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Abstract: Forster Resonance Energy Transfer (FRET) is a
widely applied technique in biology to accurately measure
intra- and inter-molecular interactions at the nanometre
scale. FRET is based on near-field energy transfer from an
excited donor to a ground state acceptor emitter. Photonic
nanoantennas have been shown to modify the rate, effi-
ciency and extent of FRET, a process that is highly
dependent on the near-field gradient of the antenna field as
felt by the emitters, and thus, on their relative distance.
However, most of the experiments reported to date focus on
fixed antennas where the emitters are either immobilized
or diffusing in solution, so that the distance between the
antenna and the emitters cannot be manipulated. Here, we
use scanning photonic nanoantenna probes to directly
modulate the FRET efficiency between individual FRET
pairs with an unprecedented nanometric lateral precision
of 2 nm on the antenna position. We find that the antenna
acts as an independent acceptor element, competing with
the FRET pair acceptor. We directly map the competition
between FRET and donor-antenna transfer as a function of
the relative position between the antenna and the FRET
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donor-acceptor pair. The experimental data are well-
described by FDTD simulations, confirming that the mod-
ulation of FRET efficiency is due to the spatially dependent
coupling of the single FRET pair to the photonic antenna.

Keywords: fluorescence enhancement; FRET; near-field
fluorescence microscopy; photonic nanoantennas; plas-
monic antennas.

1 Introduction

Metallic nanostructures, also called photonic nanoantennas,
can convert propagating electromagnetic waves into local-
ized fields at the nanometre scale, and vice versa [1]. Through
plasmonic resonances, metallic nanoantennas enhance and
confine electromagnetic fields much below the wavelength
of light. This property has been used for many purposes,
ranging from super-resolution microscopy [2] or biosensing
at high concentrations [3] to detection of dynamic events at
the nanometre scale [4], and, in particular, to enhance the
fluorescence of single emitters placed in their vicinity by
manipulating both excitation and emission processes [1, 5].
Indeed, photonic antennas modify the local density of states
(LDOS) in their vicinity, which in turn affects the total
(k¢ot = ky + kyr), radiative (k,) and non radiative (k,,) decay
rates of nearby quantum emitters [6]. This has the effect of
reducing the fluorescence lifetime 7 of the emitters
(T = (ky + kp) ™), and modifying their quantum yield
¢ (¢ = ki/ (k: + kyy)). Interestingly, the latter can either be
decreased or increased by the presence of the antenna,
depending on the intrinsic quantum yield of the emitter and
the competition between k, and k,, that the antenna gener-
ates [7]. Moreover, the fluorescence intensity I emitted by a
single emitter is given by I = key + ¢, where ke, is the exci-
tation rate given by the incident field. Thus, the emitted
fluorescence can be also enhanced by the photonic antenna,
if the quantum yield and/or the excitation field are increased
by the nanostructure [8].
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Over the past decade, all of these properties have
triggered the application of photonic antennas towards the
manipulation of single molecule fluorescence emission
demonstrating detection of single molecules at ultra-high
concentrations [3, 9], fluorescence enhancement [10] or
super-resolution imaging [11, 12]. More recently, it has been
discovered that nanoantennas can influence, and even
improve, the efficiency of Forster Resonance Energy
Transfer (FRET) [13-15]. FRET is based on the near-field
energy transfer between two emitters, from an excited
donor to a ground state acceptor. The FRET efficiency,
Erger i.e. the probability that the acceptor will receive the
energy once the donor is excited is given by [16]:

kerer 1
= ¢ )]
kerer +ka 1 4 (Ri)

EFRET =

where krper corresponds to the FRET decay rate, and kg is
the donor decay emission rate (where k; = i ; Tq being the
donor lifetime [16]). R is the distance between donor and
acceptor, and R, is the so-called Foérster radius, i.e. the
distance at which Epggr is 50%. R, depends on the overlap
integral of the donor emission with the absorption spec-
trum of the acceptor and their mutual dipolar orientation k.
Due to the strong distance dependence between donor and
acceptor, FRET is used to accurately measure the nano-
metric distance between two fluorescent emitters (typically
in the range of 1-10 nm) and it is widely applied in biology
and chemistry [13, 17].

