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Abstract: The self-assembly of DNA dumbbell conjugates possessing hydrophobic perylenediimide (PDI)
linkers separated by an eight-base pair A-tract has been investigated. Cryo-TEM images obtained from
dilute solutions of the dumbbell in aqueous buffer containing 100 mM NaCl show the presence of structures
corresponding to linear end-to-end assemblies of 10-30 dumbbell monomers. The formation of assemblies
of this size is consistent with analysis of the UV-vis and fluorescence spectra of these solutions for the
content of PDI monomer and dimer chromophores. Assembly size is dependent upon the concentration of
dumbbell and salt as well as the temperature. Kinetic analysis of the assembly process by means of salt-
jump stopped-flow measurements shows that it occurs by a salt-triggered isodesmic mechanism in which
the rate constants for association and dissociation in 100 mM NaCl are 3.2 × 107 M-1s-1 and 1.0 s-1,
respectively, faster than the typical rate constants for DNA hybridization. TEM and AFM images of samples
deposited from solutions having higher concentrations of dumbbell and NaCl display branched assemblies
with linear regions >1 µm in length and diameters indicative of the formation of small bundles of dumbbell
end-to-end assemblies. These observations provide the first example of the use of hydrophobic association
for the assembly of small DNA duplex conjugates into supramolecular polymers and larger branched
aggregates.

Introduction

Traditional strategies for the linear assembly of DNA-based
materials are dependent upon Watson-Crick base pairing.1

Assembly of oligomers having repeating units can be ac-
complished using either thermodynamic base pairing of single
strand regions (“sticky ends”)2,3 or by kinetically controlled self-
assembly.4 Base pairing can also be used to assemble linear
oligomers containing repeating organic molecules.5 Further

assembly of duplex DNA into larger linear fibers generally
requires high concentrations of duplex and the use of organic
or inorganic di- or polycations.6 DNA nanofibers can also be
prepared by self-assembly of DNA block copolymers.7 End-
to-end duplex assembly based on hydrophobic association of
terminal base pairs is observed at high concentrations in single
crystals8 and in liquid crystals but not in dilute solution.9,10

Hydrophobic self-assembly of guanine tetrads has been em-
ployed for the preparation of well-defined G-quadruplex as-
semblies.11 However, hydrophobic association has not been
employed for the assembly of linear DNA supramolecular
polymers.
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Aggregation of the planar hydrophobic aromatic molecule
perylenediimide (PDI) has been extensively employed in studies
of molecular self-assembly.12-15 Incorporation of PDI into
oligonucleotide conjugates is reported to result in intra- and
intermolecular hydrophobic association of the chromophores in
single strand,16 duplex,17,18 hairpin,19 and hairpin dimer
structures.17,20,21 We recently reported that the conjugate H8
which possesses a PDI hairpin linker (Figure 1a) exists as a
monomer in water (Figure 1b), but forms a dimer in the presence

of NaCl (Figure 1c).22 Thus, dumbbell structures possessing a
PDI-linker at both ends might undergo end-to-end assembly.
We report here the results of our collaborative investigation of
the assembly of the PDI-linked dumbbell conjugate D8 (Figure
1d,e), which possesses an 8-mer A-tract duplex base pair
domain. A-tracts have been employed in our previous studies
of H8 dimerization and hole transport in PDI-DNA conju-
gates;21,22 however, self-assembly of dumbbells is not dependent
upon the use of an A-tract base pair domain. The conjugate D8
forms linear end-to-end assemblies (Figure 1f) as long as 100
nm (30 monomers) in dilute solution, as characterized by cryo-
TEM. The assembly process occurs by a salt-triggered isodesmic
supramolecular polymerization mechanism.15,23 When cast from
dilute solution D8 assembles into branched fibers with linear
segments longer than 1 µm.

Results

Dumbbell Structure and Electronic Spectra. The synthesis
and characterization of monomeric D8 has been reported.24

Molecular modeling of the monomeric dumbbell is consistent
with a B-DNA A-tract with π-stacking between the terminal
base pairs and the adjacent PDI linker (Figure 1e).24 The long-
wavelength regions of the UV-visible absorption spectra of 1
µM D8 in 10 mM sodium phosphate buffer (pH 7.2, Na+

concentration 17 mM) in the absence and presence of added
0-1.0 M NaCl are shown in Figure 2 and the entire UV-vis
spectra are shown in Figure S1 (Supporting Information). The
long-wavelength absorption band in buffer has a vibronic band
structure similar to that for isolated PDI chromophores and has
an A0-0/A0-1 band intensity ratio of 1.4:1.22,24,25 Absorption
bands at shorter wavelength are assigned to nucleobase absorp-
tion overlapping with weaker PDI absorption (Figure S1).
Addition of NaCl to D8 in buffer results in a decrease in the
A0-0/A0-1 band intensity ratio and broadening of the UV
spectrum (Figure 2). At high salt concentrations the spectrum
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Figure 1. Structures of (a) the PDI linker, (b) hairpin H8, (c) hairpin dimer,
(d) dumbbell D8, (e) energy minimized structure of D8, and (f) schematic
representation of a D8 trimer depicting end-to-end association.

