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Abstract: Surface-addressable nanostructures of linearly p-
conjugated molecules play a crucial role in the emerging field
of nanoelectronics. Herein, by using DNA as the hydrophilic
segment, we demonstrate a solid-phase “click” chemistry
approach for the synthesis of a series of DNA–chromophore
hybrid amphiphiles and report their reversible self-assembly
into surface-engineered vesicles with enhanced emission.
DNA-directed surface addressability of the vesicles was
demonstrated through the integration of gold nanoparticles
onto the surface of the vesicles by sequence-specific DNA
hybridization. This system could be converted to a supramolec-
ular light-harvesting antenna by integrating suitable FRET
acceptors onto the surface of the nanostructures. The general
nature of the synthesis, surface addressability, and biocompat-
ibility of the resulting nanostructures offer great promises for
nanoelectronics, energy, and biomedical applications.

Crafting of surface-engineered nanostructures of p-conju-
gated molecules with promising optical properties is
extremely important for molecular and supramolecular
electronics.[1, 2] This is primarily because such nanostructures
allow their exact positioning at desired location, which is
a great challenge in nanoelectronics. Furthermore, surface-
engineered chromophoric assemblies may be used as supra-
molecular templates for the organization of other functional
molecules, and thus provide a unique opportunity to study
their electronic interaction with chromophoric stacks. DNA
has proven to be an ideal candidate in the creation of surface-
addressable nanostructures by making use of the principles of
DNA nanotechnology.[3, 4] One common strategy to obtain
chromophoric assemblies using DNA is through the covalent
incorporation of multiple chromophores into DNA.[5]

Another approach involves DNA-templated non-covalent

assembly of chromophores along the structural scaffold of
DNA.[6] Despite these approaches providing an ideal platform
for the helical organization of chromophores, creation of
surface-engineered nanostructures of diverse morphology is
challenging.

Very recently, DNA-based amphiphiles have emerged as
a promising candidate in the creation of responsive nano-
structures of distinct morphology.[7] The most remarkable
structural features of this class of nanomaterials are surface
addressability, biocompatibility, and morphology tunability
due to the presence of a dense array of DNA molecules on
their surface. More importantly, such nanostructures have
shown potential applications in many fields ranging from
biomedicine[8] to material sciences.[9] Hydrophobic moieties
derived from different classes of non-chromophores including
polymers,[10] dendrimers,[11] and long hydrocarbon chains[12]

have been used for the design of DNA amphiphiles, but
chromophoric systems are less exploited.[9a, 13] Motivated from
these reports, we envisioned that the covalent conjugation of
a short DNA (10-mer) into a hydrophobic chromophore
would generate a new class of DNA–chromophore amphi-
phile, and their self-assembly would offer a unique class of
DNA-directed surface-engineered chromophoric assemblies.
Unlike non-chromophoric DNA amphiphiles, the large p-
surface of chromophore-based DNA amphiphiles can greatly
enhance the self-assembly propensity through strong p–p

stacking interaction, and thereby allows modulation of optical
properties of the resulting nanostructures.

Among the different classes of p-conjugated chromo-
phores, self-assembly of oligo(p-phenylene-ethynylene)s
(OPEs) have received considerable attention as molecular
wires for nanoelectronics.[14] Gothelf and Yan et al. have
extensively studied non-amphiphilic DNA–OPE conjugates
for the DNA-programmed assembly and synthesis of OPE-
based molecular wires.[15, 16] Non-amphiphilic DNA–OPE
hybrids have also been used for the assembly of DNA-
directed cage-like structures[17] and for the design of molec-
ular-beacon-based DNA sensors.[18] However, amphiphilic
DNA–OPE conjugate has not yet been studied. Herein, we
report the synthesis of a series of DNA–OPE hybrid
amphiphiles, and their reversible self-assembly in aqueous
media into fluorescent nano- to microvesicles with tunable
emission. Vesicles are self-assembled through the hydro-
phobic and p–p stacking interactions of OPEs, which
constitute the membrane of the vesicle, whereas the hydro-
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philic DNA is exposed to the polar medium on either side of
the membrane as shown in Scheme 1. Strong aggregation-
induced enhanced emission (AIEE) is observed for the
vesicles due to the restricted rotation of C(sp2)�C(sp) bonds
of the OPE segment of the amphiphiles. Since vesicles are
surface-engineered with hydrophilic DNA, we explore the
Watson–Crick base-pairing property of DNA for the rever-
sible surface modification of the vesicles with other functional
molecules such as gold nanoparticles (Au-NPs). We also
demonstrate the potential of our system in the designing of
a supramolecular light-harvesting antenna through the inte-
gration of suitable Fçrster resonance energy transfer (FRET)
acceptors onto the surface of the vesicle (Scheme 1).

