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Abstract:

Single-molecule fluorescence techniques are essential for investigating the molecular mechanisms in
biological processes. However, achieving sub-millisecond temporal resolution to monitor fast
molecular dynamics remains a significant challenge. The fluorescence brightness is the key parameter
that generally defines the temporal resolution for these techniques. Conventional microscopes and
standard fluorescent emitters fall short in achieving the high brightness required for sub-millisecond
monitoring. Plasmonic nanoantennas have been proposed as a solution, but despite huge fluorescence
enhancement have been obtained with these structures, the brightness generally remains below 1
million photons/s/molecule. Therefore, the improvement of temporal resolution has been overlooked.
In this article, we present a method for achieving high temporal resolution in single-molecule
fluorescence techniques using plasmonic nanoantennas, specifically optical horn antennas. We
demonstrate about 90% collection efficiency of the total emitted light, reaching a high fluorescence
brightness of 2 million photons/s/molecule in the saturation regime. This enables observations of
single molecules with microsecond binning time and fast fluorescence correlation spectroscopy (FCS)
measurements. This work expands the applications of plasmonic antennas and zero-mode waveguides
in the fluorescence saturation regime towards brighter single-molecule signal, faster temporal
resolutions and improved detection rates to advance fluorescence sensing, DNA sequencing and
dynamic studies of molecular interactions.
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1. Introduction

Single-molecule fluorescence techniques are essential to investigate and understand the molecular
mechanisms behind biological processes.[*! A broad class of single-molecule spectroscopy methods
has been developed, including fluorescence time trace analysis,!® fluorescence correlation
spectroscopy (FCS),"”! Férster resonance energy transfer (FRET),!®°! single particle tracking (SPT),"*% or
multiparameter fluorescence detection (MFD).[***2 With these techniques, watching single molecule
dynamics on timescales from milliseconds to minutes is particularly common. However, achieving a
sub-millisecond temporal resolution to monitor fast molecular dynamics remains highly

challenging.[%13-1]

The fluorescence brightness (detected number of photons per second and per molecule) is the key
parameter generally defining the temporal resolution for the different single-molecule fluorescence
techniques. With a typical single-molecule fluorescence brightness of 50,000 photons/s/molecule, it
takes 1 ms to collect 50 photons and reliably detect a fluorescence signal. However, if the recording
time is set to 100 s, then only 5 photons are detected on average within this time interval, leading
to a large shot noise contribution and a poor signal-to-noise ratio. To obtain 50 photons within 10 ys,
then the fluorescence brightness must reach 5 million photons/s/molecule. Unfortunately, these high
fluorescence brightness and their associated fast temporal resolutions remain out of reach of the
conventional confocal microscopes and standard fluorescent emitters.?” The large size mismatch
between a single molecule and the wavelength of light implies that the phenomenon of diffraction
ultimately limits the light-matter interaction in conventional microscopes and their ability to collect

the energy radiated by the single molecule.?*??

Plasmonic nanoantennas have been introduced to overcome the diffraction limit in light-matter
interactions.?>?3! Impressive fluorescence enhancement factors above 1000-fold have been achieved
using bowtie,’?* nanorod,'?>?®! nanoparticle assemblies,'?”” DNA-origami dimer,?832 DNA-templated
dimer,33>3 or antenna-in-box antennas.**3” These large enhancements are generally achieved using
low quantum yield emitters and by avoiding saturation at moderate excitation intensities, in order to
maximize the nanoantenna enhancement. While different studies on DNA origami nanoantennas
have reported high fluorescence brightness above 1 million photons per second for a single
molecule,!?®2°32 the majority of research in this field focuses on maximizing the fluorescence

enhancement factor rather than the net detected fluorescence brightness.

Improving the temporal resolution of single-molecule fluorescence techniques requires detecting
several photons within a microsecond, which in turn implies a fluorescence brightness above the
million photons/s/molecule. The fluorescence enhancement is not the primary interest, what matters

most here is the absolute brightness or photon count rate per molecule. To reach the high detection



rates required, the excitation power needs to be increased so as to reach the fluorescence saturation
regime, which results from the finite lifetime of the excited state and the buildup of triplet or dark
states.?% In the saturation regime, the fluorescence brightness per emitter is no longer proportional
to the excitation intensity and the quantum yield, but depends on the product of the collection
efficiency times the radiative decay rate constant.!34%32 This slightly changes the usual design rules
for plasmonic nanoantennas to enhance fluorescence, and calls for a specific maximization of the
collection efficiency and the radiative rate enhancement. Despite the crucial role that fluorescence
saturation plays in determining the maximum fluorescence brightness, only a few studies have
explicitly investigated the antenna-emitter coupling at saturation.!®*%32 Up to 100-fold increase in
the maximum photon count rate at saturation could be achieved using gold nanorods,%4% yet
photophysical processes, such as the formation of dark states and photoisomerization, were found to
still limit the fluorescence brightness at saturation in the nanoantenna.®?! While the aforementioned
studies were instrumental in pioneering the field, the nanoantenna influence in improving the

temporal resolution in biological applications still remains largely unexplored.

Here, we specifically target the use of plasmonic antennas to maximize the fluorescence brightness
per molecule in the saturation regime and simultaneously improve the temporal resolution dynamics
of single-molecule techniques. As the collection efficiency and radiative rate enhancement are the
two important parameters for the brightness at saturation, we choose to work with optical horn
antennas, which feature a conical horn microreflector combined with a central nanoaperture milled
into an aluminum film and are the optical analogue of microwave horn antennas (Fig. 1a-c).*" The
rationale behind this design is two fold: (i) the nanoaperture of 120 nm diameter serves as an attoliter
analysis chamber locally enhancing the fluorescence emission rate,’***? while (ii) the conical reflector
directs the fluorescence light towards the microscope objective and improves the total collection
efficiency.***! The nanoaperture brings the advantages of the zero-mode waveguides (ZMW) to
improve the detection of fluorescence molecules in solution with higher brightness and 1000-fold
higher concentration than standard diffraction-limited microscopes.!**2 The conical reflector allows
to collect the so-called supercritical or forbidden light emitted at angles above the critical angle for
total internal reflection at a glass-water interface.?>>3 Because its working principle does not depend
on interference effects unlike Yagi Uda or Bull’s eye antennas for directivity control,®*°> the horn
antenna operates over a broad spectral range largely covering the full fluorescence emission
spectrum. Thanks to the central aperture, the horn antenna remains fully compatible with the
detection of fluorescent molecules diffusing in solution as the emitter does not need to be embedded
into the antenna material contrarily to dielectric!®>% or patch antenna designs.®®®3 Our group has

recently developed UV horn antennas designed to improve the autofluorescence detection sensitivity



of label-free proteins in the ultraviolet.[**** However, this antenna design has never been used in the

visible spectral range and never in the context of fluorescence at saturation.