Figure 2. NaCl concentration dependent changes in the UV-vis spectra
of 1.0 µM D8 in 10 mM phosphate buffer (pH 7.2). Arrows show effect of
increasing NaCl concentration. Inset shows the ratio of vibronic bands A0-0/
A0-1 vs NaCl concentration.
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is characteristic of face-to-face PDI stacking.22,25,26 A plot of
the A0-0/A0-1 band intensity ratio vs the concentration of added
NaCl is shown in the inset of Figure 2. The UV spectrum of
D8 is dependent upon its concentration and the temperature.
The spectra of 0.6-2.6 µM D8 in buffer with 12 mM added
NaCl are shown in Figure S2 (Supporting Information). Increas-
ing D8 concentration results in a decrease in the A0-0/A0-1 ratio
from 1.1 to 0.86, indicative of an increase in the PDI dimer/
monomer ratio. Increasing the temperature from 0 to 50 °C
results in an increase in the A0-0/A0-1 ratio (indicating disag-
gregation), as shown in Figure S3 (Supporting Information) for
solutions of D8 in buffer with 12 and 100 mM added NaCl.

The fluorescence spectrum in buffer (Figure 3) displays a
vibronic progression similar to that reported for monomeric PDI
derivatives with a 0,0 band at 549 nm.24 Addition of NaCl results
in reduced intensity of the structured monomer fluorescence and
growth of a weaker structureless band centered at 657 nm
attributed to the intermolecular PDI dimer.22 A plot of the I549/
I657 fluorescence band intensity ratio vs the concentration of
added NaCl is shown in the inset to Figure 3. The fluorescence
quantum yields in buffer and in 100 mM NaCl are 0.009 (
0.001 and 0.0005 ( 0.0002, respectively, similar to the values
for the hairpin H8 and its dimer.22

The circular dichroism spectra of D8 in buffer and with added
100 mM NaCl are shown in Figure 4. The long-wavelength
region of the CD spectrum in buffer displays a Cotton effect
attributed to weak intramolecular exciton coupling between the
two PDIs;24 whereas the CD spectrum with added salt displays
weak induced CD for the individual PDI chromophores similar
to that for the dimer of hairpin H8.22 The absence of strong
intermolecular exciton coupling between stacked dumbbells is
attributed to equal populations of chromophores having positive
and negative angles between their electronic transition dipoles.22

The short-wavelength region of the CD spectrum in buffer is
similar to that for duplexes possessing short A-tracts, whereas
the spectrum in the presence of 100 mM NaCl has a sharp
intense band at 260 nm, similar to that for poly(dA)-poly(dT).27

The kinetics of D8 assembly were studied by means of rapid
mixing experiments conducted using a stopped-flow apparatus.

The assembly process was initiated by mixing a solution of D8
(6 µM) in buffer with a solution of NaCl (200 or 400 mM) in
buffer. The decrease in 540 nm absorbance was monitored
following mixing. The absorbance was converted to the ratio
M/M0, where M0 is the initial concentration of monomer, and
M is its concentration at time t, as shown in Figure 5. The initial
value of this ratio is normalized to 1.0, and the final ratio is
determined from the UV A0-0/A0-1 band intensity ratios in buffer
and in the presence of 100 or 200 mM NaCl. Stopped-flow
kinetic data for mixing of D8 in buffer with NaCl can be fit to
an isodesmic model23 using eq 1 (see Supporting Information),

where K is the equilibrium constant ka/kd. The fits of the stopped-
flow data to eq 1 shown in Figure 5 provide the values of K, ka,
and kd reported in Table 1. The difference between the
experimental data and fit at short times may reflect either the
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Figure 3. NaCl concentration dependent changes in the fluorescence spectra
of 1.0 µM D8 in 10 mM phosphate buffer (pH 7.2). Arrows show effect of
increasing NaCl concentration. Inset shows the relative ratio of I549 nm and
I657 nm band intensity vs NaCl concentration.

