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A hybrid molecule of cyclodextrin (CyD) and DNA, two
major subjects in supramolecular chemistry, should open a
new research field in nanoscience. By capping the end of a
pseudorotaxane, formed between �-CyD and dodecylamine-
modified DNA, with 1-adamantaneacetic acid, a DNA/�-
CyD–rotaxane conjugate has been successfully synthesized
and characterized.

Cyclodextrins (CyDs) are cyclic oligosaccharides composed
of 5 or more �-D-glucopyranosides, and are a very popular target
of supramolecular chemistry for their unique host–guest inclu-
sion capability.1,2 CyD-necklace, a polyrotaxane made of CyD,
axle, and capping molecules, is a typical supramolecular deriv-
ative of CyD.3–8 Various interesting applications of CyD–poly-
rotaxane, i.e. slide-ring gel (topological gel)5 and insulators for
conductive polymers,6 have been proposed, and some of them
have already been put into practice. Single-molecular manipula-
tion of CyD-necklace composed of �-CyD and poly(ethylene
glycol) using SPM probes has recently raised a new application
of CyD-necklace as a molecular abacus.7

DNA is another interesting subject of supramolecular chem-
istry because of its accurate complementary base-pairing and its
regularly formed double-helical structure. Besides, recent prog-
ress of DNA nanotechnology based on programmed assembly of
branched DNA helices has widened the scope of its application
toward nanomaterial science.8,9 Various kinds of precise DNA
nanostructures have been constructed so far. If such DNA
nanostructure can be used as a scaffold for precise assembly of
CyD-supramolecules in single-molecule manner in nanometer
range, CyD-derivatives could be promoted to far more attractive
and practical nanodevices. Thus, efficient preparation of DNA/
CyD–rotaxane conjugate is desirable. Besides, an application
for single-molecular DNA sequencing using AFM has also been
proposed recently.10,11 Despite such attractive future applica-
tions of DNA/CyD–rotaxane conjugates, there are few papers
on their actual synthesis.12 Although formation of DNA/CyD–
rotaxane conjugate on a surface has been suggested,10 as far as
we know, no report on isolated DNA/CyD–rotaxane conjugate
has been published to date. Here, we report an efficient synthesis
and isolation of DNA/�-CyD–rotaxane conjugate in solution by
using 1-adamantaneacetic acid as one of the capping molecules.

The synthetic procedure of DNA/�-CyD–rotaxane conju-
gate is shown in Scheme 1. First, 10 nmol of 26-mer DNA 1,
which bears a dodecylamine linker connected via hexaethylene-
glycol linker at the 50-end and was synthesized on an automated
DNA synthesizer, was first mixed with 1mmol of �-CyD in
0.1M NaHCO3 buffer (100mL, pH 9.0) and kept at room tem-
perature for 2 h. To the mixture was added 4mmol of activated
1-adamantaneacetic acid in 20-mL DMSO and allowed to react
overnight at 37 �C. After passing through a microspin column
packed with Sephadex G-25, to the mixture was added 400mL

of water and the desired DNA/�-CyD–rotaxane conjugate was
isolated by reversed-phase (RP) HPLC.

Figure 1 shows the RP-HPLC charts of various reaction
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Scheme 1. The synthesis of DNA/�-CyD–rotaxane conjugate.

Figure 1. Reversed-phase HPLC charts of various reaction
mixtures with a linear gradient of acetonitrile (0 to 50% for
50min with 50mM ammonium formate buffer). a) 1 alone. b)
A simple mixture of 1 and �-CyD. c) 1 + activated 1-adaman-
taneacetic acid. d) 1 + �-CyD + activated 1-adamantaneacetic
acid. The peak eluting at 23.3min (indicated by the arrow) is
the DNA/�-CyD–rotaxane conjugate. The peak at 20.7min in
c (20.3min in d) is unreacted 1 and the peak at 35.5min in c
is 1/adamantane conjugate without �-CyD.
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mixtures. As shown in Figure 1b, a typical chart of a simple
mixture of 1 and �-CyD is almost identical with a chart for 1
alone (Figure 1a). Assumedly, pseudorotaxane of 1 and �-
CyD, if any, is not stable enough to be detected on RP-HPLC.
When activated 1-adamantaneacetic acid was added to the solu-
tion of 1 in the absence of �-CyD, 1/adamantane conjugate that
elutes around 35min was efficiently obtained as in Figure 1c.
The coupling yield estimated from the peak area was ca. 55%.
Quite interestingly, formation of 1/adamantane conjugate was
completely suppressed when 1 was incubated with �-CyD prior
to the addition of the solution of activated 1-adamantaneacetic
acid. Instead of 1/adamantane conjugate, a new significant peak
that elutes much earlier than the 1/adamantane conjugate was
observed (Figure 1d). The yield of this peak was ca. 14%.

The peak at 23.3min in Figure 1d was isolated and further
analyzed by RP-HPLC and MALDI-TOFMS (Figure 2).13 As
in Figure 2a, the isolated product gave a sharp single peak on
RP-HPLC even after the whole work-up procedure (drying,
desalting, concentration determination, etc.) that lasts at least a
few days. Another possible explanation of this product is that
�-CyD is not threaded by the dodecyl chain but forms an
extremely stable inclusion complex with the adamantane at
the end of 1/adamantane conjugate from the outside of the
conjugate. This is less probable because the size of adamantane
is much larger than the cavity of �-CyD, and rather fits �-CyD.

Consistently, the retention time of 1/adamantane conjugate
did not change at all even when it is mixed with �-CyD
(Figure 2b) or �-CyD (data not shown) as long as 2 days before
HPLC analyses. However, it is certain that the change of reten-
tion time is drastic, and the isolated product elutes significantly
early for a molecule bearing a highly hydrophobic core like ada-
mantane (Figure 2c). It is possible that some kind of interaction
between �-CyD and adamantane is enhanced by an intramolec-
ular effect in the conjugate so as to compensate the hydrophobic
nature of the adamantane.14

MALDI-TOFMS analysis of the isolated product has clearly
shown that the product is indeed DNA/�-CyD–rotaxane conju-
gate and contains only one �-CyD (Figure 2d). The m=z number
of the main peak in the spectrum is 9729.7, which is in
quite good accordance with the calculated number of 9734.5
for DNA/�-CyD–rotaxane conjugate. Besides the desired main
product, very small amount of 1/adamantane conjugate (m=z
8750.5) can be seen in the spectrum. Considering that no
peak corresponding to 1/adamantane conjugate was detected
around 30min in Figure 2a, �-CyD may slightly escape from
the complex upon laser irradiation or within ionization.

In conclusion, we have successfully synthesized and
isolated DNA/�-CyD–rotaxane conjugate. Preparation of
DNA-nanostructure/CyD–rotaxane composite is now under
way in our laboratory.
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Figure 2. Characterization of the purified DNA/�-CyD–
rotaxane conjugate. a) The purified DNA/�-CyD–rotaxane
conjugate. b) A simple mixture of 1/adamantane conjugate
and �-CyD. c) Co-injection of the purified DNA/�-CyD–
rotaxane conjugate and 1/adamantane conjugate. d) MALDI-
TOFMS of purified DNA/�-CyD–rotaxane conjugate. Calculat-
ed m=z for the desired product is 9734.5. Very small amount
of 1/adamantane conjugate (m=z 8750.5) is observed, suggesting
that �-CyD slightly escapes (or is broken off) upon ionization.

Chemistry Letters Vol.37, No.9 (2008) 997

Published on the web (Advance View) August 27, 2008; doi:10.1246/cl.2008.996


