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ABSTRACT: The reliable programmability of DNA origami
makes it an extremely attractive tool for bottom-up self-assembly
of complex nanostructures. Utilizing this property for the tuned
arrangement of plasmonic nanoparticles holds great promise
particularly in the field of biosensing. Plasmonic particles are
beneficial for sensing in multiple ways, from enhancing
fluorescence to enabling a visualization of the nanoscale dynamic
actuation via chiral rearrangements. In this Perspective, we discuss
the recent developments and possible future directions of DNA
origami-enabled plasmonic sensing systems. We start by discussing
recent advancements in the area of fluorescence-based plasmonic
sensing using DNA origami. We then move on to surface-enhanced
Raman spectroscopy sensors followed by chiral sensing, both
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utilizing DNA origami nanostructures. We conclude by providing our own views on the future prospects for plasmonic biosensors

enabled using DNA origami.

B INTRODUCTION

The ability to sense external or internal stimuli is a key feature
of life. Indeed, sensing allows natural systems to adapt to
environmental changes thus improving their chances of
propagation. In such systems, molecules detect changes in
the environment, for example, concentration of nutrients or
intensity of light irradiation, and turn them into biochemical
stimuli. In medicine, the sensing of biomolecules is of great
interest in clinical diagnostics to enable an early and low-
concentration detection of disease biomarkers without the
need for expensive equipment. Therefore, highly sensitive
devices with simple readout capabilities are the need of the
hour.

An ideal biomolecular sensor transduces a binding event
into a strong output signal. In this work, we cover recent
advances in plasmonic sensing using bottom-up fabricated
DNA-based nanostructures. We will focus on assemblies of
metallic nanoparticles that take advantage of optical near-field
effects, in particular, electric field enhancement and plasmonic
chirality. For the well-established sensors based on shifting
surface plasmon resonances, we point the reader to the
existing literature.' ™ Other, very recent, reviews cover related
focus areas ranging from the interaction of DNA with
pathogens to the use of DNA in nanophotonics.”~°

Another established sensing scheme utilizing noble metal
nanoparticles is the lateral flow assay. Here, the strong
absorption and scattering capabilities of nanoparticles
(AuNPs) play a key role along with reliable particle synthesis
and conjugation methods to enable the easily visible bands on
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test strips, an example being the severe acute respiratory
syndrome coronavirus 2 (SARS-CoV-2) rapid antigen tests.
However, these strips are limited in sensitivity and selectivity
as well as the type of output signals (scattering and
fluorescence color). Advances in nanofabrication, optical
detection, and conjugation chemistry lead to the development
of higher performance devices with more functional
capabilities. Two such strategies are (i) biomolecular assays
making use of plasmonic “hot-spots” and (ii) sensing enabled
through a dynamic structural reconfiguration. Both of these
sensing principles require an excellent control over molecular
placement at the nanoscale. While a precise positioning of
objects at the macroscopic scale is a trivial task, it is extremely
challenging to achieve at the nanoscale. This is due to a
combination of the effects of Brownian motion that prevails at
such dimensions, a lack of tools to precisely manipulate
nanoscale objects, as well as a lack of strategies capable of
positioning multitudes of objects deterministically at the same
time for a parallel assembly.

Among current nanofabrication strategies, DNA nano-
technology has emerged as one of the most successful. The
description of the dynamic “Holliday junction” by Holliday’
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led Seeman to design an immobile Holliday junction,®
kickstarting the use of DNA as a material and thus the field
of DNA nanotechnology.”'’ Today, there are two main
approaches to build bottom-up assembled DNA nanostruc-
tures. For the longest time, DNA structures were exclusively
assembled from oligonucleotides, that is, synthetic DNA
strands up to several tens of nucleotides long. Examples of this
approach are “tile assembly” and “DNA bricks”."'™"* The
second approach involves the use of a long scaffolding
molecule and is widely known as (scaffolded) “DNA
origami”.'*”'® DNA origami structures are thus created from
a “scaffold” strand that usually is of biological origin and
multiple short, synthetic “staple” oligonucleotides. Conse-
quently, each synthetic nucleotide can be easily customized to
achieve an intended purpose. Analogous to a breadboard in
electronics, various components can be placed at predefined
positions to achieve structures that can perform programmed
functions. Since its advent,"> the DNA origami technique has
been used for the bottom-up assembly of functional structures
aimed at a variety of uses, from a DNA “box” potentially
capable of triggered drug-release'” to a controllable robotic
arm at the nanoscale.'® This variety in application is driven by
a molecular addressability that enables the placement of
moieties with a resolution that is theoretically equal to the
distance from base pair to base pair in a double helix, that is,
0.34 nm. Remarkably, also in experiments, position accuracy
below 1 nm has been achieved with DNA self-assembly.' >’
Clearly, the strong functional capability of plasmonic DNA
origami, the subject of this Perspective, relies on such a
precise placement of plasmonic particles in user-defined
configurations.

