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Abstract: The controlled arraying of DNA strands on adaptive
polymeric platforms remains a challenge. Here, the noncova-
lent synthesis of DNA-grafted supramolecular polymers from
short chimeric oligomers is presented. The oligomers are
composed of an oligopyrenotide strand attached to the 5’-end
of an oligodeoxynucleotide. The supramolecular polymeri-
zation of these oligomers in an aqueous medium leads to the
formation of one-dimensional (1D) helical ribbon structures.
Atomic force and transmission electron microscopy show rod-
like polymers of several hundred nanometers in length. DNA-
grafted polymers of the type described herein will serve as
models for the development of structurally and functionally
diverse supramolecular platforms with applications in materi-
als science and diagnostics.

DNA plays an important role in modern nanotechnol-
ogy.[1–12] The merging of organic entities, such as polymers,[13]

lipid chains,[14,15] or aromatic molecules[16–24] with DNA motifs
enables the design and engineering of supramolecular archi-
tectures with special optical, mechanical, or biological proper-
ties.[25–30] While the self-assembly behavior of the resulting
DNA conjugates is controlled by base-pairing interactions,[31]

the overall structural and functional properties of the hybrid
materials can be directed by the conjugated moieties.[32–35] In
DNA-grafted polymers[36] (Scheme 1A) oligonucleotides are
arranged in a comb-like fashion on a polymer backbone.
DNA polymer hybrids were shown to adopt morphologically
well-defined shapes that are influenced by environmental
factors.[37] Not surprisingly, such polymers find interest as
materials with various applications, including drug delivery or
DNA sensing,[38] and it is highly desirable to further enhance
the functional diversity of both, the DNA and the polymer
parts.[37, 39–41] Supramolecular polymers are formed by non-
covalent interactions[42, 43] and thus bear additional respon-
siveness toward external stimuli in comparison to covalent
polymers. In the present report, we describe the formation of
DNA-grafted supramolecular polymers (Scheme 1B). We
show that pyrene–DNA chimeric oligomers self-assemble
into ribbon-like helical structures in aqueous medium.

The chimeric pyrene–DNA oligomers[44–46] used in this
study were prepared by solid-phase synthesis following
reported procedures[47] and are summarized in Scheme 1C
(see also the Supporting Information). The oligomers are
composed of a DNA strand (10 nucleotides) and a 5’-linked
pyrene part of variable length (0, 1, 4, or 7 units). Individual
1,6-bis-pentynyl pyrene units are linked by phosphodiester
groups. The DNA sequences of series 1 and 2 are comple-
mentary.

All oligomers were found to be soluble at elevated
temperatures (> 80 88C) in aqueous medium (100 mm NaCl,
10 mm sodium phosphate buffer, pH 7). The formation of
polymers takes place upon slow cooling (0.1 88C min¢1) of
a 2 mm solution of oligomers 1d or 2d. The polymerization
process is conveniently followed by monitoring the UV/Vis
absorption. The simultaneous formation of an H-band at
335 nm (S0!S1, Figure 1A,B) and a J-band at 305 nm (S0!
S2) is reminiscent of previous observations made with 1,6-
linked pyrene oligomers and is explained by a stair-like
folding of pyrene oligomers.[48,49] The stair-like folding of the
seven pyrenes present in oligomers 1 d or 2d is illustrated in
Figure 1C. The folded oligopyrenes consist of a layer of
pyrenes that are flanked by the negative charges of the
phosphodiester groups located on the edges of the stack.
Subsequent aggregation of individual oligomers leads to the
formation of supramolecular polymers.

Investigation of the samples after cooling to room
temperature by atomic force microscopy (AFM) on an

Scheme 1. Schematic representation of A) a DNA-grafted polymer and
B) a DNA-grafted supramolecular polymer. C) DNA hybrid sequences
used in this study and chemical structure of the phosphodiester-linked
pyrene units.
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amino-modified mica surface shows the formed polymers
(Figure 2A and Supporting Information). The polymers
exhibit a one-dimensional (1D) shape. They appear as rod-
like objects that are highly uniform with respect to their
thickness (2.0� 0.2 nm). Their length considerably depends
on the ionic strength. At 100 mm NaCl, the length ranges from
30–100 nm, and it reaches 300–500 nm upon increasing the
NaCl concentration to 250 mm. Remarkably, the same type of

polymers also forms from a solution containing a 1:1 mixture
of oligomers 1d and 2d. This observation indicates that the
interaction between the pyrene segments outweighs the base-
pairing interactions between the complementary DNA
strands. On the other hand, oligomers 1 b, 1c, 2b, and 2c,
which differ from 1d and 2d in the number of pyrene units
present in the oligomer, did not lead to the formation of any
elongated polymers (objects on a small nm scale are found for
1c and 2c) under the same conditions.

