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Abstract: A supramolecular hybrid is
prepared by the supramolecular surface
modification of single-walled carbon
nanotube (SWCNT) with cationic b-cyclodextrin-tethered ruthenium complexes through a spacer molecule that
contains both an adamantane and a
pyrene moiety. By employing the
supramolecular hybrid, spatially con-

trollable DNA condensation along the
SWCNT skeleton is achieved by anchoring cationic ruthenium complexes
Keywords: cyclodextrins · DNA ·
ruthenium · nanotubes · single-walled carbon nanotubes

Introduction
In the past years, DNA delivery systems have found many
applications in gene therapy as a method of treating genetic
disorders.[1] Nonviral DNA delivery systems have attracted
much attention for their relative safety and ease of application.[2] Controllable DNA condensation will be significantly
helpful for gene delivery systems.[3] Reversible photoswitched DNA condensation employing azobenzene-containing light-responsive cationic surfactants have been reported.[4] In the meantime, a spatially controllable DNA
condensation system will be also crucial for future applications. Recently, we have prepared a water-soluble b-cyclodextrin (b-CD)-containing ruthenium complex ([RuACHTUNGRE(phen)2(b-CD-hophen)]Cl2, signified as b-CD-RC, phen =
1,10-phenanthroline, b-CD-hophen = 2-(4’-hydroxyphenyl)imidazo[f]-1,10-phenanthroline-modified
b-CD,
see
Scheme 1) and found that it is able to induce DNA aggregation, resulting in submicrometer DNA toroids and transfection into 293T cells.[5]
Because carbon nanotubes (CNTs) possess the properties
of cell-permeability without imparting toxicity,[6] there are
an enormous number of ongoing explorations into CNT use
in biological and medical application fields,[7] such as an
agent for protein and DNA transport, nanomedical functional excipient, or intracellular transport of biologically
active molecules for gene therapy.[8] We have employed adamantane-modified pyrene supramolecular assemblies on
multi-walled carbon nanotubes (MWCNT) in aqueous solution to explore its DNA condensation capacity and found
that MWCNT could enhance DNA condensing efficiency of
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on the surface. Furthermore, because
of the unique physiological properties
of SWCNTs, the cationic supramolecular hybrid can be used as a nonviral
gene delivery system with the ruthenium complexes as a fluorescent probe
to monitor uptake of DNA by cells.

cationic polymers.[9] Prato and co-workers investigated the
condensation of plasmid DNA by cationic covalently functionalized SWCNTs and MWCNTs and explored their potential as gene-transfer agents.[10] Lee and Johnson have investigated the interaction between DNA with positively
charged SWCNTs.[11]
As a type of well-defined CNT, SWCNTs possess some
unique properties compared to MWCNTs. Therefore,
SWCNTs have been investigated intensively and systematically. As an efficient and less-destructive approach to improve the solubility and dispersibility of SWCNTs, noncovalent surface modification has been extensively employed
through p–p stacking interactions, van der Waals interactions, and/or hydrophobic interactions between the surface
of CNT and either aromatic compounds, nucleic acids, polymers, ss-DNA, or host–guest complexes.[12] To the best of
our knowledge, DNA condensation by functionalized CNTs
or CNT hybrids has not given well-structured and controlled
morphology to date. Recently, we reported a supramolecular
surface modification of SWCNTs by the inclusion complex
of methylated b-cyclodextrin (b-MCD) with adamantane derivatives (Py-Ad) that are tethered with a pyrene moiety.[13]
The formation of the SWCNT–Py-Ad–b-MCD supramolecular hybrid results in the water-solubilization of SWCNTs,
in which the SWCNT is the core, and the adamantane–cyclodextrin complexes are the water-soluble shell/corona. If
we replace the b-MCD with b-CD-tethered ruthenium complex ([RuACHTUNGRE(phen)2(b-CD-hophen)]Cl2, b-CD-RC), we obtain
an aqueous solution of supramolecular SWCNT–Py-Ad–bCD-RC (1), in which a layer of cationic ruthenium complexes are anchored on the surface of the supramolecular
hybrid (Scheme 1). By employing the supramolecular hybrid
system, we can achieve spatially controllable DNA condensation along the SWCNTs. In this article, we present this attempt and report the hybrid–DNA complex uptake by cells.

