humidified incubator.

2.4. Animal models

EMT6 cells (1 � 106) in a 100 ml solution were injected into the flank region of
female Balb/c mice, aged 6e8 weeks. Animals were used in experiments 7e10 days
after tumor cell inoculation, when the tumors reached a size of approximately
300 mm3.

2.5. Laser treatment

For in vitro cell treatment, tumor cells (1�104 per well) in 24-well tissue culture
plates were incubated with different combinations of SWNT and GC for 2 h, rinsed
with PBS, and exposed to light at a fluence of 60e120 J/cm2 (0.5e1W/cm2 for 2min).
The light source was a 980 nm semiconductor laser.

For in vivo tumor treatment, tumor-bearing mice were divided into eight
different treatment groups (16e20 mice/group).A solution of 100 ml containing
5 mg/ml (25 mg/kg) GC or 0.2 mg/ml (1 mg/kg) SWNT or 0.2 mge5 mg/ml
(1 mge25 mg/kg) SWNT-GC was directly injected into the center of each tumor,
2 h before irradiationwith a 980 nm laser. The light was delivered to the tumor using
a fiber optic delivery system. The power density at the treatment area, which
encompassed the tumor and 0.5 cm of the surrounding skin, was 0.75 W/cm2 for
treatment duration of 10 min. During laser irradiation, mice were anesthetized with
an intraperitoneal injection 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.

2.6. Cell death assays

Cell Cytotoxicity in vitro was performed with a colorimetric tetrazolium salt-
based assay, Cell Counting Kit-8 (CCK8, Dojindo Laboratories, Kumamoto, Japan),
as described previously [10]. To detect photothermal cytotoxicity, tumor cells were
irradiated by the 980 nm laser at a fluence of 60e120 J/cm2 (0.5e1W/cm2 for 2 min)
with or without incubationwith SWNT-GC. 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 TUNEL Staining analysis, mice from each treatment groupwere sacrificed 3 h
after treatment. Individual tumors were fixed in 10% neutral buffered formalin,
processed routinely into paraffin, sectioned at 5 microns, stained with TUNEL
fluorescence dye (FITC, Genmed, Boston, MA, USA) and examined by fluorescence
microscopy.

For cell death statistic analysis in vivo, the tumors were harvest 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 analysised
by FACScanto II flow cytometry (Becton Dickinson) with excitation at 488 nm.
Fluorescent emission of FITC was measured at 515e545 nm and that of DNA-PI
complexes at 564e606 nm. Compensation was used wherever necessary.

2.7. Macrophage phagocytosis

For in vitro study on the macrophage phagocytosis of different stimulated cells,
the macrophages (1 � 105) were labeled with the red fluorescent cell linker PKH26
(Sigma), and cocultured with treated cells (5 � 105) which labeled with green
fluorescent PKH67 cell linker (Sigma) in a 24-well plate in a total volume of 500 ml
complete RPMI 1640 for 24 h, with or without HSP polyclonal antibody incubation.
Phagocytosis was measured by flow cytometry.

2.8. Confocal microscopy for imaging analysis

Fluorescence emissions from FITC and DAF-FM was observed using a commer-
cial laser scanning microscope (LSM 510/ConfoCor 2 META) combination system
(Zeiss, Jena, Germany) equipped with a Plan-Neofluar 40�/1.3 NA Oil DIC objective.
FITC and DAF-FM was excited at 488 nm with an Ar-Ion laser (reflected by a beam
splitter HFT 488 nm), and the fluorescence emission was recorded through
a 500e530 nm IR band-pass filter.

2.9. Detection of IFNg

To detect IFNg secretion by macrophages when stimulated by tumor cells after
treatments, macrophages were incubated with treated tumor cells in 24-well tissue
culture plates. After 24 h of incubation, the supernatants were collected for ELISA
detection.

