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ABSTRACT: We demonstrate the capability of DNA self-
assembled optical antennas to direct the emission of an
individual fluorophore, which is free to rotate. DNA origami is
used to fabricate optical antennas composed of two colloidal
gold nanoparticles separated by a predefined gap and to place a
single CyS fluorophore near the gap center. Although the
fluorophore is able to rotate, its excitation and far-field emission
is mediated by the antenna, with the emission directionality
following a dipolar pattern according to the antenna main
resonant mode. This work is intended to set out the basis for
manipulating the emission pattern of single molecules with self-
assembled optical antennas based on colloidal nanoparticles.
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elements, as well as combining different materials, is
challenging. Finally, it is virtually impossible to position single
photon emitters with controlled stoichiometry in the near-field
of the OAs with nanometer precision.1

radio- and microwave antennas within the visible
spectrum. Essentially, OAs are built from metallic nano-
particles (NPs) whose localized surface plasmon resonances

enable the control of light fields at the nanoscale.” OAs can be
engineered to manipulate the photophysical behavior of single
photon emitters such as organic fluorophores or quantum dots
placed in their vicinity.” Pioneering examples are the “bow tie”
OAs used to demonstrate enhancement of the fluorescence
intensity of organic dyes placed at the hotspot between the
gold elements* and the monopole, and “Yagi-Uda” OAs used
to demonstrate directionality in the emission of single
emitters.”~” These examples share the fabrication approach
based on electron beam lithography. Generally, top-down
nanofabrication techniques such as e-beam lithography or ion
beam milling offer great geometrical design versatility, but they
also exhibit shortcomings. They are serial, which limits their
throughput. The 3D fabrication and organization of (antenna)
elements is difficult and limited to some degree of rotation of
the sample with respect to the beam. There exist limitations to
the quality and number of materials that can be used and
combined. As a result, attaining OAs made of monocrystalline

The advent of the DNA origami technique® opened up new
pathways for nanophotonics’™'® as colloidal metallic NPs
could be self-assembled in a parallel manner to form OAs.
Furthermore, single photon emitters could be positioned in the
near-field of OAs with nanometer precision and stoichiometric
control. Following this approach, the performance of OAs
could be revisited at the single-molecule level with higher
geometrical control and more robust statistics,’”~ including
their influence on the photophysical behavior of single photon
emitters, such as the electronic transition rates, photo-
stability,””
(FRET),”* > surface-enhanced Raman scattering,”*~>* strong
coupling,”” and super-resolution localization.™

fluorescence resonance energy transfer
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DNA origami has turned out to be extremely efficient to
organize NPs on nanometric geometries with high degree of
positional and orientational control.’** The situation is
different for single photon emitters. Whereas their position
can be controlled well, orienting them over predefined
directions in DNA origami remains an open challenge.**™°
In order to incorporate single fluorophores to DNA origami
structures, they are attached to the backbone or a base of a
short single-stranded DNA, hereafter termed “staple”, which
later binds to its complementary sequence on the DNA
scaffold strand. One fluorophore can be bound to one or two
staples through single or double linkers, respectively.’”
Fluorophores integrated into DNA origami structures can
exhibit a variety of behaviors, from free to rotate over fixed in
an undefined orientation to confined in orientation, depending
on their coupling chemistry, molecular structure, charge, and
immediate surrounding environment.”*

In this contribution, we investigate the emission directivity
of rotating single fluorophores coupled to OAs. CyS
fluorophores incorporated to DNA origami structures as
shown in Figure 1A, which are able to rotate, do not present
any directionality in excitation or emission. In contrast, in the
presence of a dipolar OA, both their excitation and emission
are enhanced and become directional according to the antenna
mode.

A schematic of the OA-CyS fluorophore system is shown
Figure 1A. A two-layered, rectangular DNA origami sheet with
a size of ~50 nm X 60 nm X S5 nm is used to accommodate
two ultrasmooth spherical Au NPs*® with a diameter of 60 nm,
each one at opposite sides of the origami. At approximately the
center of the DNA origami structure, a single Cy5 fluorophore
is incorporated at the 3’ end of a DNA single strand (see inset
in Figure 1A). In this way, the single CyS molecule is located
near the center of the 13 nm gap between the two Au NPs and
is able to rotate when in solution. Figure 1B shows exemplary
TEM images of the dimer OAs illustrating the quality of our
structures. The absorption and emission spectra of the CyS$
fluorophore employed together with a numerical simulation of
the absorption and scattering cross section of the OA are
included in Figure 1C. The OAs were self-assembled in
solution. For fluorescence measurements, OAs were immobi-
lized on a glass coverslip previously functionalized with BSA-
biotin, neutravidin, and biotinylated single-stranded DNA
complementary to the single-stranded DNA on the Au NP
surface. As a result, OAs are expected to lie flat with their inter-
particle (main) axis parallel to the substrate surface. All optical
measurements were performed in buffer (see Supporting
Information for sample preparation and measurements de-
tails).

