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ABSTRACT: To enhance the efficacy and optimize the
treatment of cancers, the integration of multimodal treatment
strategies leading to synergistic effects is a promising approach.
The coassembly of multifunctional agents for systematic
therapies has received considerable interest in cancer treat-
ment. Herein, Ru(II) complex-functionalized single-walled
carbon nanotubes (Ru@SWCNTs) are developed as nano-
templates for bimodal photothermal and two-photon photo-
dynamic therapy (PTT-TPPDT). SWCNTs have the ability to
load a great amount of Ru(II) complexes (Ru1 or Ru2) via
noncovalent π−π interactions. The loaded Ru(II) complexes
are efficiently released by the photothermal effect of irradiation
from an 808 nm diode laser (0.25 W/cm2). The released Ru(II) complexes produce singlet oxygen species (1O2) upon two-
photon laser irradiation (808 nm, 0.25 W/cm2) and can be used as a two-photon photodynamic therapy (TPPDT) agent. Based
on the combination of photothermal therapy and two-photon photodynamic therapy, Ru@SWCNTs have greater anticancer
efficacies than either PDT using Ru(II) complexes or PTT using SWCNTs in two-dimensional (2D) cancer cell and three-
dimensional (3D) multicellular tumor spheroid (MCTS) models. Furthermore, in vivo tumor ablation is achieved with excellent
treatment efficacy under a diode laser (808 nm) irradiation at the power density of 0.25 W/cm2 for 5 min. This study examines
an efficacious bimodal PTT and TPPDT nanoplat form for the development of cancer therapeutics.
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■ INTRODUCTION

Among all anticancer treatments, photodynamic therapy
(PDT) and photothermal therapy (PTT), involving the use
of visible or near-infrared (NIR) light, have unique advantages,
including remote controllability, low systemic toxicity, and few
side effects.1−6 The ideal clinical phototherapeutic window for
tumors is between 700 nm and 1100 nm,7 where the
attenuation of light by blood and soft tissues is low, allowing
for the treatment of deep-seated tumors. For PDT, light-
activated photosensitizers (PSs) can generate reactive oxygen
species, such as singlet oxygen (1O2), free radicals, and
peroxides, which can irreversibly damage tumor tissues.8

Unfortunately, most available PSs, such as hemoporphyrin
and phthalocyanine, absorb light energy only over wavelengths
shorter than 600 nm, which is a serious drawback for efficacious
PDT. Thus, many studies have focused on the design of new
PSs or the chemical modification of existing PSs with large
absorption cross sections in the NIR region.9 The implementa-
tion of PTT relies on the development of photothermal
coupling agents. Carbon nanomaterials, such as graphene,
single-walled carbon nanotubes (SWCNTs), and single-wall

carbon nanohorns (SWCNHs), have become increasingly
popular for photothermal therapy.10,11 Pioneering studies
have shown that SWCNTs can be used to deliver therapeutic
drugs and diagnostic molecules into cells.12−20 SWCNTs can
also absorb light in the near-infrared region and can cause cell
death by localized photothermal effects.21 The use of SWCNTs
would help develop innovative multimodal therapies that
combine PTT and photodynamic therapy (PDT). Because
PDT is a noninvasive phototherapy currently used in clinical
practice,22−24 the combination of PTT with PDT is feasible and
has clinical value.
Many metal complexes (e.g., Ru(II) complexes, Ir(III)

complexes) are thought as wonderful therapeutic agents.25−27

The use of Ru(II) complexes for PDT therapy has gained great
interest in recent years. Most studies have reported that Ru(II)
polypyridyl complexes efficiently produce 1O2 upon irradiation
with UV or visible light28−30 and exhibit high phototoxic
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indices in metastatic melanoma models.31 In our previous work,
we found Ru(II) polypyridyl complexes had strong two-photon
absorbing and luminescence properties, deep tissue penetration
and unique spatial resolution.32−34 These promising results
have led us to further develop Ru(II) polypyridyl complexes as
two-photon photodynamic anticancer agents. The combination
of PDT with two-photon absorbing photosensitizers in the NIR
therapeutic window can offer new prospects for cancer
treatment.
To determine if bimodal PDT and TPPTT can be used as a

more effective cancer therapy, we load two-photon luminescent
Ru(II) complexes as TPPDT agents onto SWCNTs. We find
that the temperature of Ru@SWCNTs significantly increases to
∼58 °C under 808 nm laser irradiation at 0.25 W/cm2.
Furthermore, the photothermal effect triggers the release of
Ru(II) complexes, and the released Ru(II) complexes produce
1O2 upon the two-photon laser irradiation (808 nm). Bimodal
TPPDT and PTT therapy using Ru@SWCNTs has greater
anticancer effects than either PDT using Ru(II) complex or
PTT using SWCNTs. Ru@SWCNTs can be used as a bimodal
PTT/TPPDT therapy system (Scheme 1).

■ RESULTS AND DISCUSSION

Synthesis and Characterization. The Ru@SWCNTs
were readily formed by sonicating Ru(II) complexes with
SWCNTs solutions for 4 h at room temperature, followed by
repeated washes to remove free Ru(II) complexes. The
characteristics of Ru@SWCNTs were compared with those of
SWCNTs dispersed in an aqueous solution of SDS ionic
surfactants (because SWCNTs were not water-soluble).35 The
morphology of the Ru@SWCNTs hybrid system was
characterized by transmission electron microscopy (TEM).
Initial insights into the formation of Ru@SWCNTs adducts
were obtained by comparing the pristine and Ru(II) complex-
modified SWCNTs (Figure 1 and Figure S1 in the Supporting

Information). As shown in Figure 1a and Figure S1a, the
pristine SWCNTs had very smooth surfaces, with diameters of
∼0.7−1.3 nm. The lengths of the Ru@SWCNTs ranged from
20 nm to several micrometers. After the Ru(II) complex
modification, surface roughness was clearly observed on the
sidewalls of the SWCNTs corresponding with the adsorption of
Ru(II) complexes loading onto the SWCNTs by π−π
interaction (see Scheme S1 in the Supporting Information).
It was feasible for carbon nanoparticles to noncovalently π−π
stack with water-soluble planar aromatic molecules to imple-
ment multifunctions.35,36

