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ABSTRACT: Förster resonance energy transfer (FRET) plays a key
role in biochemistry, organic photovoltaics, and lighting sources.
FRET is commonly used as a nanoruler for the short (nanometer)
distance between donor and acceptor dyes, yet FRET is equally
sensitive to the mutual dipole orientation. The orientation dependence complicates the FRET analysis in biological samples and may
even lead to the absence of FRET for perpendicularly oriented donor
and acceptor dipoles. Here, we exploit the strongly inhomogeneous
and localized ﬁelds in plasmonic nanoantennas to open new energy
transfer routes, overcoming the limitations from the mutual dipole
orientation to ultimately enhance the FRET eﬃciency. We
demonstrate that the simultaneous presence of perpendicular nearﬁeld components in the nanoantenna sets favorable energy transfer
routes that increase the FRET eﬃciency up to 50% for nearly
perpendicular donor and acceptor dipoles. This new facet of plasmonic nanoantennas enables dipole−dipole energy transfer that
would otherwise be forbidden in a homogeneous environment. As such, our approach further increases the applicability of singlemolecule FRET over diﬀraction-limited approaches, with the additional beneﬁts of higher sensitivities and higher concentration
ranges toward physiological levels.
KEYWORDS: FRET, plasmonics, LDOS, optical antenna, ﬂuorescence enhancement, dipole−dipole interaction

F

örster resonance energy transfer (FRET) describes the
near-ﬁeld dipole−dipole energy exchange from an excited
donor to a ground-state acceptor emitter.1,2 This phenomenon
plays a key role in energy harvesting3−5 and is also widely used
to probe molecular conformations and interactions.6−9 A major
feature of FRET is its high sensitivity to the relative position of
donor and acceptor ﬂuorophores at the nanoscale, with the
energy transfer eﬃciency going down with the inverse 6th
power of the donor−acceptor distance.
In addition to the donor−acceptor distance, FRET is also
highly dependent on the mutual orientation between the donor
and acceptor transition dipoles.10−13 The FRET eﬃciency is
maximal when both dipoles are aligned and is strictly zero for
perpendicular dipoles, whatever the separation between them.
This orientation dependence complicates the FRET analysis
because the orientation mobility of the ﬂuorophores is often
constrained in biological samples, and the hypothesis assuming
isotropic orientation averaging is no longer valid.10,11 It may
even lead to the erroneous absence of FRET detection for

perpendicular donor and acceptor dipoles despite their mutual
presence on the construct and their nanometer separation. The
goal of our article is to tackle this orientation problem in FRET
using nanophotonics.
Nanophotonic structures oﬀer new ways to enhance light−
matter interactions at nanoscale dimensions.14,15 Several
structures such as resonant microcavities,16−18 plasmonic
antennas,19−25 or waveguides26−29 have been considered to
tailor the photonic environment so as to manipulate the energy
transfer between dipole emitters. The FRET rate constant was
shown to be barely aﬀected by mirrors,30−32 microresonators,33,34 and dielectric nanoparticles,35,36 which do not provide
enough ﬁeld conﬁnement. Plasmonic nanostructures such as
nanoparticle arrays,37−39 metal nanoapertures,40,41 and nanogap

Figure 1. FRET constructs and plasmonic nanostructures to enhance energy transfer. (a) Deﬁnition of the FRET orientation parameter κ2 between a
donor (D) and an acceptor (A) dipole. The lower panels show the simpliﬁed cases when both dipoles are in parallel planes with colinear (κ2 = 1) or
perpendicular (κ2 = 0) orientations. (b) Simulated evolution of the FRET eﬃciency between Cy3 and Cy5 terminally attached to duplex DNA as a
function of the length of the DNA helix. The calculations show the extreme cases of total rigidity of the ﬂuorophores stacked on the DNA (blue line)
and complete mobility (black dashed line) corresponding to the orientation-averaged κ2 value of 2/3. The experimental data (red dots) for the
constructs using 12 and 17 base-pair separations validate the predominant stacking of the Cy3 and Cy5 ﬂuorophores on the ends of the DNA helix in
near-perpendicular orientations. (c) Same as (b) for the Atto550−Atto647N system, which serves as a reference for the complete orientational
mobility of the ﬂuorophores. (d) Scanning electron microscope image of a nanogap antenna milled in an aluminum ﬁlm. (e) Excitation intensity
enhancement computed at 550 nm with horizontal excitation polarization along the nanogap. (f,g) Same as (e,f) for a 200 nm diameter aperture
milled in aluminum.

