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Recently, photothermal therapy (PTT) has become viewed as an ideal auxiliary therapeutic treatment for
cancers. However, the development of safe, convenient, and highly effective photothermal agents re-
mains a great challenge. In this study, we prepared single-walled carbon nanotubes (SWNTs) for PTT
against breast tumors under the guidance of infrared fluorescent cyanines. Tumors were accurately
located using near-infrared imaging (NIR) and then exposed to laser irradiation. Both the in vivo and
in vitro results showed that the SWNTs have high stability and low cytotoxicity. Introducing polyethylene
glycol into our nanoparticles increased the blood-circulation time. Our in vivo results further showed that
Cy5.5-conjugated SWNTs mediated PTT, resulting in efficient tumor suppression in mice under the
guidance of near-infrared imaging. Due to the small amount of absorption at 808-nm, Cy5.5 increased the
efficiency of PTT. Breast tumors significantly shrunk after irradiation under the 808-nm near-infrared
laser. The treated mice developed scabs, but otherwise recovered after 15 days, and their physical
conditions restored gradually. These data indicate that our unique photothermal-responsive SWNT-
Cy5.5-based theranostic agent can serve as a promising candidate for PTT.

© 2016 Elsevier Ireland Ltd. All rights reserved.

Introduction

As a new trend in treatment, precision medicine has drawn
much attention [1,2]. The integration of diagnosis and treatment,
which can improve the survival rate and quality of life of post-
operative patients, has provided an attractive avenue for detect-
ing and treating cancer [3,4]. Imaging-guided photothermal
therapy (PTT), a novel adjuvant therapeutic method of precision
therapy, could be used to completely eliminate remaining cancer
cells under precise guidance in the future [5—7]. PTT accurately
transfers the absorbed light into thermal energy and generates
local hyperthermia in the tumor mass to ablate cancer cells
without causing damage to the surrounding normal tissues
[8—10]. However, PTT shows poor accuracy in killing cancer cells
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without the use of contrast agents. Therefore, a precise tumor
ablation combined with an accurate imaging guide is of signifi-
cance in PTT [11].

Recently, contrast agents utilized in PTT, which can transfer
light energy into thermal energy, have been effectively employed
for accurate disease diagnosis and therapy [12—14]. Nanoparticles,
especially theranostic nanoparticles, which have combined ther-
apeutic and diagnostic capabilities, have promise in providing new
therapeutic strategies in the biomedical field [15—17]. Cai et al.
used a novel method to load indocyanine green into hybrid poly-
peptide micelles for tumor imaging and PTT [18]. Li et al. used
hyaluronic acid to modify core/shell Fe304@Au for tumor multi-
modal imaging and PTT [19]. However, the disadvantages of
contrast agents have limited their applications. NIR dyes have a
wide optical-absorption range, which causes energy losses and the
inability to achieve a powerful heating effect [20,21]. Metal NPs
can efficiently transform light into thermal energy, but they
generally possess potential long-term toxicity in vivo [22]. There-
fore, ideal contrast agents are urgently needed for accurate PTT.
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They should have a strong characteristic absorption peak in the
NIR region, low toxicity, and improved biocompatibility over the
current contrast agents. Because of the unique physical and
chemical properties of carbon nanotubes in general and single-
walled carbon nanotubes (SWNTs) in particular, SWNTs have
generated substantial interest in nanomedicine for applications in
thermal therapy, biosensors, tissue engineering, and cancer im-
aging [23—26]. The surfaces of SWNTSs can be easily modified, such
as with polyethylene glycol (PEG), polyvinyl pyrrolidone (PVP);
SWNTs can exhibits high solubility and stability in physiological
solutions [27,28]. When conjugated with a fluorescence dye,
SWNTs can be used to detect tumors. Therefore, SWNTs have
excellent biocompatibility and paintability [29]. In addition,
SWNTs can be readily taken up by cells and are non-cytotoxic
within a certain concentration range if suitably functionalized
[30]. SWNTs can absorb NIR laser light to generate a local high
temperature, which may kill the cancer cells [31,36]. Thus, SWNTs
can be used as accurate agents for PTT.

In this study, we prepared the contrast agent SWNT-cyanine 5.5
(Cy5.5) for accurate diagnosis and treatment by taking advantage of
optical imaging and photothermal therapy in the NIR region. Due to
its adequate penetration depth, Cy5.5 was employed to locate the
tumor site, monitor the biodistribution of SWNTs, and find an
optimal time-window for PTT [32,33]. SWNTs have a strong ability
to transform incident 808-nm NIR light into heat energy and ablate
cancer cells [34]. Furthermore, Cy5.5 emits NIR light of 710 nm for
tumor imaging. Due to its accurate imaging properties and effective
photothermal therapy, such as low toxicity and enhanced
biocompatibility, SWNT-Cy5.5 is an appealing candidate for future
translation of nanomedicine.