From the excitation point of view, photonic antennas
can open new energy transfer routes due to the strong
confinement of the near-field becoming comparable to the
donor-acceptor distance [18], whereas the modification of
the LDOS can affect both, the krrer and the decay rates of
both donor and acceptor [19, 20]. As a result, the two main
parameters used to experimentally characterize FRET:
krrer and Epger can be modified by the presence of the
antenna [21-24].

Recent studies on the effect of nanoantennas on the
process of FRET show that they can help overcoming some
of the main limitations of conventional FRET: they can
extend the range at which energy transfer occurs [25-27]
and they can mediate the transfer between perpendicularly
oriented dipoles [18, 28]. Such advantages make plasmon-
assisted FRET a promising strategy for molecular biology.
One of the already demonstrated applications uses FRET
combined with silver nanoparticles to detect protein-
specific sialylation on the cell surface by taking advan-
tage of the enhancement of both the FRET fluorescence
signal (having thus a higher contrast) and the FRET
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efficiency [29]. A second application monitors conforma-
tional changes of proteins in living cells with higher
sensitivity than with conventional methods thanks to the
increased sensitivity to detect changes in FRET efficiency
provided by gold-coated coverslips [28].

An additional effect of the coupling between photonic
antennas and emitters is the modification of the spatial
emission and directionality of the fluorescence emission
[30-33]. When in resonance, the emitter couples to the
nanoantenna so that the radiation proceeds from the
coupled system, giving rise to changes in the angular
emission. Such changes in emission directionality can be
tuned by shifting the antenna resonance and/or by modi-
fying the orientation or the position of the emitter with
respect to the antenna. This spatial redistribution of the
emission also has an impact on FRET as kgggr is propor-
tional to the field emitted by the donor at the acceptor
position [34]. Thus, the FRET rate enhancement can be
calculated by computing the ratio between the donor
emission in presence and absence of the antenna. By per-
forming such calculations for different acceptor positions,
a spatial mapping of the FRET rate enhancement can be
readily obtained. Using Finite Difference Time Domain
(FDTD) simulations to calculate the donor emission, it has
been shown that such enhancement is a function of both
the position [19] and the orientation [26] of the donor within
the antenna field. However, experiments aimed to validate
these simulations have been performed on diffusing
emitters, where there is no control over the position or
orientation of the emitters with respect to the antenna. This
drawback can be partially overcome by making use of DNA
origamis to immobilize the FRET pair at designed positions
with respect to the antenna [20, 33, 35]. Yet, such approach
is static, and only one relative position can be probed on a
specific origami construct.

Here, we demonstrate the use of photonic nano-
antennas fabricated at the apex of near-field scanning
optical microscopy (NSOM) probes to accurately control
the 3D position of antennas over individual FRET pairs,
with 2 nm lateral precision. We experimentally demon-
strate modulation of the FRET efficiency up to 15%, at the
level of a single FRET pair. Such modulation depends on
the relative distance between the antenna and the FRET
donor and acceptor pair, and on the donor dipole orien-
tation. Our experimental results, supported by FDTD sim-
ulations, directly reveal the competition between FRET
donor-acceptor transfer and the donor-antenna transfer,
while scanning and controlling the donor-antenna dis-
tance on the nanometre scale.
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2 Results and discussion

Figure 1A describes the principle of the experiments
described here, where a photonic nanoantenna laterally
scans individual FRET pairs with nanometric precision. By
varying the relative position between the antenna and the
pair during scanning, one obtains a super-resolution map
of the antenna-to-FRET-pair coupling, and its impact on kg,
krrer and resulting FRET efficiency. The experiments have
been performed using a homemade combined confocal/
NSOM setup (Figure 1B). Excitation of the sample is ach-
ieved either in confocal mode (not shown in the figure), or
by coupling the laser light (A = 561 nm, 100 nW) at the back-
end of a near-field probe supporting a monopole on a
bowtie antenna at its apex. Experiments in confocal mode
are performed using circularly polarized light, while exci-
tation via the antenna is performed by adjusting the
incoming polarized light along the bowtie gap region to
drive the gap mode. The sample is mounted on a piezo
stage that can be scanned in 3D with nanometre accuracy.
The fluorescence emitted from the sample is collected
through a 1.3 NA objective and split towards two single-
photon counting avalanche photodiodes (SPADs) to
discriminate the light emitted from the acceptor and donor
molecules.

