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ABSTRACT: Golden single-walled carbon nanotubes
(SWNTs) were prepared by growing gold nanoparticles onto
the bilayer polysaccharide functionalized SWNTs. The layer-
by-layer self-assembly of sodium alginate and chitosan on
SWNTs provided an ideal surface with high density of active
metal-binding groups such as amino and carboxylic acid
groups, and then an approach of seed growth was adopted to
facilitate the formation of gold nanoparticles coated SWNTs.
The resulting golden SWNT hybrids have good water
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dispersibility and biocompatibility and tend to enter cancer cells. Interestingly, they have an enhanced NIR absorption and
effectively transfer NIR laser into heat. The material can quickly cause localized hyperthermia, resulting in rapid cell death, and
therefore appears to act as a highly effective photothermal converter for cancer ablation.
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1. INTRODUCTION

Photothermal therapies (PTT) have attracted significant
attention in recent years as a promising alternative or
supplement to traditional cancer therapies due to their non-
invasive and relatively facile implementation.' ™ The approach
focuses on localizing optical absorbing agents at a targeted
tissue/organ site, and then irradiating the site with a laser to kill
the targeted cells. Because the tissues and blood have low
adsorption in the near infrared (NIR) region (650—900 nm),"*
the NIR photons are able to penetrate healthy tissues and then
be adsorbed selectively in tumors and transformed to heat.
Nanostructured materials tend to selectively accumulate in
tumor tissues because of their nature of enhanced permeability
and retention (EPR) effect.®” Therefore, some nanomaterials
with remarkable capacity to absorb light at NIR regions,
includin§ gold nanorods,®’ gold nanoshells,'®*! %old nanoc-
ages,lz’1 graphene oxide,"**> carbon nanotub<es,16’1 and so on,
are of great interest for PTT.

Because of their unique physical and chemical properties,
carbon nanotubes in general, and single-walled carbon
nanotubes (SWNTs) in particular, have generated a lot of
interest in nanomedicine for applications in drug delivery,
biosensors, tissue engineering, cancer imaging, and thermal
therapy.'*™>° However, the SWNTs have a relatively low
extinction coefficient (4.4x10°> M~'.cm™) for PTT while the
extinction coefficient of gold nanoparticles is exceptionally high
(~1x10" M~'.cm™).*"** Recently noble metal nanoparticle
coated SWNTSs have been found to show an enhanced NIR
absorption, improved biocompatibility, excellent photoacoustic
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and surface enhanced Raman scattering imaging.”>~>> Com-
pared to the frequently-used gold nanorod and nanoshells,
these golden SWNTs may act as a unique platform for
multimodality disease diagnose and therapy. The pristine
SWNTs have insufficient metal-binding groups apart from
some carboxyl groups on the defect sites and the tube-ends. To
improve the metal loading, suitable modification techniques are
generally required to introduce active metal-binding groups
(such as amino, carboxylic and thiol groups) onto the SWNT
walls.****7 For example, imidazolium ionic-liquid polymers
or poly(sodium 4-styrenesulfonate) has been used to non-
covalently functionalize the SWNTs as linkers to immobilize
metal nanoparticles.>*™>* However, these ionic polymers are
unable to wrap the CNTs densely due to the electrostatic
repulsion between the polymer chains, which inevitably make
full coverage of metal particles very difficult. As a result, it is still
a challenge to develop a facile method to introduce a high
density of active metal-binding groups.

In this work, we describe a subtle approach for the synthesis
of golden SWNT's nanohybrids by using the layer by layer self-
assembly of two oppositely charged polysaccharides (sodium
alginate and chitosan) on SWNTs as bridge. In contrast to the
conventional methods of single-layer polymer wrapping, this
multilayer polysaccharide-wrapping method can result in higher
density and more uniform distribution of surface amino and
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Figure 1. Schematic illustration of the preparation process of golden SWNTs.

carboxylic groups on SWNTs, effectively facilitate the complete
decoration of Au nanoparticles. Gold nanoparticles were then
deposited on the SWNT surface by an in situ reduction
approach. As expected, the obtained golden SWNTs have
excellent water dispersibility, biocompatibility, and photo-
thermal effect. They also exhibit exceptional effect of
photothermal therapy, that is, rapidly leading to tumor cell
death.

