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This is the fifth part of the series of articles that records and further develops essentials of the Mathematics and

Chemistry Interdisciplinary Symposium 2013 Tsuyama, whose main themes were symmetry, periodicity, and repetition.
The symposium was held on April 5th and 6th in Tsuyama city, Okayama, Japan, in conjunction with the Fukui Project and
was devoted to the memory of the late Professor Kenichi Fukui (1981 Nobel Prize) who initiated the project. The present

series also provides challenging cross-disciplinary problems which are directly related to the Fukui conjecture and to recent

carbon nanotube research. Most of these problems are formulated using mathematical language of unique factorization

domain (UFD) and related notions, which are not well known among chemists despite the importance of these notions in

elucidating additivity and high-speed asymptotic phenomena in molecules having many repeating identical moieties.
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5. Fourier Analysis of NMR Data at
the Saskatchewan Structural Science
Centre (SSSH) in Canada

Shigeru Arimoto

In connection with the Fourier integral representation of
the o term appearing in the Fukui conjecture, the author of
this section (SA) has been interested in Fourier analysis. At
SSSH (nicknamed Church of NMR) in Canada, the author
conducted a computational research of Fourier frequency
analysis of NMR signals and of their visualization and
sonification. This experience helped him a great deal in the
‘Research and Educational Program Linking Science with
Visual-audible Art” in the Fukui Project. The details of this
program and of the accompanying software system
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developed in Canada and called ‘Rosetta’ shall be published
elsewhere.

6. Biomedical Applications of
Single-Chirality-Enriched Semiconducting
Single-Walled Carbon Nanotubes

Tatsuya Murakami

Single-walled carbon nanotubes (SWNTs) are graphene
sheets rolled up into cylinders, and based on the direction of
the roll up, i.e., chirality index (n,m), they are divided into
two main classes, metallic and semiconducting ones (m- and
s-SWNTs). From a biomedical point of view, s-SWNTs are
particularly important because of their relatively efficient
absorption of near-infrared (NIR) light, which is derived
from S;; and S, van Hove transitions. As the absorbed
energy from NIR photon is efficiently converted to heat by
SWNTs, many researchers have observed photothermal
ablation of cancer cells by SWNTs.* On the other hand, we
reported that s-SWNTs, which were enriched from SWNTs
by a gel chromatography, were capable of generating
reactive oxygen species (ROS) as well as heat under NIR
illumination.® This observation indicates that the chirality
enrichment of s-SWNTSs is a very useful way to clarify the
function of s-SWNTSs as NIR-responsive nanomaterials. This
short review summarizes recent findings of how chirality
enrichment of SWNTs is performed and how the
chirality-enriched s-SWNTSs are utilized in vitro and in vivo.

Separation into m- and s-SWNTs was first reported by
Collins et al. in 2001.° They performed electrical breakdown
of multi-walled carbon nanotubes, resulting in the loss of
individual carbon shell from the nanotubes to yield SWNTs.
After this report, instrumental platforms” ® and selective
surface modification processes®™ for the separation have
been developed. In terms of purity, yield, and throughput,
however, these procedures were insufficient. In this context,
a pioneering work using agarose gel was reported by
Kataura and colleagues.” When SWNTs were dispersed in
an aqueous sodium dodecyl sulfate (SDS) solution by
sonication and electrophoresed in an agarose gel, only
m-SWNTs were mobile, and then m- and s-SWNTs were
easily obtained. The principal of this procedure is thought to
be difference in affinity of SDS between m- and s-SWNTs."
In particular, m-SWNTs are wrapped by SDS at a higher
density than s-SWNTs, which makes the affinity of
m-SWNTs to agarose gel weaker. They have further
advanced this procedure for easier and more efficient
separation of m- and s-SWNTs.** °