The attachment of plasmonic particles, most commonly
gold, is achieved through a complementary base-pairing
between DNA-covered nanoparticles and the DNA origami
structure. Simply put, the surface of the plasmonic particle is
functionalized with thiolated DNA oligonucleotides of a
defined sequence. Specific staple strands of the origami
structure are then extended with a sequence—we often refer
to it as the “handle” sequence—that is complementary to the
DNA on the plasmonic particles, the “anchor” sequences. The
geometrical configuration of the handles on the origami
defines the placement of the particles on the origami. Since
each nucleotide’s position and sequence in the origami
structure are deterministically known, the placement of
particles can be controlled with the step size between two
base pairs thus allowing sub-nanometer precision.

Mirkin et al. and Alivisatos et al. reported the first instances
of using a thiol-capped DNA sequence to functionalize and
arrange gold nanoparticles.”"** Since then, thiolated DNA has
become ubiquitous for functionalizing gold and other
plasmonic nanoparticles. The gold—thiol bond is well-studied
for its pseudocovalent nature leading to strong binding
strengths. It is, however, challenging to achieve a high-density
loading of DNA on colloidal particles due to its negatively
charged phosphate backbone. A slow addition of salt (salt-
aging) mitigates this by screening the charges on adjacent
DNA oligonucleotides, allowing the DNA to pack closely on
the surface of metal nanoparticles.”*>°

An alternative to this approach is the freeze—thaw method
reported by Liu and Liu.””*® The authors showed that
freezing a solution containing AuNPs, DNA, and salt could
help to speed up the conjugation process dramatically. The
freezing results in ice crystals composed of pure water,
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pushing the nonwater components into gaps between the
crystals, where they reach saturated concentrations, allowing
the DNA to efficiently bind to gold via its thiolated end. The
robustness, simplicity, and rapidity of this technique can be
instrumental both to be adopted by a wider scientific
community as well as being easily transferable to industrial
applications. We point readers to a review that discusses this
and other attachment protocols in more detail.”

Plasmonics coupled with DNA origami has opened up the
opportunity to apply fundamentally new approaches to
sensing. In this Perspective, we discuss recent advances in
molecular sensing using plasmonic DNA origami structures,
beginning with plasmon-enhanced fluorescence-based detec-
tion, followed by surface-enhanced Raman spectroscopy
(SERS) sensing, and last, chiral plasmonic sensing. Finally,
we will try to outline the major hurdles that must be
overcome in the near future to expedite these advances, from
accurate biomolecule detection using off-the-shelf products to
the detection of analytes at the single-molecule level.

B FLUORESCENCE-BASED PLASMONIC SENSING
WITH DNA ORIGAMI

The structural arrangement of metal nanoparticles in the
proximity of fluorophores can lead to a variety of physical
effects, ranging from fluorescence enhancement (FE) over
distance-dependent quenching to permanent photobleaching.
Of these, FE holds special promise in the realm of biosensing
and diagnostics. Plasmonic nanostructures can create highly
localized electric fields, which can enhance the fluorescence of
molecules in their vicinity.”” The degree of enhancement is
influenced by the size of the plasmonic particle (in a first
approximation the larger the size, the higher the enhance-
ment) and its shape (high-aspect-ratio nanorods or bipyr-
amids can have strongly enhanced fields at their tips) as well
as its chemical composition (e.g, silver leading to stronger
plasmon coupling than gold).

The placement of metallic nanoparticles near fluorescent
entities can affect the fluorescence emission in many ways:
influencing the distance-dependent radiative and nonradiative
decay rate and enhancing the local electric field as well as
generally increasing the apparent cross section of small
organic dyes with the help of comparatively large plasmonic
antennas. As the nanoparticle diameter increases, the relative
contribution of the scattering in the total extinction
increases.”’ This increase of the scattering cross section for
larger particles has been suggested to account for a part of the
FE, with a further contribution coming from the radiative rate
enhancement.”>*® Control over the distance between the
metallic nanoparticle and the fluorescent molecule is
extremely crucial for influencing the radiative and nonradiative
decay rates as shown by Acuna et al.**** and others.**™*' We
will see below that FE effects can be enhanced over 5000-fold
by placing two or more particles in close proximity, which
leads to the creation of a plasmonic “hot-spot” between them
due to the coupling of their respective electromagnetic fields.

An important aspect of achieving control over a particle
placement on DNA origami is the DNA connector
configuration. Generally, two connection strategies are
available for binding AuNPs to a DNA origami structure:
the shear and the zipper configuration. In the former, the
same terminal ends (either both 5’ or both 3’ ends) of the
handles and the anchors are protruding from their respective
surface (gold or origami), and thus, after antiparallel
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Figure 1. Nanoparticle placement on DNA origami for fluorescence enhancement. (a) (left) Scheme of different connector types: (i) Aj5to T
(blue), (ii) A, to T (orange), and (iii) A5 to 3’ Ty, (green, zipper configuration). (right) PDDF for each of the three different connector types
for dimers shown together with corresponding TEM images.20 (b) Normalized and threshold-corrected fluorescence intensity measurements
(circles) of CyS dyes at varying distances from a AuNP and the corresponding fit (curve).*” (¢) (top, left) Sketch of the DAN with two AuNPs
forming a dimer, with a dye (red sphere) between the NPs. (top, right) Numerical simulations of the FE for a dye oriented in the radial direction
in a plasmonic hot spot. a.u., arbitrary units. (bottom) Numerical simulation of electric field intensity for a monomer (left) and dimer (ri%ht)."’5
(d) (left) DAN with a fluorescence quenching hairpin. (right) FE in a DAN with a AgNP compared to a reference without AgNP.” (a)
Reproduced with permission from ref 20. Copyright 2018 American Chemical Society. (b) Reproduced with permission from ref 42. Copyright
2013 Springer Nature. (c) Reproduced with permission from ref 35. Copyright 2012 The American Association for the Advancement of Science.