antennas42,43 are the key to signiﬁcantly enhancing the FRET
rate. Although most of these works focus on the relationship
between FRET and the local density of optical states (LDOS),
the importance of the dipolar orientation in FRET has been
largely overlooked by the nanophotonic community. Moreover,
several works highlight the competition between FRET and the
radiative and nonradiative decay processes to the plasmonic
nanostructure, which generally leads to a decrease in the FRET
eﬃciency.30,42,43 Controlling this competition and enhancing
the FRET eﬃciency have remained major challenges so far.
In this work, we show how the strongly inhomogeneous and
localized electric ﬁeld components in plasmonic nanoantennas
can be used to open new energy transfer routes, overcome the
limitations from the mutual dipole orientation, and ultimately
enhance the FRET eﬃciency. Contrary to the far-ﬁeld radiation
of a dipole in a homogeneous medium that contains a single
transverse component, the near-ﬁeld (evanescent) radiation of
a dipole in a plasmonic nanoantenna has electric-ﬁeld
components along all three directions of space. This
simultaneous presence of perpendicular near-ﬁeld components
opens favorable energy transfer routes whatever the mutual
orientation of the donor and acceptor dipoles. Our data show
that the FRET eﬃciency can be enhanced up to 50% for nearly
perpendicular donor and acceptor dipoles in a plasmonic
nanogap antenna, with the FRET enhancement largely
overcoming the losses and dominating the competition with
the other decay processes from the donor excited state. This
important result demonstrates that plasmonic nanoantennas
enable the observation of dipole−dipole energy transfer that
would otherwise be forbidden because of near-perpendicular

orientation of the donor and acceptor dipoles. It emphasizes a
new facet of optical nanoantennas and provides a strategy for
using nanophotonics to reveal FRET interactions that would
otherwise be challenging to probe using diﬀraction-limited
microscopes.
The relative orientation between the donor and acceptor
transition dipoles is generally described in FRET by the
orientation parameter κ2 = (cos θT − 3 cos θD cos θA)2, where
θT is the angle between the donor and acceptor dipoles, and θD
and θA are the angles between each dipole and the axis joining
them, respectively (Figure 1a).11,44 κ2 is maximal and amounts
to 4 when both dipoles are aligned (θT = θD = θA = 0), while κ2
vanishes for dipoles in parallel planes with perpendicular
orientation (θT = θD = θA = 90°). Often, the orientationaveraged value κ2 = 2/3 is considered, assuming that both
ﬂuorescent dyes are freely mobile and that the isotropic
reorientation occurs on a time scale much faster than the decay
lifetime from the donor excited state. However, this assumption
breaks for situations in which the orientation mobility of the
ﬂuorophores is constrained.10,11
Cy3 and Cy5 form a commonly used FRET pair that
presents a clear mutual orientation dependence.11 It has been
shown that Cy3 and Cy5 predominantly stack on the ends of
the DNA helix in the manner of an additional base pair when
they are attached to the 5′ termini of duplex DNA with short
carbon linkers.45−48 In this work, we use this phenomenon and
select speciﬁc DNA constructs providing near-perpendicular
orientation between the Cy3 donor and Cy5 acceptor. With
Cy3 and Cy5 being predominantly stacked to the 5′ end of the
DNA duplex, the relative orientation of the dipoles can then be

Figure 2. FRET eﬃciency enhancement in aluminum nanostructures. (a) Fluorescence time traces for the donor (green) and acceptor (red, inverted
vertical axis) detection channels for the Cy3-12-Cy5 sample (donor with the acceptor at a 12 base-pairs separation) on the confocal reference, the
200 nm diameter aperture, and the 20 nm gap antenna (note the diﬀerent vertical scalings). The binning time is 0.4 ms for the confocal and aperture
cases and 0.1 ms for the antenna. All count rates are computed back in counts per millisecond for direct comparison between the bursts amplitudes.
Longer traces of 20 s duration are provided in Figure S4. (b) Comparison of the FRET eﬃciency histograms for the diﬀerent constructs and
conﬁgurations: confocal, 200 nm diameter aperture and 20 nm gap antenna. κ2 is the orientation parameter measured for the confocal setup. Black
lines are Gaussian ﬁts used to determine and compare the mean FRET eﬃciencies (indicated by dashed vertical lines). (c) Evolution of the mean
FRET eﬃciency in the diﬀerent conﬁgurations. The error bars correspond to the standard error on the mean plus a term to take into account
potential systematic deviations in the FRET eﬃciency computation.