The absorption spectra of SWCNT showed a strong broad
NIR absorption (Figure 1b and Figure S1b). After the Ru(II)
complex modification, the MLCT absorbance band appeared at
∼450 nm, and the NIR absorption band was also present.
Figure 1c and Figure S1c gave the Raman spectra of pristine
SWCNTs, Ru(II) complexes, and Ru@SWCNTs. The Raman
spectra of both pristine SWCNTs and Ru@SWCNTs showed
two bands at 1340 cm−1 (D-band) and 1584 cm−1 (G-band),
which were indicative of surface defects and the sp2 hybridized
carbon stretching vibrations of SWCNTs, respectively. More-
over, a weak peak, assigned to the CC stretching mode of
Ru(II) complexes at ∼1444 cm−1, appeared in the Raman
spectra of Ru@SWCNTs. Compared with SWCNTs, Ru@
SWCNTs had asignificantly higher water solubility. The Ru@
SWCNTs had great stability when they were stored in H2O,
PBS or DMEM with 10% FBS at room temperature over a
period of 3 months (see Figures S2 and S3 in the Supporting
Information). Thus, the Ru(II) complex modification did not
affect the spectral characteristics of SWCNTs, but did increase
their physical stability.
The elemental composition of Ru@SWCNTs was deter-

mined via X-ray photoelectron spectroscopy (XPS) measure-
ments (see Figures S4 and S5 in the Supporting Information).
The results provided the chemical composition and the energy

Scheme 1. Schematic Design of Ru@SWCNTs for Bimodal Photothermal Therapy (PTT) and Two-Photon Photodynamic
Therapy (TPPDT) with 808 nm Irradiation

ACS Applied Materials & Interfaces Research Article

DOI: 10.1021/acsami.5b07510
ACS Appl. Mater. Interfaces 2015, 7, 23278−23290

23279

http://pubs.acs.org/doi/suppl/10.1021/acsami.5b07510/suppl_file/am5b07510_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsami.5b07510/suppl_file/am5b07510_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsami.5b07510/suppl_file/am5b07510_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsami.5b07510/suppl_file/am5b07510_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsami.5b07510/suppl_file/am5b07510_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsami.5b07510/suppl_file/am5b07510_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsami.5b07510/suppl_file/am5b07510_si_001.pdf
http://dx.doi.org/10.1021/acsami.5b07510


distribution of C1s, Ru3d, N1s and Cl2p, which indicated that the
Ru(II) complex was successfully modified onto the SWCNTs.
We also used inductively coupled plasma mass spectrometry
(ICP-MS) analysis to quantitatively determine the concen-
tration of the Ru(II) complex in a 50 μg/mL Ru@SWCNTs
aqueous suspension (see Table S1 in the Supporting
Information). The concentration of the Ru1 complex for the
Ru1@SWCNT composites was 13.5 μg/mL, and the
concentration of SWCNT was 36.5 μg/mL. The concentration
of the Ru2 complex for the Ru2@SWCNT composites was
15.4 μg/mL, and the concentration of SWCNT was 34.6 μg/
mL. The results showed that, for larger π conjugates of the
Ru(II) complex, more Ru(II) complexes were modified onto
the SWCNTs.
Photothermal Properties of the Ru@SWCNT. We

investigated the photothermal therapy potential of the
nanocomposites. A diode laser (808 nm) was used at a
power density of 0.25 W/cm2 to irradiate water, pure
SWCNTs, and the Ru@SWCNTs (100 μL, 50 μg/mL) for
different durations (0−5 min). We then used a thermal imaging
camera to record the temperature variation every 30 s (Figure

2). The thermal signals of pure water showed no obvious
change (ΔT < 2 °C). The SWCNTs were shown to convert

NIR light to heat (from 20.2 °C to 44.2 °C). However, these
temperature increases (ΔT) of the Ru@SWCNTs were much
higher (from 20.3 to 58.5 °C for Ru1@SWCNTs and from 20.2
to 56.6 °C for Ru2@SWCNTs) under the same experimental
conditions. The phothotherml conversion efficiency of Ru@
SWCNTs is ∼39.4% (for Ru1@SWCNTs) and 38.3% (for
Ru1@SWCNTs), which is higher than gold nanoparticles (gold
nanorods, η = 22.0%; gold nanostars, η = 18.9%37,38) and Cu9S5
nanocrystals (η = 25.7%39). When the Ru1@SWCNTs
concentration was fixed at 50 μg/mL, an obvious power-
density-dependent temperature rise was observed (see Figure
S6 in the Supporting Information). A temperature increase to
>50 °C could be obtained with an incident laser power as low
as 0.25 W/cm2. The laser power used in the present study was
lower than 0.33 W/cm2 at 808 nm (ANSI Z136.1; 2007,
American National Standard for Safe Use of Lasers) and even
lower than those of a few recent reports.40−45 The temperature
increase was well above the required temperature rise for
efficient cancer photothermal therapy.46 These results clearly
suggested that Ru@SWCNTs can act as an efficient photo-
thermal therapy agent.

Photothermal-Triggered Release of Ru(II) Complexes.
After irradiation, we found that Ru(II) complexes could be
released from Ru@SWCNTs via photothermal triggers. After
an initial dose of irradiation from an 808 nm diode laser (First)
at 0.25 W/cm2 output power for 5 min, the cumulative release,
defined as the ratio of released Ru(II) complex to total loaded
Ru(II) complex, increased from 2.1% to 52.5% for Ru1@
SWCNTs and from 1.0% to 55.4% for Ru2@SWCNTs (Figure
3). The release of Ru(II) complexes completely stopped when

Figure 1. (a) Transmission electron microscopy (TEM) images of the
synthesized Ru2@SWCNTs. (b) UV-vis spectra of Ru@SWCNTs,
Ru2 and SWCNTs in aqueous solution, SWCNTs were dispersed in
an aqueous solution of the SDS ionic surfactants, because of the
insolubility of SWCNTs. (c) Raman spectra of Ru2@SWCNTs, Ru2
and SWCNTs. Inset: photographs showed the SWCNTs and Ru2
dispersed in aqueous solution before and after sonication.