(d) Reproduced with permission from ref 39. Copyright 2017 American Chemical Society.

hybridization of the two strands, the duplex is oriented
perpendicular to the bound surfaces (Figure la). For the
zipper configuration, the two different terminal ends protrude,
which, upon binding, results in a duplex that is oriented
tangentially to the bound surfaces. In a study by Hartl et al.”’
small-angle X-ray scattering (SAXS) was used to accurately
determine the distances between spherical nanoparticles
bound to predefined positions on a rectangular DNA origami
block in the zipper and the shear configuration with varying
lengths of sequences (Figure la). Interparticle distances for
structures utilizing shear geometry connectors followed an
expected trend, with the longer T19 connector spacing the
particles S nm further apart than the T8 connector, a
difference coinciding with the difference in the connector
lengths. Notably, the zipper configuration did not yield the
smallest interparticle distances. This was explained by the
presence of the single-stranded DNA shell around the
particles, which sterically hinders the placement of particles
close to a surface. The formation and application of complex
hybrid structures where both fluorescent dyes and metal
nanoparticles are arranged on the same DNA origami
structure was shown, for example, by Schreiber et al. (Figure
1b).** By arranging CyS dye molecules at varying discrete
distances from a central core gold nanoparticle, the authors
were able to verify a 1/d* distance dependence model of
quenching,

Detection of single molecules with a fluorescence micro-
scope requires sensitive cameras, and the discrimination of

real events from noise can be tedious. A plasmonic
enhancement can lower the bar for the complexity of the
instrumentation required for the detection of fluorescence
events.”’ Although ensemble-averaged biosensors for the
detection of RNA, DNA, and proteins have depended on
plasmon-enhanced fluorescence for years, the advent of DNA
origami-based single-molecule sensors relying on plasmon
enhancement is a relatively new development. Acuna et al
reported the bottom-up fabrication of DNA-assembled
nanoantennas (DANs), which are composed of a DNA
nanopillar arranging two AuNPs with a 23 nm gap between
them (Figure 1c).”> An ATTO 647N dye molecule was placed
in this plasmonic hot spot between the two particles, and the
fluorescence properties of the hybrid structure were then
probed. The authors reported FE of up to 117-fold for DANs
carrying 100 nm particles. This significance of the DANSs lies
in the deterministically assembled nanoparticle dimers for the
signal detection and amplification of individual dye molecules.
This work opened up space for numerous studies building on
this concept.

One challenge, for example, in molecular diagnostics is the
low signal-to-noise ratio in biological samples, since analytes
often contain not only the target molecules but also many
other species that can contribute to binding interactions and
cause spurious detection events. Single-molecule detection,
therefore, requires the isolation of the fluorescence signal of
the molecule of interest from background contributions by
other equivalent molecules or impurities. Additionally, using

https://dx.doi.org/10.1021/acs.jpcc.0c11238
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diffraction-limited optics to observe single-molecule events
restricts detection volumes to the femtoliter range (the space
of 1 um® which is a lot of space for nanometer-sized
molecules) and concentrations to pico- or nanomolar ranges,
whereas most biological reactions occur at the micromolar
range and on the nanometer scale. Tinnefeld and co-workers
overcame these obstacles in a series of works. Puchkova et al.
used the DANs described above to achieve a single-molecule
detection of ATTO 647N dye molecules at dye concen-
trations of up to 25 uM in the presence of NiCl, acting as a
quencher.”® They also achieved an FE of 5468, the highest
enhancement factor for a dimer nanoantenna at the time. The
FE capacity of an optical nanoantenna is the result of two
contributions: the electric-field intensity enhancement at the
dye’s excitation wavelength and the relative change in the
dye’s quantum yield induced by the nanoantenna at the dye’s
emission wavelength range. To optimize these two parameters,
the authors controlled distinct characteristics in their nano-
antenna system: they used the zipper geometry to reduce the
interparticle distance, the dimer orientation and the incident
polarization were aligned, and they quenched the intrinsic
quantum yield of the fluorophore to measure its effect on the
fluorescence enhancement in DANS.

