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Fundamental properties of single-walled carbon nanotubes (SWNTs) that are individually dissolved
using twenty base paired-double-stranded (ds) DNA, (dA),¢/(dT)y0, as well as single-stranded (ss)
twenty-mers of oligo DNAs, adenine (dA),y and thymine (dT),, for comparison are described. In this
study, unbound oligo DNAs are fully removed from the hybrid aqueous solutions using size-exclusion
chromatography (SEC)-HPLC. Each SEC chromatogram of the solutions shows two separated peaks;
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one is the free oligo DNAs and the others are the oligo DNA/SWNT hybrids. The earlier eluent
fractions (the hybrids) are separated into four size-separated fractions, and then their stability is
evaluated by the re-injection of the fractions. The chromatograms of the earlier eluent fractions are
almost identical to those of the original ones even after storage for one month, indicating the high
stability of the dSDNA/SWNTs and ssDNA/SWNTs hybrids in water. The results free us from
considering the desorption of the bound-oligo dsDNA or oligo ssDNA from their nanohybrids with the
SWNTs, which is of significant advantage to the utilization of oligo DNA/SWNT nanobiohybrids in
wide areas of science. We also investigated the near-IR absorption and photoluminescence (PL)
spectral behaviors of the fractionated oligo DNA/SWNTs hybrids not containing corresponding free

oligo DNA.

Introduction

Carbon nanotubes (CNTs)! are important nanomaterials due to
their remarkable electrical, mechanical, thermal and optical
properties.> The potential applications using these materials,
however, are often limited because of their insolubility in many
solvents due to strong intertube van der Waals interactions.
Therefore, strategic approaches for the solubilization of the
CNTs are important for realizing the practical applications of the
material.®> Such studies may open many doors not only in
chemistry and physics, but also in biochemistry, biology, phar-
maceutics, and medicine.

The combination of the CNTs and DNA (or RNA) is of
fundamental and applied interest in many chemical and
biochemical areas. We have already reported the finding that
double-stranded DNA (dsDNA) molecules dissolve single-wal-
led carbon nanotubes (SWNTs) in aqueous solutions.* On the
other hand, Zheng et al’ showed that single-stranded DNA
(ssDNA) solubilizes SWNTs. An interesting finding is the ability
to separate metallic- and semiconducting SWNTs using ion
exchange chromatography for ssDNA-dissolved SWNTs,® as
well as SWNT-size sorting using size-exclusion chromatography
(SEC).” Very recently, it has been discovered that the separation
of SWNTs having a single-chirality using ion exchange chro-
matography for the oligo ssDNA dissolved SWNTs is possible.®
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After the findings that DNA solubilizes SWNTs, many groups
have endeavored to understand the fundamental properties of
the SWNT/ssDNA®*!® and SWNT/dsDNA'" nanobio hybrids
and their applications in nano- and nanobio-related materials
science. However, one must pay attention to the fact that large
amounts of unbound (free) DNA molecules exist in SWNTs/
DNA aqueous solutions. It is important to understand that the
hybrids containing no free DNAs in the bulk are stable enough
for use in many experiments. Recently, we reported that dsDNA
(~300 base pair)/SWNT hybrids are highly stable without
desorption of the bound dsDNA from the hybrids for at least one
month.'? However, many researchers use oligo DNA to solubi-
lize SWNTs, and a significant number of papers has been pub-
lished describing the structure, properties and functions of their
nanohybrids as already described. Richert and coauthors'
described the stability of oligo ss- and ds DNA/SWNT hybrids
by measuring half life time of flocculation of the hybrids by
heating to 90 °C.

However, to the best of our knowledge, no clear-cut answers have
yet been published describing the stability of oligo DN A-solubilized
SWNTs not containing the free unbound oligo DNA. As oligo
DNAs, we did not choose sequenced-base paired oligo-DNAs but
chosen homo-oligo-DNAs for simplicity. In this experiment,
twenty base paired-double-stranded (ds) DNA, (dA),¢/(dT),0, as
well as single-stranded (ss) twenty-mers of oligo DNAs, adenine
(dA),o and thymine (dT),, for comparison were used to prepare
the size-separated oligo DNA/SWNT hybrids not containing the
free oligo ds- or ssDNA, and examined their stability using SEC.
We also described near-IR absorption and photoluminescence
(PL) spectra of these oligo DNA/SWNT hybrid solutions. We also
tested twenty-mers of guanine and cytosine; however, twenty-mer
of guanine was not suitable in this study because it forms an
aggregate in water.
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We prepared size-separated oligo DNA/SWNT hybrids not
containing the free oligo ds- or ssDNA, and examined their
stability using SEC. We also described near-IR absorption and
photoluminescence (PL) spectra of these oligo DNA/SWNT
hybrid solutions.

