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1. Introduction

Antennas have stitched up far-flung parts 
of the globe and connected it to deep 
space and even provided us with informa-
tion about the macro cosmos.[1] In radio-
frequency (RF) and microwave regimes, 
antennas’ working wavelength is propor-
tional to their physical size because in this 
spectral regime metals can be considered 
as perfect conductors.[2] Shrinking the size 
of antennas to hundreds of nanometers 
would intuitively bring the working wave-
length to the visible range.[3] Compared 
to antennas in the RF and microwave 
regime, the main challenges for the reali-
zation of optical antennas lie in the nano-
fabrication, material properties as well as 
the control and manipulation of the excita-
tion sources. Due to the ultrahigh working 
frequency, the functionality of optical 
antennas also expands from wireless com-
munication to light–matter interaction. 
With the development of modern nano-
fabrication and detection technologies, 
ever smaller structures with exceptional 

optical characteristics are assembled. Optical antennas made 
up of plasmonic nanoparticles are one of those constructs that 
can help overcome the size mismatch between matter and light 
waves in the topical regime and provide us a powerful tool for 
controlling and enhancing light–matter interaction.[2,4–6]

Surface plasmon polaritons (SPPs) are coherent oscillations 
of the conduction electrons at the metal/dielectric boundary.[7] 
Localized surface plasmons (LSPs) are confined SPPs on a plas-
monic cavity, such as a noble metal nanoparticle in a dielectric 
medium. By changing the material, size, shape, and environ-
ment, the LSP resonance of the nanoparticle can be tuned. The 
tuned LSP enhances the polarizability of the nanoparticle at 
specific frequencies from ultraviolet to the near-infrared range, 
leading to peculiar optical properties that are distinctive from 
their bulk counterparts.[8,9] When nanoparticles are arranged 
in specific configurations in space, LSPs couple and create 
more sophisticated, confined, and enhanced electromagnetic 
fields between and around them. [10,11] These phenomena stem 
from the collective response of the nanoparticle architecture 
and are highly dependent on the selected material, the rela-
tive positioning of and the distance between the nanostructure 
components.[12]

To describe the properties of optical antennas, the well-estab-
lished RF antenna theories can be applied to a certain extent.[13–16]  

Plasmonic nanoantennas mediate far and near optical fields and confine the 
light to subwavelength dimensions. The spatial organization of nanoantenna 
elements is critical as it affects the interelement coupling and determines the 
resultant antenna mode. To couple quantum emitters to optical antennas, 
high precision on the order of a few nm with respect to the antenna is neces-
sary. As an emerging nanofabrication technique, DNA origami has proven 
itself to be a robust nanobreadboard to obtain sub-5 nm positioning precision 
for a diverse range of materials. Eliminating the need for expensive state-
of-the-art top-down fabrication facilities, DNA origami enables cost-efficient 
implementation of nanoscale architectures, including novel nanoantennas. 
The ability of DNA origami to deterministically position single quantum 
emitters into nanoscale hotspots further boosts the efficiency of light–matter 
interaction controlled via optical antennas. This review recapitulates the 
recent progress in plasmonic nanoantennas assisted by DNA origami and 
focuses on their various configurations. How those nanoantennas act on 
the emission and absorption properties of quantum emitters positioned in 
the hotspots is explicitly discussed. In the end, open challenges are outlined 
and future possibilities lying ahead are pointed out for this powerful triad of 
biotechnology, nanooptics, and photophysics.
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However, the same design principles cannot be directly exe-
cuted at optical frequencies since the material properties in the 
visible regime are significantly different from those in the RF 
or microwave regime.[2] For instance, ubiquitously used metals 
that are very good conductors at RF become very lossy at the 
visible spectrum and field penetration depth that is compa-
rable to dimensions of the antenna affects the effective wave-
length of the plasmonic current and thus the antenna design 
and the emission properties.[2,17,18] Furthermore, the operation 
of plasmonic nanoantennas goes beyond the transmission and 
reception of optical signals in wireless or on-chip communica-
tion networks.[19] Plasmonic nanoantennas also offer the oppor-
tunity to enhance and control light–matter interaction and 
serve as building blocks of artificial metamaterials and meta-
surfaces.[20] Plasmonic nanoantennas can be used to generate  
hot electrons[21] or current[22] and find applications in photo-
chemistry,[23] energy harvesting devices,[24] and photon detectors.[25]  
Field enhancement in the hotspot near nanoparticle surfaces  
is used to enhance nonlinear effects[26] such as second 
harmonic,[27,28] third harmonic signal,[29] coherent anti-Stokes 
Raman scattering,[30] and four-wave mixing.[31] Likewise, if a 
plasmonic nanoantenna is combined with a gain material and 
their modes overlap spatially and spectrally, plasmonic lasing 
can be achieved.[32–34] The tightly confined electromagnetic field 
in the gap with a size comparable to donor–acceptor distance 
is also utilized to enhance Förster resonance energy transfer 
efficiency by overcoming the nonradiative loss.[35,36] Moreover, 
plasmonic nanoantennas can be engineered to provide direc-
tionality for spectroscopic analysis,[37,38] sensing,[39] and color 
routing for far-field[40] and near-field light sources.[41]

One of the most versatile plasmonic nanoantennas is a 
dimer consisting of two plasmonic nanoparticles of various 
geometries. The confined electromagnetic field in the gap 
of the dimer provides enhanced field intensity and localized  
density of optical states (LDOS).[6] Therefore, plasmonic 
hotspots are commonly utilized to modify the emission of 
quantum emitters. If the coupling of the emitter to the antenna 
is efficient enough, the excited emitter relaxes by giving the 
energy into the efficient decay channels provided by the nano-
antenna. Consequently, the observed emission property of the 
quantum emitter is highly modulated by the antenna. This pro-
vides a useful route to tailor the intensity, efficiency, spectrum, 
phase, polarization state, and direction of the emission from 
a quantum emitter. The effect of an optical antenna on these 
properties has a strong dependency on the spatial configuration 
of antenna elements and the emitter. Shape, size, and the dis-
tance between antenna components all influence the antenna 
mode. With the understanding of the resonance of individual 
elements and the coupling between them, optimal designs of 
nanoantennas can be found and verified with modern compu-
tational technology. However, the fabrication of the designed 
antennas and the deterministic incorporation of the emitters to 
the antenna are still challenging. The choice of nanofabrication 
method plays a determinant role in obtaining the desired struc-
tures and optical responses.

Nanoantennas, often, are fabricated by top-down methods 
such as electron-beam lithography (EBL) and focused ion-
beam milling (FIB).[2] EBL and FIB are widely used and very 
powerful nanofabrication techniques. However, they have 

very low throughput and are limited to sub-10  nm alignment 
accuracy. This makes it difficult to achieve fine structures with 
sub-10  nm resolution.[42] Besides, metals fabricated with top-
down methods are typically polycrystalline with rough surfaces 
of grain size between 10 and 30 nm.[43] Material inhomogeneity 
results in unwanted scattering and damping of surface plas-
mons that can greatly diminish the antenna performance.[44] 
Building hybrid structures with top-down methods by incorpo-
rating different materials can be achieved in multiple steps[45] 
or by selective chemical functionalization[46] at the expense of 
time. Moreover, top-down methods require expensive state-of-
the-art facilities and vacuum conditions and are typically lack 
scalability. Employing bottom-up approaches or combining top-
down with bottom-up approaches provides effective solutions to 
address these issues.

