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ABSTRACT: Semiconducting and metallic single-walled
carbon nanotubes (s-SWNTs and m-SWNTs) were
enriched by agarose gel chromatography and their
photothermal and photodynamic effects were compared
in H,O. Under near-infrared laser irradiation, s-SWNTs
generated reactive oxygen species (ROS) more than m-
SWNTs, whereas m-SWNTs produced heat more
efficiently than s-SWNTs. More importantly, cancer cell
killing by PDE of s-SWNTs has been disclosed for the first
time.

he biomedical applications of carbon nanomaterials, such
as carbon nanotubes,l_6 single-walled carbon nano-
horns,” ' and fullerenes,"'™** have enormous potential in
current biomedical research, disease diagnosis and therapy.
Among these carbon nanomaterials, single-walled carbon
nanotubes (SWNTs) have remarkable optical properties of
effectively absorbing near-infrared light (NIR, 4 = 650—900
nm) at their M;; band of the metallic SWNTs and the S,, band
of the SWNTs. The NIR light is relatively harmless to our body
and penetrates deep into the tissue because of minimal light
absorption by hemoglobin (<650 nm) and water (>900 nm)."®
Thus recent researches on SWNT-based therapeutics have
emphasized the photothermal effect (PTE) under NIR
irradiation."®™°  Photothermal tumor ablation has been
suggested as a noninvasive, harmless, and highly efficient
cancer therapy.”'

In light of the modified Jablonski diagram for SWNTs,**
besides the PTE, the photodynamic effect (PDE) should be
considered because SWNTs are a mixture of metallic and
semiconducting SWNTs (m- and s-SWNTs). The density of
state at Fermi level of m-SWNTs is finite value (# 0), while
that of s-SWNTs is zero, implying that the excitation energy in
m-SWNT is converted rapidly into heat via fast nonradiative
decay and that in s-SWNTs is used for the generation of
reactive oxygen species (ROS). Therefore, m- and s-SWNTs
are anticipated to be advantageous for showing PTE and PDE,
respectively. Kataura and co-workers have recently reported on
the simple and high-yield separation of m- and s-SWNTs by
utilization of agarose gel electrophoresis and chromatogra-
phy.>*>* Nevertheless, to our knowledge, the biological

-4 ACS Publications  © 2012 American Chemical Society

activities depending on m- and s-SWNTs have never been
examined. Here, we report on the first comparison of the PDE
and PTE of semiconducting- and metallic-enriched SWNTs in
details, demonstrating that the PDE of s-SWNTs can be an
additional tool for photo killing of cancer cells.

Separation of m-SWNTs and s-SWNTs was performed
according to the method reported by Kataura et al.>* Briefly,
HiPco SWNTSs were sonicated in 2% sodium dodecyl sulfate
(SDS), and ultracentrifuged to remove bundles and impurities.
The supernatant was subjected to agarose gel chromatography.
In this method, s-SWNT's were adsorbed selectively to the gel.
As shown in Figure 1, UV—vis-NIR spectra of flow-through
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Figure 1. Image of m- and s-SWNT suspensions in cuvettes (left) and
UV—vis-NIR spectra of m-SWNT (red), unseparated SWNT (black),
and s-SWNT (green) suspensions (right).

(grayish) and adsorbed (greenish) fraction indicated that
separation of m- and s-SWNT's was successful to some extent.
On the basis of Raman spectroscopy analysis, the ratio of m-
SWNTs: s-SWNTs in the flow-through fraction and that in the
adsorbed fraction was 55:45 and 14:86, respectively (Figure
S1). Moreover, few impurities were confirmed by thermogravi-
metric analysis (Figure S2). These metallic and semiconducting
enriched fractions were used as m- and s-SWNTs in this study.

Next, the structure of our m- and s-SWNTs was
characterized by atomic force microscopy (AFM) and trans-
mission electron microscopy (TEM) measurements. Their
AFM images showed that most of s-SWNT's were individually
isolated, while small bundles with diameters of 1—3 nm were
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observed for m-SWNTs. In both SWNTs, the tube length
mainly ranged from 200 to 700 nm, and the length distribution
displayed similar pattern (Figure S3). On the TEM specimen
grids, most of both SWNTs were bundled, but by comparison
of SWNTs partially isolated, there was no significant differences
between m- and s-SWNTs (Figure S4).