tuned by adapting the length of the DNA double strand, as
shown by the simulations on Figure 1b.11 DNA lengths of 12
and 17 base pairs are found optimal to provide nearperpendicular orientation of the donor and acceptor dipoles.
We conﬁrm these predictions by experimental measurements of
the FRET eﬃciencies in the confocal reference setup for the
Cy3−Cy5 samples with 12 and 17 base pairs DNA lengths (red
dots in Figure 1b and Figure S1 for the FRET eﬃciency
histograms). These data show a signiﬁcant reduction compared
to the expected eﬃciency assuming the isotropic κ2 = 2/3
orientation (further conﬁrmed by ensemble spectroscopy
measurements; see Figure S2). From this reduction, we
compute back the orientation parameter κ2 for each sample.
For the Cy3−Cy5 sample with 12 base pairs separation
(denoted Cy3-12-Cy5), κ2 vanishes to 0.06 ± 0.03, indicating
near perfectly perpendicular orientation of the dipoles. For the
larger 17 base pairs separation (Cy3-17-Cy5 sample), κ2
decreases to 0.2 ± 0.1, also still signiﬁcantly lower than the
isotropic 2/3 value. The κ2 does not reduce completely to zero,
which is related to a residual dynamic mobility of the
ﬂuorophores together with a minor fraction of Cy3 unstacked
from the DNA.11
To compare with a case for which the orientation mobility of
the ﬂuorophores is not noticeably constrained, we select a
Atto550−Atto647N FRET pair covalently linked to double
stranded DNA with a ﬂexible linker and set a 20 base-pair
separation between the dyes (Figure 1c).40,41 For this sample,
the measured FRET eﬃciency and the value κ2 = 0.6 ± 0.2
stand in good agreement with the orientation-averaged κ2 = 2/3

hypothesis (Figure S1), and this construct can be used as a
reference for freely mobile ﬂuorophores. Moreover, as the
absorption and emission spectra of cyanine and Atto FRET
pairs are almost similar (Figure S3), the results for both systems
can be directly compared.
To probe the inﬂuence of the dipole−dipole orientation in
FRET enhanced by photonic nanostructures, we use two
diﬀerent designs: a 20 nm gap nanoantenna between two 80
nm aluminum particles (Figure 1d,e) and a circular aperture
with 200 nm diameter (Figure 1f,g). Both structures are milled
by focused ion beam in an aluminum ﬁlm with 50 nm thickness
for the nanogap antenna and 150 nm for the nanoaperture. The
electromagnetic intensity is conﬁned inside the nanogap region
(Figure 1e) and at the bottom of the nanoaperture (Figure 1g),
as indicated by the numerical simulations using ﬁnite diﬀerence
time domain (FDTD) method. This conﬁnement is further
conﬁrmed by ﬂuorescence correlation spectroscopy (FCS)
experiments to quantify the near-ﬁeld detection volume inside
the nanostructures.41,42
The FRET experiments are performed on an inverted
confocal microscope, which enables the selection of individual
nanostructures and simultaneous recording of the ﬂuorescence
emission dynamics for both the donor and acceptor dyes with a
picosecond resolution. Diluted concentrations of the FRET
constructs ensure that the observations are performed at the
single FRET pair level and avoid potential collective eﬀects in
FRET.16,31 Fluorescence intensity time traces show bursts
representing a detection event of a single FRET pair diﬀusing
across the nanoscale detection volume (Figure 2a). Burst