Figure 4. CD spectra of D8 in 10 mM phosphate buffer (pH 7.2) in the
absence and presence of 100 mM NaCl.

Figure 5. Plots of M/M0 as a function of reaction time for mixing 3.0 µM
D8 with different concentrations of NaCl (a) 100 mM (b) 200 mM. Fitting
curves obtained using an isodesmic polymerization model are shown in
red.

Table 1. Association and Dissociation Rate Constants and
Equilibrium Constants for Assembly of 3 µM D8 in Buffer with Two
NaCl Concentrationsa

[NaCl] (mM) ka (M-1 s-1) kd (s-1) K (M-1)

100 3.2 × 107 1.0 3.2 × 107

200 6.4 × 107 0.8 8.0 × 107

a Values of kd and K obtained from fitting of Figure 5 using eq 1.

[M]
[M]0

) ( √1 + 4K[M]0 - 1

√1 + 4K[M]0

4

e√1 + 4K[M]0kdt - 1
+ 2

√1 + 4K[M]0

+ 2
+ 1)-1

(1)
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mixing time of the stopped-flow experiment or a different
equilibrium constant for dimerization vs the subsequent chain
growth steps.23,28

Dumbbell Assembly Structures. The structures of the D8
assemblies have been investigated both by cryo-TEM and by
conventional TEM and AFM. Structures observed by cryo-TEM
for a solution of 3 µM D8 in buffer containing 10% THF (by
volume) with 100 mM NaCl are shown in Figure 6. The addition
of THF improves the image quality but does not lead to
significant disaggregation, as evidenced by the similar UV
spectra obtained with and without added THF. Images were
taken at -178 °C with 29K magnification (see Experimental
Section). Samples were unstable at the higher electron flux
required for higher magnification. Several structures having a
width of ∼2.5 nm and a range of lengths from 30-100 nm as
defined by darker termini can be identified in Figure 6a,c. Other
structures which display a single darker terminus presumably
are not entirely within the plane of focus.

TEM and AFM images obtained from solutions of 3 µM D8
in buffer containing 100 mM NaCl are shown in Figures 7 and
S4 (Supporting Information). Both the TEM and AFM images
display branched structures having widths of 10-100 nm with
linear regions >1 µm in length. The TEM images also display
four-way junctions or fiber crossing. Section analysis of the
AFM images (Figure S4e,f, Supporting Information) shows
heights of ∼0.5 nm and widths of ∼50 nm.

Discussion

End-to-End Assembly in Dilute Solution. The UV and
fluorescence spectra of D8 in buffer are similar to those of
hairpin H8 in buffer and to those of other PDI monomers in
organic solvents.22,24 Similarly, the spectra of D8 in the presence
g100 mM NaCl are similar to those of H8 and other PDI dimers
and higher aggregates in organic solvents.12,22 The high A0-0/
A0-1 band intensity for D8 requires that most of its PDI
chromophores exist as dimers or higher aggregates at high salt
concentrations. Evidence for the formation of extended end-to-
end assemblies in the presence of 100 mM NaCl is provided
by the cryo-TEM images shown in Figure 6. These images show
the presence of structures with diameters of ∼2.5 nm, corre-

sponding to the width of a single strand of duplex DNA, and
lengths of 30-100 nm, corresponding to the end-to-end as-
sembly of ∼10-30 D8 monomers. These structures display
varying degrees of curvature; however, no circular structures
were observed. The use of AFM and cryo-TEM to obtain images
of single molecules of plasmid DNA has been reported.29

However, we are unaware of prior reports of imaging of duplex
assemblies as small as those shown in Figure 6.

The UV-vis and fluorescence spectra of D8 in 100 mM NaCl
are also consistent with the formation of long end-to-end
assemblies. An average assembly size of 20 dumbbells would
result in an internal/terminal PDI ratio of 38/2, consistent with
the observation of an A0-0/A0-1 band intensity ratio of 0.60 in
buffer with 100 mM NaCl, slightly larger than the value of 0.55
for the dimer of H8,22 which has no PDI end groups. The I549/
I657 fluorescence band intensity in the presence of 100 mM NaCl
is ∼0.5 (Figure 3, inset). When corrected for the larger peak
area and smaller fluorescence quantum yield for assembly vs
monomer (0.0005 vs 0.009), this ratio also corresponds to an
assembly size of g20 monomer units. The CD spectrum of the
aggregate in buffer with 100 mM NaCl displays stronger,
sharper bands in the 220-300 nm wavelength region dominated
by the DNA A-tracts than does the spectrum in buffer (Figure
4). Particularly notable is the very strong, sharp 260-nm band
which is a signature of very long A-tracts.27,30 This suggests
that the PDI chromophores mediate electronic interactions
between the base pair domains of the individual dumbbells or
that the end-to-end assembly is more conformationally rigid than
the monomer.