Results and Discussion
On the basis of our recent report,[13] the aqueous solution of
1 was prepared with b-CD-containing ruthenium complexes
by using a modified procedure from the literature.[14] We
mixed and finely ground the solid sample to improve the
stability of the aqueous solution, and the final product was
dialyzed with ultrapure water to ensure the complete removal of excess b-CD-RC and Py-Ad.

 2010 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

www.chemeurj.org

1169

Y. Liu, B.-H. Han et al.

thermore, the fluorescence intensity of b-CD-RC at 600 nm
does not show any change upon
addition of SWCNT in aqueous
solution (Supporting Information, Figure S3), which indicates
that there is no detectable interaction between the ruthenium
complex and SWCNT in aqueous solution in the absence of
the Py-Ad segment. Under the
fluorescence experimental conditions described above, the
competitive light absorbance of
SWCNT and Py-Ad can be ignored because they are too low
to be determined.
From the UV/Vis spectrum
of an aqueous solution of 1
Scheme 1. Preparation route to the SWCNT–Py-Ad–b-CD-RC supramolecular hybrid (1).
(Figure 1), both the characteristic absorbance peak at 460 nm
for b-CD-RC and the characteristic absorbance peaks at 330 and 340 nm for Py-Ad are obSystematic investigations have been performed to eluciserved; this indicates the co-presence of b-CD-RC and Pydate the interactions among b-CD-RC, Py-Ad, and SWCNT
Ad in the aqueous supramolecular hybrid solution. The conin solution. The fluorescence emission at 360–430 nm of Pycentration of aqueous 1 (300.0 ng mL1) is approximately
Ad in DMF solution decreases gradually with stepwise addition of a SWCNT solution at 25 8C (Supporting Information,
60 mm as calculated from the b-CD-RC extinction coefficient
in aqueous solution that was obtained from the working plot
Figure S1), which indicates that a p–p stacking interaction
(Supporting Information, Figure S4); this was determined by
exists between Py-Ad and the surface of SWCNT. Meanmeasuring the UV/Vis absorbance at 460 nm at various conwhile, the fluorescence emission of aqueous b-CD-RC solucentrations (extinction coefficient e of b-CD-RC obtained as
tion slightly decreases upon the addition of Py-Ad solution
(6.92  0.04)  103 L mol1 cm1).
(Supporting Information, Figure S2); this suggests that an
inclusion complex forms between the adamantyl moiety of
Furthermore, we notice that the fluorescence intensity of
Py-Ad and the cyclodextrin cavity upon the decrease of the
b-CD-RC in the aqueous solution of 1 decreased remarkmicroenvironmental hydrophobicity and/or steric deshieldACHTUNGREably compared with that in aqueous b-CD-RC (Figure 2);
ing around the fluorophore (the Ru-complex unit in b-CDthis indicates the appearance of a photo-induced chargeRC).[15] At the same time, it can also be attributed to intertransfer process from the SWCNT–Py-Ad moiety to the bCD-RC in the supramolecular hybrid.[15a]
actions such as electron (charge) transfer between the
[15a]
pyrene moiety and fluorescent ruthenium complex.
FurThe Vis/NIR spectrum of aqueous 1 is shown in Figure S5
(Supporting Information). In the range of 600–1300 nm, the