3. Results

3.1. Characterization of SWNT-GC

A stable SWNT-GC solution was obtained after the final centri-
fugation (Fig. 1). The NIR absorption spectra of SWNT-GC exhibit
a strong band around 980 nm (Fig. 1B), which is typical for
CoMoCAT samples. The SWNT-GC suspension remained stable after
storage for more than six months at 4 �C (Fig. 1C).

To detect the effects of 980-nm optical excitation of SWNT-GC,
we carried out a control experiment by radiating an aqueous
solution of SWNT-GC under various concentrations with different
laser dose. Irradiated with a 980 nm laser at 0.5e1W/cm2 for 120 s,
SWNT-GC solution (100 mg/ml) caused temperature increase about
30e60 �C, depended on the laser dose (Fig. S1A). Fig.S1B shows that
the temperature increase was also depended on the concentration
of SWNT-GC.

Compared the absorption spectra of SWNTs dissolved in GC to
dissolved in PL-PEG, we found that SWNT-GC solution has more
narrow and intense absorption band around 980 nm than SWNT-
PEG solution (Fig. S1C). To compare the photothermal transfer effi-
ciency, irradiated with a 980 nm laser at 0.75 W/cm2 for 120 s,
SWNT-GC solution (100 mg/ml) caused temperature increase by
50 �C, SWNT-PEG solution (100 mg/ml) caused temperature increase
by 35 �C (Figs. S1D and E). These findings clearly demonstrated the
higher enhanced absorption of the 980 nm light by the SWNT-GC.

To study the macrophage activation triggered by SWNT-GC,
intracellular NO generation were analyzed. Macrophages were
stained by DAF-FM DA to fluorescently label NO, and detected by
confocal microscopy or flow cytometry after treatments. As shown
in Fig. 2A and S2A, 4 h after treatment, the cells revealed a dramatic
increase of DAF-FM fluorescence emission in GC or SWNT-GC-
treated cell compared with a slow increase in SWNT-PEG treated
cells, cells stimulated with LPS as positive controls. To further
determine the SWNT-GC stimulation, we observed CD80 expres-
sion on dendritic cells with FACS (Fig. S2B). The results indicate that
SWNT-GC as well as GC could stimulate NO production in macro-
phages (Fig. 2A), and also stimulated a similar level of CD80
expression, which indicated the maturation of dendritic cells
(Fig. S2B).

Before SWNT-GC application in biological systems, the cyto-
toxicity on cells was analyzed. We selected four typical normal cell
line (3T3, HUVEC) and tumor cell line (EMT6, MCF7), incubated
with GC or SWNT-GC for 48 h, and detected the cell viability. The
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results show that there was no obvious cytotoxicity on normal cells
or tumor cells (Fig. S2C).

To confirm whether SWNT-GC could enter into tumor cells, we
functionalized the SWNT-GC with FITC, a fluorescent tag, and
observed the emission fluorescence from the tumor cell incubated
with SWNT-GC-FITC or GC-FITC. Confocal images of the EMT6 cells
show that SWNT-GC-FITC accumulates mainly in the cytoplasm,
while GC-FITC are absent inside the cells (Fig. 2C). However, either
SWNT-GC-FITC or GC-FITC could accumulate in RAW264.7 cells,
because of the phagocytose property of macrophages.

These results indicate that GC can be used as efficient surfac-
tants to obtain highly stable SWNT-GC suspensions, which not only
retain the photothermal transducer properties of SWNT but also
keep the immunological stimulation properties of GC. More
importantly, as a unique quasi one-dimensional material, SWNT
can carry GC into tumor cells.

3.2. Cooperative of SWNT-GC under laser irradiation in vitro

To determine the cytotoxicity of SWNT-GC under laser irradia-
tion, EMT6 tumor cells were incubated with the SWNT-GC solution
for 2 h, followed by irradiation with a 980 nm laser. Tumor cyto-
toxicity depended on both the SWNT-GC concentration and the
laser dose (Fig. 3A).