The antenna geometry used in our experiments is a
“hybrid” antenna that consists on a bowtie nanoantenna
resonator (BNA) that couples the light onto a monopole
[11] (Figure 1B, inset). The antennas are fabricated at the
apex of aluminium coated tapered optical fibres using
focussed ion beam (FIB) and mounted on the NSOM head
(Figure 1B). The FRET sample consists of double-stranded
DNA molecules of 51 base pairs total length, labelled with
a single Atto550 donor and a single Atto647N as acceptor,
set at specific positions on the DNA double strand to reach
a separation of 10 base pairs. In these conditions, the
donor—acceptor distance is estimated to be around
3.4 nm, which is about twice lower than the Forster radius
of Ry = 6.5 nm, assuming an average orientational factor
k? = 2/3 for this set of fluorescent dyes. The FRET pairs are
spin coated and immobilized on PMMA-coated coverslips
(10 nm layer) at low concentrations to allow for single-
pair FRET measurements both in confocal and NSOM
modes. A second thin PMMA layer (~ 10 nm) is spin-coated
on top of the FRET pairs to prevent possible dragging by
the antenna and to improve the photophysical stability of
the dyes (Figure 1B, inset). Considering that the axial
separation between the antenna probe and the PMMA
surface as maintained by the NSOM feedback loop is be-
tween 5 and 10 nm (+ 1nm) [2, 11], the actual axial distance
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Figure 1: (A) Schematic depiction of the Forster resonance energy
transfer (FRET) process in presence of a scanning antenna, showing
the different rates involved. An optical nanoantenna (bowtie with
monopole) positioned at a z distance above the sample scans
laterally individual FRET pairs. The coupling of the monopole
antenna to the emitters depends on their relative 3D position and
affects the donor decay rate k; and kgzer, modulating FRET efficiency
and acceptor emission. (B) Schematic of the near-field scanning
optical microscopy (NSOM) setup, with an aluminium-based optical
antenna probe placed in close proximity to the sample, where the
FRET pairs are immobilized, and the subsequent detection scheme.
The upper inset shows a scanning electron microscope (SEM) image
of a representative hybrid antenna probe supporting a monopole
with an apex of 30 nm in diameter. The lower inset shows a cross-
section of the sample, with the FRET pairs immobilized between two
10 nm think-poly (methyl methacrylate (PMMA) layers.

between the FRET pairs and the antenna is between 15 and
20 nm.

According to FDTD simulations our hybrid antenna
design provides an intensity enhancement of up to
500-fold (Figure 2A) for an incident polarization along the
gap and a spatial confinement (30-50 nm) that matches the
diameter of the monopole [11]. Due to its geometry, the
near-field intensities close to the monopole end exhibit
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different patterns and degree of enhancement for all 3D
orientations (Figure 2A), which in turn will affect how di-
poles with different orientations are excited. Importantly,
the selected design and metal used make these types of
antennas broadband over the visible range of the spectrum
(Figure 2B) significantly overlapping with the absorption
and emission spectra of both donor and acceptor dyes used
in our experiments (Figure 2B).

