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Abstract

The surface plasmon modes of metal nanoparticles provide a way to efficiently enhance the
excitation and emission from a fluorescent dye. We have employed DNA-directed assembly to
prepare dimers of gold nanoparticles and used their longitudinally coupled plasmon mode to
enhance the fluorescence emission of an organic red-emitting dye, Atto-655. The plasmon-
enhanced fluorescence of this dye using dimers of 80 nm particles was measured at single
molecule detection level. The top enhancement factors were above 1000-fold in 71% of the
dimers within a total of 32 dimers measured, and, in some cases, they reached almost 4000-fold,
in good agreement with model simulations. Additionally, fluorescence lifetime correlation
analysis enabled the separation of enhanced from non-enhanced emission simultaneously
collected in our confocal detection volume. This approach allowed us to recover a short
relaxation component exclusive to enhanced emission that is attributed to the interaction of the
dye with DNA in the interparticle gaps. Indeed, the frequency of enhancement events is larger
than expected from the volume occupancy of the gap region, thus suggesting that interaction of

the dye with DNA linkers favors the observation of emission enhancement in our dimer particles.



Introduction

In recent years an increasing number of reports have illustrated the use of plasmonic
nanostructures as optical nanoantennas to modify the emission properties of fluorescent
molecules or other emitters.'” The phenomena described encompass emission enhancement and

4.7

quenching,”’ tailoring of the emission spectrum or lifetimes,”"

and controlling emission
directionality.”™” The role of plasmonic antennas for modifying other photophysical or
photochemical processes has also been reported. For instance, plasmonic nanostructures have

been employed for the manipulation of optical selection rules,'* spatial confinement in
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photopolymerization,"” enhancement of Forster energy transfer efficiency,'® reduction of dye

photobleaching'” or improvement of energy conversion in solar cells."

The strong enhancement of fluorescence emission is nevertheless one of the most
promising features of plasmonic antennas. The enhancement of very weak emitters is potentially
interesting for studying intrinsically fluorescent systems with low quantum yields, e.g. proteins
or metal complexes, because it makes possible their detection by optical techniques without the
need of labelling. On the other hand, the emission enhancement of strongly fluorescent
molecules by their conjugation with metal nanoparticles can result in even brighter fluorescent
objects of interest for imaging and biosensing applications. Other examples that benefit from

plasmonic light confinement and emission enhancement are the detection of single molecules in
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concentrated solutions " and super-resolution localization fluorescence microscopy.

The design principles to achieve emission enhancement with plasmonic antennas have
been extensively studied, both theoretical and experimentally, and are well established in the
literature."”** The emission enhancement that is possible with a single spherical gold

nanoparticle is limited to only of a few times the photon emission rate of the isolated fluorescent



molecule.*” In order to obtain large fluorescence enhancements, it is necessary to employ
plasmonic nanostructures that generate intense near fields. This is the case of metal nanoparticles
with sharp geometrical features and of nanostructure arrays or assemblies of particles with
nanometric gaps.>”*> For instance, dimers of spherical gold nanoparticles are capable of
enhancing fluorescence emission by two or more orders of magnitude.”'”*** The longitudinal
coupling of the individual plasmons in dimer particles gives rise to an hybridized plasmon mode
that produces an intense near field concentrated in the gap region. The field enhancement is
particularly strong for dimers of gold particles of several tens of nanometer in diameter
combined with gap separations of a few nanometers. Such dimer particles afford the largest

emission enhancements reported up to now.*'***

The fabrication of dimer nanostructures can be accomplished by nanolithography, but
precise control of gap distances down to only a few nanometers is still challenging using these
methods. Alternatively, wet-chemistry synthesis and supramolecular assembly approaches give
access to dimers of gold nanoparticles with narrow interparticle distances. One successful
approach is the use of DNA-directed self-assembly to produce dimer nanoparticles that perform
efficiently as plasmonic antennas.'’’** Nevertheless, these methods generally require quite
elaborate molecular arrangements of DNA (e.g. singly DNA-functionalized particles or DNA
origami templates) that make the full process expensive and complex to replicate. On the other
hand, the spontaneous aggregation of gold nanoparticles upon surface immobilization has also
been shown to produce dimers that can be used as plasmonic antennas.” Although this is a very
simple way to produce dimers, the process is intrinsically not selective for dimers, which then

appear on the surface mixed with single particles and large aggregates.



