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ABSTRACT
Purpose To establish a NIR (near infrared)-/pH-responsive and
sustained-release tumor-targeting drug delivery system (SWNT-
PEI/DOX/NGR).
Methods Functionalized SWNTs with polymerised polymeric
poly(ethylene imine) was linked NGR (Asn-Gly-Arg) tumor-
targeting peptide by DSPE-PEG2000-Maleimide via the maleimide
group and sulfhydryl group of cysteine, in the end, doxorubicin
(DOX) was attached to SWNT-PEI to obtain a SWNT-
PEI/DOX/NGR delivery system.
Results The SWNT-PEI/DOX/NGR delivery system has
significantly sustained-release effect and the slow release
of DOX in normal tissues contribute to reduced systemic
toxicity, while under 808 nm NIR laser irradiation or under
lower pH environment the release of DOX can be
accelerated.
Conclusions Due to hyperthermia sensitizer effect of DOX,
chemo-photothermal exemplified by SWNT-PEI/DOX/NGR
tumor-targeting delivery system is a promising approach to
anticancer therapy in vivo or in vitro.
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ABBREVIATIONS
DOX doxorubicin
DPM DSPE-PEG2000-Maleimide
NIR near infrared
SWNT-PEI polyethylenimine functionalized

single-walled carbon nanotubes
SWNTs single-walled carbon nanotubes

INTRODUCTION

In recent years, intelligent drug delivery systems have attracted
considerable attention due to their response to external stimuli,
such as temperature, pH, electric/magnetic field, light and
near infrared (NIR) laser irradiation (1–4). Compared
with traditional drug carriers, the intelligent drug delivery
system could carry drug more effectively to the targeted tissue
of complicated diseases such as cancers.

NIR-/pH-stimuli responsive carriers have been reported
broadly. These two factors NIR and pH could be regulated
easily by external triggers (5–7). Therefore, these NIR-
responsive carriers were used in tumor local photothermal
therapy due to the increasing selectivity of drugs towards
tumor cells. It is known that tumor tissues have lower pH
value than normal tissues (8), and doxorubicin (DOX) could
be liberated rapidly in the acidic microenvironment in vitro
and in vivo (9,10).

It has been proved that long-term exposure of ailing tissues
to moderate drug concentrations using controlled or sustained
release formulations is more beneficial than a pulsed supply of
the drug at higher concentrations (11). Administration of
unformulated DOX by intravenous injection leads to a spank-
ing spiking release and a subsequent fall in the drug concentra-
tion, even below the therapeutic level in blood. Tackling this
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problem head on, an effective drug carrier needs to be
constructed.

As a widespread concern on nano-material carrier,
SWNTs have unusual properties, resulting in being valuable
for biomedical applications in a variety of areas including drug
delivery, biological imaging, biosensor and photothermal
therapy. However, their inherent hydrophobicity limits their
application in biomedicine and thus leads to searching water-
soluble SWNTs, and a lot of methods have been proposed to
solve this problem (12–14). Herein, we used branched PEI to
modify SWNTs.

Biological systems are known to be highly transparent under
700~1,100 nm near-infrared light. A number of studies have
shown that the strong optical absorbance of SWNTs can be
used for photothermal therapy (15,16). Continuous NIR irra-
diation can cause cell death because of excessive local heating of
the SWNTs (17). And our previous study reported that the
SWNT-NGR-DTX drug delivery system showed higher effi-
cacy than docetaxel (DTX) in suppressing tumor growth in vitro
and in vivo in combination with photothermal therapy (18).

In this study, we synthesised SWNT-PEI, which showed
significantly sustained-release effect of DOX in normal tissues,
contributing to reduced systemic toxicity. DSPE-PEG2000-
Maleimide (DPM) was added to SWNT-PEI to prolong their
blood circulation time and also to link NGR peptide to their
surface with maleimide group to obtain a tumor-targeting drug
delivery system (SWNT-PEI/DOX/NGR). NIR-/pH -
responsive property of SWNT-PEI/DOX/NGR was used to
improve the release of DOX at tumor region. Finally, the
antitumor effect of chemotherapy-photothermal therapy of
SWNT-PEI/DOX/NGR in vitro and in vivo was investigated.

MATERIALS AND METHODS

Materials

MCF-7 human breast cancer cell line (Catalog No.TCHu74)
was obtained from Chinese Academy of Sciences Cell Bank.
NGR peptides (CNGRCK2HK3HK11) were synthesized by
Shanghai Botai Biotechnology Co., Ltd. SWNTs were pur-
chased from Chengdu Organic Chemicals Co.Ltd. (produced
by CVD, purity >90%, Catalog No. 1109). Doxorubicin hy-
drochloride (DOX⋅HCl, Catalog No. D1515), DSPE-
PEG2000-Maleimide (DPM, Avanti Catalog No. 880126P)
and all other reagents were purchased from Sigma.
Experimental animals were provided by Hunan Silaikejingda
Experimental Animal Co., Ltd.

