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Distance-Dependent Interaction between a Single Emitter
and a Single Dielectric Nanoparticle Using DNA Origami

Nicole Siegel, Maria Sanz-Paz,* Javier Gonzdlez-Colsa, Guillermo Serrera, Fangjia Zhu,
Alan M. Szalai, Karol Kotgtaj, Minoru Fujii, Hiroshi Sugimoto, Pablo Albella,

and Guillermo P. Acuna*

Optical nanoantennas can manipulate light-matter interactions at the nanoscale,
modifying the emission properties of nearby single photon emitters. To date,
most optical antennas are based on metallic nanostructures that exhibit
unmatched performance in terms of electric field enhancement but suffer from
substantial ohmic losses that limit their applications. To circumvent these
limitations, there is a growing interest in alternative materials. In particular, high-
refractive-index dielectrics have emerged as promising candidates, offering
negligible ohmic losses, and supporting both electric and magnetic resonances in
the visible and near-infrared range that can unlock novel effects. Currently, the
few available studies on dielectric nanoantennas focus on ensemble measure-
ments. Here, the DNA origami technique is exploited to study the interaction
between silicon nanoparticles and organic fluorophores at the single-molecule
level, in controlled geometries and at different spectral ranges within the visible
spectrum. Their distance-dependent interaction is characterized in terms of
fluorescence intensity and lifetime, revealing a significant modification of the
decay rate together with minimal quenching and a high-fluorescence quantum
yield even at short distances from the dielectric nanoparticle. This work dem-
onstrates the advantages of dielectric nanoantennas over their metallic coun-
terparts and paves the way for their applications in single-molecule spectroscopy

1. Introduction

Optical antennas mediate and enhance
interactions between light and fluorescent
emitters by modifying their local electro-
magnetic environment.? They can focus
light beyond the diffraction limit by cou-
pling free-space propagating light into
highly enhanced and localized near-fields,
thus increasing the excitation rate of nearby
emitters.”] Optical antennas can also tailor
the emission properties of fluorescent sour-
ces through the manipulation of the local
density of states (LDOS).** To date, the
majority of the studies have focused on plas-
monic optical antennas based on gold or
silver nanostructures. With these metallic
antennas, several effects were demon-
strated. Among them are the acceleration
of the decay rates of fluorescent emitters®
leading to giant luminescence enhance-
ment,*”# ultrafast emission,”'? increased
photostability,''? and control of the emis-

and sensing.

sion pattern.***! Despite all these advan-
ces, metals suffer from high ohmic losses
throughout the visible range, which can lead
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to severe quenching of the fluorescence emission,'* 8 an effect
that intensifies at short distances.!"®

Recently, high-refractive-index dielectric nanoparticles (HRID
NPs), based on materials such as silicon, germanium or gallium
phosphide, have been identified as promising alternatives to met-
als. One central advantage is their ability to support Mie resonan-
ces in the optical range with weaker ohmic losses in the visible
spectrum.'?% Although they exhibit more modest electric field
enhancements than gold or silver optical antennas,*?" the
absence of losses means that emitters in close proximity to
HRID NPs will not suffer from quenching and could achieve a
comparable overall fluorescence. In fact, the mechanism by which
these NPs affect the decay rates can be understood in terms of the
Purcell factor, proportional to the mode Q factor over its volume.
For Mie resonators, it has been shown!*?! that the modal volumes
of electric resonances are relatively low, greatly contributing to the
Purcell factor and thus to the decay rates.

In addition, a key difference with metallic nanostructures lies
in the fact that HRID NPs can support both electric and magnetic
resonances,***) which can give rise to a plethora of effects.
These include directional scattering®*! and directional fluores-
cence emission, ") the modification of the transition rates
of electric and magnetic emitters*"?*>" and the formation of
super-chiral fields®??% for sensing applications.

