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Abstract: Photobleaching is an effect terminating the pho-
ton output of fluorophores, limiting the duration of flu-
orescence-based experiments. Plasmonic nanoparticles
(NPs) can increase the overall fluorophore photostabil-
ity through an enhancement of the radiative rate. In this
work, we use the DNA origami technique to arrange a sin-
gle fluorophore in the 12-nm gap of a silver NP dimer and
study the number of emitted photons at the single mole-
cule level. Our findings yielded a 30x enhancement in the
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average number of photons emitted before photobleach-
ing. Numerical simulations are employed to rationalize
our results. They reveal the effect of silver oxidation on
decreasing the radiative rate enhancement.

Keywords: photon count enhancement; reduction of
photobleaching; DNA origami; single-molecule detection;
plasmonics; silver nanoparticle.

1 Introduction

Nanostructured metals affect the photophysical proper-
ties of luminescent molecules placed in close proximity
[1]. In particular, the interaction of fluorescent molecules
and metallic nanoparticles (NPs) has been intensely
studied over the last decades [2]. Positioning NPs and
single fluorescent molecules with nanometric precision
enabled the fabrication of optical antennas (OAs) capable
of enhancing and directing photon absorption and emis-
sion [3, 4]. Most works have focused on the capacity of OAs
to concentrate propagating radiation into sub-wavelength
volumes to enhance the fluorescence intensity (i.e. the
photon count rate) of fluorophores, mostly through an
increment of the excitation rate [5]. Fewer studies have
addressed the function of OAs in emission [6], where they
can modulate the radiative and non-radiative decay rates,
as well as the directionality of fluorescence [7]. Remark-
ably, the effect of OAs on the average number of emitted
photons (n) has been largely overlooked, with a few works
focusing on single-particle OAs with rather low fluores-
cence enhancement [8, 9].

The total number of fluorescence photons that a
molecule can emit is typically limited by photobleach-
ing, i.e. irreversible photochemical reactions occurring
from the excited state. Therefore, enhancing the radiative
rate reduces the time spent in an excited state, and hence,
a higher radiative rate increases the total number of fluo-
rescence photons. In addition, other strategies to increase
photostability include the use of OAs to reduce the time
spent in long-lived states such as triplet states [10]. This

8 Open Access. © 2018 Guillermo P. Acuna et al., published by De Gruyter. [ IS2XSMH] This work is licensed under the Creative Commons Attribution-

NonCommercial-NoDerivatives 4.0 License.

Unangemeldet
Heruntergeladen am | 25.10.19 11:24


https://core.ac.uk/display/237208726?utm_source=pdf&utm_medium=banner&utm_campaign=pdf-decoration-v1
mailto:g.acuna@tu-bs.de

644 —

is a key function of OAs, as the amount of information
obtainable from a fluorescence measurement is deter-
mined by the total number of detected photons.

Perhaps the main reason behind the lack of experi-
mental studies on the effect of OAs on the photostability
of single molecules lies in the fact that measurements
are intrinsically demanding. Photobleaching is a sto-
chastic process, and in ideal cases, the total number
of emitted photons by a set of fluorophores follows an
exponential probability distribution. At low excitation
intensity, multi-photon contributions to photobleaching
are small and the number of emitted photons is in first
approximation independent of excitation intensity. In
order to determine (n), the exponential distribution has
to be fully characterized, which involves the following
challenges. Estimation of fluorescence enhancement
induced by an OA was achieved by fluorescent correla-
tion spectroscopy (FCS) measurements from molecules
diffusing through the hotspot providing preliminary
insight [11]. However, the determination of (n) involves
the realization of single molecule measurements until
the occurrence of a photobleaching event. Furthermore,
during this photobleaching time, which can take up to
several minutes, the distance between the OAs and the
single fluorophores has to be adjusted with nanometer
accuracy and stoichiometric control. Over the last years,
the DNA origami technique has been exploited to cir-
cumvent these challenges. This approach, which can
be employed to self-assemble different species such as
fluorophores and NPs with nanometer accuracy and sto-
ichiometric control, has enabled several experimental
studies on the interaction between single fluorophores
and OAs [12-15].