Functionalization of SWNTs with PEI

According to our previous study (19), SWNTswere suspended
in 12 M HNO3, and stirred for 24 h at room temperature

to purify them. Purified SWNTs were treated with 4 M
HNO3 and 1 M HCl to obtain carboxylated SWNTs
(SWNT-COOH). SWNT-NH2 was obtained after reaction
of SWNT-COOH with ethylenediamine (EDA) and
dicyclohexylcarbodiimide (DCC) for 24~48 h at 120°C un-
der reflux. After that, SWNT-NH2 was immersed in SOCl2,
and then aziridine and a certain amount of HCl were added.
The solution was heated to reflux for 24 h under nitrogen to
obtain SWNT-PEI.

Characterizations of SWNT-PEI were investigated by
transmission electron microscopy (TEM), fourier transform
infrared (FT-IR) spectrum, nuclear magnetic resonance
(NMR) spectrum, thermogravimetric analysis (TGA) and
Water-solubility (19).

Preparation of SWNT-PEI/DOX/NGR

SWNT-PEI was put into 5 ml Milli-Q water (pH 7.4), and
then 100 μl DPM (1 mg/ml) was added and was kept in
ultrasonic bath for about 2 h. The supernatant was collected
after centrifugation (4,000 rpm×15 min), and NGR peptide
(CNGRCK2HK3HK11, NGR: maleimide (mol/mol)=1: 20
(20)) was added and stirred overnight at room temperature,
which resulted in the production of SWNT-PEI/NGR. The
solid was filtered through a membrane filter to remove excess
NGR.

Thin layer silica gel chromatography using n-
butanol:water:acetic acid (4:2:1) as the developing agent
and 0.5% ninhydrin solution as coloring agent was used
to test for conjugation of NGR to SWNT-PEI.

For preparation of SWNT-PEI/DOX/NGR and SWNT-
PEI/DOX, DOX (12 mg) was added into 4 ml SWNT-
PEI/NGR and SWNT-PEI (containing DPM) solution
(SWNTs≈1 mg/ml) in an ultrasonic bath for about 2 h,
respectively. To remove unloaded DOX, the SWNT-
PEI/DOX/NGR and SWNT-PEI/DOX mixture solutions
were filtered through a 0.1 μm filter with and then stored
at 4°C until use.

Characterizations of SWNT-PEI/DOX/NGR

UV–Vis Spectrum

The SWNT-PEI and SWNT-PEI/DOX complexes were di-
luted to a certain concentration, respectively, and analyzed with
an UV–vis spectrophotometer (UV-3600, Shimadzu, Japan).

Image of Transmission Electron Microscopy (TEM)

The SWNT-PEI/NGR and SWNT/DOX/NGR suspen-
sions were dripped onto the copper line, respectively, and
scanned by transmission electron microscopy (TEM, Tecnai
G2 20) at 100 kV.
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Drug Loading Capacity

The SWNT-PEI/DOXor SWNT-PEI/DOX/NGR resuspen-
sion was prepared as described in the section of preparation of
SWNT-PEI/DOX/NGR, and the amount of DOX in delivery
system was determined by an RF-5301PC spectrophotometer
(Shimadzu, Japan) at ex 503 nm and em 554 nm.

The drug loading capacity was calculated by the following
formulas:

Drug loading capacity %ð Þ

¼ Weight of DOX in the carrier
Weight of carrier

� 100%

Determination of Drug Release In Vitro

For release study, SWNT-PEI/DOX/NGR, SWNT-PEI/
DOX and DOX samples were placed into dialysis tubing
(Spectra/Por molecular weight cutoff 10,000), which were
dialyzed in 50 ml phosphate-buffered saline (PBS, 10 mM,
pH 7.4 and 5.0), respectively. The release assay was
performed at 37 °C with a stirring rate of 100 rpm. 0.2 ml
solution was taken from the dialysis tubing at various time
points, and replaced by the same volume of fresh PBS.

For release study under 808 nm NIR laser, the treat-
ments and groups were the same as described above with
the exception that 808 nm laser irradiation was
performed toward the dialysis tubing site for 1 min right
after PBS replacement at each time point. The concen-
tration of DOX released into PBS solution was quanti-
fied using HPLC under the above chromatographic
conditions.

Preparation of SWNT-PEI/DOX/NGR/FITC
and Cell Uptake

0.1 ml Fluorescein isothiocyanate (FITC) in dimethyl sulfoxide
(1 mg/ml) was added to 5 ml SWNT-PEI/DOX/NGR, and
the mixture was then sonicated and protected from light. Gel
chromatography was used to remove the excess FITC by a
Sephadex G-25 column (Sigma) (17).

Breast cancer cell lineMCF-7 cells were cultured in normal
RPMI-1640 culture medium with 10% fetal bovine serum
(FBS) and 1%penicillin/streptomycin at 37°C, 5%CO2 in an
incubator (MCO-15 AC, Sanyo). The cells were plated into
chambered cover-slides at a density of 1×105 cells/well 24 h
prior to incubation with FITC, SWNT-PEI/DOX/FITC and
SWNT-PEI/DOX/NGR/FITC (SWNTs was 2~5 μg/ml).
The cells were incubated at 37°C for 1 h, 2 h and 4 h,
respectively. After incubation, the cells were washed twice with
PBS and then fixed in 4% formalin for about 15 min, and then

washed with Milli-Q water to remove formalin. The cells were
imaged by a fluorescence microscopy (Zeiss LSM 510).

