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There are biochemical approaches to molecular structures
of precisely defined dimensions ranging from 1 nm to 10 cm in
length. Conversely, the synthesis of precisely defined unnatu-
ral molecular architectures beyond 25 nm in length is often
unattainable due to solubility, material through-put, and
characterization constraints.[1] Therefore, as nanotechnolog-
ical needs advance, syntheses could rely upon self-assembling
strategies using natural scaffolds as templates for the con-
struction of synthetic nanostructures.[2] DNA is particularly
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(H1N1) was determined with an ELISA. Thus, an ethanol solution
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on the wells were blocked for 12 h at 4 8C with 200 mL of phosphate-
buffered saline (PBS; 0.15m NaCl, 8.1mm Na2HPO4, 1.5 mm NaH2-

PO4) that contained 2 % bovine serum albumin (BSA). The wells were
then washed five times with PBS. A series of dilutions, each by a factor
of two, was prepared from a solution of the polymer (200 pmol) in
0.2% BSA-PBS. These dilute solutions were preincubated at 4 8C for
2 h with 50 mL of the influenza virus suspension (32 hemagglutinin
units (HAU) and then introduced into the wells. The plates were
incubated at 4 8C for 12 h, washed five times with PBS, and then
incubated for 2 h at 4 8C with a 1000-fold diluted 0.2% BSA-PBS
solution of 50 mL of anti-influenza virus antibodies and treated at 4 8C
for 2 h with horse radish peroxidase (HRP)-conjugated protein A
diluted 1000-fold with solution A. The virions bound to GM3 and
immobilized in the wells were detected with o-phenylenediamine
(OPD) solution that contained 4 mg of OPD and 0.01 % H2O2 in
100 mm of phosphate buffer (adjusted to pH 5.0 with citric acid). The
reactions were terminated by addition of 4n H2SO4, and viral binding
activities in the form of color development were determined at 492 nm
(reference wavelength 630 nm). Serial dilutions (dilution factor two)
of sialyl lactose (2 mmol), PGA (800 pmol), and lyso-GM3 (20 nmol)
were tested as controls in the manner described.

[17] The HA trimer of H1 serotype influenza virus contains a total of
15 Trp residues.
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well-suited for use as a molecular-based scaffold due to its
structural regularity, its ability to reversibly assemble through
hydrogen bonding, and the relative ease in obtaining materi-
als of precise length well beyond the 25 nm regime. Most
studies involving DNA self-assembly have focused on the
duplex interactions between complementary DNA strands,
the insertion of synthetic units through covalent tethering to
specific nucleotides, or intercalation strategies. There are
fewer studies involving the assembly of materials through
electrostatic interactions on the phosphate groups along a
DNA backbone.[3] We sought to exploit these successive
negatively charged groups to rapidly assemble cationic
molecules along the exterior of a DNA template. Further-
more, the analysis of large nanostructured materials is often
tedious. A notable exception is seen with carbon nanotubes
where transmission electron microscopy (TEM) provides
high-contrast images without the need for heavy-metal coat-
ing or staining (which can severely inhibit resolution).[4] Thus,
fullerene derivatives[5] were chosen as the DNA complexing
agents, and we report here a new and facile route to
nanostructures constructed from DNA/fullerene hybrids that
can be rapidly imaged using TEM.

C60-N,N-Dimethylpyrrolidinium iodide (1) was synthesized
to serve as the complexing agent (Scheme 1).[6] Molecular

Scheme 1. DNA is complexed by cation exchange of compound 1 with
DNA.

modeling indicated that the complexation of 1'' (the iodide-
free fullerene) along successive phosphate groups of a DNA
backbone is sterically permitted (Figure 1) and that the
thickness of the double-stranded DNA/1'' complex would be
5 ± 6 nm. DNA/1'' complexes were then prepared by mixing
the DNA solution with a solution of 1 in dimethyl sulfoxide.
Indeed, the hybrid DNA/fullerene-based nanoarchitectures
were easily imaged by TEM without heavy metal. Figure 2
shows the excellent contrast that was obtained between the
complexed DNA and the carbon-film background.