DNA origami, which is considered to be a bridge between 
molecular self-assembly[47] and conventional microfabrica-
tion techniques,[48,49] allows to overcome these limitations and  
produce better performing plasmonic nanostructures. DNA 
origami is a bottom-up fabrication method to create platforms 
that support the building of complex, hierarchical, and hybrid 
structures.[50–60] A DNA origami nanobreadboard is obtained 
by folding a long single-stranded DNA (scaffold) of a known 
sequence by hundreds of short oligonucleotides called staple 
strands, each one corresponding to a unique location in the 
scaffold.[50] DNA origami is a tremendously addressable plat-
form due to the Watson–Crick base pairing nature of the DNA 
and the availability of the sequence information of scaffold 
and staple strands. In plasmonic applications, gold and silver 
nanoparticles are incorporated into DNA origami by comple-
mentary strand hybridization. The metallic surfaces are coated 
with a certain length of staple strands that have exact comple-
ments, i.e., anchors, on the origami at desired locations.[61–66] 
The distance between two nucleotides in the most ubiquitous 
DNA type-B is 0.34 nm.[52] It has been shown that fluorescence 
molecules can be displaced in the subnanometer scale on DNA 
origami.[67] However, this cannot be directly translated into 
positioning accuracy as it is affected by the length and flexi-
bility of the anchoring and coating staples. The spatial resolu-
tion between the two DNA-linked nanomaterials on DNA ori-
gami is determined by the feature size of the origami, i.e., the 
length of the staple strand that the modifications are attached 
to, which is around 5  nm.[68] Self-assembled monocrystalline 
metallic NPs,[69–71] fluorescence molecules,[72–74] semiconductor 
nanocrystals,[74] nanodiamonds,[75] and proteins[76] are some 
of the materials that can be combined in the same one-pot 
experiment to produce billions of identical copies of the desired 
hybrid DNA-assisted nanostructures.[77] In contrast to top-down 
methods that are inherently planar, DNA origami offers the 
possibility to create complex 3D nanostructures with almost 
any conceivable geometry. All in all, DNA origami serves as a 
precise, scalable, time-efficient, and relatively cheap platform 
to fabricate functional nanostructures, including metamole-
cules,[74,78–82] plasmonic lenses,[76,83] waveguides,[75,84] and chiral 
nanostructures[79,80,85–87] for applications in energy transfer 
schemes,[36,88–90] super-resolution microscopy,[91] and plasmon-
enhanced circular dichroism.[92] Another advantage of using 
DNA origami is that it enables the dynamic control of optical 
properties of as-built nanostructures. This can be achieved by 
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applying external stimuli such as changing the temperature,[93] 
irradiation with light,[94] or adding staple strands[80,87,95,96] to 
cause a conformational change in the hybrid structure or forcing 
the walker to actively change its spatial coordinates on the  
origami frame.[97,98] There have been many reviews on origami  
design, synthesis, and functionalization[51,99,100] and how DNA 
origami is used to construct complex nanostructures.[53–57] 
During the preparation of this manuscript, reviews on DNA 
origami-assisted nanostructures for sensing[59] and spectro-
scopy[60] have also been just published.

In this review, we summarize the recent and pioneering 
works in DNA origami-assisted plasmonic nanoantennas and 
elaborate on how these antennas manipulate the emission and 
absorption properties of quantum emitters precisely positioned 
in their hotspots.

2. DNA Origami-Assisted Plasmonic 
Nanoantennas
Design parameters such as material, number, size, and 
geometry of antenna components and their relative spatial 
positions determine the resonance and the radiation charac-
teristics of a plasmonic nanoantenna. Interparticle distance 
between the elements of an antenna is particularly critical as 
it determines the resonance of the antenna and the electro-
magnetic environment experienced by the quantum emitter 
placed in the hotspot. DNA origami provides nanometer-scale 
localization accuracy and addressability. Hence, DNA origami 
enables the fabrication of plasmonic nanoantennas with small 
gaps and immobilization of single quantum entities in the hot-
spots. DNA origami-assisted plasmonic nanoantennas provide 
extraordinary spontaneous emission rate enhancement,[101–110] 
strong coupling,[111–114] Raman signal enhancement,[115–125] and 
rather humble control of emission directionality[126] and emis-
sion polarization[127] of single emitters.

2.1. Fluorescence Intensity and Radiative Decay  
Rate Enhancement

Purcell in his renowned work showed that the same emitter in 
free space and a cavity has different emission properties due 
to the different photonic environments it is exposed to.[128]  
Whether the cavity is a single nanoparticle or a plasmonic 
dimer gap, the total LDOS experienced by the emitter is 
altered by the presence of the antenna. As a starting point, the 
quantum emitter and the antenna can be thought of as two sep-
arate resonators. When the coupling between them is “weak,” 
both objects are treated as isolated resonators and the emis-
sion frequency of the emitter is not significantly affected by the 
antenna. In this weak coupling regime, the spontaneous emis-
sion property of the emitter can be modified by the antenna 
due to the additional channels provided by the antenna. How-
ever, when the energy exchange between them is faster than the 
energy dissipation, the emitter and the plasmonic cavity are in 
the strong coupling regime, where the electronic states of the 
emitter and the photonic states of the antenna hybridize.[129] 
The electromagnetic energy between the emitter and antenna 

is coherently and reversibly interchanged between the two com-
ponents of the new hybrid object.

In the weak coupling regime, depending on the spatial loca-
tion of the emitter and the design of the antenna, the excited 
emitter relaxes into the additional radiative and nonradiative 
decay channels provided by the antenna.[130,131] The radiative 
and nonradiative channels together determine the overall emis-
sion rate. If the emitter couples more effectively to the bright 
resonance modes than the dark ones, the antenna serves as 
a mediator to help emit the local energy of the emitter to the 
far field, leading to enhanced emission brightness. The addi-
tional decay channels provided by the nanoantennas, no matter 
radiative or nonradiative, reduce the emission lifetime.[132] The 
enhancement in the emission brightness depends, however, 
on the intrinsic quantum yield (QYo) of the quantum emitter 
(QYo  =  γr,o/(γr,o  +  γnr,o), γr,o: radiative and γnr,o: nonradiative 
decay rate in the absence of a plasmonic antenna). For a high 
QYo emitter, since the emitter already works in saturation, an 
increase in radiative decay does not necessitate an increase in 
brightness but shortens the lifetime τ (τ = (γr + γnr)–1, γr: radia-
tive and γnr: nonradiative decay rate of an emitter coupled to 
a plasmonic antenna). Whereas, for an inefficient emitter, an 
increase in γr can significantly increase its brightness. On the 
other hand, when the emitter couples more effectively into 
the dark modes than the bright ones, the nonradiative decay 
channel dominates. In this case, the subradiant resonant modes 
are excited and the energy mainly dissipates into heat.[133]  
Although dark modes cannot be directly excited by far-field 
illumination, they can still be excited if they couple to bright 
modes or near-field light sources, such as quantum emitters. 
This allows dark modes to provide enhanced optical near fields 
upon far-field illumination[134] and contribute to the reduc-
tion of emission lifetime. Altogether, an increase in the total 
LDOS reduces the excited state lifetime of a quantum emitter. 
The spontaneous emission rate increases if the relaxation is 
dominated by the bright modes. Typically, the emission lifetime 
of a quantum emitter ranges between a few to tens of nano-
seconds. When coupled to a plasmonic nanoantenna, the emis-
sion lifetime can be reduced to picosecond regime, rendering 
the emitter a fast, bright, and controllable photon source.[130,135] 
Organic dyes,[136,137] semiconductor nanocrystals,[138] and 
nitrogen-vacancy centers[139] are some of the commonly used 
emitters in this regard.

So far, one challenging task in plasmonic nanoantenna fab-
rication is the precise positioning of single quantum emitters 
in the hotspots. Most of the quantum emitters mentioned pre-
viously can be chemically functionalized with single strands 
of known DNA sequences that have a complementary strand 
protruding from the DNA origami. The protrusion locations 
are determined by the necessities of the antenna design. 
Placing a single emitter in the vicinity of a nanoantenna can 
be achieved easily in a single step with DNA origami, whereas 
it takes multiple steps and with sub-10  nm accuracy by top-
down methods.[140] Moreover, DNA origami’s design ability and 
nanoscale positioning accuracy allows for the realization of 
sub-5 nm gaps with fairly high repeatability and product yield.