Cell Cytotoxicity Assay

MCF-7 cells were plated in 96-well plates and incubated for
24 h. For evaluation of the cytotoxicity of SWNT-PEI/NGR
on cells, MCF-7 cells were treated with various concentra-
tions of SWNT-PEI/NGR to investigate cytotoxicity. For
cell cytotoxicity measurements, DOX, SWNT-PEI/DOX,
and SWNT-PEI/DOX/NGR were added to MCF-7 cells
and incubated for 24 h to detect the inhibition of the cells.

For laser irradiation experiment, the cells were treated in
the same way. After 4 h treatment, the cells were then subject
to 808 nm NIR irradiation for 1 min. After culture for 24 h,
cell viability was measured by sulforhodamine B assay (SRB).

Cell Apoptosis Detection

Changes in cell morphology were analyzed using fluorescence
microscopy. The incubations of DOX, SWNT-PEI, SWNT-
PEI/NGR, SWNT-PEI/DOX, SWNT-PEI/DOX/NGR
(DOX: 10 μg/ml; SWNTs: ~4 μg/ml) withMCF-7 cells were
carried out on cover glasses in 6-well plates. After 4 h incuba-
tion, cells were washed with PBS, and then fresh medium was
added. For laser irradiation, the treatments and groups were
the same as above.

After cultured for 24 h, cover glasses were fixed with
methanol at −20°C for 10 min, and cells were stained with
Hoechst-33258, (H-33258 10 μg/ml in distilled water for
5 min) to visualize the DNA chromatin. After being washed
and air-dried, preparations were mounted in DPX (Serva,
Heidelberg, Germany) and observed under UV excitation.

Xenograft Tumor Mouse Model

Female BALB/c nude mice at age of 4~6 weeks were
obtained from Experimental Animal Center of Zhengzhou
University, kept in filter-topped cages with standard rodent
chow and water available ad libitum, and a 12 h light/dark
cycle. The experiments were performed according to the
national guidances and approved by experiment animal eth-
ical committee. MCF-7 tumor-bearing models were
established by subcutaneous injection (s.c.) of 2×107 MCF-7
cells in 0.2 ml PBS into the right shoulder of nude mice. The
mice were used for treatment when the tumor volume reached
about 100 mm3 (7 days after tumor inoculation).

Pharmacokinetics Study

All experimental procedures were approved by experiment
animal ethical committee. The saline, DOX, SWNT-PEI/
DOX and SWNT-PEI/DOX/NGR were administered at a
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DOX dosage of 7.5 mg/kg by tail vein injection into tumor-
free healthy mice, respectively. The mice were fasted for 12 h
before injection, but had access to water ad libitum. Blood
samples were collected from the tail vein into heparinized
capillaries at 0.083, 0.25, 0.5, 1, 2, 4, 8, 12 and 24 h after
administration. Plasma (about 10 μl) was mixed with saline,
50% methanol, and ZnSO4 (final concentration: 400 mg/ml)
and centrifuged at 15,000 rpm for 10 min in a microcentrifuge;
the supernatants were then collected. A 15 μl aliquot of each
supernatant was mixed with 5 μl of the internal standard
(daunorubicin, 10 μg/ml in methanol), 22.5 μl ice-cold meth-
anol, and 7.5 μl Milli-Q water, and filtered through a 0.22 μm
filter (Millipore).

Samples were analyzed on a Shiseido Capcell Pak C18 IF
column (50×2.0 mm, 2 μm). The mobile phase consisted of a
mixture of 50 mM sodium phosphate buffer (pH 2.0) and
acetonitrile (65: 27, v/v). The mobile phase was delivered at a
rate of 300 μl/min, and the column temperature was
maintained at 25°C. The fluorescence detector was operated
at an excitation wavelength of 480 nm and an emission wave-
length of 550 nm.

The concentrations of DOX in plasma from the tumor-
free healthy mice were measured after intravenous injection
of DOX, SWNT-PEI/DOX, or SWNT-PEI/DOX/NGR.
The dose of DOX used in this study was chosen to approx-
imate the dosage of DOX used in humans.

Biodistribution Study

Animals received a single i.v. injection of free DOX, SWNT-
PEI/DOX or SWNT-PEI/DOX/NGR solution at a DOX
equivalent dose of 7.5 mg/kg in bacteriostatic 0.9% NaCl
solution. The mice (5 per group) were sacrificed at 24 h after
administration. The blood and tissues (including heart, liver,
spleen, lung, kidney and tumor) were harvested, weighed
and homogenized in a solution (chloroform: methanol=4:
1) for biodistribution analyses.

In brief, tissues were homogenised into 0.2 M sodium
phosphate buffer at pH 7.4, the weight ratio of tissues to
buffer was 1:3. 2 ml of mixture of chloroform and methanol
(4:1) was added into 200 μl homogenate or plasma and then
vortexed virorously. The chloroform layers were collected
after centrifugation at 4,000 rpm for 15 min at room
temperature.

