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Abstract: Carbon nanotube (CNT)-based drug delivery vehicles might find great potential
in cancer therapy via the combination of chemotherapy with photothermal therapy due to the
strong optical absorbance of CNTs in the near-infrared region. However, the application of
CNTs in cancer therapy was considerably constrained by their lack of solubility in aqueous
medium, as well as the cytotoxicity caused by their hydrophobic surface. Intracellular delivery
efficiency is another factor determining the application potential of CNTs in cancer therapy.
In the present study, low-molecular-weight chitosan conjugated with transactivator of transcrip-
tion (TAT) peptide was used for noncovalent functionalization of multiwalled carbon nanotubes
(MWCNTs), aiming at providing a more efficient drug delivery vehicle for cancer therapy. The
TAT—chitosan-conjugated MWCNTs (MWCNTs-TC) were further investigated for their water
solubility, cytotoxicity, cell-penetrating capability, and accumulation in tumor. It was found
that MWCNTs-TC were essentially nontoxic with satisfying water solubility, and they were
more efficient in terms of cancer-targeted intracellular transport both in vitro and in vivo as
compared with chitosan-modified MWCNTs (MWCNTs-CS), suggesting the great application
potential of MWCNTs-TC in cancer therapy.
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Introduction

Carbon nanotubes (CNTs) have been attracting increasing attention as potential delivery
vehicles for intracellular transport of nucleic acids, proteins, and drug molecules due
to their unique properties such as their high surface area-to-volume ratio.'” One of
the intrinsic properties of CNTs is their strong optical absorbance in the near-infrared
(NIR) region, which was reported to enhance thermal destruction of cancerous cells
during NIR laser irradiation, revealing the great application potential of CNT-based
drug delivery vehicles in cancer therapy by combining chemotherapy with physical
therapy such as photothermal therapy.®”

However, the application of CNTs in cancer therapy was considerably constrained
by their lack of solubility in aqueous medium, as well as the cytotoxicity caused by their
hydrophobic surface. To resolve this problem, a number of procedures were designed
to attach appropriate molecules on the CNT surface, a process called functionalization,
to increase their solubility or dispersion and lower their toxicity. Further chemical
reactions with various functional molecules including therapeutic agents or targeting
moieties have been demonstrated to significantly improve their performance as drug/
gene delivery vehicles. !4
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Functionalization of CNTs could be realized by either a
covalent or noncovalent approach. Covalent functionaliza-
tion is usually governed by oxidation of CNTs with strong
acids which generates COOH or OH on the CNT surface.'
CNTs can also noncovalently interact with various mol-
ecules through weak interactions such as surface adsorption,
n—r stacking, electrostatic interactions, hydrogen bonding
or van der Waals force.!*'® Since covalent functionaliza-
tion would definitely alter the electronic structure of CNTs,
and hence might potentially affect their physical properties,
noncovalent functionalization is more attractive as it offers
the facility of associating functional groups with the CNT
surface without changing the system of the grapheme lattice,
and thus not modifying their electrical or physical properties.
A variety of biomolecules, polymers, and surfactants have been
utilized for noncovalent functionalization of CNTs.!%!

Chitosan (CS), a cationic polysaccharide derived from chitin,
has been intensively investigated as a drug/gene delivery vehicle
and tissue engineering scaffold, owing to its excellent biocom-
patibility, biodegradability, and low immunogenicity.?>? Previ-
ous reports showed that the functionalization of CNTs with CS
through surface adsorption could increase their dispersibility in
the solution.??” A novel immunologically modified nanotube
system invented by Zhou et al*® using glycated CS-modified
single-walled CNTs resulted in highly effective tumor suppres-
sion in animal tumor models, with complete tumor regression
and long-term survival in many cases.

The capability of efficiently penetrating into cells is
one of the prerequisites for the drug/gene delivery vehicles.
Transactivator of transcription (TAT) peptide, a widely
accepted cell-penetrating peptide that can penetrate across
the cell membrane in less than 1 minute, has been success-
fully utilized to modify several polymers to enhance their
cell-penetrating capability.”3° In the present study, low-
molecular-weight CS (LMWC) conjugated with TAT peptide
was used for noncovalent functionalization of multiwalled
CNTs (MWCNTs), aiming at providing a more efficient drug
delivery vehicle for cancer therapy. The TAT-CS-conjugated
MWCNTs (MWCNTs-TC) were further investigated for their
water solubility, cytotoxicity, cell-penetrating capability, and
in vivo accumulation in the target tumor tissues.