To investigate the difference of the immune stimulation with
treatments, we detected the HSP70 expression of treated tumor
cells, which could be treated as the endogenesis danger signals to
antigen-presenting cell (APC). Laser þ SWNT-GC induced similar
HSP70 expression level in the tumor cells (Fig. S3A), and resulted in
similar count of surface HSP70-positive cells to Laser þ SWNT-PEG
(Fig. 3B and S3B).

ELISAwas performed to measure IFNg secreted by macrophages
incubated with tumor cells after different treatments for 24 h. As

Fig. 2. Immunological functions of SWNT-GC. A. Fluorescent images of DAF-FM in macrophages. The macrophages were stimulated with different treatments, then stained with
NO-sensitive fluorescent probes DAF-FM DA and observed under confocal microscope. B. Fluorescent images of SWNT-GC-FITC and GC-FITC in EMT6 or RAW264.7 cells. Cells were
incubated with SWNT-GC-FITC and GC-FITC for 2 h, and the fluorescence of FITC from cells was detected by confocal microscope. Note that GC can enter tumor cells only when
conjugated with SWNTs. Bar ¼ 10 mm. All the data are representative of three independent experiments.

Fig 1. Optical characterization of the SWNT-GC system. A. Absorption spectra of SWNT-GC solution (200 mge5 mg/ml) and GC solution (5 mg/ml). (Inset) Schematic of SWNT-GC
interaction. B. Raman spectra of SWNT-GC. (Inset) A photo of a stable SWNT-GC suspension, after storage at 4 �C for more than six months.
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shown in Fig. 3C, tumor cells treated by laser or Laser þ SWNT-PEG
(120 J/cm2) stimulated IFNg secretion by macrophages, due to laser
induced cell death (Fig. 3A). However, at these light doses, tumor
cells treated by Laser þ GC or Laser þ SWNT-GC resulted in high
levels of IFNg secretion (Fig. 3C).

To explore how SWNT-GC stimulates a higher level of IFNg
secretion than SWNT-PEG under laser irradiation, even with
similar endogenesis danger signals (HSP70 surface expression),
we blocked the endogenesis danger signals with HSP polyclonal
antibody and detected the phagocytose efficiency of macro-
phages incubated with treated tumor cells. The results show that
except for the Laser þ SWNT-GC group, phagocytosis efficiency is
markedly decreased in the other treatment groups (Fig. 3D). We
also observed that the SWNT-GC was exposed out of the tumor
cells after laser treatment, and then was swallowed by macro-
phages under co-incubation (Fig. S3C). Furthermore, SWNT-GC
could enhance the stimulation of dendritic cells with treated

tumor cells, either for activation or phagocytosis of dendritic cells
(Fig. S4).

These results indicate that SWNTs can enhance the tumor
cytotoxicity under laser irradiation, due to the photothermal
transducer properties, inducing the endogenesis of danger signals
explosion. GC could enhance the stimulation of macrophages
through treated tumor cells, acting as an immunologic adjuvant,
either for macrophage activation or phagocytosis. The phagocytosis
efficiency of macrophages depended on the endogenesis danger
signals. However, the phagocytosis in the Laser þ SWNT-GC group
was independent of the endogenesis danger signals of tumor cells,
as shown in Fig. 3D (far right). Because SWNT-GC can enter into the
tumor cells, it should be considered as “endogenesis antigens”
when tumor cell dies. Such “endogenesis antigens” induce the
macrophage recognition even if endogenesis danger signals were
blocked. Therefore, we clearly show the synergistic interaction
of SWNT-GC between the selective photothermal reaction and