Here, we demonstrate close to 90% collection efficiency of the total emitted light from a single dipole
enabling to reach a high fluorescence brightness of 2 million photons/s/molecule in the saturation
regime. We discuss how the dark state buildup is the main factor limiting the maximum photon count
rate and show that the local temperature increase plays a significant role in the saturation condition.
The large fluorescence brightness achieved with the horn antenna enables observing single molecules
within individual diffusion bursts with a binning time as short as 10 us. It also allows fast FCS
measurements with integration times of only 200 ms to monitor high affinity molecular interaction
dynamics as we demonstrate for streptavidin-biotin association at micromolar concentrations. This
work further expands the applications of plasmonic antennas and ZMWs towards higher fluorescence
count rates and faster temporal resolutions to improve nanopore sensing!®%”! DNA sequencing,®®~7%

as well as dynamic studies of molecular interactions,”>”? protein conformations,!*3% and
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Figure 1. Optical horn antennas to achieve 90% fluorescence collection efficiency from single emitters.
(a) Scheme of the experimental configuration. (b) Scanning electron microscope image of a horn
antenna with a 120 nm diameter ZMW nanoaperture milled in the centre. (c) Numerical simulations
of the electric field intensity radiated by a single dipole positioned in the centre of the nanoaperture
with vertical orientation and 670 nm emission wavelength. (d) Calculated three-dimensional radiation
patterns from dipolar sources (averaged over X, y, and z orientations) placed in the horn antenna,

ZMW, and 5 nm above a glass-water interface. (e) Collection efficiency as a function of the numerical
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aperture used for the microscope objective. (f) Gain in collection efficiency for the horn antenna and
the ZMW respective to the glass-water interface as a function of the numerical aperture used for the
microscope objective. The numbers near the arrows indicate the extra gains brought by the horn

antenna respective to the ZMW for the two numerical apertures used in this work.

2. Results and Discussion

Our main experiments are performed with Alexa Fluor 647 dyes (excitation 633 nm, emission peak at
670 nm), which are among the dyes with the highest radiative rate constants (Supporting Information
Fig. S1) and are thus good candidates to maximize the photon count rate in saturation conditions.
Figure 1a shows a scheme of the experimental configuration. A single horn antenna fabricated using
focused ion beam (FIB) (Fig. 1b and S2) is excited using a focused 633 nm CW laser beam in an
epifluorescence confocal microscope (See Experimental Section for details). The center of the horn
antenna comprises a nanoaperture of 120 nm diameter chosen to maximize the fluorescence
brightness enhancement based on our previous works on ZMWSs.3887! The 43° angle for the conical
reflector is chosen based on direct experimental characterization of different microreflectors in the
visible (Fig. S3) together with the consideration of our available data in the UV.[*! Throughout this
work, we will compare the full horn antenna (ZMW + microreflector) with the bare ZMW without
microreflector. This provides an important reference to assess the influence of the microreflector in
improving the collection efficiency. The numerical simulations reported in Fig. S4 show that the
microreflector does not modify the local intensity inside the nanoaperture: both the horn antenna and
the bare ZMW show very similar electromagnetic intensity profiles inside the 120 nm aperture. This is
expected as the excitation beam is focused by a 1.2 numerical aperture (NA) objective to a diffraction-

limited spot of 700 nm diameter smaller than the top plateau of the horn antenna.

The reflective wall of the horn antenna redirects most of the emission in a narrow range of angles
towards the collection objective as shown in the numerical simulations in Fig. 1c,d and S5. For
comparison, the radiation patterns for a bare ZMW and a glass-water interface are also plotted on Fig.
1d. To quantify the beam steering ability of the horn antenna, we calculate the collection efficiency as
a function of the numerical aperture used in the experiment for three different configurations: horn
antenna, ZMW, and 5 nm above a glass-water interface (Fig. 1e). For a 1.2 NA microscope objective as
used in our experiments, 43% of the total emitted light is collected just above the glass-water interface
in the confocal configuration. This collection efficiency increases to 55% for a bare ZMW while the horn
antenna achieves an impressive collection of 90% of the total radiated power in all 3 space directions.

Our simulations predict a collection gain of 1.6-fold for the horn antenna as compared to the ZMW for



a 1.2 NA objective. This gain is even higher for lower NA objectives (Fig. 1f), as a consequence of the

horn antenna directing the majority of the emission into a narrow +20° cone (Fig. 1d).
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Figure 2. Fluorescence in the saturation regime: reaching high fluorescence brightness above 1 million
counts per second and per molecule with the horn antennas and the influence of the local
temperature. (a) Notations for the photophysical rate constants (see text for details). (b) Fluorescence
brightness per molecule as a function of the laser power for the horn antenna, the ZMW and the
confocal reference. The curves are numerical fits using the model Eq. (1) with and without considering
the temperature effects on the transition rates. (c) Normalised fluorescence lifetime decay curves
showing an equal lifetime reduction for the horn antenna and the ZMW as compared to the confocal
reference. IRF stands for the instrument response function. (d) Fluorescence brightness enhancement
for the horn antenna and the ZMW probed with two different objective numerical apertures at a laser
power of 50 uW. (e) Temperature increase in the horn antenna and ZMW as a function of the 633 nm
laser power. The markers are experimental data deduced from infrared measurements (Fig. S11), the
lines are numerical fits. (f) Ratio of the decay rate constants kpq/kpo leading to the dark state build-
up as a function of the temperature increase. The markers are experimental data deduced from FCS

measurements (Fig. S12), the lines are numerical fits.

Figure 2 summarizes our experimental characterizations of the fluorescence enhancement and the

fluorescence brightness in the linear and saturation regimes. As a cyanine dye, Alexa Fluor 647



undergoes trans-cis photoisomerization leading to a non-emissive state in the microsecond time
scale.’®89 Since our FCS experiments cannot distinguish between photoisomerization and triplet
blinking, we decide to represent the photophysics of Alexa Fluor 647 with the model pictured in Fig.
2a where kgy, kg the radiative, kyp are respectively the excitation, radiative and nonradiative rate
constants of the fluorescent trans conformation, kp4 is the transition rate constant from S; to the dark
state and kg, the recovery rate constant from the dark state back to the ground state So in trans
conformation.®8 k. and kg, include contributions from both trans-cis photoisomerization and
triplet transitions, providing a model with the least number of parameters to conclusively describe our

data. With these notations, the fluorescence brightness (count rate per molecule CRM), is given

by[20,90]

k k
CRM = k —— 2 )
kg + kngr 1 +k¢(1 +@>
kg + kngr kgo

where k denotes the collection efficiency. In the quantum efficiency term kg /(kgr + kyg), we have
neglected the transition rate constant kp; as it is three orders of magnitude smaller than the radiative
and nonradiative rate constants.® For high excitation rates in the saturation condition kgy > ki +

kygr, the molecular brightness becomes

kg (2)
CRMsqtyration = K ——

As discussed in the introduction, this equation reminds that the fluorescence brightness in the
saturation condition depends on the collection efficiency k, the radiative rate constant ki and the

build-up kpq/kp of the dark state.

To measure the fluorescence brightness in our different experiments, we perform fluorescence
correlation spectroscopy (FCS) which allows to record the average fluorescence intensity and the
average number of detected molecules for each experimental run (see Experimental Section and Fig.
S6-S9 for details).””! Figure 2b is our main experimental result: while in the confocal configuration the
molecular brightness CRM saturates at values below 120 kcounts/s, the horn antenna brings it close
to 2 million photons per second and per molecule (Mcounts/s/molecule), providing a 16-fold
improvement over the net maximum detected count rate per molecule as compared to the diffraction-
limited case. Surprisingly, the horn antenna gain as compared to the ZMW is significant for low and
moderate excitations powers (below 100 W) but tends to decrease as the saturation conditions are
fully reached at powers above 400 uW. This feature is unexpected as the collection efficiency gain

should be constant for all different excitation powers (Eq. (1-2)). To explain the different observations



in Fig. 2b, we need to address separately the experimental gain in collection efficiency and the physical

origins of the fluorescence saturation in the horn antenna.

First, we ensure that the horn antenna and the ZMW modify similarly the local density of optical states
(LDOS): fluorescence lifetime measurements taken in similar conditions to the FCS experiments
indicate a similar fluorescence lifetime for Alexa 647 in the horn antenna as in the ZMW, with a lifetime
reduction from 1.0 ns in the confocal configuration to 0.57 ns in the horn antenna and the ZMW (Fig.
2c). This result agrees with the numerical simulations in Fig. S4 indicating similar electric field
distributions inside the nanoaperture regardless of the presence of the microreflector, which affects
only the directivity of the emitted light. This demonstrates that at low excitation powers below

saturation, the decay rate constants kgy, kg, kg are similar between the horn antenna and the ZMW.