When using gold nanoparticles as the active material
species, the FE is restricted to the red—near-infrared (NIR)
spectral range. To expand the spectral range and increase the
signal strength, various strategies have been pursued. Zhang et
al. fabricated gold nanorod dimers on a DNA origami
structure to construct DANs, which they then used to study
the FE of ATTO 655 dye molecules.** The authors probed
the effect of varying gap distances between the nanorod tips
on the FE, where the lowest gap distance of 6.1 nm resulted in
the highest experimental FE factor of 473, whereas finite-
difference time-domain (FDTD) simulations provided a
theoretical maximum FE factor of ~1200. Vietz et al. replaced
the AuNPs with spherical silver nanoparticles (AgNPs), which
show both a lower absorption and higher scattering cross-
section over a broader spectral band in the visible range
compared to AuNPs.>” The authors measured the FE of three
different types of dyes—Alexa 488, ATTO 542, and ATTO
647N—and found that the AgNP DANSs resulted in mean FE
values of ~139, 149, and 162 for the three dyes, respectively.
This established the superior plasmonic performance and
broadband FE capabilities of AgNPs compared to the AuNP
DANs, which gave FE values of 1.53, 3.07, and 176,
respectively. It is worth mentioning that circularly polarized
light was employed in the experiments to minimize the
dispersion of FE distributions due to the random orientation
of the DANs on glass slides. However, this created a challenge
when comparing experimental and simulated results, because
the dyes were free to rotate on time scales orders of
magnitude faster than the acquisition integration time. With
the goal to employ their nanoantenna devices as a sensing
platform, Vietz et al. then introduced a fluorescence
quenching hairpin (FQH) that exhibits a 217 (£31)-fold FE
for the unquenched dye configuration (corresponding to an
open hairpin).*® The authors further designed the hairpin to
promote a direct contact between the dye ATTO 647N and
the quencher BBQ650, leading to the formation of ground-
state complexes that exhibit a negligible radiative rate.
Notably, this nanoantenna utilized only a single AgNP, as
the presence of the hairpin sterically hindered the attachment
of a second particle.
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In the next step, the same group used the AgNP DAN in
combination with FQH for a single-molecule detection of a
synthetic Zika virus-specific sequence in a buffer as well as
human blood serum (Figure 1d).*” Kaminska et al. then used
DAN:Ss for the FE of a single peridinin—chlorophyll a—protein
complex, a light-harvesting complex, placed in the plasmonic
hot spot of both Ag and AuNP dimer antennas.”’ Although
there had been previous reports on the plasmonic enhance-
ment of light-harvesting complexes,**® further development
was hindered by the lack of a technique for their precise
placement inside hot spots. The AuNP and AgNP nano-
antennas resulted in FEs of up to 526-fold and 250-fold,
respectively. Interestingly, the DANs show a considerable
dispersion in both fluorescence intensity and fluorescence
lifetime. Possible reasons for this include the occasional
formation of monomer antennas along with dimer antennas,
as well as inhomogeneities in the NP shape and size as well as
variable interparticle gap sizes. Recently, Trofymchuk et al.
developed a new DNA origami design that features a
“window” in the hot spot of the DANs."" The rationale of
this design change is to expand the space and reduce the
influence of steric effects on the binding of incoming target
molecules to ligands positioned in the hot spot. The new
design yielded equivalent and higher values of FE (up to
417x) of ATTO 647N dye molecules. The authors then
placed a sandwich binding assay for the detection of a DNA
fragment specific to Oxa-48, an enzyme providing resistance
to a certain antibiotic. This type of test is used for the
diagnosis of Klebsiella pneumonia infections. By positioning
three capture strands in the hot spots, FE values of up to
461X could be achieved. Again, the FE distribution exhibits a
broad distribution, attributed to the effects mentioned above.
Along with this, comparatively low binding efficiencies of 66%
(with AgNPs) compared to 84% (for reference structures
without AgNPs) might also limit the degree of the FE.
Nevertheless, an impressive achievement of the work is the
successful use of a smartphone camera for a single-molecule
detection using the DANS. Integrating these components into
a simple microscope setup, the observation of single-molecule
blinking and bleaching events was possible with off-the-shelf

consumer products.

B SERS SENSORS BASED ON DNA ORIGAMI

Surface-enhanced Raman spectroscopy (SERS) is a surface-
specific spectroscopic technique that employs metal surfaces
to enhance Raman signals of molecules. Next to rugged metal
surfaces, metal nanoparticles are routinely used in a SERS
application. During the interaction of light with the plasmonic
nanoparticles, oscillations of the electron plasma are excited
on the metallic surfaces leading to an enhancement of the
electric field in close vicinity to the particles and, hence, to an
amplification of the molecular Raman signal.47 Importantly,
the intensity of the electric field is not evenly distributed
around the nanoparticles, but hot spots emerge where
nanoparticles come close together or nanoparticles exhibit
spikes or tips."® In such regions, the Raman scattering
intensity is extremely enhanced, as the Raman signal grows
with the fourth power of the electric field. Hence, signal
boosts up to 15 orders of magnitude in comfarison with
nonenhanced Raman scattering can be achieved.” Because of
the huge signal enhancement provided by plasmonic hot
spots, SERS can become a highly sensitive spectroscopic
method and provide the means for single-molecule studies.*’

https://dx.doi.org/10.1021/acs.jpcc.0c11238
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Figure 2. DNA origami-based SERS nanoantennas. (a) Plasmonic dimers of gold spheres covered with two different DNA sequences. (below)
Their SERS spectra.”” (b) Thermally induced hot-spot shrinkage and corresponding scattermg (middle) and Raman (right) spectra with different

gap size.”

% (c) Single streptavidin molecule immobilized in the hot spot of silver nanolenses.”