Figure 2. (a) Photothermal images of the nanoparticle solutions at the
same concentration (100 μL, 50 μg/mL) and irradiation time (0−5
min): (A) Ru1@SWCNTs, (B) Ru2@SWCNTs, (C) SWCNTs, and
(D) H2O (the power of the 808 nm laser was 0.25 W/cm2). (b) The
temperature change of the Ru@ SWCNTs as a function of irradiation
time; H2O and pure SWCNTs are used as controls.
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the 808 nm laser was switched off. Similar results were observed
when the laser treatment protocol was repeated (Second).
However, there were fewer Ru(II) complexes released during
the second treatment cycle. By the third cycle (Third), almost
no Ru(II) complexes were released.
The UV-vis absorption qualitatively also proved that the

Ru(II)complex was almost completely released from Ru2@
SWCNTs after irradiation (see Figure S7 in the Supporting
Information). The UV-vis absorption of the centrifugal liquid
corresponded to the spectrum of Ru(II) complex itself, and the
centrifugal solid comprised SWCNTs. We further examined the
centrifugal liquid and centrifugal solid by quantitative tests. The
centrifugal liquid and centrifugal solid was isolated and
characterized by ICP-MS measurements (Table S1 in the
Supporting Information). Ru (from the Ru(II) complex) were
abundant in the centrifugal liquid. However, in the centrifugal
solid, the amounts of Ru dramatically decreased, and almost no
residues remained on the SWCNTs surfaces. These data
suggested that the Ru(II) complexes released from the Ru@
SWCNTs could be triggered by the photothermal effect due to
808 nm laser irradiation.
Photophysical Properties. We monitored the emission

behavior of Ru@SWCNTs. The strong emissions of the Ru(II)
complexes were almost completely quenched (95.8%−99.5%)
after interacting with the SWCNTs (Figure S8 in the
Supporting Information). The free Ru1 or Ru2 complexes
exhibited strong luminescence at ∼610 nm, with luminescence
quantum yields (Φem) of 0.014−0.016 (see Table 1) using

[Ru(bpy)3]
2+ (Φem = 0.028 in water47) as a reference. To

determine their lifetimes, a luminescent decay experiment was
performed at 298 K, which showed that the lifetimes of the Ru1
and Ru2 complexes were 356−405 ns (see Table 1). These
lifetimes were obtained by fitting the data to single exponential
decay functions. Next, the two-photon luminescence (TPL)
properties of the Ru(II) complexes were investigated by
determining the two-photon absorption cross-section δ (TPA)
of Ru1 and Ru2 using Rhodamine B as a reference (see Table 1
and Figure S9a in the Supporting Information). Ru1 and Ru2
exhibited strong two-photon emissions upon 808 nm excitation
(Ru1: δ808 nm = 494; Ru2: δ808 nm = 428 Göppert−Mayer
(GM); 1 GM = 1 × 10−50 cm4 s−1 photon−1). The two-photon
excitation active process was confirmed via a power-depend-
ence experiment. A log−log linear relationship between the
emission intensity and incident power with a gradient showed
the best fit (n ≈ 2) (Figure S9b).

Singlet Oxygen Sensitization. We further employed
electron paramagnetic resonance (EPR) spectroscopy and
spin trapping to detect ROS generation by the Ru(II)
complexes under 808 nm laser irradiation (0.25 W/cm2, 80
MHz, 100 fs). 2,2,6,6-Tetramethylpiperidine (TEMP) and 5,5-
dimethyl-1-pyrroline-N-oxide (DMPO) were used as 1O2 and
O2· (or OH·) trappers, respectively. As illustrated in Figure 4

and Figure S10 in the Supporting Information (top, red line), a
characteristic 1O2-induced signal, 2,2,6,6-tetramethylpiperidine-
1-oxyl, was observed in the EPR spectra only under irradiation.
However, no other ROS signals were observed (Figure 4,
bottom). These results verified that it was the energy transfer
(ET), not the electron transfer, from the Ru(II) complex to
oxygen that was responsible for the sensitization of ground-
state oxygen. To assess the ability of the Ru(II) complex to

Figure 3. Photothermal-triggered release of Ru(II) complexes from
Ru@SWCNTs. Ru(II) complex release profiles in the presence and
absence of laser irradiation. Irradiation with 808 nm laser caused rapid
Ru(II) complex release during laser exposure (5 min), and the release
was turned off when laser was switched off (20 min). The process was
repeated three times. The cumulative released Ru(II) complex was
measured. Inset: photographs showing (a) the Ru1@SWCNTs and
(b) the Ru2@SWCNTs before and after irradiation in aqueous
solution.

Table 1. Photophysical Data and Singlet Oxygen Quantum Yields of Ru1 and Ru2

Φ (1O2)
d δ × Φ (1O2) [GM]e

complex λabs [nm] (ε [× 10−3 M−1 cm−1])a λem [nm] (Φem [%])a τ [ns]b δ [GM]c indirect direct indirect direct

Ru1 448 (23.5) 614 (1.6) 356 494 0.33 0.35 163.0 172.9
Ru2 445 (25.4) 611 (1.4) 405 428 0.30 0.31 128.4 132.7

aAbsorbance and emission spectra recorded in water at room temperature; Φem refer the fluorescence quantum yield, the standard was [Ru(bpy)3]
2+

(Φem = 0.028 in water).47 bτ refer to the lifetime and evaluated in water. cδ refer to the two-photon absorption cross-section and evaluated in water.
dΦ (1O2) was detect in D2O by indirect and direct methods, the standard was [Ru(bpy)3]

2+ (ΦΔ
s = 0.22 in D2O).

48 eFigure of merit for two-photon
singlet oxygen sensitization.50,51

Figure 4. EPR signals of 1O2 (top) and other ROS (bottom) obtained
with or without 808 nm laser irradiation (0.25 W/cm2) of Ru(II)
complex (Ru1) for 5 min in the presence of 2,2,6,6-tetramethylpiper-
idine (TEMP) and 5,5-dimethyl-1-pyrroline-N-oxide (DMPO),
respectively.
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generate 1O2, the
1O2 quantum yield was measured using two

different methods with [Ru(bpy)3]
2+ as the standard photo-

sensitizer (1O2 quantum yield ΦΔ = 0.22 in D2O
48): (1) by

monitoring the absorbance variations of a probe molecule
caused by a trapped 1O2 adduct (i.e., an indirect evaluation),
and (2) by direct measurement of the infrared phosphor-
escence of 1O2.

28−30 The first method was based on the
reaction of 1O2 with a singlet oxygen sensor (DPBF, 1,3-
diphenyliso-benzofuran)49 (Figure S11 in the Supporting
Information).
The second method was applied in the presence of 1O2 and

assessed directly by the detection of its phosphorescence at
1270 nm (Figure S12 in the Supporting Information). In our
case, the 1O2 production quantum yields were determined to be
0.30−0.35 upon one-photon 450 nm excitation for these two
methods (Table 1). The two-photon singlet oxygen sensitiza-
tion was based on the quantum yield of a one-photon excited
singlet oxygen generation and the two-photon absorption cross-
section. Thus, δ × ΦΔ(

1O2) showed singlet oxygen generation
by two-photon excitation.50,51 The δ × ΦΔ (1O2) values of Ru1
and Ru2 (128.4−172.9 GM, Table 1) were much larger than
that of H2TPP (1.5 GM),51 indicating the excellent perform-
ance of Ru1 and Ru2 as two-photon singlet oxygen sensitizers.
Two-Photon-Induced 1O2 Generation in Cancer Cells.

