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DNA-programmed self-assembly of photonic
nanoarchitectures

Xiang Lan and Qiangbin Wang

Rational design and self-assembly of photonic nanoarchitectures with well-defined structures and geometries allows precisely

manipulating light on the nanoscale, which has been the focus of nanophotonics in recent decades. DNA self-assembly is a

powerful strategy in constructing desired photonic nanoarchitectures owing to the unique structural features of DNA, such as

programmable sequence, predictable structure and precise molecule length (0.34nmbp�1). The high addressability of DNA

nanoscaffolds enables fine control over the locations of the photonic building blocks and thus the structure and geometry of

the assembled photonic nanoarchitectures, which facilitates the quantitative study of the interactions among these photonic

building blocks that are precisely organized on the DNA nanoscaffolds. This review summarizes the recent achievements in

DNA-programmed self-assembly of photonic nanoarchitectures, where metallic nanocrystals and semiconductor quantum dots

act as building blocks and are assembled into homo- and hetero-nanoarchitectures from one to two and three dimensions.
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INTRODUCTION

Over the past years, people have witnessed the development of the
flourishing field of nanophotonics, in which tailoring the photonic
properties of nanomaterials and manipulating their photonic inter-
actions at nanoscale are the central topics.1–8 Most studied photonic
nanomaterials are noble metal nanoparticles (MNPs) and
semiconductor nanocrystals QDs owing to their distinctive
photonic characters. When light interacts with a MNP, collective
oscillations of conduction electrons with respect to the positive ion
background, known as surface plasmons, can be driven by the
incident electromagnetic (EM) field.9 With the excitation of
plasmon modes, the energy of the incident radiation is significantly
harvested and confined at the metal/dielectric interface, generating a
strong localized EM field (hot spot) that decays exponentially with the
distance away from MNP surface.10 The evanescent EM field
interactions between the closely spaced MNPs give rise to coupled
plasmon modes in a way similar to the atomic orbital hybridization in
covalent molecules, which is termed ‘plasmon hybridization’.11 The
in-phase and out-of-phase plasmon modes of photonic
nanoarchitectures are created through mixing and hybridizing the
modes supported by their isolated components. QDs are another type
of photonic nanomaterials which are characterized by their particle-
in-a-box-like energy states.12 The valence band is fully occupied by
electrons, but the conduction band is rarely occupied. When the
energy of the incoming photon is large enough to overcome the band

gap, valence electrons can be promoted to the conduction band. The
excited states of electrons decay along the inverse path of excitation,
and photons with the energy defined by the band gap width are
emitted.13 Thus, in contrast to MNPs functioning as dielectric-
confined plasmon oscillating source, QDs usually work as dipolar
quantum emitters with discrete narrow line of light emission
spectrum.
To date, a vast assortment of photonic nanomaterials including

MNPs and QDs have been successfully achieved with tunable size,
shape, composition and structural complexity through wet synthetic
chemistry.14–20 Whereas, rational assembly of these elementary
photonic nanomaterials as building blocks into well-defined
photonic nanoarchitectures is the critical prerequisite for the study
of the cross-particle interactions and for future optical routing and
light switching.21,22 DNA, the natural genetic information carrier, is
the outstanding material used for directing well-controlled assembly
of photonic nanoarchitectures. The Watson-Crick base pairing rule
(A-T, C-G) provides strict programmability in assembling the DNA
single strands into various precisely-defined templates including DNA
double helix,23 DNA multi-arm motifs24 and DNA tiles,25 and so on.
Most importantly, the DNA double helix unit in DNA templates has a
persistence length of 50nm compatible with the dimensions of the
photonic building blocks. Therefore, the DNA template can supply
significant control over the spatial configuration of the assembled
photonic nanoarchitectures. In this review, we highlight the recent

Division of Nanobiomedicine and i-Lab, Suzhou Institute of Nano-Tech and Nano-Bionics, Chinese Academy of Sciences, Suzhou, China
Correspondence: Professor Q Wang, Division of Nanobiomedicine and i-Lab, Suzhou Institute of Nano-Tech and Nano-Bionics, Chinese Academy of Sciences, 398 Ruoshui
Road, Suzhou 215123, China.
E-mail: qbwang2008@sinano.ac.cn