To date, experiments on HRID optical antennas and their effect
on nearby emitters have shown promising results in terms of fluo-
rescence enhancement,** =" lower heating,*®! modification of
decay rates®” and reduced non-radiative quenching.*®*? These
results were obtained from ensemble measurements?***® or from
diffusing molecules* where the distance to the antenna could not
be controlled. Attempts to circumvent these limitations included
the use of spacer layers®” or scanning-probe microscopy,*® how-
ever, with no stoichiometric control as an ensemble of emitters
was addressed. In addition, it is worth mentioning that all these
experiments were carried out with nanostructures obtained either
Dby laser ablation or through the evaporation of the HRID materi-
als. These synthesis approaches typically produce amorphous or
polydisperse nanostructures with a larger imaginary part of their
refractive index hindering its reproducibility.*®*" Therefore,
despite the extensively predicted potential of HRID materials to
advance the field of optical antennas,***>*2*3 an experimental
study of the interaction between HRID NPs and single fluorescent
emitters at the single-molecule level with nanometer precision and
stoichiometric control is still missing.

Here, we use the DNA origami technique!** to place individ-
ual organic fluorophores and colloidal silicon nanoparticles!*”!
(SiNPs) with nanometric precision. By varying their interdistan-
ces and controlling the geometry, we can study their interaction
at the single-molecule level. Furthermore, the SiNPs employed in
this work are both crystalline and monodispersed. Therefore,
they exhibit a much lower imaginary part in the dielectric permit-
tivity throughout the visible range compared to the amorphous Si
nanostructures commonly used in lithography, potentially lead-
ing to lower non-radiative losses.’>** We carry out fluorescence
intensity and lifetime measurements in two different spectral
ranges that correspond to fractions of the spectrum where either
the SiNP’s electric or magnetic dipolar mode prevails. Our
results show for both spectral ranges that, while the radiative
decay is enhanced close to the NP’s surface, the non-radiative
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rate remains essentially unaltered at values smaller than the radi-
ative decay rate. This contrasts with the behavior observed for
metallic nanoparticles,!"® and emphasizes the advantage of using
dielectric materials for nanophotonic applications without the
need to resort to different approaches to avoid quenching.!*¢*”)
Finally, our results are supported by numerical simulations,
which show good agreement with the experimental data, evidenc-
ing the outstanding positioning control enabled by the DNA ori-
gami technique for placing SiNPs.

2. Experimental Results

Figure 1A depicts a schematic representation of the DNA origami
employed. It consists of a two-layer 12-helix rectangular structure
with dimensions of ~180 x 20 x 5nm (length x width x height)
and a “mast” in the center!® (see further details about the DNA
origami design in Table S4 and S5, Supporting Information). The
DNA origami design includes 6 biotinylated modifications on the
bottom side for their immobilization onto glass coverslips func-
tionalized with neutravidin. Furthermore, the design also includes
32 binding sites consisting of a mixture of Ag and A;g single-
stranded (ss) DNA handles to accommodate a single SiNP at
the upper side (Figure 1A). Finally, a single organic fluorophore
pair consisting of an ATTO 542 and an ATTO 647N, was
incorporated.

In total, three different DNA origami structures were prepared
(Figure 1B), which differed only in the position of the fluorophore
pair, covering an estimated distance to the SiNP’s surface of ~7, 20,
and 80 nm. The crystalline and monodispersed colloidal SiNPs!*”!
employed had a diameter of (140 + 8) nm (see Figure 1C and details
in the supporting information). For this size, SiNPs exhibit in water
Mie resonances within the visible spectrum, as shown in the
numerical simulations of the scattering cross section and mode
decomposition in Figure 1D. This highlights the broadband behav-
ior of SiNPs. Considering the two dyes used in this work, we expect
a higher effect of the SINP on the ATTO 542 as compared to the
ATTO 647 N due to a higher overlap (see Figure 1D).