The concentration of DOX was determined by HPLC
(1100 Agilent, USA) at the following conditions: an Agilent
1200 Eclipse XDB-C18 column (150 mm×4.6 mm, 5.0 μm);
mobile phase methanol: 0.01 mol/L potassium dihydrogen
phosphate: glacial acetic acid (68:31.5:0.5); column tem-
perature 30°C; flow rate 1.0 ml/min; injection volume
40 μl; and fluorescence detection wavelength: excitation
wavelength (480 nm) and emission wavelength (550 nm)
(10). Absorbance at 808 nm (A808) was used to determine

the SWNTs concentration in the suspension by visible
spectrophotometry (UV-3600, Shimadzu, Japan) (17).

Animal Treatments

The mice were divided into six groups (5 mice per group): NS,
DOX, SWNT-PEI, SWNT-PEI/NGR, SWNT-PEI/DOX
or SWNT-PEI/DOX/NGR (DOX: 7.5 mg/kg, SWNTs:
~3 mg/kg) were intravenously injected into mice via tail vein
every other day, respectively. The mice were observed daily
for clinical symptoms and tumor sizes were measured by a
caliper every other day and the volume was calculated as
(tumor width)2×(tumor length)/2.

After treatment for 14 days, the mice were sacrificed
to collect heart, liver, spleen, lung, kidney, brain and
tumor, and the collected tissues were soaked in 10%
formalin solution, embedded with paraffin for H&E
stain. Morphological changes were observed under
Microscopy (Zeiss LSM 510).

Statistical Analysis

Quantitative data were expressed as Mean ± SD and ana-
lyzed by an analysis of variance (ANOVA) followed by
Dunnett post test. P values <0.05 were considered statisti-
cally significant.

RESULTS AND DISCUSSIONS

Functionalization and Characterization of SWNT-PEI

To improve the solubility of SWNTs in water, functionalization
of PEI was performed via a cationic polymerization of aziridine
in the presence of amine-functionalized SWNTs (SWNT-
NH2), and SWNT-NH2 was obtained by introducing
ethylenediamine onto the surface of SWNTs. Specifically,
SWNT-PEI was synthesized in this study through purification,
oxidation, amination and polymerization, indicating that
SWNT-PEI yield was 40±5 wt.% with great repeatability
(Fig. 1).

The pristine SWNTs contained impurities such as amor-
phous carbons, nanoparticles, and metal catalysts. TEM re-
sults showed that the appearance of pristine SWNTs was
twisted, and winded up forming a large bundle (for details
see Supplementary Material Fig. S1a). However, the surface
of SWNTs was significantly changed after purification (for
details see Supplementary Material Fig. S1b and Fig. S1c),
while SWNT-PEI (for details see Supplementary Material
Fig. S1d) looked rough with a layer of material attached to
the sidewalls of SWNTs.

FT-IR spectrum (for details see Supplementary Material
Fig. S2a) showed no significant changes in the basic structure
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of pristine SWNTs after carboxylation and amination.
However, typical peaks at 1,710 cm−1 (Peak 1) for carboxyl
group and at 1,630 cm−1 (Peak 2) for primary amine were
found after carboxylation and amination of SWNTs, respec-
tively. The typical peaks at 600~800 cm−1 (Peak 3) and
3,727 cm−1 (Peak 4) all indicated the attachment of amidogen
to SWNTs.

Comparison of 1H NMR spectrum (for details see
Supplementary Material Fig. S2b) of SWNT-PEI in D2O
with that of PEI in D2O (pH 7.0) indicated that polymerized
PEI on the surface of SWNTs and pure PEI have the same
chemical shift at 3.6~3.7 (ppm). The typical peak of SWNT-
PEI is significantly downsized maybe due to the protonation.

The amount of PEI attached to SWNTs was investigated
by thermogravimetric analysis (TGA). SWNTs were stable up
to 675°C, while pure PEI was absolutely degraded at about
525°C. The weight loss of SWNTs, SWNT-NH2 and SWNT-
PEI were 0, ~1.1% and ~9.23% at 525°C, respectively, thus
the weight ratio of PEI on the surface of SWNTs was ~8.12%
(for details see Supplementary Material Fig. S2c).

The solubility of SWNT-COOH and SWNT-NH2 was
poor. However, SWNT-PEI showed much better solubility.
Even in RPMI-1640 medium with 10% FBS SWNT-PEI
was soluble and stable for weeks or even up to months (for
details see Supplementary Material Fig. S2d).

Synthesis and Characterization
of SWNT-PEI/DOX/NGR

To optimize drug loading time, we have detected the
DOX loading capacity at 0.25 h, 0.5 h, 1 h, 2 h, 4 h,

8 h and 12 h, showing that the loading capacity of DOX
reached maximum at 2 h (for details see Supplementary
Material Fig. S3).

Thin layer silica gel chromatography results showed no free
NGR spot after reaction with NGR peptides, indicating that
NGR had been completely attached to the surface of SWNT-
PEI. Maleimide in the DPM conjugate could undergo an
addition reaction with the double bond in sulfhydryl groups
of cysteine at room temperature to connect covalently with
CNGRCK2HK3HK11 (C, containing sulfhydryl groups).