In this contribution, we report on fluorescence enhancement of a red-emitting dye using
gold nanoparticle dimers to achieve large enhancement factors. We have adapted a DNA-
directed approach to assemble gold nanoparticles into dimers,’ which is simple and does not rely
on exactly one ds-DNA in the gap, while affording some control over sample’s composition that
is not possible with spontaneous dimer particle assembly. The performance of these dimer
particles as plasmonic antennas for emission enhancement of Atto-655 fluorescent dye was
investigated by single molecule fluorescence microscopy. The dimers of gold particles having a
diameter of 80 nm afforded top emission enhancements of almost 4000-fold, which are
comparable to the largest enhancement factors reported so far.”'*> We have also introduced a
fluorescence lifetime correlation analysis in order to separate the dimer enhanced from non-

enhanced emission of dye molecules within the confocal detection volume.

Experimental

Materials

Gold nanoparticles with sizes of 80 nm and 40 nm, stabilized by a citrate coating, were acquired
from Nanopartz Inc. as aqueous suspensions with an optical density of 1 (product no. A11-80
and A11-40). DNA oligonucleotides purified by HPLC were purchased from STAB Vida (Monte
da Caparica, Portugal). DNA strands with (n + 10) nucleotides and having the general sequence
5’-SH-A,N,-3° were used. Two oligonucleotides were designed for n equal to 15, 30 or 60, in
such a way as to form hybrids by base pairing of the N5, N, and N, sequences (see diagram D1
in the SI). Tris base (Eurobio, molecular biology grade), boric acid (Fisher Chemical, assay

100%) and EDTA (TCI Europe, 98%) were used to prepare TBE buffer. Sodium citrate tribasic



dihydrate (Sigma-Aldrich, > 99.5%) and hydrochloric acid (Sigma-Aldrich, 37%) were used to
prepare citrate buffer. Ultrapure water was obtained with a Milli-Q purification system (Merck-
Millipore). Agarose with electrophoresis purity degree was purchased from NZYTech.

Polyethylenimine, branched polymer with an average Mw ~25,000 was purchased from Aldrich.

Equipment

Extinction spectra were measured in an UV/Vis spectrophotometer from PerkinElmer, model
Lambda 35. TEM characterization was performed on a HITACHI H-8100 electron microscope
operating at 200 kV. Glass surfaces were cleaned using an UV/Ozone chamber model PSD-UV3
from Novascan. Single-molecule fluorescence experiments were performed on a confocal
fluorescence lifetime microscope, MicroTime 200 (PicoQuant GmbH). The microscope setup
details were previously described.” The single-particle spectra were obtained by means of a low
light level spectrometer, QEPro (Ocean Optics), that was fiber coupled to the confocal
microscope. Data acquisition and preliminary analysis were performed on SymPhoTime
software (PicoQuant GmbH). This program was also used to carry out data analysis by

Fluorescence Lifetime Correlation Spectroscopy (FLCS).***

Preparation of Gold Nanoparticle Dimers

The first step was the hybridization of the thiolated DNA oligonucleotides to form a DNA linker
with two thiol moieties, one at each end of the double strand (see diagram D1 in the SI). Then,
the double-stranded DNA linkers were used to assemble gold nanoparticles into dimers and
larger aggregates in a similar approach to that described in Ref. 36. The concentration of DNA
used was determined from the theoretical maximum number of thiolated chains per particle, i.e.

approx. 1400 and 430 chains for gold particles with 80 and 40 nm, respectively.* The DNA



hybridization was performed by mixing the complementary sequences (8 uL each) with TBE
buffer (0.5x, 4 puL.) containing added NaCl salt (200 mM). The mixture was heated up to 80 °C
for 15 min, then cooled down to room temperature, and left to rest overnight. The gold
nanoparticles were concentrated by centrifugation from a volume of ~1000 uL of the solution
supplied (OD ~1) and collecting a volume of 26 uL. from the pellet. This volume of particles was
added to the DNA hybridization mixture under vigorous stirring and left to pre-incubate for 30
mins. Afterwards, a citrate buffer solution was added to the hybridization mixture. The citrate
buffer solution was prepared according to the low pH protocol of Zhang et al.*' The citrate buffer
was added gradually by mixing 2 uL of buffer solution each time, followed by stirring and
resting for 10 min before the next addition, up to a total of 4 addition steps. The final incubation
time was 60 min. The reaction was halted by washing off the excess of DNA by centrifugation

and replacing the supernatant with 0.5x TBE buffer.

Gel electrophoresis was used to separate single particles from dimers and higher aggregates. The
concentrations of agarose gels used were 0.7% and 1.5% for particles sized 80 and 40 nm,
respectively. All gels were run at 120 V in 0.5x TBE buffer. Two red bands were typically
obtained after 30 min. These particle-containing agarose fractions were cut from the gel and
placed in a microtube filled with approx. 0.5 mL of 0.5x TBE buffer. The particles were allowed
to diffuse from the gel pieces for at least one week. Samples containing the extracted gold
nanoparticles were characterized by TEM, showing that the fraction extracted from the slowest

migrating band contained mostly dimers.



