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ABSTRACT: Tailoring the light−matter interaction and the
local density of optical states (LDOS) with nanophotonics
provides accurate control over the luminescence properties of
a single quantum emitter. This paradigm is also highly
attractive to enhance the near-ﬁeld Förster resonance energy
transfer (FRET) between two ﬂuorescent emitters. Despite the
wide applications of FRET in nanosciences, using nanophotonics to enhance FRET has remained a debated and
complex challenge. Here we demonstrate enhanced energy
transfer within single donor−acceptor ﬂuorophore pairs
conﬁned in single gold nanoapertures. Experiments monitoring both the donor and the acceptor emission photodynamics
clearly establish a linear dependence of the FRET rate on the
LDOS in nanoapertures, demonstrating that nanophotonics can be used to intensify the near-ﬁeld energy transfer. Strikingly, we
observe a signiﬁcant six-fold increase in the FRET rate for large donor−acceptor separations exceeding 13 nm. Exciting
opportunities are opened to investigate biochemical structures with donor−acceptor distances much beyond the classical Förster
radius. Importantly, our approach is fully compatible with the detection of single biomolecules freely diﬀusing in water solution
under physiological conditions.
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quantum electrodynamics,16 photonic band gap materials,17,18
and more recently plasmonic antennas.19,20 However, when the
discussion turns to the interaction of two emitters with their
environment, the LDOS inﬂuence on the Förster energy
transfer remains a debated question. Because FRET directly
competes with the donor direct emission and the donor
nonradiative energy losses to its environment, it is unclear
whether Förster transfer can be enhanced when the LDOS is
tuned to increase the donor emission. Despite the important
use of FRET in single-molecule biophysics, experiments
quantifying the inﬂuence of the photonic environment on the
FRET rate are scarce. Pioneering works on ensemble
measurements in microcavities suggested that the FRET rate
depends linearly on the donor emission rate and the
LDOS.21−24 However, the concentration of the dye layers
was so high that self-quenching was dominant, and no
information could be obtained from acceptor emission. While
several theoretical works were proposed to support the LDOS
dependence of FRET,25−29 it was also suggested that the FRET
rate was quadratically dependent on the LDOS30 or even
independent of the LDOS.31 A recent experimental study on
molecules near a planar mirror concludes that the energy-

anoscale energy transfer between molecules is a core
phenomenon in photosynthesis1−3 and an enabling
technology for photovoltaics,4,5 organic lighting sources,6 or
biosensing.7 When the distance between the excited donor D to
the ground-state acceptor molecule A is on the range of 2−20
nm, the energy transfer is adequately described by the Förster
resonance energy-transfer (FRET) formalism, which accounts
for near-ﬁeld nonradiative dipole−dipole interaction.8 As the
FRET eﬃciency goes down with the inverse sixth power of the
D−A distance, FRET provides accurate information with
subnanometer resolution on the spatial relationship between
two ﬂuorophore-labeled sites in biological structures.9 FRET
has thus become one of the most popular tools in singlemolecule spectroscopy and is largely used to study conformational changes in macromolecules as well as molecular
interaction dynamics between proteins, DNA, RNA, and
peptide molecules.10,11
The interaction between molecules and light on the
nanoscale is at the heart of FRET. Therefore, using
nanophotonics to control light at the nanoscale is appealing
to enhance the near-ﬁeld dipole−dipole energy transfer. Since
the pioneering works of Purcell and Drexhage,12,13 it is well
established that the luminescence properties of a single
quantum emitter can be engineered by its photonic environment through the local density of optical states (LDOS).14,15
Successful demonstrations of this concept include cavity
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transfer rate is independent of the LDOS,32 in agreement with
the general theory developed therein. It has also been reported
recently that the FRET rate cannot be increased by increasing
the solvent’s refractive index.33 Several other studies have
considered the use of nanophotonics in combination with
FRET but without quantifying the LDOS inﬂuence on the
FRET process.34−44 Given this wide interest and the presence
of contradicting theories, we believe a clear experimental
quantiﬁcation is necessary to clarify the inﬂuence of the
photonic environment on the FRET process. Moreover, we
also point out that most studies consider only the donor
emission photodynamics and measure ensembles of molecules,
while ideally experiments should be conducted at the singlemolecule level by monitoring both the donor and acceptor
emission photodynamics.