To demonstrate that the released Ru(II) complex could
produce singlet oxygen in vitro after 808 nm laser irradiation,
we incubated HeLa cells with the Ru(II) complex (50 μg/mL)
and the 2,7-dichlorodihydrofluorescein diacetate (DCFH-DA).
Once in the cells, DCFH-DA is hydrolyzed by esterase enzymes
to DCF, which is vulnerable to singlet oxygen and can be
oxidized to the fluorescent compound 2,7-dichlorofluorescein
(DCF). DCFH-DA has been widely used to assess the
production of 1O2 in living cells.30 We recorded the confocal
fluorescence images of the cells before and after the 2 min 808
nm two-photon laser irradiation via a confocal microscope
equipped with a mode-locked Ti:sapphire laser source (0.25
W/cm2, 80 MHz, 100 fs). Cells treated with only the DCFH-
DA control showed no obvious fluorescence enhancement
following irradiation. In contrast, a significant fluorescence
increase was observed following irradiation in the cells treated
with both the Ru(II) complex/Ru@SWCNTs and DCFH-DA
(see Figure 5 and Figure S13 in the Supporting Information).
The fluorescence was very weak in the presence of 10 mM N-
acetylcysteine (NAC, an antioxidant, does not react with Ru(II)
complex/Ru@SWCNTs) before the cells were treated. This
finding suggested that Ru(II) complexes/Ru@SWCNTs were
efficient two-photon absorbing photosensitizers in the cells.
Cellular Uptake Analysis. As described above, the

photothermal effect on Ru@SWCNTs could trigger Ru(II)
complex release. To explore the action of Ru@SWCNTs in
HeLa cells, we traced the cellular two-photon luminescence of
the Ru@SWCNTs in dark conditions and under an 808 nm
laser irradiation (0.25 W/cm2, 80 MHz, 100 fs) by two-photon
confocal laser microscopy (Figure S14a in the Supporting
Information). Without 808 nm irradiation, only weak red
fluorescent spots were found in the HeLa cells. However, after
the laser irradiation for 2 min (the time was decreased because
cell death occurs with excessive irradiation exposure, i.e., 5 min)
in the Ru@SWCNTs treated cells, the strong red two-photon
luminescence (λex = 808 nm, two-photon laser) was observed as
more diffused spots in the lysosomes, which co-localized well
with the green fluorescence emanating from Lyso-Tracker (the
overlap coefficient was 82.5%). This result implied that

endocytosis was responsible for the uptake of the Ru@
SWCNTs. The TEM images also supported an endocytosis
mechanism for the uptake of the Ru@SWCNTs and showed
that the Ru@SWCNTs formed endosomes in the cells (Figure
S14b). These observations indicated that Ru@SWCNTs were
successfully engulfed by lysosomes. After 808 nm irradiation,
the photothermal effect triggered the release of Ru(II)
complexes and strong two-photon luminescence was observed
in the cancer cells.

PTT−TPPDT Combined Therapy in Two-Dimensional
(2D) Cancer Cells. We next tested PTT−TPPDT combined
therapy in cellular experiments using HeLa cancer cells. Cells
were incubated with Ru(II) complexes, SWCNTs, and Ru@
SWCNTs at a series of concentrations for 24 h and then
irradiated with an 808 nm laser at a power density of 0.25 W/
cm2 for 5 min. A standard methyl thiazolyltetrazolium (MTT)
assay was carried out to determine the relative viabilities of the
cells 24 h after various treatments be been performed. Without
laser exposure, Ru@SWCNTs, SWNTs, and the free Ru(II)
complex all exhibited negligible dark toxicity to HeLa cancer
cells and LO2 normal cells (see Figure 6a and Figure S15 in the
Supporting Information). HeLa cells also exhibited no loss of
viability after being irradiated in the absence of the Ru@
SWCNTs (control + laser, Figure 6b). This finding indicated
that the untreated cells remained safe under irradiation of 0.25
W/cm2 laser power. Surprisingly, the cancer cell killing effect of
Ru@SWCNTs when irradiated by the 808 nm laser was
remarkably higher than that of free Ru(II) complex and

Figure 5. Intracellular 1O2 measurements. HeLa cells were incubated
with the DCFH-DA (10 μM) in the absence or in the presence of (a)
Ru1, (b) Ru2, (c) Ru1@SWCNTs, and (d) Ru2@SWCNTs. The
concentration of NAC was 10 mM. The samples were irradiated for 2
min with two-photon laser irradiation (0.25 W/cm2).
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SWCNTs (Figure 6b). The Ru(II) complex and SWCNTs
mixture as a control also showed lower photothermal effect
than Ru@SWCNTs (Figure S16 in the Supporting Informa-
tion). The PTT−TPPDT effect of the Ru@SWCNTs was then
monitored via calcein AM staining assay (Figure 7 and Figure
S17 in the Supporting Information). Viable cells were stained
green with calcein AM. HeLa cells treated with the Ru@
SWCNTs (50 μg/mL) followed by 808 nm laser irradiation
(0.25 W/cm2 for 5 min) died (as represented by the significant
reduction of green fluorescence). All other groups and control
cells showed no observable damage to the cancer cells. Cells
treated with al aser and Ru(II) complex/SWCNTs showed
stronger green fluorescence than Ru@SWCNTs. The results
indicated that Ru@SWCNTs destroyed cancer cells more
efficiently, compared with free SWCNTs and Ru(II)
complexes, which can be attributed to bimodal PTT and
TPPDT from the Ru@SWCNTs composites.
PTT−TPPDT Combined Therapy in Three-Dimensional

(3D) Multicellular Tumor Spheroids (MCTSs). Two-
dimensional (2D) cultures of adherent cells are routinely
used in numerous areas of the biomedical and life sciences.
However, this model presents significant limitations in
reproducing the complexity and pathophysiology of in vivo
solid tumors.52 Multicellular tumor spheroids (MCTSs) are
heterogeneous cellular aggregates and have been gradually
accepted as valid 3D cancer models that connects cell

monolayers and solid tumors.53−57 Because of this, we decided
to test the photothermal therapy of the Ru@SWCNTs against
MCTSs with diameters of ∼400 μm. We observed the effects of
Ru@SWCNTs-based PTT−TPPDT on the kinetics of 3D
tumor regrowth (Figure 8). After treatment with Ru@
SWCNTs (50 μg/mL) alone, there were no observed
differences in MCTSs over a period of 1 day. The untreated
MCTSs showed no difference after 808 nm laser (0.25 W/cm2)
irradiation. However, the MCTSs treated with Ru@SWCNTs
and 5 min laser irradiation indicated that the diameter of
MCTSs became smaller over time.
To verify if the MCTSs were living or dead, a calcein AM

staining assay was performed to further determine the viability
(Figure 8c). As expected, Ru@SWCNTs with an 808 nm laser-
induced cell death in the MCTSs, as indicated by the weak
green fluorescence. However, the cells in the MCTS control
were alive, as indicated by the strong green fluorescence of
calcein in the entire MCTS. The cytotoxicity test also indicated
that the cell viabilities of the Ru@SWCNTs without irradiation
were >96%. After 5 min of laser irradiation, the cell viabilities of
the MCTSs were only 5% (Figure 8d). All data indicated that
Ru@SWCNTs exhibited excellent bimodal photothermal and
photodynamic therapy effect in 3D MCTS cancer models.