A representative confocal image of individual FRET
pairs is shown in Figure 3A. Each spot on the image corre-
sponds to the fluorescence emission of a single FRET pair,
where magenta and green represent the acceptor and donor
channels respectively. As expected, most of the spots are
magenta, consistent with the short distances involved and
the estimated Ergrr ~ 98%. We attribute the few green spots
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Figure 2: (A) FDTD simulations of the near-field intensity enhance-
ment (ratio of intensity in presence and absence of the antenna)
provided by a hybrid antenna (30 nm in diameter, 70 nm in length),
10 nm away from the monopole end. Both the total field as well as
the x, y, and z components of the near-field are displayed. Scale
bars: 100 nm. (B) Absorption (dashed lines) and emission (solid
lines) spectra of both the donor (green) and acceptor (red) dyes. The
broad resonance spectrum of the hybrid antenna obtained from
FDTD simulations is shown in blue.
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observed mostly to the fact that the DNA hybridization is not
100% efficient and a non-negligible probability that the two
emitters are perpendicular to each other, so that FRET does
not occur. Figure 3B, C shows two exemplary near-field
images obtained on smaller regions of the sample using a
hybrid nanoantenna. Similar to the confocal case, most of
the fluorescence spots are magenta, indicative of high FRET
efficiency. In addition, the fluorescence spots show char-
acteristic near-field patterns, i.e. a central bright spot having
a full-width-at-half-maximum (FWHM) around 50 nm cor-
responding to the highly confined excitation from the
monopole, together with a weaker shadow region on a side,
resulting from residual excitation of the BNA arms. More-
over, based on the FDTD simulations and excitation patterns
shown in Figure 2, the near-field spots obtained in these
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Figure 3: (A) Representative confocal image of a sample containing
individual 3.4 nm FRET pairs. Magenta represents signal from the
acceptor channel (178 counts/ms) and green from the donor channel
(55 counts/ms). Scale bar: 2 pm. Integration time: 2 ms per pixel. (B,
C) Two exemplary antenna-based images of the same sample (with
181 counts/ms and 26 counts/ms in acceptor and donor channels
respectively). Scale bar: 500 nm. Integration time: 10 ms per pixel.
Insets in A and B show lines profiles on two different fluorescence
spots illustrating the increased lateral resolution obtained by the
antenna (B) as compared to diffraction-limited confocal image (A).
(D) Upper plot: Erger histogram obtained from the mean intensity of
individual spots from multiple confocal images (blue) together with
simulated data considering all possible orientations between do-
nors and acceptors (grey). Lower plot: Corresponding Egger histo-
gram obtained from individual spots over multiple antenna-based
images.
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images should mainly correspond to out-of-plane oriented
molecules, which are expected given the larger field
enhancement in the z direction.

The FRET efficiency can be experimentally determined
as Erger = na"T“nd, where n, corresponds the number of
photons collected in the acceptor channel (after back-
ground subtraction), and n, to the photons collected in the
donor channel (background subtracted and after applying
a correction factor that accounts for the difference in
fluorescence collection efficiencies between both chan-
nels, see Section 4). Figure 3D shows the histograms of
Errgr obtained from the mean intensities of individual
spots over multiple confocal images (upper plot). The dis-
tribution is strongly shifted towards high FRET efficiencies
around 90%. It is worth noticing that in our case the FRET
pairs are immobilized and thus the relative orientation
between the acceptor and the donor is fixed, as opposed to
most FRET experiments performed in solution where the
dyes are freely rotating. In this latter case the orientational
factor k% should be considered 2/3, obtained from aver-
aging all orientations, whereas in our case all possible x
values ranging from O to one should exist. To assess the
effect of x on the experimentally determined Erggr from
confocal images, we generated a histogram from simulated
data considering random orientations between the donor
and the acceptor. Both experimental and simulated histo-
grams agree nicely with each other validating our experi-
mental approach and detection efficiencies in both
channels (Figure 3D, upper plot).

Figure 3D (lower plot) shows the Epggr distribution
obtained from multiple antenna-based images. For this
calculation, we consider the mean intensity of each indi-
vidual spot, i.e. monopole excitation, disregarding the
shadow contribution from the BNA arms. Both confocal
and antenna-based Erggr plots are quite similar with a
mean Erger of 0.86 (sd = 0.20) and 0.88 (sd = 0.14) for
confocal and antenna excitations respectively. While
averaging over all antenna-FRET sample positions and
orientations, the initial analysis shows therefore no sig-
nificant effect of the antenna on the 3.4 nm average FRET
efficiency distribution.

To gain further insight on the potential effect of the
antenna position with respect to the FRET pairs, we re-
analyse each fluorescence spot and generate Epgrr maps
on a pixel-to-pixel level. Representative fluorescence and
corresponding Erggr maps with a 8 nm lateral resolution
(corresponding to the pixel size) are shown in Figure 4A, B,
respectively, together with exemplary zoom-in FRET spots
(Figure 4C). Interestingly, the FRET efficiency is not ho-
mogenous or constant for each single pair, but instead it
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shows variations up to ~ 20% as a function of the antenna
position with respect to individual FRET pairs. Moreover,
distinct spatial patterns are observed for different pairs.
These effects are more clearly visible when increasing the
pixel resolution to 2 nm (Figure 4D, E) and unequivocally
demonstrate nanoscale FRET modulation as a function of
the antenna position.