Surface Immobilization of Gold Nanoparticle Dimers

Round glass coverslips were cleaned by sonication in aqueous solution of RBS50 detergent 5%
(w/v) during 30 mins, followed by another sonication in absolute ethanol, and rinsing with water
after each step. The dried coverslips were then irradiated for 2 hrs in a UV/ozone chamber.
Before particle immobilization, the glass surface was coated with polyethyleneimine.* First, the
coverslips were dipped in a cold piranha bath for 10 mins to improve the surface wettability, then
rinsed copiously with water and dried. The polymer coating was deposited by covering the
surface with an aqueous solution of polyethyleneimine 0.2% (w/v) during 20 mins, then rinsing
with water and nitrogen blow drying. The gold nanoparticle dimers were immobilized by spin

coating 10 pL from a dilute (sub-nM) aqueous solution of these particles.

DDA simulations

Simulations of discrete dipole approximation (DDA) were performed in order to theoretically
estimate the emission enhancement using dimers of gold nanoparticles. The free software
implementation A-DDA was used for running these simulations.”’ The model dimers were
defined by discretization of the particle volume as an array of cubic volume elements with a side
length of 0.5 nm. The dielectric function of each element is the same of bulk gold, and the values
reported by Johnson and Christy were used,* but scaled by the dielectric constant of water to
include the refractive index of the surrounding environment. The simulated particle diameter was
80 nm and the interparticle gap distance was varied between 2 and 10 nm. The extinction
spectrum of dimer nanoparticles was reconstructed from the extinction cross-section calculated
for a series of incident wavelengths between 500 and 900 nm. The polarization of the incident

plane-wave was selected to be either parallel or perpendicular to the interparticle axis, therefore



exciting respectively the longitudinal and transversal hybridized plasmon modes in the dimer

particle.

The estimation of fluorescence enhancement using DDA calculations has been previously
described.”®* The overall emission enhancement (F/F°) can be estimated from DDA
calculations as the product of the excitation rate enhancement (E,,.) and the emission quantum-
yield of the dye modified by the dimer nanoparticle (¢/¢p?). The excitation rate enhancement is
obtained from E,,. = |E|?/|Ey|?, which is the near field enhancement at the incident wavelength
(639 nm) in the position assumed for the dye molecule. The near-field intensity maps around the
gold nanoparticles were calculated using the subroutine implemented in the A-DDA software
package.” The calculation of the modified quantum-yield requires the estimation of the enhanced
radiative and non-radiative decay rates. The theoretical formalism described by D’ Agostino et al.

was used for this purpose (see SI).*

Results and Discussion

The dimers of gold nanoparticles used in fluorescence enhancement experiments were produced
by bridging two nanoparticles with a DNA-based linker formed by hybridizing two thiolated
oligonucleotides. These short linkers contain a central, double-stranded region of less than 60
base pairs and overhanging single strand segments with 10 nucleotides. These short linkers
yielded dimers with interparticle gaps of a few nanometers that can be observed in the TEM
images (Fig. 1A, B). The gap distances are shorter than the length of the double-stranded region
because of the single strand segments on both ends of the DNA linker. The fraction of dimer

particles obtained after purification by gel electrophoresis, as observed from TEM images, was



on average 68%, while single particles represent 23% of analysed samples. Single particles are
present as smear in the gel and end up as a contamination in the dimer sample when extracted
from the respective gel band (inset of Fig. 1C). Gold nanoparticles that are only citrate-stabilized
show a gel without any bands, only a smear is visible, which emphasizes the role of thiolated

DNA linkers in particle assembly (Fig. S1 of the SI).

The optical extinction spectrum of dimer particles features two surface plasmon bands
instead of the single band that is characteristic of single gold nanoparticles (Fig. 1C). This occurs
because of plasmon coupling between the individual modes in neighbouring particles of the
dimer gives rise to two optically active hybridized plasmon modes.*” The surface plasmon band
appearing at longer wavelengths corresponds to the bonding mode, and it generates strong local
fields across the interparticle gap that are interesting for fluorescence enhancement. The
resonance wavelength of the longitudinal plasmon mode depends strongly on the gap separation.
For instance, at shorter gap distances the plasmon coupling is stronger and this energy stabilizing
interaction induces a shift of the longitudinal surface plasmon band toward longer wavelengths.
This effect is illustrated in Figure 1D that shows the calculated extinction spectra for dimers of
gold particles of 80 nm simulated with gap distances of 2, 3 and 4 nm — red, orange and green
curves, respectively. Using this plasmon ruler obtained from simulated spectra (inset of Fig. 1D),
we estimate from the experimental spectrum of our dimer sample that the average interparticle