(d) Schematic representation of the synthesis of a

gold bowtie nanoantenna (left) and Raman spectrum of single Cy3 molecule (right).”” (a) Reproduced with permission from ref 52. Copyright
2014 Springer Nature. (b) Reproduced with permission from ref S5 .Copyright 2016 American Chemical Society. (c) Reproduced with
permission from ref 56. Copyright 2018 Wiley-VCH. (d) Reproduced with permission from ref 57. Copyright 2018 Wiley-VCH.

It is thus crucial to find precise and reliable ways for the
fabrication of versatile hot-spot-based SERS sensors. The first
requirement for such a sensor is the accurate arrangement of
plasmonic nanoparticles with small interparticle gaps of ~5
nm or below. Second, the molecule of interest must be
precisely placed in the hot spot to provide a strong and
targeted Raman signal. These conditions are hard to fulfill
using conventional top-down fabrication methods such as
electron-beam lithography. Thanks to its addressability,
specificity, and nanometer precision, DNA molecules, along
with DNA origami structures, become natural candidates for
the fabrication of versatile Raman-active antenna structures.
The standout example of such structures is the synthesis of
nanogap core—shell gold particles presented by Lim et al. In
their approach the synthesis of the homogeneous Raman-
active gap of 1 nm between the core and the shell was
facilitated by DNA molecules on the core’s surface, which
enabled the detection of single molecules placed in the gap.”
A pioneering study using DNA origami in SERS was
performed by Prinz et al. in 2013.°" They used two spherical
gold nanoparticles attached to a triangular DNA origami to
obtain Raman spectra of molecules embedded in the DNA
structure. Shortly after, Thacker et al. used a more
sophisticated DNA origami design for binding spherical gold
nanoparticles with a predetermined sub-S nm gap. The
synthesized structures were used for Raman measurements of
Rhodamine 6G and DNA enveloping nanoparticles (Figure
2a).°” At the same time, Kiihler et al. observed Raman spectra
of SYBR-Gold molecules that accumulated in the designed
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gap of a DNA origami—gold nanoparticle hybrid structure.>
For single-molecule measurements, further shrinkage of the
interparticle gap had to be realized, which was achieved by
two different approaches.”** The first approach was based on
the overgrowth of a silver shell on gold nanoparticles attached
to DNA origami,”* while the second approach utilized a
thermally induced shrinkage of the DNA origami structure to
which the gold particles were anchored (Figure 2b).>
Significant effort has been put into developing DNA sensors
with novel plasmonic properties and enhanced sensitivity,
obtained often via the synthesis of plasmonic arrays.”®**~%*
One possible fabrication methodology of nanoantenna
arrangements is a “polymerization” of monomeric DNA
origami units into long chains or two-dimensional (2D)
lattices using complementary strand hybridization.”**" The
most straightforward realization of this concept was reported
by Zhao et al., where long plasmonic chains were obtained by
linking rectangular DNA origamis, each containing two 30 nm
gold nanoparticles.’® An enhanced Raman signal of
mercaptobenzoic acid (MBA) molecules was explained by
the formation of multiple hot spots, a result of the chain
formation. Furthermore, because of its programmability, DNA
nanotechnology enables the synthesis of more sophisticated
plasmonic systems. For example, Ag@Au core—shell nano-
particles were arranged into a series of hexagonal clusters
using DNA or1gam1 and then used for the detection of MBA
molecules.” Another interesting refinement of DNA origami-
based sensors was presented by Moeinian et al®' In their
approach, a silicon nanowire was functionalized with nano-

https://dx.doi.org/10.1021/acs.jpcc.0c11238
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particle-decorated 6-helix bundles to realize a sub-wavelength
spatial precision of SERS measurements. Despite the
significant advantages of plasmonic sensors, many of them
rely on the random deposition of molecules on the surface of
plasmonic particles for SERS measurements and hence do not
utilize virtues of DNA origami, namely, programmability and
nanometer precision. A “quantized” molecular sensor using
DNA origami multimers with precisely localized dye
molecules was reported by Fang et al”> Because of finely
organized large gold nanoparticles, a plasmonic coupling
between nanoparticles was achieved. The calculated enhance-
ment factor was on the order of 10%, which enabled the
detection of a single carboxy-X-rhodamine molecule anchored
in the hot-spot region. Recently, DNA origami has also been
applied to precisely accommodate a single protein in the hot
spot of silver nanolenses.’® Subsequently, the plasmonic
nanoparticles’ arrangement enabled measurements of a single
molecule of alkyne-functionalized Streptavidin, indicating
future applications of DNA origami-based nanoantennas in
biosensing (Figure 2c).