Here we explore the LDOS inﬂuence on the FRET process
using precisely deﬁned plasmonic nanoapertures to control the
LDOS and single donor−acceptor ﬂuorophore pairs on doublestranded DNA linkers to provide a wide range of FRET rates
and eﬃciencies (Figure 1a). To avoid any ambiguity, our
experiments monitor single molecule diﬀusing events and
record both the donor and the acceptor emission photodynamics. Importantly for biophotonic applications, our

approach is fully compatible with the detection of single
biomolecules freely diﬀusing in water solution at physiological
concentrations of several micromolar. Two separate measurements of the FRET rate ΓFRET and eﬃciency EFRET are obtained
based either on the donor lifetime reduction in the presence of
the acceptor or the acceptor ﬂuorescence increase in the
presence of the donor. The FRET eﬃciency is deﬁned as the
probability of energy transfer over all donor transition events:
EFRET = ΓFRET/ΓDA = ΓFRET/(ΓFRET + ΓD), where ΓD = ΓD,rad +
ΓD,nonr is the total decay rate of the isolated donor (without
acceptor, accounting for both radiative and nonradiative
transitions) and ΓDA = ΓD + ΓFRET is the total decay rate of
the donor in the presence of the acceptor. Following the
common approach in plasmonics, we deﬁne the LDOS as the
number of modes per unit volume and frequency at the
position of the dipole emitter, where the energy can be released
during the spontaneous emission process.14 The energy release
can occur by radiating a photon in the far ﬁeld or by local
absorption (ohmic losses) into the metal. Therefore, this
deﬁnition of LDOS encompasses both radiative and nonradiative transitions. With this deﬁnition, the LDOS is always
proportional to the donor total decay rate ΓD (inverse of the
ﬂuorescence lifetime).
According to Förster theory,8,14,29 the energy-transfer rate
between two dipoles in free space is expressed as ΓFRET = (R0/
R)6ΓD, where R0 is the Förster radius and R is the donor−
acceptor distance separation. This formula indicates a linear
dependence of the FRET rate with the isolated donor decay
rate. It is therefore tempting to generalize and conclude that
ΓFRET varies linearly with the LDOS, which is proportional to
ΓD. However, the Förster theory was derived only in the case of
a homogeneous photonic environment. The question about the
LDOS inﬂuence on FRET can be reformulated as to determine
whether this formula is still valid in a complex nanophotonic
environment.
To provide a wide range of LDOS, we use circular
nanoapertures with diameters ranging from 160 to 380 nm
milled in a 150 nm thick gold ﬁlm on a glass coverslip by
focused ion beam (Figure 1c,d). Molecules randomly diﬀusing
inside the apertures experience an average ﬂuorescence lifetime
reduced by a factor up to three-fold. While the LDOS is
expected to vary spatially inside the nanoaperture depending on
the position and orientation of the emitter respective to the
metal,45,46 the net ﬂuorescence lifetime reduction observed on
the decay traces averaged for all emitter positions and
orientations inside the aperture demonstrates an increase in
the spatially averaged LDOS inside nanoapertures.47−49
Nanoapertures thus realize a reproducible platform to tune
the spatially averaged LDOS. They also have a broad spectral
response so that the same structure can enhance both the
donor and the acceptor emission. (See Supporting Information
Figures S2 and S3.)
To provide a wide range of FRET rates and eﬃciencies, we
synthesize double-stranded DNA molecules with increasing
distances between the Atto550 donor and the Atto647N
acceptor from 10 to 40 base pairs (3.4 to 13.6 nm). The
double-stranded DNA forms a rigid linker enabling accurate
positioning of the donor and acceptor with subnanometer
resolution.50 The spectral overlap between Atto550 and
Atto647N ensures Förster transfer with a characteristic distance
R0 of 6.5 nm in pure water medium, which is conﬁrmed by
ensemble ﬂuorescence spectroscopy (Figure 1b). Hence by
varying either the donor−acceptor distance or the nanoaperture

Figure 1. Single-molecule FRET in a gold nanoaperture. (a)
Schematic of a donor−acceptor pair on a DNA molecule diﬀusing
inside and around a single nanoaperture milled in a gold ﬁlm on a glass
coverslip. (b) Normalized ﬂuorescence emission spectra for diﬀerent
donor−acceptor distances in water solution. Emission of the Atto550
donor at 580 nm is recovered while emission of the Atto647N
acceptor at 670 nm vanishes as the donor−acceptor distance is
increased from 3.4 to 13.6 nm. (c) Scanning electron microscopy
image of nanoapertures of diameters from 380 to 160 nm. (d) Finiteelement computation of excitation electric ﬁeld amplitude enhancement for two orthogonal planes on a gold nanoaperture of 160 nm
diameter. The incoming light at a wavelength of 550 nm is polarized
along the x axis.