Initially, the vast amount of aggregation (and possible
supercoiling) hindered us from measuring the length and
diameter of individual plasmids. We suspected that the
enhanced aggregation arose in part from favorable van der
Waals interactions between the hydrophobic portions of the

Figure 1. End-on view of the space-filling model of the CG duplex
hexamer of DNA complexed with 1''. Molecular modeling was performed
with a Silicon Graphics Power Indigo2 work station employing Macro-
Model 4.5 for both structure drawing and energy minimization. Energy
minimization of 1 was conducted with the MM2* force field, and energy
minimization of oligonucleotides was conducted with the AMBER* force
field. A third energy minimization calculation was then performed on the
complex using the MM2* force field. All energy calculations were
minimized over a large number of iterations to convergence at the local
minima nearest in energy to the initial energies of the starting compounds.

Figure 2. A solution of plasmid DNA (fX174 RFII, a popular electron
microscopy standard, prerelaxed plasmid, 5386 bp, 10 mg mLÿ1, 10mm Tris-
HCl, pH 8.5) was mixed with a solution of C60-N,N-dimethylpyrrolidinium
iodide (5 mm in dimethyl sulfoxide, 150 equivalents of 1 per base) by gently
shaking the mixture. After 4 h, 10 mL of the DNA/1'' complex solution was
placed on a microscope slide positioned in a petri dish that contained
distilled water. The solution traveled down the slide and spread as it
contacted the water surface. A carbon-film coated TEM grid was then
streaked across the top of the water, and the DNA/1'' complexes were
absorbed. The grid was wicked dry with a piece of filter paper, and placed
under vacuum at 308C for 1 h. The grid was placed in a Hitachi H-8000
electron microscope and imaged at 100 k eV accelerating voltage.

fullerenes once the complexes were spread on water. We then
screened a series of surfactants for their ability to lessen the
fullerene attractive interactions in the DNA/1'' complexes.
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Surfactants were chosen that would not undergo cation
exchange with the DNA/1'' complexes, for example, anionic,
neutral, or zwitterionic surfactants. The surfactants were
added to the water surface before the DNA/1'' complex
solution (10 mL). A neutral surfactant, Tween 20[7] (a trihy-
droxyl-terminated oligoether), did not change the previously
observed structure of the DNA/1'' complexes imaged by TEM;
they remained highly aggregated. Coco Betaine ((Me3SiO)2-

MeSiO(CH2CH2O)nH) kept the DNA/1'' complexes segregat-
ed, but they remained condensed (compacted) and highly
supercoiled. The best results were obtained with Zonyl
(CF3(CF2)8CO2Na), Admox 12 (CH3(CH2)11N(CH3)2O), and
Admox 14 (CH3(CH2)13N(CH3)2O). Each of these surfactants
availed segregated complexes. Instead of being completely
aggregated (as in Figure 2), the complexes were in a
condensed form in which the plasmids retained a contorted
circular shape (Figure 3). Interestingly, the measured strand

Figure 3. Image of condensed plasmid DNA (same as used for Figure 2)
spread in the presence of Admox 14 (10 mm). The other structures could be
salts such as surfactant aggregates with 1 or Tris-HCl.

thicknesses of the plasmids in Figure 3 ranged between 15 and
30 nm. While the diameters of the DNA/1'' rings in Figure 3
ranged between 100 and 150 nm, the diameters of the
prerelaxed plasmid DNA should be 580 nm if no condensa-
tion occurs;[8] the measured diameter was therefore 1/4 ± 1/6
the expected diameter. Although bacterial DNA does not

have histones, this con-
densed state is notewor-
thy since it is reminis-
cent of DNA packing by
histones in chromatin
where the typical diam-
eters of the solenoid are
30 nm.[9] The same ef-
fect was seen when we
subjected linear DNA/1
complexes to the surfac-
tant series; again a con-
densed linear complex
formed (Figure 4). The
measured length of the

linear DNA/1'' complex is approximately 0.88 mm, while its
expected length is 1.93 mm. The condensation is likely due to
an intramolecular attraction of the fullerenes. We suspect the
surfactant permits well-segregated DNA/1'' structures on
water, thereby making the nonaggregated species abundant.