Materials and methods
Materials

SWNTs 1-3 um in length and 1-2 nm in diameter were purchased from
Chengdu Organic Chemicals Co., Ltd (95% pure). Distearoyl phosphoethanolamine-
PEG WM3500 (DSPE-PEG WM3500) was obtained from Beijing Chemgen Pharma
Co. Ltd. Cy5.5-NHS was provided by Tianjin Biolite Biotech Co., Ltd. Dulbecco's
Modified Eagle's Medium (DMEM) cell culture medium, penicillin, streptomycin and
fetal bovine serum (FBS), PBS, and trypsin + EDTA were obtained from Gibco Invi-
trogen. BALB/c mice (4—6 weeks, n = 20) were provided by Beijing Vital River
Laboratory Animal Technology Co., Ltd. All experimental protocols were approved by
the Institutional Animal Care and Ethics Committee of Zhujiang Hospital of Southern
Medical University, and all methods were performed in accordance with the
approved guidelines.

MCF-7 is a human breast adenocarcinoma cancer cell line purchased from
American Type Culture Collection (ATCC). Regular MCF-7 cells were cultured in
DMEM, supplemented with 10% FBS, penicillin, and streptomycin. All cells were
cultured in an atmosphere of 5% CO, at 37 °C. All experiments were performed on
cells in the logarithmic phase of growth.

Methods

Probe synthesis

SWNT-PEG was synthesized as described previously [36]. SWNTs (0.5 g) were
added into a 3-necked flask (100 mL) containing 40 mL of 3: 1 (v: v) nitric acid and
concentrated sulfuric acid at room temperature. The suspension was sonicated for
30 min before being heated to 110 °C and refluxed under vigorous magnetic stirring
for 110 h until the SWNTs dissolved completely. SWNTs were centrifuged and
washed with water and ethanol, and dried at 80 °C for 24 h. A water-soluble car-
boxylic SWNT powder was obtained.

Modified SWNTs (0.5 g) were added to 1 mL deionized water. DSPE-PEG
WM3500 (500 mg) was added and mixed by vibrating for 30 min. Then, 20 ug of
Cy5.5 was added. The product was isolated by centrifugation at 8500 rpm for 15 min
and dispersed into deionized water. The obtained material was denoted as SWNT-
Cy5.5. A schematic representation of the preparation procedure is shown in Fig. S1.

Cytotoxicity assay

MCF-7 cell viabilities were determined in MTT assays. MCF-7 cells were seeded
into a 96-well tissue culture plate at a density of 1 x 10 cells per well in 200 pL of
cell culture medium, which method is described previously [38]. The cells reached
60—80% confluency after incubation 24 h. Then, the cells were incubated with
different doses of free SWNTs, SWNT-PEG, or SWNT-Cy5.5. After 24 h incubation,

cytotoxicity was evaluated in MTT assays and expressed as the relative cell viability
after normalization with untreated cell controls.

Temperature variation of SWNT-Cy5.5 after laser irradiation

To quantitatively determine the thermal properties of SWNTs after laser irra-
diation, the nanotubes were dispersed in PBS and irradiated with a laser (1 W cm 2
or 2 W cm™2) for 4 min. Temperature changes were monitored with an infrared
video camera every min.

To explore the effect of Cy5.5, probes with the same Cy5.5 concentration were
irradiated with similar laser powers for 5 min. Temperature changes were moni-
tored with infrared video camera every min.

Cellular uptake of SWNT-Cy5.5

Probe internalization by MCF-7 cells was detected as follows. MCF-7 cells were
incubated in DMEM with 10% FBS, 1% penicillin, and 1% streptomycin. Cells were
seeded in 6-well tissue culture plates at a density of 1 x 10° cells per well in 5 mL of
cell culture medium. Various nanoprobes were added when the cells reached
60—80% confluency after approximately 24 h. The cells were then incubated with
different concentrations of SWNT-Cy5.5. After 24 h, the results were observed with a
home-made fluorescence microscope.

PTT effect on cells in vitro

To quantitatively explore the PTT function of SWNT-Cy5.5 on the viability of
breast cancer cells, MCF-7 cells were pre-incubated with different concentrations of
SWNT, SWNT-PEG, or SWNT-Cy5.5 in 96-well plates. After 24 h, the MCF-7 cells
were treated with an 808-nm laser at a laser power output of 1 W cm™2 or 2 W cm 2
for 4 min. When the high temperature of the plates caused by irradiation decreased
after 4 h, the viability of the laser-irradiated cells was evaluated by performing an
MTT assay.

