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Chapter 5

Surface nanogaps for giant

fluorescence enhancement

The use of nanoantennas for biological applications, such as dynamic sensing and molec-

ular spectroscopy in plasma membranes of cells require large-scale availability of nar-

row accessible gaps. Not only should the nanogaps with sub 20 nm dimensions be re-

producibly fabricated, but also the gap region (electromagnetic hotspot) must remain

accessible to the target molecules. In this chapter, we introduce the concept of surface

nanogaps achieved with a new nanofabrication technique that applies planarization, etch

back and template stripping to expose the excitation hotspot at the top surface of the

nanostructure. We will then discuss the optical performance of these “planar nanoanten-

nas” for enhanced single-molecule fluorescence detection and demonstrate their superior

performance over conventional electron beam lithography methods.

This project was carried out in collaboration with the teams of Prof. Jürgen Brugger

(EFPL, Switzerland) and Prof. Niek F. van Hulst (Molecular Nanophotonics, ICFO,

Barcelona).

5.1 Nanoantennas with surface nanogaps: Motivation

Optical nanoantenna can efficiently confine light energy into nanoscale dimensions breach-

ing the classical diffraction limit. This leads to enhanced light-matter interactions at

The contents of this chapter have been published in:

V. Flauraud, R. Regmi, P. Winkler, D. T. L. Alexander, H. Rigneault, N. F. van Hust, M. F. Garćıa-
Parajó, J. Wenger & J. Brugger, “In-plane plasmonic antenna arrays with surface nanogaps for giant
fluorescence enhancement,” Nano Letters, 17 (3), 1703-1710 (2017).
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the nanoscale, and thus making nanoantenna a powerful tool for investigating single-

molecule dynamics that requires both high spatial and temporal resolution [10, 11].

However, in most nanoantenna designs, the region of maximum field localization and

enhancement (i.e., electromagnetic hotspot) is not readily accessible to the sample

since it is buried in the nanostructure. For example, solution based single-molecule

measurements at biologically-relevant high micromolar concentrations and investigation

nanoscale membrane architecture in plasma membranes of living cells, requires large

availability of narrow gaps with the smallest gap region (hotspot) at the top of the

nanostructure. Exposing the narrowest region of the gap towards the sample proximity

ensures that probe molecules experience only the “brighter side” of the nanoantenna

while simultaneously providing a near flat substrate favored for live-cell research. De-

spite impressive recent progress using electron beam [144], focused ion beam [145] or

stencil lithographies [146, 147], the challenges of reliable narrow gap fabrication and

hotspot accessibility remain major hurdles limiting the impact and performance of op-

tical nanoantennas.

As the current large-scale fabrication techniques lack reproducible geometrical control

below 20 nm, limiting the applicability of these efficient platforms for bio-inspired ap-

plications, we propose a new nanofabrication technique that applies planarization, etch

back and template stripping resulting a large scale production of surface nanogaps (nor-

mally at the bottom, now at the top of the structure). We demonstrate large scale arrays

of planar nanoantennas (fabricated at EPFL, Switzerland), featuring gaps as small as

10 nm with sharp edges and full surface accessibility of the confined hotspot region for en-

hanced single-molecule fluorescence detection. The novel fabrication approach drastically

improves the optical performance of plasmonic nanoantennas to yield giant fluorescence

enhancement factors, together with zeptoliter range detection volumes. This fabrication

method achieves excellent geometric control in the nanometer range over large areas,

and is fully adaptable to different antenna designs providing direct access to the en-

hanced field at the gap region. As we will demonstrate, this fabrication approach will

significantly improve the effectiveness of plasmonic antennas for various applications,

including ultra-sensitive biosensing and live cell research.

In the next section, we will detail on how the current limitations in fabrication accu-

racy (specially for gaps smaller then 20 nm) and scalability can be addressed using

planarization, etch back and template stripping. The burst analysis, FCS and TCSPC

measurements will be then discussed in detail to demonstrate the superior performance

over conventional electron beam lithography methods. After the discussions on the opti-

cal performance of these in-plane nanoantennas at very high fluorophore concentrations



Chapter 5. Surface nanogaps for giant fluorescence enhancement 87

for enhanced single-molecule fluorescence detection, in the next Chapter 6, we will ex-

ploit the extreme planarity of these structure to investigate the dynamics of membrane

lipids in living cells.

5.2 Large scale in-plane nanoantennas: Fabrication

The antenna design is based on the “antenna-in-box” platform featuring a nanogap

dimer antenna inside a rectangular box aperture. The central nanogap antenna between

two 80 nm gold half-spheres creates the hotspot for fluorescence experiments and the

cladding 300 × 140 nm2 box, essentially screens the background signal by preventing

direct excitation of molecules diffusing away from the hotspot [89, 148]. This design is

tailored for optimal enhanced single molecule analysis in solutions at high µM concen-

trations.

Figure 5.1 summarizes the different steps of the nanofabrication procedure. The nanoan-

tenna fabrication is performed on a 100 nm-thick silicon nitride deposited over silicon

wafers (100 mm diameter, prime grade). Negative tone hydrogen-silsesquioxane (HSQ)

resist is spun at 1500 rpm for 240 seconds yielding an approximately 100 nm-thick coat-

ing. The samples are then exposed by electron-beam lithography using a 1 nm grid and

a 2 nA beam (5 nm FWHM) (a). After exposure, the samples are developed at room

temperature in 25% tetramethylammonium hydroxide for 2 minutes, rinsed in deionized

water and isopropanol prior to drying in order to avoid any possible collapse of the nar-

rowest features induced by capillary force. A 50 nm-thick gold film is then evaporated

(10
◦
A/s) by electron beam heating at a pressure of 8×10−7 mBar on static substrates

(b). The stage temperature is maintained at −50o C to reduce the gold grain size by

approximately a factor of two as compared to room temperature evaporation, allowing

for low edge roughness and improved shape accuracy.

Planarization is then carried out by spinning flowable oxide (Dow Corning FOX-16) at

1000 rpm for 240 seconds (c). This yields 1 µm thick film with a residual topography

above the structures of interest below 10 nm. Broad argon ion beam milling (Veeco Nexus

IBE350) is then performed at −45o sample tilt to etch back the flowable oxide until the

top gold caps were fully removed (d). End point detection is performed by monitoring

the signal from gold on a secondary ion mass spectrometer. A 30 s etch with hydrofluoric

acid diluted 1:10 in deionized water is then used to clear out the residual HSQ in the

antenna apertures (e). The 100 mm silicon wafer is then cleaved into individual dies

each of which contains nanoantennas with various gap sizes.

Nanofabrication procedure was performed by Dr. Valentin Flauraud (EPFL, Switzerland) at the
Center of Micro/ Nanotechnology (CMI) of EPFL, Switzerland.
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a b c
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FIGURE 5.1: Fabrication of planar nanoantenna arrays. The nanoantenna fabri-
cation process flow is performed over a silicon nitride layer deposited in silicon thin-film.
The HSQ resist is patterned by electron-beam lithography (a) followed by a 50 nm thick
gold layer evaporation (b). Flowable oxide is then spun for planarization (c) which is
then etched back by Ar ion beam (d) to remove the top metal capping. Wet etching
of the remaining HSQ (e) clears out the antenna geometry and then finally template

stripping is done using UV curable adhesive (f).

As sketched in Figure 5.1e, the gold sidewalls bear a tapering angle due to metal diffu-

sion during the evaporation. Therefore the narrowest gap region lies at the bottom of

the structure close to the substrate interface. This hotspot position is impractical for

biosensing and fluorescence enhancement applications, where the narrowest gap posi-

tion should be on the top surface of the structure in order to maximize the contact with

the probe solution. Thus the template stripping approach is implemented by using UV

curable adhesive (f) in which the gold structures are transferred, and flipped over, onto

a microscope coverslip to facilitate access to the narrowest and brightest region of the

nanogap.

For template stripping procedure, a 150 µm thick microscope coverslip (30 mm diameter)

is cleaned in piranha solution and then surface activated by oxygen plasma treatment

(Tepla Gigabtach 1000 W, 500 SCCM O2). The plasma exposed surface of the coverslip

is then brought in contact with the gold substrates in silicon wafer dice with a drop

of UV curable OrmoComp (microresist technology GMBH) and is cross-linked under

UV and light pressure (ESCO EUN-4200 375 nm, 2.5 mW/cm2) for 3 minutes followed

by separation of the glass from the silicon with a razor blade. It is important to note

that the last template stripping step can be performed just before the final fluorescence

measurements, so the antenna hotspot is protected from surface contaminants during

long term storage.
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FIGURE 5.2: SEM and AFM images of planar “antenna-in-box” devices.
(a) Tilted SEM view of an opened “antenna-in-box” before template stripping. The
smallest part of the gap (∼12 nm in this case) lies at the surface level. A similar
structure is imaged from the top before (b) and after (c) template striping. Dimensions
are preserved and the space surrounding the antenna is filled by the UV curable polymer
as seen in the AFM image (d) and shows less than 5 nm residual topography. Lower
panel in d shows two AFM profiles averaged over 20 line scans before (dashed blue)
and after (red) template stripping of the 50 nm-thick gold structure. All scale bars are

100 nm.

Figure 5.2a shows the tilted SEM view of an open antenna-in-box before template strip-

ping (as sketched in Figure 5.1e). The smallest part of the gap, here 12 nm, lies at the

surface level, closer to the silicon wafer interface. A similar structure is imaged from the

top before (b) and after (c) template striping. This comparison before and after tem-

plate stripping, clearly shows that the narrowest gap region emerges on a flat top surface

enabling maximum fluorescence enhancement in a minimal near-field probe volume. Fig-

ure 5.2d is a representative AFM image of the template-stripped nanoantenna showing

less than 5 nm residual topography. These AFM analysis further confirm that the di-

mensions are preserved after template stripping procedure and the space surrounding

the nanoantenna is filled by the UV curable polymer (see lower panel in Figure 5.2d).

As all these fabrication processes are performed on conductive silicon substrates, the

final structures can be easily transferred to microscope coverslips, avoiding the need for

a supplementary adhesion layer that can damp the plasmonic performance [149].

Moreover, we use transmission electron microscopy (TEM) to accurately quantify the

dispersion in the nanoantenna dimensions and to test the accuracy of the production

process. The same fabrication process, excluding template stripping, is carried out on

a 30 nm thick silicon nitride membranes for accurate TEM metrology on prototypical

arrays of nanoantennas. Figure 5.3a shows a representative image of a 5×5 antenna array

with 10 nm nominal gap width used for metrology purposes with no template stripping

performed. Various gap separations (from 10 nm to 45 nm) are achieved with narrow

dispersion and the results are summarized in Figure 5.3b,c. It should be noted that
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although the resist HSQ is patterned at dimensions in the range of 5 nm for the central

nanogap region, the effective gap separation of the gold dimer appears systematically

larger. This effect is due to a combination of metal diffusion and aperture clogging during

evaporation, as well as metal wetting and diffusion onto the substrate.
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FIGURE 5.3: TEM metrology and nominal gap size. (a) TEM image of a 5 ×
5 antenna array with a 10 nm nominal gap width used for metrology purposes with no
template stripping performed. The scale bar is 500 nm. The rectangular apertures have
300 × 140 nm2 dimensions with each nanosphere being 80 nm in diameter. (b) Measured
gap width of the Au dimers as a function of HSQ structure design width. Average gap
width and associated standard deviation error bars are displayed. (c) Corresponding
distribution histogram with 1.5 nm bin width. The gap size variations are due to the

finite grain size in the Au film.

5.3 Near field enhancement and nanoantenna resonance

We perform numerical modeling based on FDTD method using Rsoft Fullwave 6.0 soft-

ware for nanoantenna with 10 nm (Figure 5.4a-c) and 30 nm (Figure 5.4d-f) gap sizes

and access excitation intensity enhancement at 633 nm with polarization along the dimer

axis. The computation considers the mesh size of 0.5 nm for 10 nm gap antenna and 1 nm

for 30 nm gap antenna and uses 214 temporal steps of 8.1×10−19 s. The permittivity of

gold is modeled according to the data in Ref. [150].

The intensity recorded at the antenna surface for 10 nm gap (a) shows excitation intensity

enhancement up to 600×, while a 30 nm gap antenna yields nearly 160× near field

enhancement (d). We perform a series of such modeling to study the evolution of the

peak intensity enhancement as a function of the antenna nanogap separation (g), and

then estimate the detection volume for each case (h). The estimation of the detection
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FIGURE 5.4: Numerical simulations of excitation intensity enhancement and
estimation of detection volume. Excitation intensity enhancement at 633 nm are
computed using finite-difference time-domain method for a nanoantenna of 10 nm gap
size (a-c) and 30 nm gap (d-f). FDTD modeling is performed using mesh size 0.5 nm
for (a-c) and 1 nm for (d-f). The intensity is recorded at the antenna surface for (a,d)
and along planes crossing the antenna’s center for (b,c) and (e,f). (g) Evolution of
the peak intensity enhancement at 633 nm computed in the gap region as a function
of the antenna gap size. (h) Evolution of the detection volume as a function of the

nanoantenna gap size.

volumes, considers the product of the typical decay distances along X, Y and Z axis

obtained from the intensity maps. To accurately model the experimental data, for the

X axis we take the gap size plus the nanoparticle radius, while for the Y axis, we take

the full width at 1/e2. For the Z axis, we take the decay length at 1/e2, taking only

into account the zone accessible to the solution sample. As we will discuss later in the

upcoming Section 5.5.1 (FCS to quantify near field detection volume), these empirical

estimation of the detection volumes stand in excellent agreement with those acquired

from fluorescence experimental data.