Photothermal Therapy In Vivo. We further attempted to
study the in vivo photothermal therapy efficacy of our Ru@
SWCNTs. At this stage, note that the preferred route of
photothermal conversion agents (PTCAs) administration in
photothermal cancer therapy is intratumoral injection, instead
of intravenous injection.58−61 Nie et al. recently reported that
active molecular targeting of the tumor microenvironments
(e.g., fibroblasts, macrophages, and vasculatures) did not
significantly influence the tumor nanoparticle uptake when
the nanoparticles were administered via intravenous injection.62

Therefore, we opted in the present study for intratumoral

Figure 6. (a) Percentage of HeLa cell viability after the treatment with
Ru complexes, SWCNTs and Ru@SWCNTs in different concen-
tration (10, 50, 100, 200 μg/mL) for 24 h without laser irradiation.
The untreated cells were considered to have 100% survival. (b)
Viability of HeLa cells after the treatment with Ru complexes, pure
SWCNTs and Ru@SWCNTs induced photothermal therapy and two-
photon photodynamic therapy upon 808 nm laser irradiation (0.25 W/
cm2, 5 min).

Figure 7. Images of the HeLa cells observed by fluorescence
microscopy after incubating with the dye Calcein AM (green, λex =
488 nm, λem = 520 ± 20 nm). Four groups: Control + laser; Ru1 (13.5
μg/mL) + laser; SWCNTs (36.5 μg/mL) + laser; Ru1@SWCNTs (50
μg/mL) + laser. The laser wavelength was 808 nm (0.25 W/cm2).
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injection to assess the in vivo PPT potential of our Ru@
SWCNTs.
To assess their in vivo therapeutic potential, nude mice

bearing the HeLa tumor model were injected intratumorally
with 100 μL of aqueous dispersion of 1 mg/mL of Ru@
SWCNTs or blank physiological saline, and the tumors were
then exposed to 808 nm laser at a power density of 0.25 W/cm2

for 5 min. As shown in Figure 9, the temperature of the tumor
regions with Ru@SWCNTs increased rapidly from 36.5 °C to
62.8 °C (Ru1@SWCNTs) or 59.5 °C (for Ru2@SWCNTs) in
5 min. In contrast, tumors injected with blank and laser only
showed a temperature change of ∼5 °C after the same laser
irradiation treatment. During 15 days of observation, the
tumors on injected mice were ablated after photothermal
treatment without regrowth or with rather slow growth. The
tumors were shrinking gradually or even disappeared
individually after 15 days of treatment (see Figures 10a and
11). In contrast, tumors in the control mice that received laser
alone/Ru@SWCNTs alone treatment continued to grow
rapidly, and all of these mice had to be euthanized after 15
days. Histological examination of tumor was performed after
the photothermal therapy treatment (Figure 10b). As expected,
in the mice treated with the Ru@SWCNTs followed by laser
irradiation, the tumor tissues were necrotic, exhibiting pyknosis,
karyolysis, and degradation. In contrast, the tumor tissues of the
control group exhibited a normal organized cellular structure.
To determine whether the treatments induced toxicity, we

monitored the body weight of the mice (Figure S18 in the
Supporting Information) and the histology of organs including
the intestine, lung, liver, ovary, brain, spleen, kidney, and heart
(Figure S19 in the Supporting Information). The body weight
of the mice treated with the Ru@SWCNTs under a diode laser
(808 nm) irradiation at the power density of 0.25 W/cm2 was

no different than that of the control. No body weight loss and
other serious toxic effects were observed. In addition,
histological analysis did not reveal any serious irreversible
pathological alterations or injuries in the organs of mice of all
groups. This strongly suggested that the Ru@SWCNTs
medicated photothermal ablation was not inducing any toxicity.
All results clearly indicated that the Ru@SWCNTs acted as
powerful photothermal agents in vivo.

Figure 8. (a, b) Diameter change of Ru@SWCNTs (50 μg/mL) and irradiation incubated with tumor spheroids by increasing days. (c, d)
Percentage of 3D HeLa cells viability and live/dead assay after the cells treatment with Ru@SWCNTs and 808 nm laser irradiation (0.25W/cm2) for
72 h, untreated cells were considered to have 100% survival.

Figure 9. Thermographs of tumor-bearing mice receiving photo-
thermal treatment for different periods of time (0−5 min). The mice
were injected intratumorally with (a) Ru1@SWCNTs, (b) Ru2@
SWCNT, and (c) control.The laser power density was 0.25 W/cm2.
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■ CONCLUSION
A bimodal therapy system (Ru@SWCNTs) for PTT and two-
photon PDT was successfully fabricated using a facile one-step
method by coating Ru(II) complex on the surface of SWCNTs
via noncovalent π−π interaction. In this bimodal PTT−
TPPDT system, the photothermal effect of Ru@SWCNTs
triggered the release of Ru(II) complexes, the released Ru(II)
complexes could produce 1O2 upon 808 nm laser irradiation.
The results of in vitro cell viability assays showed that the
phototherapy effects of Ru@SWCNTs was observably higher
than those of free Ru(II) complex and SWCNTs, which
indicated that the combined bimodal PTT and TPPDT
exhibited better anticancer efficacy. Moreover, in vivo tumor
ablation was achieved with excellent treatment efficacy under a
diode laser (808 nm) irradiation at the power density of 0.25
W/cm2 for 5 min. These results highlighted that the combined
PTT and TPPDT endowed Ru@SWCNTs with high potential
for cancer therapy.