Figure 1. UV/Vis spectrum of aqueous 1 (solid line, [hybrid] =
300 ng mL1, that is,  [b-CD-RC] = 60 mm), Py-Ad–b-MCD (dash line),
and b-CD-RC (dot line, 50 mm) solutions (25 8C).
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Figure 2. Fluorescence spectra of b-CD-RC (2.0 mm) and 1 ([hybrid] =
10.0 ng mL1, that is, [b-CD-RC] = 2.0 mm) excited at 460 nm (25 8C).
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typical SWCNT van Hove singularities indicate highly dispersed individual SWCNTs.[16]
The disorder-induced band (D-band) and tangential
graphite mode (G-band) of SWCNT are found at 1320 and
1590 cm1 in the room-temperature Raman spectra (Supporting Information, Figure S6). The relative intensity of Dband in the Raman spectra, which correlates with defects in
SWCNT structure,[17] has no significant change owing to the
treatment. From the above phenomena, we can conclude
the treatment method has not damaged the SWCNT electronic structure.[18]
We have also obtained both qualitative and quantitative
evidence for a supramolecular hybrid (1) by using X-ray
photoelectron spectroscopy (XPS).[19] As can be seen in
Figure 3, the C1s spectrum of SWCNT can be typically divided into five components (284.5, 285.5, 286.9, 288.6, and

FULL PAPER
CD-RC. The COR carbon peak at 285.8 eV becomes
higher owing to high content of CO in cyclodextrin moiety.
From the XPS data of 1 (elemental analysis: C %, 64.02;
N %, 1.74), we can conclude that there are eight nitrogen
atoms for every 295 carbon atoms. Considering that there
are eight nitrogen atoms for every 117 carbon atoms in the
Py-Ad–b-CD-RC complex, there can be only one Py-Ad–bCD-RC moiety for every 178 SWCNT carbons (ca. 4.1 nm2
of SWCNT surface). This also means that there is one mole
of b-CD-RC in approximately 4638 g of supramolecular
hybrid (that is, [hybrid] = 10.0 ng mL1 with [b-CD-RC] =
2.2 mm), which is smaller than the calculated value (ca.
5000 g mol1) through the b-CD-RC extinction coefficient
considering there are some hydrated water molecules in the
supramolecular hybrid. Then we can deduce that the possible structure of supramolecular hybrid as shown in the
Scheme 1.
Direct information about 1 is revealed by the high-resolution transmission electron microscopy (HR-TEM) and
atomic force microscopy (AFM). The supramolecular hybrid
in aqueous solution is observed by HR-TEM (Supporting
Information, Figure S8), and shows similar images to our
former report.[13] AFM section analysis presents the diameter of SWCNT as approximately 0.9 nm and the height of
the modified SWCNT domain as approximately 2.2 nm
(Figure 4). The difference in their dimension is accordance
with the thickness of two layers of cyclodextrin (ca.
0.7 nm).[21]
The condensation ability of 1 with pUC-19 plasmid DNA
was investigated with agarose gel electrophoresis (GEP)

Figure 3. XPS survey spectra of SWCNT (upper) and 1 (lower).

291.4 eV), which are contributed by graphite-like carbon
atoms, COR, C=O, COOH, and sp2-hybridized carbon
p* p shake-up, respectively.[20] In Figure S7 (Supporting Information), the corresponding peaks of the involved elements emerge in the XPS survey spectrum of 1. The nitrogen and chlorine in b-CD-RC give related peaks at 400 and
200 eV, respectively. The sodium atom is introduced by a
neutralization reaction between sodium hydroxide and carboxyl group of SWCNT in the hybrid preparation process.
The appearance of multivalent ruthenium ions peaks at
281.1 and 282.0 eV close to the C1s spectrum demonstrates
the formation of 1.[20b] Furthermore, the C1s spectrum of the
supramolecular hybrid consists of four components (284.6,
285.8, 287.0, and 289.0 eV). Comparing the C1s spectra of
supramolecular hybrid and SWCNT (Supporting Information, Figure S7), we notice some differences, as follows: the
sp2-hybridized carbon p* p shake-up peak at 291 eV disappears in the C1s spectrum of the supramolecular hybrid,
which indicates that SWCNT bundles have been dispersed
by the noncovalent modification.[9] The COOR carbon peak
at 289 eV becomes weaker for the addition of Py-Ad and b!