The first deterministic demonstration of placing a single 
molecule at a hotspot of a dimer antenna using DNA origami 
was achieved by Acuna et  al.[101] The pillar origami used had 
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a length of 220  nm, a 15  nm diameter made up of a 12-helix 
bundle, and three additional six-helix bundles on the base with 
a 30  nm base diameter. The base contained biotin-modified 
strands to immobilize the pillar upright when neutravidin-
coated substrates were used. A single ATTO647N dye molecule 
was incorporated at the half-height of the pillar, where 80 and 
100 nm AuNP dimers were also immobilized separately to form 
dipole antennas with a gap of 23  nm, as shown in Figure  1a. 
Fluorescence transients of the fluorophore incorporated into 
an antenna with 80 nm AuNP dimer and a single AuNP were 
compared to that of a single dye molecule without any AuNP. 
The typical lifetime of an ATTO647N dye molecule is 3.8 ns. A 
decrease in the lifetime from 3.8 ns to 1.17 for a monomer and 
to 0.22 ns for a dimer was observed as given in the lower panel 
of Figure 1a. Intensity profiles of different spots on fluorescence 
images were sorted and histograms were made for statistical 
analysis of fluorescence enhancement (FE). For 100 nm dimers, 
the average brightness enhancement was 28 and some dimers 
exhibited an FE of more than 100. The same group, later, showed 
that it is possible to obtain even higher enhancement from a 
single fluorescing molecule with a modified pillar origami.[102] 
The total height of the pillar was reduced to 125 nm with the 
main shaft of a 12-helix bundle. ATTO647N dye molecule was 
incorporated to the last 29  nm of the pillar, where the pillar 
thickness was reduced to six-helix bundles. Two 100 nm AuNPs 
were immobilized around the fluorophore with a zipper con-
figured complementary strand hybridization. Shear and zipper  
configurations are two ways of hybridizing the capturing staples 
with their complementary DNA sequences on the nanoentity 
surface that is decorating the origami. Shear configuration is 
formed when 5′ (3′) of capturing strand corresponds to 3′ (5′) 
of the complementary staple making the duplex normal to 
both surfaces. Thus, the distance between the origami and the 
nanoentity is determined by the length of the capturing strand. 
Zipper configuration is formed when 5′ (3′) of capturing strand 

corresponds to 5′ (3′) of the complementary staple and the 
duplex becomes tangential to both surfaces, eventually mini-
mizing the distance between them. Therefore, by utilizing the 
zipper arrangement Puchkova et al.[102] reduced the gap size to 
12–17 nm. The incident field was also oriented along the dimer 
axis to excite the longitudinal mode of the antenna to obtain 
the maximum field enhancement in the hotspot. As mentioned 
earlier, the fluorescence intensity enhancement has a strong 
dependency on the QYo of the emitter in the hotspot. In this 
work, the product of the overall observed FE and QYo was taken 
as the figure of merit for FE since it reflects best the coupling 
between the nanoantenna and the emitter and liberates the 
enhancement from its dependency on the intrinsic efficiency. 
Accordingly, they obtained the highest FE figure of merit of 
306 for ATTO674N. Since Atto647N is a high intrinsic quantum 
yield emitter (QYo = 0.65) to obtain even higher FE, NiCl2 was 
used as a quencher to decrease its QYo and a 5468-fold FE was 
recorded. Finally, to enable the detection of single molecules in 
highly concentrated samples, ATTO647N dye-labeled oligonu-
cleotides were added to antennas with hotspots only having the 
capturing strands. In the case of no quencher in the solution, 
it was possible to detect the fluorescence of a single Atto647N 
dye molecule when the dye concentration was 5 × 10−6 m. When 
the dyes were quenched with NiCl2, 25 × 10−6 m was the highest 
reported concentration at which the fluorescence from a single 
dye was still detectable in such a concentrated background of 
fluorophores.[102] At the same time, Zhang et al. reported an FE 
of 470-fold at a single-molecule level from Atto-655 dye mole-
cules that randomly diffused into the gap between two gold 
nanorods (AuNR) assembled on a rectangular DNA origami  
of size 43 nm ×  11 nm.[103] After surface immobilization, AuNR 
dimers were embedded in a flow cell and the concentration of 
fluorophores was adjusted in a way that, on average, 7.5 mole-
cules were found in the laser focal volume. Temporally sepa-
rated fluorescence bursts from dye molecules that diffused into 
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Figure 1. Dimer antennas assembled by pillar DNA origamis. a) Upper panel: 80 nm AuNP dimer antenna with a single ATTO647N dye molecule at 
the 23 nm wide hotspot. Pillar is immobilized on neutravidin functionalized glass cover by biotin extensions on the origami. Lower panels: Intensity 
transients and their fluorescence decays of the dye without (left) and with (right) nanoparticles. Reproduced with permission.[101] Copyright 2012, The 
American Association for the Advancement of Science. b) Upper panel: Upgraded pillar origami decorated with a single silver nanoparticle (AgNP) 
of 80  nm and a schematic of the DNA-based fluorescence-quenching hairpin to detect the Zika-specific DNA. Lower panel: Fluorescence images 
of surface-immobilized pillar antennas before and after the addition of target Zika-specific DNA after 18 h incubation. Adapted with permission.[104] 
Copyright 2017, American Chemical Society. c) Top left: Schematic of NanoAntennas with Cleared HOtSpots (NACHOS) with two 100 nm AgNP. Top 
right: Three capture strands at the hotspot to detect target DNA sequence with imager strand. Bottom panel: Fluorescence images before (left), after 
addition of target DNA and imager strands (middle), and after addition of only the imager strands without the target (right). Reproduced with permis-
sion.[109] Copyright 2021, Springer Nature.
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the hotspot were collected and the corresponding FEs were 
calculated for different separations between AuNRs. The gap 
sizes varied from 6.1 to 26 nm and the highest FE was found to 
be 470 for the 6.1 nm gap. Increasing the separation to 26 nm 
decreased the FE to 120-fold, which was close to that of a single 
AuNR. Tinnefeld group, later, decorated the pillar origami with 
a single 80 nm silver nanoparticle (AgNP) to detect Zika-specific  
DNA with single-molecule sensitivity[104] and used it also as 
a fluorogenic nucleic acid hybridization probe.[105] In both 
studies, a fluorescence-quenching hairpin (FQH) was used. 
For the former, FQH that was complementary to Zika’s enve-
lope protein was embedded in the pillar next to the AgNP as 
shown in Figure 1b. When Zika-specific target DNA was in the 
environment, FQH opened and separated the fluorophore from 
its quencher and up to 60-fold FE was obtained. Steric effects 
of negatively charged nanoparticles, capturing strands and ori-
gami pillar hindered the immobilization of a second AgNP and 
resulted in an average FE of 7.3. The same group later achieved 
immobilization of two 80 nm AgNPs in the pillar and obtained 
low absorption and high scattering cross-section in the green 
and blue parts of the visible spectrum that could not be achieved 
with gold.[106] Alexa488, Atto542, and Atto647N dye molecules, 
all with high intrinsic quantum yield and photostability, were 
individually put in the hotspot of 12  nm between AgNPs and 
their fluorescence transients were recorded. The same design 
and experiments were performed with 100 nm AuNP dimers to 
compare the performances of silver and gold antennas for dif-
ferent wavelengths. For antennas built with AgNPs, maximum 
FE of 183, 207, and 400 were measured in the blue, green, and 
red spectral ranges. For antennas using AuNPs, maximum FE 
values were 3, 17, and 430, respectively. These results confirmed 
that silver antennas, indeed, could yield a broadband FE in the 
entire visible spectrum. Although AgNPs increased the photo-
stability of Alexa488, it was reported that silver oxidation ham-
pered its radiative decay rate enhancement.[107]