Comparing the fluorescence brightness obtained with the horn antenna and the bare ZMW below
saturation, Eq. (1) indicates that their brightness difference amounts to the gain in the collection
efficiency k. Experimentally, we find a 1.5-fold collection gain for the horn antenna as compared to the
bare ZMW below the fluorescence saturation and for a 1.2 NA objective (Fig. 2d). This result agrees
very well with the numerical simulations in Fig. 1f where a 1.6-fold gain was predicted. The same set
of experiments is reproduced with an objective of lower 0.65 NA (Fig. S10). In this case, we find a larger
collection gain of 1.8-fold with the horn antenna respective to the ZMW (Fig. 2d), again in good
agreement with the numerical simulations in Fig. 1f. Altogether, these results demonstrate the beam
steering ability of the horn antenna which contributes to further enhance the detected fluorescence

brightness as compared to the ZMW.

If the horn antenna was only redirecting the fluorescence emitted at high angles towards the
microscope objective, then the fluorescence brightness in the horn antenna should always be 1.5-fold
higher than the ZMW brightness, following the orange dashed line in Fig. 2d and reaching values
around 3 Mphotons/s/molecule. However, our experimental data clearly deviate from this trend for
excitation powers in the saturation regime above 100 uW. The FCS results of the number of molecules
and diffusion time do not indicate any major difference between the horn antenna and the ZMW (Fig.
S7), ruling out any extra photobleaching that would occur predominantly in the horn antenna as
compared to the ZMW (the fast diffusion times below 50 us and the continuous illumination avoid the

conditions leading to strong photobleaching).®”

In the presence of metal and with local excitation intensities exceeding several hundreds of uW/um?,
the local temperature increase due to the absorption of the excitation light into the metal (Joule
heating) cannot be neglected. A first hint about the occurrence of this process is provided by the
decrease of the FCS diffusion time with increased excitation powers (Fig. S7d) as a result of the lower

viscosity of water at elevated temperatures® and the generation of thermos-osmotic flows



accelerating the apparent diffusion.®? We measure the local temperature inside the horn antenna and
the bare ZMW using the fluorescence lifetime protocol introduced in ©3 which is summarized in the
Supporting Information section S11. Figure 2e shows our experimental values of the temperature
increase in the horn antenna and the ZMW as a function of the 633 nm excitation power. We confirm
that the experimental results for the ZMW are consistent with the numerical simulations performed
in ¥, For the same input laser power, the temperature increase in the horn antenna is about twice
that in the ZMW, reaching non-negligible values of +5°C at 400 pW. We explain the higher temperature
elevation in the horn antenna by the fact that the aluminum layer only extends to a few um and is
discontinuous to the rest of the metal film, as a consequence of the whole horn antenna being milled
into the substrate (Fig. 1b). For the ZMW milled into the planar metal film, the heat is more efficiently
evacuated as the ZMW is directly connected to the 1-inch aluminum layer covering the whole

substrate.l®”

The local temperature increase affects the fluorescence photophysics in two major ways. First, it
increases the nonradiative decay rate kyg and reduces the fluorescence lifetime.!® %! However, at
fluorescence saturation, Eq. (2) shows that kyr does not play a major role (the influence in the
guantum yield and the saturation intensity tend to balance each other). Second, the temperature also
affects the trans-cis photoisomerization process, 8% modifying the dark state transition rate
constants kpq and kpo. We probe this effect using supplementary FCS measurements discussed in the
Supporting Information section S12. Both rate constants increase with the temperature (Fig. $12),%
the most important result being that the dark state build-up kp4 /kpo follows a linear dependence with
the local temperature (Fig. 2f). The validity of our results is confirmed by the fact that both the horn
antenna and the ZMW lead to similar dependences of kp1 /kg with the local temperature (Fig. 2f). As
the excitation power increases to reach fluorescence saturation, the local temperature simultaneously
rises, leading to an increase of the dark state build-up kp{/kge quantity which turns to decrease the
fluorescence brightness at saturation (denominator in Eq. (2)). This effect is more pronounced for the
horn antenna than the ZMW because of the twice higher temperature increase in the case of the horn
antenna (Fig. 2e). As a consequence of the temperature affecting kp,/kpg, the brightness observed
experimentally with the horn antenna (markers in Fig. 2b) significantly deviates from the behaviour
expected in the absence of any temperature elevation (dashed orange line). Using the experimentally
measured values of the local temperature as well as the temperature dependence of kyg, kp; and
kpo, we get a nice interpolation of the horn antenna brightness data (Fig. 2b solid orange curve) with

no free parameter as compared to the ZMW fit.

Altogether, the results in Fig. 2 show that high fluorescence brightness per molecule around 2

Mphotons/s can be reached with the horn antenna thanks to its improved collection efficiency in



agreement with numerical simulations. The brightness at saturation is currently limited by the dark
state build-up kp,/kgo which depends on the local temperature elevation. This phenomenon is not
limited to Alexa 647 dyes, our experiments on Alexa 546 molecules report similar observations (Fig.
S13), while it was noted that in the case of DNA origami nanoantennas, the fluorescence brightness in
the nanoantenna was still limited by the underlying photophysical processes, such as formation of dim
states and photoisomerization.3? For advanced applications, sapphire substrates may dissipate the
extra heat more efficiently than glass,® yet we have found that gallium-FIB milling of horn antennas
into sapphire substrates was producing a too high luminescent background so that more advanced
nanofabrication techniques (helium-FIB, reactive ion etching of the luminescent contaminants...) will

be needed for such applications.
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Figure 3. Watching single molecule bursts at 10 microsecond resolution thanks to the high
fluorescence brightness from horn antennas. (a-c) Fluorescence time traces for the confocal reference
showing typical bursts from diffusing single molecules with a binning time of 100 us (a,b) and 10 us (c).
(d-f) Same as (a-c) for the horn antenna. The Alexa 647 concentrations are chosen so as to have
comparable average numbers of molecules detected by FCS in both configurations (Supporting
Information Fig. S14). The laser power is 200 uW. (g) Histograms of the total numbers of photons per
burst. The integration time in the confocal reference is 20 min while for the horn antennaitis 30 s. (h)
Number of detected bursts per second as a function of the detection threshold for the configurations

corresponding to (a,d).

Next, we use the high fluorescence brightness per molecule achieved with the horn antenna to monitor

single molecule dynamics at a fast us binning time. Figure 3a-f shows the fluorescence intensity time
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trace of single Alexa 647 molecules diffusing at low concentration. For both the confocal (Fig. 3a-c) and
horn antenna configuration (Fig. 3d-f), we select the Alexa 647 concentration so as to have a similar
0.05 average number of molecules for both cases (this feature is controlled by FCS, see Fig. S14). This
low average number of molecules ensures that the bursts stem from single diffusing molecules. For

the confocal and the horn antenna, the concentrations are 35 pM and 60 nM respectively.

In the confocal configuration, binning the time trace with a 10 us window poorly resolves even the
brightest bursts (Fig. 3c). This is a consequence of the moderate confocal brightness of 75
kcounts/s/molecule, which means that in a 10 ps time period less than 1 photon is detected on
average. Moving to the horn antenna, the brightness becomes 1,7 Mcounts/s/molecule, so that an
average of 17 photons can be detected with 10 us, which enables directly monitoring the fluorescence
time trace at microsecond resolution (Fig. 3f). This feature illustrates how the high fluorescence
brightness directly translates into an improved temporal resolution to monitor single molecule
dynamics. The high fluorescence brightness with the horn antenna is also clearly visible in the number
of detected photons per time bin (vertical axis in Fig. 3a-f) as well as in the integrated total number of
photons per burst (histogram in Fig. 3g and scatter plot in Fig. S15). For completeness, the fluorescence
time trace at 10 ps binning time for the ZMW is shown on Fig. S16, while the comparative analysis on
single molecule bursts in Fig. S15 confirms the superior performance of the horn antenna. Besides, the
fluorescence brightness derived from the single-molecule burst analysis in Fig. S15a,c confirm the FCS

results in Fig.2b.