Experimental section

Materials

Pristine MWCNTSs (p-MWCNTSs) (purity >98%, 0.5-2 um
in length with a diameter less than 8 nm) were purchased
from Chengdu Organic Chemicals Co., Ltd. (Sichuan,
People’s Republic of China). LMWC (molecular weight
of 5,000-8,000 Da; degree of deacetylation of 90%) was

obtained from Golden-Shell Biochemical Co., Ltd. (Yuhuan,
Zhejiang, People’s Republic of China). Fetal bovine serum
(FBS) was provided by Gibco® (Thermo Fisher Scientific,
Waltham, MA, USA). TAT peptide with the amino acid
sequence of YGRKKRRQRRR was synthesized by SBS
Genetech Co., Ltd (Beijing, People’s Republic of China).

Synthesis and characterization of TAT—-CS
conjugates

TAT-CS conjugates (TC) was synthesized by covalently cou-
pling the TAT peptide with LMWC using Traut’s Reagent as
the sulthydryl agent and N-succinimidyl-3-(2-pyridyldithio)-
propionate (SPDP) (Thermo Fisher Scientific) as the link-
ing agent. The substitution degree of TC was estimated by
proton nuclear magnetic resonance (‘H-NMR) spectroscopic
analysis (Varian Inova 500 MHz; Varian Medical Systems
Inc., Palo Alto, CA, USA).

Preparation and characterization

of MWCNTs-TC and MWCNTs-CS

A total of 0.2 mg p-MWCNTs were mixed with 500 UL of a
TC or CS solution at different concentrations (0.4—4 mg/mL);
the mixture was sonicated for 40 minutes at room tempera-
ture, followed by filtrating through the Millipore filters with
a molecular weight cut-off of 10 KDa (Merck Millipore,
Billerica, MA, USA) to remove the excessive TC or CS. The
resultant MWCNTs-TC or MWCNTs-CS were characterized
with an infrared spectroscope (Nicolet 2000; Thermo Fisher
Scientific) and 'H-NMR spectroscopic analysis (Varian Inova
500 MHz). Raman spectra were collected using a Renishaw in
a Via Raman spectrometer (Renishaw PLC, Gloucestershire,
UK) with an excitation wavelength at 532 nm. MWCNTs
were deposited on glass slides and detailed scans were per-
formed in the 1,000-2,000 cm™' range. The weight percentage
of TC or CS coated on the MWCNTSs surface was determined
using a Thermogravimetric Analyzer (Q500; TA instruments,
New Castle, DE, USA). To determine the dispersal capac-
ity of CS or TC for MWCNTs and the stability of the CNT
suspension, p-MWCNTs, MWCNTs-CS, or MWCNTs-TC
were prepared at a mass ratio of 10:1 and stored at 4°C for
2 months. After that, the solution state was observed, and the
size and surface morphology of the CNTs were analyzed by
transmission electron microscopy (JEM-1010; JEOL, Tokyo,
Japan). The zeta potential was measured with a Zetasizer
Nano-ZS instrument (Malvern Instruments, Malvern, UK).

Cell culture
Human breast cancer cell line MD-MBA-231 cells were
cultured in Leibovitz’s L-15 medium (Gibco®; Thermo
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Fisher Scientific), murine fibroblast cell line L929 cells were
cultured in Roswell Park Memorial Institute 1640 medium
(HyClone Laboratories, Inc., Logan, UT, USA), and human
umbilical vein endothelial cells (HUVECs) were cultured
in endothelial cell medium (ScienCell Research Labora-
tories, Carlsbad, CA, USA), with all the medium being
supplemented with 10% FBS, penicillin (100 units/mL), and
streptomycin (100 mg/mL).