distance is around 2 to 3 nm.
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Figure 1. A) Electron microscopy images of dimers of gold nanoparticles with a diameter of 80
nm assembled by a DNA linker with a 60-bp double-stranded region. B) Magnification of TEM
images of four selected examples of dimer nanoparticles. C) Extinction spectrum of dimers of
gold nanoparticles (red curve) extracted from the gel band no. 2; and that of gold nanoparticles
functionalized with DNA, but not-dimerized (blue curve), separated from gel band no. 1- the
inset shows a photograph of the gel with bands indicated. D) Calculated extinction spectra from
DDA simulations of a single gold nanoparticle of 80 nm (blue curve) and that of dimer
nanoparticles with a gap separation of 2, 3 and 4 nm (red, orange and green curves, respectively)
— the inset shows the peak wavelength of the longitudinal surface plasmon band (LSP), as a

function of the gap separation considered in DDA simulations.

The dimer particles were further characterized by their optical spectrum measured at the

single-particle level. For this purpose, dimer samples were immobilized onto glass coverslips at
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low surface density. The optical microscopy images show diffraction-limited spots with a narrow
dispersion of emission intensity (Fig. 2A and B). The photoluminescence spectrum was collected
from several of these spots on each image. The spectrum of dimer particles typically features two
bands: one more intense at around 550 nm followed by another band or shoulder at longer
wavelengths (Fig. 2C). It is clearly different from the spectrum of single particles that show only
one band at 550 nm with a Lorentzian lineshape — as exemplified in spectrum no. 6 of Fig. 2C.
Also, the emission intensity from dimer particles is approximately twice that of single particles
and, in addition, the emission from single particles is non-polarized, while the dimers emission
displays polarization in the sample plane (Fig. S2 of the SI). These features allow to easily
distinguish the emission of individual dimers from that of a minor fraction of single particles that

is always present even after purification by gel electrophoresis.

The emission spectrum of dimer particles changes slightly from particle to particle within
each sample. In fact, the flexible ends of the DNA oligonucleotide linkers allow for some
variation in the gap distance between paired particles, which strongly affects the longitudinal
surface plasmon band of the dimer spectrum. This variation in the gap distance was firstly
noticed in the TEM images of dimer samples (Fig. S3 of the SI). Another contribution to
heterogeneity in the emission spectrum of individual dimers arises from deviations from the
spherical shape of the gold nanoparticles. Nevertheless, we have used the plasmon ruler shown in
the inset of Figure 1D to approximately infer about the interparticle gap distance in individual

dimer particles from their single particle spectra.
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Figure 2. A) Optical microscopy image of dimer nanoparticles obtained with excitation at 482
nm (~50 kW/cm?) and detection with a longpass filter above 510 nm. Each spot on the image is a
single dimer nanoparticle or an individual particle of size 80 nm — the scale bar is 5 um. B) The
same area scan as shown in image A obtained with excitation at 639 nm (~4 kW/cm®) and
detection with a bandpass filter centred at 695 nm with a transmission window of 55 nm. C)
Photoluminescence spectrum of single dimer particles identified as spots 1 to 5 in image A, and

one example of an individual gold nanoparticle labelled no. 6.

The measurement of fluorescence enhancement in the emission of Atto-655 dye was
performed by collecting light from a spot where an individual dimer was found. For this purpose,

the dimer sample was immersed in a nanomolar solution of Atto-655 molecules, which during
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the measurement diffuse and explore the space surrounding the individual dimer (Fig. 3A). The
interparticle gap is the hot-spot for fluorescence enhancement because of the large local field
created there by the bonding plasmon mode. The broad spectral distribution of this plasmon
mode, ranging from 600 to 800 nm, is suitable for fluorescence enhancement of a wide range of
red-emitting dyes. The most favorable situation occurs when the dye’s emission is slightly red-
shifted relatively to the plasmon resonance frequency, in order to minimize energy dissipation by
the particle’s absorption. The emission of Atto-655 is well matched with the longitudinal mode
in dimers’ spectra (Fig. 3B) and, for this reason, this dye was chosen to illustrate fluorescence

enhancement.

The enhancement effect was measured by using laser excitation at 639 nm, which
addresses both the dye’s absorption and the longitudinal plasmon band of the dimer
nanoparticles. At this excitation wavelength, the photoluminescence images show only spots
from dimer particles (Fig. 2B), and their relative intensity is determined by the overlap between
the dimer’s spectrum and the emission filter range (Fig. 3B). The signal collected from the dimer
nanoparticles in the absence of Atto-655 is steady over long observation times (orange trace in
Fig. 3C). When the dye is added to the solution, the time traces begin to show strong emission
bursts (red trace in Fig. 3C) that are several orders of magnitude more intense than the dimers’
background signal. The emission of Atto-655 molecules in solution was also collected from a
surface region free of dimer nanoparticles (grey trace in Fig. 3C). In this case, the background
emission from Atto-655 within the confocal detection volume of the microscope is detected, but

without any events of intense fluorescence emission.