Another striking feature while comparing the times traces for the confocal setup and the horn antenna
(Fig. 3b and 3d) is that a >20-fold higher number of intense fluorescence bursts is seen with the horn
antenna as compared to the confocal reference. This happens although the concentrations were
chosen to have a similar FCS average number of molecules detected in both cases (Fig. S14). A detailed
analysis using the burst search module of PAM software (see Experimental section for details) confirms
the higher number of detected bursts per second for the horn antenna (Fig. 3h and S16). With the horn
antenna, 10,000 bursts of 100 photons each are collected within only 28 seconds, while about 16
minutes are needed in the confocal reference to achieve a similar total number of bursts with a twice
lower threshold of 50 photons per burst (Fig. 3g). The data in Fig. S16 compare the detection
performance of the horn antenna and the ZMW. For similar experimental conditions and detection
threshold, the horn antenna detects 30% more single-molecule bursts per second owing to its

improved fluorescence brightness.

The higher detection rate of intense bursts with the horn antenna is a consequence of two features:
(i) because of the reduced detection volume in the horn antenna, the diffusion time and the burst

duration are reduced by about 4-fold so that a 4-fold higher number of diffusion events can occur
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during one second, and (ii) because of the enhanced brightness with the horn antenna, the bursts are
better resolved above the detection threshold. For the horn antenna with an average number of 0.06
molecules and a burst duration of 120 us, 10 detection events are expected within a 20 ms window,
which corresponds to the data in Fig. 3d. However, for the confocal reference with 0.05 molecules and
an average burst duration of 500 ps, 2 detection events are expected per 20 ms, or equivalently 12
single-molecule diffusion events for the whole 125 ms duration of Fig. 3b. This is clearly not what is
observed while using a standard detection threshold of 50 photons per burst in confocal mode (a
common practice in this field). The conclusion is that typically >80% detection events are missed in
the confocal configuration. In Fig. 3b, this corresponds to the small fluorescence fluctuations with only
a few photons per 100 us, which are not noise but undetected single molecule diffusion events. The
enhanced brightness achieved with the horn antenna efficiently solves this issue, making all single-

molecule diffusion events easily detectable against the background.
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Figure 4. High fluorescence brightness in the horn antenna enables fast FCS measurements to monitor
high affinity association rates of streptavidin and biotin. (a) Amplitude-normalized FCS correlation
curves of Atto 643-biotin mixed with the streptavidin solution at T = 0. The integration time to compute
each FCS trace is 200 ms. The 3.8-fold shift in the diffusion time indicates binding of biotin to
streptavidin. (b) Temporal evolution of the free and bound molecular fractions of biotin after adding a
0.5 uM solution of streptavidin to a 0.5 UM biotin solution. Each data point results from a 200 ms FCS
measurement. T is the characteristic time of the exponential evolutions (see Supporting Information
section S17). (c) Evolution of the inverse of the association time 7 (orange markers, left axis) and the

association rate constant k; (blue bars, right axis) as a function of the streptavidin concentration.
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Lastly, we use the high count rate per molecule achieved using the horn antenna to quantify the
association rate constant of biotin with streptavidin with FCS at micromolar concentrations. Biotin
binding to streptavidin has major applications in biotechnology and is a prime example of a
biochemical reaction with a very high affinity. The binding rate constant of streptavidin and biotin was
found to be in a range between 3.0 x 10° to 4.5 x 10’ M1.s.°® At a 1 puM concentration, the
characteristic association time becomes only between 20 and 330 ms. This time is too short to be
probed using confocal FCS, which typically requires over 5 s integration time.”*”! However, the high
brightness with the horn antenna allows to drastically reduce the FCS integration time, down to 200

ms as shown here (Fig. 4a).

Our experiments use biotins labelled with Atto-643 at 0.5 uM concentration which are mixed with
label-free streptavidin at concentrations from 0.5 to 2.5 uM. These conditions ensure that a single
biotin binds to a streptavidin, and that cooperativity between the 4 different binding sites can be
discarded here. Upon binding to streptavidin, the Atto643-biotin diffusion time gradually evolves from
190 us (free biotin) to 730 us (fully bound biotin) (Fig. 4a). This 3.8-fold increase in the diffusion time
is consistent with the change of molecular weight from 1.26 kDa (free Atto643-biotin) to 67 kDa
(Atto643-biotin-streptavidin complex) as 3/67/1.26 ~ 3.8.°7 We use FCS fits with two species to
determine the respective ratios of free and bound biotin (see Experimental section for details). The
high fluorescence brightness enables FCS with 0.2 s integration time, enough to monitor the
streptavidin-biotin association even at micromolar concentrations. The minimum FCS integration time
reachable with the horn antenna is no longer dictated only by the signal to noise ratio, but rather by
the necessity in FCS to have an integration time at least 200-fold greater than the diffusion time in

order to avoid artifacts.®

The temporal evolution of the free and bound fractions are plotted in Fig. 4b and S17 for different
streptavidin concentrations in the micromolar range. Upon binding to streptavidin, the fraction of free
biotin declines exponentially with a characteristic time T = 1/(k,[S]), where k4 is the association rate
constant and [S] the streptavidin concentration (see a general discussion in the Supporting
Information section S17). Fitting the free and bound fractions to extract the characteristic time t (Fig.
4c, left axis) then allows to calculate the association rate constant k; (Fig. 4c, right axis). We find k;
values between 2.4 x 10° to 4.3 x 10° M1.s? in close agreement to the reported values using a FRET
readout in droplet-based microfluidics.®® Using the dissociation rate constant k_; of 2 x 10° s?
determined in 1% the dissociation constant K; = k_; /k, can be estimated on the order of 10" M,
in agreement with the commonly reported value.[® For the aim of this paper, the data in Fig. 4

demonstrate that the enhanced brightness in the horn antenna opens the possibility to perform fast

FCS measurements on the challenging high-affinity association kinetics at micromolar concentrations.
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3. Conclusions

We have demonstrated the use of plasmonic nanoantennas to achieve high temporal resolutions in
single-molecule fluorescence techniques. By using optical horn antennas, we were able to achieve
close to 90% collection efficiency of the total emitted light from a single dipole, resulting in a high
fluorescence brightness of 2 million photons/s/molecule in the saturation regime. We also discussed
the role of dark state buildup and local temperature increase in limiting the maximum photon count
rate in the saturation condition. The high fluorescence brightness achieved with the horn antenna
enables the observation of single molecules with a binning time as short as 10 ps and fast FCS
measurements at 200 ms integration time. This opens up new possibilities for monitoring high-affinity
molecular interactions at micromolar concentrations as demonstrated in our example of streptavidin-
biotin association. One key benefit of the horn antenna is that it greatly improves the detection
efficiency compared to confocal setups. Specifically, we observed a > 20-fold higher number of
fluorescence bursts with the horn antenna as compared to the confocal reference, making it an
effective solution for missed detection events that are common in confocal configurations. On the
other hand, the horn antenna and ZMW approaches necessitate concentrations of several tens of
nanomolar, which could present a challenge for certain protein applications in cases where synthesis
has low production yields and struggles to attain concentrations exceeding a few nanomolar.
Furthermore, the horn antenna concept can be extended to improve single-photon sources and non-
linear light emitting devices. While impressive results have been achieved using planar dielectric or
plasmonic patch antennas, % these designs embed the emitter into the dielectric material, which is
not ideal for biological applications. The horn antenna presented in this study is designed to keep the
fluorescent molecule in a water environment and at room temperature, improving temporal resolution
in single-molecule fluorescence analysis. However, the orientation of the molecular emitter cannot be
controlled and the design does not provide as strong fluorescence enhancement as other plasmonic
designs. Our work expands the applications of plasmonic antennas and ZMWs towards higher
fluorescence count rates and faster temporal resolutions, which can improve single molecule
fluorescence sensing, DNA sequencing and dynamic studies of molecular interactions, protein

conformations, and biomembrane organization.