Cell viability evaluation

The viability of MD-MBA-231, L929, or HUVEC cells
after 24 hours of incubation with different concentrations
of MWCNTs-TC, MWCNTs-CS, or p-MWCNTs (1 pg/mL,
2.5ug/mL, 5 ug/mL, 10 pg/mL, and 20 pg/mL, respectively)
was assessed with Cell Counting Kit-8 (Dojindo Molecular
Technologies, Inc., Kumamoto, Japan) according to the
manufacturer’s instructions, with untreated cells serving as
the experimental control. The optical absorbance at 450 nm
was measured using a microplate reader (The Varioskan™
Flash; Thermo Fisher Scientific). Six wells were measured
for each test.

Cellular uptake observation

MWCNTs-TC or MWCNTs-CS were fluorescently labeled
for monitoring the cellular uptake of the CNTs. Briefly,
2 uL of Alexa Fluor® 488 Carboxylic Acid (Thermo Fisher
Scientific) dissolved in 100 puL of dimethyl sulfoxide was
mixed with 500 uL of a MWCNTSs-TC or MWCNTSs-CS
solution, followed by filtration through the Millipore filters
with a molecular weight cut-off of 10 KDa to remove the
excessive fluoresceins. To investigate the cellular uptake
of the CNTs, MD-MBA-231 cells were coincubated with
the labeled MWCNTs-TC or MWCNTSs-CS (5 pug/mL)
for 24 hours. The cells were then washed three times
with phosphate buffered saline (PBS) and fixed in 4%
paraformaldehyde for 10 minutes, followed by labeling
the intracellular microtubules with Alexa Fluor® 555
provided in the Tubulin Tracker Red Kit (Thermo Fisher
Scientific) and subsequent staining of the nucleus with
4’,6-diamidino-2-phenylindole dihydrochloride (DAPI)
(Beyotime Institute of Biotechnology, Shanghai, People’s
Republic of China). Internalization of MWCNTs-TC and
MWCNTs-CS was observed with a laser confocal micro-
scope (LSM710; Carl Zeiss Meditec AG, Jena, Germany).
For the measurement of the cellular uptake rate, the cells
were harvested by centrifugation and resuspended in PBS
followed by three times of washing before being applied
to flow cytometry (FACSCalibur; BD Biosciences, San
Jose, CA, USA).

In vivo distribution of CNTs in tumor-
bearing mice

All animal procedures were conducted following the proto-
col approved by the Institutional Laboratory Animal Ethics
Committee, and all animal experiments were performed in
compliance with the Guiding Principles for the Care and Use of
Laboratory Animals, Peking Union Medical College, People’s
Republic of China. MD-MBA-231 cells (1x10°) in 0.1 mL
of normal saline (NS) were injected into the armpit region of
Balb/c nude mice (6 weeks, male, from Peking Union Medi-
cal College, Beijing, People’s Republic of China). When the
volume of tumors reached to ~100 mm?, the MWCNTs-TC
or MWCNTSs-CS labeled with Alexa Fluor® 700 N-Hydrox-
ysuccinimide Ester (Thermo Fisher Scientific), according
to the method described in “Cellular uptake observation”
were intravenously injected into tumor-bearing mice with
NS-treated mice as the negative control (six mice per group).
Living animal imaging was conducted at 24 hours, 48 hours,
and 72 hours after CNTs administration. At the end of each
imaging, one mouse from each group was sacrificed and the
heart, liver, spleen, lung, and kidney, as well as the tumor tis-
sues, were excised and imaged using a CRI imaging system
(Maestro EX; Cambridge Research & Instrumentation Inc.,
Woburn, MA, USA) with an exposure time of 200 ms, and the
images were analyzed using the CRI Analysis Software.

Statistical analysis

Data were presented as the mean of six individual observa-
tions with the standard deviation. The statistical analysis was
performed using the Bonferroni #-test. Statistical significance
was determined at P<<0.05.

Results
'H-NMR spectroscopic analysis

"H-NMR spectroscopic analysis was conducted to characterize
TCand CS, and the results are shown in Figure 1. The 6=3.299—
4.125 ppm attributed to the protons of ~CH,—in CS, the 6=1.276—
1.574 ppm and 6=0.460-0.476 ppm attributed to —NH,-CH,
of spermine protons in the TAT peptide, and the 6=6.534-7.251
ppm attributed to the methine proton of the tyrosine in TAT were
observed, indicating the successful conjugation of TAT peptides
with the primary amino groups of CS. It was estimated that the
substitution degree of TC was about 4.1%, according to the area
ratio above the peak. No significant change was observed in the
'H-NMR of TC or CS coated onto MWCNTSs.