Figure 5.5 shows the experimental dark-field scattering spectra measured for 10 nm

(a) and 35 nm (b) gap sizes and both polarization configurations of the illumination

light. The polarization sensitivity, and gap size influence is further confirmed by these

dark-field spectra. Figure 5.5 displays the fluorescence spectra of Alexa Fluor 647 (c)
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FIGURE 5.5: Overlap between antenna’s resonance and fluorescence spec-
tra. (a,b) Dark-field scattering spectra for 10 nm (a) and 35 nm (b) gap sizes and
two orientations of the illumination polarization. (c,d) Spectral overlap of the 10 nm
antenna’s response (red lines) with parallel orientation compared to the fluorescence
spectra for Alexa Fluor 647 (c) and Crystal Violet (d). Excitation spectra are shown

with dashed lines, emission spectra with solid shaded lines.

and Crystal Violet (d) fluorophore and indicates the excellent overlap with the spectral

response of 10 nm antenna (red lines) excited in parallel configuration. The dashed lines

represent the excitation spectra, while the solid shaded lines being the emission spectra.

5.4 Experiment and results: Burst analysis of single-diffusing

fluorophores

The fluorescence experiment setup is based on an inverted confocal microscope with

a high NA water-immersion objective and is the same as used in earlier experiments

(double nanohole and silicon dimers). The details on each optical component is presented

in Chapter 2. Fluorescence burst analysis with these planar “antennna-in-box” devices

are performed using two different dyes: Alexa 647 molecules with 200 mM methylviologen

(8% quantum yield) and Crystal Violet molecules (2% quantum yield), both of which

have similar excitation spectra.
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Fluorescence experiments are performed by covering the nanoantenna substrate with a

solution containing 1 µM Alexa Fluor 647 with 200 mM methylviologen in water-glycerol

solution (1:1 ratio). Use of glycerol essentially slows down the diffusion of molecules

through the confined nanoantenna hotspot eventually making the single-molecule events

stand out more prominently on top of a near constant background. The experiments

are carried out for different gap separations (10, 25 and 35 nm gaps), the fluorescence

enhancement factors are then quantified in each case.

FIGURE 5.6: Fluorescence bursts analysis on Alexa Fluor 647 molecules.
Fluorescence bursts analysis to determine the enhancement factors for Alexa Fluor 647
molecules with 200 mM methylviologen. (a-c) Fluorescence time traces recorded on
nanoantennas with increasing gap sizes using 1 µM Alexa Fluor 647 in water-glycerol
1:1 solution with 2.3 kW/cm2 excitation intensity at 633 nm. The binning time is
10 µs. (d-f) Enlarged temporal windows showing discrete bursts that correspond to
individual molecules crossing the antenna detection volume. (g-i) Photon count rate
histograms deduced from the traces in (a-c). The dashed lines are fits by exponentially
decaying probability distributions. A reference of 0.85 counts/ms for Alexa Fluor 647
(with 200 mM methylviologen as chemical quencher) is used to compute the fluorescence

enhancement factors.

Figure 5.6a-c shows the single molecule fluorescence time trace for Alexa Fluor 647

probed with planar “antenna-in-box” devices with increasing gap sizes: 10 nm (a), 25 nm

(b) and 35 nm (c). Enlarged temporal windows (d-f) display discrete bursts that cor-

respond to individual molecules crossing the nanoantenna detection volume. Intense

fluorescence bursts are clearly detected on the fluorescence time traces, with their am-

plitude decreasing as the gap size is enlarged. This feature confirms that the fluorescence
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bursts stem from the confined nanoantenna gap region (hotspot). All the time traces are

recorded with 2.3 kW/cm2 excitation intensity at 633 nm, binned at 10 µs and finally

collected in the photon count histograms (g-i). These histograms are then fitted using

exponentially decaying probability distributions represented by the dashed lines. The

recorded maximum peak amplitude is then used to calculate the fluorescence enhance-

ment factors for each gap size.

For a 10 nm gap antenna, we record a peak amplitude with intensity 4.5 kcounts/ms.

Using the reference of 0.85 counts/ms for Alexa Fluor 647 (with 200 mM methylviologen

as chemical quencher), we derived 4.5k/0.85 = 5300× fluorescence enhancement for a

nanoantenna with 10 nm nominal gap. The calculation of 0.85 counts/ms brightness

per molecules in the case of confocal reference is summarized in Figure 5.7. Alexa Fluor

647 molecules fluorescence bursts events recorded with confocal configuration (without

nanoantenna) with very diluted∼ 10 pM fluorophore concentration. This low fluorophore

concentrations ensures that the fluorescence bursts (a,b) stem from individual molecules

crossing the 0.5 fL confocal detection volume. No methylviologen is used to reach ∼30%

quantum yield and the excitation intensity is increased by 4× to reach 9.2 kW/cm2.

Thus to compute the reference count rate per molecule for the experiments in Figure 5.6,

we take the highest intensity in the confocal photon count rate histogram (Figure 5.7c),

correct for the 4× lower excitation intensity and 4× lower quantum yield in the presence

of methylviologen, to reach a value of 13/(4*4) = 0.85 counts/ms.
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FIGURE 5.7: Reference fluorescence bursts analysis for Alexa Fluor 647. (a)
Fluorescence time trace for Alexa Fluor 647 in confocal setup (detection volume 0.5 fL).
A concentration of 10 pM ensures that the fluorescence bursts stem from individual
molecules (b). No methylviologen is used to reach a quantum yield∼30%. The excitation
intensity is increased here by 4× to reach 9.2 kW/cm2. The binning time is 0.6 ms
to optimize the signal-to-noise ratio. (c) Photon count rate histogram deduced from
the trace in (a). The dashed line is a fit by an exponentially decaying probability
distribution. To compute the reference count rate per molecule for the experiments in
Figure 5.6, we take the highest intensity, correct for the 4× lower excitation intensity
and 4× lower quantum yield in the presence of methylviologen, to reach a value of

13/(4*4) = 0.85 counts/ms.
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Emitters with low quantum yields allow reaching higher fluorescence enhancement fac-

tors, as the nanoantenna benefits from a larger increase in the emission quantum yield of

the dye [151, 152]. To experimentally demonstrate this effect, we perform similar fluores-

cence burst analysis measurements with Crystal Violet molecules which have a weaker

2% quantum yield as compared to 8% in case of Alexa647 with 200 mM methylviologen.

As in the case of Alexa 647, Crystal Violet fluorophore is set to a concentration of 1 µM

in a water-glycerol 1:1 solution to slow down the diffusion of fluorophore crossing the

nanoantenna hotspot, and thereby allowing direct analysis of the fluorescence bursts for

individual molecules.
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FIGURE 5.8: Fluorescence enhancement on Crystal Violet molecules mea-
sured with fluorescence bursts analysis. (a-c) Fluorescence time traces recorded
on nanoantennas with increasing gap sizes using 1 µM of crystal violet in water-glycerol
1:1 solution with 2.3 kW/cm2 excitation intensity at 633 nm. The binning time is 1 ms.
(d-f) Photon count rate histograms deduced from the traces in (a-c). The dashed lines

are fits by exponentially decaying probability distributions.

Figure 5.8 summarizes the fluorescence burst analysis for Crystal Violet molecules as

probed by the planar antenna-in-box platforms with increasing gap separations. Intense

fluorescence bursts are detected on the fluorescence time traces (a-c), with their ampli-

tude decreasing as the gap size is enlarged from 10 nm to 35 nm. This feature is consis-

tent with the burst analysis for Alexa647 molecules and confirms that the fluorescence

bursts stem from the confined nanoantenna hotspot region. To measure the fluorescence
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enhancement factors for the case of diffusing CV molecules, we fit the photon count

histograms in Figure 5.8d-f with exponentially decaying probability distributions and

record the maximum peak amplitude in the fitted distribution. The estimation of the

peak fluorescence count per CV molecule for confocal reference is shown in Figure 5.9.

As the CV molecules have a very low ∼2% quantum yield, detecting individual burst

and estimating their count rates for confocal reference need extra care. We perform burst

analysis at ∼pM concentration with higher excitation powers followed by a confocal FCS

analysis (at ∼nM concentration) to accurately estimate the confocal count rates for CV

molecules.
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FIGURE 5.9: Confocal reference data for Crystal Violet molecules. (a) In-
tensity time trace and (b) correlation curve for Crystal Violet molecules diffusing in
confocal volume. The excitation intensity at 633 nm is raised to 6× to 13.8 kW/cm2

to provide enough signal to noise ratio. For the FCS analysis on this experiment, we
take into account the 0.15 counts/ms dark count noise of our APDs to quantify an
average number of 1.3 molecules with 0.36 counts/ms as brightness per molecule. The
concentration is further diluted by 5× to to ensure that the fluorescence bursts stem
from individual molecules (c,d), and the photon count rate histogram deduced from the
time trace in (c) is displayed in (e). The dashed line is a fit by an exponentially decaying
probability distribution. The excitation intensity is 13.8 kW/cm2, and is 6× higher that
the intensity used for the antenna experiments of Figure 5.8. The binning time is 5 ms.
To compute the reference count rate per molecule for the experiments in Figure 5.8,
we take the highest intensity above the noise level, correct for the 6× lower excitation

intensity and 5 ms binning time to reach a value of 5.5/(6*5) = 0.18 counts/ms.

Figure 5.9 shows the fluorescence time trace (a) of the diluted Crystal Violet molecules

diffusing through the confocal volume and recorded at a higher excitation powers 6×
to 13.8 kW/cm2 to provide enough signal to noise ratio, and the corresponding cor-

relation curve (b). For FCS analysis on this experiment, we take into account the

0.15 counts/ms dark count noise of our APDs to quantify an average number of 1.3
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molecules with brightness per emitter being 0.36 counts/ms. Now we further dilute the

solution by 5× to visualize single diffusing fluorophore in confocal volume (c,d). Photon

count rate histogram is then deduced from the confocal time trace and is displayed in

(e). The excitation intensity is 13.8 kW/cm2 and is 6× higher than the intensity used

for the nanoantenna experiments of Figure 5.8. The dashed line is a fit by an expo-

nentially decaying probability distribution indicating a peak intensity amplitude being

5.5 counts/bin time. Thus using this peak intensity value above the noise level, correct-

ing for the 6× lower excitation intensity and 5 ms binning time, we reach the value of

5.5/(6*5) = 0.18 counts/ms. This value of confocal reference is then used to estimate the

fluorescence enhancement factors for time traces acquired with antenna-in-box devices.

The confocal reference fluorescence counts per CV molecule estimated at 0.18 counts/ms

at 2.30 kW/cm2 excitation power is in agreement with values reported independently in

Refs. [16, 17].

From the photon counts histogram for 10 nm gap antenna (Figure 5.8a), the maximum

count is 2750 counts/ms with a background of 100 counts/ms set by the fluorescence

from the CV molecules diffusing away from the hotspot region and the residual photolu-

minescence from the metal. This quantifies to an impressive fluorescence enhancement

of 2750/0.18 = 15,000× for CV molecules diffusing through the nanogaps. The same

procedure for 25 nm and 35 nm gap separations yields fluorescence enhancement of

4700× and 1400× respectively. It is worth recalling that the same procedure performed

on Alexa Fluor 647 with 200 mM methylviologen (8% quantum yield) indicated a flu-

orescence enhancement of 5300× for a 10 nm gap antenna. The relative change in the

enhancement factors results from the differences in the quantum yield between CV (2%)

and Alexa 647 (8%) and further confirms that our measurements are not influenced by

artifacts.

5.5 Optical performance at high molecular concentration

After discussion on the fluorescence burst analysis (experiments performed at 1 µM

concentration), we now elaborate the optical performance of these nanoantennas with

FCS experiments at very high 26 µM concentrations of Alexa 647 molecules along with

200 mM methylviologen as the chemical quencher.
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5.5.1 FCS: Planar nanoantennas at 26 µM Alexa Fluor concentration

FCS determines the average number of detected molecules from which the fluorescence

brightness per emitter and the detection volume can be deduced. This gives an alter-

native validation to the fluorescence enhancement factors from burst analysis and also

provides an estimation on the antenna’s near field detection volume. Figure 5.10a,b dis-

plays the raw fluorescence intensity time traces and corresponding correlation curves

with excitation polarization parallel (colored dots) and perpendicular (gray dots) to the

antenna dimer axis for two different 10 nm and 35 nm gap separations. Larger fluctua-

tions in fluorescence time trace and higher correlation amplitudes are clearly observed

when the incident electric field is parallel to the dimer axis and when the gap size

is reduced. This directly evidences the presence of an electromagnetic hotspot in the

nanoantenna gap region. In contrast to the parallel excitation, all the relevant observ-

ables, nanoscale volume confinement and fluorescence enhancement disappear when the

laser polarization is oriented perpendicular to the main antenna axis or when the gap

size is increased to 35 nm gap. We performed control experiments with an extra 8 nm

thick silica layer deposited on top of the nanoantennas to prevent the molecules from

accessing the hotspot region. In this case, the FCS signal is lost (see Figure 5.10c,d)

confirming the crucial role of the few nanometer region surrounding the antenna gap.