4. Experimental section
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Nanofabrication. The horn antennas and ZMW nanoapertures are fabricated by focused ion beam
(FIB, Fig. S1).[*3! A conical structure is first milled by FIB (FEI DB235 Strata, 30 kV acceleration voltage,
300 pA ion current). A 100 nm thick aluminum layer is then deposited by electron-beam evaporation
(Bahler Syrus Pro 710) to make the cone walls reflective. A 120 nm diameter aperture is milled by FIB
(10 pA current) in the center of the microreflector to realize the horn antenna. For the ZMW, the
nanoaperture is milled elsewhere on the sample with the same FIB conditions to provide a direct
comparison with the horn antenna. Lastly, the aluminum samples are protected by a 12 nm-thick silica
layer deposited with plasma-enhanced chemical vapor protection (Oxford Instruments PlasmaPro

NGP80).1**

Numerical simulations. The electric field profile was simulated using finite element method with the
wave optics module of COMSOL Multiphysics v5.5. Nanoapertures of diameter 120 nm in both the
horn antenna and ZMW are excited from the bottom using a Gaussian source of wavelength 633 nm.
The refractive index of the glass substrate and water (in the aperture and the upper medium) are set
as 1.52 and 1.33 respectively, whereas, the refractive index of aluminum is taken from ref.!%! A user
defined mesh of size ranging from 0.3 nm to 10 nm is set to create the mesh in a tetrahedral geometry.
To suppress the reflection from the boundaries, scattering boundary conditions is used. To calculate
the Fourier plane images, the calculated near-field profile in COMSOL is transformed to the far-field
using RETOP an open-source MATLAB toolbox.[*® The horn antenna or ZMW is excited using an
individual oscillating dipole in x, y, and z directions. The wavelength of the oscillations is set at 670 nm
which is near the emission maxima of the Alexa 647 dyes used in the experiments. The Fourier plane
images are calculated by incoherently adding the radiation pattern of the emission from each
individual x, y, and z oriented dipoles. The Fourier plane image in the case of horn antenna shows

confinement in the emission angles as compared to a broader emission in the case of ZMW.

Sample preparation. Alexa 647 dyes purchased from ThermoFisher are used as received and are diluted
in Phosphate-Buffered Saline (PBS) solution. Prior to use, the horn antenna and ZMW surface are
passivated using polyethylene glycol (PEG) silane (Nanocs PG1-SL-1K) of 1000 Da molar mass following
the protocol in *%!, Prior to passivation, the samples are cleaned with water, followed by cleaning with
ethanol (97%) and rinsing with isopropyl alcohol. After this, the samples are exposed under UV Ozone
for 10 minutes to clean any organic impurities. This cleaning process with water, ethanol, and IPA
followed by UV Ozone, is repeated thrice to completely clean the surface. Finally, the samples are put
in air plasma cleaner for 5 minutes. After the plasma cleaning, the samples are immediately covered
with 1 mM PEG solution prepared in absolute ethanol with 1% acetic acid. The chamber is blown with
argon gas and left at room temperature for 4 hours. The samples are rinsed with ethanol and dried

using nitrogen. To store the passivated samples, a 1% Tween20 solution in absolute ethanol is used.
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Biotin molecules tagged with Atto 643 dyes are purchased from ATTO-TEC. Streptavidin extracted
from Streptomyces avidinii is purchased from Sigma-Aldrich and its supernatant is separated and
stored at -20°C after centrifuging at 142000 g for 12 minutes using Airfuge 20 psi Ultracentrifuge. For
Figure 2, the concentrations of Alexa 647 dyes in PBS solution are 600 nM for the horn antenna and
the ZMW, and 1 nM for the confocal reference. All the molecular concentrations are measured using

Tecan Spark 10 M Spectrofluorometer.

Experimental setup. The FCS measurements are performed using a custom-built confocal microscope
(Nikon Ti-U Eclipse) equipped with both continuous 633 nm HeNe laser and 635 nm pulsed laser (LDH
series laser diode, PicoQuant, pulse duration ~ 50 ps). A multiband dichroic mirror (ZT
405/488/561/640rpc, Chroma) is used to reflect both lasers towards the microscope. The molecules
are excited using either 63x, 1.2 NA water immersion (Zeiss C-Apochromat) or 40x 0.65 Air (Olympus
PlanN) objective lenses and the emission is collected in the epifluorescence configuration. To
efficiently reject the backscattered laser, the emission is first passed through the same multiband
dichroic mirror (ZT 405/488/561/640rpc, Chroma) and then through two emission filters
(ZET405/488/565/640mv2 and ET655, Chroma). The collected signal was focused onto the single-
photon avalanche photodiodes (APD) (Perkin Elmer SPCM AQR 13) after passing through either 50 or
100 um pinholes to spatially filter the molecular fluorescence. A supplementary emission filter (FFO1-
676/37, Semrock) was placed in front of the APD to block the entering of stray light in the APD, and
further reject the Rayleigh scattered light. The photon counting events are detected in a time-tagged
time-resolved mode using a fast time-correlated single photon counting module (HydraHarp 400,
Picoguant). Our avalanche photodiode is given for a dead time of 50 ns. At the highest count rate of 2
Mphotons/s detected here, the correction factor for the APD dead time is 1.11. We have decided to

neglect this correction here in order to ease the comparison with other experiments.

FCS analysis. All the FCS curves are fitted using the following equation where we use a three

dimensional Brownian diffusion model with an additional term to include the blinking effects.[”87:105]

60 =p[14 e ()] (145) (14 25) ¥
(W=r 1—Tg P\ 74 g s214

Where G(T) is the correlation amplitude, p is the correlation amplitude, T, is the fraction of

molecules going in the dark state, 745 is the blinking time of the dark state, T4 is the mean diffusion
time, and Kk corresponds to the aspect ratio of the axial to the transversal dimension of the excitation
source in the solution. For the confocal case, we used a value of s=5, whereas for the optical horn
antennas, based on our past results for the ZMW aperture, we used a value of s=1 which fits well the
experimental correlation amplitude. To extract the fitting parameters such as the number of molecules

and the diffusion time, for the confocal case, we fit the experimental data from 3 us to 10 ms lag time,
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whereas for the ZMW and horn antenna, the data was fitted from 3 us to 0.1 ms, as the fitting model
starts to divert from the experimental data at longer lag times. From the fitting values of the correlation
amplitude, p, the measured background, B, on the horn antenna, and ZMW, and the total detected
intensity, F, we extract the average number of molecules N and the brightness or count rate per

molecule CRM as:

N =1(1—§)2 4

_ 1. (5)
CRM = (F = B)

In FCS, the average number of molecules N is defined as the mean number of detected fluorescent

molecules in the observation volume averaged over the duration of the experiment.!”!