The effect of added salt on the mole fraction of associated
PDI chromophores (Rass) can be calculated from the UV-vis
absorption spectra (Figure 2a, inset), using values of the A0-0/
A0-1 band intensity ratio for the PDI monomer and assembly
similar to those of hairpin H8 and its dimer.22,31 The calculated
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Figure 6. Cryo-TEM images of D8 (3 µM) in 10 mM phosphate buffer/
THF (9:1 v/v) mixture containing 100 mM NaCl. (b, d) show the 3D
intensity profile of images (a, c), respectively.

Figure 7. (a-d) TEM and (e) AFM images of the aggregates of D8 (3
µM) obtained from solutions in 10 mM phosphate buffer containing 100
mM NaCl. The z-scale of the AFM image is 10 nm.
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salt dependence of the mole fraction of aggregate (Rass) is shown
in Figure 8 along with our data for dimerization of the hairpin
H8.22 A NaCl concentration of ∼10 mM is sufficient to effect
approximately equal concentrations of monomer and aggregated
PDI chromophores, corresponding to an average aggregate size
of 2. This salt concentration is smaller than that needed to obtain
a value of Rass ) 0.5 for H8 (∼50 mM NaCl)22 or for the
conversion of a 14-mer hairpin having a tetranucleotide loop
to the corresponding duplex (∼100 mM NaCl).32

The effect of salt on the hairpin-to-duplex interconversion
of the 14-mer hairpin was attributed to an increase in cation
condensation about the central base-paired region of the duplex
vs the disordered loop region of the hairpin.32 Cation condensa-
tion could also play a role in the assembly of D8.33 However,
association of the large hydrophobic PDI chromophores pre-
sumably contributes significantly to the salt effect for aggrega-
tion of D8 (Figure 8). The concentration and temperature
dependence of the A0-0/A0-1 band intensity ratio for 1 µM D8
(Figures S1,2, Supporting Information) indicates that the
monomer dumbbell is sparingly soluble under these conditions.
Thus either an increase in D8 concentration or a decrease in
temperature will also shift the equilibrium between monomer
and end-to-end assemblies (Figures S2,3, Supporting Informa-
tion). Higher salt concentrations will increase the hydrophobic
effect, a phenomenon known as electrostriction or, more
commonly, as salting-out.34

Mechanism of Assembly. The assembly of D8 conforms to
the general characteristics of an isodesmic supramolecular
polymerization (Figure 9), including the reversible nature of
aggregation and the absence of either a critical concentration
or critical temperature for self-assembly.15,23,35 Reversibility and
the absence of a critical concentration distinguishes the self-
assembly of D8 from the salt-induced conversion of cyanine
dyes to their J-aggregates or assembly of DNA-bound porphy-

rins.36,37 The values of K and ka for D8 are approximately twice
as large for 200 vs 100 mM NaCl; whereas the values of kd are
similar (Table 1). Salt-jump kinetic measurements have previ-
ously been employed to study the hairpin-to-duplex transition
of d(A6T6) and related 12-mers.38 Rate constants for this
transition are also faster in 200 vs 100 mM NaCl (1.5 × 105 vs
0.5 × 105 M-1s-1). The observed salt dependence for D8
assembly is consistent with both increased cation condensation
and increased PDI hydrophobicity at higher salt concentrations.

The value of K for D8 in buffer with 100 mM NaCl is
substantially larger than the value reported for dimerization of
hairpin H8,22 indicative of stronger association for the difunc-
tional dumbbell. By way of comparison, both ka and kd for D8
assembly are significantly faster that the rate constants for
hybridization and dehybridization of a 10-mer duplex in 1.0 M
NaCl at 25 °C reported by Morrison and Stols (ka ) 8.1 × 106

M-1 s-1 and kd ) 2.0 × 10-3 s-1).39 However, the value of K
is larger for the 10-mer duplex (K ) 4 × 109 M-1) than for
D8.39 A slower rate constant for hybridization (ka ) 1.2 × 106

M-1) has been reported for a 25-mer duplex at 20 °C in 0.5 M
NaCl.40 The smaller values of ka for duplex formation plausibly
reflect the greater solvent reorganization energy for base pairing
vs PDI assembly.

