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Abstract

The amount of information obtainable from a fluorescence-based measurement is limited
by photobleaching: Irreversible photochemical reactions either render the molecules non-
fluorescent or shift their absorption and/or emission spectra outside the working range.
Photobleaching is evidenced as a decrease of fluorescence intensity with time, or in the case
of single molecule measurements, as an abrupt, single-step interruption of the fluorescence
emission which determines the end of the experiment. Reducing photobleaching is central
for improving fluorescence (functional) imaging, single molecule tracking and fluorescence
based biosensors and assays. In this single molecule study, we use DNA self-assembly to
produce hybrid nanostructures containing individual fluorophores and gold nanoparticles at
a controlled separation distance of 8.5 nm. By changing the nanoparticles size we are able
to systematically increase the mean number of photons emitted by the fluorophores before
photobleaching.

Keywords: DNA self-assembly, single-molecule, photobleaching, plasmonics, gold nanoparticle
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As a key characteristic of a fluorophore, the photobleaching yield @, is in fact more important than
the absorption cross-section or the quantum efficiency because it directly determines the total
number of photons one can gather from a fluorescent molecule, and therefore the amount of
information one can extract from the measurement. We will consider the simplest case where an
excited fluorophore has only three possibilities: i) emitting a fluorescence photon with a given
radiative decay rate k,. , ii) relaxing back to the ground-state without the emission of a photon, with
a non-radiative decay rate k,, , and iii) undergo photobleaching at a rate k; . Under these
conditions, the efficiencies of photon emission Q,- and photobleaching @, are given by

kT
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Generally, fluorophores do emit a considerable number of photons before photobleaching and kj,
being much smaller than k,. + k., is neglected in calculations of @Q,.. The total number of photons N
emitted by the fluorophore before photobleaching is given by the ratio of efficiencies:
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From equation (2) one directly sees that N is independent of k,,,., as first pointed out by Hirschfeld”,
and also independent of the excitation rate; i.e. N is independent of any plasmonic enhancement of
the electric field at the fluorophore position. Equation (2) also shows the two possible pathways to
reduce photobleaching: reducing kj; or enhancing k,.. Synthetic chemistry strategies aim to reduce
the photobleaching rate k; by modifying the ground and excited state energy landscapes of
fluorophores. Indeed several families of fluorophores have been made more resistant to
photobleaching by means of chemical modifications®™. Also, in some situations k;, can be reduced
by controlling the environment in order to protect the fluorophore against photobleaching
reactions, like for example with oxygen scavenging solutions®°.

The alternative, physical approach to harvest more photons from fluorescent molecules is based on
enhancing the radiative decay rate of the fluorophore k,.. As the molecule spends shorter times in
the excited state before the emission of a photon, it can perform more excitation-emission cycles
before undergoing photobleaching. The way to physically enhance k, is based on Fermi’s “golden
rule”:
ke = [ pv) 3)

The state (i| corresponds to the excited molecule in the absence of any photon, (f]| is the final state
of the relaxed molecule and a single photon, H is the molecule-field interaction Hamiltonian. The
key factor in equation (3) is p(v), the density of photon states at the emission frequency v. A higher
photonic mode density (PMD) of the right frequency and polarization facilitates a faster radiative
decay of the excited fluorophore. Purcell was the first one to recognize that small metallic particles
could enhance k, at radiofrequencies'. At optical frequencies, the pioneering work by Drexhage™
on fluorescent molecules near metallic surfaces clearly established that metallic structures
supporting surface plasmons are ideal to produce strong modifications of the PMD. Meanwhile, the
influence of the PMD on molecular fluorescence and phosphorescence has been extensively studied
and understood in numerous plasmonic systems including thin films, colloidal nanoparticles and top-
down fabricated structures *%°,
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Remarkably, most investigations on plasmonic enhancement of molecular fluorescence have focused
on enhancing intensity and the emission directionality. In spite of its fundamental practical
significance, the possibility of increasing photostability of fluorophores by means of an enhanced
PMD has remained rather unexplored. Since the first theoretical prediction made by Enderlein* for a
molecule near a plane metallic surface, a handful of experimental investigations have been reported.
Reduced photobleaching was observed for fluorescent dyes in the vicinity of silver island films®. In a
systematic study using monolayers of fluorophores in front of a thin gold film, evidence supporting
Enderlein was found®®. Recently, it was reported that fluorophores incorporated into gold nanoshells
are considerably more resistant to photobleaching, and that single fluorophores adsorbed onto a
silver nanoparticle dimer can emit a substantially larger number of photons before photobleaching®.
However, none of these investigations constitutes a clear-cut experimental proof of the PMD
mechanism, or offered control over the photostability. Here, we combine a highly precise bottom-up
nano-fabrication using DNA self-assembly, time-resolved single molecule measurements, and 3D
electromagnetic calculations, in order to produce a controlled reduction of photobleaching that can
be fully ascribed to the local enhancement of the photonic mode density nearby gold nanoparticles.