2. EXPERIMENTAL SECTION

2.1. Chemicals. Raw SWNTs (purity >90%, length ~S0 um,
diameter 1-2 nm) were purchased from Chengdu Organic Chemistry
Co,, Ltd,, China. Cut-SWNTs were prepared by cutting and purifying
of raw SWNTs following literature methods.”>** Sodium alginate
(ALG) was purchased from Acros. Chitosan (CHI, 100-300 kDa) was
obtained from TCI (Tokyo). Acridine orange (AO) and ethidium
bromide (EB) were obtained from Sigma-Aldrich. Fetal bovine serum
(FBS) and high glucose Dulbecco’s Modified Eagle’s medium
(DMEM) were purchased from Hyclone. WST-1 cell viability assay
kit was purchased from Beyotime Biotechnology Co., Ltd. Chloroauric
acid tetrahydrate (HAuCl,-4H,0), sodium borohydride (NaBH,),
formaldehyde (37%), and other reagents were purchased from
Shanghai Chemical Reagent Co., Ltd. A potassium-basic solution of
gold salt (K-gold solution, pH ~10) was prepared by mixing K,CO5
with 20 mM HAuCl, stock solution with continuous stirring in the
dark for 12 h. Human cervical carcinoma cells (HeLa) were cultured in
high glucose DMEM supplemented with 10% FBS in a humidified
incubator (MCO-15AC, Sanyo) at 37 °C (95% room air, 5% CO,).
Porous poly(vinylidene chloride) (PVDC) membrane was purchased
from Shanghai ANPEL Instrument Co., Ltd. (50 mm diameter and
0.4S pm pore size). All chemicals were of analytical grade and used as
received. Ultra-pure water (18.2 MQ-cm™") obtained from a Millipore
Milli-Q purification system was used throughout the experiments.

2.2. Preparation of SWNT/ALG/CHI Hybrids. Cut-SWNT
suspension (1 mgmL™", 30 mL) was added into ALG aqueous
solution (2 mg-mL_l, in 0.1 M aqueous NaCl, 30 mL), ultrasonicated
for 30 min and stirred vigorously at room temperature for another 24
h. The ALG wrapped SWNTs (SWNT/ALG) were collected by
repeated centrifugation (10000 rpm, 10 min) and washing with
ultrapure water (S X 50 mL) to remove the unbound ALG. The as-
prepared SWNT/ALG was then ultrasonicated in a CHI solution (2
mg-mL™" in 0.1 M aqueous NaCl and 0.02 M acetic acid, 30 mL) for
30 min. The mixture was vigorously stirred for another 24 h and the
product was obtained by following the previous centrifugation and
washing procedure. At last, the resultant bilayer polysaccharides
wrapped SWNTs (SWNT/ALG/CHI) were obtained and re-
suspended into water to make a 0.5 mg-mL™' aqueous solution
prior to Au nanoparticles decoration.

2.3. Preparation of Golden SWNTs. Golden SWNTs were
prepared in a manner of nucleation and seed growth method. In a
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typical experiment, HAuCl, aqueous solution (500 uL, 20 mM) was
added in the SWNT/ALG/CHI aqueous solution (10 mL, 0.5 mg:
mL™"). NaBH, aqueous solution (10 mL, 3 mM) was then dropwise
added into the mixture under ultrasonic radiation, associated with a
color change from light-black to red-purple instantaneously. After
ultrasonic irradiation for another 5 min, the reaction mixture was
gently stirred at room temperature for 6 h. The resulting SWNT/
ALG/CHI/Au seeds were collected by centrifugation (5000 rpm for
10 min), and were further purified twice to remove the free gold
nanoparticles by redispersing in 10 mL water and centrifugation.
SWNT/ALG/CHI/Au seeds were re-dispersed in water (30 mL) and
mixed with K-gold solution (5 mL, 20 mM). The reduction was
accomplished by addition of aqueous formaldehyde solution (0.2 mL,
2 wt %) and stirring for another 1 h to generate a blue-purple solution.
The resulting golden SWNTs were collected and purified by
centrifuging and redispersing in water (50 mL) twice.