In a previous work, we used the DNA origami tech-
nique to position a single fluorophore in the vicinity of
a gold NP and demonstrated that (n) could be enhanced
by a factor of 4 [9]. In this contribution, we show that an
additional NP can lead to increment of approximately an
extra order of magnitude. We built dimer OAs based on
80-nm silver NPs, self-assembled onto a pillar-shaped
DNA origami structure in an aqueous environment. Note
that silver presents lower absorption losses than gold
within the visible range, which, in principle, makes it a
better plasmonic material. However, it is also highly more
susceptible to oxidation effects, which, in practice, limits
the use of silver OAs in non-vacuum conditions [16]. Our
experimental results indicate that despite oxidation, a
single fluorophore placed at the center of the 12-nm gap
between two silver NPs exhibits on average an enhance-
ment in (n) of 30x. Furthermore, we present numerical
simulations that shed insights into the impact that silver
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oxidation has on the Purcell effect taking place in the
experimental samples.

2 Results and discussion

Figure 1A sketches the OA employed to enhance the pho-
tostability of fluorophores. It consists of a pillar-shaped
three-dimensional (3D) DNA origami structure. The main
shaft is based on a 12-helix bundle, which is thinned at the
top to a 6-helix bundle with a diameter of approximately
6 nm. The origami structure is vertically immobilized onto
a previously functionalized glass coverslip through biotin
modifications at the base. The surrounding consists of an
aqueous buffer solution. Two 80 nm in diameter silver
NPs are incorporated at the top of the origami structure in
order to fabricate OA dimers by DNA hybridization with a
set of three capturing strands per NP. Within the nanofab-
rication protocol followed, samples can contain a distri-
bution of DNA origami structures with two NPs (dimers), a
single NP (monomers), and no NP (reference) depending
on several parameters such as NP concentration and incu-
bation time. In the 12-nm gap between the NPs, a single
fluorophore Alexa488 is incorporated within the DNA
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Figure 1: Experimental description.

(A) Sketch of the OA consisting of two 80-nm-diameter Ag NPs
self-assembled onto a 3D DNA origami structure. In the 12-nm gap
between the NPs, a single fluorophore Alexa488 is positioned.
(B) Fluorescence transients extracted from samples A (reference),
B (monomers), and C (monomers and dimers).
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origami structure. We have recently demonstrated that
this silver-based OA dimer can enhance the photon count
rate of Alexa488 by two orders of magnitude [17].
Fluorescence measurements were performed with a
custom-built wide-field microscope with epifluorescence
illumination. We studied three samples, DNA origami
structures with no capturing strands (sample A), a single
set (sample B), and two sets (sample C) of capturing
strands. Sample A cannot incorporate NPs and consti-
tutes the reference. Sample B can incorporate a single NP
and consists of a population of monomers and references.
Finally, sample C with two sets of capturing strands con-
tains dimers, monomers, and references. A typical fluo-
rescence transient belonging to sample A is included in
Figure 1B. Only transients with a single bleaching step
were considered to ensure that only single molecules are
studied. Monomer and dimer OAs can enhance the photon
count rate of the single Alexa488 on average by a factor of
30 and 140, respectively [17], mostly through an increment
of the excitation rate. Therefore, in order to avoid satu-
ration [8], samples B and C were studied with five times
less excitation power than the reference, sample A. These
conditions of low excitation power rendered reference
structures with no particle undetectable, and therefore, in
sample B, only monomers are detected, while in sample C,
both monomers and dimers can be detected. Fluorescence
transients from samples B and C are included in Figure 1B.
In order to obtain the total number of photons emitted
by each single fluorophore, its emission was recorded until
photobleaching occurred. From the fluorescence tran-
sients, the total number of emitted photons for each struc-
ture was extracted. Figure 2 shows a semi-log histogram
plotting the relative number of fluorophores (frequency)
versus the number of photons emitted before bleaching.
In Figures 2A and B (samples A and B), the probability
distributions follow a mono-exponential trend, whereas
for sample C (Figure 2C), a bi-exponential dependence is
observed. This is in agreement with the type of structures
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expected in each sample. For samples A and B, the meas-
ured distributions are fitted (black lines) according to the
following:

P(n) ce™™, 0

with n as the number of photons. Following this analy-
sis, the average numbers of emitted photons for the
reference (sample A) and the monomer (sample B) are
(n")=(28+1)x10’ and (n’)=(110£10)x10’, respectively,
which translate into a radiative enhancement of 4x for the
monomer structure. This number is comparable to our
previous report on gold NPs [9].

To account for the two distinct OA structures in sample
C (monomers and dimers), the measured frequencies were
fitted to a probability distribution containing a sum of two
exponential terms

C (o
P(n)e™ ) 4 e 3 )

where x is the constant that weighs the number of dimers
in the sample. The average numbers of photons obtained
for each partial distribution are (ni) =(116+13)x10° and
(n)=(840%210)x10’. Note that (n’) is in good agree-
ment with (nf1 y and therefore can be safely ascribed to
the population of monomers. Thus, (nj), which can be
assigned to dimer structures, reveals a 30x enhancement
in the average number of emitted photons (with respect
to the reference sample). To our knowledge, this result
constitutes the highest photon number enhancement
reported through direct experiments in plasmonic OAs up
to date [8, 9].