92 nm

Neutravidin
Biotin 4
BSA

Figure 1. (a) Sketch of the DNA origami pillar (grey) labeled with a Cy5 dye (red) immobilized on a glass
surface. Single AuNPs of different size can bind, via a set of oligonucleotide chains laterally, with its equator
at the same height as the dye. (b) Upper view of the pillar structure showing the 66 helices that conform the
main shaft (orange) and the base (yellow). The circles schematically show on scale the sizes of the AuNPs
used.
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DNA origami — fluorophore - AuNP hybrid nano-structures

Figure 1a depicts a sketch of the nano-structures used in our experiments. A new pillar-shaped DNA
origami structure (in gray) is used as scaffold to incorporate a single Cy5 molecule (in red) and a
single AuNP in controlled positions via DNA hybridization. The pillar structure is made of 66 DNA
helices arranged in a vertical manner, an upper view is included in figure 1b. The main shaft is made
of a twelve-helix-bundle (helices 0-11 in figure 1b). At the top of the structure, a six-helix-bundle
(helices 0-5) protrudes over the last 18 nm. The structure is completed by three linear structures at
the bottom with the remaining helices (12-65) forming the base. For distance estimation, we
consider a distance of 0.34 nm between two adjacent base pairs and of 3 nm between two adjacent
helices®®. The Cy5 molecule is incorporated approximately at the center of the six-helix-bundle at a
height of 122 nm. The pillar structures labeled with the Cy5 are immobilized on a previously
functionalized glass surface using biotin-neutravidin®’ (figure 1a). Conditions are adjusted until a
surface occupancy of about 1 structure per squared micrometer, suitable for single-molecule
microscopy, is reached. Following immobilization, AuNPs surface functionalized with a Thiol-5’-15T-
3’ are added in solution. AuNPs of 20, 40 or 80 nm in diameter were used. The AuNPs bind to
complimentary strands protruding from helices 4 and 5 at a height of 122 nm (figure 1a). This
sequential binding approach avoids aggregation of multiple origami structures to the same AuNP?.
Furthermore, by adjusting the concentration and incubating time of the AuNPs the yield of AuNP
binding can be controlled in order to preserve a population of pillars without AuNPs for internal
referencing. Based on the sample geometry, we estimate the distance between the dye and the
AuNP surface to be 8.5 nm for every particle size.

Single-molecule fluorescence measurements

Fluorescence intensity and lifetime imaging was performed on a home-built sample-scanning
confocal microscope. For excitation, a pulsed laser with circularly polarized light at 640 nm was
employed. Fluorescence light was spectrally separated from the excitation by appropriate
interference filters and detected using an avalanche photodiode and a time correlated single photon
counting (TCSPC) module. In the measurements, we first obtained an image of a region of the
sample and located the Cy5-labelled DNA structures. Then, we moved the sample sequentially in
order to position, one at a time, each one of the detected DNA structures into the laser focus and
measure the time-resolved fluorescence emission of its Cy5 label until photobleaching occurred. In
order to assure that each transient corresponded to a single molecule, it was verified that
photobleaching occurred in a single step, otherwise they were discarded. The procedure was
repeated until about 250 single-molecule fluorescence emission transients were obtained from each
sample. We analyzed each single-molecule transient in order to obtain its average fluorescence
intensity (detected count rate), total number of detected photons and fluorescence lifetime. The
total number of detected photons is in all cases a constant fraction of the total number of emitted
photons due to the collection and detection efficiencies of our microscope. Hereafter, we use N to
refer to the total number of detected photons. See Methods for further details.