For the synthesis of DNA–OPE hybrid amphiphiles
(DNA1–3) we adopted a solid phase “click” chemistry
approach (Scheme 1);[19] the synthesis details are provided
in the Supporting Information (SI). The only structural
difference between DNA1–3 is the difference in the con-
jugation length of OPE segment, which is systematically
increased from DNA1 to DNA3 by increasing the number of
OPE repeating units keeping the DNA sequence unchanged.
This structural modification was intended for tuning the
optical properties of the resulting nanostructures as a function
of the conjugation length of the OPE segment.

Typically, self-assembly was performed by heating the
amphiphiles (1 mm) in Tris buffer (50 mm, pH 7.4) at 90 8C for
5 min and then allowing to cool to room temperature. UV/Vis
absorption spectra of self-assembled solutions of DNA1–3

revealed the characteristic absorption peaks of DNA (lmax =

260 nm) and p-stacked OPEs (lmax = 320 nm, 335 nm and
350 nm for DNA1, DNA2, and DNA3, respectively, SI,
Figure S2). They also displayed induced circular dichroism
(ICD) signals in the absorption region of OPEs due to the
transfer of molecular chirality of sugar units of DNA into the
chromophoric stacks (SI, Figure S3).[14b, 20] Dynamic light
scattering (DLS) analysis of self-assembled solution of
DNA1 shows bimodal distribution of spherical aggregates,
whereas DNA2 and DNA3 self-assemblies show unimodal
distribution of spherical aggregates. The observed average
diameters of DNA1–3 spheres are 451 nm (major peak, s =

0.57), 500 nm (s = 0.22), and 795 nm (s = 0.22), respectively
(Figure 1a–c). Field emission scanning electron microscopy

(FE-SEM) analysis of self-assembled solutions of DNA1–3
show the formation of spherical assemblies (SI, Figure S4–6).
The height images of self-assemblies of DNA1–3 obtained by
tapping-mode atomic force microscopy (AFM) show the
formation of nano- to microsized spherical assemblies (Fig-
ure 1d–f). The average diameters of the spheres, which were
estimated from the fitted histograms of the size distribution
curves, are approximately 505 nm, 300 nm, and 550 nm for
DNA1–3, respectively (SI, Figure S10). Since the observed
average diameters of spheres of DNA1–3 are much larger
compared to twice the extended molecular lengths of DNA1
(� 18 nm), DNA2 (� 20 nm), and DNA3 (� 21 nm), it can

Scheme 1. Solid-phase “click” chemistry approach for the synthesis of
DNA1–3 amphiphiles and their reversible self-assembly into surface-
engineered vesicles with enhanced emission. Bottom left: Surface
decoration of vesicles with Au-NPs; bottom right: a fluorophore for
the design of light harvesting antennae through sequence-specific
DNA duplex formation.

Figure 1. a–c) Size distribution from DLS measurements of a) DNA1,
b) DNA2, and c) DNA3. d–f) AFM height images of d) DNA1 (z-scale
200 nm), e) DNA2 (z-scale 23 nm), and f) DNA3 (z-scale 12 nm). g–
i) Cross-section analyses of a vesicle of DNA1–3, respectively. j–l) TEM
images of j) DNA1, k) DNA2, and l) DNA3. [DNA1–3] = 1 mm in 50 mm