Thus, DNA origami-based nanoantennas have already
helped to strongly increase the sensing utility of Raman
spectroscopy. This was mainly realized by shrinking the gap
sizes, by multiplication of hot-spots, or by the growth of silver
layers on the antenna particles. However, the plasmonic
properties of such antenna systems can be tuned further. For
example, anisotropic nanoparticles with sharp edges can be
integrated into DNA origami SERS sensors. Anisotropic
nanostructures display exquisite plasmonic properties due to
the tremendous field enhancement at their tips.”> Moreover,
the use of anisotropic nanoparticles allows a convenient
tuning of plasmonic properties, which are strongly correlated
with particle shape and size.***® Despite these advances, to
our knowledge, only two DNA origami sensors utilizing
anisotropic nanoparticles have been reported.””** Tanwar et
al. reported the synthesis of gold nanostar dimers and their
use in the single-molecule measurement of Texas Red, a
fluorescent dye.”* Coupling between the sharp tips of the
nanoparticles contributed to very strong signal enhancement,
up to 8 X 10°, in the hot spot between nanostars. A similar
signal enhancement was recently obtained by the tip-to-tip
arrangement of two gold nanolenses on DNA origami,
enabling the detection of single Cy3 and CyS molecules
(Figure 2d).>

Bl DNA ORIGAMI-BASED CHIRAL PLASMONIC
SENSING

Another promising route toward the development of
biosensing platforms is the use of chiroptical properties of
plasmonic nanostructures or the plasmon-enhanced detection
of chiral molecules.®”® For this, circular dichroism (CD)
spectroscopy is employed to analyze the chirality of the
structures by measuring the difference in the absorption of
left-handed (LH) and right-handed (RH) circularly polarized
light. Most of the biomolecules such as DNA and proteins
typically exhibit CD signals in the ultraviolet range.”” In
contrast to biomolecules, chiral plasmonic systems display
strong and characteristic CD responses in the visible regime
due to the surface plasmon resonances.”*”’® This makes chiral
plasmonic devices ideal for the detection of biomolecules in
solution, since many biological samples show a very low
“background” CD signal in the visible range. Surface plasmons
of colloidal metal nanoparticle assemblies can significantly

5974

enhance the CD signals’' and thus enable the detection of
biomolecules in the visible wavelengths with increased
sensitivity.72

By leveraging the programmability and scalability of DNA
self-assembly, colloidal nanoparticles have been self-assembled
into LH or RH plasmonic helical structures,”””* pyramids,”*
tetramers,”® toroidal superstructures,’® or helical super-
structures.”””® Such static chiral assemblies show strong
plasmon-mediated CD responses. However, for sensing
applications dynamic chiral plasmonic structures proved to
be more viable thus far.® Among various dynamic chiral
plasmonic assemblies,’””>*" the reconfigurable three-dimen-
sional (3D) plasmonic metamolecules introduced by Kuzyk et
al.*' have been particularly successful as sensing devices. This
chiral metamolecule is composed of two linked DNA origami
bundles each hosting a gold nanorod at the top and bottom,
forming a 3D plasmonic cross structure (Figure 3a). The
relative angle between the rods and therefore the chiral state
of the device can be modulated by DNA-, RNA-, or aptamer-
based locks, which are extended from the edges of the DNA
origami bundles. With an addition of specifically designed
DNA fuel strands or with a target molecule binding, the
sensing devices switch their conformation from an “open” or
“relaxed” achiral state to one of the “locked” chiral states (LH
or RH). These structural configurations can be correlated with
the corresponding optical responses using CD spectroscopy in
real time.

By using the original plasmonic metamolecule or similar
chiral plasmonic structures, this versatile approach was
extended to stimuli including light,gz_84 pH, 486 temper-
ature,”” small molecules,®”*® proteins, ? DNA,*"*° and viral
RNA.”" Figure 3ab shows examples of DNA origami-based
switchable chiral plasmonic biosensors for the detection of
various analytes. Our research group demonstrated a selective
detection of viral RNA from the hepatitis C virus genome at
target concentrations of below 100 pM in buffer’' (Figure
3a). For the biorecognition, two complementary locking DNA
strands are extended from the DNA origami bundles, and the
hybridization of these two strands to each other is prevented
by a third strand that is complementary and therefore bound
to one of the two locking strands. This blocking strand is
removed by the target RNA sequence by a toehold-mediated
strand displacement. After this removal step, the two locking
DNA strands are now free to hybridize to each other leading
to the formation of the RH state of the device with a distinct
optical response measured by CD spectroscopy (Figure 3a).
We further proved that our sensors are still stable and
functional after 30 min of incubation in 10% human blood
serum and can detect the target RNA at concentrations below
1 nM in 10% serum. This sensing device can readily be
applied to detect RNA from the SARS-Cov-2 (to be
published).

In 2018, Zhou et al. reported a dual responsive plasmonic
sensing device that can respond to temperature and aptamer-
target interactions.” The versatility and addressability of DNA
origami enabled the detection of adenosine triphosphate
(ATP) and cocaine (COC) molecules in a single device by
jointly introducing split ATP and COC aptamers to the DNA
origami structure. Chiroptical responses of this reversible
sensing device in the presence of target ATP (1 mM) and
COC (1 mM) molecules could be monitored by CD
spectroscopy. As shown by the black curve in the CD spectra
in Figure 3b, without target binding the device displays slight
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Figure 3. DNA origami-enabled chiral plasmonic sensing systems. DNA origami-based switchable chiral plasmonic biosensors for detection of
viral RNA (a), ATP, and COC (b), and their corresponding CD responses at different target concentrations. Chiral plasmonic walker assembled
on DNA origami and measured CD spectra at different stations, potentially acting as nucleic acid sensor (c). DNA origami-supported
nanoantennas for the detection of chiral B-form DNA molecules and CD measurements of nanoantennas in solution (d). Schematics and TEM
micrographs (in a, ¢, d) of assembled sensing devices, scale bars are 20 nm (in a, ¢) and 40 nm (in d). (a) Reproduced with permission from ref
91. Copyright 2018 Wiley-VCH. (b) Reproduced with permission from ref 87. Copyright 2018 American Chemical Society. (c) Reproduced with
permission from ref 90. Copyright 2015 The Authors. (d) Reproduced with permission from ref 72. Copyright 2018 American Chemical Society.