Preparation of tumor-bearing mice

Subcutaneously implanted tumor model in nude mice with human breast cell
carcinoma were used in the experiments.

Human breast cell carcinoma, MCF-7 cancer cell line, was cultured in DMEM,
supplemented with 10% FBS, 1% penicillin and streptomycin under 5% CO2 at 37 °C.
The MCF-7 cells (1 x 106 cells) were suspended in 150 pL PBS and subcutaneously
injected into the right armpit of female BALB/c mice of each group (4—6 weeks,
n = 20). The life quality of mice was observed continuously till tumors were pre-
pared for experiments. When the tumors grew to approximately 4 mm in diameter
and the volumes grew to about 150—200 mm?, the mice were divided into four
groups to be used in vivo study. The tumor volume, monitored with a digital caliper,
was calculated by formula V = a x b x b/2 (a, longest dimension; b, shortest
dimension).

Biodistribution of SWNT-Cy5.5 and accurate diagnosis in vivo

To confirm the best time for PTT, SWNT-Cy5.5 was injected into tumor-bearing
mice through the tail vein at a concentration of 0.8 mg kg~'. The probe bio-
distribution was observed using a Living Imaging System (IVIS, Caliper Sciences IVIS
Spectrum 3D) for 48 h.

PTT of SWNT-Cy5.5 under NIR laser irradiation in vivo

The photothermal effects of SWNTs were measured by an IR thermal imaging
system during the irradiation of each mouse. At first, 12 tumor-bearing mice were
randomly divided into 4 groups (SWNT-Cy5.5 treated, SWNT-Cy5.5-untreated, PBS-
treated, and PBS-untreated) according to their original weights and tumor volumes,
which were recorded at the same time. Then, SWNT-Cy5.5 was dispersed in 200 pL
PBS and injected at a concentration of 0.8 mg kg~ ! into mice in the SWNTs groups. In
parallel, 200 pL PBS (without SWNTs) was injected into the PBS groups. The results
of the biodistribution experiments showed that approximately 8 h post-injection
was the best time for irradiation. Finally, the tumors of 6 mice were exposed to
808-nm laser irradiation (2 W cm~2 for 5 min) at a distance of 3 cm to avoid
damaging normal tissues. The increase in temperature of the tumor skin before and
during irradiation was recorded by an infrared video camera every min. The quality
of life of the treated mice was continuously observed after therapy.

Results and discussion
Characterization of SWNT-Cy5.5

SWNTs and modified SWNTs were characterized by trans-
mission electron microscopy (TEM), described in the supporting
information. TEM images (Fig. 1A and B) showed that the mor-
phologies of SWNTSs did not change substantially after modification.
As Fig. 1B shows, the SWNTs showed high dispersibility following
carboxylation. Thermo Gravimetric Analyzer (TGA) analysis of
SWNT-Cy5.5 (Fig. S2) indicated a 2-fold reduction in weight based
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Fig. 1. Characterization of SWNT-Cy5.5. (A) and (B) TEM images of SWNTs and functionalized SWNTs. (C) Visible absorption spectra of SWNT, Cy5.5, SWNT&Cy5.5 and SWNT-Cy5.5.
Excitation (D) and emission (E) spectra of SWNT-Cy5.5 and Cy5.5. (F) Hydrodynamic size distribution of the nanoparticles. The green stars represent conjugated Cy5.5 molecules in
the SWNTs. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

on 38.4% loading efficacy. Fig. 1C demonstrates the absorbance of
SWNT, Cy5.5, SWNT&Cy5.5 and SWNT-Cy5.5, respectively.
Compare with SWNT (black bar), cy5.5 (blue bar), SWNT&Cy5.5
(green bar) absorbance is only simple superposition. However,
SWNT conjugated with Cy5.5 (SWNT-Cy5.5) improve whole optical
absorbance, especially wavelength > 700 nm region. Fig. 1D and E
demonstrate that the respective excitation (675 nm) and emission
(701 nm) spectra of Cy5.5 were nearly unaffected by the conjuga-
tion to SWNTs. The excitation spectrum (Fig. 1D) showed an
obvious redshift of approximately 7 nm. This was probably attrib-
utable to Cy5.5 conjugation and indicated that deeper tissues could
be seen than with previous contrast agents, as the redshift of
SWNT-Cy5.5 increased the penetrating depth. Fig. 1F shows that the
hydrodynamic sizes of SWNT-Cy5.5 particles were in the range of
54—118 nm, which can passively target tumor issues through the
enhanced permeation and retention (EPR) effect [35]. The amount
of Cy5.5 conjugated to the SWNTs was estimated using formula (1)
and (2) in the supporting information file.