■ EXPERIMENTAL SECTION
Materials. The cis-[Ru(bpy)2Cl2]·2H2O complex63 was

synthesized according to published methods. Ruthenium

chloride hydrate (Alfa Aesar, USA), 2,2′-bipyridine (bpy,
Sigma−Aldrich, USA), 3-(4,5-dimethylthiazol-2-yl)-2,5-diphe-
nyltetrazolium bromide (MTT, Sigma−Aldrich, USA), Rhod-
amine B (Sigma−Aldrich, USA), 2′,7′-dichlorofluorescin
diacetate (H2DCF-DA, Sigma−Aldrich), 1,3-diphenyliso-ben-
zofuran (DPBF, Sigma−Aldrich, USA) and SWCNTs (≥90%,
0.7−1.3 nm diameter, Sigma−Aldrich, USA) were used as
received. Lyso-Tracker Green was purchased from Invitrogen.
Water with a resistivity of 18.2 MΩ cm was used in all
experiments and was purified with a Milli-Q system from
Millipore Company (Boston, MA, USA). The complex
[Ru(bpy)2(taptp)]Cl2 (Ru1, bpy = 2,2′-bipyridine, taptp =
4,5,9,18-tetraazachryseno[9,10-b]-triphenylene)64 and [Ru-
(bpy)2(pdppz)]Cl2 (Ru2, bpy = 2,2′-bipyridine, pdppz =
phenanthro[4,5-abc]dipyrido[3,2-h:2′,3′-j]phenazine)65 were
synthesized as previously described.

General Instruments. Microanalyses (C, H, and N) were
carried out on a Vario EL cube elemental analyzer. 1H NMR
spectra were recorded on a Varian INOVA500NB NMR
spectrometer with (CD3)2SO as a solvent at room temperature.
All chemical shifts were measured relative to tetramethylsilane
(TMS). Electrospray ionization mass spectra (ESI-MS) were
recorded on an LCQ system (Finnigan MAT, USA). The
morphology and the microstructure of the Ru@SWCNTs were
characterized by transmission electron microscopy (TEM)
(JEOL Model JEM2010-HR, 200 kV) and energy-dispersive X-
ray spectrometry (EDX) (Model S-520/INCA 300, Japan). X-
ray photoelectron spectroscopy (XPS, ESCALab250, Thermo
VG) was performed with 200 W Al KR radiation with twin
anodes. All core-level XPS spectra were calibrated using a C1s

photoelectron peak at 284.6 eV as a reference. The Raman
spectra were measured on a Renishawin via Raman microscope
and were taken 20 times with exposure times of 10 s at 30%
power. UV−vis-NIR spectra were recorded on a spectropho-
tometer (Shimadzu, Model UV-3150). Emission spectra were
recorded on a Perkin−Elmer Model LS55 spectrofluoropho-
tometer at room temperature. Luminescent quantum yields at
room temperature (25 °C) were calculated according to
published procedures by using an aerated aqueous solution of
[Ru(bpy)3]

2+ (Φem = 0.02847) as the reference emitter. All data
were processed using Origin Pro 7.5 software. A diode laser

Figure 10. (a) Representative photographs of HeLa tumors in mice with five different treatments (Ru1@SWCNTs + laser; Ru2@SWCNTs + laser;
laser only; Ru1@SWCNTs only; Ru1@SWCNTs only). (b) Histological examination of tumors with five treatments on day 15. The power of 808
nm laser was 0.25 W/cm2.

Figure 11. Tumor growth curves for different mice groups after
treatment (Irradiation at 808 nm, 0.25 W/cm2). Tumor volumes were
normalized to their initial sizes. Error bars represented the standard
deviation of 8 mice per group. Asterisk (*) denotes p < 0.01,
compared with the physiological saline group on day 0.
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(808 nm) from Hi-Tech Optoelectronics Co., Ltd. (Beijing,
China), was used in this study.
Synthesis. A mixture of SWCNTs (1 mg) and Ru(II)

complexes (3 mg) was dispersed in water (10 mL) and
sonicated for 4 h. During this process, the temperature was kept
constant at 25 °C. The as-prepared suspension was centrifuged
at 5000g for 30 min to remove the largest insoluble aggregates.
The supernatant was transferred into a new tube and
centrifuged at 20 000g for 30 min. To ensure the complete
removal of unlinked Ru complex, the obtained sediment was
repeatedly dispersed in water under sonication and centrifuged
at 20 000g three times. This final sediment, denoted as Ru@
SWCNTs composite, was used to prepare the Ru@SWCNTs
solution. The characteristics of Ru@SWCNTs were compared
with SWCNTs dispersed in an aqueous solution of sodium
dodecyl sulfate (SDS) ionic surfactants.
ICP-MS Analyzed the Amount of Ru Complex in Ru@

SWCNTs. 50 μg/mL of the constructed Ru@SWCNTs before
and after laser were completely digested by 5 mL of aqua regia
at mild boiling temperatures. The solution was evaporated to
1/3 mL and cooled to room temperature. Subsequently, the
sample was diluted to 3% HNO3 by Milli Q H2O, and then the
amount of Ru was analyzed by inductively coupled plasma mass
spectrometry (ICP-MS) (Thermo Elemental Co., Ltd.).
Quantification was carried out by external five-point calibration.
Photothermal Measurements. For photothermal meas-

urements, 100 μL of the Ru@SWCNTs solutions at the same
concentrations (50 μg/mL) were placed in a series of specimen
cuvettes, and each cuvette was irradiated by an 808 nm laser
(0.25 W/cm2, 5 min). Light-induced temperature changes in
the solutions were collected using a thermal camera (MAG32,
Magnity Electronics, Thermal Imaging Expert). Pure SWCNTs
were used as control groups, and three replicates were
conducted for each sample.
Photothermal-Triggered Release of Ru(II) Complexes.

The release studies were performed at room temperature. Ru@
SWCNT solutions were irradiated with an 808 nm laser at an
output power of 0.25 W/cm2 for 5 min. The nanocomposite
solutions were pelleted (20 000 rpm, 30 min), and the
supernatants were analyzed for the Ru(II) complexes before
and after NIR laser irradiation. The concentrations of Ru(II)
complexes were determined via spectrophotometry.
Determination of Two-Photon Absorption Cross

Sections. The two-photon absorption spectra of probes were
determined over a broad spectral range by a typical two-photon
induced luminescence (TPL) method, using Rhodamine B in
methanol as a standard. The two-photon luminescence data
were acquired using an Opolette 355II (pulse width ≤100 fs, 80
MHz repetition rate, tuning range 750−1050 nm, Spectra
Physics, Inc., USA). Two-photon luminescence measurements
were performed in fluorometric quartz cuvettes. The
experimental luminescence excitation and detection conditions
were conducted with negligible reabsorption processes, which
can affect the TPA measurements. The quadratic dependence
of two-photon-induced luminescence intensity on the ex-
citation power was verified at an excitation wavelength of 808
nm. The two-photon absorption cross section of the probes was
calculated at each wavelength, according to eq 1:66
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1 1 2 2

2 2 1 1 (1)

where I is the integrated luminescence intensity, C the
concentration, n the refractive index, and Φ the quantum
yield. Subscript “1” indicates reference samples, and subscript
“2” indicates experimental samples.