2.4. Characterazation. High resolution-transmission electron
microscopy (HR-TEM) was conducted on a JEOL TEM-2100
electron microscope (equipped with an energy-dispersive spectrom-
eter, EDS) at 200 kV. Bio-TEM was carried out on a CM120
microscope (Philips). TEM samples were prepared by depositing
several drops of dilute solution on a copper micro-grid (230-mesh)
and dried at ambient temperature prior to analysis. Field-emission
scanning electron microscope (FE-SEM) was carried out on a JEOL
JSM-7401F operates at 1 kV. SEM samples were prepared by
depositing a drop of dilute solution on clean silicon and drying at 45
°C. XRD patterns were taken by D/max-2200/PC X-ray diffrac-
tometer (Rigaku, Japan) in the range of 30—80° (20 range).
Ultraviolet and visible (UV—vis) absorption spectra were recorded
on a Lamba 20 spectrometer (Perkin Elmer, Inc.). { potentials were
measured by a Zeta Potential Analyzer (Zatasizer Nano ZS90,
Malvern). Raman spectra were mearsured with a Renishaw in Via
Raman microscope using an argon ion laser operating at 514 nm. The
photothermal property was conducted by a NIR laser diode (808 nm,
1.6 W, spot size 5x20 mm?*) and digital thermometer (accuracy 0.1
°C), which were purchased from Shenzhen B-Laser Equipment Co.,
Ltd., China). The viability of HeLa cells cultured with samples was
measured in a microplate reader (Bio-Rad, Model 680).

2.5. Photothermal Conversion Experiments. An aqueous
suspension of golden SWNTs (2.5 mL, 50 pg-mL™") was placed in
a quartz cell (10 X 10 X 40 mm® ) and exposed to an 808 nm NIR
laser source (1.6 W, spot size 5 X 20 mm?) at a distance of § cm. The
solution temperature was measured using a HT3500C sensitive
thermometer.

2.6. Biocompatibility of Golden SWNTs. HeLa cells were
seeded into a 96-well flat culture plate (Corning). After incubation
overnight to allow cell attachment, the cells were cultured with golden
SWNTs (5, 10, 20, 40, and S0 ug-mL™", respectively) in a FBS-free
culture medium at 37 °C for 24, 48, and 72 h, respectively. They were
subsequently rinsed three times with sterilized PBS, and 180 uL PBS
was used as a substitute for the culture medium before adding 1:10 (v/
v) of the WST-1 reagent (20 uL). After incubation for another 2 h, the

dx.doi.org/10.1021/am406031n | ACS Appl. Mater. Interfaces 2014, 6, 4989—4996



ACS Applied Materials & Interfaces

Research Article

absorbance was measured at 450 nm. Cells cultured without golden
SWNTs at the same time intervals were used as controls.

For TEM analysis, HeLa cells were incubated with 20 pg-mL™"
golden SWNT's for 24 h, and then washed with PBS and fixed with 2%
glutaraldehyde and 1% osmium tetroxide for 2 h at 4 °C. The cells
were then dehydrated in a graded ethanol series (30%, 50%, 70% with
3% uranyl acetate, 80%, 95%, and 100%) for 10 min at each
concentration and followed by two changes in 100% propylene oxide.
After infiltration and embedding in epoxy resins at 60 °C for 48 h, the
sections were stained with lead citrate and analyzed by Bio-TEM.