To quantify better these FRET variations, we

generate normalized donor and acceptor fluorescence
line profiles on several FRET spots, obtained with a

-I

Figure 4: (A) Representative antenna-based image of individual
FRET pairs after renormalizing the signal in the donor channel to its
maximum. The sample is line-scanned along the vertical direction.
Scale bar: 500 nm. (B) Corresponding Efzer map calculated on a
pixel-by-pixel basis after applying a 2 x 2 pixel Gaussian filter to the
original image for better visualization. (C) Zoom-ins of different
Errer spots with a lateral resolution of 8 nm (pixel size). Each spot
shows a different spatial Eger pattern and pixel-to-pixel variations
of Erger are readily observed. (D, E) Individual intensity and Egger
spots respectively, mapped with a lateral resolution of 2 nm (cor-
responding to the pixel size). Notice that on the left panel photo-
bleaching of the acceptor occurs during scanning so that the donor
signal (green) is recovered and FRET is lost, further demonstrating
that our measurements are performed at the level of single
FRET-pairs. Scale bars: 200 nm. Integration time: 10 ms per pixel.
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pixel resolution of 8 nm (Figure 5). To exclude the in-
fluence of residual excitation from the BNA arms, the
line profiles are generated vertically along the y-scan-
ning direction. Moreover, to reduce the effect of photon
statistical fluctuations and any other photodynamic
effects (such as blinking or flickering), we averaged
over three line profiles. We assign the zero position in
the x-axis to the pixel where donor signal is maximal.
We further perform a Gaussian fitting of the line pro-
files from the two channels, and from there we calcu-
late Erger as a function of the antenna position (black
lines in Figure 5, and expanded on the upper plots) for
those pixels where the signal from either of the two
channels is at least 20% of its maximum. As observed
from the different pairs, the FRET efficiency is not
constant but it rather shows variations as a function of
the lateral distance between the antenna and the FRET
pair. The degree of FRET modulation ranges from 3%
up to 15%, depending on the FRET pair. Furthermore,
each FRET profile exhibits a different pattern: in most
cases, the largest FRET reduction occurs close to centre
(i.e. x = 0), while in some cases, a gradient from lower
to higher FRET values is obtained. This effect is
observed on those pairs where the spots in acceptor
and green channels are laterally displaced with respect
to each other, and occurs because of a different
coupling of the antenna to the donor and acceptor,
which in turn depends on the dipole orientation of the
donor/acceptor with respect to the antenna and the
respective donor and acceptor dipolar orientations.
Overall, these results show nanoscale FRET modulation
mapped with a spatial resolution of ~8 nm and at the
single FRET pair level.

To understand the influence of the antenna position on
the degree of FRET modulation, we performed FDTD sim-
ulations. The FRET efficiency is defined as a function of
both the FRET and total donor rates (krggr, kg). By rewriting
equation 1, we can express Erggras a function of quantities
that can be readily simulated:

kerer (1) kF}gET (€]
kP k
E r FRET _ FRET )
et (1) = —kFRETm ’f)d(r) kerer (1), ka(n) K @
kPrer KkFreT KORer kS KPrer

where % is the FRET rate enhancement, that can be
computed as the ratio of the field emitted by the donor at
the acceptor position in presence and absence of the an-
tenna [28], and "d
rates in presence and absence of the antenna. Fmally,

can be retrieved from the value of the FRET efﬁc1ency 1n a
homogeneous environment

DE GRUYTER
k2 1 1 K0 R\®
o _ Krrer _ _ d_ _ < )
FRET ~70 0 0 6§ 70
I k k R k R
KFRer + K3 1 + kgm 1+ ( Ro) FRET 0
©)

Therefore, the FRET efficiency at each antenna posi-
tion is the result of a competition between the antenna
induced FRET rate enhancement and donor rate enhance-
ment [36, 37]. Overall, the condition for enhancement of the

FRET efficiency [36] requires that % > % Since both
d

parameters depend on the relative position of the donor
with respect to the antenna, we expect a modulation of the
FRET efficiency while scanning the antenna over the FRET
pairs.