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Figure 2. FRET burst analysis of single-molecule diﬀusion events in a gold nanoaperture. (a−f) Example of time traces for donor−acceptor pairs
separated by 6.8 nm (20 base pairs) diﬀusing in solution and probed by the diﬀraction-limited confocal microscope (a,c,e) and in a gold
nanoaperture of 160 nm diameter (b,d,f). The concentration is set so as to have less than one molecule in the detection volume in each case
(confocal 1 nM, nanoaperture 250 nM). For each ﬂuorescence burst exceeding the detection threshold in the donor detection channel (a,b) or the
acceptor channel (c,d), a FRET eﬃciency is calculated (e,f). The binning time is 0.2 ms and the total trace duration is 200 s. (g,h) FRET eﬃciency
histograms extracted from ﬂuorescence burst analysis for diﬀerent donor−acceptor separations in confocal (g) and in the 160 nm nanoaperture (h).

diameter, we have two independent parameters to tune the
FRET rate and the LDOS and monitor the eﬀect of the LDOS
on the FRET rate.
For direct observation of single-molecule diﬀusion events,
the nanoaperture sample is covered by a water solution
containing the diluted DNA FRET pairs. Every time a
ﬂuorescent molecule crosses the detection volume a
ﬂuorescence burst is generated, which results in the typical
time traces displayed on Figure 2a−d. The burst duration is set
by the translational diﬀusion time and typically amounts to 460
μs for the confocal reference and 135 μs for the nanoaperture
of 160 nm diameter. Comparing the bursts intensity in confocal
to the nanoaperture, a ﬂuorescence enhancement of about two
times is found for the donor and the acceptor detection
channels. (See Supporting Information Figures S1 and S2 for
ﬂuorescence correlation spectroscopy (FCS) analysis and
ﬂuorescence enhancement factors.) For each ﬂuorescence
photon burst, a FRET eﬃciency EFRET can be computed and
collected in a histogram (Figure 2e,f). Importantly to avoid
errors in the FRET measurement, our analysis carefully takes
into account the direct excitation of the acceptor by the laser
light, donor emission crosstalk into the acceptor channel, and
diﬀerences in the quantum yields and detection eﬃciencies of
the donor and acceptor emission. (See the Methods section for
details.) Figure 2g,h summarizes the FRET eﬃciency histograms for increasing donor−acceptor distances in confocal and
in the 160 nm nanoaperture. Except for the 3.4 nm D−A
distance, the histogram width is reduced by ∼50% inside the
nanoaperture as compared with confocal reference. This is

primarily a consequence of the higher photon counts per
emitter (ﬂuorescence enhancement) in the nanoaperture. The
average FRET eﬃciencies in the nanoaperture are aﬀected
diﬀerently depending on the D−A distance. In the case of the
short D−A distance of 3.4 nm, the FRET eﬃciency is
marginally reduced by the nanoaperture from 83 to 76%. On
the contrary, the FRET eﬃciency for the longest D−A distance
of 13.6 nm is actually increased signiﬁcantly from 4 to 10%.
This observation appears highly promising to extend the spatial
applicability of single molecule FRET beyond the classical
Förster range.