Due to the controlled yield of AuNP binding to the DNA-origami scaffolds, each sample contained a
fraction of structures without nanoparticles attached, which served as reference. The first
experimental task is to identify these two populations and determine for each Cy5 molecule whether
it was measured under the presence of a nearby AuNP or not. A fluorophore placed in the near field
of a metallic particle is expected to experience a different excitation rate as well as modified decay
rates”. We first analyzed the fluorescence lifetime of each Cy5 molecule measured. In all three
samples the two populations of structures, with and without AuNPs bound, were easily identified by
inspecting the lifetime distributions (figure 2, upper panels). The fluorophores of the reference
populations presented an average fluorescence lifetime of about 1 ns, whereas the fluorophores
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close to the AuNPs all presented a significantly shorter lifetime. Based on its fluorescence lifetime
value, each single transient was classified as reference (no AuNP) or bound to a AuNP of the
corresponding size.
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Figure 2. Upper panels: normalized frequency histograms of fluorescence lifetimes found in the samples of
AuNPs with diameters of 20 (a), 40 (b) and 80 nm (c). In each sample, two populations are clearly visible.
One with an average lifetime of about 1 ns corresponding to DNA-Cy5 without a AuNP bound (reference,
black) and another one with much shorter fluorescence lifetime corresponding to DNA-Cy5 constructs with a
AuNP attached (red). Lower panels: scatter plots of fluorescence intensity vs. lifetime. The values of
fluorescence intensity are normalized to the average of the reference population.

The near field intensity produced by the AuNPs at the fluorophore position is also expected to be
quite different for the AuNPs of 20, 40 and 80 nm. The average fluorescence intensity of each
individual molecule was normalized to the average of the reference population of each sample
(figure 2, lower panels). The reference populations in each sample presented similar fluorescence
intensity distributions, whereas the populations of molecules near AuNPs showed different
intensities depending on the nanoparticle size. When placed near the 20 nm AuNPs, the
fluorophores emit on average with a lower intensity of about 30% of the reference value. In
contrast, the 40 nm AuNPs cause a slight increase of the fluorescence intensity and finally, the
presence of the 80 nm AuNPs produces a strong 3 to 20-fold increase of intensity in agreement with
previous measurements®. The different fluorescence intensity distributions observed on the three
samples clearly evidence a size dependent effect of the AuNPs. The distributions of fluorescence
intensities are broadened by two sources of variation on the excitation rate. First, the distribution of
binding orientations of the DNA pillars on the glass®. And second, for each nominal size of AuNPs,
there is also a contribution from the distribution of nanoparticle size and shape?®?*'. In addition,
changes in intensity cannot be uniquely ascribed to changes of the excitation rate because
modifications of Q,- are expected too since AuNPs also produce modifications of k,. and k.
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Figure 3. Normalized frequency histograms of total number of detected photons N from the Cy5 molecules
in the samples with AuNPs of 20 (a), 40 (b) and 80 nm (c). For each sample N is computed for the
populations of DNA-Cy5 constructs without (reference, black) and with AuNPs attached (red). Each
histogram is fitted with a single exponential (lines). The mean number of photons obtained from the decay
constant 20 estimated from the fitting is shown in the legends.

Total number of photons before photobleaching

In contrast to the intensity, the total number of fluorescence photons emitted by a molecule does
not depend on the excitation rate (equation 2). At this point it is important to note that
photobleaching is a stochastic process, result of a single or a set of multiple photochemical reactions
that leads to the average rate kj. The number of total emitted photons by each individual
fluorophore is a variable that follows an exponential distribution. Looking only at individual
behaviors, e.g. the maximum number of photons emitted by one particular molecule, does not
provide any meaningful information. In other words, even in the reference population, if enough
molecules were measured, one molecule would be found, belonging to the asymptotic tail of the
exponential distribution, that would emit an arbitrarily high number of photons way above the
sample average.