First, the PTE of s- and m-SWNTs was compared by NIR
laser irradiation at 808 nm (50 mW), which has been often
used for ghotothermal cancer cell killing by carbon nano-
tubes.!”'**® The absorbance of both SWNT suspensions at
808 nm was adjusted to be 0.2. Under these conditions, the
energy absorbed by s- and m-SWNTs is equal. After irradiation
for 10 min, the temperature rise (AT (°C) = temperature after
irradiation —23 (starting temperature)) for m-SWNT suspen-
sion was larger than that for the s-SWNT suspension (Figure
2a). With increasing the SWNT concentration, AT was
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Figure 2. PTE of s- and m-SWNTs. (a) Time-dependent change in
temperature of s- (green) and m-SWNT (red) suspension under 808-
nm irradiation. (b) Effect of the laser wavelength on the difference in
PTE between s- (green) and m-SWNT (red). The numbers in (b)
show the difference in AT between s- and m-SWNTs. The
concentration of SWNTs was adjusted based on the absorbance at
each laser wavelength. The absorbance of SWNTs was 0.2 (a), and 0.6

(b).

increased gradually and leveled off at laser power intensities
of 50 and 100 mW (Figure SSa,b). On the other hand, AT was
almost proportional to the laser power intensity at 808 nm
(Figure SSc). It should be noted that AT for m-SWNTs was
always larger than that for s-SWNTs under these conditions.
These results suggested that m-SWNT's had higher PTE than s-
SWNTs.

While the two factors described above had marginal effect on
difference in AT between s- and m-SWNTs (Figure SS), the
difference in AT between s- and m-SWNTs was relatively
influenced by the laser wavelength used (Figure 2b). The
difference was in the order of 715 nm < 670 nm < 808 nm <§
32 nmv-irradiation. These results can be rationalized by the
difference in the light-absorbing ability of s- and m-SWNTs at
each excitation wavelength (Figure 1). The higher light-
absorbing ability of m-SWNTSs than s-SWNTs at 532 nm
would enhance the PTE of m-SWNT, whereas the higher light-
absorbing ability of s-SWNTs than m-SWNTs at 670, 715, and
808 nm suppress the PTE of m-SWNT.

PDE results in generation of ROS, for example, singlet
oxygen ('0,) and superoxide anion (O,°”), in the presence of
0,.'0, and O,"" are produced through energy transfer (type II
mechanism) and electron transfer (type I mechanism) from the
excited photosensitizers to O,, respectively. Here, PDE of s-
SWNTs and m-SWNTs was compared by detecting the
generation of 'O, and O,*”. Both of them were fluorescently
detected after 808 nm-laser irradiation for 10 min (see

Supporting Information Materials and Methods, and Figure
S6). As shown in Figure 3, photoinduced generation of 'O, and
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Figure 3. PDE of s- and m-SWNTs. 'O, (a) and 0,*” (b) were
fluorescently detected using SOSGR (Invitrogen) and Amplex
UltraRed (Invitrogen), respectively. The experiments were also
performed in the presence of 100 mM sodium azide (a 'O, quencher)
and mannitol (a O,*” quencher) after O, flow in the cuvette. Data
were calculated based on the integral intensity of the fluorescence
spectra (see Figure S6) and normalized to the intensity for
unirradiated s-SWNTs. The absorbance at 808 nm (Absgy) of
SWNTs was 0.6. Measurements were performed in triplicate (n = 3).

0,°” was obvious only for s-SWNTs, and it was increased with
increasing the laser power intensity. In addition, 'O, and O,"~
were selectively quenched by sodium azide and mannitol,
respectively,”® which unambiguously corroborates that each
fluorescent probe properly detects 'O, and 0,°". 'O,
generation was enhanced after O, flow to increase O,
concentration in the dispersion, while O,°” generation was
not. This selectivity was consistent with the conventional
photochemistry of PDE.>” Taken together, s-SWNTSs were
found to have much higher PDE than m-SWNTs, and to
catalyze the formation of both 'O, and O,°".

Yamakoshi et al. reported that O,°” generation by water-
soluble Cg4, derivatives under photoirradiation is highly
dependent on the concentration of a reducing agent,
nicotinamide adenine dinucleotide (NADH).”® On the other
hand, Kane et al. discussed the feasibility of reduction of O, by
SWNTs in the absence of reducing agents based on their redox
potential and the laser wavelength (975.5 nm) used in the
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experiment”® and concluded that the energy of the incident
photons would be sufficient for the photoreduction of O, by
SWNTs. Reduction of oxidized SWNTs has been suggested to
occur by water hydroxide ions.***° Thus, O,"~ generation
would also be feasible for s-SWNT aqueous dispersion without
reducing agents because a shorter laser wavelength (808 nm)
was used in our study.