The molecular basis behind NGR tumor-homing proper-
ties suggests that this motif can specifically bind to cells ex-
pressing aminopeptidase N (CD13) (21,22). Studies showed
that CD13 was highly expressed in MCF-7 human breast
cancer cell line, so MCF-7 cells were used in this study (23).
In this study, DPM was added to reduce the toxicity of PEI
induced by positive charge and conjugate NGR peptides,
resulting in the biocompatibility of SWNTs and increased
blood circulation time of the drug delivery system in vivo.

In SWNT-PEI/DOX/NGR drug delivery system
(Fig. 1), DOX was adsorbed on to SWNT-PEI through π-π
stacking. DOX loaded on SWNT-PEI/NGR was con-
firmed by a strong absorption peak at around 254 nm
over SWNT-PEI/NGR background (Fig. 2a). SWNT-
PEI/DOX/NGR was stable in water, cell culture medium
and plasma of mice over weeks without significant
aggregation (Fig. 2b).

TEM showed that some particles were attached to
SWNT-PEI (Fig. 2e), demonstrating that while DOX was
attached to the surface of SWNT-PEI, the surface morphology
become so (Fig. 2d).

Fig. 1 The approach for
preparing SWNT-PEI and
SWNT-PEI/DOX/NGR drug
delivery system.
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To determine the capacity of DOX loading onto SWNT-
PEI/NGR, different ratios of SWNT-PEI to DOX were
performed. The results indicateding that DOX loading ca-
pacity increased from about 43% to 248% with increasing
amount of added DOX (Fig. 2-c). A DOX loading of 248%
(SWNT-PEI: DOX≈ 1: 3) was chosen for the following ex-
periments. SWNT-PEI/DOX/NGR exhibited a high load-
ing capacity of DOX due to the supramolecular π-π stacking
between DOX and SWNT-PEI, indicating that SWNT-PEI
was a promising material for drug delivery.

To investigate the release kinetics of DOX from SWNT-
PEI/DOX/NGR delivery system, we incubated the delivery
system in PBS (10 mM, pH 7.4 and 5.0). As shown in Fig. 3,
DOX release from SWNT-PEI/NGR was sustained over
8 days. In contrast, the release of DOX group was very fast,
indicating that interaction between SWNT-PEI/NGR,
SWNT-PEI and DOX plays a critical role in the release of
drug due to a dendritic structure of PEI grafted on the
surface of SWNTs (24). It is demonstrated that the SWNT-
PEI/DOX/NGR delivery system has a sustained-release
manner.

Figure 3 showed the cumulative release of the DOX from
the SWNT-PEI/DOX/NGR delivery system at pH 5.0 and
7.4 as a function of time. DOX release at pH 5.0 was faster

than that at pH 7.4. The observed pH dependency can be
attributed to increased hydrophilicity and higher solubility of
DOX at lower pH caused by the protonation of -NH2 groups,
thus reducing interactions between DOX molecules and
SWNTs. The microenvironments of extracellular of tumors,
intracellular lysosomes and endosomes are acidic, and this

Fig. 2 a) UV–vis spectrum of (a) DOX, b) SWNT-PEI; (b) Photo of SWNT-PEI/DOX/NGR in water; (c) DOX loading capacity at different feeding amounts of
DOX; (d) TEM picture of SWNT-PEI; (e) TEM picture of SWNT-PEI/DOX/NGR; (f) Thin layer silica gel chromatography image of 1-(NGR), 2-(SWNT-PEI/NGR).

Fig. 3 DOX release profile from the SWNT-PEI/DOX/NGR at pH 5.0
and pH 7.4 with or without NIR laser irradiation. (Mean ± SD, n=3).
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acidity could facilitate DOX release from SWNT-
PEI/DOX/NGR. The sustained-release and pH-responsive
DOX release from SWNT-PEI/DOX/NGR could be
exploited for drug delivery applications.

The DOX release in vitro under 808 nm NIR laser in-
creased significantly (P<0.05) (Fig. 3), indicating that NIR
laser not only induce heating SWNTs in vitro (19), but also
increase the release of drugs loaded on SWNTs due to NIR-
trigger (4,5) and strengthen the diffusion coefficient of the
DOX molecules (25).

Cell Uptake of SWNT-PEI/DOX/NGR

As shown in Fig. 4, fluorescence microscopy was applied
to track the location of the fluorescein-labeled SWNTs
inside MCF-7 cells. When the cells were treated with
FITC alone, FITC is mainly distributed outside the
cells, suggesting little FITC in cells. However, when
MCF-7 cells were incubated with SWNT-PEI/DOX/
FITC and SWNT-PEI/DOX/NGR/FITC, the uptake
amounts increased with time increment. Although drugs
can enter cells by themselves, SWNTs still play an
important role because they enable molecular targeting
via the attachment of NGR peptides. Although much
SWNT-PEI/DOX/NGR/FITC was taken into MCF-7
cells at 4 h, but only a part of SWNT-PEI/DOX/FITC

was transferred into the cells at this time point,
suggesting that NGR tumor-targeted peptide could en-
hance uptake of the delivery system by MCF-7 cells.