Determining changes of photo-stability reliably requires the proper measurement of the distribution
of total photons emitted by the fluorophores. For each single molecule transient, we computed the
total number of photons detected until single-step photobleaching occurred (N). In figure 3, the
distributions of N are shown for each population of fluorophores. The first observation is that all
distributions are monoexponential confirming that each population selected by fluorescence lifetime
presents a single k,./k; ratio. In all three samples the reference populations present an average
number of about 9,000 total detected photons. The fluorophores in the constructs with the smaller
AuNPs of 20 nm present a distribution that is statistically indistinguishable to the references,
indicating that the observed reduction of fluorescence lifetime is essentially due to an increase of
knr. As the AuNP diameter increases to 40 and 80 nm, the average number of detected photons
increases to approximately 17,500 and 40,000; i.e. roughly a 1.9 and 4.3-fold increase in comparison
to the free fluorophores, respectively. Based on equation (2) and the larger number of detected
photons, the 40 and 80 nm AuNPs produce a noticeable increase in the molecular radiative decay
rate k,..
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Theoretical modelling

A unique advantage of the DNA self-assembled constructs is the great geometrical precision they
provide to fabricate nano-structures. In our case, the fluorophores are placed at controlled
nanometric distances from the AuNPs which enables the accurate modelling of their optical
response®’. The AuNP is modelled as a sphere of the nominal nanoparticle size, made of gold. The
fluorophore is modelled as a 1.5 nm (point-like) dipole oscillating at the frequency of 448 THz
corresponding to the peak emission wavelength of the Cy5 dye (669 nm). Both the gold sphere and
the point dipole are immersed in water. The response of the system is obtained by calculating the
electromagnetic field with a 3D finite difference time domain (FDTD) software (Microwave Studio,
Computer Simulation Technology, Darmstadt, Germany).

The variations of k,.- produced by the AuNPs are calculated as follows:

_ JJ P(p,6)d0
kel = If Po(e, 6)d0r

Where P (¢, 0) and P,(¢, 8) are the angular emitted power for the AuNP-dipole system and for the
reference situation of the same dipole emitter in water, respectively. The angles ¢ and 6 are the
usual azimuthal and polar angles in spherical coordinates and the integration is performed over full
space. Naturally, only the ratio of calculated emitted powers is meaningful to compare to
experimental variation of k, in the absence and presence of the AuNP. The actual values of [[ PdQ
and ff P,d() depend on the strength of the dipolar emitter (i.e. in the simulations, size and current)
just as the actual value of k, depends on the fluorophore used. The ratio k,/k? was calculated for
various diameters of the gold sphere for dipoles oriented along the tangential and radial directions
with respect to the sphere (figure 4). The experimental situation of randomly oriented fluorophores
is approximated by an average of 2/3 tangential dipoles and 1/3 of radially oriented dipoles. In order
to test the validity of the steady state bleaching model, the variation of k,. must be contrasted to the
relative variation of the number of total detected photons N/N° (where N and N° denote the
number of detected photons in the presence and absence of the AuNP). In figure 4, we plotted the
experimental values of N/N° together with the calculated values of k,./k2. The excellent agreement
between calculations and experimental results is clearly evident, confirming that the improved
photostability is a consequence of an enhancement of k,..
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Figure 4. Calculated variation of the molecular radiative decay rate (k,./k®) and experimental change in the
number of detected photons (N/N?), relative to the situation without AuNP, as a function of the diameter
of the AuNP. The calculations were carried out for different dipole orientations as indicated. The average,
representing the experimental situation of randomly oriented dipoles with respect to the AuNP, is
represented by 2/3 of the tangential k,. and 1/3 of the radial k,.. Error bars represent the propagation of +2¢
estimated error from the fitting of the distributions of N (figure 2).

For all AuNP sizes, the observed fluorescence lifetime was of about 100 ps, limited by the duration of
the laser pulses used. Although a quantitative discussion is not possible because the lifetime
measurements were limited by the instrument response, one can set a minimum reduction in
lifetime of about 10 times. Since the change in k,. produced by the 20 nm AuNP is negligible, the (at
least) 10-fold decrease in lifetime should be an exclusive consequence of a strong increase of k..
Local enhancement of the excitation field should account for the fact that the fluorescence intensity
is reduced only about 3 times, and not 10 times or more. The increment in k,. by a factor of 1.9 and
4.3, produced by the 40 and 80 nm AuNP, respectively, is also insufficient to account for the 10-fold
lifetime reduction, indicating that k,, has increased even more than k,. Despite the reduced
quantum efficiency, the detected signals are not reduced and even enhanced for the 80 nm AuNP
due to a strong enhancement of the excitation field®.