For the control experiments, we were unable to image DNA
mixed with surfactants in the absence of 1. Therefore, the
surfactants do not complex with the DNA, or they do not
provide enough electron density for imaging by TEM. Addi-
tionally, the use of 1 (or 1/surfactant) without DNA does not
afford these controlled nanostructures.

Although complexation of all the phosphates groups is
sterically permitted (vide supra), the actual degree of
substitution could not be assessed. Exhaustive substitution is
unlikely, but the dramatic condensation insures sufficient
fullerene density to permit contiguous imaging of the
structure.

Use of a ferrocene-derived ammonium salt[10] instead of 1
resulted in image contrast inferior to that obtained from the
DNA/1'' complexes. Therefore, in spite of the metal atoms in
the ferrocene salts, fullerenes remained superior as contrast
agents.

DNA can be used as a framework for the assembly of
fullerene materials through electrostatic interactions with the
phosphate groups along the DNA backbone. Since exhaustive
substitution on the phosphate moieties could not be verified,
the DNA/fullerene complexes described here are not assured
of a precise structure. However, this method provides a rapid
one-step route to hybrid nanoarchitectures in size regimes
inaccessible by traditional synthetic methods; therefore, this
and analogous DNA-templating routes may prove to be of
enormous utility. While we anticipate that complexation of
other cationic species will also yield well-ordered nano-
structures, fullerenes provide the necessary imaging contrast
for TEM analysis. Further work to intramolecularly cross-link
the fullerenes along the DNA backbones would provide a
route to more rigid polyfullerenes.
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Dendrimers are nanosized hyperbranched macromolecules
with well-defined three-dimensional shapes[1] and are poten-
tial building blocks for the construction of organized func-
tional materials with nanometric precision. Therefore, it is
important to develop a synthetic method that enables
controlled spatial arrangement of functional dendrimers.
Recently some conelike dendrimers (dendrons) were report-
ed to self-assemble with the aid of van der Waals, hydrogen-
bonding, and metal-ligating interactions into superstructures
with spherical, disklike, and other configurations.[2, 3] Here we
present results of the first study on electrostatic assembly of
dendrimer electrolytes.[4] For this purpose we utilized neg-
atively and positively charged dendrimers that contain within
their frameworks a fluorescence probe in the form of a
porphyrin (either as a free base or as a zinc complex).

We previously reported the convergent synthesis[5] of a
negatively charged, water-soluble dendrimer zinc porphyrin
(32[ÿ]DPZn) with 32 carboxylate ion functionalities on its
exterior surface.[6] This photofunctional macromolecule con-
sists of a four-layered aryl ether dendrimer framework, and is
expected to adopt a spherical conformation with an estimated

diameter of 4 ± 5 nm.[7] We have now synthesized from
32[HO2C]DPZn[6] a positively charged dendrimeric zinc
porphyrin, 32[�]DPZn, with 32 ammonium ion functionalities
on its periphery.

To investigate the possibility of electrostatic assembly
between the negatively and positively charged dendrimer
electrolytes 32[ÿ]DPH2 (free-base porphyrin) and
32[�]DPZn, the transmittance at 500 nm[8] was monitored
when solutions of the two in phosphate buffer (pH 6.9, 1.5 mm)
were mixed at 20 8C. As shown in Figure 1, the transmittance
of the solution was highly dependent upon the molar ratio of
the two dendrimer electrolytes, and it dropped sharply when
the two concentrations were nearly equal. Fluorescence
microscopy of a 100 mm phosphate buffer solution of either
32[ÿ]DPZn (Figure 2 a) or 32[�]DPZn excited at 400 ±
440 nm (Soret bands) revealed strong, homogeneous emission
from the entire solution. On the other hand, when the
two solutions were mixed in an equimolar ratio
([32[ÿ]DPZn]:[32[�]DPZn]� 1:1) the microscope image
became dark, and large fluorescent aggregates (10 ± 20 mm)
were observed (Figure 2 b). If this mixture was allowed to
stand for a day at room temperature, the aggregates continued
to grow and then precipitated out of the solution. If either
32[ÿ]DPZn or 32[�]DPZn was present in excess, no aggre-
gate formation was detected. Thus, 32[ÿ]DPZn and
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