All the FCS experiments are performed at 26 µM concentration of Alexa Fluor 647, cor-

responding to about 7630 molecules in the 0.5 fL confocal detection volume. Figure 5.11

shows the confocal FCS analysis for Alexa 647 with 200 mM methylviologen with ex-

perimental condition exactly similar to those for Nanoantenna-FCS measurements dis-

played in Figure 5.10. The correlation amplitude scales as the inverse of the number

of fluorescent molecules in the detection volume, so for the confocal reference without

the nanoantenna, the FCS amplitude is barely detectable at 1.31e−4, which amount to

7630 molecules in the 0.5 fL confocal volume. The average fluorescence brightness per

molecule is then derived as 1800/7630 = 0.24 counts/ms.

However the correlation amplitudes of 3.9 are detected with the nanoantennas of 10 nm

gap size, representing 0.26 number of molecules on average diffusing through the hotspot

region. This corresponds toNantenna/Nconf = 30,000× volume reduction than the diffraction-

limited confocal volume. Using the known 26 µM fluorophore concentration and the 0.5

fL confocal volume, the antenna detection volume is then quantified to be 17 zL (1 zL =

10−21 L = 1000 µm3). This represents the smallest antenna detection volume reported

so far for FCS applications on nanoantennas. The reduction of the detection volume is

further confirmed by the shortening of the diffusion time, from 64 µs in the diffraction-

limited confocal volume to 0.9 µs in the nanoantenna case.
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FIGURE 5.10: Nanoantennas enhance the fluorescence detection of Alexa
Fluor 647 molecules in solution. (a) Fluorescence time traces and (b) corresponding
FCS correlation functions (dots, raw data; lines, numerical fits) for nanoantennas with
10 and 35 nm gap sizes with the excitation polarization set parallel or perpendicular
to the antenna’s main axis. The experimental conditions correspond to 26 µM of Alexa
Fluor 647 with 200 mM of methylviologen as chemical quencher under 2.3 kW/cm2

excitation intensity at 633 nm wavelength. (c) Control experiment with 8 nm SiO2

deposited on top of the nanoantenna. Adding an extra 8 nm layer of silica on top of the
nanoantenna blocks most of the fluorescence by preventing the molecules from accessing
the hot spot region. To enable a direct comparison, the experimental conditions and
figure scales in c, d are identical to the ones used in a, b, and confirm that the nanoscale

detection volume is located at the antenna surface.

For our earlier experiments (double nanoholes and silicon dimer antennas), the back-

ground fluorescence from molecules diffusing away from the hotspot had a significant

contribution in the total fluorescence signal, thereby complicating the FCS analysis.

In our earlier chapters, we used a two-species model (incorporating hotspot and back-

ground contribution) for FCS analysis to estimate count rate per molecule only from the

hotspot region. However, in the case of planar antenna-in-box devices, we find that the

signal from the hotspot always largely dominates the background, so that the previously

used corrections are no longer needed. The number of detected molecules is simply the

inverse of the correlation amplitude at zero lag time, and the fluorescence brightness



Chapter 5. Surface nanogaps for giant fluorescence enhancement 100

2000

1800

1600

In
te

ns
ity

 (c
ou

nt
s/

m
s)

100500
Time (s)

a b

Alexa Fluor 647
1.0

-3

0.5

0.0

C
or

re
la

tio
n 

am
pl

itu
de

0.0001 0.01 1 100
Lag time (ms)

x10

Confocal

FIGURE 5.11: Confocal reference for FCS experiments on Alexa Fluor 647(a)
Intensity trace and (b) FCS correlation function. The experimental conditions are iden-
tical to the measurements on nanoantennas: the concentration of Alexa Fluor 647 is
26 µM, with 200 mM of methylviologen as chemical quencher. The excitation inten-
sity is 2.3 kW/cm2 at 633 nm wavelength. The FCS correlation amplitude is 1.31e−4,
which amount to 7630 molecules in the 0.5 fL confocal detection volume. The average

fluorescence brightness per molecule is 1800/7630 = 0.24 counts/ms.

per emitter can be computed by normalizing the average fluorescence intensity by this

number of detected molecules. For the antenna with 10 nm gap size, we find a bright-

ness of 370 counts/ms. This value is 1600× higher than the 0.24 counts/ms estimated

for the dye in the confocal reference. The polarization sensitive correlation curves with

amplitudes confirms the occurrence of large fluorescence enhancement in the nanogaps.

It should be noted that the fluorescence enhancement factors for Alexa 647 estimated

from the burst peak intensity (5300× for 10 nm gap antenna as shown in Figure 5.6) is

about 3× higher than the one measured with FCS (1600× for same gap separation as

shown in Figure 5.14). This is expected as the burst analysis favors the best event where

the emitter’s position and orientation lead to the highest fluorescence intensity.

We carried out similar FCS experiments with 10 nm gap nanoantenna (excitation par-

allel to the dimer axis) to study the excitation power dependence on the optical perfor-

mance. Figure 5.12 shows the raw fluorescence trace of 26 µM Alexa647 with 200 mM of

methylviologen as chemical quencher (a), the evolution of the average fluorescence inten-

sity as the function of excitation intensity (b) and the corresponding normalized corre-

lation curves (c). The average fluorescence intensity count rate shows limited saturation

for excitation intensity exceeding 3.4 kW/cm2. As all of our fluorescence experiments

are carried out at 2.3 kW/cm2 excitation intensity, our results are not affected by any

photophysical artifacts. Moreover, as the shapes of the correlation curves at short lag

times appear similar with different excitation powers, the influence of triplet blinking is

avoided in the FCS analysis. As a final control experiment, in Figure 5.13 we show that

in the absence of fluorescent molecules, the residual background luminescence from the
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gold nanoantenna (a) remains negligible and thereby exhibiting no temporal correlation

(b).
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FIGURE 5.12: Power dependence study shows limited saturation and no
triplet blinking effects. (a) Fluorescence time trace recorded on a 10 nm gap an-
tenna with increasing illumination intensities. (b) Evolution of the average fluorescence
intensity as function of the excitation intensity showing that the 2.3 kW/cm2 used in
this study is well within the linear fluorescence regime. (c) Normalized FCS correlation
functions of the traces in (a) with same color code. The similar shapes at short lag

times reveal a negligible influence of triplet state blinking in the FCS data.
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FIGURE 5.13: Nanoantenna luminescence background in the presence of
200 mM methylviologen and no fluorescent dye. (a) Intensity trace and (b) FCS
correlation function on a 10 nm gap antenna. The 2.3 kW/cm2 excitation intensity at

633 nm is similar to all experiments.

For bio-inspired applications of nanoantennas, it is desired to have arrays of structures

having sharp edges with reproducible optical performances. As shown in TEM metrol-

ogy (see Figure 5.3), using the described procedure, mass fabrication of sub 20 nm gap

antenna is possible. To assess the statistical reproducibility of the antenna performance,

we repeat the FCS experiments on a set of more than 80 different antennas and mea-

sure for each antenna its fluorescence enhancement and the near field detection volume.

Scatter plot displayed in Figure 5.14a, clearly indicates a correlation between the fluo-

rescence enhancement and the detection volume following an empirical power law with
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-2/3 exponent: the volume scales as cube power of the typical near field size, while the

fluorescence enhancement is dominated by the gain in local excitation intensity which

scales as the square of the typical near-field size.
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FIGURE 5.14: Statistical reproducibility of the nanoantennas measured by
FCS (a) Scatter plot of the fluorescence enhancement versus the nanoantenna’s de-
tection volume as deduced from FCS analysis on 83 different nanoantennas. The black
line fit follows a power law dependence with a fixed -2/3 exponent. (b) Distribution of
fluorescence enhancement factors deduced from the data in (a) for different gap sizes.

(c) Distribution of the nanoantenna detection volume.

Figure 5.14 shows the histograms of the fluorescence enhancement (b) and detection

volume (c) illustrating the statistical dispersion of the data around the average for each

value of the desired nominal gap size. The variability of the gap sizes as characterized by

TEM (see Figure 5.3), influences this dispersion. This is more prominent for the smaller

gaps where a nanometeric variation in the gap size can have a large influence on the

antenna’s performance and the measured enhancement factor.

We now compare the performance of these planar nanoantennas with the FCS results

achieved previously using focused ion beam milling [89]. Figure 5.15 compares the av-

erage values of fluorescence enhancement (a) and detection volume (b) obtained for

nanoantennas fabricated with conventional FIB milling and template-stripped E-beam

lithography. The nanoantennas are tested under similar conditions for FCS experiments

to ensure a consistent benchmarking. As demonstrated in Figure 5.15, template-stripped

E-beam lithography provides higher fluorescence enhancement factors in smaller detec-

tion volumes. The improvement over FIB milling is especially significant for gap sizes

above 25 nm, where the new fabrication technique can lead to a 10× increase for the

fluorescence enhancement factor together with a 5× reduction for the detection volume.
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FIGURE 5.15: Improved nanoantenna’s performance with template-stripped
electron beam lithography as compared to focused ion beam milling (FIB).
Average values of fluorescence enhancement (a) and detection volume (b) as a func-
tion of the gap size. The data for focused ion beam (FIB) milling is taken from Ref.
[89]. The experimental conditions are similar for both fabrication methods (Alexa 647
fluorophores with 200 mM methylviologen). Error bars correspond to one standard de-
viation. The performance of these new optical nanoantennas significantly outperforms
the values achieved previously using focused ion beam lithography providing higher

fluorescence enhancement factors in smaller detection volumes.

5.5.2 Fluorescence lifetime reduction and LDOS enhancement

The presence of a nanoantenna in the vicinity of the fluorophore accelerates the decay

rates as compared to the free space de-exciation. We now study this increased LDOS

(Purcell effect) in case of planar “antenna-in-box” platforms and discuss different rates

and the evolution with gap sizes. The experimental setup is the same as used in earlier

projects (double nanohole and silicon dimers), and the description of the optical setup

is already presented in Chapter 2.

The TCSPC experiment for planar antenna-in-box is carried out with Alexa647 fluo-

rophore with 200 mM methylviologen. The experimental conditions are similar to those

used for FCS (Figure 5.10), with only difference being the pulsed excitation. Figure 5.16a

shows the normalized time-resolved decay traces for three cases: confocal (blue dots),



Chapter 5. Surface nanogaps for giant fluorescence enhancement 104

35 nm gap (green dots) and 10 nm (red) gap separation for antenna in box with par-

allel excitation. The inset summarizes the fluorescence lifetime for all gap separations

together with confocal and box-only configuration. As expected, the decay kinetics are

comparable for the confocal reference and the box-only geometry. In contrast, excitation

along the gap induces a clear acceleration of the decay dynamics for all gap separations:

fast acceleration with smallest gap size. The fluorescence lifetime is significantly reduced

from 380 ± 15 ps in confocal illumination to 45 ± 10 ps for the 10 nm gap antenna.
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FIGURE 5.16: Fluorescence lifetime reduction and LDOS enhancement. (a)
Normalized time-resolved decay traces show Alexa Fluor 647 fluorescence lifetime re-
duction as the gap size is reduced. Black lines are numerical fits convoluted by the
instrument response function (IRF). The inset shows the fluorescence lifetime of Alexa
Fluor 647 in presence of 200 mM of methylviologen as function of the nanoantenna
gap size. (b) Local density of optical states (LDOS) enhancement deduced from the
lifetimes in (a), after correction of the methylviologen quenching rate and Alexa Fluor

647 natural non-radiative decay rate, following the procedure in Chapter 3 and 4.

Figure 5.16b summarizes the evolution of the local density of optical states (LDOS)

enhancement as the function of nanoantenna gap size. LDOS is computed by removing

the internal non-radiative rate contribution Γnr = 0.67 ns−1 of Alexa Fluor 647 and the

quenching rate Γq = 1.9 ns−1 contribution set by methylviologen from the lifetime data

measured from TCSPC experiments (see inset of Figure 5.16a).

The total decay rate (inverse of fluorescence lifetime) for 10 nm antenna, Γtot is 22.22 ns−1.

The contribution set only by the photonic environment is estimated to be Γ∗rad + Γ∗loss

= Γtot - Γnr - Γq = 19.7 ns−1. The LDOS enhancement is then computed as (Γ∗rad +

Γ∗loss)/Γrad = 19.7/0.21 = 100× keeping only the rate influenced by the photonic en-

vironment. This correction procedure is consistently used throughout the thesis, as the
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internal non-radiative rate of Alexa and the quenching rate from the methylviologen are

not influence by the presence of nanoantenna.

Finally the measured fluorescence enhancement factors is modeled using the equation

[93]:

ηF =
I∗exc
Iexc

Γ∗rad
Γrad

1

1− φ0 + φ0 (Γ∗rad + Γ∗loss)/Γrad
(5.1)

This equation follows that the fluorescence enhancement ηF is the consequence of the

excitation intensity enhancement I∗exc/Iexc, enhancement of the radiative decay rates

Γ∗rad/Γrad, and together with the influence of initial quantum yield φ0 of the fluorescent

molecule modified within the nanogap. The third term in the above Equation 5.1 in-

corporates an additional decay rate Γ∗loss describing the non-radiative energy transfer to

the antenna’s material induced by ohmic losses. For the smallest 10 nm gap and a dipole

emitter located in the gap center, the FDTD simulations estimate the different contribu-

tions to be I∗exc/Iexc = 600, Γ∗rad/Γrad = 700 and (Γ∗rad+Γ∗loss)/Γrad = 1100 (see near field

simulations in Figure 5.4). Neglecting the collection efficiency improvement brought by

the nanoantenna, the fluorescence enhancement values can be predicted to be 18,000×
for crystal violet and 4700 for Alexa 647, which come in excellent agreement with the

experimental results. The 1000-fold LDOS enhancement used in numerical estimation

should be compared with the 100-fold LDOS enhancement observed experimentally by

the lifetime measurements. This mismatch can partially be explained because of the

spatial and orientation averaging during the experiments, and also due to the limited

resolution of the TCSPC electronics.