Fig. 3. In vitro cytotoxicity assays. A. Viability of tumor cells under different treatments. Tumor cells were treated with GC (50 mg/ml), SWNT-GC (2.5 mge50 mg/ml), laser only
(60e150 J/cm2), or Laser þ SWNT-GC (60e150 J/cm2, 1.25 mge25 mg/ml and 2.5 mge50 mg/ml). The treated cells were incubated in complete medium for 12 h before assessing cell
viability. Bars, means � SD (n ¼ 6). B. HSP70 detection on EMT6 cell surface 1 h after different treatments. Bars, means � SD (n ¼ 6), *P < 0.05 vs. control cells; #P < 0.05 vs. indicated
cells. C. IFNg secretion by macrophages stimulated by treated EMT6 cells. Macrophages were incubated for 24 h with treated tumor cells (1:5). Cells without treatment incubated
with macrophages were used as control. After incubation, supernatants were collected for the determination of IFNg by ELISA analysis. Bars, means � SD (n ¼ 6), *P < 0.05;
**P < 0.01. D. Phagocytosis of tumor cells (vertical-axis) by macrophages (horizontal-axis) measured by FACS analysis. Macrophages (1 � 105 cells stained with PKH26, red) were
incubated with treated tumor cells (5 � 105 cells stained with PKH67, green) for 24 h, with or without HSP polyclonal antibody incubation. The population of cells in the up-right
quadrant of each group represents the interaction between treated tumor cells and macrophages. The data are representative of four independent experiments. Note that only in the
Laser þ SWNT-GC group (right column) blocking HSP does not affect the phagocytosis of tumor cells.
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immunological stimulation, which enhances the cytotoxicity and
immunogenicity of tumor cells, resulting in enhanced selective
tumor cell destruction and antitumor immune response.

3.3. In vivo effects of SWNT-GC

First, the effects of SWNT-GC were evaluated using a mouse
mammary tumor model. EMT6 cells were injected (s.c.) in the flank
of Balb/c female mice. After the tumor size reached approximately
300 mm3, the animals were divided into eight different treatment
groups (16 mice per group). After treatment, the mice were
observed daily and mice were determined when their tumor
burden reached 8000 mm3.

We investigated the photothermal effect of the SWNT-GC for
selective destruction of the neoplastic tissue. Mouse tumor was
injected with SWNT-GC (1mge25mg/kg), and at 2 h post injection,
the tumor was irradiated by the laser with a power density of
0.75 W cm/2 for 10 min. The spot size of the laser beam was
adjusted to cover the entire tumor (Fig. S5A, left). During the laser
irradiation, full-body thermographic images were captured using
an infrared camera (Fig. S5A, left). The temperature of the irradiated
area was plotted as a function of the irradiation time (Fig. S5A,
right). For the SWNT-GC-injected mice, the tumor surface
temperature increased rapidly within 2 min to reach 62 �C and
began to plateau after 5 min at 72 �C. In the case of un-injected
mice, the surface temperature only increased to 47 �C.

To confirm tumor cytotoxicity of Laser þ SWNT-GC treatment,
scathe levels in the tumors were examined 3 h after treatment
using TUNEL staining. The SWNT-GC-treated tumor showed similar
scathe cells compared to the untreated tumor. In contrast, a high
scathe level was observed in the cells treated by Laser þ SWNT-GC
or Laser þ SWNT-PEG (Fig. 4A, upper panel). To determine tumor
destruction by the photothermal treatment, single cells dissociated
from treated tumors were analyzed by FACS. Laser only treatment
induced 42.7% cell death, with typical necrosis characteristic;
Laser þ SWNT-GC or Laser þ SWNT treatment induced 89.2% and
73.1% apoptosis, respectively (Fig. 4A lower panel and Fig. 4B).

For survival studies, mice were monitored for 100 days after
tumor inoculation. Among mice treated by a single injection of
SWNT-PEG (1 mg), GC (25 mg/kg), or SWNT-GC (1 mge25 mg/kg)
solution, there were no long-term survivors, although mice in GC
and SWNT-GC groups had a slightly longer average survival time
(Fig. S5B). Under laser irradiation at a power density of 0.75W/cm2,
the survival rates were 100% in the Laserþ SWNT-GC group, 43.75%
in the Laser þ SWNT-PEG group, 25% in the Laser þ GC group, and
12.5% in the laser only group, respectively (Fig. 4C).