Figure 3. Accelerated donor photodynamics conﬁrm FRET eﬃciency enhancement. (a) Comparison of the normalized ﬂuorescence decay traces for
the isolated Cy3 donor conjugated to DNA in the confocal, aperture, and antenna setup (no acceptor in this case). Black lines are numerical ﬁts
convoluted by the instrument response function (IRF, gray curve). The acceleration of the donor photodynamics demonstrates an enhanced local
density of optical states (LDOS) in the aperture and an even more pronounced one in the nanoantenna. (b) Normalized ﬂuorescence decay traces
for the Cy3 donor in the presence of the acceptor. For each subgraph, from top to bottom, the curves correspond to the isolated donor on 12 base
pairs DNA (Cy3-12-), the donor with the acceptor at 17 base pairs separation (Cy3-17-Cy5), and the donor with the acceptor at 12 base pairs
separation (Cy3-12-Cy5). For each confocal, aperture and antenna case, the acceptor proximity accelerates the donor photodynamics and
demonstrates the occurrence of FRET. Black lines are numerical ﬁts convoluted by the IRF. (c) Average donor ﬂuorescence lifetime deduced from
the traces in (a,b). From top to bottom, the curves correspond to the Cy3 donor without the acceptor (Cy3-12-) and with the presence of the
acceptor at a separation of 17 base pairs (Cy3-17-Cy5) and a separation of 12 base pairs (Cy3-12-Cy5). (d) Enhancement factors for the FRET rate
constant ΓFRET computed with respect to the confocal reference.

intensities are higher in the nanoantenna than in the
nanoaperture or confocal reference (Figure S4). This conﬁrms
the strong conﬁnement of the electromagnetic energy much
below the diﬀraction limit and indicates ﬂuorescence enhancement.41,42 For the nanoaperture, the ﬂuorescence enhancement
factors are ηF,d = 5.4 and ηF,a = 5.75 for isolated Cy3 and Cy5
terminally attached to double stranded DNA. For the nanogap
antenna, we ﬁnd ηF,d = 10.6 and ηF,a = 7.8 for isolated Cy3DNA and Cy5-DNA constructs, respectively.
Next, we turn to the enhancement of the FRET eﬃciency.
To this end, we compare the FRET eﬃciency histograms for
the diﬀerent predominant orientations of the ﬂuorescent
dipoles and the diﬀerent nanophotonic structures (Figure
2b). For every detected ﬂuorescence burst, the corresponding
FRET eﬃciency EFRET is computed from the ratio of intensities
in the acceptor and donor channels. Our analysis carefully takes
into account several phenomena, which are calibrated
separately: the direct excitation of the acceptor by the laser
light, the donor emission crosstalk into the acceptor channel,
the diﬀerences in the quantum yields and detection eﬃciencies
for the donor and acceptor emissions, and the ﬂuorescence
enhancement for the isolated donor and acceptor (see the
Methods section for details). The measured FRET eﬃciencies
are stored in histograms and displayed in Figure 2b for a direct
comparison between the FRET constructs and the nanostructures. These histograms assess the occurrence of FRET by their
nonzero mean values, which clearly diﬀer from the data
recorded for the isolated Cy3 donor (Figure S5).

For the Atto550-20-Atto647N sample with nearly complete
ﬂuorophore mobility, the average FRET eﬃciency is reduced by
about 2-fold, as the experimental conditions move from the
confocal to the nanoantenna (Figure 2b, left column). This
eﬃciency reduction is consistent with our earlier work42 and is
related to the larger increase of the isolated donor total decay
rate ΓDo (mainly due to ohmic losses to the metal) as compared
to the enhancement of the FRET rate ΓFRET. This phenomenon
contributes to lower the apparent FRET eﬃciency EFRET =
ΓFRET/(ΓFRET + ΓDo) by increasing its denominator ratio.
A strikingly diﬀerent evolution is observed for the Cy3−Cy5
samples with constrained ﬂuorophore mobility and nearperpendicular dipole orientation (Figure 2b, center and right
columns). The FRET eﬃciencies for the Cy3-12-Cy5 and Cy317-Cy5 samples are remarkably increased in the plasmonic
nanostructures as compared to confocal excitation despite
identical nanophotonic LDOS conditions (and optical losses)
as for the Atto550-20-Atto647N sample. The mean FRET
eﬃciencies are further summarized in Figure 2c. The highest
eﬃciency increase of more than 50% is obtained for the
nanogap antenna and the Cy3-12-Cy5 sample bearing the
smallest orientation parameter (κ2 = 0.06). These results
evidence the key role played by the mutual dipole−dipole
orientation in nanophotonics-enhanced FRET and demonstrate
that the electromagnetic near-ﬁeld control by the nanoantenna
opens new energy transfer routes. These routes are especially
valuable for FRET constructs with near-perpendicular dipole
orientation, in which the energy transfer is essentially