Later, Kaminska et al. used the pillar origamis with 100 nm 
AuNP and 80 nm AgNP dimers to overcome the size mismatch 
between light and a light-harvesting molecule peridinin-
chlorophyll α-protein (PCP) complex.[108] PCP was incorporated 
into the pillar by biotin-streptavidin conjugation in the dimer 
gap of ≈12  nm. Peridinin molecule was excited with 532  nm 
laser and maximum FE of 145 and 120 were acquired from gold 
and silver antennas, respectively. When a 640 nm laser was used 
to excite the chlorophyll α molecule, 526-fold from AuNP and 
250-fold FE from AgNP dimers were obtained. These values 
were the highest recorded enhancements for PCP. Trofymchuk 
et al. recently showed that by utilizing the fluorescence amplifi-
cation provided by the DNA origami-assembled NanoAntennas 
with Cleared HOtSpots (NACHOS), single-molecule detection 
with low-cost, low-numerical aperture optics is possible.[109] 
Two 83  nm high pillar DNA origamis were attached to form 
an estimated gap of 12 nm. Two 100 nm AgNPs were immobi-
lized on both sides of the gap and three capturing strands were 
protruding in the hotspot to capture the target DNA as shown 
in the upper panel of Figure 1c. The target was 34 nucleotides 
long, genetic code that is used in the diagnosis of the antibi-
otic-resistant bacteria Klebsiella pneumonia infection. The first 
half of the target DNA sequence complemented the capture 
strands each being 17 nucleotides long. The remaining half 

of the target DNA sequence complemented the Alexa Fluor  
647 dye-labeled imager strand. Once the target bound to the 
imager strand, fluorophore was immobilized in the hotspot 
and underwent an enhancement in the emission. Therefore, 
the increased fluorescence of the dye reported the existence of 
the target molecule in the environment. When a single target 
was immobilized in the hotspot in buffer solution, an FE up 
to 461 with an average of 89  ±  7  was observed. Since there 
were three capture strands in each hotspot, they identified the 
antennas having a single target by counting the photobleaching 
steps in the time trajectory of fluorescence intensity. 60% of the 
dimer antennas contained a single target. NACHOS were also 
used in target spiked human blood serum, where a variety of 
other biological molecules in high concentrations were present. 
In the human blood, an FE of a maximum 457 with an average 
of 70 ±  4 was obtained. Designs like NACHOS bring portable 
smartphone microscopes a step closer to on-site detection and 
diagnostic applications.

Until now, we discuss the coupling of quantum emitters 
with antennas weakly and efficiently. To transit to the strong 
coupling regime, intense field localization at the quantum 
emitter’s position should be ensured. The electric field is 
tightly confined in plasmonic hotspots and scales with the 
actual volume of the hotspot. Smaller plasmonic gaps facilitate  
stronger cavity-emitter coupling strength.[141] Also, emitters 
with high dipole moments or in high concentrations enhance 
the coupling strength. For strong coupling, DNA origami offers 
a unique opportunity to achieve ultrasmall gaps between plas-
monic nanoparticles. Roller et al. used a two-layered rectangular 
DNA origami sheet to fabricate a well-controlled plasmonic gap 
from a gold dimer and reported a strong coupling with a layer 
of cyanine-based dye J-aggregate.[111] AuNPs of varying diam-
eters from 30 to 60 nm were placed on opposing sides of the 
origami with a fixed separation of 5  nm. They found that the 
longitudinal mode of a 40 nm AuNP dimer matches best with 
the J-aggregate’s resonance frequency. From split peaks on the 
scattering spectra of dimers, a fitted Rabi splitting of ≈150 meV 
was calculated and it is illustrated in Figure  2a. The authors 
also calculated the coupling constant for each dimer and found 
that there is an inverse relationship between the nanoparticle 
radius and the coupling constant. Later on, the first near-field 
mapping of a plasmonic cavity operating in a weak-to-strong 
coupling regime by a single-molecule was demonstrated by 
Chikkaraddy et al.[112] A rectangular two-layer plate origami was 
used to obtain a nanoparticle-on-mirror structure as shown in 
Figure 2b. The gap size of 4.3 ± 0.3 nm was determined by the 
thickness of the origami sheet. A Cy5 dye molecule was placed 
in the middle of the rectangle and was surrounded by six cap-
ture strands to immobilize an 80 nm AuNP on the upper side of 
the origami. From the bottom side, origami was already placed 
on a gold film. Dye was placed in between two plasmonic struc-
tures constituting the cavity. A mean Rabi splitting of 80 meV 
was obtained for more than 200 structures. Without under-
going quenching, the dye experienced an FE of more than 1000. 
By deterministically changing the lateral position of the dye in 
the cavity, electromagnetic modes of the cavity were mapped 
at 1.5  nm spatial resolution. Since controlling the orientation 
of the transition dipole in the experiment was extremely chal-
lenging, the authors only estimated the most probable dipole 
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orientation by comparing the simulated results obtained under 
90° (normal to metal film) and 45° dipole orientation with the 
experimental results. The best fit of the dipole orientation was 
found to be 65° ± 15°. This work demonstrates that, by placing 
fluorophores in ultrasmall gaps, enormous emission enhance-
ments can be obtained without quenching. Subsequently, the 
same group reported the interaction of a single Atto647 dye 
molecule sitting at the plasmonic gap of the same nanoparticle-
on-mirror structure with ultrafast pulses at room temperature 
in ambient conditions.[113] The plasmon resonance of the cavity 
did not match the absorption peak but instead, it matched the 
emission peak of the fluorophore. Therefore, the photolumi-
nescence spectrum of the hybrid system exhibited split peaks 
with a Rabi splitting of 30  ±  5  meV. When the sample was 
excited with 120 fs laser, a significant lifetime reduction from 
2.5  ±  0.2  to 0.3  ±  0.1  ns  limited by the instrument response 
time was observed. Later, strong coupling with J-aggregates 
of 5,6-dichloro-2-[[5,6-dichloro-1-ethyl-3-(4-sulfobutyl)-benzimi-
dazol-2-ylidene]-propenyl]-1-ethyl-3-(4-sulfobutyl)-benzimida-
zolium hydroxide inner salt (TDBC) with a chiral plasmonic 
nanocavity was reported by Ding and co-workers.[114] Left- and 
right-handed chiral structures were made of two AuNRs  
(40 nm  ×  10 nm) attached on the opposite sides of a rectangular  
origami (90 nm  ×  60 nm × 2 nm) with a 90° angle to form an 
L-shape. These nanostructures support symmetric and antisym-
metric resonance modes around the extinction peak of a single 
AuNR. To spectrally overlap the symmetric mode with the  
resonance of the TDBC J-aggregate, a thin shell of silver was 
grown on AuNRs and the TDBC was adsorbed on the surface 
of the core-shell nanorods. Circular dichroism spectra of the  
enantiomers showed the splitting of the symmetric mode. 
The Rabi splitting of the system was determined to be 205 
and 199 meV for left- and right-handed chiral nanostructures, 
respectively.

2.1.1. Dynamically Tunable DNA Origami-Assisted  
Plasmonic Nanoantenna

Including the nanoparticle-on-mirror construct, all aforemen-
tioned nanoantennas were static. In other words, the placement 
of nanoparticles and fluorescing entities were predefined and 
once built they could not be changed. Chikkarady et al.[112] built 
multiple static nanoparticle-on-mirrors, and in each batch, the 
emitter was positioned at a different location to map the LDOS 
of the gap. On the other hand, Xin et al. reported a dynamic ori-
gami system in which the position of the emitter was changed 
by applying an external stimulus and observed fluorescence 
lifetime decrease of and emission enhancement from a single 
emitter in real-time.[110] The origami consisted of a bottom part 
and a platform to accommodate two 60 nm AuNPs with a nom-
inal gap of 15 nm as displayed in Figure 2c. The walking plat-
form was 10 nm in width with 10 RNA stators located in a zigzag 
fashion. The height of the platform was adjusted to be the same 
level as the hotspot of the dimer. DNAzyme, the walker carrying 
ATTO647N dye reporter molecule, was induced to walk with the 
addition of Mg2+ that catalyzed the cleavage of the stators with 
a step size of 5.2 nm. This burnt-bridge mechanism forced the 
walker to continue its unidirectional progression autonomously. 
According to numerical simulations, the maximum FE that 
could be achieved was 9. In the experiment, however, the max-
imum FE after 6.5 h of walking was only ≈4. The steric forces in 
the gap might have prevented the fluorophore to enter exactly 
into the hotspot, therefore reduced the FE. From the numerical 
simulations, the gap size was determined to be 21  nm. The 
average lifetime reduction obtained from 24 devices was a factor 
of 3. Real-time control over the location of a reporter molecule 
has never been achieved in top-down methods and is only pos-
sible with tailor-made DNA origami platforms with careful con-
trol over the environmental conditions.