Interestingly, the 1D polymers formed from oligomers 1d
and/or 2d exhibit an apparent helical structure. The helical
pitch can be determined by tracking the thickness of the
objects along their contour (Figure 2A). Statistical evaluation
of the peak-to-valley profiles renders an average pitch value
of 50� 15 nm (Supporting Information). Transmission elec-
tron microscopy (TEM) was used as an additional tool to
visualize the DNA-grafted supramolecular polymers on
surfaces (Figure 2B). The TEM images of the 1d/2d self-
assemblies provide further evidence that the aggregates exist
as helical ribbons. The ribbons appear on a carbon-coated
copper grid as 1D objects with a width of 19� 2 nm and
a length of several hundred nanometers.

The polymerization process of 1 d and a 1:1 mixture of 1d/
2d was investigated in more detail by temperature-dependent
UV/Vis studies. Figure 3 shows the degree of polymerization
(aagg) as monitored by the development of the J-band

(305 nm). A substantial hysteresis is present (� 12 88C at
aagg = 0.5) between melting and annealing curves. To mini-
mize kinetic effects, the heating/cooling curves were recorded
using a low temperature gradient (0.1 88C min¢1). The shapes of
the curves for both, the single- and double-component
systems, are similar and exhibit the typical features of
a cooperative nucleation–elongation mechanism. The cooling
curves were fitted to the described theoretical model.[50] The
derived elongation temperature (Te) is approximately 51�
1 88C for both systems under the employed conditions (see
Supporting Information).

The proposed model for the formation of DNA-grafted
supramolecular polymers by cooperative self-assembly is

Figure 1. A) UV/Vis spectra of 1d at 90 88C (red) and 20 88C (blue).
B) Temperature-dependent changes (D Abs.) in the absorption spectra
of 1d ; direction of arrows indicates increasing temperature (20 88C!
90 88C; 10 88C intervals). Conditions: oligomer concentration 2 mm,
10 mm phosphate buffer, pH 7, 100 mm sodium chloride. C) Model for
the pyrene–DNA chimeric oligomers used in the present study. Pyrene
units are arranged in a stair-like fashion; negatively charged phospho-
diester groups are located on the edges of the pyrene stack. The
appended oligodeoxynucleotide is illustrated as a right-handed helix.

Figure 2. A) AFM images of supramolecular polymers formed from 1d
(left; 1 mm) and from a 1:1 mixture of 1d/2d (top right; bottom: trace
of polymer height profile). B) TEM images of polymers formed from
1d/2d. Conditions: 10 mm phosphate buffer, pH 7, 250 mm sodium
chloride; total strand concentration 10 mm unless indicated otherwise.

Figure 3. Heating (red) and cooling (blue) curves recorded with
a solution of 1d (dotted) or a 1:1 mixture of 1d/2d (solid); direction
of arrows indicates change of temperature. Conditions: see Figure 1;
temperature gradient: 0.1 88Cmin¢1.
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illustrated in Scheme 2. At elevated temperatures, oligomeric
molecules (1d and/or 2d) exist as molecularly dissolved
chains. Upon cooling, the oligomers tend to self-assemble to
form small aggregates. Assembly of individual strands is
driven by hydrophobic and stacking interactions of pyrene
residues. Further cooling leads to the formation of nuclei that
serve as templates for the elongation of the polymers. Fitting
of the curves according to the nucleation–elongation theory
allows an estimation of the number (N) of oligomers needed
to form the nuclei. For both types of systems, the number of
oligomers required for the formation of a nucleus is approx-
imately seven. The continued addition of oligomers to the
nuclei occurs in a cooperative manner and leads to the
formation of the helical ribbon structures. Importantly,
nucleation occurs at temperatures that are considerably
higher than the melting temperature (Tm) of the DNA
hybrid formed of the two complementary oligodeoxynucleo-
tides 1 a/2 a (Tm = 37 88C, see the Supporting Information).
Furthermore, spectroscopic and microscopic differences
between single- and double-component mixtures (i.e. poly-
mers formed from 1d or 2d alone or from a 1:1 mixture of
both) are minor. This observation provides further strong
evidence that the formation of the supramolecular polymers
is largely driven by intermolecular interactions between the
pyrene segments and interactions between the nucleotide
segments, even canonical base pairing, play a minor role. On
the other hand, the stability of the polymers is strongly
dependent on the length of the pyrene stretch. When the
number of pyrenes is reduced, such as in oligomers 1b,c or
2b,c, no polymers of comparable length or shape can be
observed by microscopic methods. This is paralleled by UV/
Vis data, as shown in Figure 4. Oligomers containing four
instead of seven pyrenes exhibit only an ill-defined J-band
upon decreasing the temperature from 90 88C to 20 88C. If only
a single pyrene is appended to the oligonucleotide, the J-band
is not observed at all.