Figure 4. Spatial distributions of the electric ﬁeld amplitude emitted by a point dipolar source in free space (a−d) and in the center of a 20 nm gap
nanoantenna (e−h). The schemes on the left column indicate the dipole orientation (black arrow), the plane of view (gray), and the component of
the electric ﬁeld (red) that is displayed. For the free-space references (a−d), the ﬁeld amplitude is near zero as we select the azimuthal component.
To ease viewing on the same color scale for all sub images, the ﬁeld amplitude has been multiplied by 100× for the free-space cases (a−d). The
dipole positions and orientations are again indicated on the images as white arrows. The dashed squares on the images represent the zones that are
magniﬁed on the right column.

prohibited in a homogeneous photonic environment. The
simultaneous presence of evanescent ﬁelds along all space
directions inside the nanoaperture and even more inside the
nanogap antenna allows the overcoming of the limitations of
mutual orientation and the setting of the local electromagnetic
conditions so as to maximize the absorption by the acceptor
dipole of the ﬁeld generated by the donor dipole.
To underpin our understanding of the enhanced FRET
eﬃciencies, we use time-correlated single photon counting
(TCSPC) as a separate independent method to record the
donor ﬂuorescence lifetime and extract the mean FRET rate
constant and FRET eﬃciency. The decay traces for the isolated
Cy3 donor reveal faster emission dynamics in the antenna than
in confocal or in the aperture (Figure 3a), with a mean
ﬂuorescence lifetime reduction from 750 ± 40 ps for the
confocal reference to 550 ± 40 ps in the nanoaperture and 210
± 20 ps in the nanogap antenna (all of the parameters used for
ﬁtting the ﬂuorescence decays are summarized in Table S1).
These data result from averaging over a set of diﬀerent
individual trajectories of the molecules around the nanostructures. Cy3 attached to the 5′ end of double-stranded DNA has
a 30% quantum yield in the buﬀer solution.49 Therefore, the
decay dynamics observed for Cy3 contain a non-negligible
contribution from the internal nonradiative rate, which must be
taken into account and corrected to recover the inﬂuence of the
nanostructure on the local density of optical states (LDOS,
which encompasses both radiative Γ*rad and nonradiative Γ*loss
transitions).50 The procedure described in section 7 of the
Supporting Information measures a LDOS enhancement of
2.2× in the aperture and 10× in the nanogap antenna, which is

in good agreement with the enhancement observed on highquantum-yield Atto550 dyes.41,42
In the presence of the acceptor, the donor decay rate
constant is further increased to ΓDA = ΓDo + ΓFRET and includes
the new decay rate constant ΓFRET opened by the energy
transfer. In all of the experimental conditions, the presence of
the acceptor further accelerates the donor emission dynamics
with a larger impact when the separation is shorter (Figure 3b).
The diﬀerent donor ﬂuorescence lifetimes are summarized in
Figure 3c and Table S1. These are used to estimate the FRET
rate constants ΓFRET = ΓDA − ΓDo (Figure S6), which
experience a clear enhancement in the nanostructures as
compared to the confocal reference (Figure 3d). The FRET
rate enhancement grows from the aperture to the antenna case
as the ﬁeld is more conﬁned, and a further increase is observed
depending on the mutual orientation of the dipoles. We
measure a 8-fold enhancement of ΓFRET for the Cy3-12-Cy5
construct in the nanoantenna. This corresponds to the largest
enhancement reported so far.40−43 In comparison with the 3fold enhancement obtained with the orientation-averaged Atto
sample, the 8-fold value for Cy3-12-Cy5 reveals that the
increase in the apparent orientation parameter κ2 in the
nanoantenna has a dominant contribution to the FRET rate
enhancement.
Additionally, the average FRET eﬃciency can be computed
based on the ﬂuorescence lifetime data according to the
relationship EFRET = 1 − ΓDo/ΓDA. These latter values can be
compared to the FRET eﬃciencies deduced from burst analysis
(Figure S7). Both independent methods converge toward
similar values and assess the occurrence of enhanced FRET