Raman spectroscopic analysis
Figure 2 shows the Raman spectra of the p-MWCNTs,
MWCNTSs-CS, and MWCNTs-TC. Each spectrum consists of
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Figure | 'H-NMR spectra analysis.

Abbreviations: TC, transactivator of transcription—chitosan conjugate; CS, chitosan; MWCNTSs-TC, transactivator of transcription—chitosan-conjugated multiwalled carbon
nanotubes; MWCNTSs-CS, chitosan-conjugated multiwalled carbon nanotubes; 'H-NMR, proton nuclear magnetic resonance.
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Abbreviations: [ /I, peak intensity ratio of D and G band; MWCNTs, multiwalled carbon nanotubes; MWCNTSs-CS, chitosan-conjugated multiwalled carbon nanotubes;

MWCNTSs-TC, transactivator of transcription—chitosan-conjugated multiwalled carbon nanotubes; p-MWCNTs, pristine multiwalled carbon nanotubes.
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aD-band (1,341-1,352 cm™") and a G-band (1,572-1,585 cm™).
The D band is attributed to the disordered species, while the
G band is ascribed to the skeletal stretching vibration mode of
the graphitic component (SP2 bonding). The 7 /I, (peak inten-
sity) ratio for the respective D- and G-band is commonly used
for qualitative analysis regarding the formation of defects in
CNTs. The result demonstrated that the / /I ratio had a slight
increase for p-MWCNTs after sonicating, which indicated
that sonication caused some slight changes. It is interesting
to note that modification of the CNTs with CS or TC led to a
decreasing / /I ; ratio, while there was no significant difference
between MWCNTs-CS and MWCNTs-TC.

Characterization of MWCNTs-TC

and MWCNTs-CS
The stability of the p-MWCNTs, MWCNTs-CS, or
MWCNTSs-TC suspensions was observed by visual inspection
and transmission electron microscopic analysis. As illus-
trated in Figure 3, the visual inspection results demonstrated
that both the MWCNTs-CS and MWCNTSs-TC suspension
remained highly stable even after storage at 4°C for 2 months,
while the p-MWCNTs aggregated very soon after prepara-
tion. Transmission electron microscopic observation showed
that MWCNTs-CS and MWCNTs-TC were better dispersed
than the p-MWCNTs, but no obvious morphological differ-
ence was found among the three types of MWCNTs.
Figure 4 showed the results of Fourier transform infrared
spectroscopic analysis, which revealed that the character-
istic absorption peak of the amide was at 1,403.7 cm™ and
1,659 cm™ for the CS molecule on MWCNTSs-CS, while in
the MWCNTs-TC, the intensity of the characteristic absorption
peak of the amide at 1,536.2 cm™' was decreased and the second-
ary amine bond at 1,656.7 cm™! was increased; the characteristic
peaks of the benzene ring in tyrosine attributed to the grafted
TAT peptide segment was 801.4 cm™'. All those data indicated
the successful modification of MWCNTs with TC or CS.

A

Figure 5 shows the Thermogravimetric Analyzer results
of MWCNTSs-TC and MWCNTs-CS, which revealed obvious
weight loss in the temperature range of 300°C—-400°C
for MWCNTs-TC and MWCNTs-CS as compared with
p-MWCNTs, and the amount of CS and TC coated on
MWCNTs calculated from the difference in weight loss were
58.54 wt% and 59.79 wt%, respectively.

As shown in Figure 6, the average zeta potential was
47.7£1.96 for MWCNTs-TC and 46.1£1.83 for MWCNTSs-CS,
which was much higher than that for p-MWCNTs (13£1.32),
indicating that coating of the positively-charged CS or TC
elevated the zeta potential of the MWCNTs.

Cytotoxicity assessment of MWCNTs-

TC,MWCNTs-CS, and p-MWCNTSs

The toxicity of p-MWCNTs, MWCNTs-TC, or MWCNTs-CS
against two typical normal cell lines (HUVEC, L929) and
one breast cancer cell line (MD-MBA-231) was assessed by
the Cell Counting Kit-8 assay. As shown in Figure 7, both
MWCNTs-TC and MWCNTSs-CS were less toxic against
the three types of cells as compared with p-MWCNTs, and
MWCNTs-CS was the least cytotoxic. Also interesting was
that the CNTs tested were more cytotoxic against the normal
cell lines (HUVEC and L929) than against the tumor cells.