Functionalized NPs are mixed in high excess to the DNA
origami structure to maximize the yield of dimer OAs. Gel
electrophoresis permits to separate the desired structure from
unbound NPs and any other unintentionally formed species
resulting in a solution containing close to 100% of the target
dimer structure. Figure 1D shows the distinct fluorescence
lifetimes of the reference, monomer, and dimer samples
obtained from single-molecule traces (details on the time-
resolved single-molecule fluorescence measurements are given
in the SI). As expected, the interaction between the
fluorophores and the Au NPs reduces the fluorescence lifetime,
with a more pronounced effect for dimer structures.'” The
excited state lifetime of the CyS in the origami sheet is reduced
from 1.7 to 0.6 ns when one Au NP is attached, and to 0.2 ns
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Figure 1. (A) Sketch of the OA-CyS structure composed of two gold
NPs self-assembled onto a rectangular DNA origami. The inset
depicts a close-up of the NP gap where the single CyS fluorophore is
incorporated. (B) TEM images of the dimer structures (scale bar is
200 nm). (C) Absorption and emission spectra of Cy$S together with
the absorption and scattering cross section of the OA dimer. (D)
Fluorescence lifetime histogram of samples containing two NPs
(dimers), one NP (monomers), and the reference structure without
NPs.

(limited by the instrumental response) when the dimer OA is
formed. The relatively sharp lifetime distributions and TEM
images reflect the quality of the preparation and the purity of
the samples used in this study.

Two different single-molecule fluorescence measurements
were performed on each of the individual OAs in order to
determine the directionality imposed by the OA on the
excitation and on the emission of the single fluorophores. The
directionality of the emission was determined by wide-field
defocused imaging.” The directionality of the excitation was
probed by monitoring the fluorescence intensity while rotating
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the direction of polarization of a linearly polarized laser used
for excitation.

The fluorescence emission of molecules close to a planar
interface has been extensively studied.””*’ The angular
emission pattern depends strongly on the orientation of the
molecular emission dipole with respect to the interface. In
Figures2A—C, we include simulations for the emission patterns
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Figure 2. Simulated emission patterns and defocused images of an
emitter located 40 nm above a water (n,, = 1.33, z > 0)—glass (ng =
1.5, z < 0) interface (on the water side). The emission wavelength is
670 nm. Defocused images are calculated for the situation where the
objective—sample distance has been reduced by 1 ym from the focal
plane. (A) Dipolar emitter oriented parallel to the water—glass
interface along the x axis. (B) Dipolar emitter oriented perpendicular
to the water—glass interface. (C) Isotropic emitter, corresponding to
the case of the dipolar emitter that rotates faster than the
measurement time.

of a parallel, perpendicular and free to rotate CyS molecule
placed 40 nm above the water—glass interface (on the water
half-space). In all cases molecules emit preferentially into the
glass half-space and at angles close to the critical angle of total
internal reflection, but with distinct angular emission patterns.
While the emission pattern of perpendicular molecules has
rotational symmetry with respect to the surface normal, the
pattern of a parallel molecule has two lobes separated by a gap
along the dipole direction. For a fluorophore free to rotate, the
emission pattern corresponds to the isotropic average of
dipolar patterns with all possible orientations and has thus

radial symmetry. Defocused imaging is a way to access
experimentally the angular emission pattern of single
molecules.’”*" Figures 2D—F include the calculated defocused
images of molecules oriented parallel, perpendicular, and freely
rotating when reducing the objective—sample distance by 1 ym
from the focal plane.