Figure 6 shows the results of the FDTD simulations,
considering two different axial distances from the antenna
to the FRET pairs, i.e. z = 10 nm (Figure 6A) and z = 30 nm
(Figure 6B). Simulations are performed for all three
possible orientations of both the donor and acceptor, and
for an antenna that scans the donor in the y direction,
similar to our experimental settings. Moreover, we partic-
ularly focus on the influence of the antenna on the donor
field as it is the one mostly affecting the acceptor.

As observed from the simulations considering FRET
pairs with a short separation of 3.4 nm between donor and

kq(r)

acceptor emitters, the donor rate enhancement o is al-
d

ways much higher than the FRET rate enhancement k’i‘gf—TT(’),

0

for any donor orientation. Therefore, as the ratio :0
constant for this FRET sample, the variations observed on
the FRET efficiency directly represent the modulation of the

donor LDOS as a function of the antenna position.

isa

Furthermore, since "?(g” is independent on the acceptor
orientation, the FRET efficiency modulation by the antenna
only depends on the donor orientation. Moreover, the
strength of the FRET efficiency modulation depends on the
dipolar orientation of the donor, being more pronounced
for z-oriented donors as they couple more efficiently with
the antenna (third row on Figure 6A, B). Since the near-field
excitation provided by the antenna is stronger in the z di-
rection (Figure 2), donors aligned along the z direction will
be most efficiently excited and FRET will largely proceed
from these pairs. In these conditions, we expect from our
simulations to preferentially measure a FRET efficiency
reduction, as transfer to the antenna competes with FRET
transfer to the acceptor, which is fully consistent with our
experimental results. Finally, the strength of FRET modu-
lation strongly depends on the axial distance separation
between the antenna and the donor emitter (simulations at
z =10 nm in Figure 6A and z = 30 nm for Figure 6B). At
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Figure 5: Line profiles of several FRET spots as a function of the antenna position taken along the y-scanning direction. Magenta represents
the normalized signal from the acceptor channel, green from the donor channel and black corresponds to the FRET efficiency. Top insets are
expanded plots of the FRET efficiency lines profiles. The zero position in the x-axis is defined at the pixel where the donor signal is maximum.
The numbers on the right of each profile correspond to the respective FWHMs of donor and acceptor, obtained from Gaussian fittings to the

experimental data.

z =10 nm the drop in FRET efficiency caused by the donor
enhancement rate is 40% and decreases to ~10% for an
axial separation of 30 nm. Bearing in mind our sample
preparation procedure where the FRET pairs are buried
within a thin 10 nm PMMA layer, and that the distance
between the antenna and the sample in NSOM experiments
is between 5 and 10 nm given by the feedback loop, we
estimate an axial separation of 15-20 nm between the an-
tenna and the FRET pairs. Thus, our experimentally ob-
tained FRET modulation values of 3-13% agree well with
an axial distance separation between the antenna and the
donor that lies between the two simulated sets (Figure 6A,
B).

Interestingly, the experimental data shown in
Figure 5 also shows a consistent narrower profile of the
donor signal as compared to the acceptor one. To enquire

whether this observation is statistically significantly, we
analysed over 30 different FRET spots and measured their
FWHM (Figure 7A). The histogram shows a clear nar-
rowing of the FWHM distributions of the donor compared
to the acceptor profiles, with as much as ~ 30 nm. To
exclude any potential artefacts induced by the antenna
and/or the experimental set-up we performed similar
measurements on 20 nm-beads (labelled with nile red)
deposited on glass coverslips (Figure 7B). As expected,
the FWHM distributions for both channels fully overlap
with each other, indicating that the FWHM shift between
donor and emission profiles should arise from the
coupling of the antenna to the FRET pairs. Notice that we
assign a narrowing of the donor profile rather than a
broadening of the acceptor FWHM, since the FRET pairs
are buried in the PMMA layer and thus at a larger z
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distance, as compared to the beads which are much closer
to the antenna. Therefore, the FWHM acceptor broad-
ening is simply the result of its axial separation with
respect to the antenna. In strong contrast, the narrowing
of the donor profile occurs as a result of FRET and donor
coupling to the antenna. These results can be understood
on the basis that Epgerresults from a competition between
enhanced k; and kgger (Figure 7C). Based on our simula-
tions (Figure 6), at lateral positions away from the an-
tenna, kpprr dominates and the donor signal is highly
quenched. However, at lateral positions close to the