In contrast to fluorescence enhancement studies
where all photophysical rates, i.e. excitation, radia-
tive and nonradiative rates, are influenced, the total
number of photons is a direct measure of the radiative
rate. Therefore, we can directly compare the changes
of the radiative rate with finite element simulations of
an emitter next to plasmonic structures. Alternative
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Figure 2: Experimental total number of photons.

N (10° photons)
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Normalized semi-log histogram plot of the total number of photons for samples A, B, and C in (A), (B) and (C), respectively.
The black line shows a fit using an exponential distribution (samples A and B) and a bi-exponential distribution (sample C).
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Figure 3: Simulated rate dependencies.

(A) Normalized radiative decay rate as a function of wavelength and NP oxidation level. Black dashed line renders the contour k /k ,=30.
(B) Spectrally averaged decay rate as a function of oxidation level for monomers (grey) and dimers (black). (C) Radiative decay for both axial
(dark blue) and normal (red) fluorophore orientations for non-oxidized (dashed lines) and oxidized (solid lines) dimers. The inset shows a
sketch of the OA geometry. (D) Radiative and non-radiative decay rate for four different fluorophore positions (colors, see inset) within the

DNA origami between an oxidized NP dimer.

approaches to extract changes of the radiative rate
require fluorescence lifetime measurements [12], which
are difficult due to the strong lifetime reduction of dyes
in the dimer antennas.

We have performed numerical simulations in order to
gain insight into our experimental findings. We use the fact
that the number of photons emitted before photobleach-
ing in the three experimental configurations (origami ref-
erence, monomer, and dimer) can be expressed as follows
[9, 18]:

Q k k+k +k Kk
<n>=7r= r r nr bzir, (3)
Q, k+k +k, k, k,
k k
where Q =—————— and Q, =—%2—— are the fluo-
"k +k, +kb "k +k _+kb

rescence emission yield and bleaching yield, respectively,
withk, k ,andk, as the radiative, non-radiative, and bleach-
ing rates, respectively. Due to the Purcell effect, k varies
from one structure to the other [19], whereas k, is inherent
to the fluorophore itself (the same in all cases). Thus, we
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can identify the ratio between average photons emitted in
different samples (accessible experimentally) with the ratio
between the corresponding radiative decay rates (calculated
numerically). Like in the measurements, the decay rate in
the absence of metal NPs, k , is taken as the reference in the
simulations. Mimicking the experimental conditions, k. (k)
is obtained by computing the power radiated by the source
in the presence (absence) of the silver NPs and within an
NA =14 solid angle along the vertical direction.

Special efforts were devoted to mimicking the
experimental set-up and samples as accurately as
possible in our theoretical model. The DNA origami
and metal NPs are placed on top of a silica substrate
(with refractive index n,, =1.5) [20] and embedded in
an aqueous environment (n,,=1.33) [21]. The origami
was modeled as a 6—nm—diamezter, 110-nm-height cylinder
with homogeneous refractive index n_, . .=2.1 [22]. The
frequency-dependent silver permittivity for the R=40-nm
radius NPs was fitted to the experimental data [23]. In
accordance with recent theoretical reports, nonlocal
effects in the metal permittivity were neglected [24]. The
plasmonic monomer and dimer were attached to the DNA
origami 60 nm above the silica substrate in a similar way
as sketched in Figure 1. The refractive index of the ssDNA
surrounding the NPs was approximated to the refractive
index of the buffer, n, , [25].

Previous simulations of Au dimer structures [26]
predict significantly higher enhancement of the radia-
tive rate, over two orders of magnitude. We ascribe the
mismatch with our results to the oxidation of silver. We
therefore modeled the oxidized NPs through a core-shell
geometry with a silver inner core of radius R, and an
outer Ag,0 layer of thickness d, , and refractive index
Mg o =2.5 [27]. Figure 3A shows the normalized radiative
decay rate, kr/ k , for the dimer structure within the spec-
tral window AA corresponding to the emission band of
Alexa488 as a function of the level of NPs oxidation. The
spectra were obtained by averaging the fluorophore orien-
tation, k = %kf + %k:‘y , Where z-direction is defined paral-
lel to the dimer axis. In all cases, the decay rate spectra
are governed by a broad maximum that originates from
the dipolar plasmonic resonance supported by the OA at
A ~550-600 nm. Note that this peak lowers, broadens, and
redshifts slightly with increasing d re,0° The black dashed
line renders the contour k /k =30 (the measured radiative
enhancement factor). Our results indicate that significant
OA oxidation must be introduced in the numerical cal-
culations in order to reproduce the experimental results.
This fact is further clarified in Figure 3B, which renders
the spectrally averaged radiative enhancement factor
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<kr /krO >A} =§ J. (kr /kro)dl’ (4)