2.7. Photothermal Hyperthermia on Hela Cells. Hela cells
were seeded into a 96-well flat culture plate (Corning). After
incubation overnight to allow cell attachment, the cells were incubated
with golden SWNTs 50 ug-mL™" in a FBS-free culture medium at 37
°C for 24 h. The free golden SWNTs were separated from cultured
medium by rinsing three times with PBS. The cells were then
irradiated with an 808 nm laser diode (1.6 W, spot size 5 X 20 mm?)
for 15 min. After irradiation, the cell viability was assessed by AO/EB
double staining as reported method.>>* Stained cells were observed
under an inverted fluorescence microscope (IX 71, Olympus) and
images were taken using a charge coupled device (CCD, Cascade
650).

3. RESULTS AND DISCUSSION

Preparation of golden SWNTs was a relatively straight forward
process (Figure 1). The raw SWNTs were cut and purified

Figure 2. TEM images of (a) cut SWNTs, (b) SWNT/ALG, (c)
SWNT/ALG/CHI, (d) SWNT/ALG/CHI/Au seeds, and (e, f)
golden SWNTs.

before modification because the raw SWNTSs were too long
(~S0 pm) to enter most of the cells and the motley metal
catalysts have been proven to be toxic.'”** The defect sites and
the tube-ends of cut SWNTs was decorated with carboxyl and
hydroxyl groups in the presence of ultrasound and strong
oxidizing acids.”” Therefore, the cut-SWNTs have a good water
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Table 1. & Potentials of the Modified SWNTs

sample (aqueous solution) ¢ potential (mV, 25 °C)*

Cut SWNT —24.97 + 0.83
SWNT/ALG —-37.94 + 1.07
SWNT/CHI 2.56 + 0.35
SWNT/ALG/CHI 5.83 + 0.08
SWNT/ALG/CHI/Au seeds —14.50 + 0.70
golden SWNT's —33.40 + 1.70
“Values are averaged from three measurements.
0.5+
—— Cut SWNTs
—— SWNT/ALG/CHI
—— SWNT/ALG/CHI-Au seeds
0.4 1 Golden SWNTs
0.3 4

Extinction

0.2

(- N N F ]
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Figure 3. UV—vis spectra of cut SWNTs, SWNT/ALG/CHI, SWNT/
ALG/CHI/Au seeds, and golden SWNTs. Inset: Photographs of cut
SWNTs (A), SWNT/ALG/CHI (B), SWNT/ALG/CHI/Au seeds
(C), and golden SWNTs (D) aqueous solutions.

dispersibility due to their hydrophilic groups and electrostatic
interactions, which provide a favorable condition for the
modification by polysaccharides. The encapsulation of SWNTs
by the polysaccharides was achieved in a two-step process
involving initial treatment with ALG followed by CHI. The Au
nanoparticles were then formed on the SWNT/ALG/CHI by
in situ reduction of HAuCl, to generate SWNT/ALG/CHI-Au
seeds. The golden SWNTs were finally obtained in a manner of
seed-mediated growth and the golden SWNT solution showed
a characteristic blue color 0win§ to the SPR absorption of the
coated gold nanoparticles.”**?

The structures and morphologies of the modified SWNTs
were studied by HR-TEM and FE-SEM. Purified SWNTs have
smooth and inert graphite sidewalls with only few carboxyl and
hydroxyl groups on the defect sites,”” and tend to form bundles
that dispersed poorly in aqueous solution (see Figure S,
Supporting Information). After cutting in the mixture of
concentrated HNO; and H,SO, under ultrasonication, the cut
SWNTs are generally short (< 500 nm) and well separated
(Figure 2a). In our previous research, natural polysaccharides
can be helically wrapped onto the SWNT walls via hydrophobic
force and hydrogen bond.*** However, only sparse CHI and
ALG molecular chains can be observed on the sidewalls of
SWNTs (see Figure 2b and Figure S2a, Supporting
Information). To further introduce more metal-binding groups
on the SWNT surface, a two-step process involving initial
treatment with negatively-charged ALG followed by positively-
charged CHI was carried out, leading to the double-layer
encapsulation of both CHI and ALG on the SWNT core by
electrostatic assembly. As expected, the double layered
polysaccharides present in SWNT/ALG/CHI are obviously
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Figure 4. (a) Schematic simulation for photothermal conversion of
golden SWNTs solution exposed by a NIR laser and (b) the
photothermal curves of modified SWNTs (50 ug-mL™) irradiated
with an 808 nm laser.
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Figure S. Cell viability of HeLa cells after incubating with golden
SWNTs at various concentrations (S, 10, 20, 40, 50 ﬂg-mL_l) for 24,
48, and 72 h, respectively.