Cellular uptake of MWCNTs-TC

and MWCNTs-CS

Internalization of MWCNTs-TC or MWCNTs-CS into MD-
MBA-231 cells was observed with laser confocal microscope
and it showed that both MWCNTs-TC and MWCNTs-CS
could efficiently enter the tumor cells, and they mainly accu-
mulated in the cytoplasm (Figure 8). Flow cytometric analysis
demonstrated that the cellular uptake rate of MWCNTs-TC
were moderately higher (84.69%15.03%) than that of
MWCNTSs-CS (72.85%+4.95%). Particularly important was
the finding that the fluorescent intensity in the MD-MBA-231

Figure 3 Transmission electron microscopic images of MWCNTs-TC, MWCNTSs-CS, and p-MWCNTs after storage at 4°C for 2 months.
Notes: (A) MWCNTs-TC, (B) MWCNTSs-CS, and (C) p-MWCNTSs. The insets show a photo of MWCNTs-TC, MWCNTSs-CS, and p-MWCNTs solution; respectively.
Abbreviations: MWCNTSs-TC, transactivator of transcription—chitosan-conjugated multiwalled carbon nanotubes; MWCNTSs-CS, chitosan-conjugated multiwalled carbon

nanotubes; p-MWCNTs, pristine multiwalled carbon nanotubes.
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Figure 4 FTIR spectra of MWCNTs-TC, MWCNTSs-CS, and p-MWCNTs.
Notes: (A) MWCNTSs-TC, (B) MWCNTSs-CS, and (C) p-MWCNTs.

Abbreviations: FTIR, Fourier transform infrared spectroscopy; MWCNTSs-TC, transactivator of transcription—chitosan-conjugated multiwalled carbon nanotubes;
MWCNTSs-CS, chitosan-conjugated multiwalled carbon nanotubes; p-MWCNTSs, pristine multiwalled carbon nanotubes.

cells incubated with MWCNTSs-TC was about 25 times higher
than that in the cells incubated with MWCNTs-CS, reveal-
ing that more MWCNTs-TC were taken up by each cell as
compared with MWCNTs-CS (Figure 9).

In vivo distribution study

Living animal imaging on breast cancer-bearing mice was con-
ducted to investigate the in vivo distribution of intravenously
administered fluorescent MWCNTSs-TC or MWCNTSs-CS, and
the results are presented in Figure 10. In the MWCNTs-TC
group, strong fluorescence in the tumor tissues and kidney was

observed at 24 hours after injection, and visible fluorescence
was still found in the tumor tissues and kidney at 48 hours
and 72 hours after the injection, although the fluorescent
intensity gradually attenuated with time. In the MWCNTs-CS
group, visible fluorescence was only observed in the kidney at
24 hours and 48 hours after the injection, which diminished
at 72 hours after the injection. No visible fluorescence was
observed anywhere at any time in the NS-treated mice.
Direct imaging on the harvested tissues was conducted to
further elucidate the in vivo distribution profiles of the CNTs.
As illustrated in Figure 11, it was demonstrated that higher
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Abbreviations: MWCNTs, multiwalled carbon nanotubes; MWCNTSs-TC, transactivator of transcription—chitosan-conjugated multiwalled carbon nanotubes; MWCNTs-
CS, chitosan-conjugated multiwalled carbon nanotubes; p-MWCNTSs, pristine multiwalled carbon nanotubes; TGA, Thermogravimetric Analyzer.

amounts of MWCNTs-TC were distributed in the tumor,
liver, and lung, as compared with that of the MWCNTs-CS
at 24 hours and 48 hours after administration. Obvious
kidney distribution was observed in both the MWCNTs-TC
group and the MWCNTs-CS group, and no dramatic dif-
ference was found between the two groups. No heart and
spleen distribution was found in either the MWCNTSs-CS or
MWCNTs-TC group.