Figure of merit

Using FCS and fluorescence burst analysis, we demonstrated the superior optical perfor-

mance of these planar “antenna-in-box” devices reaching giant fluorescence enhancement

factors up to 104-105 times, together with nanoscale detection volumes in the 20 zL range.

Fluorescence enhancement factors displayed strong dependence in the initial quantum

yield of the dye (2% for crystal violet and 8% for Alexa 647 with 200 mM methylviolo-

gen). To avoid this dependence of the fluorescence enhancement on the intrinsic quantum

yield of the fluorescent reporter, the fluorescence enhancement figure of merit is defined

as the product of the enhancement factor by the reference quantum yield of the emitter

in homogeneous medium [60]. Thus, for crystal violet and Alexa Fluor 647, the fluores-

cence enhancement figures of merit amount to 300 and 420 respectively, and are among

the highest reported values to date [16, 17, 18, 60, 89].
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5.6 Polymer stability and nanoantenna durability

As described in the fabrication procedure, the semi-spheres gold dimers are embedded

into an optically transparent polymer (ormocer) during the template-stripping step. This

is important in order to bring the narrowest gap region at the top of the structure making

it efficiently accessible to the probe sample. We demonstrated that these new class of

optical antennas hold great interest for ultrasensitive fluorescence bio-sensing, especially

for detecting single molecules at biologically-relevant micromolar concentrations. During

the course of experimental measurements, the microscope coverslip containing these

planar “antenna-in-box” structures is first rinsed with water-ethanol mixture and then

cleaned with UV-Ozone treatment for 2 minutes to remove organic impurities. This

optimized cleaning procedure is carried out once before and after every fluorescence

experiment in order to increase the durability of these antennas. However, exposing the

antenna to the UV-ozone atmosphere for a repeatedly long time can potentially damage

the polymer thereby influencing the dimer position and the desired gap sizes.

80 nm

b

80 nm

c

300 nm

a

140 nm

FIGURE 5.17: Affect of UV-Ozone cleaning on the durability of nanoanten-
nas. Scanning electron microscope images of a representative structure imaged after
5× cleaning procedure each of them involving 5 minutes of UV exposure followed by
water-ethanol rinsing (a). The same sample with addition 10× cleaning procedure shows
significant damage in the polymer leading to displacement of the dimers within the box
and eventually changing the desire gap dimensions. The SEM images are acquired at
at 1 kV to prevent further damage to the polymer and thereby the low SNR in the

acquired images.

We repeatedly carried out out this cleaning procedure involving UV-Ozone treatment

and performed successive SEM image analysis to study the effect of the UV-Ozone treat-

ment on the polymer stability. Figure 5.17a shows a representative structure imaged after

5× cleaning procedure (each of them involving 5 mins of UV exposure followed by water-

ethanol rinsing). As seen in the SEM image (a), the 5× cleaning procedure indicates no
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major troubles and the dimers are placed at the center of the box aperture. However

the same coverslip when exposed to 10× cleaning procedure shows significant displace-

ment of the dimers (Figure 5.17b,c). Although the UV-Ozone treatment is important

just before the experiments to renders the gold surface hydrophilic and to remove any

residual dyes after each fluorescence experiment, one should be aware that an excessive

UV-Ozone treatment may eventually lead to significant damage to the polymer in which

the dimers are embedded after template stripping. This etching rate (1-2 nm/min of

UV-exposure), if not paid proper care will lead to displacement of the dimers within

the box changing the desire gap dimensions and thereby misleading observations of the

optical performance.

5.7 Summary

We have described the combination of electron beam lithography and template stripping

as a reliable method to fabricate nanoantennas with direct accessibility of the hotspot

region, large-scale availability, and gap sizes as small as 10 nm with sharp edges. Fluo-

rescence burst analysis on single diffusing fluorophore resulted on impressive 15,000-fold

fluorescence enhancement with micro second transit time in 10 nm gap antennas. More-

over we demonstrated the potential of these devices for single-molecule detection at

very high 26 µM concentrations and realized a 30,000-fold volume reduction (20 zL) as

compared to 0.5 µm3 diffraction-limited confocal volume. Moreover using TCSPC ex-

periments, we measured a 100-fold LDOS enhancement for fluorophores diffusing within

these nanometric gaps.

Several additional test experiments confirmed the near-field origin of the fluorescence

signal. First, all the relevant observables, fluorescence enhancement, nanoscale volume

confinement and lifetime reduction disappeared when the excitation laser was oriented

perpendicular to the antenna’s dimer axis or when the gap size was increased. Exper-

iments with an extra 8 nm thick silica layer deposited on top of the antennas showed

neither enhancement in the fluorescence signal and nor any correlation in FCS analy-

sis. This confirmed that the near field volume is confined within a few-nm and with an

addition layer on top, prevents the diffusing molecules from accessing the hotspot region.

Finally, we compared template-stripped electron beam lithography based nanoantenna’s

performance with FIB milled structures. Using fluorescence burst anlaysis, FCS and

TCSPC measurements we demonstrated that the template-stripped E-beam lithogra-

phy provides higher fluorescence enhancement factors in smaller detection volumes. The

fabrication method is fully scalable and adaptable to a broad wide range of antenna de-

signs. We foresee broad applications of these in-plane antenna geometries ranging from
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large-scale ultra-sensitive sensor chips, to microfluidics and live cell membrane investiga-

tions. In next chapter, we will exploit the surface planarity of these devices to investigate

the diffusion dynamics of membranes lipids in living cells.



Chapter 6

Planar optical antenna for

nanospectroscopy in living cells

In this chapter, we investigate the nanoscopic organization of the plasma membrane of

living cells combining FCS with resonant optical nanoantennas. Using planar “antenna-

in-box” devices with gap separation down to 10 nm, we investigate the diffusion dynamics

of phosphoethanolamine (PE) and sphingomyelin (SM) on the membranes of living Chi-

nese hamster ovary (CHO) cells. Together with cholesterol depletion experiments, we

provide compelling evidence of cholesterol-induced nanodomain partitioning in plasma

membranes and discuss the impact of these results in the context of lipid rafts.

This project was carried out in collaboration with the team of Prof. Jürgen Brugger

(EFPL, Switzerland).

6.1 Plasma membrane structure and FCS diffusion laws

The plasma membrane plays a major role in cell physiology and is thus of fundamental

importance to living systems. The spatial organization and diffusion dynamics of its

constituents (lipids and proteins) occurring at the nanoscale largely influence cellular

processes: from transmembrane signaling, intracellular trafficking to the cell adhesion

The contents of this chapter have been published in:

R. Regmi, P. Winkler, V. Flauraud, K. J. E. Borgman, C. Manzo, J. Brugger, H. Rigneault, J.
Wenger & M. F. Garca-Parajo, “Planar optical nanoantennas resolve cholesterol-dependent nanoscale
heterogeneities in the plasma membrane of living cells,” Nano Letters, 17 (10), 6295-6302 (2017).

P. Winkler, R. Regmi, V. Flauraud, H. Rigneault, J. Brugger, J. Wenger & M. F. Garćıa-Parajó,
“Transient nanoscopic phase separation in biological lipid membranes resolved by planar plasmonic an-
tennas,” ACS Nano, 11 (7), 7241-7250 (2017).
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[153, 154]. Recent advances in cell biology have shown that the plasma membrane is

much more complex than just a continuous fluidic system [155, 156, 157]. It has been

postulated that sphingolipids, cholesterol and certain types of proteins can be enriched

into dynamic nanoscale assemblies or nanodomains, also termed lipid rafts [158, 159].

Lipid rafts have been defined as highly dynamic and fluctuating nanoscale assemblies of

cholesterol and sphingolipids that in the presence of lipid- or protein-mediated activation

events become stabilized to compartmentalize cellular processes [160]. However, the true

nature of these nanodomains remains debated with many conflicting evidences and pred-

icated domain sizes in the broad range of 10-200 nm [161, 162, 163, 164, 165, 166]. This

can be understood as the direct observation of these transient and nanoscopic features

are restricted by the diffraction limit in the convectional optical microscopy techniques.

Early investigations on membrane organization were mostly based on fluorescence re-

covery after photobleaching (FRAP) [167] and single particle tracking (SPT) [155, 168].

Both techniques are limited either in space (with µm2 probe area in FRAP) or in time

(with millisecond temporal resolution in SPT). In addition, the conventional FCS mea-

surements on the plasma membranes were limited to ∼300 nm spatial resolution set by

the diffraction limit [162, 163, 169]. FCS is a widely adopted alternative for studying

dynamics and biomolecular interactions [170] because of its high temporal resolution

and a rather straightforward data analysis procedure [171, 172].

Various illumination strategies combined with FCS have been implemented over the

past decade to achieve high spatial and temporal resolution, but membrane studies

have so far remained above a ∼40 nm detection size. Stimulated emission depletion

microscopy (STED) constrains the excitation spot down to ∼40 nm [173] and has been

combined with FCS to explore the nanoscale dynamics occurring in lipid membranes on

living cells [174, 175, 176, 177]. An alternative strategy takes advantage of nanophotonic

structures to engineer the light intensity distribution at the nanoscale [8]. As summarized

in Chapter 1, other notable designs include zero-mode waveguides [51, 52, 178, 179,

180, 181], bowtie structures [31, 147, 182], gold nanorods [55] and sub-wavelength tip

based NSOM probes [10, 29]. These various approaches allow to confine the illumination

light in the range of 50 to 100 nm. In recent years, resonant optical nanogap antennas

have shown great potential to further constrain the laser light on a sub-20 nm scale

[11] and greatly enhance the light-matter interactions [18, 60, 89]. However, so far the

applications of such resonant nanogap antennas have been mostly employed to probe

fluorescent molecules in solutions at high micromolar concentration.

In this project, we take advantage of recent advances in the nanofabrication to produce

arrays of nanoantennas with controlled gap sizes, sharp edges and planar hotspots facing

the upper surface of the sample (as introduced in earlier Chapter 5). We carried out
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structed by measuring the average diffusion time across the increasing observation areas
on a membrane. (b) Different diffusion models depending on the membrane organiza-
tion lead to noticeable changes in the extrapolation of the curves through the y-axis
intercept t0, revealing the nature of the diffusion process. Free diffusion and imper-
meable obstacles are characterized by t0 = 0, while a positive t0 intercept indicates
the presence of nanodomains transiently trapping the molecular probe. A negative t0

intercept relates to a mesh-work of barriers separating adjacent domains.

FCS experiments on nanantennas with different gap sizes (see Figure 6.1a) to record

the evolution of the diffusion time as a function of the illumination probe area. This

essentially allows us to assess the nanoscale heterogeneities in the plasma membranes

that would hinder the diffusion dynamics of the dye.

First introduced by Lenne et al [162, 169], this so called “FCS diffusion law” approach,

allows to determine the nature of the diffusion process and the underlying membrane

organization at scales smaller than the accessible experimental observation areas (see

Figure 6.1b). The slope of the diffusion plot vs probe area essentially represents the

effective diffusion coefficient describing the long-range mobility of the molecule, while

the y-intercept t0 on the time axis indicates the underlying membrane organization

principle at small scales. Mathematically, the overall diffusion time (t) for a molecule

passing through the focal spot can be expressed as [169, 183]:

t = t0 +
ω2

4Deff
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where t0 is the offset derived from the FCS diffusion laws, ω being the FCS beam waist

that essentially defines the probe area, and Deff being the effective mobility diffusion

constant that depends on the probability of crossing the barriers, and the microscopic

diffusion coefficients. This mobility constant also depends upon the density of domains

in the case of isolated microdomains.

Free diffusion is characterized by a near zero y-intercept (i.e., t0 = 0) for vanishing

probe area as the curve crosses the origin. The presence of impermeable obstacles hin-

ders the effective diffusion of the molecules and thus increases the transit time to cross

through a given probe area. The slope of the FCS diffusion curve in such a case is

higher, but still crossing through the origin. In contrast, the dynamic partitioning into

nanodomains is characterized by a deviation of the y-intercept on the time axis from the

origin (i.e., t0 > 0), while a trapping into in a molecular mesh-work is revealed by a neg-

ative y-intercept (i.e., t0 < 0) [172]. Using this approach, spot variation FCS (sv-FCS)

have been demonstrated to study the transient confinement times of mobile tracers in

the plasma membrane with minimum attainable spot size being the diffraction limit of

the excitation light [183].

In this Chapter, we taking advantage of the nanoscale spatial resolution achieved by

the nanogap antenna to establish the FCS diffusion laws with spatial resolution being

as small as 10 nm. Combining FCS with resonant planar nanoantennas, we investigate

the diffusion dynamics of phosphoethanolamine (PE) and sphingomyelin (SM) on the

membranes of living Chinese hamster ovary (CHO) cells. The nanoantenna approach is

straightforward to implement on any confocal microscope equipped with FCS as contrar-

ily to STED, it does not require adding any supplementary illumination beam. Moreover,

the need for high power density laser beams in order to push the minimum resolution

achievable in STED makes it prone to photophysical damage and interfering with the

dynamic biochemical processes in living cells. Using the extreme near field localization

and superior optical performance achieved for fluorescence experiments, we now exploit

the planar “antenna-in-box” devices for investigating plasma membrane organization in

living cells.