eﬃciency inside the nanostructures for the constructs with near
perpendicular dipole orientation.
Numerical simulations illustrate the inﬂuence of the electric
ﬁeld polarization at the nanoscale and explain the enhanced
FRET eﬃciency for near-perpendicular dipoles (Figure 4). A
quasi-classical description of the dipole−dipole energy transfer
shows that the FRET rate constant ΓFRET scales as the donor
power transferred to the acceptor.44 This power is proportional
to the square of the electric ﬁeld emitted by the donor at the
acceptor position projected on the acceptor’s dipole axis |nA·
ED(rA)|2. In the near-ﬁeld and in a homogeneous environment,
a radiating electric dipole has both transverse and longitudinal
components. However, in spherical coordinates, its azimuthal
(φ angle) component remains strictly zero.44 This also explains
why perpendicularly oriented dipoles do not exchange energy
by FRET whatever the separation between them. To reproduce
this condition and to investigate the antenna’s inﬂuence, we
compute the azimuthal component for a radiating electric
dipole in free space using FDTD and indeed ﬁnd a vanishing
electric ﬁeld amplitude (Figure 4a−d; the ﬁeld amplitude is
magniﬁed by 100× to ease viewing). In contrast, the ﬁeld
component projected onto the azimuthal axis is no longer zero
in the presence of the nanoantenna, which breaks the
homogeneous environment assumption and couples the
diﬀerent electric ﬁeld components radiated by the dipole
(Figure 4e−h). Inside the gap of the nanoantenna, the electric
ﬁeld component projected along the azimuthal direction
(parallel to the acceptor dipole) can be enhanced by up to
1000-fold. This electric ﬁeld then enables the energy transfer to
the acceptor that would otherwise be prohibited in a
homogeneous environment. Because the FRET rate constant
scales as the square power of the electric ﬁeld amplitude, the
FRET rate can thus be up to 1 000 000-fold larger for this
speciﬁc conﬁguration. Similar calculations have been performed
for the nanoaperture case to support these conclusions (Figure
S8).
Metal nanoapertures and plasmonic antennas generate
strongly inhomogeneous and localized near ﬁelds. For a single
emitter, these properties have led to the demonstrations of
giant ﬂuorescence enhancement,51−54 ultrafast picosecond
lifetime,55−57 directional emission,58 photobleaching reduction,59,60 and single molecule detection at high concentrations.61,62 For two emitters and FRET, the nanophotonic
structures bring three important distinct eﬀects. First, the
conﬁnement of the electromagnetic ﬁeld to nanoscale distances
of the order of the donor−acceptor separation enhances the
FRET rate constant, as measured here and pointed out in
earlier works.42,43 Second, the higher LDOS in the plasmonic
structures accelerates the other radiative and nonradiative decay
processes from the donor excited state, which compete with
FRET and tend to reduce its eﬃciency.30,34 Third (this is the
main conclusion of this work), the strongly inhomogeneous
and localized ﬁelds in the plasmonic nanostructures have
components along all the three space directions, which can be
used to open eﬃcient energy transfer routes between the
dipoles. Importantly, this FRET enhancement can largely
overcome the losses and dominate the competition with the
other decay processes contributing to the LDOS. As a result,
FRET can be allowed even for perpendicularly oriented
donor−acceptor pairs.
In conclusion, we have reported that the strongly
inhomogeneous and localized ﬁelds in plasmonic nanoantennas
can open new energy transfer routes, overcome the limitations