The incorporation of the SiNPs to the DNA origami structures
was performed following a “surface synthesis” approach.™® To
do so, first the DNA origami were immobilized onto glass cover-
slips through the biotin-neutravidin interaction. Second, a solu-
tion containing the previously DNA-functionalized SiNPs was
added (see Figure 1A). After incubation, the solution containing
the SiNPs was removed. We chose this approach over the “solu-
tion synthesis”!** method since by adjusting the incubation time
and NP concentration, the ratio of DNA origami hybridized with
a single SiNP or none can be manipulated. This can be exploited
to have a control reference population within the same sample
that is being measured, which will be identified by subsequent
colocalization with scanning electron microscopy (SEM). In addi-
tion, the surface synthesis approach yields a more consistent
alignment of the SiNP and the fluorophore pair with respect
to the incident light direction. In this way, dyes are located in
the plane below the SiNP, so that effects such as the enhance-
ment of the excitation field can be neglected (see simulations
of the excitation electric field enhancement in Figure S1,
Supporting Information). To verify proper assembly and to esti-
mate the incorporation yield, we first performed fluorescence
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Figure 1. Monomer assembly using DNA origami and SiNPs. A) Sketch of the DNA origami used, displaying the different dye-NP distances (magenta and
green dots) studied and the polyadenine (blue protrusions) strands to attach subsequently added DNA-functionalized SiNPs. Biotin molecules (violet
diamonds) on the bottom of the origami are used for binding to the surface of a functionalized glass slide. B) lllustration of the assembled monomer
antennas for the three different dye-NP distances used (d, d3, and d3). C) The extinction spectrum from a solution of SiNPs is measured (black) and
compared to simulations (red). From these simulations, the average diameter D and the polydispersity 6/D of the NP distribution are obtained.
D) Scattering cross-section and mode decomposition for a SiNP of 70 nm radius in water. The shaded areas highlight the spectral emission bands
of the two dyes used in our experiments (ATTO 542 in green and ATTO 647 N in magenta).

lifetime imaging microscopy (FLIM) on the DNA origami sample
with the fluorescent pair located at distance d; (Figure 2A). The
results for the ATTO 647 N dye show two distinct populations
with lifetimes of around 4 ns, in agreement with the intrinsic
lifetime of the dye, and shorter lifetimes of ~2.5ns. These
images were colocalized with the positions of the SiNPs as deter-
mined via SEM imaging (Figure 2B) of the same area. The over-
lay of both images (Figure 2C) reveals no aggregation of SiNPs,
minor non-specific binding of NPs to the surface, and a signifi-
cant fraction of the DNA origami containing no NP (=25%).
Moreover, it shows that the lifetime reduction can be ascribed
to the incorporation of a single SiNP into the DNA origami—

2 wIifetime(ns)

therefore, spots colocalizing with a single SINP were used for
further analysis, and the ones without NP were taken as a
reference.

To investigate the effect of a SINP on the emission rates of a
single dye, we extracted the fluorescence intensity and lifetime of
individual dye-SiNP constructs. The results for the ATTO 647 N
at distances d;, d,, and dj are included in Figure 3A-C, respec-
tively, whereas the corresponding results for the ATTO 542 are
included in Figure 3D-F. The reported fluorescence intensity is
normalized to the average fluorescence intensity of the reference
population, whereas for the fluorescence lifetime we used the
absolute value since it is less prone to deviations due to

Figure 2. Monomer imaging and colocalization. A) Fluorescence lifetime image from ATTO 647 N at d; and B) corresponding SEM image of a region
showing colocalization between fluorescent spots and SiNPs, C) overlay between both. Scale bars: 2 pm.
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Figure 3. Broadband lifetime reduction close to SiNPs. Intensity enhancement 1/I° versus lifetime 7 for the two dyes present in our DNA origami con-
struct: A—C) ATTO 647 N and D-F) ATTO 542, located at various distances (d; = 7 nm, d; = 20 nm, d; ~ 80 nm) to the SiNP (lighter color) and in
absence of the NP (darker color). Number of events measured (A) Nyer= 55, Nsi =122, (B) Nyer=81, N5; =126, (C) Ner= 71, N5; =58, (D) N,s=41,