thicker than the coating in SWNT/ALG and SWNT/CHI
(Figure 2c). When the HAuCl, aqueous solution was reduced
quickly by a strong reducing agent (NaBH,), instantaneous Au
atoms were bound to the surface of SWNT/ALG/CHI, to
which more atoms would be adsorbed to form several relatively
small (ca. 2-4 nm) Au particles (Figure 2d). Further reducing
additional gold salt by a slow reduction procedure using a
relatively mild reducer (formaldehyde, CH,0), more Au
nanoparticles deposited on the amino and carboxyl sites and
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the Au seeds on the SWNT/ALG/CHI also continued to grow
up. Eventually, Au nanoparticles completely coated on the
SWNTs to form golden SWNTs (Figure 2e and f). In contrast,
SWNT/CHI/Au hybrids were prepared using the same
procedure (see Figure S2, Supporting Information). The Au
nanoparticles cannot fully cover the SWNT/CHI because CHI
chains were wrapping on the SWNTs incompletely, leading to
insufficient metal-binding sites on the SWNTs. Therefore, this
multilayer polysaccharide-assembly method is necessary for the
formation of complete gold shells on SWNTs. The
morphologies of cut SWNTs, SWNT/ALG, SWNT/ALG/
CHI, SWNT/ALG/CHI/Au seeds and golden SWNTSs were
characterized by FE-SEM (see Figure S3, Supporting
Information). The length and diameter of these carbon
nanotubes from SEM are consistent with that of TEM. And,
the golden SWNTs have a very rough surface that should
benefit surface modification and light absorption.

{-Potential measurements further demonstrated the coating
process of polysaccharides and Au nanoparticles onto SWNT's
(Table 1). The surface potential of the cat SWNT's is —24.97 +
0.83 mV because of the ionization of surface carboxyl acid
groups. After functionalized by positively charged CHI or
negatively charged ALG, the potential of SWNT/CHI
accordingly increased to 2.56 + 0.35 mV while that of
SWNT/ALG decreased to —37.94 + 1.07 mV. As expected, the
potential of SWNT/ALG/CHI has obviously increased by 43.8
mV compared with that of SWNT-ALG, which confirms the
consecutive wrapping of ALG and CHI on SWNT surface
through layer-by-layer electrostatic wrapping manner. Interest-
ingly, the potential increase of SWNT/ALG/CHI versus
SWNT/ALG (43.8 mV) is larger than that of SWNT-CHI
versus SWNTs (26.0 mV), suggesting that the intermediate
negatively-charged ALG layer could play an important role to
increase the electroadsorption of positively charged CHI. After
further growing the negatively charged Au nanoparticles onto
the SWNT/ALG/CHI, the potentials of SWNT/ALG/CHI/
Au seeds and golden SWNTSs reduced to —14.50 + 0.70 and
—33.40 + 1.70 mV, respectively.

EDS and XRD analysis was also carried out to study the
formation of the golden SWNTs. Signals for Au (M, and L, at
2.12 and 9.71 keV, respectively) were observed in the EDS
spectrum of golden SWNTs (see Figure S4, Supporting
Information), indicating the presence of Au on the SWNTs.
The other elements such as oxygen and carbon should come
from polysaccharides and carbon nanotubes (copper excluded,
caused by copper mesh). The crystallinity of gold nanoparticles
on SWNTs was further characterized by XRD diffraction
spectrum (see Figure SS, Supporting Information). Au
nanoparticles on SWNTs exhibited a good crystallinity and
the regular lattice diffraction peaks (26) at 38.18°, 44.39°,
64.58°, 77.55° and 81.72° should be corresponding to the
crystal plane (111), (200), (220), (311), and (222) of Au,
exhibiting a typical face-centered cubic structure. It was noted
that the intensity of diffraction peaks was obviously enhanced
from SWNT/ALG/CHI/Au seeds to golden SWNTSs, demon-
strating that the initial small Au nanoparticles were grown up
by the manner of seed growth.