Tris buffer, pH 7.4.
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be inferred that the spherical assemblies are vesicular in
nature rather than simple micelles. Notably, Vesicles of
DNA1 exhibit an average height of 115 nm (Figure 1g),
whereas a drastic decrease in average height is observed for
the vesicles of DNA2 (12 nm, Figure 1h) and DNA3 (11 nm,
Figure 1 i), much smaller than their respective average
diameters. These observations clearly indicate that DNA1
self-assembles into “hard” vesicles where complete flattening
of vesicles is not expected on the surface, as proposed by
Wang and Wegner et al.[21] On the other hand, the low average
heights of DNA2 and DNA3 vesicles can be attributed to the
complete flattening of the vesicles on the surface, which is
a characteristic feature of “soft” vesicles. These findings were
further confirmed by transmission electron microscopy
(TEM) analyses. For DNA1, owing to their “hard” nature,
the membrane of the vesicle is clearly visible with a membrane
thickness of 16 nm as revealed by high resolution TEM, which
is 2 nm less compared to the calculated membrane thickness
of 18 nm (Figure 1 j). This difference could be attributed to
the interdigitation of the alkyl chains as well as the flexible
nature of single-stranded DNA (ssDNA) (Scheme 1). On the
other hand, no contrast difference between the periphery and
inner part of the vesicle could be seen for DNA2 (Figure 1k)
and DNA3 (Figure 1 l) due to their “soft” nature, and hence
the membrane of the vesicles is invisible. It is also noted that
no change in vesicular morphology was observed after
hybridization of ssDNA on the surface of the vesicle with
the corresponding complementary DNA strand (5’-
TGGGTGCGAA-3’) (SI, Figure S12).

It has been generally observed for OPE-based self-
assembled systems that they undergo fluorescence quenching
upon aggregation.[14a, 22] Interestingly, the emission intensity of
OPEs in DNA1–3 is significantly enhanced in the aggregated
state compared to the corresponding monomeric amphiphiles
as revealed from the temperature-dependent emission spec-
tra. At 20 8C, vesicles of the shortest molecular wire con-
jugated DNA, DNA1, show emission of p-stacked OPEs with
maximum at 408 nm (lex = 310 nm). As expected, a gradual
red-shift in emission maximum is observed for DNA2 and
DNA3 vesicles due to the increase in conjugation of the OPE
segment. DNA2 vesicles exhibit an emission maximum at
450 nm (lex = 310 nm), which is further red-shifted to 525 nm
(lex = 320 nm) in the case of DNA3 vesicles. The fluorescence
quantum yields for DNA1–3 vesicles at 20 8C are 0.15, 0.1, and
0.1, respectively. Interestingly, a gradual decrease in emission
intensity of OPE aggregates with the concomitant blue-
shifted emission of the corresponding OPE monomer is
observed upon increasing the temperature of the solutions of
DNA1–3 vesicles from 20 8C to 70 8C, in a reversible manner
(Figure 2a, c, and e, respectively). To gain more insight into
the mechanism of fluorescence enhancement for the vesicles,
time-resolved fluorescence studies were carried out. Decay
profiles of DNA1–3 monomers show a very fast decay with
lifetime < 1 ns, indicating fast non-radiative relaxation of the
excited state, and in this case, most possibly through an
intramolecular C(sp2)�C(sp) bond rotation owing to their low
rotational energy barrier (ca. 0.5 kcal mol�1),[23] as observed in
similar systems.[24] On the other hand, significantly longer
lifetimes are observed for the vesicular state of DNA1–3 with

average lifetimes 12.3 ns, 4.2 ns, and 3.9 ns, respectively (SI,
Table S2). Importantly, a higher non-radiative decay rate
constant (knr = 9.80 � 108 s�1) than the radiative decay rate
constant (kr = 0.20 � 108 s�1) is observed for DNA1 mono-
mers. On the other hand, in the vesicular state the non-
radiative rate constant (knr = 0.69 � 108 s�1) is significantly
reduced (14.2 times lower), whereas the radiative rate
constant (kr = 0.12 � 108 s�1) is only slightly reduced (1.7
times lower) compared to corresponding monomeric state.
Similar observations were made in the case of DNA2 and
DNA3 amphiphiles (SI, Table S3). This significant lowering
of non-radiative rate constant in the case of vesicular state
indicates substantial reduction of the non-radiative relaxation
(intramolecular C(sp2)�C(sp) bond rotation) of the excited
state of DNA1–3 vesicles. This results in the intramolecular
planarization of the OPE backbone as evident from the red-
shift in emission, and makes radiative recombination as the
dominant decay channel for the excited state of the vesicles,
and thereby enhances the emission (SI, Scheme S4).[25] This
phenomenon of AIEE is typical for molecules having low
energy barrier for intramolecular bond rotation,[26] though
rigid systems are also known to exhibit AIEE.[27] In accord-
ance with the fluorescence properties, fluorescence micros-
copy images show the formation of fluorescent microvesicles
for DNA1 (Figure 2b), DNA2 (Figure 2d), and DNA3
(Figure 2 f).