Cell Viability

The cytotoxicity study of SWNT-PEI/NGR on MCF-7 cells
was carried out at different concentrations. As shown in
Fig. 5a, cell inhibition remained less than 10% when the
concentration of SWNTs was lower than 30 μg/ml, so the
concentration of SWNTs used in the following experiments
were lower than 30 μg/ml, and we consider that had no
obvious toxicity to MCF-7 cells.

SWNT-PEI/NGR had no significant cytotoxicity on
MCF-7 cells at the concentration of DOX of 10 μg/ml and
SWNTs of about 4 μg/ml (Fig. 5a). The cell viability of DOX,
SWNT/DOX, and SWNT/DOX/NGR were positively
correlated with dose and time. SWNT-PEI/DOX/NGR
had a higher inhibition efficiency on MCF-7 cells than
SWNT-PEI/DOX and DOX alone (P<0.05) at 24 h
(Fig. 5c); however, no significant difference between SWNT-
PEI/DOX/NGR and SWNT-PEI/DOX was found at
48 h and 72 h (Fig. 5d, e), suggesting that the tumor targeting
advantage of NGR is gradually reduced with prolonged time.
SWNT-PEI/DOX/NGR and SWNT-PEI/DOX were both
higher than DOX alone for inhibition efficiency on MCF-7

Fig. 4 Fluorescence microscopic
images of MCF-7 cells: (a)
FITC group; (b)
SWNT-PEI/DOX/FITC; (c)
SWNT-PEI/DOX/
NGR/FITC at 1, 2, and 4 h.
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cells (P<0.05) at all the time point, suggesting that the delivery
system could deliver more DOX into tumor cells and enhance
efficiency of inhibition on MCF-7 cells.

Compared with no laser irradiation groups (Fig. 5c), the
inhibition efficiency of DOX + Laser, SWNT-PEI/DOX +
Laser and SWNT-PEI/DOX/NGR + Laser groups on
MCF-7 cells were all increased (P<0.05), respectively
(Fig. 5b). As shown in Fig. 5b, the inhibition efficiency of
SWNT-PEI/DOX/NGR + Laser group were significantly
increased compared with control groups. Due to excessive
local heating, functionalized SWNTs can be used for
photothermal therapy under NIR laser (15,26,27). Kosuge
et al. reported that photothermal destruction of macrophage
cells (RAW264.7) were performed with SWNTs exposed to
an 808-nm light source (28). Zhou et al. used FA-SWNT
effectively enhance the photothermal destruction on tumor
cells (15). And the results in this study were agreement with
the above reports, hypothesized that heat produced by
SWNTs killed cancer cells, and DOX is a temperature-
and pH-responsive drug (7,29) to suppress cell growth more

effectively at higher temperature (with NIR laser treatment)
and at lower pH value (the microenvironments of extracel-
lular of tumor cells). In addition, NIR laser can trigger drug
release (30). Sherlock et al. (31) reported that highly efficient
loading of DOX by π-stacking on the graphitic shell to afford
FeCo/GC-DOX complexes and pH sensitive DOX release
from the particles. They observed enhanced intracellular
drug delivery by FeCo/GC-DOX under NIR laser
(808 nm) inducing hyperthermia, resulting in a significant
increase of FeCo/GC-DOX toxicity toward breast cancer
cells. Due to the above reasons, the SWNT-
PEI/DOX/NGR delivery system was exhibited significantly
antitumor effect on MCF-7 cells with 808 nm NIR laser
treatment.

Cell Apoptosis

With H-33258 stained, characteristic morphological changes
of MCF-7 cells were found in fluorescence photomicro-
graphs (Fig. 6). It was found that apoptosis rate of control

Fig. 5 (a) Cytotoxicity of SWNT-PEI/NGR on MCF-7 cells; (b) Inhibition efficiency of MCF-7 cells with NIR laser irradiation; Inhibition efficiency of MCF-7
cells at 24 h (c), 48 h (d) and 72 h (e). (Mean ± SD, n=3).
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group was about 1.8±0.23%, and there is no significant
difference between control group and control + Laser group
2.0±0.25% (Fig. 6).

However, DOX, SWNT-PEI, SWNT-PEI/NGR and
SWNT-PEI/DOX/NGR caused significant apoptosis in
MCF-7 cells with an apoptotic rate of 18.4±1.58%, 6.5±
0.43%, 8.7±0.51% and 38.6±2.45%, respectively, com-
pared with control group (P<0.05), demonstrating that
DOX and SWNT-PEI/NGR could induce apoptosis, sepa-
rately, while the apoptosis cells rate of SWNT-PEI/DOX/

NGR was significantly higher than other groups (P<
0.05), respectively. With NIR laser irradiation, the
amount of apoptotic cells increased obviously with the
exception of control group. DOX, SWNT-PEI, SWNT-
PEI/NGR, and SWNT-PEI/DOX/NGR could induce
cell apoptosis, and the apoptotic rate increased signifi-
cantly under 808 nm laser treatment, respectively (P<
0.05), indicating that there was an synergistic effect
while the cells were treated with SWNT-
PEI/DOX/NGR delivery system under NIR laser.