Conclusions

We demonstrated that the total number of fluorescence photons detected from a fluorophore
before photobleaching can be controlled by electromagnetic coupling to a metallic nanoparticle in
the near field. For fluorophores placed at 8.5 nm from the AuNP surface, the increase in
photostability is found to depend strongly on the AuNP size. AuNPs of 20 nm produced a negligible
effect, whereas the 80 nm AuNP made the fluorophores to emit more than four times more photons
before photobleaching.
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DNA self-assembly is an excellent strategy to produce large amounts of nano-sized hybrid constructs
containing fluorophores and metallic nanoparticles in a well-defined geometry. This unmatched
precision in the geometrical structuring enables the accurate theoretical modelling. Comparison of
the experimental results to the theory demonstrates that the number of total emitted photons
before photobleaching is proportional to the changes of the radiative decay rate of the fluorophores.
Confirmation of this mechanism establishes a clear guideline for the exploration of new schemes and
hybrid nano-structures able to manipulate photostability of fluorophores and other photochemical
reactions. Also, it provides a way to determine changes in the radiative rate of fluorophores, which
in combination with lifetime measurements gives access to all photophysical rates of the
fluorescence process. The radiative rate of fluorophores in close proximity to metallic nanoparticles
can be enhanced much more than in the present experiments by optimizing distances and resonance
conditions. Remarkably, as the non-radiative rate does not affect the number of emitted photons,
even in situations of strong quenching one should be able to harvest orders of magnitude more
fluorescence photons before photobleaching.

Materials and Methods

Sample preparation. Nanoparticles are functionalized with a T;5- DNA strand with a thiol
modification on the 5’-end according to ref.**>. The DNA origami structures are folded as described
previously®, a list of the single “staple” strands is included on the Supporting Information. The DNA
origami are filtered three times with a buffer containing 1xTAE and 12.5 mM MgCl, (Amicon Ultra-
0.5 ml Centrifugal Filters, 100,000 MWCO) at 14,000 rcf for 8 minutes and then recovered for 2
minutes at 1,000 rcf. Immobilization was carried out on BSA/BSA-biotin/neutravidin surfaces as
shown in ref® in 1xPBS with 12.5 mM MgCl,. After the DNA origamis are bound we incubate the
sample with a buffer containing 1xPBS, 700 mM NaCl and the gold NPs of the different sizes until a
sufficient fraction of DNA origami is equipped with a NP. The final measurement buffer consists of 1x

PBS.

Time resolved single-molecule measurements. Single-molecule fluorescence transients are
measured with a custom built confocal setup based on an inverted microscope (IX71, Olympus) with
a high NA oil immersion objective (100x/NA 1.40, UPLSAPO100X0O). The Cy5 dye molecules are
excited at 640 nm with an 80 MHz pulsed laser diode (LDH-D-C-640, Picoquant) delivering 1 uW at

the objective pupil. A combination of linear polarizer and quarter wave plate ensures circular
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polarization of the laser beam which is guided to the sample by a dichroic beamsplitter (Dualband
2532/633, AHF). The surface with immobilized DNA origamis is imaged by scanning the sample with a
piezo stage (P-517.3CL, Physik Instrumente). From that image, molecules are selected and placed in
the laser focus for time resolved analysis. The resulting fluorescence is collected by the same
objective and separated from the excitation light after focusing on a 50 um pinhole by two filters
(Bandpass ET 700/75m, AHF; RazorEdge LP 647, Semrock). The signal is detected by a single photon
counting module (7-SPAD 100, Picoquant) and a PC-card for time-correlated single-photon counting
(SPC-830, Becker&Hickl). The raw data is processed with custom made software (LabView2009,

National Instruments).

Fluorescence lifetime analysis. The fluorescence lifetime decays were fitted with a mono-
exponential function convoluted with the experimental instrument response function using a

custom routine written in IgorPro (Wavemetrics, inc.).
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