Therefore, strong fluorescence bursts are only detected from spots where dimers are

immobilized and when Atto-655 molecules are present in solution. These bursts are attributed to
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the exploration of hot-spot regions on the surface of dimer nanoparticles by Atto-655 molecules
diffusing in solution and transiently interacting with the DNA. The gap region is a very small
volume, in the order of zeptoliter, when compared to the confocal detection volume which is
around four femtoliters. For the typical concentrations of Atto-655 used in our measurements,
the dye’s occupation number in the confocal detection volume varies between 1 and 10, and thus,
the occupation probability of the gap region is several orders of magnitude lower, as further
discussed below. For this reason, the probability of multiple occupancy of the gap region is
negligible, and each burst is ascribed to the exploration of the interparticle gap by only one dye
molecule. The strong fluorescence bursts experimentally observed then result from single Atto-

655 molecules exploring the interparticle gap region.
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Figure 3. A) Scheme of the fluorescence enhancement experiment showing a single Atto-655

dye molecule (red star) diffusing through the gap (hot-spot) of a dimer nanoparticle. B)
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Photoluminescence spectrum of an individual dimer nanoparticle (orange curve) overlapped with
the absorption and emission spectra of Atto-655 dye (green and red curves, respectively), and the
detection range of the bandpass emission filter (light pink rectangle). C) Emission intensity time
traces measured from the spot of an individual dimer nanoparticle in the absence of Atto-655 dye
in solution (top, orange curve); emission time trace from the same spot as before, but in the
presence of Atto-655 dye in nanomolar concentration (middle, red curve); emission time trace
from a region of the surface without any particle, but in the presence of Atto-655 dye in the same

concentration as previous (bottom, grey curve).

The duration and intensity of each fluorescence burst is closely related to the trajectory of
the Atto-655 molecule as it diffuses across the interparticle gap. In this region, the plasmon’s
near field changes rapidly. Likewise, the enhancement of the dye’s excitation and emission
varies as the dye molecule changes its position in the gap. The spatial dependence of the
emission enhancement effect together with the randomness of the dye’s trajectory explains the
intensity variations observed from burst to burst within each time trace collected for several
dimers. In order to characterize the enhancement effect, we will focus our discussion on the most
intense event of each time trace. Some examples of intense bursts observed for dimers of 80 nm
gold particles are presented in Figure 4A-D. We assume that if the observation time is long
enough, then the most intense event should correspond to the molecular trajectory through the
region of largest fluorescence enhancement. The strongest burst in each trace was used to
calculate the top enhancement factor, which is the ratio between enhanced and non-enhanced
emission for that event. The top enhancement factor is then calculated from the maximum burst

intensity corrected for the background signal and normalized to the average intensity of a non-
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enhanced Atto-655 dye. The latter was determined to be 0.35 counts/ms for the same conditions

of the enhancement experiment (Fig. S4 of the SI).

We have found that dimers of gold particles with 40 nm give maximum enhancement
factors between 500 and 1000-fold (open symbols in Fig. 4E). On the other hand, dimers of 80
nm particles are able to enhance the emission of Atto-655 by more than a 1000-fold, and in
several examples, the top enhancements reach almost 4000-fold (closed symbols in Fig. 4E). As
expected, the emission enhancement increases with the dimer particle size, because the radiation
efficiency of the plasmon also increases. Surprisingly, a fraction of 16% of the dimers of 80 nm
particles do not show any enhancement events in the sampled time interval of 60 s. This is
tentatively attributed to an obstruction of dimer gaps with an excess of DNA linkers that prevents
the dye to access the hot-spot region. However, about 71% out from a total of 32 dimers
analysed show events with top enhancements above 1000-fold, and out of these about 16% are

above 3000-fold.

The top enhancement factors reported here match up the largest known values from the
literature for plasmonic emission enhancement of single-molecule fluorescence. Other examples
of enhancements larger than 1000-fold have been obtained with gold nano-bowtie or nanorod
antennas.”’** Recently, enhancement factors of 5000-fold on the emission of Atto-655 were
reported with a system that uses complex nanostructures of DNA origami to assemble dimers of

gold nanoparticles.”