Nsi =112, (E) Nyer=74, N5;=108, (F) Nf=60, N5;=59.

alignment or slight variations in laser power. As expected, the
measurements on the reference population yield a rather com-
pact distribution with similar average fluorescence lifetimes
for each dye. For the dye-SiNP hybrids at distance ds, in the green
and red spectral ranges, both the fluorescence intensity and life-
time overlap with the reference values. Therefore, we conclude
that at distances >80 nm the interaction is negligible. The situa-
tion is different for distances d; and d, in which a clear deviation
from the reference values can be observed for both dyes, pointing
to the broadband effect of SiNPs.

To better evaluate this distance-dependent trend, we plot in

Figure 4A,B the median relative fluorescence lifetime % and

0.0 T

0 10 20 30 40 50 60 70 80
distance (nm)

intensity enhancement  for both dyes as a function of the dis-
tance to the NP surface. Here, the error bars represent the
median absolute deviation (MAD). Note that the error bars are
much larger for the intensity measurements than for the lifetime
ones. This is related to the confocal measurement itself, where
small drifts in focus and lateral position affect the detected inten-
sity in a larger manner than the lifetime.

The main features of Figure 4 can be summarized in a lifetime
reduction at d; and d, for both fluorophores, stronger for the
ATTO 542 due to a higher spectral overlap, while the fluores-
cence intensity remains essentially unchanged regardless of
the dye or position.’”) These two observations hint at the

R

[

o\l

0 10 20 30 40 50 60 70 80
distance (nm)

Figure 4. Distance-dependent lifetime and intensity changes. A) Changes in lifetime = and B) intensity | with respect to the isolated molecule as a function
of the dye-SiNP distance for the two emitters: magenta for ATTO 647 N and green for ATTO 542. Shadowed areas indicate the range between the
simulated values for radial (dotted) and tangential (dashed) orientations, and the solid line represents the trend for an average orientation. Note that
simulations in (B) correspond to changes in quantum yield ¢. Experimentally obtained values of intensity changes with their corresponding error bars
(dots representing the median and bars the median absolute deviation) fall well within those expected ranges.
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Figure 5. Comparison between experimentally extracted rates and simulated values. A) Changes in radiative decay rate k, and B) non-radiative decay rate
kar with respect to the isolated molecule as a function of the dye-SiNP distance for the two emitters: magenta for ATTO 647 N and green for ATTO 542.
Shadowed areas indicate the range between the simulated values for radial (dotted) and tangential (dashed) orientations, and the solid line represents the
trend for an average orientation. Experimentally obtained values (dots representing the median and bars the median absolute deviation) fall well within
those expected ranges. Inset in (B) shows a zoom-in for better visualization of the simulated values.

conclusion that the radiative decay rate dominates the lifetime
decrease,*” even at this short distance, as opposed to what hap-
pens with gold or silver NPs.P!

To support this observation, we used those measured fluores-
cence intensity and lifetime to determine the distance-dependent
modification of the decay rates for a single molecule in the vicin-
ity of a NP and compared it to the isolated case.'”*"! First, the
relative change in quantum yield % can be approximated to the
relative change in intensity 47!