antenna is vertically aligned with the
donor. Simulations are shown for different
dipolar orientations of the donor (xin first
row, y in the second and z in the third row)
and consider the 3D near-field components
emitted by the donor (in the x-direction:
solid blue, in the y-direction: dashed red
and in the z-direction: dotted yellow). In the
case of the donor rate enhancement, only
the donor orientation plays a role (shown
as green lines). The simulations are shown
for an axial separation between the donor
and the monopole end of (A) 10 nm and (B)
30 nm.

antenna (within ~ + 15 nm as inferred from Figure 6), the
donor rate enhancement is highly increased and com-
petes with kpger, leading to donor emission unquenching.
Our experimental data agrees remarkably well with the
simulations, as the donor FWHM profile is ~ 30 nm nar-
rower than the acceptor emission profile. In summary, by
laterally manipulating with nanometric precision the 3D
position of the antenna with respect to the emitters, we are
able to directly map the competition between k; and krger
and experimentally measure FRET modulation induced
by photonic antennas.
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Figure 7: (A) Histogram of the FWHM obtained from different FRET
pairs, where green and magenta correspond to donor and acceptor
emitters, respectively. (B) Corresponding histogram obtained on
20 nm beads measured using the same antenna and under similar
experimental conditions. (C) Schematics of the FRET process, where
k, (acceptor emission rate) depends on the competition between kg
and Keger.

3 Conclusions

In this work we have used nanoantennas mounted on a
near-field optical set-up to achieve full 3D control of the
antenna position with respect to single FRET pairs. Using
this approach, we have directly mapped the FRET effi-
ciency as a function of the antenna-pair distance, with an
unprecedented lateral control of 2 nm. Our experiments
confirm that the resulting energy transfer depends on the
position of the antenna with respect to the pair and on the
donor dipole orientation, in agreement with previous
works [19, 26]. For a system with high FRET efficiency such
as the one studied here (3.4 nm separation), the donor
enhancement rate dominates over the FRET rate resulting
in an overall decrease of FRET efficiency between 3 and
15%. Our work constitutes the first experimental spatial
mapping of the influence of photonic antennas on the
competition between k; and kgrgr, controlling the FRET
efficiency. It will be interesting to study in the future similar
effects on FRET pairs of larger separations [19, 26]. Such
experiments will be interesting given the broad applica-
bility of FRET and the prospect that photonic antennas can
extend the range at which FRET can be observed.

4 Materials and methods

Tip fabrication: The hybrid antennas were carved by FIB (Zeiss
Auriga 60 FIB-SEM, 1 nm resolution GEMINI scanning electron mi-
croscope (SEM), equipped with Orsay Optics 2.5 nm-resolution Cobra
ion column) at the end face of aluminium-coated tapered optical
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fibres. The tapers were created by heating & pulling single mode
(SM600, Fibercore) optical fibres. A 150 nm aluminium layer was
deposited by thermal evaporation (Oerlikon Leybold Univex 350)
around the fibres to prevent light leakage from the tapered region. The
apex of the coated probes was then removed by FIB to create a well-
defined glass opening with diameters close to the cut-off region (500
600 nm) such as to sustain the lowest order mode (TMO1). The milled
end faces were then coated with a 200 nm thick aluminium layer.
Monopole antennas (60 to 80 nm long, 30 to 50 nm wide) were first
carved into the layer, and BNAs were then milled into the remaining
metal in close proximity to the monopole (with dimensions
300 x 300 nm and a reproducible gap of 30 nm).