TEM and AFM images obtained at room temperature
following evaporation of solutions of 3 µM D8 in buffer
containing 100 mM NaCl shown in Figures 7 and S4 (Support-
ing Information) display branched structures with linear seg-
ments >1 µm in length and diameters between 10-100 nm.
The branching points consist of globular features with diameters
of 50-200 nm. The thinnest linear features have diameters of
∼10 nm, similar to those reported for fibers of poly(rA)-poly(rU)
and for the columnar phases of DNA duplexes.9,10 These fibers
consist of seven duplexes arranged in a close-packed hexagonal
array surrounding a central duplex. STM images of DNA and
RNA fiber bundles have revealed the presence of individual
duplex strands;3,41 however, the lower resolution of our TEM
and AFM images is not sufficient to do so. A hexagonal packing
mode can account for the formation of linear D8 fibers having
a diameter of ca. 10 nm (Figure 10). Assembly of several
hexagonal bundles can account for the observation of branched
structures having larger diameters. The curvature observed in
the cryo-TEM images of single strand assemblies plausibly
reflects the lack of packing constraints present in the hexagonal
bundles.

Concluding Remarks

The PDI-linked dumbbell D8 undergoes end-to-end assembly
in dilute aqueous solution in the presence of NaCl (Figure 9).
Cryo-TEM images obtained in the presence of 100 mM NaCl
show the presence of assemblies consisting of 10-30 D8
monomers (Figure 6). Assemblies of this size are consistent with
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the ratio A0-0/A0-1 (or I549 nm/I657 nm) in the absence of added salt,
�c is the ratio in the presence of added salt, and �∞ is the ratio
extrapolated to infinite salt concentration.
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Figure 8. Salt dependence of the mole fraction of associated chromophores
(Rass) for D8 (9) and H8 (2).
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our analysis of the salt concentration dependence of the UV-vis
(Figures 2 and 8) and fluorescence spectra of D8 (Figure 3).
The equilibrium between monomer and assembled D8 is
dependent upon temperature (Figure S3, Supporting Information)
as well as the initial monomer (Figure S2, Supporting Informa-
tion) and salt concentration. These observations provide the first
example of the use of hydrophobic association for the assembly
of small DNA duplex conjugates. In dried samples, D8 forms
branched assemblies with linear regions >1 µm in length and
diameters as small as 10 nm, indicative of the formation of
hexagonal bundles (Figure 10). Assembly of unmodified duplex
DNA into small fibers or liquid crystals occurs only at much
higher concentrations of duplex and salt.10

The assembly of D8 occurs via the supramolecular polym-
erization of monomers containing PDI end groups separated by
an 8-mer A-tract base paired duplex domain (Figure 1f).
Supramolecular polymerization has been reported for the
assembly of monomers possessing electronically noncoupled end
groups via hydrogen bonding and other noncovalent interac-
tions.15 However, we are unaware of previous examples of one-
dimensional supramolecular polymerization via pairwise stack-
ing of hydrophobic PDI chromophores, which is difficult to

achieve as PDI tends to form larger aggregates.14 Negative
charge repulsion limits the assembly of D8 to a single strand
under the conditions used for spectroscopic and cryo-TEM
studies. Similarly, whereas there are previous examples of salt-
induced aggregation, they occur via nucleation mechanisms.37

The kinetics of D8 assembly, as determined by stopped-flow
mixing of D8 with NaCl (Figure 5), are consistent with a salt-
triggered isodesmic mechanism in which each reversible as-
sociation step has the same rate constant (eq 1, Figure 9). Both
the association and dissociation rate constants (Table 1) are
faster than those for salt-induced hybridization of self-
complementary DNA; however, the equilibrium constant for PDI
association is smaller than that for DNA hybridization.39 The
rapid, reversible assembly of DNA/organic dye hybrids based
on hydrophobic interactions leads to the formation of one-
dimensional supramolecular polymers based on a single A-tract
of DNA. Such systems are observed for the first time, providing
entry into a new class of DNA-based assemblies. These one-
dimensional polymers have an uninterrupted array of π-stacked
aromatic chromophores composed of base pairs and PDI and
thus may have interesting electronic properties.
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Figure 9. Isodesmic model for the salt-induced linear end-to-end assembly of D8.

Figure 10. Schematic representation of the higher-order hexagonal-type
aggregate formation of D8 from initially formed short linear oligomers.
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