I ¢

¢ Tkgen® I

kexc ’7
T R ° Pkeen I°
¢ exc ’7

Io (po B ngC r]o

1)

where the superscript x° corresponds to the reference case (isolated
dye without NP), k., refers to the excitation rate (which is propor-
tional to the local electric field intensity), and 7 is the collection effi-
ciency. In Equation (1), we have neglected changes in the overall

product of ’fﬁﬁ as expected for the geometry of the hybrid system

exc 1

with the dye located in the polar plane. However, a thorough anal-
ysis to account for these effects can be found in Figure S1 and S2,
Supporting Information. Then, using this change in quantum yield
together with the measured lifetimes (z° and 7) and the intrinsic
quantum yield ¢° of the commercial dyes employed, the changes
in decay rates can be obtained from

ke o1°

B @
ke (1 @\7°

e () <3>

with k, and k,,, the radiative and non-radiative decay rates, respec-
tively. These rates are estimated for both dyes at the three different
distances, and the resulting values are shown in Figure 5 (median
and error bars in green for ATTO 542 and magenta for ATTO
647 N). For the two different spectral ranges sampled, k, increases
closer to the SiNP surface (Figure 5A), reaching enhancement val-
ues close to 3. In contrast, k,, remains essentially independent of
the distance to the SiNP with lower enhancement values < 1
(Figure 5B). The uncertainty in the determination of k,,, is higher

Small Struct. 2025, 6, 2500299 2500299 (5 of 8)

than that of k, as expected from the subtraction in Equation (3). In
conclusion, changes in k. dominate the lifetime reduction even at
short distances, as they are comparable or even one magnitude

larger than changes in k,,,, that is, ,f—r; >3 (Figure 5B). This is radi-
cally different from what has been measured for gold, where the

non-radiative rate surpasses the radiative one by one order of mag-

nitude <,§‘Tf R~ O.l) Y Overall, this makes a >30-fold improvement

of HRIDs over plasmonic materials for enhancing k, over k.
Despite this difference, the lifetime is still reduced around a
SiNP. For the shortest distance, the lifetime is lowered on average
Dby 2.5-fold, a reduction that is larger than previously measured val-
ues around a single NP.*%*!

The experimental results are compared to numerical simula-
tions performed for the two orientations of the fluorophore’s tran-
sition dipole moment (radial or tangential to the SiNP surface).
These simulations are included in Figure 4 and 5, where dotted
(dashed) lines represent the case of the radial (tangential) orienta-
tion, and the solid lines represent a weighted average (1 x radial +
2 x tangential). Since our measurements are carried out in an
aqueous solution, dyes can be either freely rotating or fixed at
any random orientation. Thus, the experimentally extracted rates
are expected to fall in between those two extreme cases (shadowed
areas in Figure 4 and 5). Indeed, we observe a good agreement
with the simulations for the different parameters. The simulations
also reveal, as opposed to the case of gold,*" the low sensitivity of
the non-radiative rate to the emitter orientation (Figure 5B).*?
Note that changes in the collection efficiency or the excitation

rate due to the SiNP itself have been neglected in Figure 5, that

. 0 0 . . . .
is, %%: 1. A more detailed analysis taking into account

those changes, has been included in Figure S3, Supporting
Information and shows that our conclusions remain unaltered
with values that show good agreement with the simulations.

3. Conclusion

In conclusion, we have experimentally proven the effectiveness
of silicon as an alternative to plasmonic materials for optical
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antennas. This was evidenced by the absence of fluorescence
quenching of emitters at short distances to single SiNPs for
two different spectral ranges within the visible regime. We have
also extracted the changes in radiative and non-radiative decay
rates from measured fluorescence intensity and lifetime values
as a function of the distance to the SiNP. Our results show that
changes in lifetime are dominated by an enhanced radiative
decay rate, which can reach an order of magnitude more than
changes in the non-radiative one. This opposes the established
behavior for metals, where losses are the main source of decay
at shorter distances to the NP. Such reduced quenching elimi-
nates the need of spacer layers commonly used for sensing,
opening promising possibilities for the use of high-refractive-
index materials in the field.

The results obtained are also rationalized through numerical
simulations that exhibit a good agreement with the values of
(p/(/)o, 1/10, %’ and % retrieved. This highlights the accuracy in
distance control enabled by the DNA origami technique not only
for metallic NPs, as it has been extensively shown, but also for
high-refractive-index dielectric NPs.