Fig. 6 Fluorescence photomicrographs of MCF-7 cells with (A’, B’, C’, D’, E’, F’) or without (a, b, c, d, e, f) NIR laser treatment: the groups from left to right
were Control, DOX, SWNT-PEI, SWNT-PEI/NGR, SWNT-PEI/DOX and SWNT-PEI/DOX/NGR group (200×). (g) Apoptosis rate of MCF-7 cells with or
without NIR laser irradiation. (Mean ± SD, n=200).

NIR-/pH-Responsive Tumor-Targeting Drug Delivery 2765



Pharmacokinetics and Biodistribution

To investigate the pharmacokinetics of this delivery system, we
determined DOX concentration by HPLC in blood samples of
BALB/c mice after injection of DOX, SWNT-PEI/DOX, or
SWNT-PEI/DOX/NGR at different times (Fig. 7). These
results suggested the rate of decrease of DOX was faster than
that of SWNT-PEI/DOX and SWNT-PEI/DOX/NGR af-
ter administration. The DOX concentration in blood declined
below the quantitation limit, while the decrease rate of SWNT-
PEI/DOX and SWNT-PEI/DOX/NGR was evidently
slower, and the decrease rates in between these two groups
were not significantly different, but both were markedly differ-
ent from that of the DOX group (P<0.05).

The area under the curve (AUC0-inf) and the area under
the first moment of the plasma concentration-time curve
(AUMC) of SWNT-PEI/DOX/NGR (4.096 (μg/ml)*h and
70.712 μg/ml*h2) was about 3 times and 15 times greater

than that of DOX (1.472 (μg/ml)*h and 4.789 μg/ml*h2),
respectively. The elimination rate (CL) of SWNT-PEI/DOX/
NGR and DOX were 1.831 and 5.095 ((mg/kg)/(μg/ml)/h)
(Table I). The mean residence time (MRT) of SWNT-PEI/
DOX/NGR (17.265 h) was about 5 times longer than that
of DOX (3.254 h), indicating that SWNT-PEI/DOX/NGR
significantly improved the blood circulation time of DOX
in vivo and this tumor-targeting drug delivery system has a role
in sustained-release of DOX, which is consistent with the
results in vitro.

The biodistribution of DOX, SWNT-PEI/DOX and
SWNT-PEI/DOX/NGR was investigated to understand
the tumor treatment efficacy of various DOX formulations.
As shown in Fig. 8, there were significant differences for the
biodistributions of DOX in the three formulations.
Differences in biodistributions of DOX were obvious at 4 h
after injection, and SWNT-PEI/DOX with high DOX con-
centrations in liver, spleen and lung were observed.

Fig. 7 Mean DOX
concentration in plasma after
intravenous administration of
DOX, SWNT-PEI/DOX, and
SWNT-PEI/DOX/NGR
(Mean ± SD, n=5).

Table I The pharmacokinetic
parameters of DOX after
intravenous administration
of DOX, SWNT-PEI/DOX,
and SWNT-PEI/DOX/NGR in
mice, respectively. (n=5)

Parameter Unit DOX SWNT-PEI/DOX SWNT-PEI/DOX/NGR

t1/2α h 0.023 0.06 0.079

t1/2β h 3.495 0.748 0.872

t1/2γ h – 11.434 13.006

V (mg/kg)/(μg/ml) 0.463 3.785 4.726

CL (mg/kg)/(μg/ml)/h 5.095 2.202 1.831

AUC0-t μg/ml*h 1.384 2.685 3.051

AUC0-inf μg/ml*h 1.472 3.406 4.096

AUMC μg/ml*h^2 4.789 51.172 70.712

MRT h 3.254 15.022 17.265
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Compared with DOX group, the concentrations of DOX in
heart were both significantly lower than the other two groups,
respectively. It is known that DOX has distinct cardiac toxic-
ity, however, the DOX delivery system in the study can
decrease the DOX concentration in heart, suggesting that it
can reduce cardiac toxicity. The value of DOX of the SWNT-
PEI/DOX and SWNT-PEI/DOX/NGR groups were much
lower in blood at 24 h after injection, while the DOX alone
group can not be detected (Fig. 8, inset).

It is worth noting that the tumor uptake of DOX in
SWNT-PEI/DOX/NGR group was significantly higher
than that in SWNT-PEI/DOX group and DOX group
(P<0.05). The higher drug delivery efficiency to tumor
by SWNT-PEI/DOX/NGR was striking and directly
responsible for its higher tumor suppression efficacy
than the other formulations.

Tumor Growth Inhibition of Tumor In Vivo

The treatments were done by injection of DOX, SWNT-PEI,
SWNT-PEI/NGR, SWNT-PEI/DOX and SWNT-
PEI/DOX/NGR (DOX dose: 7.5 mg/kg, SWNT dose: 3-
mg/kg, once every 2 days) i.v. into MCF-7 tumor-bearing
nude mice. As shown in (Fig. 9b), time-related changes in
tumor volume were observed in all groups. After 14 days
treatment, compared with the saline (NS), apparently de-
creased in tumor size was found in SWNT-PEI/DOX and
SWNT-PEI/DOX/NGR groups, respectively (P<0.05),
While the SWNT-PEI/DOX/NGR has a significant differ-
ence compared with the SWNT-PEI/DOX group (P<0.05).
The in vitro release result showed that lower pH value
can reduce interactions between DOX molecules and

SWNTs to increase the release rate of DOX in tumor region.
While there was no significant difference observed among the
three groups of NS, SWNT-PEI and SWNT-PEI/NGR,
suggesting that the reduction in tumor size was related to
DOX treatment.