Reactive Oxygen Species (ROS) Detection. To detect
the generation of ROS by Ru(II) complexes under irradiation,
2,2,6,6-tetramethylpiperidine (TEMP) and 5,5-dimethyl-1-
pyrroline-N-oxide (DMPO) were used as spin trap reagents.
Experimental solutions were prepared by mixing 10 μL of
Ru(II) complex (50 μg/mL) with 10 μL of DMPO (0.8 M)
and 100 μL of PBS (pH 7.0). The solutions were irradiated
with an 808 nm laser (0.25 W/cm2, 80 MHz, 100 fs) for 5 min.
Afterward, the solutions were inserted into capillary tubes and
placed in the EPR cavity, and the spectra were recorded on a
Bruker A300 Spectrometer at 298 K. The measurement
conditions were as follows: frequency, 9.8 GHz; microwave
power, 19.87 mW; sweep time, 27.65 s; sweep width, 200 G;
and modulation frequency, 100 kHz.

Singlet Oxygen Quantum Yields. Indirect Method. A
singlet oxygen sensor (DPBF) highly selective for singlet
oxygen was used to evaluate the singlet oxygen generation
(SOG) of the Ru(II) complex. The Ru(II) complex was
irradiated with a 450 nm xenon lamp for different irradiation
times. DPBF was dissolved in water containing 2% methanol to
a final concentration of 10 μM. DPBF fluorescence emission
was produced using an excitation wavelength of 479 nm. The
sample SOG was evaluated by comparing the DPBF
fluorescence enhancement with those of the background or
control samples. DPBF fluorescence emission was produced
using an excitation wavelength of 405 nm.
The 1O2 generation quantum yield (ΦΔ) was calculated

according to eqs 2 and 3,49
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where Iin is the incident monochromatic light intensity, Φab the
light-absorbing efficiency, Φr the reaction quantum yield of 1O2
with DPBF (1,3-diphenyl-isobenzofuran), and t the reaction
time. I0 and It are the fluorescence intensities of DPBF by the
addition of the Ru(II) complex before and after irradiation,
respectively; k is the slope, and the superscript “s” refers to the
standard. The standard is [Ru(bpy)3]

2+ (Φs
Δ = 0.22 in D2O).

48

Direct Method (Near-Infrared Luminescence). The
Ru(II) complex was diluted in D2O to decrease the absorbance
to ∼0.2. This solution was then irradiated in fluorescence
quartz cuvettes (1 cm width) using a 450 nm xenon lamp. The
singlet oxygen near-IR luminescence at 1270 nm was measured
by recording spectra from 1050 nm to 1500 nm. The intensity
of the irradiation was varied via neutral density filters. Singlet
oxygen luminescence peaks at different irradiation intensities
were integrated, and the resulting areas were plotted against
irradiation intensities. The quantum yields were then calculated
by applying the same formulas as those used for the indirect
method.

2D Cancer Cell Culture and Cytotoxicity Test. HeLa
cancer cell lines and LO2 normal cells were obtained from the
Cell Bank (Cell Institute, Sinica Academia Shanghai, Shanghai,
China). Cells were routinely maintained in DMEM or
RoswellPark Memorial Institute medium (RPMI 1640,
Gibco) supplemented with 10% (v/v) fetal bovine serum
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(FBS, Gibco), 50 U/mL streptomycin and 50 ng/mL penicillin.
The cancer cells were cultured at 37 °C in an incubator.
To a flat-bottomed 96-well plate, 1 × 104 cells/well were

seeded, supplemented with culture medium (100 μL/well), and
incubated at 37 °C for 24 h in 5% CO2/95% air. After adding
the serially diluted solutions of Ru@SWCNTs, the cells were
incubated for an additional 12 h. The cells were then exposed
to an 808 nm laser (0.25 W/cm2, 80 MHz, 100 fs) for 5 min.
The irradiated plates were returned to the incubator for another
12 h. Cell viability was measured with the MTT assay. The
optical density of each well was then measured using a
spectrophotometer at a wavelength of 590 nm. All cytotoxicity
tests were performed in parallel with negative controls, which
consisted of cells in the presence of the drugs without
irradiation.
Two-Photon-Induced 1O2 Generation in 2D Cancer

Cells. The production of intracellular 1O2 was detected by
2′,7′-dichlorofluorescein diacetate (DCFH-DA, Sigma−Al-
drich), a cell-permeable nonfluorescent probe that is de-
esterified in cells and upon oxidation, changes to highly
fluorescent 2′,7′-dichlorofluorescein. HeLa cells were seeded in
white 96-well plates at a density of 1 × 104 cells/mL 1 day
before treatment. The medium was removed and DCFH-DA
(10 μM) was added to cells for 30 min at 37 °C in darkness.
The cells were subsequently washed in serum-free medium,
treated with Ru(II) complex (50 μg/mL), and then irradiated
for 2 min by an 808 nm laser (0.25 W/cm2, 80 MHz, 100 fs) in
the absence or the presence of 10 mM N-acetylcysteine (NAC,
an antioxidant, Alfa Aesar). The resultant fluorescence was
quantified at 530 nm emission with a 488 nm excitation
wavelength using a microplate reader (Infinite M200 Pro,
Tecan, Man̈nedorf, Switzerland). Fluorescent images were
captured using a laser scanning confocal microscope (Carl
Zeiss, Model LSM 710). The 510−550 nm emission intensities
were recorded at an excitation of 488 nm.
Cellular Uptake. HeLa cell lines were incubated with the

Ru@SWCNTs (50 μg/mL) for 1 h at 37 °C and then were
costained with Lyso-Tracker Green (2 μM) for 30 min. After
being washed with fresh PBS (pH 7.0) three times, the cells
were or were not irradiated at 808 nm (0.25 W/cm2, 80 MHz,
100 fs) for 2 min (the time was decreased because cell death
occurs with excessive irradiation exposure, i.e., 5 min). The
samples were imaged on a Carl Zeiss LSM 710 NLO confocal
microscope (63× oil immersion objective). The excitation
wavelength of the Ru(II) complex was 808 nm, and the two-
photon images were integrated over the 580−650 nm range.
HeLa cells were treated with the Ru@SWCNTs (50 μg/mL)

at 37 °C for 1 h. The cells were washed twice and fixed with 2%
glutaraldehyde at 4 °C for 1 h. The cells were then dehydrated
with sequential washes in ethanol and embedded in Spurr’s
resin. The obtained ultrathin sections were mounted in copper
grids, counterstained with uranyl acetate and lead citrate, and
visualized on an electron microscope (JWOL, Model TEM 100
CX, Tokyo, Japan).
Generation of 3D Multicellular Tumor Spheroids.