Prior to the experiments with living cells, we discuss the FCS calibration experiments

for planar nanoantenna by using a free dye Alexa647 using a 3D model. Nanoantenna

calibration with model lipid bilayers (2D-diffusion) is also discussed, validating the use

of the planar “antenna-in-box” devices for biological systems [62].
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6.2 Diffusion time analysis: Free dye Alexa647 on planar

“antenna-in-box”

In this section, we discuss the FCS calibration experiments with planar “antenna-in-box”

devices by using the Alexa647 molecules with a known diffusion constant. As we will

demonstrate, using a physically relevant model supported by the FDTD simulations, it

is possible to describe the diffusion properties of Alexa647 molecules in the nanogap and

retrieve the diffusion coefficient.
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FIGURE 6.2: FCS calibration diffusion time vs probe area for 3D diffusion
of Alexa647. (a) FCS correlation functions for three representative gap sizes(from
left: 10 nm, 25 nm and 35 nm gap separation). Dots are the experimental data and
lines being the two-component fit modeled by the Equation 6.1. (b) Normalized ACF’s
showing the evolution in diffusion time scales for Alexa647 molecules with increasing
gap separations. The confocal diffusion (in gray dotted line) is also shown for direct
comparison. (c) FCS diffusion law for Alexa647 molecules shows negligible y-intercept
at the origin, in agreement with unhindered Brownian diffusion. The linear fit retrieves
the confocal diffusion constant D = 337 ± 16 µm2/s with linear correlation coefficient
of 0.99649 very close to unity. The uncertainty on h2 considers a 0.7 nm uncertainty in
the determination of the decay length (the mesh size is 1 nm for gaps 25-45 nm and

0.5 nm for gap 10 nm gap antenna)

Correlation curves from the FCS experiments presented in earlier Chapter 5, are further

analyzed to study the evolution of the diffusion time with different gap antennas. In
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brief, 26 µM concentration of Alexa647 along with 200 mM methyl viologen in PBS

solution are probed with excitation light along the dimer axis. Figure 6.2a shows raw

(dots) and the fit (solid lines) for three different gap sizes (from left: 10 nm, 25 nm

and 35 nm gap separations). The ACFs fitting involves a two-species model to take into

account the tail component appearing at lag times > 10 µs:

G(τ) = A×G
TIRF

(τ) + (1−A)×G
3D

(τ) (6.1)

where A is the amplitude of the main component, G
TIRF

is the TIRF-FCS model and

G
3D

is the model for Brownian 3D free diffusion. We use the G
TIRF

model as it accounts

for the contribution from the nanogap with exponentially decaying intensity profile. The

second G
3D

component takes into account the residual fluorescence contribution from

the surrounding box region.

G
TIRF

considers exponential decaying illumination profile along the z axis and lateral

detection volume confinement with a confocal pinhole. Following the works by Starr

[184] and Hassler [33, 185], G
TIRF

(τ) is derived as:

=
1

1 + (τ/Sz
2 τz)

×
[
(1− τ/2τz)× exp(τ/4τz)× erfc

√
τ/4τz +

√
τ/πτz

]
(6.2)

where τ/Sz = h2/4D is the vertical diffusion time and Sz = dxy/h is the shape parame-

ter. h indicates decay length at 1/e of the illumination intensity profile, D is the diffusion

constant and dxy is the lateral half-width at 1/e2 of the illumination intensity profile.

G
3D

(τ) is the regular model for Brownian free diffusion:

G
3D

(τ) =
1

1 + τ/τ
d

× 1√
1 + Sxy

2 τ/τ
d

where τ
d

= Wxy
2/4D is the lateral diffusion time, Sxy = Wxy

2/Wz is the shape parame-

ter. D is the diffusion coefficient and the waist Wxy is half-width at 1/e2 of the Gaussian

detection volume.

During the ACF fitting procedure as modeled by the Equation 6.1, A is fixed to 0.9.

This means that the amplitude of the 3D component (second component in the same

equation) is at maximum only 10%. The shape parameter Sz for TIRF is fixed to Sz

= 6 except for the smallest gap (10 nm nominal) which requires Sz = 10. These values

derived after empirical optimization of the fits are in correct agreement with the FDTD

profiles (discussed in Chapter 5). The shape parameter for 3D diffusion is kept to the

standard value for confocal Sxy = 0.2 and has negligible influence on the fit result for
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the TIRF component which is the main interest. Hence the remaining free parameters

for optimization are τz for G
TIRF

and τ
d

for G
3D

.

Figure 6.2b displays the raw correlation data (dots) and their corresponding fits (solid

lines) for various gap size nanoantennas. Using the fit model that incorporates the TIRF

component as the dominating factor in the diffusion of Alexa647 molecules in solution

shows a very good fit to the experimental data. The detail fit results for all five different

gap size nanoantennas is summarized in Table 6.1.

Gap size τz Sz τxy Sxy A h

10 nm 0.05 µs 10 10 µs 0.2 0.9 6 nm
25 nm 0.11 µs 6 26 µs 0.2 0.9 11.6 nm
30 nm 0.16 µs 6 32 µs 0.2 0.9 13.7 nm
35 nm 0.19 µs 6 31 µs 0.2 0.9 15.8 nm
45 nm 0.32 µs 6 90 µs 0.2 0.9 20 nm

Table 6.1: FCS calibration results with Alexa647 diffusing in solution probed
with increasing nanoantenna gap size. Fitting of the ACF curves displayed in
Figure 6.2 using Equation 6.1 with Alexa647 molecules probed with increasing gap
sizes. τz for the G

TIRF
component and τxy for the G

3D
component are the only free

parameters.

Finally from the results of the fit, we derive the “FCS diffusion law” representing τz as a

function of the decay length at 1/e of the illumination intensity profile h. This represents

the main contribution from the nanogap region (TIRF model). It is important to note

that with Sz = 6 (or 10), the contribution from the lateral diffusion along x and y (term
1

1+(τ/Sz
2 τz)

, the first term in Equation 6.2 for G
TIRF

has a rather weak contribution,

exemplified by its lateral diffusion time Sz
2 τz which is 62 = 36× (or 100×) longer than

the τz .

Figure 6.2c summarizes the calibration results on Alexa647 using this TIRF model. τz

(in y-axis) and probe area (h2 in x-axis) follow linearity with linear correlation coefficient

being very close to unity (r = 0.99649). The diffusion coefficient D is then determined

from the slope of this “FCS diffusion law” using τz = h2/4D, with decay length (h) at 1/e

(and not at 1/e2) of the illumination intensity profile [33, 184, 185]. h is deduced from

the FDTD simulations, it’s not a free parameter. The derived diffusion coefficient D =

337 ± 16 µm2/s is in excellent agreement with the calibrated value for Alexa647 [186].

The linearity and near-zero intercept y0 confirm the nanoantenna is not introducing

artifacts in the diffusion dynamics of the Alexa647 molecules.

It should be noted that for the smallest gap (desired 10 nm gap), the FDTD calculations

are taken with 12 nm gap separations (instead of 10 nm) as this provides a better

match and is consistent with the TEM characterization. In all the analysis hereafter

(experiments with model lipid bilayers and living cells), the area for the smallest gap
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nanoantennas will be thereby fixed at 300 nm2 (as we will further validate with model

membranes).

6.3 Nanoantennas calibration with model lipid membrane

In addition to the experimental calibration of the probe areas by means of individual

Alexa647 dyes diffusing in solution (3D-model), we now study the evolution in the dif-

fusion time scales with increasing probe areas on pure model lipid bilayers (2D-model).

This will independently validate the probe area calibration before the live cell experi-

ments with full biological complexity.
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FIGURE 6.3: Planar nanoantennas for membrane investigations. (a) Schematic
representations of the antenna geometry and cell membrane interface depicted without
(as in conventional FIB) and with template stripping. The planar geometry allows easier
access to the narrow and bright hotspot region and minimizes unwanted membrane
curvature and distortion. (b) Detailed AFM image of a representative planar “antenna-
in-box” with 10 nm nominal gap width and line profile showing a 3 nm total residual

topography.

The fluorescence experiments with model lipid bilayer labeled deposited on top of the

planar nanoantennas are depicted in Figure 6.3a. A highly confined nanometric illumi-

nation hotspot is created on the top surface of the nanogap region, which is in direct

contact with the membrane region. Importantly, the planarization strategy avoids pos-

sible curvature induced effects on the cell membrane providing an ideal platform for live

cell membrane research when compared to those structures obtained via FIB milling

[179, 180]. Further, the AFM image in Figure 6.3b indicates a planarity better than

3 nm for the top surface of the nanoantennas.

Lipid bilayers are prepared by mixing unsaturated phospholipid 1,2-dioleoyl-sn-glycerol-

3-phosphocholine (DOPC) dissolved at 1 mg/mL in chloroform:methanol (9:1) together

with 0.01 mol% of the fluorescent dye DiD. The mixture of DOPC and fluorescence
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dye is stored in small glass tubes at 4o C and is deposited on the clean nanoantenna

substrates only prior to the fluorescence experiments. The fluorescently labeled DOPC

is then allowed to dry for an hour in presence of a weak nitrogen flow which is then

stored in vacuum for another additional hour. The samples are finally hydrated in PBS

(pH 7.4), carefully rinsed to remove excess lipids and then immediately probed by FCS

at room temperature. Nanoantennas are excited by focusing the excitation laser light

(λ = 640 nm, ∼2 kW/cm2) into individual antennas using a water-immersion objective

(NA = 1.2). Excitation along the dimer axis is used to achieve maximum field enhance-

ment and ultra confined electromagnetic hotspot.
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FIGURE 6.4: Planar nanoantennas for model lipid bilayer. (a) Representative
fluorescence intensity time traces of DiD embedded in a pure DOPC bilayer for three
different antenna gap areas together with enlarged views of representative bursts. (b)
Normalized ACF curves as obtained with different nanoantenna probe areas and with
confocal excitation. (c) Diffusion times as extracted from the ACF fitting as a function
of the antenna gap area. Each dot corresponds to an individual ACF measurement in
a single antenna. Number of measurements: 13, 8 and 12 for 300 nm2, 1080 nm2 and

2025 nm2 antenna probe areas respectively.

Figure 6.4 shows the representative fluorescent intensity time traces (a) and the corre-

sponding normalized ACFs (b) of DiD diffusion in a pure DOPC membrane over three
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1st component 2nd component
time amplitude time amplitude

probe area (t1) (ρ1 in %) (t2) (ρ2 in %)

300 nm2 6 ± 1 µs 67 ± 3 170 ± 150 µs 33 ± 8
1080 nm2 25 ± 3 µs 79 ± 8 1.4 ± 0.2 ms 21 ± 7
2025 nm2 71 ± 25 µs 75 ± 9 1.6 ± 0.3 ms 25 ± 10

Table 6.2: Fitting of the ACF curves on DOPC bilayers for different antenna
gap areas. Fitting of the ACF curves on DOPC bilayers for different antenna gap
areas. The shortest times (t1) correspond to the diffusion times of DiD through the
antenna hotspot regions while t2 corresponds to residual excitation of the dye inside

the box-aperture.

different antenna probe areas. The probe areas are estimated by using the product of the

gap size (as measured with TEM characterization) by the full width at half maximum for

the intensity profile along the direction perpendicular to the nanoantenna major axis.

Thus, the nanoantennas with 10, 30 and 45 nm nominal gap sizes correspond to the

illumination areas of 300 ± 50 nm2, 1080 ± 80 nm2 and 2025 ± 110 nm2. The estimated

probe areas were also validated by using a free dye Alexa647 molecules.

As shown in Figure 6.4a, the fluorescence burst duration increases with gap area, con-

firming that the detected signal arises from the excitation of the dye diffusing at the

nanometric gap regions. The normalized ACFs in Figure 6.4b shows the evolution of the

diffusion timescale for different gap nanoantennas (colored lines) and compares with the

confocal case (in gray). The characteristic diffusion times for nanoantenna experiments

are derived by fitting the ACF curves following the equation [62]:

G(τ) =

ndiff∑
i=1

ρ(i)

1 +
[

τ
τdiff(i)

] (6.3)

where τ
diff

(i) the average residence time of the ith diffusing modality, ρ(i) denotes the

respective amplitude contribution. As the diffusion in lipid bilayers is 2D, we do not need

to follow the same procedure as used for 3D diffusion of Alexa647 molecules in solution.

The complete derivation of the correlation function for both 3D and 2D diffusion cases

are already discussed in Chapter 2.

Consistence with our earlier experiments with nanoantennas, we adopt two-component

2D Brownian fittings to account for both, direct excitation from the gap region and

residual excitation of DiD diffusing through the box-aperture. Using Equation 6.3, the

main component of the fitted curves displayed in Figure 6.4b, render diffusion time scale

of (6 ± 1) µs, (25 ± 3) µs and (71 ± 25) µs respectively for 300, 1080 and 2025 nm2

and should be compared with the 3.5 ms diffusion time for confocal excitation (gray
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circles). The detailed results of the fitting procedure and relative contributions of each

component (from the gap and box-aperture excitation) are listed in Table 6.2.