Another work reported on fluorescence enhancement using dimers
spontaneously assembled by particle aggregation upon surface immobilization, which resulted in
enhancement factors of more than 1000-fold.”' Dimer nanoantennas produced by

nanolithography showed enhancements of 15000-fold for the weakly fluorescent crystal violet,

while the enhancement reported for the fluorescent dye Alexa Fluor 647 was around 1500-fold.**
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In comparison, the dimer antennas used in this work deliver comparable or better enhancement
factors, while allowing for control over sample composition which is not possible with

spontaneous aggregation, but using a DNA-directed assembly approach that is considerably more

simple and affordable than those based on DNA origami.
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Figure 4. A-D) Examples of intense fluorescence bursts from Atto-655 emission enhanced by
dimers of gold nanoparticles — the emission enhancement factor corresponding to each burst is
indicated inside the figure. E) Top emission enhancement factors for single-molecule
fluorescence of Atto-655 dye plotted against the LSP peak wavelength of the individual dimer

nanoparticles used for fluorescence enhancement. Each symbol represents a measurement on a
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different dimer nanoparticle. The symbols are color coded according to the enhancement factor:
blue, < 1000; green, 1000 - 2000; orange, 2000 - 3000; red, > 3000. The open and closed
symbols show enhancement factors obtained for dimers of 40 nm and 80 nm particles,

respectively.

The single-particle spectrum is known for each dimer used for fluorescence enhancement,
which allows us to plot the top enhancement factor relative to the peak wavelength of the
longitudinal surface plasmon band (Fig. 4E). This plot does not show any particular trend
between these two experimental observables, in contrast with other plasmonic nanoparticles used
for fluorescence enhancement, such as single gold nanorods.”® A plausible explanation for the
lack of correlation between top enhancements and the LSP peak wavelength of dimer particles is
the molecular congestion of gaps with DNA linkers that, by randomly occupying the interparticle
volume, may limit or obstruct the dye’s access to the central region of the hot-spot. In ref. 21, it
was demonstrated that, upon attaching bulky thiolated-PEG chains onto the surface of dimer
particles, the respective enhancement factors decrease, in agreement with an exclusion effect of
the dye from the dimer hot-spot due to molecular crowding of the interparticle gap. Even though,
in our case, the dimers are extensively coated with DNA, these linkers do not seem to have such
a detrimental effect, and large enhancement factors above 1000-fold can be measured in 71% of
the dimers analysed. Actually, we hypothesize that the DNA linkers may even favor the
interaction between Atto-655 dye and the dimers’ hot-spot, as supported by a simple argument
based on the hot-spot volume and its expected occupancy. For this purpose, we have first
determined from DDA near field simulations that the decay length of the plasmon field is around

10 nm in a direction perpendicular to the interparticle axis (for a dimer of 80 nm particles with a
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gap of 10 nm). Assuming that the hot-spot is approximately cylindrical with radius and height of
10 nm x 10 nm gives a volume of 3.1 zL, which for an average dye concentration around 4 nM
gives an occupancy of 7.6 x 10°® molecules in the hot-spot. During an observation time of 60 s,
the calculated occupancy would correspond to one molecule being present in the hot-spot for
about 450 us, which would result on average in only a few enhanced-emission bursts per time

trace using a binning of 100 ps, as used in data analysis. The frequency of burst events observed
is much higher, ranging from 20 events up to several hundred per trace (Fig. S5 of the SI). Thus,
we hypothesize that the dye’s interaction with the DNA somehow favors the occupancy of the
hot-spot and the observation of fluorescence enhancement from our dimer particles.

We have performed model simulations of gold nanoparticle dimers to compare
theoretically predicted fluorescence enhancements with our experimental results. The model
dimers were defined for a particle size of 80 nm and the interparticle gap was varied between 2
and 10 nm, i.e. in the range of those experimentally inferred from optical spectra. The gap region
is where the near field enhancement is mostly concentrated (Fig. SA). Even for a gap separation
of 10 nm, the near field enhancement corresponds to an intensity increase of almost 1000-fold
along the interparticle axis, but it decays within approx. 10 nm. We have assumed three fixed
positions of the dye in the gap to evaluate how the fluorescence enhancement changes with the
position (right side of Fig. 5A). It also makes it possible to discuss how the maximum
enhancement effect would be limited if access to the central regions of the hot-spot is restricted
by molecular congestion of DNA linkers. The enhancement of fluorescence emission results
from the combined changes in the excitation, radiative and non-radiative decay rates of the dye
induced by interaction with the nanoparticle antenna. The enhancement factor of excitation rate

(Ey) and fluorescence quantum yield (¢p/p®) were calculated separately, as presented in the SI.
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Here, we will focus the discussion on the overall emission enhancement, i.e. (F/F%). =

Eo . X(d/d°), and on the enhanced fluorescence lifetime,ie. 7= 1/(K, + K,,).