Experimental section

The single stranded oligo DNAs, (dA)yy and (dT)yy, were
purchased from Hokkaido System Science. Their purities esti-
mated by HPLC are greater than 99%. The as-produced
SWNTs, so-called HiPco, were obtained from Carbon Nano-
technologies, Inc., and used as received. The hybridization of
the (dA),o and (dT),q were carried out by mixing their equi-
molar solutions (each 3 mL, 50 uM), followed by heating to
90 °C, and then gradually allowed to cool to 5 °C. Solubili-
zation of the SWNTs using the oligo DNAs was conducted
following the procedures described in Ref. 4. Typically, ~0.5
mg of the SWNTs was added to an aqueous solution of the
oligo DNA (5 mL, 25 puM tris-EDTA buffer, pH 8.0) and
sonicated using a bath-type ultrasonic cleaner (Branson 5510)
at temperatures below 5 °C for 1 h, followed by centrifugation
(Sigma, 3K30C) at 60000 g at temperature below 5 °C for 1 h.
The top 80% of the solutions were separated and used for this
study. The UV-visible-near IR spectra and PL spectra were
measured at 5 °C using a spectrophotometer (JASCO, V-570)
and spectrofluorometer (SPEX Fluorolog-3, Horiba-Jobin
Yvon), respectively. Size-exclusion chromatography columns
(CNT SEC-2000, CNT SEC-1000, and CNT SEC-300, each
10.0 (inner diameter) x 250 mm (length), Sepax Technologies,
Inc.) were connected to an HPLC system (Shimadzu). Tris-HCl
buffer (1 mM, pH = 8.0) containing 0.1 mM EDTA was eluted
at a flow rate of 1.00 mL min~' at 15 °C. The elution was
collected at 2.00 ml/fraction. Atomic force microscopy (AFM,
tapping mode) measurements were performed using an SPM-
9600 (Shimadzu). The sample solution was deposited onto
a freshly cleaved mica substrate, rinsed with water, and then
dried before the measurement.

Results and discussion
A. Preparation of individually dissolved SWNTSs

Oligo DNA hybridization of (dA),q and (dT),, was confirmed by
measuring the temperature dependent UV-visible spectrum of
the (dA),0/(dT),0; namely, the T, of the (dA),¢/(dT),g in a tris-
EDTA buffer was determined to be 27.0 °C (Fig. S1 of the ESI¥).
In this study, all experiments were carried out at temperatures
below 15 °C that are lower than the T}, of the ds(dA),o/(dT),o.
Almost no denaturation of the oligo dSDNA occurs during the
sonication because the 77, values of the hybrid before and after
the sonication were virtually identical (details, see Fig. S17).
Fig. 1 shows the UV-visible-near IR spectra and near IR
photoluminescence (PL) of the SWNT solutions dissolved with
(dA)>o/(dT)s9, (dA)>y and (dT),, in which the characteristic
absorption bands in the near-IR region due to the interband
transition between the mirror image spikes in the density of states
of the SWNTs™ appears, and the absorption intensities of the
three solutions were not much different. Weisman et al'®
reported that the raw-SWNTs dissolved in an aqueous micelle
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Fig. 1 UV-visible-near IR absorption spectra (a) and near-IR PL
mappings of the SWNT solutions dissolved with (dA),¢/(dT),g (b), (dA)20
(c) and (dT)y (d).

solution of sodium dodecyl sulfate individually showed the PL in
the near-IR region. Since their report, considerable attention has
been focused on this unique optical behavior.'® From the PL of
the solutions shown in the figure, we recognized the following
chiralities of the SWNTs individually dissolved in the three oligo
DNA solutions: (6,5), (7,5), (8,3), (8,4), (7,6), (9,4), (10,2), (8,6),
8,7), (9,5), (10,3), (11,1), (11,3) and (10,5). Although we recog-
nized that the (7,5), (7,6) and (9,4)SWNTs, (6,5), (7.,5), (7,6) and
(9,4)SWNTs, and (7,6) and (9,4)SWNTs are enriched in (dA),o/
(dT),9, (dA)20, and (dT)yo, respectively, the 2D-PL mapping of
the three different SWNT solutions are very similar, indicating
that the double-stranded oligo DNA and the single-stranded
oligo DNAs have a similar performance for the chiral selectivity
of the SWNTs.