Figure 6.4c shows the diffusion times obtained from multiple measurements on individual

nanoantenna as a function of the probe area. The diffusion times versus probe areas is

well-fitted to a straight line with an intercept close to the zero-origin point, indicating

that τ
DOPC

scales linearly with the probe area, consistent with free Brownian diffusion

of the dye in the pure DOPC membrane. It also confirms that the DOPC bilayers are

homogenous down to the nanoscale and the slope of the fitting rendered a diffusion

coefficient of (6.8 ± 0.5) µm2/s compares well to our confocal measurements and values

reported elsewhere [187]. These results on pure DOPC validate the application of planar

plasmonic nanoantennas to record the diffusion of individual molecules in lipid bilayers

with microsecond time resolution.

6.4 Atto647N-labeling and experimental strategy on living

cells

After the calibration experiments with freely diffusing Alexa647 molecules (3D model)

and the validation with a mimetic system (DOPC bilayers as a 2D model), we now

perform live cell experiments with Chinese hamster ovary (CHO) cells. CHO cells are

seeded on a coverslip containing arrays of nanoantennas with two different gaps: 10 nm

and 35 nm (see Figure 6.5). As the experiments on living cells membranes are very time

consuming (for both data recording and subsequent time trace analysis), we decide to

focus our attention on two specific gap sizes and record many different antennas and

cells. All the live cell experiments are complete within the first 30 minutes from the

time of incorporation of fluorescent lipid analogs into the plasma membranes to avoid

artifacts arising from dye internalization in living cells.

Lipid conjugates are separately prepared by labeling 1,2-dipalmitoyl-sn-glycero-3-phosp-

hoethanolamine (PE) and sphingomyelin (SM) with the organic dye Atto647N (from

Invitrogen) following the protocol described in Ref. [174]. The fluorescence spectrum of

Atto647N is displayed in Figure 6.6 along with the nanoantenna resonance measured by

dark field spectroscopy. The excellent spectral overlap is desired to achieve maximize

fluorescence enhancement. The cells are incubated on the nanoantenna substrates at

37o C in a controlled atmosphere with 5% of CO2 for nearly 48 hours prior to the

experiments to allow them to freely grow and adhere onto the antenna platform (see

Figure 6.7). The planar antenna platform contains multiple gold nanoantenna arrays

with nominal gap sizes of 10 nm and 35 nm on which a circular cell culture well is
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mounted for live CHO cell culturing. Figure 6.7a depicts the strategy chosen for the

fluorescence live cell experiment conducted on the nanoantenna platform.

mµ 05

cm 1

10 nm gap

200 nm

35 nm gap

200 nm

FIGURE 6.5: Large-scale antenna arrays and TEM images. From left to right:
macro-photograph of a coverslip with a stripped Au film with large-scale planar an-
tenna arrays; dark field optical micrograph of a small portion of the antenna arrays
showing here 625 antennas with 10 nm nominal gap size; transmission electron micro-

scope (TEM) images of antennas with 10 and 35 nm gap size.
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FIGURE 6.6: Overlap between antenna’s resonance and Atto647N fluores-
cence spectra. Overlap of the dark-field scattering spectrum recorded for a 10 nm
gap antenna (red line, illumination polarization along the nanoantenna dimer major
axis) with the fluorescence spectra for Atto647N (blue lines). The excitation spectrum
is displayed in with a dashed line and the solid shaded line represents the emission

spectrum.

Prior to the fluorescence experiments, separately prepared lipid analogues (either PE

or SM with the organic dye Atto647N are incorporated in the cell membrane during a

3 minute incubation period at room temperature, dissolved in the corresponding medium

for CHO cells (Ham’s F12 nutrient mixture). Stained cell cultures are rinsed to remove
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residual dye molecules before placing the sample coverslip on the piezo-stage of an in-

verted microscope to carry out the measurements as in the case of model lipid mem-

branes. All fluorescence staining are performed at a ∼300 nM concentration of Atto647N

and the measurements being completed within 30 minutes after the incorporation of the

fluorescent analogs into the plasma membranes. Due to the incorporation within the

limited 3 minutes time and subsequent washing step, the concentration of fluorescent

lipids in the cell membrane is significantly less. From the number of detected fluores-

cence bursts and the FCS amplitude (as we will show in next section), we estimate that

the density of fluorescent lipids for the nanoantenna experiments is on the order of 20 -

80 probes per µm2. Figure 6.7b shows a representative confocal image of the morphol-

ogy of the CHO cells adhered on a glass coverslip taken after the incorporation of the

fluorescent lipid analogs.
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FIGURE 6.7: Planar nanoantennas for investigationg membrane dynamics in
living cells. (a) CHO cells are seeded onto a microscope coverslip containing multiple
planar nanoantennas with 10 and 35 nm gap sizes. The inset shows the cross section
of the “antenna-in-box” stripped and embedded into a polymer, bringing the region
of maximum electromagnetic field intensity onto the surface in direct contact with
the plasma membrane of living cells. (b) Confocal image of CHO cells showing the
morphology after incorporating the fluorescent SM lipid analog labeled with Atto647N.

6.5 Experiment and results: Membrane dynamics in living

cells

The fluorescence experiments are performed with a commercial MicroTime 200 setup

equipped with an inverted confocal microscope (Olympus 60×, 1.2 NA water-immersion

objective) and a three-axis piezoelectric stage (PhysikInstrumente, Germany) allowing

to select individual nanoantennas. A linearly polarized 640 nm picosecond laser diode

(Pico-Quant LDH-D-C-640) in continuous wave mode is used to resonantly excite indi-

vidual nanoantennas. The emitted fluorescence signal is collected in epi-detection mode

through a dichroic mirror and the signal is finally split into two avalanche photodiodes
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(PicoQuant MPD-50CT). An emission filter and a band pass 650-690 nm filter just be-

fore each detectors eliminate the scattered light by the excitation laser. A 30 µm pinhole

in the detection arm yields a 0.5 fL confocal detection volume at the sample plane. The

fluorescence time traces are recorded on a fast time-correlated single photon counting

module in the time-tagged time-resolved mode (PicoQuant MPD-50CT). All the fluo-

rescence measurements are performed by illuminating the sample at an excitation power

density of ∼2-3 kW/cm2. The measurements are acquired for a typical run time of 50 s

and the correlation amplitudes computed for ∼20 s windows with the commercial soft-

ware package SymPhoTime 64. The detailed optical setup for the FCS experiments with

cells (performed at ICFO, Barcelona) is described in Chapter 2.

6.5.1 Burst analysis of PE and SM on living cells

Single-molecule fluorescence time traces are acquired in the Tagged Time-Resolved

(TTTR) mode (recording each event at its arrival time) with 4 ps temporal resolu-

tion. Figure 6.8 shows representative single-molecule fluorescence time traces for PE

and SM in the confocal (a,b) and in the nanoantenna configuration (c,d). The spatial

resolution set by the diffraction limited spot in the confocal scheme (usually 300 nm)

does not allow to resolve heterogeneities that may occur at the nanometric spatial scale.

Hence we observe the indistinguishable time traces for both PE and SM. In contrast, the

highly confined surface hotspot originating from the 10 nm gap antenna clearly reveals

the difference in the characteristic diffusion dynamics of PE and SM (c,d). As shown in

Figure 6.8c, PE displays sharp peaks in the fluorescence time trace as a result of the

sub-diffraction excitation hotspot created by the planar nanogap antenna. Unlike PE,

the signature of SM is discernibly different at the nanoscale: the short bursts (hallmark

of free diffusion in ultra-small detection areas) are accompanied by high intensity bursts

of significantly longer durations. This is a direct indication that the nanoscopic diffusion

of SM on the plasma membrane is deviating from free Brownian diffusion as compared

to larger macroscopic scales.

To provide more quantitative information about the fluorescence time traces, we perform

fluorescence burst analysis to represent the distributions of burst duration versus burst

intensity. Fluorescence bursts analysis is carried out with a likelihood-based algorithm to

test the null hypothesis (no burst, recording compatible with background noise) against

the hypothesis that a single-molecule burst arises as a consequence of a molecule crossing

the excitation area. The background threshold is set to 20-30 counts/ms following an

empirical optimization [147, 188].
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FIGURE 6.8: Single-molecule fluorescence time traces in living CHO cells.
Fluorescence time traces for phosphoethanolamine (PE: a,c) and sphingomyelin (SM:
b,d) labeled with Atto647N recorded with confocal (left) and with a 10 nm gap planar
nanoantenna (right). The binning time is 0.1 ms for all traces. The diffraction-limited
spot in the confocal configuration cannot resolve the nanoscopic and heterogeneous
membrane organization, this results in indistinguishable fluorescence time traces for
both PE and SM (a,b). In contrast, the confined nanoantenna hotspot reveals clear

differences in the diffusion dynamics of PE and SM (c,d).
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FIGURE 6.9: Single-molecule burst analysis for PE and SM. The fluorescence
time traces are analyzed to produce scatter plots showing the distribution of fluores-
cence burst intensity versus burst duration. Single-molecule events (PE in a and SM in
b) in sub-ms time scales are observed with nanoantennas (color dots) as the confined
electromagnetic hotspots allow to probe the dynamics occurring beyond the diffrac-
tion limit. Single-molecule events obtained with confocal illumination are displayed for

comparison (black dots).
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Figure 6.9 shows the results for both PE (a) and SM (b) for the 10 nm nanogap antenna

(colored dots) compared to the confocal configuration (black cross). The scatter plots for

PE and SM in the confocal configuration show no visible differences with burst durations

in the range 5-100 ms and intensities around 20-30 counts/ms. However, in stark contrast,

the distributions obtained on the nanoantennas show clear differences between PE and

SM. Diffusion events in sub-ms time scales are notably observed with the nanoantennas

exhibiting burst durations as short as 10 µs. Such short events are more than two orders

of magnitude faster than in the confocal reference. Regarding the diffusion dynamics for

PE (red dots) probed with the nanogap antennas a general trend can be deduced, namely,

brighter events arise at shorter timescales. These can be understood as the detection of a

“best burst event” directly resulting as a consequence of an individual molecule diffusing

through the hotspot in the optimal position and orientation for maximum enhancement.

The tighter the excitation beam confinement, the higher is the local intensity which leads

to high fluorescence counts with short burst duration. We thus relate the events with

burst durations < 1 ms to the trajectories occurring within the nanogap region [147].

In the case of PE, the bursts with durations above 1 ms feature a lower intensity in the

range of 20-70 counts/ms, which is only slightly increased as compared to the confocal

case (black cross). We assign these longer burst duration events to the residual excitation

of diffusing molecules within the larger 300 × 140 nm2 box aperture region where the

electromagnetic field intensity enhancement is negligible and is thus comparable to the

confocal reference.
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FIGURE 6.10: Representative time trace of SM after cholesterol depletion.
(a) Representative single-molecule time trace of Atto647N for SM after cholesterol de-
pletion with 10 nm gap planar “antenna-in-box” platform (binning time 0.1 ms). (b)
The scatter plots showing the distribution of representative bursts (#1587) recorded for
the same is shown alongside. Cholesterol induced hindrance in diffusion of SM molecules

is avoided with incorporation of the MCD in the plasma membranes.

In contrast to PE, SM probed with the nanoantenna arrays shows a significantly broader
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distribution of burst lengths against peak burst intensities (Figure 6.8d). High intensi-

ties are also observed for burst durations above 1 ms. Since these events are not ob-

served for PE, we relate their occurrence to nanoscopic heterogeneities such as transient

molecular complexes on the cell membrane hindering the diffusion of SM. To support

this conclusion, next we perturb the cholesterol composition in the cell membrane with

methyl-β-cyclodextrin (MCD) as cholesterol is expected to play a significant role in the

formation and stability of the lipid nanodomains. For cholesterol depletion, the CHO

cells are incubated in serum free buffer with 10 mM methyl-β-cyclodextrin (MCD) for

30 minutes at 37oC, and the fluorescent labeling is then carried out as described pre-

viously. The result of the burst analysis for SM after MCD treatment (Figure 6.10)

recovers a distribution which closely resembles the one for PE (see Figure 6.9a). In other

words, the intense bursts of duration between 0.1 and 10 ms disappear after cholesterol

depletion, consistent with the loss of nanodomains. Altogether, the results from the flu-

orescence burst analysis demonstrate the benefits of planar nanogap antennas to explore

the nanoscopic organization of lipids in live cell membranes. Clear differences between

PE and SM diffusion dynamics are unveiled that otherwise would remain hidden in the

confocal measurements.

6.5.2 FCS in ultra confined illumination hotspots

To further support the burst analysis results, we performed fluorescence correlation

spectroscopy analysis. We use two different gap sizes (10 and 35 nm) to quantify the

lipid dynamics for increasing detection areas in the plasma membranes of living CHO

cells. The mobility of molecules shows strong dependence on the local environment and

thus in living systems the concept of ideal Brownian diffusion may not always hold true.

Considering possible anomalous diffusion in living cells, the temporal correlation of the

fluorescence intensity F can be written as [171]:

G(τ) =

ndiff∑
i=1

ρ(i)

1 +
[

τ
τdiff(i)

]α(i)
(6.4)

where τdiff(i) the average residence time of the ith diffusing modality, ρ(i) denotes the

respective amplitude contribution and α(i) being the anomaly parameter of the same.