The overall emission enhancements calculated for the central position of the gap yielded
values ranging from 1000 to 10000-fold increase in the dye’s emission (Fig. 5B). This result
compares well with our experimental top enhancement factors which range from 1000 to almost
4000-fold. The comparison is made on the basis of the top enhancement values experimentally
measured assuming that these correspond to the dye being close to gap’s centre, where the
largest enhancements are expected. Actually, the absolute maximum is probably at some position
along the interparticle axis shifted away from the centre, where there is an optimal radiative over
non-radiative decay rate enhancements.”” On the other hand, the intensity distribution of each
fluorescence burst experimentally measured is affected by the trajectory and residence time of
the dye in the gap. The position dependence of the enhancement effect can be evaluated from the
values of (F/F°).,. for positions away from the gap centre (semi-filled and open symbols in
Fig. 5B). The enhancement effect decays by orders of magnitude over a few tens of nanometers,
as it closely follows a similar distance dependence of the excitation rate enhancement. As
previously hypothesized, the lack of correlation between top enhancements and the LSP peak
wavelength of dimer particles may be explained by molecular hindrance of DNA linkers that
limits the dye’s access to the central region of the hot-spot. The strong spatial dependence of the
overall emission enhancement, as seen in our calculations, suggests that this is a plausible

explanation.
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Figure 5. A) Near field maps calculated from DDA simulations of a dimer of gold nanoparticles
with a size of 80 nm and a gap separation of 10 nm for an incident wavelength of 639 nm
polarized across the interparticle axis — the scale bar is 20 nm. The near field map on the right
shows a magnification of the interparticle gap where the positions considered for the point-like
dipole of the emitting dye molecule were fixed — the number shown is the displacement in nm
away from the interparticle axis. B) Enhancement factor calculated for the overall fluorescence
emission (F/F%),. for the interaction of Atto-655 dye with a dimer of gold nanoparticles of

size 80 nm at different gap separations — closed symbols correspond to a dye molecule
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positioned at the interparticle joining axis, semi-filled and open symbols are for a position 10 and
20 nm away from the axis, respectively. C) Fluorescence lifetime decrease (t/7,) calculated for

the same conditions described before, where t_0 is the decay time of Atto-655 in water (1.8 ns).

The interparticle distance has a pronounced effect in the longitudinal LSP peak
wavelength, as well as in the fluorescence enhancement although in two opposite ways. Short
interparticle distances induce larger near fields in the gap, which favor the dye’s excitation and
radiative decay rate enhancements, but the close proximity of the metal surface also favors the
non-radiative decay through energy transfer and ohmic losses. The interplay between these
opposing factors reduces the variation of emission enhancement with the LSP peak wavelength
(or conversely, the gap distance) in dimer particles. On the other hand, the effect on the
fluorescence lifetime from the acceleration of radiative and non-radiative decay rates is always
characterized by a pronounced lifetime decrease (Fig. 5C). The predicted decay rates in the hot-
spot region are in the ps and sub-ps timescales, which is below the time resolution of our setup
(grey dashed line). Indeed, the fluorescence decays retrieved from strong burst events show a
decay profile that approximately coincides with the instrument response function (Fig. S6 of the

SI).

The fluorescence emission time traces contain detected photons from both enhanced and
non-enhanced dye molecules within the confocal detection volume (Fig. 6). In order to separate
these two contributions, we have used the information about fluorescence lifetime to analyse our
results by fluorescence lifetime correlation spectroscopy (FLCS).*** Fluorescence enhancement

by plasmonic antennas is characterized by the acceleration of excited-state decay rates, and thus
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the emission from enhanced dye molecules can be distinguished from that of non-enhanced
molecules by its short decay time. The fluorescence decays recorded simultaneously with each
emission trace shows multi-exponential decay profiles, which can be decomposed in short and
long decay components, as shown in Figure 6B (red and blue curves, respectively). The short
decay components are attributed to the enhanced decay rates of the dye together with some
background signal from the dimer particle. It can be described by two exponential components
with average decay times of 70 ps (84.5%) and 1.08 ns (3.5%). The long lifetime of 2.44 ns is
similar to the lifetime of Atto-655 in aqueous solution (1.8 ns), although it is slightly longer
probably due to adsorption onto the polymer-glass substrate. The FLCS analysis uses the decay
components previously defined from decay analysis to build mathematical filters (Fig. 6C),
which are then used to weigh the detected photons in order to retrieve separate correlation
functions for each decay component (Fig. 6D). In this work, the FLCS analysis was used to
distinguish between the correlation function of photons from enhanced dye molecules, which are
associated with short decay times, from that of non-enhanced molecules (red and blue curves in