FRET pairs preparation: Double-stranded DNA constructs of 51 base
pairs length were designed with one Atto550 donor on the forward
strand, and one Atto647N acceptor on the reverse strand [19]. The dis-
tance between fluorescent labels was set such that the donor and
acceptor are separated by 10 base pairs (corresponding to 3.4 nm sep-
aration). As 10 base pairs make a complete turn on the DNA double
strand, the choice of D-A separation as a multiple of 10 base pairs
avoids considering the complex three-dimensional structure of DNA to
estimate the D—-A distance. The characteristic Forster radius computed
for atto550 and atto647N in pure water is 6.5 nm. Labelled HPLC-purified
DNA single strands are obtained from IBA (Géttingen, Germany),
modified with the corresponding N-hydroxysuccinimidyl ester (NHS)
donor and acceptor fluorophore derivatives of atto550 and atoo647N.
Fluorophores were covalently linked to an amino-Cé-modified thymi-
dine with NHS-chemistry via base labelling. The forward strand
sequence is 5-CCTGAGCGTACTGCAGGATAGCCTATCGCGTGTCA-
TATGCTGTTpCAGTGCG-3'. The reverse strand sequence is 5-CGCACT-
GAACAGCATAT,GACACGCGATAGGC TATCCTGCAGTACGCTCAGG-3'.
The subscripts indicate the bases where the fluorophores are being
attached (A for the acceptor and D for the donor). The strands were
annealed at 10 pM concentrations in 40 mM Tris-Acetate, 1 mM EDTA,
12.5 mM MgCl, buffer, and by heating to 95 °C for 5 min followed by slow
cooling to room temperature. The double stranded DNA stocks were
diluted in a 10 mM HEPES buffer, pH 7, and stored at —20 °C.

Sample preparation: Glass coverslips where coated with a thin
(~10 nm) layer of PMMA by spin coating at 6000 rpm. Afterwards, FRET
pairs were diluted in HEPES to a concentration of 10 nM and spin coated
onto these PMMA-coated coverslips at 2000 rpm. This ensures that
single pairs will be well separated for imaging and that the FRET pairs
will lie on top of the PMMA layer. Finally, a second thin layer of PMMA
(~ 10 nm) was spin coated (6000 rpm) on top to improve immobilization
of the FRET pairs and increase the photostability of the dyes.
Numerical simulations: 3D numerical modelling on hybrid an-
tenna probes was based on the finite-difference time-domain (FDTD)
simulations. For the simulations on the field enhancement, the
model considers a volume spanning 5 pm in x, y and 8.5 pm in z. The
refraction index and taper angle of the dielectric body of the probe
were chosen to be 1.448 and 24°, respectively. The aluminium
thickness on the side and on the end face of the tips is 150 and
120 nm, respectively, and the aluminium dielectric constant was
measured by ellipsometry. The external dimensions of the BNA are
300 nm, and the gap size is 30 nm. The monopole antenna length
and diameter are chosen to be 70 and 30 nm, respectively. A
nonuniform grid resolution varies from 25 nm for portions at the
periphery of the simulation, 5 nm for the region in the immediate
proximity to the BNA, and to 1 nm for the volume including the
monopole antenna. Excitation at A = 561 nm was done by a linearly
polarized Gaussian beam launched at 7 pym away from the tip body
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and propagating toward the hybrid antenna. The field profiles are
measured at a xy-plane 10 nm away from the monopole end.

For the simulations of the rate enhancements the antennas are

simulated on a glass substrate positioned in the middle of a FDTD
window spanning +1 pm in x, y and z, in order to reduce the running
time. In addition, to be closer to the experimental conditions (FWHM
from beads ~55 nm), we chose a monopole diameter of 50 nm. The rest
of the parameters are kept the same as mentioned before.
FRET efficiency calculation: For every pixel in the spots observed
we record the number of photons in both acceptor and donor
channels (n, and ng, respectively). The background on each channel
is then subtracted from these values. The FRET efficiency is then
computed on every pixel according to the formula Epggr = nuf—“ynd,
where y accounts for the different detection efficiencies of donor and
acceptor channels for every optical element in the optical detection
path. Considering the fluorescence collection efficiencies of the
objective and the APDs at the emission maxima of the donor and the
acceptor, together with the transmission of all of the filters in use
(dichroic and band passes used to split and filter the collected
fluorescence signal) in the emission range of both donor and
acceptor dyes, we estimate this correction factor to be y =0.76. Here,
we assume that this factor is mostly unaffected by the antenna. This
hypothesis is confirmed by the good agreement between the ex-
periments and the FDTD simulations.
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