which accounts for the spectral emission range of the
fluorophore employed. We find that a 10-nm oxide layer
leads to values for this averaged magnitude, which are in
agreement with experiments for both monomers (5.4) and
dimers (30.2).

Figure 3C plots the two contributions to the total
decay rate for a non-oxidized (dashed lines) and an oxi-
dized (solid lines) dimer. The latter presents a 10-nm-thick
oxide layer, the configuration closer to the experimental
results in Figure 3B. The inset in Figure 3C shows the
system geometry and fluorophore orientations, parallel
(blue) and normal (red) to the OA axis. We can observe that
the parallel contribution completely governs the spectra,
although the contribution due to normal orientation
increases slightly in the oxidized case. Finally, Figure 3D
shows the little dependence of k /k  on the fluorophore
position within the bulk of the DNA origami. The radiative
decay rate evaluated at three different positions (green,
blue, and red lines) was displaced 2 nm from the origami
center (black line) overlap. We have also calculated the
corresponding non-radiative decay rates, which vary
more significantly in space. These spectra show a narrow
peak at shorter wavelengths (4 ~490 nm) compared with
the radiative ones. This is caused by the excitation of a
higher order, quadrupole-like, dark plasmonic resonance
in the dimer. We can observe that the non-radiative decay
channel becomes faster as the fluorophore approaches
one of the metal NPs, in agreement with recent theoreti-
cal reports on emitter-plasmon strong coupling in dimer
geometries [28].

3 Conclusion

We have studied the effect of OAs on the photostability of
single fluorophores. We exploited the DNA origami tech-
nique to self-assemble OAs consisting of one (monomer)
and two (dimer) 80-nm Ag colloidal NPs and a single
Alexa488 fluorophore in the 12-nm gap between the NPs
with nanometer precision and stoichiometric control.
For monomer structures, we obtained an enhancement
factor of the average number of emitted photons of 4x in
agreement with previous measurements. Dimer structures
yielded an order of magnitude higher enhancement of the
photostability, reaching a factor of 30x. To the best of our
knowledge, this represents the highest average photon
enhancement reported to date determined at the single
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molecule level with homogenous structures. Finally, these
results are rationalized with the aid of numerical simula-
tions. The experimental results of monomers and dimers
are only matched when the oxide layer surrounding the
NPsis considered. In both cases, similar thickness of oxide
layer was determined, indicating the validity of the model.
In contrast to the oxide layer, changing fluorophore posi-
tion around the OA hotspot had a negligible effect.

4 Materials and methods

Eighty-nanometer silver NPs were purchased from BBI
Solutions (Cardiff, UK) and functionalized with thiolated
single-stranded DNA oligonucleotides (Ella Biotech
GmbH, Planegg, Germany) according to Ref. [29]. DNA
origami pillar folding, sample preparation, and epifluo-
rescence wide-field imaging are described elsewhere [17].
The excitation intensity at 487 nm was set to be fivefold
higher for reference measurements than for monomer
and dimer measurements in order to bleach the molecule
in about the same time. Single-molecule videos were
recorded for 500 frames at 100-ms integration time and
an electron multiplying gain of 10. For analysis, a custom-
written LabVIEW software (National Instruments Corpo-
ration, Austin, TX, USA) was used. Only molecules with
single-step photobleaching transients were selected and
background corrected by the bleached intensity level. The
number of photons for each molecule was calculated by
integrating the whole intensity transient. For each sample
(reference, monomer, and dimer), photon numbers were
plotted in a histogram and fitted exponentially to obtain
the mean number of photons from the decay constant.

Numerical simulations were performed using
COMSOL Multiphysics™ (Burlington, MA, USA), a numer-
ical solver of Maxwell’s equations based on the finite
element method. In the radiative enhancement calcula-
tions, the flow of the far-field time-averaged Poynting
vector across a large numerical aperture was computed
(NA ~ 1.3 in agreement with the experimental conditions).
The non-radiative spectra were obtained from the power
dissipated within the metallic regions, as optical losses
were neglected in the rest of materials. Our simulation
scheme is similar to the one detailed in Ref. [30].
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