Received 14 October 2013; revised 29 December 2013; accepted 14 January 2014

NPG Asia Materials (2014) 6, e97; doi:10.1038/am.2014.16
& 2014 Nature Publishing Group All rights reserved 1884-4057/14

www.nature.com/am

http://dx.doi.org/10.1038/am.2014.16
mailto:qbwang2008@sinano.ac.cn
http://www.nature.com/am


achievements in the DNA-programmed self-assembly of homo- and/
or hetero-photonic nanoarchitectures comprising MNPs and QDs in
one dimension (1D), two dimensions (2D) and three dimensions
(3D), and overview their optical properties and potential photonic
functionalities. Lastly, we attempt to make our speculation on the
challenges and future directions of DNA-programmed self-assembly
of nanoarchitectures in the field of nanophotonics.

ONE DIMENSIONAL DNA-PROGRAMMED PHOTONIC

NANOARCHITECTURES

MNPs were first employed for constructing photonic nanoarchitec-
tures through DNA-guided self-assembly. In 1996, for the first time,
Alivisatos et al.26 obtained gold nanoparticle (AuNP) dimers and
trimers through hybridizing complementary DNA mono-
functionalized AuNPs. Subsequently, AuNP homodimers, AgNP
homodimers and AuNP–AgNP heterodimers were successfully built
with high throughput directed by DNA self-assembly.23,27 Linear
AuNP trimer nanoarchitecture that features interparticle spacing
of o1 nm can also be obtained through sequential DNA
functionalization of each AuNP and subsequent DNA base paring
interactions (Figure 1a).28 Studies of the ensembles of dimers and a
single dimer both showed that the plasmon couplings between
particles can produce a dominant bonding plasmon mode with
lower resonance energy, thus lead to the red shift of plasmon band in

comparison with the isolated particles. When decreasing the
interparticle distance by shortening the molecule length of DNA,
the plasmon coupling within dimers got strengthened, thus the
coupled plasmon band red-shifted. Such distance-dependent
plasmonic property enables the DNA-directed plasmonic dimer
working as a powerful ruler with resolution down to a few
nanometers, which has been experimentally realized.29 Besides, dark
field scattering measurement of a single plasmonic dimer showed that
the plasmon modes of the dimer are also significantly dependent on
the polarization of incident EM field.27

In the presence of incident EM field, collective oscillations of
electron clouds within MNP dimers lead to the accumulation of
charge at the nanogap junction thus creating a greatly enhanced EM
field in the gap. When an emitter is placed in the nanogap of a MNP
dimer, the enhanced EM field in nanoscale volume provides intensive
photonic density for excitation of the emitter. The near-field
plasmon-emitter coupling will increase the radiative decay rate and
decrease the emission life time of the emitter.30 Thus, the MNP
dimers provide us opportunities to enhance the emission of the
emitter located at the junction. An example of this plasmon-enhanced
emission was shown by positioning CdSe/ZnS QD in the nanogap of
a 80nm AuNP dimer that supports strong plasmon resonance, which
was realized through surface-bound DNA hybridization between QD
and AuNPs.31 Single object measurement showed that the emission-
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Figure 1 DNA-programmed 1D photonic nanoarchitectures. (a) AuNP trimer nanoarchitecture with interparticle spacing of o1nm. The scale bar is 100nm.

Inset shows the EM field distribution. Adapted from reference 28 (2008 ACS). (b) A AuNP dimer with a QD at the nanojunction. The emission-

enhancement factor is dependent on polarization of the incident EM field. Adapted from reference 31 (2012 ACS). (c) Rolling-circle DNA polymerization

directed the production of AuNP linear aggregates at micrometer scale. Adapted from reference 33 (2005 Wiley-VCH). (d) DNA triangular nanotube

templated AuNP chain with predetermined length. Adapted from reference 36 (2010 ACS). (e) AuNP self-similar chain assembled on triangular DNA