!
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Figure 4. The AFM image of 1.
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analysis and atomic force microscope (AFM). Because the
electrophoretic mobility of DNA decreases after condensation,[22] agarose gel electrophoresis analysis was used to investigate the condensation behavior of plasmid DNA
pUC19 as a model DNA in the absence and presence of the
supramolecular hybrid 1 by using ethidium bromide as a fluorescent tag, which is an intercalating agent for nucleic
acids.[23] Figure 5 represents the gel mobility characterization

Figure 5. Agarose gel electrophoretogram of pUC19 plasmid DNA
([DNA] = 12.5 ng mL1) condensed with the supramolecular hybrid (1).
From left to right: Lane 1, DNA only; lane 2–6, DNA + supramolecular
hybrid ([hybrid] = 150, 250, 500, 1000, and 1250 ng mL1, i.e., [b-CDRC] = 0.03, 0.05, 0.10, 0.20, and 0.25 mm). All samples are incubated at
25 8C in the dark for 1 h, 1 mm EDTA/10 mm Tris buffer, pH 8.0.

of DNA condensed by the supramolecular hybrid. Lanes 2–
6 clearly indicate that plasmid DNA is condensed by the
supramolecular hybrid because DNA can not migrate out of
the gel well upon the addition of 1. The free plasmid DNA

bands become weaker because of the condensation of DNA
with 1 from lane 2–6. We even notice that the bright band
in the gel well shows some migration to the negative electrode with increasing ratios of supramolecular hybrid.
We also employed AFM in tapping mode to get detailed
insight into the DNA structural change in the presence of
the supramolecular hybrid 1. Generally, the plasmid DNA
exists as a mixture of circular supercoiled (CS) DNA and
open circular (OC) DNA.[24] As shown in Figure 6 a, most of
the naked plasmid DNA deposit in the CS form in the absence of the supramolecular hybrid with height of approximately 2.0 nm.[25] Upon incubation with 1, we notice that
DNA has been condensed to form a spherical structure. As
the ratio of 1/DNA (w/w) increases from 16 to 24, the loose
spheres become compact as evidenced by a height decrease
from 50 nm (Figure 6 b) to 20 nm (Supporting Information,
Figure S9).[5, 26] At the same time, Figure 6 b clearly illustrates the DNA agglomerated with the SWCNT skeleton,
which indicates that the supramolecular hybrid can be used
as a spatially controllable DNA condensation system. The
DNA aggregates on the nanometer scale as the discrete
sphere along the individual SWCNT can explain the formation process of the sphere-like DNA bundles interlocking
the individual tubes in the parallel lattice of SWCNTs.[10]
This phenomenon can be explained by Johnsons theory
about the molecular dynamics simulations of DNA adsorption on the positively charged SWCNT,[11b] that is, the phosphodiester groups of DNA have been attracted to the positively charged group on SWCNT surface. Considering the