To quantify the acceleration of the ﬂuorescence photodynamics and the LDOS enhancement in nanoapertures, we
record the donor ﬂuorescence decay traces by time-correlated
single photon counting. Figure 3a−c reports the inﬂuence of
the nanoaperture diameter. (See also Supporting Information
Figure S3.) For the isolated donor, the ﬂuorescence lifetime τD
decreases from 3.7 to 1.3 ns as the nanoaperture diameter is
reduced to 160 nm. (See the Methods section for details of the
decay trace analysis.) This lifetime reduction is equivalent to an
increase in the donor-only total decay rate ΓD = 1/τD and the
LDOS by a factor 2.9 (Figure 3c). In the presence of the
acceptor at a 6.8 nm separation, the donor emission dynamics
are further accelerated by the additional decay channel brought
by the acceptor ΓDA = ΓD + ΓFRET, and the donor ﬂuorescence
lifetime τDA = 1/ΓDA is further reduced (Figure 3b). We
monitor a lifetime reduction as a function of the aperture
diameter similar to the case of the donor only, from 2.5 to 0.9
ns in the presence of the acceptor. Figure 3d−f then describes
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Figure 3. Donor lifetime reduction in nanoapertures. (a) Normalized donor decay traces when no acceptor is present (empty circles) or when the
acceptor is separated by 6.8 nm (ﬁlled squares). The black lines are numerical ﬁts convoluted by the instrument response function (IRF). From top
to bottom, the diﬀerent colors are associated with the confocal case or with nanoapertures of decreasing diameters from 280 to 160 nm. In each case,
the presence of the acceptor induces a signiﬁcant acceleration of the donor emission dynamics. (b) Donor ﬂuorescence lifetime as a function of the
nanoaperture diameter, obtained from the data shown in panel a. (c) LDOS enhancement as a function of the nanoaperture diameter, obtained from
the donor-only lifetime reduction as compared with the confocal reference. (d) Normalized donor decay traces in a 160 nm nanoaperture as the
acceptor separation is reduced. (e) Donor ﬂuorescence lifetime as a function of the donor−acceptor separation for diﬀerent nanoaperture diameters
and for the confocal reference. For each donor−acceptor distance, a clear reduction of the donor ﬂuorescence lifetime is observed as the
nanoaperture diameter is reduced. (f) FRET eﬃciency deduced from the donor lifetime reduction in the presence of the acceptor, as a function of
the donor−acceptor distance R. The lines are numerical ﬁts assuming a 1/R6 dependence and random orientation of both donor and acceptor dipole.
Vertical error bars indicate one standard deviation, horizontal errors bars assume a 1.5 nm distance uncertainty that we relate to the dye-DNA linker
ﬂexibility.

set reported to date of complete experimental evidence down
to the single -molecule level. The data points in Figure 4a,b
summarize the results: ﬁlled markers are deduced from the
donor lifetime reduction, and empty markers are deduced from
ﬂuorescence burst analysis. Both approaches converge to
similar values, conﬁrming the general trend. Our data clearly
demonstrate a linear dependence of the FRET rate on the
LDOS for all four D−A separations (Figure 4a and Supporting
Information Figure S4). This result is further conﬁrmed by the
slight variations of the FRET eﬃciency as the LDOS changes
(Figure 4b), which was already observed as a function of the
aperture diameter in Figures 2g,h and 3f: the FRET rate ΓFRET
must increase accordingly as ΓD increases to maintain a similar
ratio EFRET = ΓFRET/(ΓFRET + ΓD).
In the current debate about the LDOS inﬂuence on
FRET,22,32,33 our work importantly demonstrates that the
FRET rate can eﬀectively be tuned by the LDOS in
nanoapertures. Our results indicate that the presence of strong
ﬁeld gradients and moderate dissipation losses to the metal are
promoting the near-ﬁeld Förster transfer between distant donor
and acceptor by increasing the donor dipole oscillator strength.
We point out that our approach fully takes into account the
nonradiative decay of the isolated donor to the metal, which in
the case of a 160 nm aperture can become as strong as the

the inﬂuence of the donor−acceptor separation for a given
nanoaperture diameter. A clear reduction of the donor emission
lifetime (donor quenching) is observed as the D−A distance is
reduced, with a similar trend observed for all nanoaperture
diameters. The decay rates in the presence and absence of the
acceptor also enable us to compute the FRET eﬃciency as
EFRET = ΓFRET/(ΓFRET + ΓD) = 1 − ΓD/ΓDA (Figure 3f). As for
the analysis based on the ﬂuorescence bursts (Figure 2g,h), we
observe that the FRET eﬃciencies deduced from the decay
traces appear marginally aﬀected by the nanoaperture in the
case of short D−A separations. The deviation from the standard
FRET model seen already for the confocal case stems from
steric interactions between the ﬂuorophores and the DNA
double strand, which aﬀect the dipole−dipole orientations.