The tumor size in the SWNT-PEI and SWNT-PEI/NGR
groups with laser irradiation were decreased compared
to SWNT-PEI (P<0.05) and SWNT-PEI/NGR (P<
0.05) groups without laser irradiation, respectively. No
significant difference was found between the NS group
and NS + laser group (Fig. 9a), suggesting that laser
irradiation did cause tumor growth inhibition through
SWNTs.

It was found that there was a significantly smaller tumor
volume in the SWNT-PEI/NGR + laser (P<0.05) and
SWNT-PEI/DOX/NGR + laser group (P<0.05) compared
with the SWNT-PEI + laser and SWNT-PEI/DOX + laser
group, respectively, suggesting that NGR peptide mediated
more SWNTs to be transferred into tumors, consequently
inducing more effective hyperthermia.

Consequently, the SWNT-PEI/DOX/NGR + laser
group showed the strongest antitumor effect, which confirmed
that radiation at 808 nm can significantly enhance the
antitumor effect. This strongest antitumor effect resulted
not only from the photothermal therapy effect of
SWNTs (32,33), but also from the NIR-/pH-responsive
drug release effect (25,34) and the NGR tumor targeted
effect (22,35). Allowing for high toxicity usually leads to
weight loss (36,37), we measured the body weight of
MCF-7 tumor-bearing nude mice during the treatments,
and no weight loss was observed (Fig. 9e, f), indicating
that there was no significant cytotoxicity of this drug

Fig. 8 Biodistribution in MCF-7
tumor-bearing nude mice injected
with DOX, SWNT-PEI/DOX,
and SWNT-PEI/DOX/NGR
at 4 h after injection (i.v.).
(Mean ± SD, n=5).
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delivery system to mice. All these results indicated that
the SWNT-PEI vector can delivery chemotherapy drugs
with NIR-/pH-responsive, sustained-release, and en-
hance tumor-targeting effects in vitro and in vivo.

Histological Analysis

In this study, histological analysis was performed in the
major organs including heart, liver, spleen, lung, kidney
and tumor with or without NIR laser irradiation in nude
mice (Fig. 10). It is well known that the cytotoxicity of
SWNTs is a concern for their in vivo applications
(12–14,38,39). Physicochemical properties of SWNTs such
as shape, diameter, conductance and surface chemistry of
SWNTs gained during manufacturing processes play a key
role in their toxicity (40). A number of studies showed that

SWNTs with carefully designed biocompatible coatings are
harmless to cells in vitro and in vivo within tested dose ranges
(41,42).

Herein, the results of nude mice tissues in all groups con-
taining SWNTs showed no significant toxicity among the
major organs compared with control group (NS group), but
clear differences in tumor histology were detected. Tumor
cells were more heterogenous with cell necrosis, cell lysis and
cell fragment to a certain extent occurred in H&E staining
sections from DOX, SWNT-PEI/DOX and SWNT-
PEI/DOX/NGR groups. No significant morphological
change was found in SWNT-PEI, SWNT-PEI/NGR and
NS groups, respectively. However, regarding the laser groups,
no significant change was found in NS + laser group, and the
number of cells in SWNT-PEI and SWNT-PEI/NGR groups
was decreased and some nuclei condensed, while the cells

Fig. 9 MCF-7 tumor-bearing nude mice model with or without NIR laser treatment: Average tumor size in nude mice models under treatment with (a) or
without (b) 808 nm NIR laser irradiation in vivo; image of dissected tumors of SWNT-PEI/DOX/NGR with (c) or without (d) laser irradiation; mean body weight
of nude mice in different groups with (e) or without (f) laser irradiation. The SWNT-PEI/DOX/NGR + Laser group showed significant (P<0.05) suppression of
tumor growth compared with the other experimental groups with laser irradiation (n=5), and each laser irradiation group containing SWNT shows significant
(*P<0.05) suppression of tumor growth compared with the group without laser irradiation treatment, respectively. (Mean + SD, n=5).
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construction in SWNT-PEI/DOX and SWNT-
PEI/DOX/NGR groups was friable, and the nuclear mem-
brane appeared unsmooth, indicating that chemo-
photothermal therapy obviously changed the morphology of
tumor tissues.

CONCLUSIONS

In conclusion, a SWNT-PEI/DOX/NGR intelligent delivery
system was successfully developed, which showed the charac-
teristics of NIR-/pH-responsiveness, sustained-release, and
tumor-targeting. DOX delivered by SWNT-PEI/DOX/NGR
presented significant tumor growth inhibition in vitro and in vivo,

demonstrating that the intelligent delivery system has potential to
be applied in chemo-photothermal therapy.
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