These findings push forward new possibilities for designing
nanophotonic platforms that preserve or even enhance fluores-
cence emission without introducing significant non-radiative
losses. In particular, the use of dielectric nanoantennas that mini-
mize quenching could be exploited in applications such as single-
molecule detection, bio-imaging, or quantum light sources,"’
where the efficiency and photostability of the emitter are critical.
Furthermore, these results suggest that dielectric nanoantennas
can serve as ideal photonic interfaces for fluorescent emitters, pre-
serving their quantum efficiency while enabling strong and con-
trolled light-matter interactions. This is particularly advantageous
for their integration into photonic circuits, where maintaining
emitter performance near nanostructures is essential for efficient
light routing,””! quantum photon sources, and fluorescence-based
biosensors.

4. Experimental Section

DNA Functionalization of SiNPs: Crystalline SiNPs were synthesized
following established protocolst*®! and size-separated using a sucrose gra-
dient centrifugation process. Initially, a gradient forming system from
Biocomp was employed to mix 50 wt% sucrose (placed at the bottom)
and 20wt% (placed at the top) using a SW40 rotor at 30 rpm, with a
12-second stop between rotations. The SiNP solution (0.5 wt% in methanol)
was then carefully deposited on top, ensuring that the pipette tip made con-
tact with the gradient surface to avoid breaking surface tension. The
samples were centrifuged at 2000 rcf for 90 min. Size-separated SiNP sol-
utions were retrieved using an automated piston that gradually descended
from top to bottom at a rate of 0.5 mmsec ', collecting fractions every
3 mm. The solution was washed by centrifugation and resuspension twice
with water and twice with methanol. Subsequently, SiNPs 0.04 wt% (diam-
eter =141 nm with SD ~ 15 nm as calculated from the extinction simulated
spectra, see supporting information) were dispersed in anhydrous DMF
(10 mL) by ultrasonication, followed by the addition of CPTMS with a ratio
of 200 CPTMS molecules per nm? of NPs. After 2 h of sonication at 70 °C,
NaN; was added in excess, and the mixture was stirred overnight at 40 °C.
The NPs were then purified by centrifugation at 2000 rcf for 10 min, followed
by consecutive redispersion twice in methanol and twice in water.>*! Finally,
freezing-assisted SPAAC was employed for DNA conjugation. Shortly,
SiNPs (1 mL, 0.1 wt%) were centrifuged at 2000 rcf for 10 min and resus-
pended in a 3:1 mixture of DBCO-modified T18 and T36 (300 pL, 100 pM,
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Biomers GmbH). Subsequently, 1 mL of PBS-SDS-Tween20 buffer (1X PBS
pH 7.5, 0.1% SDS, 0.1% Tween20) was added to the mixture, which was
then frozen at —20 °C for 2 h. The NPs were thawed by sonication for 5 min,
centrifuged twice for 10 min at 2000 rcf, and resuspended in water. For fur-
ther purification and size separation, a 0.5 wt% agarose electrophoresis gel
(LE Agarose, Biozym Scientific GmbH) in 0.5x TAE (20 mm Tris, 5 mm
Acetate, 0.5 mm EDTA) and 6 mM MgCl, was run for 3h at 100V. The
NPs were recovered by extracting the desired band (green band correspond-
ing to 140 nm) from the gel.** The extinction spectra of the NPs was mea-
sured, and the size was calculated (diameter = 140 nm with SD = 8 nm as
calculated from the extinction simulated spectra, see Figure 1C).