origami. Adapted from reference 39 (2010 ACS).
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enhancement factor approached the peaked maximum when the
incident EM field was parallel to the dimer axis (Figure 1b). This is
associated with the strong EM field enhancement, which originates
from the occurrence of longitudinal-bonding plasmon mode. In
addition, fluorescence molecules in the vicinity of MNPs can also
exhibit enhanced emission resulting from near-field plasmon-dipole
interactions. Tinnefeld and coworkers32 observed enhancement of up
to 100-fold for a single molecule emitter which was docked in the
nanogap of 100-nm AuNP dimers bound on a DNA origami pillar.
To investigate the plasmon modes of the linear nanoarchitecture,

producing longer assemblies with structural rigidity and defined length
is necessary. Rolling-circle DNA polymerization was employed to build
linear AuNP nanoarchitectures whose length were up to micrometers,
but the structural deformations of the products were inevitable as a
result of the flexibility of the DNA duplex template (Figure 1c).33

Symmetric surface modification of AuNPs with DNA is an efficient
strategy to facilitate the assembly of linear nanoarchitectures, which is
driven by base-pair recognition between the DNA ligands on AuNP
surface. Linear AuNP arrays have been obtained by using the divalent
DNA-AuNP conjugates as building blocks, in which DNA were
immobilized at diametrically opposite binding sites on AuNP
surface.34,35 On the other hand, a robust template with sufficient
structural rigidity readily enables organizing AuNPs into linear
nanoarchitectures. Sleiman and coworkers36 explored a DNA
triangular nanotube comprising three duplex DNA to improve the
structural rigidity of the template. (Figure 1d). The periodic cavities in
the nanotube allows for controlled encapsulation of AuNPs, generating
linear AuNP nanoarchitectures with tunable length. The plasmon
couplings within such longer linear assembly make it function as a
whole when interacting with the incident light. As a result, two
plasmon modes were generated, one is a strong longitudinal mode that
is parallel to the axis and another is a weak transverse mode that is
perpendicular to the axis. The strong longitudinal mode leads to a new
peak in the red wavelength region of the plasmon band.
In recent years, DNA origami invented by Rothemund,37 has

proved to be a powerful template in producing linear photonic
nanoarchitectures with high precision and structural rigidity. DNA
origami explores a long single stranded DNA as a molecular scaffold
that is folded along a predetermined path by hybridizing with a set of
short staple strands. DNA origami features high structural rigidness
and precise addressability that are significantly advantageous for
directed assembly of DNA surface-engineered nanomaterials. The
structural parameters of the assembled nanoarchitectures, such as
spatial configurations and interparticle distances, can be precisely
tailored by rationally designing the functional DNA strands on the
origami template. Yan and coworkers38 proved the organizational
power of DNA origami by building discrete AgNP dimers and trimers
on a triangular DNA origami. In this study, AgNPs of 20nm were
functionalized with single stranded DNA, which has a segment
complimentary to the capturing strands on the origami. Through
base-pair hybridization between the DNA strands capped on the
AgNP surface and the DNA capturing strands on the origami, AgNP
dimer and trimer nanoarchitectures were generated as a result. Later,
six AuNPs of various sizes (15, 10 and 5nm) were successfully
organized into self-similar chain nanoarchitectures on a triangular
DNA origami (Figure 1e).39 More recently, Klein et al.40 constructed
AuNP waveguides by using multi-DNA origami scaffold which greatly
improves the mechanical rigidity and the linearity of the architectures.
Also, QD nanoarchitectures were assembled on DNA origami tube
through streptavidin–biotin recognition between streptavidin-capped
QDs and the biotin molecules on the origami tube.41

TWO DIMENSIONAL DNA-PROGRAMMED PHOTONIC

NANOARCHITECTURES

According to extensive theoretical studies on 2D discrete metal
nanoarchitectures, the in-phase charge oscillations that yield a large
dipole moment can give rise to a bright super-radiant plasmon mode.
Surface charge oscillations oriented in different directions, which
result in a small total dipole moment, produce a dark subradiant
mode.42,43 Thus, controlled organization of MNPs into well-defined
2D discrete nanoarchitectures using DNA-programmed self-assembly
provides us opportunities to tune the radiative and nonradiative
plasmonic properties. A hexagon DNA template whose geometry is
defined by corner organic molecules introduced in DNA strands can
be used to build discrete hexagonal AuNP nanoarchitectures.44