Discussion

The major goal of the present study is to develop a more
efficient CNT-based drug delivery vehicle, in hopes of pro-
viding a potential tool for combining chemotherapy with
photothermal therapy to enhance the therapeutic effects for
cancer. To improve the water solubility and biocompatibility
ofthe MWCNTs, which are the two major constraints limit-
ing their medical application, MWCNTs were functional-
ized with TC or CS, and these functionalized MWCNTSs
were studied in terms of their solubility, biocompatibility,
cellular uptake, as well as in vivo distribution in breast
cancer-bearing mice.

The amount of polymer coated onto MWCNTs was a key
factor determining their dispersability in aqueous solution.
Therefore, the water dispersability of MWCNTs-TC pre-
pared at different TC/MWCNTSs ratios (w/w) was observed,
and it was found that MWCNTs-TC with a TC/MWCNTs
(w/w) ratio of 10:1 was most water soluble and stable. More

importantly is that coating with TC or CS led to no obvious
morphological change in the MWCNTs, suggesting that TC
might be a suitable molecule for the noncovalent function-
alization of CNTs.

To efficiently penetrate into the target cells is one of
the prerequisites for the realization of the expected func-
tions of CNTs. We first observed the internalization of
the CNTs with laser confocal microscope, which showed
that both MWCNTs-TC and MWCNTSs-CS could effi-
ciently enter the breast cancer cells and that they mainly
accumulated in the cytoplasm, which was consistent with
the previous report.”’ Further analysis by flow cytometry
demonstrated that MWCNTs-TC were taken up by almost
85% of the cells in contact, which is moderately higher
than the amount of MWCNTs-CS (72.85%+14.95%).
Particularly important was the finding that the amount
of MWCNTs-TC in each cell was about 25 times higher
than that of MWCNTSs-CS, confirming the superiority of
MWCNTSs-TC over MWCNTSs-CS in terms of their intra-
cellular delivery efficiency, which is probably due to the
presence of TAT peptide in the former.

The in vivo distribution of MWCNTs-TC and MWCNTs-
CS in breast cancer-bearing mice was investigated by both
living animal imaging and direct imaging on the tissues and
organs harvested from the mice. Living animal imaging
revealed that clearly visible MWCNTs-TC accumulation
in tumor tissues was observed with decreasing amounts of
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Abbreviations: MWCNTSs-TC, transactivator of transcription—chitosan-conjugated multiwalled carbon nanotubes; MWCNTSs-CS, chitosan-conjugated multiwalled carbon
nanotubes; MWCNTSs, multiwalled carbon nanotubes; p-MWCNTs, pristine multiwalled carbon nanotubes.

time, whereas no tumor accumulation was found in either the
MWCNTs-CS- or NS-treated mice during the observation
period of 72 hours. Direct imaging on the harvested tissue or
organs would provide more accurate and precise information
as compared with living animal imaging technology due to

its limited detection depth, and it was applied in the present
study to further elucidate the in vivo distribution profiles
of the CNTs. It was found that more MWCNTs-TC were
distributed in the tumor as compared with MWCNTs-CS,
which might be attributed to the presence of TAT in the
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Figure 7 Toxicity of MWCNTs-TC or MWCNTSs-CS against MD-MBA-231, HUVEC, and L929.

Notes: (A) MD-MBA-231; (B) HUVEC; and (C) L929. *P<<0.05.

Abbreviations: MWCNTs-TC, transactivator of transcription—chitosan-conjugated multiwalled carbon nanotubes; MWCNTs-CS, chitosan-conjugated multiwalled carbon
nanotubes; MWCNTSs, multiwalled carbon nanotubes; HUVEC, human umbilical vein endothelial cell.

MWCNTs-CS

MWCNTs-TC

Figure 8 Laser confocal microscopy for MWCNTs-TC and MWCNTs-CS.

Notes: (A and E) Cell nucleus (DAPI); (B and F) MWCNTs (Alexa Fluor® 488); (C and G) microtubules (Alexa Fluor® 555); and (D and H) merge.

Abbreviations: MWCNTSs-CS, chitosan-conjugated multiwalled carbon nanotubes; MWCNTSs-TC, transactivator of transcription—chitosan-conjugated multiwalled carbon
nanotubes; DAPI, 4',6-diamidino-2-phenylindole dihydrochloride; MWCNTSs, multiwalled carbon nanotubes.
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Figure 9 Flow cytometric analysis of cellular uptake.