We find that the FCS curves recorded with nanoscopic illumination can only be fitted

with a model assuming two different diffusion modalities (i.e., ndiff = 2). Two-species

model is important to fit the FCS data in order to account for the fluorescence contribu-

tions stemming from the nanogap and from the residual excitation stemming from the

surrounding box-aperture. A key feature in FCS is that the molecules contribute to the

correlation amplitude in proportion to the square of their fluorescence brightness, hence
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the signal from molecules in the nanogap experiencing maximum enhancement will have

a dominating contribution in the FCS curves [151].
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FIGURE 6.11: Nanoantenna FCS with varying gap sizes on living cell mem-
branes. Normalized fluorescence correlation curves for Atto647N labeled PE (a) and
SM (b) lipid analogs probed with nanoantennas of varying gap size. The color lines
are experimental data and the black curves are numerical fits. The diffraction-limited

confocal measurements are shown in gray for direct comparison.

PE - 10 nm PE - 35 nm
component 1st 2nd 1st 2nd

time (t) 0.25 ± 0.06 ms 8 ms 0.75 ± 0.15 ms 16 ms
anomaly (α) 0.85 1 0.8 1

amplitude (ρ in %) 53 ± 4 47 ± 5 50 ± 3 50 ± 5

Table 6.3: Fitting parameter results for PE in Figure 6.11a for two different
gap sizes.

SM - 10 nm SM - 35 nm
component 1st 2nd 1st 2nd

time (t) 0.35 ± 0.04 ms 17 ms 1.4 ± 0.2 ms 45 ms
anomaly (α) 0.65 1 0.85 1

amplitude (ρ in %) 80 ± 2 20 ± 1 55 ± 5 45 ± 6

Table 6.4: Fitting parameter results for SM in Figure 6.11b for two different
gap sizes.

Figure 6.11 shows the normalized correlation curves for PE (a) and SM (b) in case of

the nanoantennas and the confocal reference. Similar to the burst analysis, we find no

significant differences between the FCS curves for PE and SM for the confocal reference,

yielding comparable diffusion times of 25 ± 4 ms (PE) and 30 ± 4 ms (SM), respectively.

In the case of the nanoantennas, we observe that decreasing the gap size leads to a faster

diffusion, confirming that the fluorescence signal stems from the nanogap region.

The differences between PE and SM diffusion dynamics are highlighted in Figure 6.12a

where a direct comparison of the FCS data for the 10 nm gap antenna is shown for
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FIGURE 6.12: Hindered diffusion in SM as revealed by the nanoantenna-
FCS. (a) Comparison of FCS curves for PE and SM for a 10 nm gap antenna reveals
clear differences between the dynamics of PE and SM at the nanoscale. (b) The confocal
reference however shows no significant differences between the FCS curves for PE and
SM yielding comparable diffusion times of 25 ± 4 ms (PE) and 30 ± 4 ms (SM),
respectively. The color circles are experimental data and the lines are numerical fits

described with single species Brownian diffusion.
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FIGURE 6.13: Cholesterol depleted SM indicates loss of nanodomains. Nor-
malized fluorescence correlation curves for Atto647N labeled SM (blue) and cholesterol
depleted SM (Purple) for a 10 nm gap antenna. After cholesterol depletion, the SM
diffusion dynamics are significantly faster and resemble the PE case (overlay in gray).

10 nm 1st component 2nd component
time anomaly amplitude time anomaly amplitude
(t) (α) (ρ in %) (t) (α) (ρ in %)

PE 0.25 ± 0.06 ms 0.85 53 ± 4 8 ms 1 47 ± 5
SM 0.35 ± 0.04 ms 0.7 59 ± 4 38 ms 1 41 ± 5

MCD-SM 0.19 ± 0.03 ms 0.85 53 ± 4 10 ms 1 47 ± 4

Table 6.5: Fitting results for PE, SM and MCD-SM with 10 nm gap antenna
displayed in Figure 6.13
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FIGURE 6.14: Examples of PE-nanoantenna showing excellent reproducibil-
ity. The representative time traces (binning time 0.1 ms), correlation curves and the
scatter plots for three different 10 nm gap antenna is shown. In all cases Atto647N with
PE is recorded with excitation light along the dimer axis. The correlation curves shows
sub-ms diffusion dynamics and the scatter plots (#866 for Nanoantenna-1, #834 for

Nanoantenna-2, #1364 for Nanoantenna-3) further indicate no hindrance.

both the fluorescent lipid analogs. Contrary to the confocal case (see Figure 6.12b),

the difference in diffusion times between the two lipids becomes more prominent at the

nanoscale, with PE exhibiting diffusion times of 0.25±0.06 ms and SM of 0.35±0.04 ms.

The complete results and values for the FCS fits are detailed in Table 6.3 and Table 6.4.

Moreover, after MCD treatment, the diffusion dynamics for cholesterol-depleted SM

closely resembles that of PE with a diffusion time of 0.19±0.03 ms (Figure 6.13, and see

Table 6.5). These FCS results confirm the presence of cholesterol-enriched nanodomains

hindering the diffusion of SM, in agreement with the results found for the fluorescence

burst analysis.

In addition, the anomaly parameter (α in Equation 6.4) retrieved for SM depends on

the probe area, deviating from unity as the illumination area reduced, from a ∼0.85

(for the 35 nm gap) to a ∼0.65 (for the 10 nm gap), which is again consistent with

hindered diffusion (see Tables 6.3, 6.4, and 6.5). In contrast, the α values are large and
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close to unity for both the PE and cholesterol depleted SM cases (α = 0.85), display no

dependency with the probe areas, as one would expect for unhindered diffusion scenario.
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FIGURE 6.15: Correlation curves recorded for PE-nanoantenna on different
cells. The FCS correlation curves for six different 10 nm gap antenna and different cells
is shown. In all cases Atto647N with PE are recorded with excitation light along the

dimer axis and the correlation curves indicate sub-ms diffusion dynamics.

Moreover, these planar nanoantennas show excellent excellent reproducibility in terms

of optical performance. Figure 6.14 shows some additional fluorescent time traces, burst

analysis and the corresponding correlation curves for PE case when probed with 10 nm

gap planar “antenna-in-box” devices. Moreover, Figure 6.15 displays the FCS curves

recorded for PE and overlayed for six different nanoantennas and different cells confirm-

ing sub-ms temporal resolution achieved with 10 nm gap antennas.

6.5.3 Extending FCS diffusion laws at the nanoscale

To further analyze and exploit the FCS data we take advantage of the large number of

planar nanoantennas with controlled gaps to carry out a FCS analysis over many different

antennas and cells. As discussed earlier for Alexa647 molecules (3D) and DOPC bilayers

(2D), this approach follows the so-called FCS diffusion law, which is a representation of

the diffusion time versus the detection area [52, 169]. Extrapolation of the experimental

curve to the intercept with the time axis provides information on the type of diffusion

exhibited by the molecule, i.e., free diffusion is characterized by a linear curve crossing

the origin (0,0), while hindered diffusion due to the occurrence of nanodomains leads to

a positive intercept on the time axis [52, 169].
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Figure 6.16 summarizes the characteristic diffusion times for PE, SM and SM after

cholesterol depletion for two antenna probe areas. From these graphs we derive the

following three values plot in Figure 6.17: the diffusion coefficient (from the slope),

the time axis intercept (by extrapolating the linear fit for vanishing probe area) and

the normalized spread in the data points (defined as the width of upper and lower

quartiles divided by the median value). As the diffusion time proportionally scales with

the detection area, the diffusion coefficient D is retrieved from the slope of the linear fit

matching the measured transient diffusion times obtained from the FCS curves versus

the effective detection areas according to the relation D = probe area/4× τdiff [171].
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FIGURE 6.16: Characteristic diffusion dynamics of membrane lipids probed
with ultra-confined nanoantenna hotspots. The diffusion time measured by FCS
(for 60 different nanoantennas) is plotted as a function of the probe area for PE (a), SM
(b), and SM after MCD treatment(c). The solid lines are linear fits through the median
values. In the case of free diffusion, the origin (0, 0) is aligned with the expected line,
while a positive intercept at the y-axis denotes hindered diffusion due to nanodomains.

The diffusion coefficients derived from nanoantenna measurements are DPE = 0.44± 0.07

µm2/s, DSM = 0.38 ± 0.19 µm2/s and DMCD-SM = 0.46 ± 0.07 µm2/s (Figure 6.17a) and

they are consistent with the confocal measurements and values reported independently

using STED-FCS [174]. It should be noted that these diffusion coefficients represent

the diffusion time in the lipidic region between the nanodomains, with an additional

contribution from diffusion within the nanodomains. In addition, diffusion of the nan-

odomains and the contributions for the membrane height fluctuations might also have

some contribution in the measured time-scales.

Extrapolating the fits in Figure 6.16a-c towards diminishing probe area leads to the

intercepts with the time axis as summarized in Figure 6.17b. The almost zero intercept

hitting the origin observed for PE confirms the expected free Brownian motion diffusion

mode. In contrast, SM features a positive y-intercept of about 100 µs, which highlights

a significant deviation from free Brownian diffusion and the occurrence of nanoscopic

domains hindering SM diffusion. Depletion of cholesterol results in SM diffusion with

a close-to-zero time intercept, demonstrating the crucial role of cholesterol establishing
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FIGURE 6.17: Diffusion laws discussion at the nanoscale. (a) The diffusion co-
efficients computed from the slopes in Figure 6.16 are compared with confocal results.
(b) y-axis intercept deduced from the linear fits in the Figure 6.16a-c. PE and MCD-
treated SM show near-zero y-intercept consistent with free diffusion, while the signifi-
cant y-intercept for SM indicates that the diffusion is constrained by nanodomains. (c)
Normalized spread in diffusion time (width of upper and lower quartiles / median) in
each case. The large dispersion observed is SM is another indication that sphingolipids

are preferentially recruited into transient nanoscopic domains.

the nanodomains and hindering SM diffusion. Such small nanoscale heterogeneities have

never been detected so far with confocal microscopy, although STED-FCS down to

1000 nm2 detection area could indicate clues about their occurrence. Our results are fully

aligned with these previous findings and importantly, we further reduce the detection

areas down to 300 nm2 .

Lastly, we take a closer look at the degree of statistical dispersion of the obtained

transient trapping times scattered around the median value for each probe area (Fig-

ure 6.17c). The spread in diffusion times for PE and SM after MCD treatment remains

well under 25% and can be partially explained by variations of the gap size stemming

from the nanofabrication process [62]. However, we observe for SM diffusion a signifi-

cantly higher dispersion of the data (around 50%) which is specific to this lipid analog.

These results are fully consistent with the presence of transient cholesterol-enriched

nanodomains affecting SM diffusion. To further support these conclusions, we take ad-

vantage of the confocal data to represent a third point (see Figure 6.18) and show nice

alignment with the nanoantenna data.

Altogether, our results provide compelling evidence for the existence of highly transient

and fluctuating nanoscale assemblies of sterol and sphingolipids in living cell membranes.

These experimental observations stand in excellent agreement with the notion that with-

out stabilizing proteins, lipid rafts can be viewed as intrinsic nanoscale membrane het-

erogeneities that are small and highly transient [154, 158, 159, 161]. We estimate the

characteristic residence time of the fluorescent SM lipid analogs in the nanodomain from

the y-intercept in Figure 6.16b and Figure 6.17b, and find a value ∼100 µs . The typi-

cal size of the nanodomains could in principle also be deduced from the FCS diffusion



Chapter 6. Planar optical antenna for nanospectroscopy in living cells 132

0.1

1

10

D
i 

u
si

o
n

 t
im

e
 (

m
s)

10
2

10
3

10
4

10
5

Probe area (nm )
2

PEnanoantennas

confocal

0.1

1

10

D
i 

u
si

o
n

 t
im

e
 (

m
s)

10
2

10
3

10
4

10
5

Probe area (nm )
2

SMnanoantennas

confocal

a b

FIGURE 6.18: FCS diffusion laws with confocal data. FCS diffusion laws ex-
tended to include the confocal data for PE (a) and SM (b). The nanoantenna data is

identical to Figure 6.16.

laws which should feature a characteristic transition from confined to normal diffusion

[52, 169]. As we do not observe this characteristic transition in our data, we conclude

that the typical size of the nanodomain is smaller than the nominal gap size of our

nanoantenna, that is 10 nm. Both the typical nanodomain size about 10 nm and the

transient time about 100 µs stand in good agreement with the predictions from stochas-

tic models [189], and from the earlier experiments with STED-FCS [174, 175, 176] and

recent high-speed interferometric scattering (iSCAT) measurements on mimetic lipid

bilayers containing cholesterol [164, 190, 191].

6.6 Summary

We demonstrate the promising approach of exploiting planar optical nanoantennas with

accessible surface nanogaps to investigate the nanoscale architecture of live cell mem-

branes. The key strengths of our approach rely on the 10 nm spatial resolution combined

with a microsecond time resolution on a (nearly) perfectly flat substrate compatible with

live cell culturing. The single-molecule data on nanoantennas reveal striking differences

between PE and SM diffusion dynamics that remain hidden in confocal measurements.

Fluorescence burst and correlation spectroscopy analysis for PE are consistent with a

free Brownian diffusion model. In contrast, the diffusion dynamics of SM at the nanoscale

show heterogeneities in both time and space which are cholesterol dependent. Further,

removal of cholesterol leads to a recovery of free Brownian diffusion for SM, consistent

with the loss of nanodomains. Our results show the existence of dynamic nanodomains

on the plasma membranes of living cells of ∼10 nm diameter which is comparable to our
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measurement gap size. The corresponding transient trapping times are short of about

∼100 µs. We believe that the combination of optical nanoantennas with fluorescence

microscopy is a powerfool tool to investigate the dynamics and interactions of raft asso-

ciated proteins and their recruitment into molecular complexes on the plasma membrane

of living cells. The proposed technique is fully bio-compatible and thus provides ample

opportunities for biophysics and live cell research with single-molecule sensitivity at

nanometric and (sub)microsecond spatiotemporal resolution, far beyond the diffraction

limit of light.