Attaching a AuNP specifically to the interior or terminal (50 or 30)
site of 2D DNA geometries, such as triangles and squares, enables
constructing a series of 2D discrete nanoarchitectures.45 Capasso and
coworkers46 assembled a heteropentamer cluster composed of a
AuNP surrounded by a ring of four larger AuNPs through DNA
hybridization (Figure 2a). In this pentamer, bright mode yields large
cluster dipole moments and the mode strongly redshifts owing to
strong capacitive coupling between neighboring NPs. Capacitive
coupling between the AuNP and the two nanoshells above and below
the AuNP redshifts the dark mode close to the bright mode peak. As a
result, a narrow Fano dip was generated in the extinction spectra of
such pentamer, resulting from the interference between the bright
mode and the dark mode that have overlap in frequency.
Despite the 2D discrete nanoarchitectures made of isotropic

spherical nanoparticles, Yan and coworkers47 reported 2D gold
nanorod (AuNR) dimers with varied inter-rod angles on a
triangular DNA origami. The end-to-end arrangements of AuNRs
generated a strong longitudinal plasmon coupling, which created a
red shift of absorption spectra compared with single AuNR. Whereas,
the side-by-side arrangement of AuNRs created a blue shift of
absorption spectra compared with single AuNR, resulting from the
strong transverse plasmon coupling. These 2D architectures made of
1D building blocks with defined geometry and boundary are of
fundamental significance for developing the electronic and/or
optoelectronic devices. Wang and coworkers48 reported a typical
example of a T-shaped 2D nanoarchitecture comprising three AuNRs
and one AuNP assembled on a rectangular DNA origami, in which
the AuNRs and the AuNP act as the source, the drain and the gate
electrodes and the Coulomb island, respectively. This T-shaped AuNR
nanoarchitecture holds great promise for functioning as the core
device in room temperature single-electron transistor (Figure 2b).
When MNPs are organized into 2D extended nanoarchitectures

beyond the discrete geometry discussed above, in particular, 2D
periodic arrays, the presence of order will give rise to excitation of
collective modes, which can strongly affect the radiative character of
the plasmonic resonances of the individual NPs. This allows us to
modify the far-field properties by assembling MNPs into periodic
arrays.2,49 In this respect, a large assortment of periodic 2D AuNP
nanoarchitectures have been built based on DNA tile systems,
although few systematic investigations on their plasmon resonance
property have been reported. For example, Yan and coworkers50

rationally designed a two-tile system to assembly 5 nm AuNPs
specifically in one tile to form different 2D AuNP lattice structures.
Kiehl and coworkers51 reported 2D AuNP nanoarrays that were
characterized by high density of NPs and precisely-defined interrow
spacing by hybridizing DNA functionalized AuNPs to a preassembled
2D DNA scaffold in situ on a solid surface. Further, they designed
four different double-crossover (DX) tiles to assemble into 2D DNA
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scaffolding and realized the precise arrangement of multiple DNA-
encoded AuNPs into 2D AuNP nanoarrays consisting of alternating
rows of different-sized AuNPs.52 Later, Seeman and coworkers24

designed robust three-space-spanning DNA motifs to organize 5
and 10nm AuNPs into 2D periodically ordered nanoarchitectures
(Figure 2c).
In addition to the above DNA-programmed 2D discrete and

periodic metallic nanoarchitectures and their associated optical
properties, DNA-directed 2D discrete QD homo-nanoarchitectures
and MNP-QD hetero-nanoarchitectures have also been studied. Upon
rationally organizing QDs that are compatible in band-gap energy, we
can harvest and guide the light energy flow along propagation path
from wide band-gap to narrow band-gap QDs. A clear experimental
demonstration of QD-based light guiding was shown by Kelley and
coworkers.8 In their study, the QDs were functionalized with
rationally designed DNA ligands that consist of three domains: a
QD-binding domain featuring phosphorothioate linkages within the
backbone, a spacer containing phosphodiester linkages, and a DNA-
binding domain also composed of a sequence with phosphodiester
linkages. The inclusion of 20 guanine units in the QD-binding
domain produced QDs with one DNA molecule per QD, while 10,
7 and 5 guanine units produced valencies of 2, 3 and 4, respectively.
These QDs of polyvalent forms were subsequently assembled into 2D
branched complex, in which wide band-gap QDs were placed at the
terminus and narrow band-gap QDs at the center. As a result, the
emission energy was found to be directionally transferred from
the exterior QDs to the centered QDs. Similarly, branched