Figure 3 shows typical defocused images (~1 um) of both,
CyS fluorophores conjugated to the center of the DNA origami
platform with and without OAs. The rotational symmetry of
CyS samples without OAs demonstrates that the Cy$
fluorophores are able to rotate on a time scale faster than
the image acquisition time. Remarkably, the emission patterns
of CyS molecules change qualitatively when they are coupled
to the dimer OAs. In this case, the rotational symmetry is lost,
and all detected emission patterns present the two lobes
characteristic of an in-plane dipole. Each individual pattern of
an OA-CyS structure has a different in-plane orientation. In the
presence of a dipolar OA, a rotating fluorophore operating at
frequencies below the OA’s resonance™** will couple to the
resonant antenna mode when aligned parallel to the antenna’s
main axis.”>** Under this orientation, the emission is expected
to be enhanced and directional with a dipolar pattern.** In
contrast, for a perpendicular orientation, the fluorophore’s
radiative rate can be significantly suppressed leading to a
negligible emission into the far-field. ™" This behavior
becomes intuitive when picturing the interactions between
the CyS and its image charges produced on the NPs* (Figure
3C). A perpendicularly oriented dipole is canceled out by its
image dipole (Figure 3C-I), whereas a parallel oriented dipole
is reinforced (Figure 3C-II). Therefore, despite the fact that
the single CyS fluorophore is able to rotate, the presence of the
OA will enhance and mediate the fluorophore’s emission when
its orientation is parallel to the main OA axis and suppress it
when perpendicular. This is confirmed by numerical
simulations of the fluorophore’s quantum yield for the two
orientations depicted in Figure 3C (see Figure S3). For each
defocused pattern in Figure 3B, we extract 6,,, defined as the
main in-plane emission angle.

Next, we studied the excitation directionality with the
polarization-resolved excitation measurements. For each single
structure, as the ones shown on Figure 3, fluorescent transients
were extracted while rotating the incident light polarization.
Exemplary transients are included in Figure 4A, where
fluorescence enhancement (FE) refers to the fluorescence
intensity normalized to the average fluorescence intensity of
the reference structures (without NPs). The incident light
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Figure 3. Defocused images of (A) the CyS reference sample and (B) the OA-CyS structures. The in-plane emission angle 0,,, is highlighted for a
single OA. (C) Sketch of the image charges induced by a fluorophore on the OA elements. The black arrows represent the fluorophore’s emission
dipole moment, whereas the red arrows represent the induced dipoles in the NPs.



//doc.rero.ch

http

A ; PR B

80 extcllz‘:tal-cnI[;-G!ar|7_allr|r:|r?
o VN el - -160 _ |
& 60 ik . e
.l n ik F1202
Q40 | | | |_at, [ [eg & L——
£ M) R ¥
6200 Wi |} ] 140 2|
= ; [ | =

o pitol fe | L ; o = |

0 10 20 30 40 0 10 20

time [s] time [s]

Figure 4. (A) Transients of fluorescence intensity for varying
polarization angle of the excitation for the reference (no NP, blue)
and OAs (NP dimer, red). The OA intensity is normalized to the
average of the reference intensity and thus represents the fluorescence
enhancement (FE). During the first 5O s, the incident polarization is
rotated. (B) Afterwards, the incident light power is increased and its
polarization is turned circular in order to bleach the fluorophores to
verify a single-step photobleaching.

polarization angle is rotated by 20°, sweeping a range of 180°.
Finally, the fluorophores are photobleached using increased
laser power and circularly polarized light to prove single-step
bleaching behavior (Figure 4B). For the reference structures,
fluorescence transients show negligible variations with the
incident polarization angle. This is in line with our previous
observation that CyS is able to rotate faster than the
integration time. In contrast, the transients of OA-CyS$
structures show a clear periodic dependence with the incident
polarization angle. As expected for a dipolar dimer OA, the
electric field enhancement reaches the highest value when the
incident light is polarized along the antenna axis.*’

From these measurements, we extracted the polarization
angle of maximum excitation 0,,, which corresponds to the in-
plane orientation of each OA. We note that for our analysis we
considered only OAs that showed a clear cosine square
response to the polarization angle and a single-step photo-
bleaching, assuring that we probed dipolar OAs with a single
fluorophore.

Finally, we combined the results of the independent
measurements displayed in Figures 3B and 4A in order to
study the emission and excitation directionality of each OA.
Figure 5 displays a scatter plot of 0, versus 6, for 147
randomly oriented dimer OAs with a single CyS fluorophore.
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Figure S. Scatter plot of the in-plane angles of emission 6,, and
excitation 6,, for 147 individual OAs.

The strong correlation between both angles 6,, and 6,
confirms that the OAs impose directionality to the rotating
fluorophores both on excitation and emission according to the
antenna’s main resonant mode.

In summary, using the DNA origami technique we self-
assembled dipolar optical antennas made of two closely spaced
gold nanoparticles with a single fluorescent molecule at their
gap. By means of single-molecule measurements of the
emission pattern and the polarization of maximum excitation,
we showed that the excitation and emission of single
fluorophores that are able to rotate can be made directional
with optical antennas, according to the antenna’s main
resonant mode. These experiments provide a solid ground
for more sophisticated photon routing experiments using single
emitters and self-assembled optical antennas.*”*"
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