Procedures for single (n,m) sorting of s-SWNTs have also
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been reported by several groups. Ghosh et al. succeeded in
sorting of ten different (n,m) species by using nonlinear
density-gradient ultracentrifugation.”® Liu et al. developed
sophisticated gel chromatography procedures based on the
findings that the adsorbability of each (n,m) species to a
Sephacryl S-200 gel is dependent on the tube diameter'” and
also controllable by varying temperature of the gel.® More
recently, aqueous two-phase extraction for (n,m) sorting was
reported by Fagan et al.”® They used agueous mixtures of
polyethylene glycol and dextran, which had the nature of
spontaneous decomposition into two phases. In this aqueous
mixtures, each (n,m) species showed a different partition
profile upon addition of SDS, sodium deoxycholate, or
sodium cholate at various concentrations. The advantages of
this method are rapid sorting (a few minutes), no
requirement of expensive capital equipment, and amenability
to greater mass throughput.

To date, there have been three reports describing
biomedical applications of single- or double-chirality
-enriched s-SWNTs. Dai and colleagues utilized the second
NIR photoluminescence of (7,6), (6,5), and (12,1)/(11,3)
SWNTs for biological imaging. The second NIR
photoluminescence is favorable for deep tissue imaging due
to the low indigenous tissue autofluorescence and the much
reduced photon scattering. By utilizing NIR fluorescence
enhancement for (7,6) SWNTS on plasmonic gold substrates,
tracking cellular internalization of the single tube became
possible.”’ Blood vessels in xenograft tumor in mice were
visualized after intravenous administration of (12,1)/(11,3)
SWNTs.2 (6,5) SWNTSs were capable of simultaneous tumor
imaging and photothermal therapy in mice.! In this way,
single-chirality enrichment of s-SWNTs can significantly
increase the biomedical utilities of SWNTs. This also leads
to reduction of s-SWNTs applied to biological systems,
which means decrease in any potential adverse effects of
S-SWNTs.

Finally, the possibility of single-chirality-enriched
s-SWNTSs as photodynamic agents is discussed based on the
recent photochemical studies of SWNTSs. The photodynamic
activity of photosensitizers is based on photooxidative
reactions, which involve activation to a short-lived excited
singlet state, intersystem crossing to a long-lived triplet state,
and energy/electron transfer to the triplet ground state of O,.
While the excited triplet state of s-SWNTs has been
characterized theoretically since 2005,% its experimental
elucidation was reported in 2011 for the first time by
femtosecond-to-microsecond time domain pump-probe
transient absorption spectroscopy.”® In this study, (6,5)
SWNTs exhibited rapid S;-to-T; intersystem crossing (7=20
ps; $~3-5%) and a substantial triplet excited state lifetime (z
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=15 us). Then, a similar observation for (6,5) SWNTs (r =
30 + 10 ps; ¢ =5 + 2%) was made by the other group.”* ‘Ey,
energy of (6,5) SWNTs is 975 nm (1.27 eV),” and °Ey, state
is theoretically indicated to lie ~0.03 eV below the ',
state.”?  Thus, °Ey energy of (6,5) SWNTSs can be calculated
to be 1000 nm (1.24 eV), which is sufficiently higher than
the energy required for *O, generation (1274 nm, 0.97 V).
10, generation by SWNTSs has been observed under UV’ or
visible light irradiation.® These photochemical studies of
s-SWNTSs support our observation that NIR light (808 nm)
was sufficient to generate 'O, with s-SWNTs. Under this
808-nm illumination, (9,8) SWNTs (L, 809 nm) may be
responsible for its generation. Our success relied on
enrichment of individually isolated s-SWNTs because
s-SWNTs would be quenched via aggregation and energy
transfer to nearby m-SWNTs. It will be interesting to
compare  the  photodynamic  effect of each
single-chirality-enriched s-SWNTSs.

In summary, single-chirality enrichment of s-SWNTs is a
rapidly emerging technology, which has enabled their
detailed photochemical evaluation. The NIR responsiveness
of s-SWNTs via the van Hove transitions, such as
luminescence, and heat and ROS generation, is certainly
valuable in the field of biology and medicine, and
single-chirality enrichment of s-SWNTs will further advance
their theranostic abilities in near future.
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