hetero-nanoarchitectures with QD surrounded by defined number
of AuNPs were also reported through DNA ligand-specific
recognition.53 These architectures have considerable potentials in
exploring the plasmon-exciton interactions and manipulation of the
optical modes of emission in a quantitative manner. In addition,
stable core/shell QD-DNA conjugates with high salt resistance have
been synthesized by inserting the end of the phosphorothiolated
oligonucleotide (5–10 nucleotides) into the shell of the QD. This
certainly opens up a new avenue for DNA-guided precise positioning
of QDs, especially based on DNA origami templates which require a
highly-salted buffered condition.54

THREE DIMENSIONAL DNA-PROGRAMMED PHOTONIC

NANOARCHITECTURES

In 3D photonic nanoarchitectures, their plasmonic chirality has
received tremendous interest, which arises from the fact that, in
chiral arrangements of MNPs, the plasmon extinction differs for left-
and right-handed circularly polarized light. Considering a 3D spiral
MNP nanoarchitecture, the helical arrangement of plasmonic dipoles
of MNPs gives rise to increased absorption of the incident circularly
polarized light that has the same handedness. The difference in
absorption of left- and right-handed circularly polarized light gen-
erates circular dichroism (CD) with features in the plasmon resonance
wavelength region. In this area, DNA-programmed scaffolds have
been widely exploited to build 3D chiral nanoarchitectures with the
hope of tailoring the chiral optical effects through modifying the 3D
structural configurations.
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Figure 2 DNA-programmed 2D photonic nanoarchitectures. (a) A DNA-guided metal pentamer. A fano dip is observed in the extinction spectra of the

pentamer. Adapted from reference 46 (2011 ACS). (b) DNA origami-directed ‘T’-shaped architecture resembling the core structure of a room temperature

single-electron transistor. Adapted from reference 48 (2013 Wiley-VCH). (c) AuNP nanoarrays assembled from six-arm motif/AuNP conjugates. Adapted
from reference 24 (2006 ACS).
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As well known, in many chiral organic molecules, the chiroptical
effects are related to the tetrahedral bonding structure of carbon.
Similarly, metallic tetramer that cannot be brought to coincide with
its mirror-symmetric counterpart is expected to show chiral optical
activity. Both pyramidal homo-tetramers made of AuNPs and
pyramidal hetero-tetramers made of AuNPs, AgNPs and QDs have
been built through specific base paring between DNA mono-
functionalized nanoparticles,55,56 in which each DNA strand travels
through three pyramid sides and traces out one face of the pyramid.
Kotov and coworkers56 observed apparent chiral spectra reversal
from those mirror-symmetric pyramidal nanoarchitectures. Upon
introduction of multiple particles in the pyramid, which leads to high
degree of the asymmetric geometry, the chiral optical signals were
greatly enhanced. Inclusion of AgNP that supports larger surface
plasmon resonance also enhanced the resultant chiroptical activity of
the pyramid. AuNP tetramers which exhibited chiral optical response
at the plasmon resonance wavelength were also realized by precisely

positioning AuNPs on a rectangular DNA origami through base-pair
recognition between DNA-capping strands on AuNP surface and
DNA capturing strands on origami.57 To obtain chiral MNP
nanoarchitectures consisting of 3D spirals, Liedl and coworkers58

used a 24-DNA helix bundle to direct the positioning of AuNPs, in
which helically arranged attachment sites are displayed on the bundle.
(Figure 3a). They found that the CD signals of such helical
nanoarchitectures can be strengthened by growing silver on the
AuNPs, which can be attributed to the greatly increased optical
absorption caused by the strong plasmonic dipoles of Au/Ag core-
shell NPs. This matches well with the observation in previously
mentioned pyramidal hetero-tetramers. Besides, twisting two linear
rows of AuNPs that were preorganized on a rectangular DNA origami
can also lead to a helical arrangement of AuNPs.59