Adv. Optical Mater. 2021, 9, 2100848

Figure 2. Hybrid nanostructures in the strong coupling regime and the DNA walker construct. a) Top: Schematic of the gold dimer with a fixed gap 
distance of ≈5 nm. TEM images of dimers constructed with 30, 40, 50, and 60 nm AuNPs. Bottom: Peak splitting of normalized scattering spectrum 
of the strongly coupled 40 nm AuNP dimer and J-aggregate. Adapted with permission.[111] Copyright 2016, American Chemical Society. b) Top left: An 
80 nm AuNP on rectangular origami sheet hosting a single Cy5 molecule in its center on a gold film. Top right: Optical emission from nanoparticle-
on-mirror with (red) and without (gray) Cy5 dye molecule in the DNA origami. Bottom panel: Mapping the radiative LDOS by changing the lateral 
position of Cy5 in the gap. Adapted with permission.[112] Copyright 2017, American Chemical Society. c) Top panel: Schematics of the walking platform 
ending at the hotspot of 60 nm AuNP dimer. Fluorescence maps of a single walking device taken at different instants of 6.5 h walk (middle panel) 
and the respective fluorescence lifetime of ATTO647N dye molecule as it progresses towards the hotspot (lower panel). Adapted with permission.[110] 
Copyright 2019, American Chemical Society.
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2.2. Absorption Enhancement and Surface-Enhanced 
Raman Scattering (SERS)

The wavelength of visible light (400–750 nm) is orders of mag-
nitude bigger than the length scale of electronic confinement 
in molecules (sub to few nm). When the incident light field 
couples to plasmons, the excitation wavelength shrinks down 
and the field can be very tightly confined at the hotspots around 
the plasmonic nanoparticles. This helps to overcome the size 
mismatch between light and matter and has important conse-
quences. First, as the field intensity increases, the excitation 
rate can be greatly enhanced. Second, higher-order multipolar 
and forbidden transitions might become accessible due to the 
modification of the symmetry and selection rules.[142,143]

Absorption and scattering cross-sections of single molecules 
are typically around 10–25 and 10–30 cm2, respectively.[144] These 
infinitesimal values render the spectroscopic analysis of vibra-
tions of single molecules very difficult. To increase the likeli-
hood of obtaining a photon reporting a vibrational transition, 
high electric field enhancement provided by plasmonic struc-
tures has been used.[145–148] Raman scattering enhanced by 
hotspots or rough surfaces of metal is named surface-enhanced 
Raman scattering. SERS offers high sensitivity and specificity 
to detect analytes at ultralow concentrations even down to 
the single-molecule level.[149] SERS enhancement is propor-
tional to the fourth power of the electric field at the molecule’s 
position. Therefore placing a single molecule exactly at the 
hotspot is very important. To obtain more intense fields, gap 
sizes between 2 and 10 nm are used and typical enhancement 
factors of 105–106 are obtained.[145–147] In addition to increased 
electromagnetic enhancement in the hotspot, the Raman signal 
undergoes an additional chemical enhancement due to the 
bond formed between the molecule and the metal if the mole-
cules are in contact with the nanostructures.[144,145,147]

The first demonstration of using DNA origami-assisted 
AuNPs as SERS substrates was achieved by Prinz et al.[115] Two 
5  nm AuNPs were immobilized on the triangular origami by 
complementary strand hybridization to form a dimer with a 
nominal gap of 25 nm. To obtain higher field enhancement in 
the hotspot, the gap size was shrunk by increasing the AuNP 
size to 25 nm with electroless gold deposition. A carboxytetra-
methylrhodamine (TAMRA) dye molecule was immobilized in 
the gap between AuNPs. The highest enhancement factor was 
obtained at 1650 cm–1 from 17 dimers in the confocal detection 
area, each having a single TAMRA dye molecule. Pilo-pais et al.  
also used chemical deposition to obtain bigger nano particles 
and smaller interparticle distances to obtain higher field 
enhancements and more pronounced Raman signals.[116] They 
decorated each corner of a rectangular origami with a 5  nm 
AuNP and grew them with the HQ SILVER to a final size of 
50  nm. Then, 4-aminobenzenethiol dye molecules as the 
Raman reporters were deposited on the tetramers and more 
than a 100-fold enhancement per nanoparticle at 1075  cm–1 
was observed. About the same time, Thacker et al. obtained up 
to seven orders of magnitude enhancement of Raman signal 
from Rhodamine 6G dye molecules in a single DNA origami-
assembled AuNP dimer structure.[117] They designed a novel 
multilayer origami platform with two grooves to accommodate 
two 40 nm AuNPs and separated them with a ridge of double 

helices, enabling the shortest controllable gap of 3.3 ± 1 nm as 
shown in Figure  3a. The excitation polarization-resolved scat-
tering spectrum clearly showed a redshifted and enhanced 
resonance peak with polarization along the dimer axis, i.e., 
longitudinal mode of the antenna. This redshift is a signa-
ture of plasmon coupling between the two nanoparticles. As 
for the scattering with excitation polarization transverse to the 
dimer axis, the scattering spectrum was the same as that of 
a single 40  nm AuNP. Dimers immobilized on a gold-coated  
silicon wafer were covered with a monolayer of Rhodamine 6G. 
The number of molecules per gap was estimated to be 5. An 
enhancement factor of 105–107 was obtained depending on the 
orientation of the dimer axis with respect to the excitation field.

Similarly, Kühler et  al. used a gold dimer to enhance the 
Raman signal of fluorophores in the hotspot of the antenna.[118] 
Two 40 nm AuNPs were immobilized on both sides of a three-
layer rectangular origami. The thickness of the DNA sheet, 
which determined the gap between the nanoparticles, was  
estimated to be 6 ± 1 nm. SYBR Gold nucleic acid gel stain was 
used as the Raman molecule that bound to double-stranded 
DNA constituting the origami. A mean SERS enhancement 
factor of 3.1  ×  105 for the peak at 1365 cm–1 was observed from 
an estimated number of 25 dye molecules in the hotspot. By 
decreasing the number of layers, the interparticle distance 
could have been reduced at the expense of structural rigidity. 
The flexibility of structure means more uncertainty in the gap 
size that is detrimental for higher Raman enhancement fac-
tors. Therefore, the same group, later on, reported a method 
to reduce the dimer separation down to 1–2  nm by thermally 
tuning the origami thickness and quantitatively showed Raman 
signal enhancement of a single molecule.[119] Two 40 nm 
AuNPs were bound on both sides of a five-layer rectangular ori-
gami. Only the central rectangle was a full sheet, the remaining 
layers were frame structures. The middle layer enabled the 
site-specific binding of a single Cy3.5 dye molecule as a Raman 
reporter as displayed in Figure 3b. Upon laser irradiation, the 
gap size decreased since heating the origami shrinks its thick-
ness uniformly. Rayleigh and Raman spectra of the dimers 
were measured before heating with laser and no peaks corre-
lated to Cy3.5 molecule were observed. After 10 s of irradiation 
with 60 kW cm−2 power density, a redshift of 26 nm in the scat-
tering spectrum was observed, and the Raman peaks of Cy3.5 
molecule started to emerge in the Raman spectrum. After the 
second heating step, a 30 nm redshift was observed and Raman 
peaks became even more pronounced as demonstrated in the 
right-most panel of Figure  3b. By using the Mie theory, gap 
sizes were calculated and it was found that gaps were reduced 
irreversibly from 3.3 to 1.9  nm after the first and from 1.9 to 
1.3 nm after the second heating step.