from the mutual dipole orientation, and ultimately enhance the
FRET eﬃciency up to 50% for nearly perpendicular donor and
acceptor dipoles. These results are important since they
indicate that optical antennas can extend the applicability of
FRET to conditions in which dipole−dipole interactions would
otherwise be too weak to result in a detectable FRET signal.
Additionally, our nanoantenna and nanoaperture designs are
fully compatible with the detection of single molecules in
solution at physiological micromolar concentrations.61,62 This
provides a supplementary improvement of confocal microscopes to bring single-molecule FRET toward higher
physiological concentrations and higher sensitivities.
Methods. Antenna Fabrication. Nanoapertures and nanoantennas are milled by focused ion beam (Zeiss Auriga 60 FIBSEM, 1 nm resolution GEMINI SEM, equipped with Orsay
Optics 2.5 nm resolution Cobra ion column) on, respectively,
150 and 50 nm thick aluminum ﬁlms deposited by thermal
evaporation (Oerlikon Leybold Univex 350). The aperture
diameter is 200 nm. For the antenna, the inner particle
diameter is 80 nm with gap size of 20 nm, and the surrounding
aperture dimensions are 300 × 100 nm2.
DNA Samples. Double-stranded DNA constructs of 12 and
17 base pair length sequences are designed with one Cy3 donor
on the forward strand and one Cy5 acceptor on the reverse
strand and are similar to the ones used in ref 11. The DNA
sequences for the Cy3-12-Cy5 sample are:
Cy3-5′-CCACTGGCTAGG-3′
Cy5-5′-CCTAGCCAGTGG-3′
The DNA sequences for the Cy3-17-Cy5 sample are:
Cy3-5′-CCACTGCACCTGCTAGG-3′
Cy5-5′-CCTAGCAGGTGCAGTGG-3′
We calculate the distance dDA between Cy3 donor and Cy5
using the formula for standard B form DNA, dDA = (L − 1) ×
H + D, where L is the length of the helix in base pairs, H = 0.34
nm is the helical rise per base pair step, and D = 0.8 nm is the
additional axial separation for the two ﬂuorophores including
the linker length. The Förster radius is R0 = 60 Å for Cy3−
Cy5.11
For the Atto550-20-Atto647N sample, we use the same
sequence of 51 base pairs length as in our previous work
carrying one Atto550 donor on the forward strand and one
Atto647N acceptor on the reverse strand, with a 20 base-pair
separation between the dyes.42 The Förster radius is 65 Å for
Atto550−Atto647N.40 The sequences for the Atto550-20Atto647N sample are:
5′-CCTGAGCGTACTGCAGGATAGCCTAT
CGCGTGTCATATGCTGTTDCAGTGCG-3′
5′-CGCACTGAACAGCATATGACACGCG
ATAAGGCTATCCTGCAGTACGCTCAGG-3′
Labeled high-performance liquid chromatography puriﬁed
DNA single strands are obtained from IBA (Göttingen,
Germany). Cy3 and Cy5 ﬂuorophores are directly linked to
cytosine at the 5′- terminus during oligonucleotide synthesis via
a three-atom carbon linker. Atto550 and Atto647N dyes are
covalently linked to an amino-C6-modiﬁed thymidine with
NHS chemistry via base labeling. The reference sequences
carrying only the isolated donor or acceptor are constructed
with unlabeled complementary strand, respectively. The single
strands are annealed at 10 μM concentration in 20 mM Tris, 1
mM EDTA, 500 mM NaCl, and 12 mM MgCl2 buﬀer and by
heating to 95 °C for 5 min, followed by slow cooling to room

temperature. Double-stranded DNA stocks are diluted in a 10
mM Hepes−NaOH buﬀer (pH 7.5, Sigma-Aldrich).
Experimental Setup. Experiments recording simultaneously
the donor and the acceptor emission photodynamics are
performed on a confocal inverted microscope with a Zeiss CApochromat 63× 1.2NA water-immersion objective. The
excitation source is a iChrome-TVIS laser (Toptica GmbH)
delivering 3 ps pulses at 40 MHz repetition rate and 550 nm
wavelength. The laser beam has a waist of 300 nm at the focal
spot of the 1.2NA objective. We use a nanomolar concentration
for the confocal reference, 250 nM for the nanoaperture, and 5
μM for the nanoantenna so that the average number of FRET
construct within the observation volume is less than one in each
case.41,42 The average excitation power is set to 10 μW, wellwithin the linear regime for the excitation of the ﬂuorescent
dyes.42 The illumination conditions correspond to 0.035 mW/
μm2 power density leading to a maximum temperature increase
lesser than 2 °C. The laser excitation is ﬁltered by a set of two
bandpass ﬁlters (Chroma ET525/70 M and Semrock FF01550/88). Dichroic mirrors (Chroma ZT594RDC and
ZT633RDC) separate the donor and acceptor ﬂuorescence
from the reﬂected laser light. The detection is performed by
two avalanche photodiodes (Micro Photon Devices MPD5CTC with <50 ps timing jitter) with 620 ± 20 nm (Chroma
ET605/70 M and ET632/60M) and 670 ± 20 nm (Semrock
FF01-676/37) ﬂuorescence bandpass ﬁlters for the donor and
acceptor channels, respectively. The photodiode signal is
recorded by a fast time-correlated single photon counting
module (Hydraharp400, Picoquant GmbH) in time-tagged
time-resolved (TTTR) mode. Each trace duration is typically
200 s. The temporal resolution for ﬂuorescence lifetime
measurements is 37 ps at half-maximum of the instrument
response function.
FRET Eﬃciency Analysis. For each detected ﬂuorescence
burst, the number of detected photons in the acceptor channel
na and in the donor channel nd are recorded, and the FRET
eﬃciency is computed according to the formula40
E FRET =

de
na − αnd − nao
de
na − αnd − nao
+ γnd

(1)