DNA Origami Synthesis: The DNA origami employed in this study was
designed using CaDNAno,”®! and the structure files are available at
https://nanobase.org/structure/146.°%) A 7249-nucleotide-long scaffold
extracted from the M13mp18 bacteriophage (Bayou Biolabs LLC) was
folded into the desired shape using 243 staples in 1xTAE (40 mm Tris,
10 mm Acetate, 1 mm EDTA), 12 mm MgCly, pH 8 buffer. It was mixed
in a 10-fold excess of staples (purchased from IDT) over scaffold, and
100-fold for the functional staples (fluorophores, biotin, and handles, pur-
chased from Biomers GmbH) shown in Table S3 and S4, Supporting
Information. The mixture was heated to 70 °C and cooled down at a rate
of 1°C every 20 min up to 25 °C. The DNA origami structures were later
purified by 1% agarose (LE Agarose, Biozym Scientific GmbH) gel electro-
phoresis at 70V for 2h and stored at 4 °C.P”!

On-Surface Assembly of Optical Nanoantennas: Glass slides with custom-
made chromium grids were cleaned through a series of sonication baths,
using the following solvents in sequence: 15 min in acetone, 15 min in iso-
propanol, 15 min in potassium hydroxide (3 M), and 15 min in water. The
surfaces were then activated by exposure to UV-ozone cleaning and subse-
quently coated with BSA-Biotin and Neutravidin (BSA-biotin and neutravi-
din, 0.5 mg mL " in PBS), each incubated on the grid for 25 min. The DNA
origami (30 pm) was incubated on the surface for 15 min, and attached via
Biotin protrusions from the bottom of the structure. Finally, 2 pm of func-
tionalized SiNPs in PBS-SDS-Tween20 buffer (1X PBS pH 7.5, 0.1% SDS,
0.1%Tween20) were incubated overnight.

Simulation of the Decay Rates: The simulations included in Figure 4
and 5 were performed using Lumerical FDTD together with the formalism
described by Ringler et al.*® We simulated a SiNP of 140 nm in diameter.
The complex dielectric permittivity of Si was taken from Palik,*! fitted with
3 polynomial coefficients, zero tolerance and an imaginary weight of 0.5.
Background refractive index was set to 1.33 (water). The considered sim-
ulation region was 640 nm in size for all dimensions (x, y, z), and set with
standard PML boundary conditions (BCs). 64 PML layers were employed
for a better convergence. The simulation was set with a time of 1000 fs
and an auto-shutoff level of 1078, Symmetric BCs were used whenever
possible.

Although fluorescence is a quantum mechanical effect, the radiative
features of a fluorescent quantum emitter allow us to consider a classical
approach. In this approximation, the emitter acts as a point-like dipole
with a time-dependent dipole moment.*” Therefore, we used a dipole
source in two different contexts: a homogeneous medium with a water-
like refractive index, and a non-homogeneous environment where the
overall emission is affected by the presence of a dielectric nanoparticle
immersed again in a water-like medium. In this case, the dipole source
was placed above the NP in the z axis, at the effective distance d; between
the fluorophore and the NP’s center. This configuration allows for more
efficient calculations with an equivalent configuration to the experimental
situation. In this configuration, and due to the NP’s symmetry, a dipole
oriented along the x axis yields the same result as a dipole oriented along
they axis (both perpendicular to the NP). This means that two calculations
were made for the orientational average: one dipole oriented along the x
axis (tangential orientation), and one oriented along the z axis (radial ori-
entation), with the first result doubled to match the perpendicular
degeneracy.

The enhancement factors of the frequency-dependent radiative g, and
non-radiative g,,, decay rates can be calculated from the far-field radiative P,
and absorbed P, powers,[sol respectively, and normalized to the radiated
power Py of the dipole
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To calculate the radiative and absorbed powers, we use box monitors
around the dipole, the nanoparticle, and the entire system. This allows
us to independently integrate the power emitted by the dipole and the power
absorbed by the nanoparticle, as well as to calculate the contribution of the
whole system. It is important to note that with Lumerical FDTD the absolute
decay rates cannot be calculated but only the relative ones. Furthermore, our
computational model cannot calculate the intrinsic non-radiative decay rate
since this decay includes non-radiative transitions coming from other phe-
nomena, such as phonon excitations.