Figure 2. Temperature-dependent fluorescence spectra of a) DNA1
(lex = 310 nm), c) DNA2 (lex = 310 nm), and e) DNA3 (lex = 320 nm).
Fluorescence microscopy (lex = 360–370 nm) images of microvesicles
of b) DNA1, d) DNA2, and f) DNA3. [DNA1–3] = 1 mm in 50 mm Tris
buffer, pH 7.4.
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A remarkable feature of this class of chromophoric
assembly is the DNA-directed surface addressability, which
we demonstrate through surface decoration of the vesicles
with 5 nm and 30 nm Au-NPs. For this purpose, surface of the
Au-NPs was initially modified with a DNA sequence (dithiol-
5’-TGGGTGCGAA-3’) complementary to the DNA on the
surface of the vesicle, following a procedure reported by Yan
and Liu et al.[28] Subsequently, assembly of DNA1 vesicle and
Au-NP (DNA1-vesicle–Au-NP) was prepared by annealing
1:1 molar solutions of Au-NPs (2.5 mm) and DNA1 vesicles
(2.5 mm) from 40 8C to 4 8C in 0.5 � TBE buffer containing
50 mm NaCl (Tm = 37 8C). TEM images of DNA1-vesicle-Au-
NP (ca. 5 nm) assembly show densely packed NPs on the
surface of the vesicle due to DNA hybridization (Figure 3a
and b). Dense loading of NPs on the surface of the vesicles
can be seen in the case of 30 nm Au-NPs as well (Figure 3c

and SI, Figures S18 and S19). Accordingly, red-shifts of 6 nm
(524 nm to 530 nm) and 5 nm (525 nm to 530 nm) are
respectively observed in the plasmon absorption band of 5-
nm and 30-nm Au-NPs assembled on the surface of the vesicle
when compared with the corresponding non-assembled NPs
(Figure 3d inset and SI, Figure S20), indicating that weak
interparticle surface plasmon coupling on the vesicle sur-
face.[29] The corresponding fluorescence spectrum at 20 8C
(lex = 310 nm) shows 93% fluorescence quenching of OPE
aggregates due to their electronic interaction with Au-NPs
(Figure 3d), with a Stern–Volmer quenching constant (Ksv) of
4.6 � 106

m
�1 (SI, Figure S21).[30] This relatively high Ksv

indicates that Au-NPs efficiently quenches the emission of

DNA1, however, superquenching is not observed as reported
in similar systems.[31] Interestingly, the fluorescence of the
OPE aggregate is almost restored (81%) upon increasing the
temperature up to 50 8C due to the disassembly of the duplex,
revealing the thermal reversibility of the hybrid assemblies.

Motivated by AIEE and the surface addressability of
vesicles, which are promising features for the design of ideal
light-harvesting system, a thermally reversible light-harvest-
ing system with DNA1 vesicles as a representative example is
also demonstrated. We selected ethynyl perylene (SI,
Scheme S2) as the acceptor in our study due to its desirable
optical properties needed for a FRET pair with DNA1 vesicle
as the donor (J(l) = 4.7 � 1014

m
�1 cm�1 nm4). Ethynyl pery-

lene-modified DNA (DNA-Pe) was synthesized on a DNA
synthesizer with a sequence (5’-Pe-dUGGGTGCGAA-3’)
complementary to the DNA on the surface of DNA1 vesicle.
Hybridization of DNA1 vesicles and DNA-Pe (annealing
from 40 8C to 4 8C, Tm = 37 8C) places the acceptor on the
surface of the resulting assembly at a distance of ca. 5 nm
from the OPE stacks (Scheme 1). Notably, the vesicular
morphology of DNA1 undergoes transition into cylindrical
fibrils upon hybridization with DNA-Pe, as evident from
AFM (Figure 4a), FE-SEM (Figure 4b), and TEM (SI,
Figure S24) analyses.[12a] AFM sectional analysis reveals that
the smallest fiber has a diameter of 16 nm after subtracting
AFM tip-broadening,[32] and several micrometers in length
(Figure 4a inset). This indicates that fibrillar assembly is
cylindrical-micellar with perylene decorated on the surface as
shown in Scheme 1. A very weak excimer emission of
perylene is observed in the micellar assembly (SI, Figure S26).