Similar behaviors have already been reported for confocal
FRET.51−53
To establish the eﬀect of the LDOS on the Förster transfer
within nanoapertures, we display in Figure 4a,b the FRET rate
ΓFRET and eﬃciency EFRET as a function of the isolated donor
total decay rate ΓD, which is proportional to the LDOS at the
donor emission wavelength. A strength of our study is that we
use two diﬀerent approaches to quantify both ΓFRET and EFRET
based either on the donor lifetime reduction, or the acceptor
ﬂuorescence bursts. (See the Methods.) This provides the ﬁrst
4710
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Figure 4. Nanophotonic control of FRET rate and eﬃciency. (a) FRET rate ΓFRET and (b) FRET eﬃciency EFRET for diﬀerent donor−acceptor
separations as a function of the isolated donor decay rate ΓD that is proportional to the LDOS. Filled markers denote the data points deduced from
the donor lifetime reduction, while empty markers denote data points deduced from ﬂuorescence burst analysis. The lines are numerical ﬁts of the
average FRET rate between the two measurement methods and show a linear dependence of the FRET rate with the isolated donor decay rate for all
donor−acceptor separations. The gray shaded region indicates the FRET rates obtained for the confocal reference. The evolution with the LDOS is
further evidenced by normalizing the data in panels a and b by the values found for the confocal reference. This results in the graphs in panels c and
d representing the normalized enhancement of the FRET rate and eﬃciency as a function of the normalized enhancement of the donor-only decay
rate. Horizontal error bars indicate one standard deviation of the measurements, and vertical error bars are the diﬀerence between the two
measurement methods for the average FRET rate and eﬃciency.

as six times when the D−A distance is 13.6 nm. The FRET rate
enhancement dependence on the donor−acceptor distance can
be explained by the fact that the observed FRET rate within a
nanoaperture is a sum of contributions from diﬀerent
nonradiative energy-transfer channels: the direct (dipole−
dipole) transfer, the energy transfer mediated by the nanoaperture, and possibly an interference term accounting for the
phase shift between these two channels.28 We expect the direct
dipole−dipole transfer to be dominant at short D−A
separations, while the nonradiative energy transfer mediated
by the nanoaperture can have a more pronounced eﬀect for
large D−A separations. Disentangling these contributions is still
an experimental challenge; our data is a ﬁrst step in revealing
this phenomenon. Importantly for biophysical applications of
FRET at large D−A separations, this six-fold increase in the
FRET rate is accompanied by a nearly doubling of the FRET
eﬃciency. This observation oﬀers exciting opportunities to
explore a new domain for single molecule FRET beyond the
classical 8−10 nm Förster range.
Monitoring the ﬂuorescence bursts from single molecules
allows us to recover the complete statistical distribution of the
FRET rates. This is obtained by reformulating the formula
deﬁning the FRET eﬃciency ΓFRET = ΓDEFRET/(1 − EFRET) and
using the separate measurements of the FRET eﬃciency
histograms (Figure 2h) and the donor-only decay rates ΓD
(Figure 3b). Figure 5 depicts the distribution of the measured
FRET rates enhancement ΓFRET/⟨ΓFRET0⟩, where ⟨ΓFRET0⟩ is

radiative transition rate. (See Supporting Information section 5
for a detailed discussion.) For aperture diameters ranging
between 150 and 350 nm, the FRET rate is always found to
scale as the total decay rate of the isolated donor, including
both radiative and nonradiative contributions.
Our experiments contradict the theories leading to the
general conclusion that the FRET rate is independent of the
LDOS. As compared with previous work near a planar mirror,32
we believe that the diﬀerent D−A separations, the brighter
emission rates, and the larger LDOS variations in nanoapertures further emphasize experimentally the LDOS inﬂuence
on the FRET process. For a purely homogeneous environment,
it was recently shown that increasing the solvent’s refractive
index did not enhance the FRET rate despite a reduced donor
lifetime.33 In contrast, our work fully exploits the nanophotonic
eﬀects oﬀered by the aperture cavity to tune the LDOS.
To go further into the analysis, we compute the FRET rate
enhancement ΓFRET/ΓFRET0 as a function of the LDOS
enhancement ΓD/ΓD0. To do this, we normalize the results in
Figure 4a,b with the values found for the confocal reference
(ΓFRET0, ΓD0). This representation reveals better the eﬀect of
the LDOS for the cases of large D−A separations and weak
FRET rates and eﬃciencies. The global trend observed is a
larger enhancement of the FRET rate as the D−A distance is
increased: typically a two times enhancement of the FRET rate
is observed for a D−A distance of 3.4 nm and a 160 nm
aperture, whereas the FRET rate enhancement can be as large
4711
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tions,44,54−56 providing a new class of substrates for enhanced
single-molecule FRET analysis.