To ensure the adequacy of our simulations, we pay special attention to
the mesh features, given the proposed dipole-particle distances. We select
a minimum mesh step of 0.25 nm, which also allows for the correct repro-
duction of the nanoparticle curvature, preventing lightning rod effects. A
general mesh of 2.5 nm (in all directions) was set around the NP-dipole
system, while a finer 0.5 nm mesh was set in the vicinity (5 nm) of the
dipole source.

As for the decay rate calculations, the total radiative k, and non-radiative
knr rates are given by the integrals

ko [
5= / Folo)g, (@)do ©)

knr &
- [ fowg(do )

where k? is the radiative decay rate of the isolated molecule, and fy() is
the integral-normalized fluorescence spectrum of the isolated dye

Fo(@)

folw) = J&° Folw)dw

@)

with Fo(w) the fluorescence spectrum as provided in the vendor's data
sheet for the two dyes used here.
From those quantities, the quantum yield can be calculated as
ky

_ K
Tk Lk
bt ()

with ¢° being the intrinsic quantum yield of the isolated molecule (0.65 for
ATTO 647 N and 0.93 for ATTO 542).

Simulation of the Excitation Electric Field Enhancement: A SiNP (dielec-
tric permittivity as previously described) of 140 nm in diameter was placed
at a distance of 5nm from a glass substrate (n=1.5) an immersed in
water (n=1.33). See diagram in Figure S1A, Supporting Information. A
general mesh of 2 nm was used, with a finer mesh of (dx,dy,dz) = (2,2,0.7)
nm at the gap between the SiNP and substrate. lllumination was per-
formed using a total field-scattered field (TFSF) source that is circularly
polarized, surrounding the NP and extending into the substrate. To com-
pute the changes in excitation intensity, a monitor was placed in the inter-
mediate plane between the SiNP and the substrate, where the fluorophore
is lying. Values of electric field intensity were computed for the three dif-
ferent lateral distances d;.

Experimental Setup: Measurements were performed on an inverted
microscope (Olympus IX71). Excitation was performed with a randomly
polarized supercontinuum white light laser (FYLA SCT1000) that was spec-
trally filtered to a wavelength of (635 & 5) nm or (532 £ 5) nm to efficiently
excite the dye (ATTO 647 N or ATTO 542, respectively). A high NA objective
was used (Olympus, 100 x NA = 1.4) for excitation and collection. Emitted
fluorescence was spectrally split into two paths by a dichroic mirror
(640DCXR, Chroma) and detected by two avalanche photodiodes (tau-
SPAD, PicoQuant) with appropriate filters. The APDs and the pulsed laser
are connected to a module for time-correlated single-photon counting

©
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(MultiHarp150, PicoQuant) for recording the photon arrival times.
Measurements were performed as follows. First, a confocal image of a
region of the sample was recorded, and the position of the DNA origami
structures was determined. For each region imaged, measurements were
taken first using red excitation to ensure all ATTO 647 N dyes are bleached
before moving to green excitation in order to avoid FRET between both flu-
orophores. Then, each structure was brought into the center of the confocal
observation volume, and fluorescence transients were recorded. Only tran-
sients with single-step photobleaching were considered to guarantee that
only single molecules were studied. From those transients, the average
intensity before bleaching was extracted, together with the photon arrival
times. Based on the latter, a decay histogram is obtained and fitted with
a mono-exponential decaying function convoluted with the instrument
response function (IRF) of the system to extract the fluorescence lifetime.

Statistical Analysis: Data shown in all figures includes all recorded
fluorescence time traces showing a clear single bleaching step (no further
pre-processing). After colocalization with SEM, traces were split into ref-
erence and antenna. In Figure 3, lifetime values are plotted as recorded,
whereas intensity values are normalized to the median from the reference
I°. Figure 4 and 5 show the median values from those distributions, and
the error bars represent the median absolute deviation (MAD). They were
represented calculated using both MATLAB and OriginLab. The sample
size for each case is given in the caption of Figure 3.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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