Figure 3. TEM image of a) 5 nm Au-NP decorated DNA1 vesicles and
b) a zoomed part of a vesicle. c) TEM image of 30 nm Au-NP
decorated DNA1 vesicles; inset is a HR-TEM image of a single NP-
coated vesicle. d) Fluorescence spectra of DNA1 vesicle at 50 8C (red),
5 nm Au-NP coated DNA1 vesicle at 50 8C (black) and 10 8C (blue);
the inset shows the absorption spectrum of Au-NPs alone and after
their assembly onto the vesicle surface. [DNA1] = 2.5 mm, [Au-
NP] = 2.5 mm in 0.5 � TBE buffer, NaCl= 50 mm, pH 8.

Figure 4. a) AFM height image (z-scale 65 nm) of DNA1–DNA-Pe
assembly (1:1 molar). The inset shows the section analysis on a small-
est fiber. b) FE-SEM image of DNA1–DNA-Pe assembly. c) Fluores-
cence spectra (lex = 310 nm) of DNA1 vesicle with the addition of
increasing equivalence of DNA-Pe (up to 2 equiv). [DNA1] = 2.5 mm in
0.5 � TBE buffer, NaCl= 50 mm, pH 8, T = 10 8C. The corresponding
emission color change of DNA1 alone and of the DNA1–DNA-Pe
assembly upon excitation at 310 nm is also shown.
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FRET experiments were carried out (T= 10 8C) at an
excitation wavelength of 310 nm where the extinction coef-
ficient of DNA-Pe is relatively small (7.0 � 103

m
�1 cm�1)

compared to DNA1 vesicles (1.3 � 105
m
�1 cm�1). Gradual

decrease in DNA1 emission at 408 nm with the concomitant
increase in the emission of DNA-Pe at 493 nm is observed
upon excitation of DNA1-DNA-Pe assembly at 310 nm
indicates the occurrence of FRET from the self-assembled
OPEs of DNA1 to DNA-Pe (Figure 4c). About 90%
quenching of DNA1 emission is observed upon addition of
2 equivalents of DNA-Pe (FRET efficiency = 85 %, kET =

1.9 � 109 s�1). Accordingly, a fluorescence microscopy image
of DNA1-DNA-Pe assembly upon UV excitation (lex = 360–
370 nm) shows green emitting fibrillar structures (SI, Fig-
ure S27), which correspond to DNA-Pe fluorescence as
a result of FRET, although the direct excitation of DNA-Pe
cannot be completely ruled out. An interesting feature of the
present light-harvesting system is the dependency of FRET
efficiency on the temperature-controlled association–dissoci-
ation of the duplex. Accordingly, excitation of DNA1–DNA-
Pe assembly (lex = 310 nm) at 50 8C shows a significant
decrease in the emission intensity of DNA-Pe with the
concomitant increase in the emission intensity of DNA1,
indicating significant decrease in the FRET efficiency upon
dissociation of the duplex. Furthermore, FRET efficiency can
be regained by decreasing the temperature to 20 8C, and is
reversible.

In conclusion, we have demonstrated a general “click
chemistry” based approach for the synthesis of DNA–OPE
hybrid amphiphiles and studied their reversible self-assembly
into surface-engineered vesicles with enhanced emission. This
synthetic strategy can be applied to the conjugation of DNA
into any class of hydrophobic chromophores for the design of
new DNA–chromophore amphiphiles. The DNA-directed
surface addressability of this class of chromophoric nano-
structures was exploited for the reversible organization of Au-
NPs and fluorophores on the surface of the vesicle. Significant
electronic interaction was observed between chromophore
stacks and both Au-NPs and fluorophores in the hybrid
nanostructures. Since the length of the DNA duplex can be
tuned by altering the number of DNA bases, this assembly
offers a unique supramolecular template to study distance-
dependent electronic interaction of chromophore stacks with
other functional molecules. The molecular recognition prop-
erties of DNA would allow this class of surface-engineered
assemblies to position them at desired location and could be
a promising candidate for advancement of nanoelectronics.
Our results are also expected to open up further research
interest in the design of new DNA–chromophore amphiphiles
for artificial light harvesting applications.
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