Fluorescence spectroscopy provides additional informa-
tion on the nature of the DNA-grafted supramolecular
polymers. The fluorescence spectra of 1d- and/or 2d-derived
1D ribbons show a combination of pyrene monomer and
excimer emission (see the Supporting Information). The
pyrenes are confined in a rigid network of ladder-type folded
oligomers. This reduces the probability of pyrenes to form
excimers. Therefore, a relatively large part of the relaxation
occurs through monomer emission, thus leading to monomer
and excimer signals of comparable intensity for the polymers.
In comparison, samples containing oligomers 1c and/or 2c do
not form equally well-defined aggregates; the pyrenes are
conformationally less restricted and exhibit predominantly
excimer emission. Additionally, experiments with Cy5-la-
beled complementary strands show that energy transfer takes
place from pyrene to the Cy5-acceptor dye[51] attached either
to the 3’ or the 5’ end (see the Supporting Information,
Figure S22). Energy transfer occurs in an efficient, distance-
dependent way. This result confirms that the DNA strands are
accessible for hybridization and retain their functionality.

The self-assembly of lipid-modified DNA has been
intensively studied. Most morphological experiments show
the formation of micelles or vesicles.[14, 52–55] The controlled
formation of one-dimensional DNA-grafted platforms is
however rather unusual.[56–58] It is also noteworthy that the
1D shape of the polymers described here is in sharp contrast
to the two-dimensional (2D) polymers formed by pyrene
trimers.[38, 39] The confinement of polymeric growth in one
direction is explained by the presence of the oligonucleotide
attached to one end of the oligopyrene strand. Supramolec-
ular polymerization is driven by hydrophobic and stacking
interactions between the pyrenes. Because of the presence of
the negatively charged edges, growth of the polymers can take
place only in a planar mode. The presence of the DNA strand
represents a further delimitation and directs the addition of
subsequent pyrene oligomers in a linear (or quasi-linear)
fashion, as illustrated in Scheme 2. Because of repulsive
forces between the negatively charged individual DNA
strands, it can be reasonably assumed that the latter are
positioned along either side of the ribbon-like pyrene
polymer with more or less equal distribution.

Figure 4. A) UV/Vis spectra of the binary mixtures 1b–d/2b–d (brown
1b/2b, red 1c/2c, blue 1d/2d) at 20 88C. B) changes in absorbance at
305 nm (J-band) per pyrene unit (n) upon cooling the oligomer
solutions from 90 88C to 20 88C. Conditions: see Figure 1.

Scheme 2. Formation of DNA-grafted supramolecular polymers from
chimeric DNA-pyrene oligomers through a nucleation–elongation pro-
cess.
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In summary, we have described the preparation of DNA-
grafted supramolecular polymers from short chimeric DNA–
pyrene oligomers. Oligodeoxynucleotide strands are arranged
along the edges of a ribbon-shaped helical aggregate of self-
assembled pyrene segments with a helical pitch of approx-
imately 50 nm. The length of the polymers can reach up to
500 nm and depends on the ionic strength of the medium.
Hydrophobic and stacking interactions between intramolec-
ularly folded pyrene chains are the major driving force for the
polymerization, which occurs through a nucleation–elonga-
tion process. The type of DNA-grafted polymer described
here may serve as a model for the development of structurally
and functionally diverse supramolecular platforms with
applications in materials science and diagnostics.

Keywords: DNA · nanotechnology · pyrene · self-assembly ·
supramolecular polymers
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