Extensive theoretical and experimental studies pointed out that the
chiral optical behavior of photonic nanoarchitectures is significantly
affected by the anisotropic factors of the constituent building
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blocks.60,61 Amorphous 3D AuNR aggregates, which are prepared
through base-pair hybridization between DNA linker strands and
DNA-capping strands on NR surface, can generate remarkable
plasmonic CD signals at the wavelength region of longitudinal
plasmon mode of AuNRs.62 More recently, Wang and coworkers63

presented a great progress in construction of 3D nanoarchitectures
consisting of anisotropic building blocks with tailored plasmonic
chirality, where 3D AuNR discrete dimers with defined structural
configuration were built using bifacial 2D DNA origami as template
(Figure 3b). Strong chiral optical signals were observed from
‘L’-shaped asymmetric 3D dimers. This plasmonic chirality of the
3D AuNR dimer is strongly sensitive to the structural configuration,
which makes it a good candidate as chiral plasmonic ruler.
In recent years, 3D metamaterials with operating frequency at

optical regime have been greatly progressed for their intriguing
photonic applications, such as negative index materials, enhanced
nonlinear effects and broadband circular polarizers.64–66 Conventional
top-down lithography, for examples, stacked electron-beam
lithography and direct laser writing, were widely used to make
those periodic 3D photonic metamaterials. Whereas, DNA-
programmed self-assembly is another powerful strategy that can
lead to complex 3D photonic materials with rationally-tailored
compositions and spatial characteristics. A large collection of 3D
DNA-guided photonic superlattice crystals have been realized with
tunable lattice parameters.67 The collective optical properties of these
artificial 3D superlattice of crystals, which arise from the near-field
interactions among their individual components at 3D space, are
expected to be tuned by choosing different building blocks and
designing the route of assembly.68 The first step toward DNA-guided
3D ordered superlattice was pioneered by Mirkin69 and Gang.70

Mirkin and coworkers69 used DNA to control the crystallization of
AuNP–DNA conjugates to the extent that different DNA sequences
guide the assembly of the same type of AuNP into micrometer-sized
face-centered-cubic or body-centered-cubic crystal structures
(Figure 3c). Gang and coworkers, formed 3D crystalline assemblies
of AuNPs mediated by interactions between complementary DNA
molecules attached to the AuNP surface and the 3D AuNP crystals
could form reversibly during heating and cooling cycles.70 Further,
Gang and coworkers71 successfully assembled binary heterogeneous
body-centered-cubic crystal lattice by hybridizing AuNPs and QDs
that were modified by multiple copies of DNA. In addition, the DNA-
programmed 3D superlattice crystals can be tuned dynamically
through hybridization or dehybridization reaction between a loop
sequence in the DNA linker and external strand.72

PERSPECTIVE AND OUTLOOK

A plethora of new possibilities will arise in manipulating the light-
matter interactions when the photonic building blocks are organized
into well-defined nanoarchitectures, where DNA-programmed self-
assembly technique has proved to be a robust solution. However,
surface chemical encoding of photonic building blocks using DNA
ligand, such as asymmetric surface decoration of spherical nanopar-
ticles and site-selective functionalization of anisotropic nanoparticles,
has not kept up with the pace of progress in chemical fabrication for
nanophotonics. These difficulties prevent us from fully capitalizing on
the vast library of available photonic building blocks varying in
compositions and shapes so as to build more sophisticated photonic
nanoarchitectures. With these insights, flexible strategy for DNA
encoding of building blocks with site selectivity and stoichiometry
should be developed.

DNA-programmed self-assembly technique allows building photo-
nic nanoarchitectures at a much finer length scale than that by
conventional lithographical fabrication, which shows great potential
for constructing photonic or optoelectronic nanodevices that feature
rational design and high precision. To date, integration of DNA-
programmed photonic nanoarchitectures with ‘top-down’ lithogra-
phically fabricated features is still a major impediment in the
photonic application of DNA-programmed self-assembly technique.
The challenges lie in the structure preservation of DNA-programmed
nanoarchitectures and well-controlled combination of these
nanoarchitectures with lithographical features. Fortunately, some
progress has been made in this aspect, which can be exemplified in
placing DNA origami-templated AuNP 2D nanostructures on litho-
graphically patterned substrates.73 These extended 2D metallic
nanostructures supported by solid surface are of fundamental
significance in realization of plasmonic circuits that can be used for
future miniaturized optoelectronic devices.74
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