At the same time, Prinz et al. demonstrated plasmonic SERS 
with sensitivity down to single-molecule level using DNA ori-
gami-assisted Au-Ag-core-shell nanoantennas.[120] Two 60  nm 
AuNPs were captured from opposite ends of a triangular ori-
gami and an ≈10  nm thick silver shell was chemically grown 
on AuNPs leaving a smaller gap in between as illustrated in 
Figure  3c. Single TAMRA or Cy3 fluorophores were already 
embedded in the hotspot on the origami. Many dimer struc-
tures with a single dye molecule were measured, and for Cy3 
at least six characteristic bands were observed to confirm 
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single-molecule SERS. Since there was only a single layer of ori-
gami sheet holding the AuNPs, variation of the structure from 
dimer to dimer was inevitable. This resulted in the observation 
of some of the bands of the fluorophore in question to be more 
pronounced in some dimers than the others. The same group 
also mixed this structure with graphene to reduce the fluores-
cence and background signal during SERS measurements.[121] 
Apart from spherical NPs, Tanwar et  al. decorated a rectan-
gular origami with gold nanostar dimers.[122] A single Texas 
Red dye molecule was immobilized in the hotspot between the 
nanostars as the Raman reporter molecule. The interparticle 
distance was varied between 7 and 13 nm. Enhancement factors 

of 2  ×  1010 and 8  ×  109 were obtained for 7 and 13 nm gaps, 
respectively. Zhan et al. fabricated a bowtie antenna by utilizing 
a rectangular origami template to precisely locate two Au nano-
prisms (side length of 80 nm) to form an apex-to-apex configu-
ration with a 5  nm gap in between as given in Figure  3d.[123] 
Single Cy5 or Cy3 dye molecules were separately captured in 
the hotspots as Raman reporters. A mean enhancement factor 
of 2.6   ×  109 was achieved for Cy5. Polarization-dependent  
Raman scattering enhancement was also investigated and 
maximum Raman peaks were observed when excitation orien-
tation matched the dimer axis. For the first time, the Raman 
spectrum of a single alkyne group was measured thanks to the 
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Figure 3. Dimer antennas for SERS. a) Left: Schematic of 40 nm AuNP dimer on the groovy origami with 3.3 ± 1 nm gap size. A monolayer of Rhodamine 
6G covers the antenna and the hotspot. Right: SERS spectra of several dimer antennas. Dashed lines correspond to Rhodamine 6G peaks enhanced by 
the antenna. Reproduced with permission.[117] Copyright 2014, Springer Nature. b) A schematic of a 40 nm AuNP dimer accommodated in a frame-like 
rectangular origami. Only one Cy3.5 molecule is immobilized in the hotspot by site-specific binding. With laser irradiation, gap size shrinks, scattering 
spectrum redshifts, and Raman bands become more pronounced. Adapted with permission.[119] Copyright 2016, American Chemical Society. c) Left-
most: Schematic of DNA origami-based Au-Ag-core-shell nanoantenna. Raman scattering spectrum of TAMRA (middle) and Cy3 (right) dye molecules 
fixed at the dimer hotspot on the triangular DNA origami. Reproduced with permission.[120] Copyright 2016, The Royal Society of Chemistry. d) Top-left: 
Schematic of a bowtie nanoantenna made of gold nanoprisms with a side length of 80 nm. Bottom-left: TEM image of fabricated bowtie antennas. 
A single molecule can be captured by site-specific binding. Chemical structure and Raman scattering spectrum of Cy3 (top-middle and top-right 
panels) and a single alkyne (bottom-middle and bottom-right panels) are given. Reproduced with permission.[123] Copyright 2018, John Wiley and Sons.  
e) Top-left: DNA origami nanofork design and TEM images. Bottom-left: Schematic of a DNA origami nanofork antenna (DONA) with 60 nm AuNPs. 
Top-right: Raman scattering spectra of TAMRA molecule in gold and silver dimers. Bottom-right: Raman spectra of horseradish peroxidase (HRP) pro-
tein in a gap of 1.21 nm (small) and a gap of 2.53 nm (large) between AuNPs. Adapted with permission.[124] Copyright 2021, American Chemical Society.
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high enhancement factor provided by this bowtie geometry.  
Recently, Tapio et  al. designed chemically specific, label-free 
DNA origami nanofork antennas (DONA) to optically detect 
single molecules and single proteins.[124] DONA frame was 
a twin fork DNA origami bridged by two DNA duplexes to 
capture single target analytes at the hotspot as illustrated in 
Figure 3e. 60 nm gold and silver homodimers were connected 
to both arms and the gap between the particles was minimized 
using the zipper configuration. For larger analytes, the gap was 
extended by addition of three extra nucleotides to the coating 
strands. In the hotspot, TAMRA, Cy3.5, Cy5 dye molecules and 
cytochrome c (cyt c) and HRP proteins were captured before 
hybridizing with nanoparticles. Even in nonresonant condi-
tions, in the small gap (1.17  nm), the Raman spectra of the 
dye molecules and cyt c could be detected. Based on the finite  
difference time domain simulations, such plasmonic nano-
particle dimers have signal enhancements greater than 109 
enabling the single-molecule detection. However, when HRP 
protein was immobilized in the small gap, it only partially 
filled the hotspot and the gap stretched to 1.21 nm. Therefore, 
only part of HRP generated a detectable single-molecule SERS 
spectrum. When HRP was placed in the dimer with a larger 
gap, the gap stretched from 1.4 to 2.53  nm. Increasing the  
gap size surely helped to accommodate the HRP protein  
fully but no clear SERS spectrum could be observed since the 
signal enhancement drastically dropped with the increasing 
gap size.

The majority of SERS substrates are built on planar surfaces. 
Nevertheless, it is possible to fabricate SERS substrates on tips 
and use them in scanning configurations. Lately, Moeinian 
et  al. demonstrated a silicon nanowire-based SERS substrate 
decorated with a DNA origami-based SERS probe for minimally 
invasive applications.[125]

2.3. Directional and Polarized Emission

Another fundamental property of plasmonic antennas is their 
ability to control the emission pattern of quantum emitters. 
When an emitter is coupled to a directional antenna, the prob-
ability of finding an emitted photon at a certain solid angle is 
modified by the antenna mode.[150,151] One of the most straight-
forward implementations of directional antennas at optical 

frequencies is the phased array antennas, including the famous 
and prominent Yagi-Uda nanoantenna.[41,46,150,152–155] In this 
multielement design, high directionality is obtained by exciting 
the feed element that induces the resonance of other antenna 
components. The coherent interference between the emission 
from different elements is constructive in a certain direction 
and destructive in the rest of the directions.[152] Although, Yagi-
Uda antennas work in a rather narrowband, log-periodic,[156] 
and tapered[157] designs provide broadband directionality.[41] It is 
also possible to obtain directionality by interfering higher-order 
multipolar electric and magnetic modes with the dipolar mode 
of a single component antenna.[158–160] In combination with 
field enhancement and lifetime reduction, the ability to route 
the emission promises directional, brighter, and faster single-
photon sources,[130] and more efficient wireless optical commu-
nication schemes.[161]

Hübner et  al. reported the bidirectional emission from a 
single dye molecule coupled to a DNA origami-assembled 
dimer antenna.[126] A two-layered rectangular origami was used 
to hold two ultrasmooth 60 nm AuNPs on opposing sides of the 
origami. At the center of the origami, a single Cy5 dye mole-
cule was embedded in a gap of 13 nm as shown in Figure 4a. 
Fluorescence lifetime measurements showed a decrease in the 
lifetime of Cy5 from 1.7 to 0.2  ns when incorporated into the 
dimer. The directionality of emission was determined by wide-
field defocused imaging that gives access to the angular emis-
sion pattern of emitters. All the measurements were performed 
in the buffer and the fluorophore was free to rotate at a 
speed faster than the image acquisition time. Far-field emis-
sion patterns of dipole sources for different orientations on a 
substrate were simulated. A single, free-to-rotate dye standing 
on a substrate exhibited a radially symmetric emission pattern, 
whereas, an in-plane dipole showed two lobes in the emission. 
On the defocused images, it was observed that the dye coupled 
to the antenna exhibited a dipolar emission pattern, which is 
a signature of a dimer antenna emission, as displayed in the 
leftmost panel in Figure 4a.