Interactions between polysaccharides, gold nanoparticles and
SWNTs were investigated by Raman spectra (see Figure S6,
Supporting Information). The Raman spectra have three main
characteristic peaks, including D band (~1350 cm™), resulting
from amorphous carbon and the disorder graphite structure
(defects), and the G and 2D band (~1590 and 2600 cm™,
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Figure 6. TEM images of (a) HeLa cells cultured with the golden SWNTs (20 ug-mL™") for 24 h, the black arrows point to internalized golden

SWNTs, and (b) magnified region of a lysosome .

-

Figure 7. Fluorescence microscopy images of (a) Hela cells, (b) HeLa cells incubated with golden SWNTs (50 pug-mL™") for 24 h (c) HeLa cells
subjected to NIR irradiation for 15 min, and (d) HeLa cells incubated with golden SWNTs (50 ug-mL™") for 24 h (in the dark) and then subjected
to NIR irradiation. The cells were stained by AO and EB.

respectively) which reflect the structure of the sp*-hybridized
carbon atoms in highly crystalline graphite.*"** The extent of
the defects in SWNTs were generally evaluated by the intensity
ratio of the D and G bands (i.e., Iy/I5).* The values of the I,/
I;; ratio for the pristine SWNT, cut SWNT, SWNT/ALG/CHI
and golden SWNTs were 0.07, 0.26, 0.28, and 0.29,
respectively. The I,/I; value of cut SWNT (0.26) was
obviously higher than that of the pristine SWNTs (0.07),
indicating that the sp® structure of cut SWNTSs was severely
damaged during treating by the long-time sonication and harsh
acid treatment. In comparison, there were no obvious Ip/I;
changes after being further coated by polysaccharides and gold
nanoparticles. It suggested that the coating of polysaccharides
and gold nanoparticles would not cause the sp® structural
damage of SWNTs. The golden SWNTs and SWNT/ALG/
CHI have similar Raman spectra compared to that of the cut
SWNTs except a slight G and 2D peak shift because the G and
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2D peaks are very sensitive to the environment.** The G and
2D peaks of cut SWNTSs were 1581 and 2672 cm ™!, but that of
SWNT/ALG/CHI and golden SWNTs shift to (1589, 2683
cm™') and (1596, 2687 cm™'), respectively, indicating the
interactions between polysaccharides, gold nanoparticles and
SWNTs.

The UV-—vis spectra were recorded to examine the
absorption profile of the SWNTs species (Figure 3). The
aqueous solution of cut SWNT and SWNT/ALG/CHI are
typically grey, and they have no noticeable absorption peak
between 400—850 nm. Whereas the SWNT/ALG/CHI/Au
seed solution shows a purple color and has a characteristic peak
at about 530 nm which should be attributed to the surface
plasmon resonances (SPR) of single gold nanoparticles on the
SWNT/ALG/CHL** With the depositing of gold nano-
particles, the aqueous solution gradually turned from purple to
blue, indicating that gold nanoparticles have completely
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covered the SWNTs. The golden SWNTs showed a strong
plasmon resonance absorption between 550 and 850 nm due to
the photoelectric fields polarize along the long axis of SWNTs.
In contrast, the SWNT/CHI/Au hybrids did not have strong
absorption in the NIR region except the characteristic peak of
Au nanoparticles at about 530 nm (see Figure S7, Supporting
Information). Therefore, the golden SWNTs is a kind of brand
new nano-hybrid with great NIR absorption and thereby might
efficiently transform the absorbed NIR light-energy into heat.