Fig. 6D, respectively).
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Figure 6. A) Emission intensity time trace showing intense fluorescence bursts from Atto-655
enhanced emission (dark grey) and background signal from the dimer particle alone (light grey).
B) Fluorescence decay of the same emission trace (dark grey) decomposed into short and long
decay components shown as red and blue curves, respectively (IRF is depicted in light grey, and
the inset shows the weighed-residuals from a tri-exponential fit). C) Filter weights obtained by
FLCS analysis based on the short and long decay components defined to separate the enhanced
and non-enhanced emission (red and blue curves, respectively). D) Correlation curve of

enhanced and non-enhanced emission (red and blue curves, respectively) obtained by FLCS
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analysis, and non-filtered correlation curve of the emission trace (dark grey) and of the

background signal (light grey), as shown in (A).

The main difference between the correlation function of enhanced and non-enhanced
emission is that the first one shows an additional decay at short times that is not present in the
latter. We have confirmed this trend by performing the FLCS analysis of other emission traces
showing substantial enhancement effects (Fig. S7 of the SI). We have fitted the correlation
functions with the commonly used free-diffusion model, which afforded reasonable fits using
two to three diffusion terms. The free-diffusion model is used here just to extract relaxation
times, which are then compared to calculated diffusion times, in order to discuss the possible
origin of the several decay components observed in the correlation function. As it will later
become obvious, the free-diffusion picture is not adequate to explain our results. The fast decay
component that is only present in the correlation function of enhanced emission has an average
relaxation time of 20 ps, and it can be associated with the short and very intense fluorescence
bursts observed in emission traces. Assuming that these events correspond to dye molecules
crossing the hot-spot in the gap region, the expected free-diffusion time would be in the sub-
microsecond time scale, because of the small volume of the hot-spot. The estimated diffusion
time would be 0.22 ps for an Atto-655 molecule diffusing in water across the transverse
dimension of 10 nm calculated for the near field in the gap region. The retrieved relaxation time
of 20 us could be tentatively explained by transient sticking of the dye to DNA linkers, or
simply, by the limited time resolution of our correlation curves that allows us only to measure a
relaxation tail of the fast decay component. On the other hand, the long decay component occurs

on a similar time scale for the correlation function of enhanced and non-enhanced emission (inset
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of Fig. 6D). The average relaxation time of this long component is around 2.7 ms, and is
attributed to the dye’s adsorption/desorption on the surface surrounding the dimer particle. A
similar behavior has been previously reported for emission enhancement of single-molecule
fluorescence using surface immobilized gold nanorods."”*® The slower motion of dye molecules
due to sticking onto the surface, or even due to interaction with DNA linkers, seems to be
corroborated by intense emission events that last longer than a few ms, which are seldom
observed in emission traces (Fig. S8 of the SI). Alternatively, it is possible to retrieve separate
correlation functions for enhanced and non-enhanced emission by using the polarization

?! Here, we have used the emission

properties of the longitudinal surface plasmon mode.
polarization of dimer particles to select those that are aligned in such a way that emission along
the LSP mode, or perpendicular to it, was divided by the beam-splitter analyzer into two
detection channels (Fig. S9 of the SI). The correlation function of the enhanced emission shows
at short times an additional relaxation component that is not present in correlation of non-
enhanced emission, similarly to the FLCS analysis. The comparable results between these

approaches validate the use of FLCS to separate enhanced from non-enhanced emission in

plasmon-coupled fluorescence, as shown here.

Conclusions

We have confirmed that gold nanoparticle dimers produced by DNA self-assembly make
efficient plasmonic antennas for fluorescence enhancement of red-emitting dyes. The
combination of large-sized nanoparticles with nanometric gaps generate hot-spots with intense

near fields in the interparticle region that are able to enhance the fluorescence of Atto-655 dye by
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more than 1000-fold, while in some cases, top emission enhancements reach almost 4000-fold.
Fluorescence lifetime correlation lead to the recovery of a short relaxation component exclusive
to the enhanced emission likely due to the dye interaction with DNA linkers. The DNA-directed
assembly approach used here allows for control over the association of dimer particles that is not
possible with spontaneous particle aggregation, and is considerably more simple and affordable
than approaches based on DNA origami templates. These two features of dimer particles, i.e.
large fluorescence enhancements and preparation by affordable self-assembly colloidal methods,
renders these plasmonic antennas promising for application in optical imaging or sensing. We
have also shown that fluorescence lifetime correlation spectroscopy can be used to separate
plasmon-enhanced from non-enhanced emission. Further studies using this approach will enable

to explore its potential in extracting more information from plasmon-enhanced fluorescence.
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