Methods. Nanoaperture Sample Fabrication. Nanoapertures are
milled by focused ion beam (FEI Strata Dual Beam 235) on
150 nm thick gold ﬁlms deposited using thermal evaporation
on standard 150 μm thick glass coverslips.
DNA Synthesis and Preparation. Double-stranded DNA
constructs of 51 base pairs length are designed with a one
donor label Atto550 on the forward strand and one acceptor
label Atto647N on the reverse strand, at varying distances, so
that the donor and acceptor are separated by 10, 20, 30, or 40
base pairs from each other to make 3.4, 6.8, 10.2, or 13.6 nm
varying distance, respectively. As 10 base pairs make a complete
turn on the DNA double strand, the choice of D−A separation
as multiples of 10 base pairs avoids taking into account the
complex 3-D structure of DNA to estimate the D−A distance.50
All constructs are purchased from IBA, Goettingen, Germany.
The forward strand sequence is 5′ CCTGAGCGTACTGCAGGATAGCCTATCGCGTGTCATATGCTGTT D CAGTGCG 3′. The reverse strand sequence is 5′ CGCACTGAACAGCATAT 10 GACACGCGAT 20 AGGCTATCCT30GCAGTACGCT40CAGG 3′.
The donor-only and acceptor-only references are constructed
with the same sequences by replacing either the acceptor or the
donor with unlabeled complementary strand, respectively. The
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. Samples were then stored at −28 °C. For singlemolecule experiments labeled double-stranded DNA, stocks are
diluted in a 10 mM Hepes-NaOH buﬀer, pH 7.5 (SigmaAldrich).
Experimental Setup. The experimental setup is based on a
confocal inverted microscope with a Zeiss C-Apochromat 63×
1.2NA water-immersion objective. The excitation source is a
iChrome-TVIS laser (Toptica) delivering 3 ps pulses at 40
MHz repetition rate and 550 nm wavelength. Filtering the laser
excitation is performed by a set of two bandpass ﬁlters
(Chroma ET525/70 M and Semrock FF01-550/88). The
excitation power at the diﬀraction limited spot is set to 40 μW
for all experiments. Positioning the nanoaperture at the laser
focus spot is obtained with a multiaxis piezoelectric stage
(Polytech PI P-517.3CD). Dichroic mirrors (Chroma
ZT594RDC and ZT633RDC) separate the donor and acceptor
ﬂuorescence light from the epi-reﬂected laser and elastically
scattered light. The detection is performed by two avalanche
photodiodes (Micro Photon Devices MPD-5CTC with 50 μm
active surface and <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) in time-tagged
time-resolved (TTTR) mode. The temporal resolution of our
setup for ﬂuorescence lifetime measurements (width of the
instrument response function) is 37 ps at half-maximum.
FRET Analysis Based on Donor Lifetime. All decay traces are
analyzed using the commercial software Symphotime 64
(Picoquant), taking into account the reconvolution by the
instrument response function (IRF). The time interval for ﬁt is
truncated so that more than 85% of the detected photons fall
into the region of interest to maximize the signal-to-noise ratio.
As shown already in some of our previous work, a single

Figure 5. Distribution of FRET rates in nanoapertures as compared
with the average FRET rate found in the confocal reference. The
histograms in panel a is the confocal reference for a 3.4 nm donor−
acceptor separation, while data in panels b−e were taken in a 160 nm
gold nanoaperture with increasing donor−acceptor distances. Lines are
numerical ﬁts with a log-normal distribution.

the average FRET rate found for the confocal reference. As for
Figure 4c, the global trend is a larger enhancement of the FRET
rate as the D−A distance increases. Furthermore, the statistical
distributions show that signiﬁcant FRET rate enhancement
above ﬁve-fold is reproducibly observed, demonstrating that
nanophotonics can be used to enhance the near-ﬁeld energy
transfer.