signatures of the RH state. After addition of the ATP
molecules, the CD spectra flipped (red curve), indicating that
the device switched into the LH state. Contrarily, when COC
molecules were added, the device was driven further into the
RH state reflected in stronger CD responses (blue curve). The
authors also showed in this study that the chiral state of the
device can be tuned by temperature. Using a similar geometry,
Dong et al. recently reported DNA origami-based adaptive
plasmonic logic gates that read multiple DNA molecules as
input and return plasmonic chiroptical signals as output.””
Such self-assembled systems perform logical computations and
could also work as plasmonic sensors. Similarly, Huang et al.
demonstrated a reconfigurable chiral plasmonic sensor where
“double-stranded” and “split aptamer” locks are employed as
biorecognition elements for adenosine sensing.”® They tested
different lock systems at different adenosine concentrations
and achieved the detection limit of 20 yM with a response
time of 1 min. They found that shortening the hybridization
length of the locks is crucial to improve the detection limit
and response time. Subsequently, Funck et al. reported a dual-
aptamer-functionalized sensing device that could reliably
detect the human a-thrombin protein in solution with a
detection limit of 100 pM.* This device could potentially be
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further improved by introducing multiple copies of the
thrombin aptamers to the DNA origami structures.

Next, Zhou et al.”” demonstrated a chiral plasmonic walker
system that, in principle, can be used as a sensor to detect a
target nucleic acid sequence. As shown in Figure 3c, the chiral
plasmonic walking system formed by assembling a walker
AuNR (yellow) and a stator AuNR (red) in a chiral geometry
on two opposite faces of a DNA origami structure. After the
sequential addition of respective blocking and removal strands,
the walker performs a progressive and directional movement
with a “rolling” fashion. The overall walking process was in
situ optically monitored with an immediate spectral response
by CD spectroscopy (Figure 3c, CD spectra). This approach
was further advanced by introducing a walker couple that
performs independent or simultaneous stepwise walking along
the same track,”> a rotary plasmonic nanoclock that can
perform a directional and reversible 360° rotation,”* and a
sliding system that can slide two DNA origami filaments using
gold nanoparticles.”> Remarkably, these dynamic plasmonic
systems could resolve the stepwise movement with nanoscale
step size, which is far below the optical diffraction limit.

Thus far, we have reviewed DNA origami-templated
reconfigurable chiral plasmonic sensing devices. Alternatively,
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there is another approach to use DNA origami-based static
plasmonic nanostructures for the detection of chiral
biomolecules. This approach is based on an enhanced CD
spectroscopy and an ultrasensitive detection of (chiral)
molecules by surface plasmon-generated near-fields.”™"%"
Figure 3d shows an example of DNA origami-supported
nanoantennas for the detection of a B-form DNA chirality.”*
In this report, our research group demonstrated that the UV-
CD response of DNA molecules can be transferred into the
resonance frequency range of plasmonic nanoantennas. The
high electromagnetic field enhancement in the antenna hot
spot allowed detection of the transferred CD signal at much
lower analyte concentrations than the amount needed to
obtain discernible CD signals from the pristine DNA
molecules in the UV. Figure 3d shows the experimental
design and the transfer of the UV-CD signal of a two-layered
DNA origami sheet to the visible regime and its amplification
by a factor of 30 with the help of two spherical AuNPs (green
curve). By using AuNRs antenna structures, the CD transfer
into the near-infrared regime is realized with an up to 300-fold
stronger CD signal (red and dark red curves). We also showed
that the use of other materials (gold—silver, core—shell
particles) for the antenna element enables the shifting of the
CD signal into yet another wavelength range.

B CONCLUSION AND GENERAL PERSPECTIVES

In the past decade, the DNA origami-based fabrication of
plasmonic sensors has advanced rapidly."”'~'** In summary,
DNA origami is a successful nanofabrication technology to
arrany elospllif)monic nanoparticles with nanometer preci-
sion.

Specificity and sensitivity are key variables when describing
the performance of a sensor. To study these parameters and to
increase performances of sensors, DNA origami provides the
molecular breadboard for well-defined interactions of target
molecules with the recognition elements.

The addressability of DNA origami allows, for example, the
accurate positioning of fluorescent markers in the plasmonic
hot spot of nanoparticle antennas, and this has been used to
achieve a single-molecule sensing of a variety of targets.
Currently, when studying FE-based sensing, spherical nano-
particles have received the greatest attention, while nanorods
have been explored to a lesser extent. This highlights an area
of interest with a high potential that has remained relatively
unexplored, as anisotropic morphologies like nanorods as well
as more exotic structures such as bipyramids are known to
have higher field-intensity increases at their tips."'" This
property could lead to a further enhancement in the sensitivity
of such sensors. An interesting development is the use of an
off-the-shelf consumer smartphone to readout the fluorescence
signals from DNA-assembled antennas. This line of research
could be extended to increase both the limit of detection from
such instruments as well as the range of analytes that can be
detected potentially enabling pathogen detection in remote
areas.