B. Separation, optical properties and stability

The SEC-HPLC chromatograms were measured at 15 °C for the
SWNT aqueous tris-EDTA buffer solutions dissolved with
(dA)20/(dT)20, (dA)yo o1 (dT),0, as well as the three different oligo
DNA solutions not containing the SWNT. Peaks of the chro-
matograms of the three different oligo-DNA solutions not
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Fig. 2 SEC chromatogram of a (dA),o/(dT),p-solubilized SWNT
aqueous solution.

containing the SWNTSs appeared at around 38 min (Fig. S2 of the
ESIt). As shown in Fig. 2, a (dA),o/(dT),0-solubilized SWNT
solution gave two peaks in the SEC chromatograms; the first
fraction can be identified as the (dA),0/(dT)20-SWNT hybrid and
the second as the SWNT-unbound (free) (dA),¢/(dT)z9. Similar
SEC chromatograms were obtained for the solutions of the
(dA)20-SWNTs and (dT),-SWNTs (Fig. S3 of the ESIt). The
obtained elution profiles for the oligo DNA-solubilized SWNTs
resembles the SEC chromatogram for the solutions of the
ssDNA-solubilized SWNTs” and of dsDNA (300 bp)-solubilized
SWNTs.'2

The first peak portion in the chromatogram of the (dA),o/
(dT),p-solubilized SWNT solutions was fractionated into four
samples, frl, fr2, fr3 and fr4 (Fig. 3, left), in which we observed
a transparent pale gray color (Fig. 3, right). As can be seen in
Fig. 4, the UV-vis-near IR spectra of the all fractions show
characteristic absorption bands assigned to the interband tran-
sition of the SWNTs, indicating that the fractions contain
SWNTs. From the PL shown in Fig. 5, we see strong spots from
(9,4) and (7,6), (7,5) and (7,6), (7,5) and (9,4), (7.5), (7,6), (9,4)
and (10,2) in frl, fr2 and fr3, respectively. Similar experiments
were carried out for the solutions of the (dA),-SWNTs and
(dT),0-SWNTs to obtain fr1A-fr4A and fr1T-fr4T, respectively,
and their chromatograms as well as the UV-vis-near IR
absorption for the fractionated samples are presented in the
Fig. S4 of the ESIT. We also measured the PL of the fractionated
samples, and the results are shown in the Fig. S5 and Fig. S6 of
the ESIf. From the 2D-PL mapping shown in Fig. 5, S5 and S6,
significant difference in the chirality of the SWNTs dissolved in
the fractionated samples was no observed, indicating that at the
present experimental condition, the affinities of (dA),/(dT),o,
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Fig. 3 SEC chromatogram showing fractionation time for the (dA),y/
(dT),0-solubilized SWNT solution (left) and photograph of the frac-
tionated samples (fr1-fr4) (right).
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Fig. 4 UV-vis-near IR absorption spectra of fractionated (dA),¢/(dT)0-
solubilized SWNT aqueous solutions: frl (red), fr2 (blue), fr3 (green) and
fr4 (orange).
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Fig. 5 Near IR PL mappings of frl (a), fr2 (b), fr3 (c) and fr4 (d).

(dA)yo and (dT), with the SWNTs are not much different even
after the size-sorting of their hybrids.

An AFM study was carried out using the obtained fraction-
ated samples, and the results are presented in Fig. 6; from the
height profiles of the AFM images, we observed the individually
dissolved SWNTs. The length distributions for the randomly-
selected 50 tubes in frl, fr2, fr3 and fr4 from the (dA),o/(dT)z0-
SWNT hybrid solution gave average lengths of 534, 266, 156 and
105 nm, respectively (Fig. 7). It is evident that the earlier frac-
tions contain longer nanotube hybrids than the later fractions,
which is consistent with the SEC separation principle.