Although m-SWNTs used in this study contained a
significant amount of semiconducting components as revealed
by Raman measurements (Figure S1), PDE of m-SWNTs was
not detected (Figure 3). It may be possible to reconcile this
apparent contradiction as follows. First, AFM measurements
revealed that almost all s-SWNTSs were individually isolated,
while m-SWNTSs were significantly bundled (Figure S3). From
these data, aggregation quenching of semiconducting compo-
nents, as well as energy transfer quenching of semiconducting
components by metallic ones in m-SWNTs, was cited as a
possible cause of the low PDE of m-SWNTs. Second,
unseparated SWNTs showed a medium PDE compared with
those of s-SWNTs and m-SWNTs (Figure S7), suggesting that
the PDE of the SWNTs was dependent on the abundance ratio
of semiconducting component in the SWNTs. Taken together,
it could be concluded that enrichment of individually isolated
semiconducting SWNTs enabled clear-cut detection of PDE of
SWNTs under NIR irradiation.

Finally, the photo killing activity of s-SWNT's against human
cancer cells, which were seeded in a 96-well plate (culture area:
0.32 cm?), was examined by the 808 nm-laser irradiation
(irradiation area: 0.20 cm?). To reduce the cytotoxicity of
deoxycholate involved in the aqueous dispersion of s-SWNTs,
s-SWNTs were dialyzed against H,O after stabilized with high-
density lipoprotein (HDL),>"** which is a naturally occurring
mesoscale material capable of being bound to SWNTs.>* The
cells were irradiated for 10 min in the culture media containing
the HDL-stabilized s-SWNTs, and then cultured for 24 h in a
fresh medium before the assay. As shown in Figure 4, s-SWNT's
markedly decreased the cell viability by 45%. Without the
irradiation, the HDL-stabilized s-SWNTs did not affect the
viability at all. These results clearly showed that the HDL-
stabilized s-SWNT's had photo killing activity.
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Figure 4. Photo killing of human lung cancer NCI-H460 cells by
HDL-stabilized s-SWNTs. The cells were irradiated at 808-nm laser in
the cell culture medium containing s-SWNTs (Absgys = 0.6) for 10
min. m-SWNTs were not subjected to the cell assay because of the
severe cytotoxicity even after HDL stabilization and dialysis. The laser
power intensity was increased at 800 mW to enhance the photo killing.
The irradiation was also performed in the presence of both s-SWNTs
and ROS quenchers. Assays were performed in triplicate (n = 3).
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For most photosensitizers employed in photodynamic
thera;)y, ROS, especially '0,, play a major role in killing cancer
cells.”*™>” To gain insight into the mechanism responsible for
the photo killing by the HDL-stabilized s-SWNTs, the cells
were irradiated in the presence of ROS quenchers, sodium
azide (for '0,) or mannitol (for O,°”, -OH and the other free
radicals). As shown in Figure 4, only sodium azide weakened
the photo killing activity of s-SWNTs. It was confirmed that the
presence of sodium azide had no effect on the dispersion
stability of s-SWNTs in the cell culture medium (Figure S8).
Therefore, the possibility of aggregation inactivation of s-
SWNTs by the addition of sodium azide was excluded because
aggregation of SWNTSs reduces absorbance at van Hove
singularities in the NIR region, leading to decrease in 'O,
generation. These results supported that 'O, generated through
PDE of s-SWNTs were responsible for the photo killing. On
the other hand, the temperature of the cell culture medium
(100 pL) containing the HDL-stabilized s-SWNTs was elevated
up to 41 °C, suggesting that PTE of s-SWNTs could also be
involved in the photo killing in Figure 4.3 To our knowledge,
this is the first demonstration that the PDE of SWNTs can
contribute to cancer cell killing. To inquire further into the
mechanism of this photo killing, for example, how the HDL-
stabilized s-SWNTs interacted with the cells, is a digression
from the main subject of this paper.

As reported by Gandra et al, surface functionalization of
SWNTs greatly affected 'O, production under irradiation at
532 nm.” The degree of the surface functionalization is
inversely correlated with the absorbance at van Hove
singularities.** SWNTSs used for photothermal cell killing by
Kam et al. and Chakravarty et al. appear not to be heavily
functionalized, based on the observation of van Hove
singularities in the UV—vis-NIR spectra.'”'? Although their
experimental conditions were different from ours, PDE of
SWNT's may contribute to the photoinduced cell killing which
has been observed using SWNTs.

In conclusion, PDE and PTE of SWNT's have been evaluated
extensively by using semiconducting- and metallic-enriched
SWNTs for the first time. As expected from the density of state
at Fermi level of each SWNT, semiconducting- and metallic-
enriched SWNTs had higher PDE and PTE, respectively.
Another important finding in this study was that semi-
conducting-enriched SWNTs, stabilized with HDL, caused
photo killing of cancer cells through 'O, generation like the
other photosensitizers. Our study provides fundamental
insights for developing SWNT-based cancer therapies.
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