Mouse hepatoma tumor model (H22) was also used for survival
studies. In the Laser þ SWNT-GC group, the survival rates were 90%
(Fig. S5C). All mice in other treatment groups developed primary
tumors and died within 60 days (Fig. S5C).

At the conclusion of the survival studies, all the mice bearing
EMT6 tumors in the Laser þ SWNT-GC group were alive, with
complete tumor regression. Six of the ten mice bearing H22 tumors
in the Laser þ SWNT-GC group survived with complete tumor
regression (Fig. S5D).

Overall, our results demonstrated that Laser þ SWNT-GC was
the most efficacious treatment, resulting in a much higher survival
rate and stronger tumor suppression than other combinations of
laser, SWNT, and GC.

3.4. Long-term antitumor effects of Laser þ SWNT-GC treatment

Mice successfully treated by Laser þ SWNT-GC and
Laser þ SWNT-PEG were challenged with 2 � 106 viable EMT6
tumor cells 100 days after the initial tumor inoculation (10mice per

group). Ten mice of the same age were inoculated with 2 � 106

viable tumor cells permouse as controls. As shown in Fig. 5A, all the
Laser þ SWNT-GC cured mice showed total resistance to the chal-
lenge. However, all the Laser þ SWNT-PEG cured mice developed
primary tumors and died within 80 days of tumor rechallenge. The
Laser þ SWNT-GC cured mice were challenged a second time with
an increased tumor dose (3 � 106/mouse).

To study antitumor activity of SWNT-GC, EMT6 tumor cells
were implanted on both right and left flanks of the mice. Only the
tumor on the left side was treated while the tumor on the right
side served as the observation point without treatment. Our
results showed that the growth of the untreated left tumor was
significantly inhibited when the tumor on the right side was
treated with Laser þ SWNT-GC. However, the left tumors were not
impacted by the treatment of right tumors with Laser þ SWNT-
PEG (Fig. 5B).

In another experiment, we implanted EMT6 tumor cells only on
the right flank of the mice. On the left flank, the mice received
a topical application of SWNT-GC, followed by laser irradiation.
Tumor growth on the right side of the mice was not affected by the
Laser þ SWNT-GC treatment on the left (Fig. S6). These results
suggest that the application of SWNT-GC in a viable tumor is the
prerequisite for the induction of effective antitumor immune
responses.

To further study antitumor immune response of SWNT-GC, we
compared the therapy efficacies of Laser þ SWNT-GC in immuno-
competent mice and immunodeficiency mice (thymic deletion),
bearing EMT6 tumor. As shown in Fig. 5C, the survival rate
of treated immunodeficiency mice was low, indicating that T cells
are necessary for the induction of effective antitumor immune
responses.

These results indicate that Laser þ SWNT-GC treatment induces
long-term special antitumor immune responses, mediated by T
cells and depend on the presence of tumor antigens.

4. Discussion

Our experimental results clearly show that the SWNT-GC solu-
tion retained the optical properties of SWNTs (Fig. 1 and S1) and the
immunological properties of GC (Fig. 2 and S2). The resonance ratio
for the SWNT suspension in GC was measured to be 0.140, which
favorably compares to NaCholate (with a similar ratio of 0.147), one
of the best surfactants reported in literature [11]. We also found the
absorption of SWNT-GC was higher that SWNT-PEG, which is
a common surfactant for SWNTs (Fig. 1). More importantly, SWNT
can carry GC into tumor cells, due to its transport function, as
a unique quasi one-dimensional material (Fig. 2C), which fulfills
a crucial step for temporally and spatially synchronized photo-
immunological interaction under laser irradiation.