Conclusion and Perspective

In this thesis, we explored various nanoantenna designs to achieve optimum optical per-

formance with single-molecule sensitivity at molecular concentrations exceeding 20 µM.

The enhanced near field intensity, increased quantum yield of the emitter in the vicin-

ity of the nanoantenna together with high Purcell effects collectively result in giant

fluorescence enhancements within very small mode volumes (up to 30k-fold below the

diffraction-limited confocal scheme). The near field confinement of the excitation in-

tensity together with the polarization sensitivity of these nanostructures were then

demonstrated for (i) detecting single-molecules diffusing in solution and (ii) investigating

nanoscale membrane architecture of the plasma membrane in the living cells.

As the fluorescence strongly depends upon the local environment to which an single

emitter is exposed, the emission can be tailored by varying the shapes, dimensions or

even the composition of the nanostructures. In Chapter 3, we explored double nanoholes

antenna design for enhanced single-molecule fluorescence detection. Using fluorescence

correlation spectroscopy, we measured a 70 zL near field apex volume, realizing a volume

reduction of 7000-fold as compared to the diffraction-limited confocal configuration. The

high intensity confinement goes with fluorescence enhancement up to 100-fold, together

with microsecond transit time, 30-fold LDOS enhancement and single molecule sensitiv-

ity at concentrations exceeding 20 µM. The DNH provides an efficient design to reach

nanometeric confinement of light, with a much simpler nanofabrication as compared to

other designs such as “antenna-in-box” or bowtie structures. The DNH spectral reso-

nance occurs in the range 550-700 nm therefore enables a better spectral overlap with

the emission band of most common red fluorescent dyes. We also point out that much

room remains for a thorough optimization of the DNH design. In this regard, we further

demonstrated higher enhancement factors above 300-fold achieved with DNH bearing

sharp apex tips fabricated via stencil lithography. Reaching sub-10 nm apex sizes with

modern fabrication tools (such as He ion source FIB), mass fabrication of DNH struc-

tures with sharp apex tips will significantly upgrade the caliber of DNH structures with

single-molecule sensitivity at much higher molecular concentrations.

Single molecule fluorescence sensors based on plasmonic nanostructures are currently

limited by the nonradiative energy transfer (between emitters and free electron gas),

and by the Joule heating caused by the excitation laser beam. Silicon based all-dielectric

nanoantennas overcome these limitations, and thus are potential cost effective alternative

for realizing molecular sensors with on-chip and CMOS compatibility. In Chapter 4, we
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demonstrated the first proof-of-principle all-dielectric nanoantennas with single-molecule

sensitivity and explained the fluorescence enhancement mechanism by a combination

of excitation intensity enhancement and radiative rate enhancement with near similar

strengths. For an all-silicon dimer nanoantenna with 20 nm nominal gap fabricated on

glass substrates, we quantify fluorescence enhancement factors above 200-fold, together

with 3600-fold volume reduction as compared to the diffraction-limited confocal schemes.

At present, the maximum fluorophore concentration to reach single-molecule sensitivity

is limited to around 10 µM, which can be further improved either by reducing the

dimer gap separations, or via introducing a surrounding box-aperture to keep-out the

fluorescence light originating from the background molecules (similar to the “antenna-in-

box” geometry). Since all-dielectric nanoantenna has negligible losses, sub-nm gaps can

be conceived for single-molecule experiments. Moreover, as the scattering spectrum of

the silicon nanoantenna shows higher efficiency in the near-IR, optimized experimental

strategy (with proper dye selection and reduced gap sizes) could significantly improve

the detection of individual molecules at higher molecular concentrations using dielectric

materials only.

Further, meeting the broad expectations of biologically-inspired experiments require

nanoantennas featuring narrow gap sizes, full accessibility to the electromagnetic hotspot

and high fabrication throughput. Our planar “antenna-in-box” design (Chapter 5, 6)

address this concerns with an innovative fabrication approach combining e-beam lithog-

raphy with planarization, etch back and template stripping. We present large sets of

fully flat gold nanoantennas arrays featuring 10 nm nominal gaps with sharp edges and

direct surface accessibility of the hotspots. We demonstrate the superior performance

of these in-plane nanoantennas by probing single fluorescent molecules, and reach fluo-

rescence enhancement factors up to 15,000-fold, outperforming any previous plasmonic

realizations. In excellent agreement with numerical simulations, we relate this perfor-

mance increase to the optimized position of the plasmonic hotspot which are accessible

and exposed directly at the surface. The fabrication approach is scalable with excel-

lent reproducibility, and can be applied to any nanoantenna designs. This provides a

highly efficient platform for biochemical assays analysis with single molecule sensitivity

at physiological conditions. The “antenna-in-box” shows spectral resonance occurring in

the near-infrared regime, thus optimizing the nanoantenna geometry for the excitation

wavelength, can further boost the fluorescence enhancement factors and the nanoantenna

efficiency.

In Chapter 6, we explored planar nanoantennas to investigate the cholesterol-dependent

nanoscale heterogeneities in the plasma membrane of living cells. Combining FCS with

resonant planar nanoantenna with different gap sizes we could assess the dynamic

nanoscale organization of phosphoethanolamine (PE) and sphingomyelin (SM) in the
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living plasma membranes. Our approach takes advantage of the highly confined excita-

tion light provided by dimer nanoantennas together with their outstanding planarity to

investigate membrane regions as small as 10 nm in size with sub-ms temporal resolution.

Fluorescence correlation spectroscopy and burst analysis show free 2D Brownian diffu-

sion for PE (with both confocal and nanoantenna). However the diffusion dynamics of

SM at the nanoscale indicates extremely heterogeneous behavior which were otherwise

hidden in the ensemble averaging. Together with cholesterol depletion experiments, we

demonstrate the existence of dynamic nanodomains (diameter less than 10 nm) with

characteristic trapping times as short as 100 µs. These findings are crucial to under-

stand the spatiotemporal and heterogeneous organization of live cell membranes at the

nanoscale. This planar nanoantenna design with full access of the hotspot opens up

the possibility of exploiting the physical properties of plasmonic antennas for a broad

range of applications, such as biosensing in nano/microfluidic channels, light harvesting,

photocatalysis etc. As an immediate extension, one could possibly think of investigating

the raft-associated GPI anchored protein and their co-localization with SM (and choles-

terol) in the plasma membranes. This could possibly provide complementary insights

into the local organization of the plasma membrane in living cells. The proposed tech-

nique is bio-compatible and thus provides ample opportunities in biophysics and live cell

experiments. To further increase the flexibility of these planar nanoantenna platforms,

designing hybrid nanoantenna for broadband excitation, and time-gated detection for

further reduction in spatial resolution remain as some of the immediate experimental

strategies.

Altogether, using FCS, TCSPC, FDTD modeling and numerical simulations, this the-

sis provides a thorough investigation on different optical nanoantenna designs (double

nanohole, nanogap dimer antennas and planar “antenna-in-box”) along with the dis-

cussion on their respective merits. Probing emitters with different intrinsic quantum

yields (Alexa Fluor 647, CV and Atto647N) we discussed the origin of fluorescence in

the nanoantenna mediated single-molecule experiments. The high optical performance

achieved with the robust designs open up promising perspectives to study complex bio-

chemical dynamics at physiological expression levels. In addition, the nanoantenna ap-

proach is quite straightforward to implement on any confocal setup, as it does not

require supplementary illumination beam (or optics). For now, the race for the higher

enhancement factors should be only secondary to the potential applications of these

nanoantennas in biophysics and live cell research.
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Garćıa-Parajo, M.F., 2017. Transient nanoscopic phase separation in biological lipid

membranes resolved by planar plasmonic antennas. ACS Nano, 11(7), pp.7241-7250.

Flauraud, V., Regmi, R., Winkler, P.M., Alexander, D.T., Rigneault, H., van Hulst,
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[30] Ruiter, A.G.T., Veerman, J.A., Garćıa-Parajo, M.F. and Van Hulst, N.F., 1997.

Single molecule rotational and translational diffusion observed by near-field scan-

ning optical microscopy. The Journal of Physical Chemistry A, 101(40), pp.7318-

7323.

[31] Mivelle, M., van Zanten, T.S., Neumann, L., van Hulst, N.F. and Garćıa-Parajo,
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Bonod, N., 2016. All-dielectric silicon nanogap antennas to enhance the fluores-

cence of single molecules. Nano Letters, 16(8), pp.5143-5151.

[68] Maiti, S., Haupts, U. and Webb, W.W., 1997. Fluorescence correlation spec-

troscopy: diagnostics for sparse molecules. Proceedings of the National Academy of

Sciences, 94(22), pp.11753-11757.

[69] Magde, D., Elson, E. and Webb, W.W., 1972. Thermodynamic fluctuations in

a reacting systemmeasurement by fluorescence correlation spectroscopy. Physical

Review Letters, 29(11), p.705.

[70] Wenger, J., Gérard, D., Lenne, P.F., Rigneault, H., Dintinger, J., Ebbesen, T.W.,

Boned, A., Conchonaud, F. and Marguet, D., 2006. Dual-color fluorescence cross-

correlation spectroscopy in a single nanoaperture: towards rapid multicomponent

screening at high concentrations. Optics Express, 14(25), pp.12206-12216.

[71] Haustein, E. and Schwille, P., 2004. Fluorescence correlation spectroscopy: an in-

troduction to its concepts and applications. Biophysics Textbook Online.

[72] Rigler, R. and Elson, E.S. eds., 2001. Fluorescence correlation spectroscopy: theory

and applications (Vol. 65). Springer Science & Business Media.

[73] Wahl, M., 2002. Time-Correlated Photon Counting Tech Note TCSPC1. 2. Pico-

Quant GmbH.

[74] Grecco, H.E. and Verveer, P.J., 2011. FRET in Cell Biology: Still Shining in the

Age of Super-Resolution?. ChemPhysChem, 12(3), pp.484-490.

[75] Elson, D., Requejo-Isidro, J., Munro, I., Reavell, F., Siegel, J., Suhling, K.,

Tadrous, P., Benninger, R., Lanigan, P., McGinty, J. and Talbot, C., 2004. Time-

domain fluorescence lifetime imaging applied to biological tissue. Photochemical &

Photobiological Sciences, 3(8), pp.795-801.

[76] Koppel, D.E., 1974. Statistical accuracy in fluorescence correlation spectroscopy.

Physical Review A, 10(6), p.1938.

[77] Wenger, J., Gerard, D., Aouani, H., Rigneault, H., Lowder, B., Blair, S., Devaux,

E. and Ebbesen, T.W., 2008. Nanoaperture-enhanced signal-to-noise ratio in flu-

orescence correlation spectroscopy. Analytical Chemistry, 81(2), pp.834-839.

[78] Pang, Y. and Gordon, R., 2011. Optical trapping of 12 nm dielectric spheres using

double-nanoholes in a gold film. Nano Letters, 11(9), pp.3763-3767.



Bibliography 148

[79] Kotnala, A., DePaoli, D. and Gordon, R., 2013. Sensing nanoparticles using a

double nanohole optical trap. Lab on a Chip, 13(20), pp.4142-4146.

[80] Gelfand, R.M., Wheaton, S. and Gordon, R., 2014. Cleaved fiber optic dou-

ble nanohole optical tweezers for trapping nanoparticles. Optics Letters, 39(22),

pp.6415-6417.

[81] Al Balushi, A.A., Zehtabi-Oskuie, A. and Gordon, R., 2013. Observing single pro-

tein binding by optical transmission through a double nanohole aperture in a metal

film. Biomedical Optics Express, 4(9), pp.1504-1511.

[82] Al Balushi, A.A. and Gordon, R., 2014. A label-free untethered approach to single-

molecule protein binding kinetics. Nano Letters, 14(10), pp.5787-5791.

[83] Al Balushi, A.A. and Gordon, R., 2014. Label-free free-solution single-molecule

proteinsmall molecule interaction observed by double-nanohole plasmonic trap-

ping. ACS Photonics, 1(5), pp.389-393.

[84] Lesuffleur, A., Kumar, L.K.S., Brolo, A.G., Kavanagh, K.L. and Gordon, R., 2007.

Apex-enhanced Raman spectroscopy using double-hole arrays in a gold film. The

Journal of Physical Chemistry C, 111(6), pp.2347-2350.

[85] Lesuffleur, A., Kumar, L.K.S. and Gordon, R., 2007. Apex-enhanced second-

harmonic generation by using double-hole arrays in a gold film. Physical Review

B, 75(4), p.045423.

[86] Fromm, D.P., Sundaramurthy, A., Schuck, P.J., Kino, G. and Moerner, W.E., 2004.

Gap-dependent optical coupling of single “bowtie” nanoantennas resonant in the

visible. Nano Letters, 4(5), pp.957-961.

[87] Lu, G., Li, W., Zhang, T., Yue, S., Liu, J., Hou, L., Li, Z. and Gong, Q., 2012.

Plasmonic-enhanced molecular fluorescence within isolated bowtie nano-apertures.

Acs Nano, 6(2), pp.1438-1448.
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