In vitro NIR effect of SWNTs and SWNT-Cy5.5

The NIR effect of the probes was studied to identify the proper
laser power, irradiation time, and concentration in vivo (Fig. 2).

Phosphate-buffered saline (PBS) was used as the negative control.
Previous studies provided evidence that cancer cells can be abla-
ted when the temperature exceeds 42.5 °C [37]. SWNT-Cy5.5 was
prepared at 5 different concentrations, which showed benign
dispersibility and could be uniformly heated when irradiated by a
laser (Fig. 2C). Fig. 2A shows that, with increasing laser power, the
temperature can reach approximately 55 °C, even up to 90 °C
under 2 W cm™2 in Fig. 2B. The finding indicates that SWNTs
dispersed in aqueous solution at different concentrations are
capable of killing cancer cells, even at very low concentrations.
With increasing SWNT-Cy5.5 concentrations, the temperature of
the solution increased noticeably. Fig. 2A and B shows that,
compared with the experimental group, the temperature of the
PBS group showed no obvious changes with different laser
powers. As same density of 0.4 mg mL~, Cy5.5 showed a small
temperature increase, approximately 10 °C (Fig. 2D), which was
probably due to the integral raise of absorption ability after con-
jugated to Cy5.5 showed in Fig. 1C. However, Cy5.5 did not show
robust heating effects under irradiation at 808-nm. When conju-
gated to SWNTSs, enhanced heating effects were clearly displayed
(Fig. 2D, AT).

The time of laser exposure and the probe concentration were
found to be important factors for PTT. Over time, the laser power
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Fig. 2. Photothermal effects of probes in vitro. The effects of varying the SWNT-Cy5.5 concentration and laser-irradiation power from 1 W cm~2 (A) to 2 W cm ™2 (B) are shown. (C)
SWNT-Cy5.5 before and after a 1-min irradiation at 808-nm. (D) Temperature variations for different probes following laser irradiation (AT) means the raise of absorption ability.

and concentration both increased and SWNT-Cy5.5 showed strong
optical absorbance, which suggested that the potential of these
nanoparticles in PTT and the enhancing effects of SWNT-Cy5.5
should be explored further in cells.

In vitro MCF-7 uptake, cytotoxicity, and ablation

The in vitro cellular uptake of SWNT-Cy5.5 could be seen clearly
using a home-made fluorescence microscope. SWNT-Cy5.5 was
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internalized by MCF-7 cells (Fig. 3A). SWNT-Cy5.5 inside the
MCF-7 cells could be excited by a 701 nm light source. In contrast,
minimal background fluorescence was observed, suggesting that
SWNT-Cy5.5 can be used for NIR cellular imaging or for observing
tumors in a living body.

The toxicity was tested using a microplate reader to ensure the
safety of the probe for applications with live recipients and to
provide a moderate dosage that could be used in vivo. Fig. 3B shows
that SWNT-Cy5.5 did not show higher toxicity than SWNTs or Cy5.5

Merge

Cell viability (%)

Concentration (ng/mL)
O cys.5

Fig. 3. Images of MCF-7 cells, cell toxicity, and ablation in vitro following incubation with SWNT-Cy5.5. (A) DIC, fluorescent, and merged images after incubation with SWNT-Cy5.5.
Scale bar, 50 um. (B) Toxicity test results of SWNT, SWNT-Cy5.5, and Cy5.5 (P > 0.05). (C) Cell viability of MCF-7 cells incubated with SWNT, Cy5.5, and SWNT-Cy5.5 after PTT

(P* < 0.01, P** < 0.001, P*** < 0.001).
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Fig. 4. The distribution and biodistribution of SWNT-Cy5.5 after tail vein injection. The final picture shows the approximate SWNT-Cy5.5 concentration in different organs at 48 h

post-injection.

alone, which are produced during the preparation of contrast
agents even at a concentration of 400 pug mL~! (P > 0.05). Toxicity
testing in vivo was also conducted. As Fig. S3 shows, toxicity in vivo
before and after probe injection showed marginal differences,
indicating that SWNT-Cy5.5 had almost no toxicity to cells and
living mice.