Fluorescence burst analysis. We use the Burst Analysis module of the PIE Analysis with MATLAB
(PAM).[2%] The burst detection is performed using the All Photon Burst Search function by putting the
threshold photon counts, the time window of the bursts, and the total photon counts per burst.
Different values of the threshold for the photons in a burst, minimum photons per time window, and
burst time window are taken for the horn antenna, ZMW, and confocal reference due to the difference
in the diffusion time and the background signal in all the three cases. For the confocal configuration,
each peak is considered as a single molecule burst having at least 50 photons in the burst and a
minimum of 2 photons per burst time window of 100 ps. For the horn antenna (ZMW) the minimum
photons per burst is 100 (75) with a minimum of 12 (10) photons per burst time window of 50 (50) ps.
The value of the burst time window is taken near the extracted diffusion time from the FCS analysis
for the horn antenna, ZMW, and the confocal reference. For figure 3h, the value of the burst detection
threshold (minimum photons per burst) is changed by keeping the other parameters constant for all

the three configurations.

Supporting Information

Radiative rate constants of fluorescent dyes, Fabrication of the horn antenna, influence of the
microreflector cone angle, near field enhancement in the aperture, beaming using horn antenna, FCS
time traces and correlation functions, FCS numbers of molecules and diffusion times, Background
intensities, statistical dispersion between different structures, collection gain with 0.65 NA,
temperature measurements, Dark state transition rate constants of Alexa Fluor 647 with temperature,
fluorescence brightness of Alexa 546, FCS data corresponding to the burst analysis, statistics of
brightness and photon count per burst, single molecule bursts in ZMW, biotin-streptavidin association

rate calculation, measurement of biotin-streptavidin association rate.
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S1. Comparison of the radiative rate constants of common fluorescent dyes
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Figure S1. Alexa 647 is among the fluorescent dyes providing the highest radiative decay rate constant
kg. (a) Scatter plot of the quantum yield ¢ and the fluorescence lifetime 7 for a selection of common
fluorescent dyes. These values are used to compute the radiative rate constants kg = ¢ * kpor = /1

which are displayed in (b).
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S2. Fabrication of the horn antenna using a focused ion beam

a First deposition Conical dish milling

A

Aluminum

glass

Second step deposition Milling the aperture

A

Figure S2. Step a) A glass coverslip of thickness 150 pum is plasma cleaned for use as a substrate. Over

this glass substrate, a 100 nm aluminum layer is deposited which acts as an electrically conductive
layer. Step b) Horn antenna with an upper plateau diameter of 1 um and lower base diameter of 2-3
pum (depending on the angle of the reflecting arm) is milled by a focused ion beam (FIB) using a gallium
ion source. Step c) Over this horn antenna, an additional 100 nm layer of aluminum layer is deposited
to make the reflector wall surface reflective. Step d) a single nanohole of diameter 120 nm is milled in
the centre of the upper plateau of the horn antenna. Finally, a 12 nm SiO; layer is also deposited on

the top to protect the aluminum layer from corrosion and help with the surface passivation.

27



S3. Variation of molecular brightness with respect to the microreflector cone angle

Cc

a reflector angle = 24° b 43°
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Figure S3: Variation of count rate per molecule with a change in the microreflector cone angle. (a-c)
SEM images of horn antennas with arm angles of 24°, 43°, and 53°. (d) corresponding count rate per
molecule obtained at an input power of 200 uW for Alexa 647 dyes at 60 nM concentration. Horn
antennas with an arm angle of 43° were used in the experiments as the brightness decreases with
either increasing or decreasing the arm angles of the horn antenna. For taking these representative
SEM images, the sample is tilted by 52°. No apertures are milled in these representative SEM images.
An complete characterization of the reflector angle influence was performed in Ref. [l for the UV dye
pterphenyl. The results shown here support the findings for the UV system and confirm that reflector

angles around 40° + 5° are near-optimum.
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S4. The horn antenna does not change the near field intensity enhancement inside the

aperture

Horn antenna

Aluminum

Figure S4. Electric field intensity enhancement in the horn antenna and the ZMW nanoaperture
(without reflective conical structure). A similar value of the intensity enhancement is observed in the
horn antenna (a) and in the ZMW (b) showing no change in the local near field enhancement because
of the microreflector structure. The horn antenna and ZMW are excited from the bottom (glass) side

using a Gaussian source of wavelength 633 nm.

S5. Redirecting maximum emission in narrow angles using horn antennas
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Figure S5. Calculated Fourier plane images of the emission from oscillating dipoles placed in the horn
antenna (a) and ZMW (b). The emission from the horn antennas outcouples in a narrow range of angles
as visible in the confinement in the calculated Fourier plane images. The Fourier plane images are
calculated by incoherently adding the radiation pattern of the emission from each individual x, y, and
z oriented dipoles placed in the center of the horn antenna and ZMW. The wavelength of the
oscillations is set at 670 nm which is near the emission maxima of the Alexa 647 dyes used in the

experiments. The white dotted circle represents the water-glass critical angle.
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S6. FCS time traces and correlation function in confocal, ZMW and horn antenna

a Confocal 1nM b ZMW 600 nM c Horn antenna 600 nM
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Figure S6: Fluorescence correlation spectroscopy of Alexa 647 molecules in the confocal configuration,
ZMW, and horn antenna. Fluorescence intensity time trace (a-c) and corresponding FCS correlation
function (d-f) for the confocal configuration, ZMW, and horn antenna respectively. The dotted curves
are experimentally obtained FCS correlation amplitude and the solid curves are numerical fitting using
the equation 1 for three dimensional Brownian motion with an additional blinking term as discussed
in the method section. The concentration of Alexa 647 molecules is 1 nM for the confocal and 600 nM
for horn antenna and ZMW. The input power of 633 nm laser is kept constant at 50 uW for all three

configurations.
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S7. Variation of extracted number of molecules and diffusion time in horn antenna, ZMW,

and confocal configuration with increasing input laser power
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Figure S7: Variation in the extracted number of molecules (a, b) and diffusion time (c, d) as a function
of input laser power for horn antenna, ZMW, and confocal configuration. Only a slight change in the
number of molecules is observed for the confocal, horn antenna, and ZMW whereas the molecules
diffuse much faster in the horn antennas and ZMW when the laser power is increased possibly due to
the increment in the temperature of the surroundings which affects the water viscosity and induces

thermal flows.
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$8. Background measurements in the horn antenna and ZMW
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Figure S8: Background intensity from the horn antenna and ZMW as a function of the 633 nm laser
power. A larger value of the background emission is obtained in the horn antenna as compared to the
ZMW. This larger background is in part due to a better collection of the background luminescence from
the substrate by the horn antenna. Another explanation for the higher background is related to the

FIB milling of the microreflector, which involves more luminescent gallium oxide contamination.!?!