In summary, we report enhanced energy transfer within
single donor−acceptor ﬂuorophore pairs conﬁned in gold
nanoapertures and demonstrate experimentally that the Förster
energy-transfer rate depends linearly on the LDOS. To provide
a complete picture of FRET in single nanoapertures, we
conduct all of our experiments on well-deﬁned single donor−
acceptor pairs and monitor all photodynamics observables on
both the donor and the acceptor emission. By increasing the
donor dipole oscillator strength, the nanoaperture allows us to
eﬃciently transfer the energy to the acceptor dipole in the nearﬁeld. These ﬁndings are important because they unlock the
potential application of the large nanophotonic toolbox for
single emitter ﬂuorescence control to further enhance the
FRET process broadly used in single-molecule spectroscopy
applied to life sciences. In particular, we observe a signiﬁcant
six-fold increase in the FRET rate for large donor−acceptor
separations exceeding 13 nm. This result opens exciting
opportunities to investigate biochemical structures with
donor−acceptor distances much beyond the classical Förster
radius. An additional advantage is brought by the compatibility
of our approach with the detection of single biomolecules freely
diﬀusing in water solution under physiological condi4712
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exponential is a good approximation to the ﬂuorescence decay
traces in nanoapertures.48,49 For the aperture diameters below
250 nm, a non-negligible background signal is detected due to
the photoluminescence from the gold ﬁlm excited at 550 nm
and is accounted for in the lifetime analysis by adding a
supplementary decay term with a ﬁxed 5 ps characteristic time.
This biexponential contribution appears more evident for 160
nm apertures (Figure 3d) or when only the acceptor is present
(Figure S3b of the Supporting Information). In the case of
FRET pairs with donor−acceptor separations larger than 6 nm,
we also ﬁnd that the single-exponential decay ﬁts well the data.
For the shortest D−A distance of 3.4 nm, the donor emission
in the FRET pair is essentially quenched; consequently, we
detect a relatively larger contribution from the emission of the
donor when the acceptor is not ﬂuorescing. Therefore, for this
D−A distance, we add another decay term with a lifetime ﬁxed
as the isolated donor lifetime and extract only the short
ﬂuorescence lifetime contribution to quantify the FRET rate.
For each aperture and each D−A separation, two sets of
measurements are performed to determine the donor lifetime
in the presence of the acceptor τDA = 1/ΓDA and the donor-only
lifetime in the absence of acceptor τD = 1/ΓD. The FRET
eﬃciency is then obtained as EFRET = 1 − ΓD/ΓDA = 1 − τDA/
τD, and the FRET rate is obtained as ΓFRET = ΓDA − ΓD.
FRET Analysis Based on Acceptor Fluorescence Bursts. For
every detected ﬂuorescence burst above the background noise,
the number of detected photons in the acceptor channel na and
in the donor channel nd are recorded. Conceptually, these
numbers are used to estimate the FRET eﬃciency as the ratio
na/(na + nd) of acceptor emission events over all acceptor and
donor events. Practically, several additional eﬀects have to be
taken into account to avoid experimental artifacts in the FRET
analysis. These eﬀects include the direct excitation of the
acceptor by the laser light, donor emission crosstalk into the
acceptor channel, and diﬀerences in the quantum yields and
detection eﬃciencies of the donor and acceptor emission. Prior
to all FRET measurements, we carefully characterize the optical
response of the isolated donor and the isolated acceptor. This
quantiﬁes the number nde
ao of photons that result from the direct
excitation of the acceptor dye by the laser light. In the case of
the isolated donor, we also record the fraction α of photons
from the donor that fall into the acceptor detection channel due
to non-negligible spectral overlap between the donor emission
and the acceptor detection window. The FRET eﬃciency is
thus computed according to the formula
E FRET =

diﬀerences in quantum yields (ϕa and ϕd) and ﬂuorescence
detection eﬃciencies (ηa and ηd) between the acceptor and
donor. For the confocal reference and the nanoapertures, we
estimate γ = 1.3 in the case of our setup. The full trace analysis
is implemented using the software Symphotime 64 (Picoquant). From the measurement of the FRET eﬃciency from
ﬂuorescence bursts, we deduce the FRET rate as ΓFRET =
ΓDEFRET/(1 − EFRET), where ΓD = 1/τD is the donor-only decay
rate obtained from time-correlated lifetime measurements.
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F. Phys. Rev. Lett. 1999, 82, 4118−4121.
(22) Andrew, P.; Barnes, W. L. Science 2000, 290, 785−788.
(23) Finlayson, C. E.; Ginger, D. S.; Greenham, N. C. Chem. Phys.
Lett. 2001, 338, 83−87.
(24) Nakamura, T.; Fujii, M.; Imakita, K.; Hayashi, S. Phys. Rev. B
2005, 72, 235412.
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