In Fig. 8, an AFM image of the fr1 having high magnification
is shown for the better understanding of the hybrids. The image
suggests the formation of an oligo DNA-wrapped SWNT
(details, see Fig. S7 of the ESIt, in which the height profile of the
AFM image is shown together with the AFM image).

The stabilities of the oligo-DNA/SWNT hybrids not con-
taining the free oligo-DNAs were evaluated by re-injection of
the SEC-fractionated solutions after storage in a refrigerator
(4 °C) for 3 days, one week and one month, and the results are
shown in Fig. 9. The chromatograms after 3 days and one
week are virtually identical to those injected immediately after

This journal is © The Royal Society of Chemistry 2010
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Fig. 6 Typical AFM images of fractionated samples: frl (a), fr2 (b), fr3
(c) and fr4 (d).
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Fig. 8 AFM image of (dA),o/(dT),o/SWNT hybrid (fr2).
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Fig.9 Chromatograms of fractionated (dA),o/(dT),o-solubilized SWNT
aqueous solutions injected immediately after the separation (a) and those
for the samples after storage at 4 °C for 3 days (b), 1 week (c) and 1 month
(d).

the collection of these collections. Almost no peak was
observed around the retention time of 36-40 min. Even after
storage for one month, the chromatograms for frl-fr4 were
virtually identical to the original, although very small peaks
were observed around a retention time of 38 min, which
corresponds to the retention time of the free oligo DNA. The

SEC-HPLC

unbound
oligo-dsDNA

fr3 frd

one-month storage

l re-injection to SEC-HPLC

fr1-fr4: same retention time and no free oligo-dsDNA

Fig. 10 Schematic drawing for the sorting of oligo dsDNA/SWNTs and
the stability of the sorted hybrid oligo-dsDNA/SWNTs.
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concentration of the free oligo DNA was estimated to be ca.
a few nM in the bulk solutions (details, see Table S1 of the
ESIT). Fig. 10 shows the present finding schematically. As
presented in Fig. 11 and Fig. 12, the SEC-fractionated hybrid
solutions from the (dA),o/SWNTs ((frl1A to fr4dA) and (dT),o/
SWNTs (fr1T to fr4T) gave virtually the same stability as that
of the (dA),/(dT)20-SWNT hybrid, indicating that the affinities
of the double-stranded oligo DNA with the SWNTs and the
single-stranded DNA with the SWNTSs in the buffer solutions
are both very strong.
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Fig. 11 Chromatograms of fractionated (dA)yo-solubilized SWNT
aqueous solutions injected immediately after the separation (a) and those
for the samples after storage at 4 °C for 3 days (b), 1 week (c) and 1 month
(d).
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Fig. 12 Chromatograms of fractionated (dT)yo-solubilized SWNT
aqueous solutions injected immediately after the separation (a) and those
for the samples after storage at 4 °C for 3 days (b), 1 week (c) and 1 month
(d).

Conclusions

We have removed the unwrapped oligo dsDNA and two
different oligo ssDNAs from the corresponding oligo DNA-
solubilized SWNT aqueous tris-EDTA buffer solutions and then
obtained four fractionated size-separated oligo DNA/SWNT
hybrids using SEC-HPLC treatments. Before and after the SEC-
HPLC, the obtained oligo dsDNA/SWNT and oligo ssDNA/
SWNT solutions gave similar visible-near IR and PL spectra.
The chiral selectivity in the each four fractionated samples are
somewhat different, but not significantly different. By using the
re-injection procedure of the SEC-HPLC, we have discovered
that, at the SEC chromatograph level, the fractionated dsDNA/
SWNT and ssDNA/SWNT hybrids are highly stable without
desorption from the hybrids to the unbound dsDNA (or ssDNA)
for at least one month, indicating both the oligo dsDNA and
ssDNA possess strong affinities with the SWNTs in the tris-
EDTA buffer solutions. These results indicate that we virtually
do not need to consider the desorption of the bound-oligo
dsDNA or oligo ssDNA from their nanohybrids with the
SWNTs in water, which is of significant advantage to the utili-
zation of the hybrids in wide areas of science.

The present finding is important not only for the fundamental
analysis of oligo dsSDNA/SWNT and ssDNA/SWNT nanobio-
hybrids, but also for their applications, especially in biological
areas.
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