S9. Statistical dispersion between different structures
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Figure S9: Fluorescence brightness per molecule measured for Alexa Fluor 647 in different horn
antennas and ZMWs at 50 uW excitation power. For some structures (displayed in the shaded area),
we found a brightness reduced by about 20% as compared to the average. For these structures, the
FIB milling process may have been locally inefficient (or less efficient) due to uncontrolled variations
of the parameters involved during the FIB milling (ion beam current, local beam distortions, local

defects on the Al film, mechanical vibrations...). These structures have been discarded for the analysis.
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$10. Larger collection gain using 0.65 NA air objective lens
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Figure S10: Larger collection gain using a lower NA (0.65 NA Air) objective lens. (a) Enhanced
fluorescence brightness per molecule as a function of input power for Alexa 647 dyes in the horn
antennas as compared to the ZMW and confocal reference using a 0.65 NA Air objective lens. A large
enhancement can be achieved even by using low numerical aperture objective lenses, as the horn
antenna redirects most of the emission in narrow angles, which can be collected efficiently even with
a low NA lens. (b) Bar graph showing the brightness enhancement achieved in the horn antenna and
ZMW using a 0.65 NA Air objective lens with respect to confocal reference at 100 and 200 pW. The
concentration of Alexa 647 molecules in PBS buffer is 1 nM for confocal configuration and 600 nM for

the horn antenna and ZMW.
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S11. Temperature measurement in the horn antenna and ZMW
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Figure S11: Temperature measurement in the horn antenna and ZMW. (a) Normalized fluorescence
decay curves of Alexa 647 dyes in horn antennas at six different infrared power intensities (0, 0.25,
0.50, 1.0, 2.0, and 3.0 mW/um?: from top right to bottom left). (b) Normalized fluorescence decay
curve of Alexa 647 dyes inside the horn antenna and ZMW without and with the infrared (1064 nm)
laser excitation at 2 mW/um?. The Alexa 647 fluorescence lifetime decreases with the infrared laser
illumination due to the higher local temperature, as previously discussed in Ref.*%. (c) Estimated
temperature increment for the horn antenna and ZMW as a function of 1064 nm laser power intensity
following the procedure summarized below. The concentration of the Alexa 647 dyes used is 300 nM.
The input power of 635 nm pulsed laser is kept constant at 15 pW/um? where the power of infrared

laser was varied from 0-3 mW/um?.

For the measurements of temperature change inside the optical horn antenna we used our recently
developed technique to measure the temperature change in the ZMW by utilizing the variation of
fluorescence lifetime of Alexa 647 dyes as a function of temperature change. Here we briefly discuss

the fundamentals of this technique, a detailed methodology can be found in Ref.!. The fluorescence
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lifetime of the molecules is related to the radiative and non-radiative decay rates of the emission as

following:
1
e kg + knr(T)

Where Kris the radiative decay rate constant, which is assumed to be independent of the temperature
(verified for the temperature ranges studies in ©!). However, kyg, the non-radiative decay rate constant,
changes with the temperature variation, which further changes the lifetime of the molecules. This
change in the fluorescence lifetime can be calibrated with a variation in the temperature of the
surrounding. By putting the quantum yield of 33% at room temperature for Alexa 647 molecules, the
change in the temperature (AT) can be related to the change in the non-radiative decay rate (knr) as

following:

kg (210C)>0'42

AT = 91.31 — 91.22 X
< kewr (T)

where knr(21°C) is the non-radiative decay rate at room temperature. This temperature dependence
has been calibrated in Ref.!* and confirmed by two other methods based on fluorescence intensity and

FCS diffusion time.

In the presence of the horn antenna, the lifetime of the Alexa dyes gets modified due of the change in
the radiative decay rate because of the Purcell enhancement and introduction of the new decay
channels due to the presence of the metals nearby. Upon laser excitation of the optical horn antenna,
the non-radiative decay rates also get modified because of the change in the temperature of the
surrounding due to the laser heating of the horn antenna. In addition with the radiative decay rate,
the losses due to the coupling of the emission to the metal also does not depend on the temperature
change. Thus, equation 1 becomes

- = k;’ +kikoss + kITIR (T)
T+

where K*;,ss represents the quenching of the emission because of the coupling of the emission to the
metal. Increasing the temperature of the surrounding of horn antenna results in a shortening of the
lifetime of Alexa 647 fluorescence emission and thus the normalized decay rate inside the optical horn

antenna becomes;

kne(T) 1 <1 1 )

R — [ ——
kng (21°0) knp(21°C) \ T+ Top0¢+
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The quantum yield of the Alexa 647 molecules used has a quantum yield of 33% with a lifetime of 1 ns
which give a value 0.67 ns for knr(21°C). Finally, we get the equation to calculate the temperature

change around the optical horn antenna as following:

e 1\
067 TT* T210C*

To extract the temperature change in the horn antenna for 633 nm laser excitation, we first extract

AT = 91.31 —91.22 X

the change in the temperature of horn antenna as a function of a 1064 nm infrared laser. In the horn
antenna, the absorbance of light by the aluminum metal is the main source of heating effects. We
utilize the ratio of absorbance of aluminum at 1064 nm and 633 nm laser to extrapolate the
temperature increment in the horn antenna at 633 nm excitation. The complex refractive index of

aluminum at 633 nm and 1064 nm are taken from Ref.[>®!

All the fluorescence decay histograms are fitted using a Levenberg-Marquard optimization using
Picoquant SymPhoTime 64 software. Iterative re-convolution based fitting is performed by taking into
account the instrument response function. We use a bi-exponential function to fit the decay curves
where the shorter lifetime corresponds to the losses because of the coupling to the metal and the
larger lifetime parameter corresponds to the fluorescence lifetime change related to the temperature
variation. The temperature measurements are performed on an inverted microscope equipped with
two overlapping beams of wavelength 635 nm pulsed laser (Picoquant LDH-P-635, 80 MHz repetition
rate) and 1064 nm infrared laser (Ventus 1064-2W). A high NA oil immersion objective lens (40x, NA
1.3, Zeiss Plan-Neofluar) is used to focus both the lasers on the sample. The measured spot size for the
635 nm and 1064 nm lasers are 0.6 um and 1.0 um respectively. A low power 635 nm pulsed laser at
15 uW was used to excite the Alexa 647 fluorescence, to simultaneously avoid, the heating of the horn
antenna by the red laser, and the photobleaching and saturation of the Alexa molecules. In addition,
the diffusing molecules in the solution also acts as a fresh source of fluorescent molecules, thus further
reducing the chances of photobleaching and saturation effects. The power of the infrared laser was
tuned from 0 to 3 mW/um? to heat the horn antenna and ZMW. No sign of damage to either the horn
antenna or zero mode waveguide was observed (confirmed by the measurement of fluorescence signal

before and after the IR laser exposure).

A 300 nM concentration of Alexa 647 molecules in phosphate buffered saline solution was used to
probe the fluorescence and lifetime variation as a function of infrared laser power. The fluorescence
of the molecules was excited in the epifluorescence configuration. The emission was spatially filtered
using a 50 um pinhole and was directed to two avalanche photodiodes (Picoquant MPD-5CTC) to

record the emission. Next, the signal was collected by a time-correlated single photon counting system
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(Picoquant Picoharp300) with time-tagged time-resolved (TTTR) option, with an overall temporal

resolution (full width at half maximum of the instrument response function) of 100 ps.

$12. Dark state transition rate constants of Alexa Fluor 647 with temperature

a
0.8F N=2.20
AT=12°C T4=40.7 pus
T4=0.404
0.6 1,.=1.24 ps
0]

045 N=2.74

I T4=63.5 us

AT=0°C
02k T4s=0.371
1,=2.00 ps
(00 ) Y B S S S —" 4
0.001 0.01 0.1 1

Correlation time (ms)

b c
9F o 0.8 E
k/)/ BO
8F Horn antenna 0.7
<« [ o —
27k ° 2 06 Horn antenna =
%65— u] Zf\./|\/\/ % o .- =
S L o - o
s | o 2050 0 e * zZmw
r o o
2 . 204 5
2.k n g p
AL &
03
3F
M o5 6 ¢4 505 0 4 ¢ L5 g § )54+ R R L S
0 5 10 15 0 5 10 15
Temperature increase (°C) Temperature increase (°C)