The advantage of the SWNT-GC system lies in its synergistic
reactions during tumor treatment. Specifically, SWNTs selectively
absorb the 980 nm laser light to induce the destruction of tumor
cells. (Fig. 3A), hence providing an exogenous cellular stress and
leading to the secretion of damage associated molecular pattern
molecules (DAMPs) (Fig. 3B). DAMPs are intracellular molecules
that are normally hidden within live cells, which acquire immu-
nostimulatory properties upon exposure or secretion by damaged/
dying cells. These molecules have the ability to exert various effects
on antigen-presenting cells, such as maturation, activation and
antigen processing/presentation [16]. DAMPs include intracellular
proteins, such as heat-shock proteins or HMGB1 (high-mobility
group box 1).

In addition, GC serves as a pathogen associated molecular
pattern molecules (PAMPs) and can enhance phagocytose and
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Fig. 5. Long-term antitumor effects. A. Tumor rechallenge of successfully treated mice. EMT6 tumor-bearing mice cured by Laser þ SWNT-GC or Laser þ SWNT treatment were
challenged with 2 � 106 viable EMT6 tumor cells 100 days after the initial inoculation. Naive mice of the same age were also inoculated with 2 � 106 viable tumor cells as controls.
Only the mice cured by Laser þ SWNT-GC showed total resistance to the challenge. (10 mice/group). B. Systemic effect of Laser þ SWNT-GC. Mice received EMT6 tumor cell
injections on both left and right flanks. Tumors on the left side were treated with Laser þ SWNT or Laser þ SWNT-GC. Tumor size on the right side was measured every other day
after treatment. Bars, means � SD (n ¼ 10), *P < 0.0005 vs. control group. C. Survival rates of EMT6 tumor-bearing Balb/c wild type (immunocompetent) or Balb/c nude mice (thymic
deletion) treated by Laser � SWNT-GC (10 mice/group).

Fig. 4. In vivo cytotoxicity assays. EMT6 cells were injected (s.c.) in the flanks of Balb/c female mice, and treatment took place when tumors reached a size of approximately
300 mm3. Tumors were treated with intratumoral injections of different components, followed by laser irradiation (0.75 W/cm2 for 10 min): (i) Control, (ii) SWNT (1 mg/kg), (iii) GC
(25 mg/kg), (iv) SWNT-GC (1 mge25 mg/kg), (v) Laser only, (vi) Laser þ SWNT (1 mg/kg), (vii) Laser þ GC (25 mg/kg), (viii) Laser þ SWNT-GC (1 mge25 mg/kg). A. TUNEL staining
and FACS analysis of the excised EMT6 tumors 3 h after different treatments: (i) Control, (iv) SWNT-GC, (v) Laser, (vii) Laser þ GC, (vi) Laser þ SWNT, or (viii) Laser þ SWNT-GC. The
upper images are TUNEL staining of representative specimens. Bar ¼ 50 mm. The lower images are FACS analysis of single tumor cells dissociated from treated tumors, double
stained by Annexin-V-FITC/PI and analyzed by FACS. High scathe level was observed in the Laser þ SWNT-GC and Laser þ SWNT treated tumors. The data are representative of four
independent experiments. B. The quantified analysis of apoptotic and necrotic cells percentage according to C. Bars, means � SD (n ¼ 4). C. Survival rates of EMT6 tumor-bearing
mice treated by intratumoral injections of different components followed by laser irradiation at 0.75 W/cm2 for 10 min *P < 0.05 vs. laser only group; **P < 0.0005 vs. Laser only
group; #P < 0.005 vs. Laser þ SWNT group (16 mice/group).
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activation efficiency of macrophages (Fig. 3C and D). PAMPs are
molecules associated with groups of pathogens that are recognized
by cells of the innate immune system. They activate innate immune
responses, protecting the host from infection, by identifying some
conserved non-self molecules. In the SWNT-GC system, when GC is
exposed, it serves both as PAMPs and DAMPs, which enhance the
immunogenicity of tumors, increase the tumor antigen uptake by
APCs (Fig. 3D and S4A), and enhance the activation of APCs (Fig. 3C
and S4B).Therefore, because of the unique bound of SWNT and GC,
they can target the same tumor cell at the same time. Firstly, SWNT
selectively absorb laser light to induce tumor cell death. Secondly,
the PAMPs (GC) carried into the tumor cells was exposed as DAMPs,
to enhance the immunogenicity of tumors and induce APCs acti-
vations. Hence, the SWNT-GC act as a perfect temporal-spatial
continuum, connect the tumoricidal and immune response
process, resulting in a synergistic photothermal immunological
reaction.