Figure 6. The AFM images of plasmid DNA, and its condensates induced by the supramolecular hybrid under the ambient condition. a) The naked pUC19 plasmid DNA ([DNA] = 10 ng mL1); b) DNA condensates induced by supramolecular hybrid 1 ([DNA] = 10 ng mL1, [hybrid] = 160 ng mL1).
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agarose gel electrophoresis analysis with ethidium bromide
as an intercalating agent and the AFM image, we can
deduce that 1 can be used to spatially control DNA condensation and as DNA-delivery system for gene therapy.[27]
The property of the 1–DNA complex uptake by cells was
also investigated with yeast (Saccharomyces cerevisia) cells
with fluorescence microscopy. The supramolecular hybrid 1
and plasmid DNA were mixed and kept in the dark for 1 h,
and then the mixture was added to the routinely cultured
yeast cells for cell-uptake experiments under the fluorescence microscope. In the control experiments, yeast cells do
not show luminescence in the presence of pUC-19 DNA
and only show low luminescence in the presence of the
supramolecular hybrid (Figure S10 b).[28] In the experiment
carried out with the 1–DNA complex, however, we notice
that nearly all of cells are luminescent under the fluorescence microscope (FigACHTUNGREure S10d); this indicates a quite high
DNA-delivery efficiency. These results demonstrate that the
supramolecular hybrid based on SWCNT can be used as
one efficient gene delivery system because the 1–DNA complex can be uptaken by cells through the receptor-mediated
endocytosis, and/or pinocytosis, and/or absorptive endocytosis processes.[2a] Owing to the reversibility of host–guest interaction between adamantane moiety and cyclodextrin, we
also envision that this approach might improve gene expression activity within the cell.[29]

Conclusions
An aqueous supramolecular hybrid solution has been successfully obtained by supramolecular strategy based on
SWCNT with the multiple supramolecular interactions, such
as p–p stacking and host–guest interaction. The DNA condensation ability of the supramolecular system has been explored with agarose GEP analysis. The morphology features
of hybrid–DNA complex have been investigated with AFM.
We have noticed that the supramolecular hybrid can restrict
the morphology of the hybrid–DNA complex, in other
words, the supramolecular hybrid can be used as one spatially controllable DNA condensation system. Because the cell
can respond to native topographical structures, the spatially
controllable DNA condensation system is beneficial to nonviral gene delivery system. Furthermore, the reversibility of
supramolecular host–guest interaction provides a potential
approach for the release of DNA from the vector–DNA
complex.