When irradiated with an 808-nm laser light, contrast agents
incubated with MCF-7 cells showed a clear disruption to cells in
SWNT group and displayed strong optical absorbance in the NIR
range (Fig. 3C). However, MCF-7 cells exposed to SWNTs or Cy5.5
(P* < 0.01, P** < 0.001) did not show lower viability than cells
exposed to SWNT-Cy5.5 (P*** < 0.001), which also indicated the
enhancing effects of SWNTs and Cy5.5. Overall, our data indicated

Irradiate

2 Days

that SWNT-Cy5.5 showed potential for transforming light into
thermal energy.

In vivo NIR imaging and biodistribution of SWNT-Cy5.5

NIR imaging of SWNT-Cy5.5 in the living mice enables accurate
tumor localization and a proper healing time for PTT [39]. Mice for
this experiment were planted subcutaneous breast cancer tumor.
Fig. 4 shows that the circulation time of SWNT-Cy5.5 in the blood
was up to 48 h. SWNT-Cy5.5 was concentrated mostly at the tu-
mors at 6—8 h post-tail vein injection according to EPR effect, as
determined by continual monitoring of changes in fluorescence
intensity. After a 48-h biodistribution, the mouse was necropsied
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Fig. 5. Photothermal effects of SWNT-Cy5.5 in mice exposed to NIR laser irradiation. (A) Nude mouse with a transplanted subcutaneous sarcoma before, during, and after laser
irradiation. The picture on the left shows the pathology of the irradiated tumor site. Variation in mouse weights (B) and tumor volumes (C) after irradiation. (D) Temperature

variations in the SWNT-Cy5.5 and PBS groups.
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and the organs and tumors were used to study metabolic path-
ways by measuring the fluorescence intensity. SWNT-Cy5.5 was
excreted through the intestines and the metabolic pathways
indicated a low toxicity to the liver and normal tissues, which
ensured the safety of SWNT-Cy5.5 to the living body. We choose
three regions of interest (ROIs; 0.2 mm?), including intestines,
liver and tumor ROI in each timing (Fig. 4). ROIs were evaluated to
show the accumulation of SWNT-Cy5.5 (Fig. S5) which verifies
previous assumption. Furthermore, this experiment indicated that
6—8 h post-injection was the best time for exposing tumors to
laser light.

PTT of tumors in vivo

Using an appropriate time, contrast agent concentration, and
irradiation power, the mouse groups were treated with SWNT-
Cy5.5 + PTT (SWNT-treated), SWNT-Cy5.5 alone (SWNT-un-
treated), PBS + PTT (PBS-treated), and PBS alone (PBS-untreated).
Mice treated with or without SWNT-Cy5.5 were exposed to 808-nm
laser light. Variations in temperature during irradiation were
monitored using an IR thermal-imaging system. The temperature of
the tumor in the SWNT-treated group increased to 43 °C after laser
irradiation at 2 W cm™2 for 1 min. The temperature further
increased to 58 °C after irradiation for 4 min (Fig. 5D). No significant
change in the temperature of the control group was observed and
the temperature was stable at approximately 38—39 °C. Fig. 5A
shows that the temperature of the tumor increased noticeably. The
cancer cells were killed due to the high temperature. Two days after
the irradiation, the site exposed to the laser light was covered by a
crust with no blisters or fluid. At 15 days post-treatment, the scab
fell off and fresh, completely healed skin was seen underneath.

The mice weights and tumor volumes were recorded directly
after irradiation every 3 days. As shown in Fig. 5B and C, the weights
of mice in the SWNT-Cy5.5-treated group increased gradually, and
the tumor volume decreased gradually (Fig. S4A). Mouse survival
was monitored to evaluate the quality of life after treatment
(Fig. S4B). However, no obvious anti-tumor effect was observed for
the PBS-treated group, indicating that PBS + laser exposure could
not ablate cancer cells effectively. The tumor volumes in the un-
treated group continued to grow, resulting in the death of the mice.

Conclusions

In conclusion, tumors can be treated by PTT after detected by
NIR fluorescence imaging using SWNT-Cy5.5. This approach pro-
vides an interesting method for locating tumors and facilitating
therapy after selecting the corresponding treatment. Due to its
appropriate size, SWNT-Cy5.5 can be easily internalized by cells
and then utilized for light-thermal energy conversion when the
cells are irradiated. In addition, SWNT-Cy5.5 can accumulate in
tumors to avoid damaging normal tissues during irradiation.
Interestingly, conjugated with Cy5.5, SWNT-Cy5.5 was found an
enhancing effect during PTT irradiation. In summary, SWNT-Cy5.5
has the potential to facilitate numerous applications in clinical
auxiliary treatment.

To develop the best support therapy, further study of florescence
imaging and photothermal therapy applied to the living body are
urgently needed. Thus, SWNT can serve as materials for theranostic
nanomedicine applications in clinical settings.
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