In the same way, the polarization state of the emission of 
a quantum emitter that is in the vicinity of a metallic nano-
particle is determined by the plasmon mode.[162–166] Multiple 
nanoparticles in different spatial configurations enable tailoring 
of the polarization state of emission from a single emitter.[163,167] 
Quantum dots,[168] fluorescent molecules,[169] nitrogen-vacancy 
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Figure 4. Directional and polarized emissions from quantum emitters placed at the hotspot of DNA origami-assisted plasmonic nanoantennas.  
a) A 60 nm AuNP dimer held by a rectangular origami provides a 13 nm gap and hosts a free rotating Cy5 molecule. Rotating dipole on origami results 
in a radially symmetric defocused image (middle panel). Two-lobed emission pattern of a dye coupled to the dimer antenna (right panel). Adapted 
with permission.[126] Copyright 2019, American Chemical Society. b) Nanocluster with 50 nm AuNPs. The distance between the quantum dot center and 
AuNP surface is ≈32 nm. Plasmon-induced emission polarization of a cluster with and without AuNPs when a linear polarizer in the detection pathway 
is rotated with a frequency of 1/π rad–1 (middle panel). Excitation polarization-dependent photoluminescence when a linear polarizer at the excitation 
pathway is rotated with a frequency of 1/π rad–1 (right panel). Adapted with permission.[127] Copyright 2019. American Chemical Society.
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centers,[170] and doped nanoparticles[165] are shown to have a 
modified polarization determined by the antenna. Gap size is 
an important parameter to control the scattering polarization. 
In decreasing the gap size from a few to subnanometer, the 
polarization state of the scattered light can transit from a highly 
linear to unpolarized.[171] Strongly polarized light is important as 
it can be used in novel displays,[172,173] light-emitting devices,[174] 
and in quantum computing, where the information is encoded 
as the polarization state of indistinguishable photons.[175,176] 
Zhang et  al. fabricated a 3D DNA origami cluster to manipu-
late the emission polarization of a free-floating single quantum 
dot.[127] An octahedral DNA frame of six-helix bundles was 
designed in a way that the internal space and external connec-
tions of the frames could be utilized by site-specific DNA 
encoding to accommodate a single 6 nm CdSe@ZnS core-shell 
nanocrystal inside and AuNPs of various sizes outside of the 
cage. By biotin-streptavidin hybridization, the quantum dot was 
immobilized by eight capture strands in four in-plane edges  
of the origami cage. Two opposite vertices, each with four 
staples, were used to immobilize two 50 nm AuNPs as displayed 
in Figure  4b. The distance between the quantum dot center 
and AuNP surface was determined by small-angle X-ray scat-
tering measurements and was ≈32  nm. Single-molecule con-
focal microscopy and fluorescence-lifetime imaging microscopy 
were used to investigate the polarization characteristics of the 
antenna. Plasmon-induced emission polarization and excitation 
polarization-dependent photoluminescence from the quantum 
dot were collected. In both cases, emission profiles were fitted 
with a sine function with the frequency equal to the rotation 
frequency of the linear polarizer in the detection and excitation 
optical paths, respectively. Thus, the 2D degenerate transition 
dipole of the nanocrystal was modified by the dimer antenna 
and the photoluminescence of the quantum dot became linearly 
polarized along the long axis of the antenna. The nanocluster is 
a demonstration of a polarized single-emitter light source that 
is not bound to any surface and can be put on other substrates, 
for instance with the help of a scanning probe.

3. Challenges and Opportunities

DNA origami-enabled bottom-up fabrication techniques 
provide easier access to build and improve the capabilities of 
hybrid plasmonic structures to manipulate quantum emitters’ 
emission properties. With DNA origami-assisted plasmonic 
nanoantennas, unprecedented fluorescence signal enhance-
ments and single-molecule SERS sensitivity have been demon-
strated. Controlling the emission direction and polarization of a 
quantum emitter, and reaching the strong coupling regime are 
at their early development stages. Although countless opportu-
nities lie ahead, there are still many challenges waiting to be 
tackled.

Even though, DNA origami offers any conceivable geometry  
in 2D and 3D, the area or the available volume offered by 
the origami is determined by the length of the used scaffold. 
Most origami nanobreadboards scrutinized in this review 
were obtained by folding single scaffolds. To scale up the 
nano breadboard size and to build more complex plasmonic 
nano antennas, DNA origami tiles, which are concatenated 

individual origamis[177] or longer scaffolds[178] can be used. 
Shape and rigidity control of higher-order origami structures 
can be obtained by efficient computer simulations enabling 
more realistic actualization of more complex breadboards.[179]

Noble metals,[101–110,112,115–127] organic dyes,[101–103,105,107,110,112,115–124,126]  
semiconductor nanocrystals,[127] graphene,[121] light-harvesting 
molecules,[108] the genetic material of pathogens[104,109] and 
proteins[108,124] have been used in the construction of hybrid 
plasmonic antennas thanks to the available bioconjugation 
chemistries and site-specific functionalization of DNA origami. 
As the main constituent of optical antennas, there are still many 
uninvestigated materials that can be used as the scattering ele-
ments of DNA origami-assembled optical antennas. The palette 
of metallic nanoparticles constituting the plasmonic antennas 
has not gone beyond all-Au, all-Ag, or Au-Ag core-shell assem-
blies yet. Janus-like Ag-Au heterodimers fabricated by DNA 
origami showed that hybridized plasmon modes of heterostruc-
tures can be used to break the symmetry in coupled plasmon 
modes.[180] Different species such as palladium and aluminum 
can be used to utilize the uncovered parts of the electromag-
netic spectrum, for example, the ultraviolet regime. Unlike the 
fluorescence of quantum dots and dye molecules, the photolu-
minescence of metals does not bleach and blink. However, in 
the optical frequency regime, due to absorption, metals become 
very lossy. To address the issue of loss, it has been shown that 
all-dielectric nanoparticles as Mie-resonators can be used as 
optical antennas.[181,182] With new functionalization protocols,  
all-dielectric nanoparticles can be potentially exploited as 
low-loss DNA origami-assisted scatterers.

Gold and silver nanoparticles are the most commonly used 
scattering materials so far. Even though they have been used in 
various shapes (spheres, rods, prisms, and nanostars) and their 
conjugation methods are well established, it is still a challenge 
to functionalize big nanoparticles as negatively charged metal is 
not stable in salty environments that are indispensable for the 
survival of the DNA origami. Spheres are the most ubiquitously 
used nanoparticles and the largest spherical AuNPs stably con-
jugated with short DNA sequences are 150 nm in diameter.[183] 
For silver, the biggest spherical nanoparticle functionalized  
with DNA has a diameter of 100 nm.[109] Bigger metallic nano-
particles are known to have bigger absorption and scattering 
cross-sections.[184] Therefore, with bigger nanoparticles, 
plasmonic effects can be increased and smaller interparticle 
distances can be obtained with the same anchoring points. 
One way to make bigger nanoparticles more stable in salty 
buffers is to use longer DNA sequences. However, longer 
ones increase the gap size between nanoparticles. Another 
alternative is to grow the already immobilized particles on 
origami.[115,116,120] However, this can lead to reduced surface 
smoothness and increased inhomogeneity of size distribu-
tion. Another commonly used nanoparticle shape in DNA 
origami-mediated plasmonic constructs is nanorods. Nanorods 
have anisotropic shapes that support different plasmonic 
modes at different wavelengths and may offer more possi-
bilities of optical response than spheres. However, the conju-
gation of bigger nanorods is also a challenge. To the best of 
our knowledge, so far, the largest nanorods used for DNA 
origami-assisted plasmonic constructs has a length of about 
50 nm.[80,92]
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When addressing the stability of colloidal metals, one should 
not omit that DNA as a biological material also needs rather 
strictly regulated environments, where temperature and ionic 
balance are the main control parameters.[185,186] Once immo-
bilized and dried on substrates, origami-assembled plasmonic 
structures bond with the surface molecules via van der Waals 
and Coulomb interactions and become stable without under-
going any degradation in the shape.[187,188] However, in solution, 
additional stabilization processes are required. Liu et al. coated 
DNA origamis adsorbed on substrates with silica that provided  
additional rigidity to structures while maintaining their  
stability.[189] They also decorated the silica-coated origamis with 
functionalized AuNRs. Nguyen et  al. recently showed that 
coating the DNA origami structures with an ultrathin layer of 
silica prevents the origamis from degradation and aggrega-
tion in otherwise lethal ionic solvents.[190,191] However, it was 
not clear if the structures were functional or modifiable after 
the coating. Alternatively, Gerling et al. showed that at elevated 
temperatures and in ultrapure water, welding the thymidine 
groups by ultraviolet light creates additional covalent bonds that 
enhance the structural stability of origamis.[192] These covalent 
bonds can be cleaved afterwards.[193] This method allows the 
decoration of the origami with nanoparticles or quantum emit-
ters after the stabilization process.