HeLa multicellular spheroids (MCTSs) were generated using
the liquid overlay method.67 Briefly, the cells were incubated at
37 °C in a 5% CO2 humidified atmosphere. When the cells
reached ∼80% confluence, they were harvested by trypsiniza-
tion and resuspended in DMEM supplemented with 10% (v/v)
FBS. Single cell suspensions were seeded into flat-bottom
standard 96-well plates. The wells were previously coated with
50 μL of a sterile 1.0% (w/v) solution of agarose in DMEM to

generate a nonadherent surface. To produce multicellular
spheroids, 6000 cells suspended in 150 μL of culture media
were added into each agarose-coated well, and the plates were
incubated for 72 h at 37 °C and 5% humidified CO2 until
spheroids formed. For subsequent drug treatments and imaging
procedures, the spheroids were carefully transferred from 96-
well plates to fluorodish cell culture dishes. Spheroids with an
average diameter of ∼400 μm after 3 days growth were used for
the experiments.
The cytotoxicity of Ru(II) complexes toward MCTSs was

measured based on the solution ATP concentration with
CellTiterGlo kits (Promega).67 MCTSs of ∼400 μm diameters
were treated by carefully replacing 50% of the medium with
drug-supplemented standard medium using an 8-channel pipet.
In parallel, for the untreated reference MCTSs, we replaced
50% of the medium of the solvent-containing or solvent-free
medium. MCTSs were treated with nanoparticles and allowed
to incubate for 24 h. Then, the MCTSs were irradiated using a
0.25 W/cm2 808 nm laser for 5 min. The cytotoxicity of Ru@
SWCNTs with laser irradiation toward MCTSs was measured
based on the solution ATP concentration with CellTiterGlo
kits (Promega). The tests were also performed in parallel with
controls, which consisted of cells in the presence of the
nanocomposites without irradiation.

Live/Dead Viability Assay. The live/dead assay of MCTSs
was performed using the LIVE/DEAD viability/cytotoxicity kit
for mammalian cells (Life Technologies). Live cells were
distinguished by the presence of ubiquitous intracellular
esterase activity, as determined by the enzymatic conversion
of the virtually nonfluorescent cell-permeant calcein AM to the
intensely fluorescent calcein (λex = 488 nm, λem = 520 ± 20
nm). The determination of cell viability is dependent on these
physical and biochemical cell properties. After 2D HeLa cancer
cells/MCTS were treated with Ru@SWCNTs and an 808 nm
laser irradiation (0.25 W/cm2, 5 min), the cells (and their
respective controls) were incubated with calcein AM (2 μM)
solutions for 30 min (2D HeLa cells) or 60 min (MCTS) and
imaged directly using an inverted fluorescence microscope
(Zeiss, Model Axio Observer D1, Germany).

Photothermal Therapy In Vivo. BALB/c-(nu/nu) female
nude mice aged 4−5 weeks were purchased and bred in the
Center of Experiment Animals at Sun Yat-Sen University. All
experimental protocols were approved by the Sun Yat-Sen
University Animal Care and Use Committee. HeLa xenografts
were established by inoculating 2 × 106 cells via subcutaneous
injection (s.c.) into BALB/c-(nu/nu) female nude mice. When
the tumor volume reached ∼120 mm3, the nude mice were
randomly allocated into three groups (8 mice per group) before
the experiments.
The photothermal therapy process was as follows:

Group 1 (Ru1@SWCNTs + laser): mice were intra-
tumorally injected with the Ru1@SWCNTs (100 μL/20
g body weight of 1 mg/mL solution, a dose of 100 μg
Ru1@SWCNTs/20 g body weight), and then irradiated
for 5 min;
Group 2 (Ru2@SWCNTs + laser): mice were intra-
tumorally injected with the Ru2@SWCNTs (100 μL/20
g body weight of 1 mg/mL solution, 100 μg Ru2@
SWCNTs/20 g body weight), and then irradiated for 5
min;
Group 3 (laser only): mice were only irradiated by laser
as a control;
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Group 4 (Ru1@SWCNTs only): mice were intra-
tumorally injected with the Ru1@SWCNTs (100 μL/
20 g body weight of 1 mg/mL solution, a dose of 100 μg
Ru1@SWCNTs/20 g body weight);
Group 5 (Ru2@SWCNTs only): mice were intra-
tumorally injected with the Ru2@SWCNTs (100 μL/
20 g body weight of 1 mg/mL solution, a dose of 100 μg
Ru2@SWCNTs/20 g body weight).

Groups 1−3 were irradiated with a diode laser (808 nm, Hi-
Tech Optoelectronics Co., Ltd. Beijing, China). Thermal
imaging was recorded by a thermal camera (MAG30, Magnity
Electronics, Thermal Imaging Expert) when the tumors were
exposed to a 808 nm laser with a power density at 0.25 W/cm2

for 5 min.
After the irradiation (day 0), the tumor sizes were measured

using a caliper every 3 days. The mice with tumors were
photographed with a digital color camera at day 0, day 5, and
day 15. The tumor volumes were calculated based on the
following formula:

=
×

tumor volume (V)
(tumor length) (tumor width)

2

2

The relative tumor volumes were calculated as V/V0, where V0
was the initial tumor volume at day 0.
Histological Examination. At the end of the photothermal

therapy in vivo, all the mice of the three groups were sacrificed
and the organs (including liver, kidney, spleen, heart, lung,
brain, intestine, and ovaries) and tumor tissue were resected. A
portion of these fresh tissues were immersed in 4%
paraformaldehyde at 4 °C. For morphological studies, 6 μm
sections were obtained from paraffin-embedded samples,
processed according to the standard procedures for inclusion,
and rehydrated (xylene, alcohol, water). Sections were stained
with hematoxylin-eosin (H&E). (Hematoxylin has a deep blue-
purple color and stains nucleic acids; eosin is pink and stains
proteins nonspecifically.) In a typical tissue, nuclei are stained
blue, whereas the cytoplasm and extracellular matrix have
varying degrees of pink staining. The sections were observed
with an Olympus microscope to analyze the tissue structure and
cell state.
Statistical Analysis. Data were presented in the form of

mean ± standard deviation, and significance was assessed uaing
a Student’s t-test. Differences were considered to be significant
at P < 0.05.
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