Notes: (A) Cellular uptake rate; (B) mean fluorescent intensity. *P<<0.05 versus MWCNTs-CS.

Abbreviations: MWCNTSs-CS, chitosan-conjugated multiwalled carbon nanotubes; MWCNTSs-TC, transactivator of transcription—chitosan-conjugated multiwalled
carbon nanotubes; FITC, fluorescein isothiocyanate; UL, upper left; UR, upper right; LL, lower left; LR, lower right; geo, geometric mean fluorescence intensity; N/A, not
applicable.
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Figure 10 Living animal imaging on breast cancer-bearing mice administered with MWCNTs-TC, MWCNTSs-CS, or NS.

Notes: (A) 24 h; (B) 48 h; and (C) 72 h.

Abbreviations: MWCNTs-TC, transactivator of transcription—chitosan-conjugated multiwalled carbon nanotubes; MWCNTSs-CS, chitosan-conjugated multiwalled carbon
nanotubes; h, hours; NS, normal saline.
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Figure 11 Direct imaging on the excised organs and tissues.
Notes: (A) 24 h; (B) 48 h; and (C) 72 h.

Abbreviations: MWCNTs-CS, chitosan-conjugated multiwalled carbon nanotubes; MWCNTSs-TC, transactivator of transcription—chitosan-conjugated multiwalled carbon

nanotubes; h, hours.

former. Obviously higher distribution in liver and lung was
found in the MWCNTSs-TC group as compared with that in
the MWCNTs-CS group. The reason is not yet clear as to why
MWCNTs-TC were more prone to distribute in the liver and
lung as compared with MWCNTs-CS, but this feature might
be beneficial for liver- or lung-targeting delivery. Fortunately,
no heart distribution was found in either the MWCNTs-CS
or MWCNTSs-TC group, which would ease the concerns over
their heart toxicity. The data also suggested that the kidney
pathway was probably the main excretion pathway for both
MWCNTs-TC and MWCNTSs-CS.

Biosafety is another key concern when designing drug
delivery systems. TAT was a peptide derived from the HIV
virus, which has been proven to be safe for in vivo applica-
tion.>! CS is a widely accepted biodegradable polymer with
promising biocompatibility and it has been intensively used
as a nonviral drug/gene vector.’>>* Therefore, the TC should
be considered as a safe material for biomedical application.
In the present study, the cytotoxicity of the CNTs against one
breast cancer cell line (MD-MBA-231) and two typical cell
lines (HUVEC, L929) were evaluated. It was shown that both
MWCNTs-TC and MWCNTs-CS were less toxic against the
three types of cells as compared with p-MWCNTs, confirm-
ing that coating with TC or CS dramatically decreased the

cytotoxicity of the MWCNTs. It was noted, however, that
MWCNTs-TC demonstrated slightly higher cytotoxicity
than MWCNTs-CS at the same concentration, suggesting
that the introduction of the TAT peptide might lead to higher
cytotoxicity, probably as the result of the higher amount of
MWCNTs-TC taken up by each cell in comparison with that
of MWCNTSs-CS. Actually, if the amount of the CNTs in
each cell was taken into account, MWCNTSs-TC should be
anticipated to be much less cytotoxic than MWCNTSs-CS.
When combined with some targeting moieties, MWCNTs-TC
might demonstrate much greater potential in killing the tumor
cells in comparison to MWCNTSs-CS. Also interesting was
that the CNTs were more cytotoxic against the normal cell
lines (HUVEC and L929) than against the tumor cells, which
was in line with the previous observations,* reflecting the
stronger tolerance of cancerous cells against CNT exposure
as compared with normal cells.

Conclusion

In conclusion, the preliminary data collected from the pres-
ent study demonstrated that MWCNTs-TC were essentially
nontoxic with perfect water solubility, and they were more
efficient in term of cancer-targeted intracellular transport
both in vitro and in vivo as compared with MWCNTs-CS,
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suggesting the great potential of MWCNTSs-TC in cancer
therapy. However, further investigation on drug-loading
capacity, targeting specificity, and tumor suppressive effects
should be conducted before their application in the clinic.
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