Figure S12: Variation of the transition rate constants kp; and kg, to and from the dark state for Alexa
Fluor 647 dye as a function of temperature increase in the horn antenna and ZMW. (a) FCS correlation
curves and numerical fitting of Alexa 647 dyes in horn antenna at room temperature and at
temperature increment of 12°C (set by an additional 1064 nm laser as used in section S11). The use of
two APDs along with the Fluorescence Lifetime Correlation Spectroscopy (FLCS) background correction
removes the effects of afterpulsing, enabling to retrieve the accurate information on microsecond
dynamics. The extra infrared laser allows to accurately control the local temperature and
simultaneously measure the temperature influence on kp; and kpg,. (b, c) Evolution of the dark state
transition kp, and kg, rate constants as a function of the temperature increment deduced from FCS

measurements in the horn antenna and ZMW.
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To determine experimentally kp; and kg, we use the FCS fit results T;; and 745 of the fast blinking
term in the correlation function (Eq. (3) in the main text). The experiments in Fig. S11 aims at measuring
the dependence of kp; and kgo with the temperature. To this end, we have used a supplementary
infrared laser to control the local temperature (as used in the experiments of Fig. S11 and described
inBl). The 15 uW power at 635 nm excitation of Alexa 647 remains in the linear regime well below
saturation to clearly discriminate the effect of the local temperature. In this condition, the FCS
quantities T, and T4 are related to the decay rate constants by:!”#

le kEX

Ty = 2L _"EX
¥ kpo kg + kyg

Kex
— = depo + kpy —E
Tgs 00 P kg + kyg

This set of equations can be solved to yield kp; and kg as a function of measurable quantities:

Tags krp+kyr 1

k =
b1 1+ Tds kEX Tds
- 1 1
Bo — 1+ Tds Tds

For the excitation rate, we have used the 15 uW average power, which is equivalent to a photon
intensity of 1.45e22 photons/s/cm?. Together with the absorption cross section o = 1e-15 cm? of Alexa
647, and a 4-fold local intensity enhancement (Fig. S4), we obtain an excitation rate kgy of 0.06 ns™.
The sum ki + kyr is equivalent to the total decay rate constant in the nanoaperture, which is taken

as the inverse of the 600 ps fluorescence lifetime for the experiments in Fig. S12.
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$13. Enhanced fluorescence brightness of Alexa 546 dyes in horn antenna
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Figure S13: Enhanced fluorescence brightness per molecule of Alexa Fluor 546 dyes in the horn
antenna. (a) Variation of fluorescence brightness per molecules in the horn antenna, ZMW, and
confocal configuration as a function of input laser power of wavelength 557 nm. (b) Bar plot showing
a larger enhancement of the fluorescence brightness per molecule in the horn antenna as compared
to the ZMW and confocal configuration for a laser power of 10 uW. The concentration of the Alexa 546
dyes in horn antenna and ZMW is 200 nM and in confocal configuration is 1 nM. Full details about the

experimental setup are given in Ref.”) Here the Alexa 546 dyes are labeling a 51 base pair double

stranded DNA molecule.
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S$14. FCS data corresponding to the burst analysis

20: Horn antenna: 60 nM, N=0.06

ZMW: 60 nM, N=0.06
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Figure S14: Background corrected FCS amplitude G/ (1 — g)z of Alexa 647 dyes in the horn antenna,
ZMW, and confocal configuration. The extracted number of molecules are ~0.05 for confocal, and 0.06
for horn antenna and ZMW. The concentration of the Alexa 647 dyes used is 60 nM in the horn antenna
and 35 pM in the confocal reference. The correlation function is normalized with respect to the
background in all three configurations resulting in approximately an equal number of molecules. The

input power of 633 nm laser is 200 uW.
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S15. High brightness and photon counts per burst using horn antenna
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Figure S15: (a) Scatter plots of the integrated intensity per burst as a function of the burst duration,
comparing the horn antenna, the ZMW and the confocal reference. Each dot represents a detected
fluorescence burst. In the horn antenna and ZMW, the bursts are of shorter duration as a consequence
of the volume reduction as compared to the diffraction limited confocal configuration. (b) Histograms
of the burst durations showing a larger number of short duration bursts in the horn antenna and ZMW
compared to the confocal reference where the bursts are of longer duration. (c) Histograms of the
fluorescence brightness for each burst, showing a larger number of bursts with very high brightness
(reaching 2 million counts/s) in the horn antennas overpassing the brightness achieved in the ZMW

and confocal configuration.
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$16. Visualizing single molecule bursts in ZMW at microsecond binning time
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Figure S16: (a) Fluorescence time trace of Alexa 647 dyes in the ZMW with 100 ps binning time. (b)
Zoomed in time trace of the dotted rectangular region in (a). (c) Time trace at 10 us bin time of the
rectangular region shown in (b) showing the well resolved single molecular bursts. The concentration
of the Alexa 647 dyes in PBS solution used is 60 nM corresponding to 0.06 average number of
molecules in the ZMW. The input power of 633 nm laser used is 200 uW. (d,e) Number of detected
bursts per second as a function of the detection threshold, adding the ZMW data on Fig. 3h to allow
an easy comparison between the horn antenna, ZMW and confocal reference. Both graphs (d,e) display

the same data, (d) has a logarithmic vertical scale while (e) is in linear scale. The horn antenna improves

the ZMW values by approximately 30%.
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S$17. Biotin-Streptavidin association rate calculation

We study the binding and unbinding reaction dynamics of the form S + B 2 SB where S denotes the
free streptavidin, B the free biotin and SB is the complex. In our case, the biotin concentration is the
limiting factor and is always significantly lower than the streptavidin concentration. Therefore, we may
safely assume that only a single biotin binds to a streptavidin. This way we may not take into account
the fact that there are 4 binding sites for biotin on a single streptavidin. Cooperativity is not taken into

account here for the same reasons.

The association rate constant to form the complex is noted k; while the dissociation rate constant is
k_1. The time origin t=0 is set when streptavidin is loaded into the biotin solution. One can write a set

of differential equations to study the reaction kinetics:

d

% = —Iy [SI[B] + k_y ([Beot] — [B)
d

O K ISBuad] — (s[4 k) (55

Where the total biotin concentration [B;,¢] = [B](t) + [SB](t) is a constant. The set of differential
equations can be solved with the boundary condition that [B](0) = [B;,:] and [SB](0) = 0. The free

biotin fraction is then:

[B](t) — -GS+t 4 ky

[Btot] m (1 — e—(k1[5]+k_1)t)

The second term in the right hand side is a small offset correction which can be easily neglected if the

dissociation k_4 is much lower than the association k;[S], so we have simply an exponential decay.

The bound biotin fraction is:

[SB](t) — kl[S] (1 _ e‘(kl[s]*'k—l)t)
[Btot] ki[S]+k_q
Both the free and the bound biotin fraction follow an exponential temporal evolution e ~t/7 with a

characteristic time 7 =1/(k,[S] + k_,). Experimentally we determine by FCS the correlation
amplitudes p; and p, corresponding to the free and bound biotin respectively based on the difference

in the diffusion times. The ratios give the free and bound biotin fractions:

p1 __ [BI(D) p2 __ [SBI(®)
= and =
p1t+p2 [Btot] p1t+p2 [Btot]

Fitting these ratios with an exponential function gives the rate constant k; [S] + k_,. The dissociation

rate constant k_ is 2e-6 s at 20°C for streptavidin-biotin,!*” so we can easily neglect this term.
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S18. Additional measurements of biotin-streptavidin association for different streptavidin

concentrations
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Figure S17: Characteristic time variation as a function of streptavidin concentration used. A
characteristic time of 0.24 s (0.17 s) is obtained for a streptavidin concentration of 1.25 uM (2.5 uM)
for a fixed Biotin-Atto643 concentration of 0.5 uM. The integration time of the FCS measurement is
200 ms. The aperture diameter of 200 nm is used at 50 W input power of 633 nm laser. All the FCS
curves are fitted using a two species model,™*¥! where the FCS diffusion times of each species (free and
bound) are fixed according to the values found for 30 s integration time in Fig. 4a. The evolution of the
molecular fraction of bound and free biotins are performed following the exponential evolution

derived in section S17.
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