The photothermal conversion of the golden SWNTs was
further studied using an 808 nm semiconductor laser at the
simulating human body temperatures, with pure water, cut
SWNTs and SWNT/ALG/CHI suspensions used as controls.
The quartz cuvette with SWNT aqueous solution was placed
into a 37 °C bath and irradiated by an 808 nm laser, and a
thermocouple digital thermometer was used to monitor the
solution temperature change (Figure 4a). All the suspensions of
SWNT samples resulted in obvious heating after exposure for
20 min, whereas pure water always kept at 37 °C without any
absorption (Figure 4b). Though carbon nanotubes have a
relatively low absorption in the NIR region, they were still used
as the thermal-ablation agents due to their excellent thermal
conductivity and specific nano-effects."®'”*” The absorption of
SWNT/ALG/CHI (from 400 to 850 nm) is lower than that of
cut SWNTSs at the same concentration, probably because the
polysaccharide layer have no absorption in this range and might
decrease the thermal conductivity of SWNTs. As a result, the
photothermal property of SWNT/ALG/CHI is a slightly less
efficient than that of cut SWNTs. Interestingly, the suspension
of golden SWNTs is heating up at nearly twice the rate of cut
SWNTs, approaching 57 °C after 20 min exposure that is high
enough to kill tumor cells.*>** Thereby, the golden SWNTs
have the highest photothermal efficiency and have great
potential for PTT.

We quantitatively assessed the cytotoxicity of golden SWNT's
by WST-1 assay because the safety of any nanomaterials is of
utmost importance when considering their biomedical
applications. The golden SWNTs showed no appreciable
cytotoxicity when incubating with HeLa cells in the
concentration range of 5—50 ug-mL™' for 24, 48, and 72 h
(Figure S). Though there have been many conflicting data
about the toxicity of carbon nanotubes,'®*° the HelLa cells
exhibit a high tolerance to golden SWNT's probably because the
polysaccharide layer and Au nanoparticles are biocompatible.

TEM images further gave the unequivocal evidences of
golden SWNT biodistribution in HeLa cells (Figure 6). The
golden SWNTs were internalized by HeLa cells and mainly
located at some cellular vesicles such as lysosomes. The
accumulation of golden SWNTs in cells is good for the
photothermal conversion to kill the tumor cells.

The photothermal effects in vitro were investigated by a AO/
EB double staining assay (Figure 7).”**” Healthy cells typically
have green nuclei and uniform chromatin with an intact cell
membrane, whereas cells in necrosis or late stages of apoptosis
have red nuclei. After they were cultured for 24 h, all the HeLa
cells incubated with golden SWNTs (50 pg-mL™") or irritated
under a 808 nm laser alone for 15 min remain healthy with
green nuclei (Figure 7b and c), suggesting that neither golden
SWNTSs or 808 nm laser alone are harmful for cells. Whereas, if
the HeLa cells are cultured with golden SWNTs (S0 ug-mL™")
for 24 h and followed by NIR irradiation for 15 min, all the
HeLa cells are already in necrosis, with the nuclei turning red
(Figure 7d). On the basis of the results of Figures 6 and 7, it is

4994

reasonable to suppose that the golden SWNTs tend to enter
and locate in the HeLa cells by membrane-penetration or cell
endocytosis, and then absorb NIR laser and convert into heat.
This sudden temperature increase triggered the death of the
HeLa cells.

4. CONCLUSIONS

In conclusion, we have developed a facile method to prepare
gold nanoparticles coated SWNTs (golden SWNTs) by seed
growth of gold nanoparticles on the bilayer polysaccharides
functionalized SWNTs. The layer-by-layer self-assembly of two
polysaccharides with opposite charge (that is, ALG and CHI)
provided an ideal surface with high density of active metal-
binding groups such as amino and carboxylic acid groups for
further generating golden SWNTs. Golden SWNT hybrids
have good water dispersibility and biocompatibility, and tend to
enter cancer cells and locate in lysosomes. Interestingly, they
have an enhanced NIR absorption that is effectively transferred
NIR laser into heat. The material can quickly cause localized
hyperthermia, resulting in rapid tumor cell death, and therefore
appears to act as a highly effective photothermal converter for
cancer ablation.
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