The ability to arrange plasmonic nanoparticles on DNA
origami also renders it an exquisite platform for the fabrication
of plasmonic SERS sensors, especially for single-molecule
measurements. Moreover, DNA nanostructures are fully
biocompatible and can be readily functionalized with a variety
of targeting entities including aptamers and antibodies."'~"'*
Nevertheless, up to now, DNA origami-based SERS sensors
were primarily used for the detection of small dyes, with only
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one functional biomolecule measurement reported.’® Hence,
future efforts in the field should be focused on the
enhancement of sensitivity and versatility of such SERS
sensors and their use in studies of various biomolecules both
in vitro and in situ.

The combination of chiral plasmonics and DNA origami
has enabled chirality-based biosensors for the selective and
sensitive detection of various analytes. For a wide range of
detection windows (UV—vis—NIR), the optical responses can
be tuned and amplified by size, shape, and material
composition of plasmonic building blocks. For example,
recently we demonstrated that chiral assemblies of gold—
silver core—shell plasmonic nanorods show strongly increased
CD responses compared to their gold counterparts.'’”
Furthermore, by controlling the size, aspect ratio, and silver
shell thickness, the spectral responses could be tuned as
desired. This could dramatically improve the performance of
the aforementioned devices. In addition, programmable and
fully addressable DNA origami enables incorporating multiple
biorecognition elements. This opens numerous sensing
systems that respond to various molecular binding events,
facilitating the detection of a wide variety of molecular targets
with a high specificity and selectivity. Recently, “single-
structure” CD measurements were shown without DNA
origami in plasmonic nanorod dimers assembled with the help
of bovine serum albumin (BSA)."’® On the one hand, it will
be of outstanding interest to study a single-structure CD in a
well-controlled DNA origami nanofabrication scheme. On the
other end, a naked-eye detection of chiral structures is
possible with a simple configuration of two crossed polar-
izers.”” This could, at some point, enable a sensitive pathogen
detection without the need for expensive equipment. Thus,
the overall concept of chirality-based detection holds great
potential for the further development of plasmonic biosensing.

DNA origami-based plasmonic sensors are fabricated in an
aqueous solution and are therefore, in principle, suited for
sensing applications inside cells and tissues. Such plasmonic
probes could be applied to study, for example, single-molecule
processes on cell surfaces. Nevertheless, because of the
reduced stability of DNA origami-assembled plasmonic
nanostructures in in vivo conditions, real-life sensing
applications are challenging and will require more in-depth
research. Besides natural cells, these probes can be integrated
into more defined synthetic biology systems, for example,
synthetic cells. One example could be chiral plasmonic walkers
that sense their biochemical surroundings, transport cargo in
synthetic cells, and report their status optically in real-time.

To achieve a more widespread adoption of DNA origami-
based plasmonic sensors, it is crucial to apply these sensors
without specialized and expensive equipment such as CD
spectrometers or single-molecule fluorescence setups. Im-
provements in DNA origami nanofabrication will enable
stronger signals. In consequence, this enables optical readouts
with as little instrumentation as a smartphone or a standard
optical microscope with built-in polarizers."'” This will bring
the benefits of DNA origami-assembled plasmonic nano-
devices to researchers of various fields, from cell biology to
medical diagnostics and optics. Interestingly, custom-made
DNA origami nanostructures assembled with fluorophores and
nanoparticles are already commercially available (tilibit
GmbH, gattaquant GmbH).

One factor that has limited the application of DNA origami
structures is their reduced stability in the presence of DNA
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nucleases, at low salt concentrations, at elevated temperatures,
and at varying pH values. In recent years, a variety of
stabilization strategies have been developed. Examples include

18—1 122

coating layers with polymers,''*™"*" silica,'*" peptoids,'** as

L. 123,124
well as cross-linking,

among others. In the next years, it
will be important to study the performance of stabilized DNA
origami-assembled plasmonic sensors in application-oriented
settings, for example, in blood.

With increasing knowledge about the fabrication of DNA
origami-based plasmonic nanostructures, larger 3D structures
can be built."*>~"** Mastering the complex assembly processes
of, for example, lattices would enable the self-assembly of
photonic crystals with tailored photonic band gaps that could
be integrated into optical circuitry or deposited on surfaces. At
the same time, many commercial applications are not
profitable due to the high price of DNA. Because of advances
in the production of DNA, costs are falling rapidly. With this,
DNA origami-based sensors become economically viable. A
biological mass production of DNA in bioreactors enables
prices of 200 € per gram. This equals to ~10'7 DNA origami-
assembled plasmonic sensors.'*’

In conclusion, the DNA origami-based fabrication of
plasmonic sensors is a new technological platform to engineer
sensors with great control over dimensions and the very
building blocks on the molecular scale. DNA origami-
assembled plasmonic sensors thus probably have reached a
level of technological maturity that enables their application in
real-world settings.
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