Intratumoral injection of SWNT-GC did not result in tumor
regression (Fig. 4A), although prolonged the medium survival time
of the mice (Fig. S5B). This result could be attributed to the
nonspecific immune response of host, induced by GC. When laser
irradiation was used, the therapeutic effect of SWNT-GC was
significantly enhanced. Laser þ SWNT-GC and Laser þ SWNT-PEG
treatment both induced much higher levels of tumor cell death,
with significant apoptosis characteristic, compared with the lower
level of tumor cell death induced by laser only treatment, with
necrosis characteristic (Fig. 4A and B). On the one hand, the
enhanced tumor-killing effect was due to the fact that SWNT can
selectively absorb the 980 nm laser light. On the other hand, the
high level apoptosis was due to thermal effect from the intracel-
lular SWNT. However, Laser þ SWNT-GC treatment achieved
higher level of tumor cell death than Laser þ SWNT-PEG treatment
(89.2% versus 73.1%). It may be due to the fact that the GC mole-
cules were difficult to be metabolized, hence retaining more
SWNTs in the tumors. In addition, our previous study found that
apoptotic cell can afford more tumor antigens and induce higher
effect immune response than necrotic cells during photodynamic
therapy [17].

The survival study demonstrated that with a laser power density
of 0.75 W/cm2 and irradiation duration of 10 min for both EMT6
and H22 tumor models, the presence of SWNT-GC resulted in
significantly high survival rates (Fig. 4C and S5C and D). The
resistance to tumor rechallengs by cured mice (Fig. 5A) indicates
the essential role of SWNT-GC in inducing long-lasting antitumor
immunity.

By treating one tumor on one side of the mice, the untreated
tumor on the opposite side was clearly affected by the
Laser þ SWNT-GC. The results shown in Fig. 5B and Fig. S6 indicate
that SWNT-GC inside a viable tumor is a prerequisite for the
induction of effective antitumor immune response. The study using
immunodeficiency mice (thymus deficient mice) indicates that T
cell response is necessary for the induction of effective antitumor
immune response (Fig. 5C).

Although further investigation is needed, we can hypothesize
the mechanism of Laser þ SWNT-GC in the treatment of tumors.
It relies on the synergistic interaction between the selective
photothermal reaction and immunological stimulation at the
same site. During the treatment, the SWNT-GC act as a perfect
temporal-spatial continuum and the photothermal reaction by
SWNT reduces the tumor burden and at the same time exposes
the tumor antigens and GC, which together induces T-cell
immune responses. Each individual host, in fact, produced an in
situ auto-vaccine after the treatment. This tandem effect not only
resulted in total tumor eradication but also led to a long-term
tumor-specific immunity.

5. Conclusion

An immunologically modified nanotube system was used to
provide synergistic photothermal and immunological effects under
laser irradiation for cancer treatment. This SWNT-GC system not
only retained both optical properties of SWNT and immunological
functions of GC, but also could enter cells due to the carrier prop-
erties of SWNT. Cellular SWNT induced thermal destruction of
tumor cells when irradiated by a near-infrared laser and, at the
same time, cellular GC could serve both as DAMPs and PAMPs
to enhance the tumor immunogenicity and enhance the uptake
and presentation of tumor antigens, leading to special antitumor
response.
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