This analysis takes into account several additional eﬀects to
avoid artifacts: the donor emission crosstalk into the acceptor
channel, the direct excitation of the acceptor by the laser light,
and the diﬀerence in the quantum yields and detection
eﬃciencies of the donor and acceptor emission. In the above
expression, α is the crosstalk parameter deﬁned as the ratio of
isolated donor ﬂuorescence falling into the acceptor detection
channel as compared to the signal detected in the donor
channel. We experimentally measure α from the intensity levels
obtained with the isolated donor on both detectors and ﬁnd α
= 0.18 for Cy3 in the confocal setup and in the nanoaperture
and α = 0.22 for Cy3 in the aluminum nanogap antenna. nde
ao is
the number of detected photons resulting from the direct
excitation of the Cy5 acceptor dye by the laser light. This
parameter is carefully measured for every antenna by recording
the average number of detected photons per burst when only
the acceptor dye is present. Lastly, γ = κaϕa/κdϕd accounts for
the diﬀerences in quantum yields (ϕa and ϕd) and ﬂuorescence
detection eﬃciencies (κa and κd) between the acceptor and
donor. We estimate γref = 2.3 for the confocal reference on
Cy3−Cy5 samples. For the plasmonic structures, the ratio γ is
increased by the ratio of the ﬂuorescence enhancement factors

ηF,a and ηF,d for the isolated acceptor and isolated donor, γant =
γrefηF,a/ηF,d, because both the acceptor and the donor dyes
undergo the same excitation intensity enhancement. For the
aperture, the ratio becomes γant = 2.47 using the ﬂuorescence
enhancement factors ηF,a = 5.75 and ηF,d = 5.4 obtained from
ﬂuorescence correlation spectroscopy analysis for isolated Cy3
and Cy5 terminally attached to double-stranded DNA.41 For
the antenna, we ﬁnd γant = 1.73 according to the ﬂuorescence
enhancement factors ηF,a = 7.8 and ηF,d = 10.6 again calibrated
from ﬂuorescence correlation spectroscopy.42 The full trace
analysis is implemented using the software Symphotime 64
(Picoquant GmbH).
Fluorescence Lifetime Analysis. The time-correlated single
photon counting histograms are ﬁtted using Levenberg−
Marquard optimization, implemented using the commercial
software Symphotime 64 (Picoquant GmbH) and taking into
account the reconvolution by the instrument response function
(IRF). The time interval for ﬁt is set to ensure that more than
85% of the detected count events are taken into account in the
region of interest. The Cy3 donor ﬂuorescence decays are ﬁtted
with a triple exponential model, which was already found
necessary for the confocal case following the approach in ref 11.
In contrast to gold nanostructures, aluminum-based antennas
do not yield noticeable photoluminescence, so there is no fast
sub-5 ps contribution on the ﬂuorescence decays that would
originate from the metal photoluminescence.41,42 We then use
the amplitude-averaged ﬂuorescence lifetime to compare
between the experiments (all ﬁtting parameters are summarized
in the Table S1). The FRET rate is obtained as ΓFRET = ΓDA −
ΓDo = 1/τDA − 1/τDo, where τDA and τDo are the amplitudeaveraged donor lifetime in the presence and absence of the
acceptor, respectively. The FRET eﬃciency is deduced as EFRET
= 1 − ΓDo/ΓDA = 1 − τDA/τDo.
Numerical Simulations. Electric ﬁeld distributions are
computed using ﬁnite-diﬀerence time-domain FDTD method
(RSoft Fullwave software) with a mesh size of 1 nm. The
antenna parameters are set to reproduce the fabricated devices,
with a hemispherical shape of the 80 nm aluminum
nanoparticle and 20 nm gap. For the dipole emission, the
wavelength is 600 nm, and the aluminum permittivity is taken
from ref 63.
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