Experimental Section
Instrumental characterization: The UV/Vis/NIR spectra were recorded in
a conventional quartz cuvette (light path 10 mm) on a Perkin–Elmer
Lamda 900 UV/Vis/NIR spectrophotometer (Waltham, USA). High-resolution transmission electron microscopy (HRTEM) imaging was acquired
with an FEI TECNAI G2 F20 (Hillsboro, USA) transmission electron microscope at an accelerating voltage of 200 kV. The sample was obtained
from an aqueous solution (10 ng mL1) with a copper grid (3.00 mm, 200
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mesh, coated with carbon film). The grid was dried under the ambient
condition overnight. The atomic force microscopy (AFM) imaging was
performed on a multimode Veeco Nano IIIa atomic force microscope
(Camarillo, USA) in tapping mode to prevent damage to the samples
under ambient conditions. A drop of sample solution was dropped onto
newly cleaved mica and then air-dried overnight prior to AFM imaging.
DNA condensation samples were incubated at 25 8C for 3 h in the dark
before being dropped onto newly cleaved mica. X-ray photoelectron
spectrum (XPS) was recorded by using an ESCALab 220i-XL electron
spectrometer (VG Scientific, East Grinstead, UK) equipped with a monochromatic 300 W AlKa radiation source (hv = 1486.6 eV), hybrid (magnetic/electrostatic) optics, and a multichannel plate and delay line detector. All XPS spectra were obtained by using an aperture slit width of
300  700 mm. The survey spectra were recorded with a pass energy of
160 eV, whereas high-resolution spectra were obtained with a pass energy
of 40 eV. Raman spectra of solid samples were performed by using a Renishaw inVia Raman spectrometer (Gloucestershire, UK) equipped with
a charge-coupled device (CCD) detector. The laser excitation was obtained by using a regular model laser operating at 633 nm with 5 %
output power and equipped with a 10  objective lens and a 25 mm slit.
The laser beam was focused on the substrate (ca. 1 mm) with an exposure
for 10 s. Wavenumber calibration was carried out by using the line at
520.5 cm1 of the silicon wafer.
The agarose GEP analysis: A mixture of GEP sample (4 mL) and 6 
loading buffer (1 mL) was added to a 1 % (w/v) agarose gel containing
0.5 ng mL1 ethidium bromide. Electrophoresis was carried out in the
dark at RT with 0.5  TBE buffer (89 mm Tris/borate, 2 mm EDTA,
pH 8.0) at 85 V for 1 h according to a standard protocol.[30] The DNA
bands were visualized and photographed by a UV transilluminator and
BioDoc-It imaging system (UVP, Upland, USA).
Optical and fluorescence microscopy: One drop of aqueous stained yeast
cell solution was dropped on glass slips, and all optical and fluorescence
microscopic images were performed on an OLYMPUS BX51 fluorescence microscope (Anaheim, USA) with a 100 W DC mercury lamp for
excitation and a Mc MP5 color CCD camera for photo collection.
Materials: The SWCNT was commercially available from Carbon Nanotechnologies (Houston, USA) and purified according to a literature
method.[31] (1-Adamantyl)ethanol (98 %) and 1-pyrenebutyric acid
ACHTUNGRE(99.0 %) were purchased from Aldrich. All other chemicals used were
reagent grade unless otherwise noted. Ultrapure H2O (> 18.2 MW cm,
25 8C) was prepared by the Millipore-ELIX water-purification system.
The pyrene derivative with a tethered adamantane group (Py-Ad) and
[RuACHTUNGRE(phen)2(b-CD-hophen)]Cl2 complex (b-CD-RC) were prepared respectively according to the reported procedures.[5, 13] The plasmid DNA
pUC19 was purchased from Beijing Dingguo Biotechnology Co., Ltd
(Beijing, China). The yeast (S. cerevisia) was obtained as a gift from the
Department of Agronomy-Forestry Science, Huanghuai University.
Preparation of aqueous SWCNT–Py-Ad–b-CD-RC (1): Typically, a mixture of SWCNT, Py-Ad, and b-CD-RC (1 mg, 0.8 mg, 4 mg) was ground
in an agate mortar and EtOH (1 mL) and ultrapure H2O (2 mL) were
added dropwise over the first 10 min. After further grinding for 3 h, the
resultant black powder was then heated in a vacuum drying oven at 80 8C
for 24 h. Finally, the dried black solid product was gently ground into a
fine powder, which was then dispersed in 0.01 m NaOH (5 mL) with stirring for 4 h. The formed black suspension was further sonicated for 2 h,
and then the pH was adjusted to 8.0. Centrifugation was used to remove
insoluble material and gave aqueous 1 as the supernatant. The black
SWCNT solution was subsequently dialyzed with ultrapure H2O over a
few days to ensure complete removal of excess b-CD-RC and Py-Ad.
The obtained aqueous 1 was used in all experiments unless otherwise
stated.
The dried solid sample was also obtained as a black powder by evaporating the aqueous supramolecular hybrid solution and then heated in a
vacuum drying oven at 80 8C for 24 h.
Preparation of the sample for agarose gel electrophoresis (GEP) analysis: Plasmid DNA pUC19 was used as the model DNA for agarose gel
electrophoresis analysis. A mixture of DNA (0.2 mg mL1) and aqueous 1
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in 1 mm EDTA/10 mm Tris buffer (pH 8.0) was incubated at RT in the
dark for 1 h. All solutions were stored at 4 8C before use.
Preparation of yeast cell stain sample: The yeast (S. cerevisia) sample
was dispersed in the YPD medium (2.0 % yeast extract, 4 % peptone,
2.0 % glucose, 0.2 % (NH4)2SO4) and then cultured for 3 d at 35 8C. The
obtained aqueous colony solutions, which were selected for cell staining,
were incubated in the dark for 3 h at 35 8C with 1 (0.1 g L1) or supramolecular hybrid–DNA complex ([hybrid] = 0.1 g L1). Subsequently,
these stained cells were collected by centrifugation to remove uncombined stain agent. The stained yeast cells were re-dispersed in ultrapure
H2O for further experiments.
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