The effect of the cavity on the quantum emitter’s emis-
sion properties has been greatly addressed so far. However, an 
equally important factor in the efficient coupling of an emitter 
to a plasmonic antenna is the orientation of its emission dipole 
with respect to the main antenna mode.[194] Having full control 
of the dye orientation in the cavity is critical for emission and 
absorption enhancements. Until now, it is still very challenging 
to control the relative translational and rotational motion of a 
dye molecule at will. Since dyes rotate faster than typical meas-
urement durations, the obtained emission reveals an averaged 
result of emitter-antenna coupling under various dipole orien-
tations. The relative motion of dye molecules in DNA origami 
is very much dependent on the molecular structure, attach-
ment chemistry, and electrostatic interactions with its ultralocal 
environment.[195] When a dye molecule is attached at the end 
of a staple constituting the origami and protrudes from it, it is  
difficult to control its instantaneous orientation. Recently, 
Mathur et  al. investigated the motion and rotation of a Cy3 
dye molecule in a cylindrical DNA origami bundle by placing 
it in different positions in the bundle with different attach-
ment chemistries.[196] They reported longer rotational anisot-
ropy decay by utilizing time-resolved fluorescence anisotropy 
and concluded that the DNA bundle constrained the rotational 
motion of Cy3. Acuna and co-workers studied the effect of the 
nanoenvironment on relative orientations of Atto647N, Atto 643, 
and Cy5 dye molecules covalently attached to DNA origami.[197] 
They used polarization-resolved excitation measurement to 
determine the orientation of absorption transition dipoles and 
DNA points accumulation for imaging in nanoscale topography 
to find out the orientation of the origamis that the dyes were 
incorporated into. Three scenarios were applied. In the first 
scenario, the fluorophores were attached at the terminus of a 
staple and two nucleotides from the neighboring staple were 
removed. In the second one, the dye molecules were again at 
the end of a staple but no nucleotide was removed from the 

neighboring staple. In the final scenario, the dyes were attached 
to a position within a staple. It was observed that regardless 
of the type of the fluorophore, the dye molecules exhibited a 
stronger binding and a narrower distribution of preferred ori-
entations in the first scenario. Molecular dynamics simulations 
of these three cases showed that the local environment affects 
the interaction of the dye with the DNA and the preferred  
orientation of the transition dipole. There is no doubt that 
further research into DNA origami-assisted manipulation of 
dipole orientation of quantum emitters will enable us to obtain 
the most efficient emission from them.

Allowed by the available bioconjugation chemistries, any 
organic and inorganic material can be incorporated into  
origami with less than 5  nm positioning resolution. This  
precision and addressability provided by DNA origami have 
been used in two ways to decorate origamis and obtain hotspots. 
It was either that the nanoparticles were captured by anchor 
groups protruding from origami with a designed nominal 
gap between the groups or the origami nanobreadboards were 
used as spacers between nanoparticles. Whichever method is  
preferred, gap sizes smaller than that is obtained with top-down 
methods can be easily achieved. The ability to obtain smaller 
gaps opens the doors for new applications in the following 
areas. Small hotspots might result in a tremendous increase 
in field enhancement and confinement, which increases the 
likelihood of detecting a single molecule in a highly concen-
trated biological matrix, like human blood. This bypasses 
the need for costly, state-of-the-art optical setups and compo-
nents.[109] The high specificity of DNA enables the target probe 
interaction to be utilized in sensing and diagnostic schemes. 
Ochmann et al.[104] and Trofymchuk et al.[109] demonstrated that 
these detectors were highly selective. In both works, when the 
target DNA was misplaced with two or more nucleotides, the 
target could not bind to the anchors in the hotspot and did not 
result in a fluorescence signal. Also, both DNA and gold nano-
particles are compatible with biological conditions that enable 
DNA origami-assisted nanoantennas to find usage in real-life 
medical sensing applications.

The advantages of obtaining small gaps can be utilized 
in further SERS applications with higher sensitivity and 
specificity. The tininess of DNA origami-enabled hotspots is 
yet to be utilized in nonlinear optical signal generation.[198]  
Generation of second or higher-order harmonic signals, four-
wave mixing with origami-assembled plasmonic nanoantennas 
hasn’t been demonstrated yet. Precise control over the nanopar-
ticle positions and tighter hotspots result in a more confined 
and stronger electric field, providing access to higher-order 
material susceptibility.[26] Decorating an origami with different 
metallic particles can also help to break the symmetry of the 
structures. Even further reducing the gap size down to the 
subnanometer scale allows the quantum effects like electron 
tunneling and quantum nonlocal screening to be observed.[199] 
These antennas might be suitable testbeds for the practical 
realization of quantum mechanical theories.[200] Most hotspots 
elaborated so far worked in the weak coupling regime, in which 
the energy levels of the matter are not changed and the emis-
sion property of the emitter was modified by the antennas.[131] 
Whereas, in the strong coupling regime, the cavity and the 
emitter hybridize and become a new quantum object. Strong 
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coupling can be facilitated with smaller gaps as it decreases the 
effective cavity volume.[141] The strongly coupled hybrid states 
are of great application potential for high-speed quantum infor-
mation systems.[201]

To date, DNA origami-assisted plasmonic antenna research 
clustered around their sensing and spectroscopic applica-
tions. However, the ability to control the emission polarization,  
direction, and phase is yet to be further explored and exploited. 
Polarized nanoemitters in ensemble might find use in novel 
displays[172,173] or light-emitting devices.[174] Many direc-
tional plasmonic antennas have been fabricated by top-down  
methods.[41,152,153,155,158–160] Design versatility offered by DNA  
origami can pave the way for novel single- and multielement 
directional antennas. For multielement antennas, each scat-
tering component can be driven from its near-field by individual 
quantum emitters since DNA origami enables the precise posi-
tioning of multiple quantum emitters. DNA origami-assisted 
plasmonic antennas with frequency-selective directionality can 
be used as nanospectrometers and color routers.[41] Optical 
antennas, just like their RF counterparts, can be used in wire-
less optical energy transfer schemes[202,203] provided that they 
are directional. Multiple DNA origami-assembled directional 
antennas can be used to transmit optical signals from one loca-
tion to another on a photonic network as long as antennas are 
correctly oriented with respect to each other on the substrate 
hosting the network. When immobilized on ordinary substrates,  
one major technical challenge is to align the orientation of 
billions of identical copies of DNA origami-assembled nano-
structures. Gopinath et  al. showed that it is possible to use  
different surface functionalization techniques to control the 
position and orientation of origamis on planar surfaces.[68,204–206] 
New protocols can be developed to decorate origamis with nan-
oparticles after they are adsorbed on the functionalized surfaces 
to exhibit the desired plasmonic responses. Furthermore, these 
nanoantennas can be used as building blocks of metasurfaces 
to achieve tailor-made optical responses.[20] All these modular 
plasmonic nanostructures can potentially be integrated into 
optical chips and contribute to minimization due to their 
small footprints that are on the order of a few hundreds of 
nanometers.

One of the most extraordinary advantages of using DNA ori-
gami to build antennas is that it gives the opportunity to dynam-
ically control the conformation of as-built structures.[80,87,93–96] 
It has been shown that a plasmonic particle[97,98] or a reporting 
luminescing entity[110] can walk on an origami platform when 
the appropriate environmental conditions are provided. The 
reversible and bidirectional walk of different entities making up 
the antenna offers the possibility to tune the optical response 
of the antenna in real-time.[80,87,93,95–97] The tunable parameters 
include the operating frequency, the polarization state, and the 
pattern of the emission and have not been explored yet.

To conclude, DNA origami enables a wide range of  
geometrical arrangements of antenna components and precise  
placement of a single quantum emitter in the antenna’s near-
field, mostly in the hotspot. The hotspot properties are used 
to increase the spontaneous emission rate and brightness, 
enhance the absorption rate, control the emission polarization 
and direction of single quantum emitters. These single-emitter 
nanoantennas offer numerous possibilities in the fundamentals,  

engineering, and applications of light–matter interactions. 
DNA origami-assembled plasmonic nanoantennas will surely 
keep extending the portfolio of antenna applications.
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