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Abstract

In this report, we use single-molecule spectroscopic method to study emission behaviors of
streptavidin conjugated quantum dots immobilized on biotinylated-BSA (bovine serum albumin)
monolayer near non-continuous rough silver nanostructure. We observed greatly reduced blinking
and enhanced emission fluorescence of quantum dots next to silver island films.
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Introduction

Semiconducting quantum dots (QDs) have been reported to posses numerous photophysical
properties that are superior to those of organic fluorophores. The emission properties of
quantum dots, especially high-absorption cross section, exceptional photostability, wide
excitation spectraand narrow emission bands, are important to live cell imaging(1-3) and FRET
biosensors(4). However, single Quantum Dot shows strong fluorescence blinking. The
fluorescence from individual QDs turns “on” and “off” on timescales ranging from
milliseconds to many minutes. The long “off” periods are the main restriction for the use of
QDots in imaging applications and limits their applicability in single molecule detection. The
origin of the fluorescence intermittency has been studied in detail.(5-7) It has been postulated
that blinking arises from random ionization events that eject a carrier from the QD. The
distribution of “on”- and “off”-time differs from the exponential or near-exponential
distributions observed in most other types of single fluorophores.

Many previous studies on blinking of the bright fraction and on dark fractions have been based
on measurements of individual QDs immaobilized onto dielectric surfaces, such as glass
coverslip. It has also been shown that local environments play a key role in this blinking
phenomena and can affect the emission properties of QDs (8-13). Surrounding the QDs with
oligo ligands(8) or thiol groups(9) suppresses the blinking. This suppression is presumably due
to the passivation of surface trap by ligand groups. Enhanced luminescence in the presence of
gold colloids(10,12) have also been reported recently. A recent investigation in our lab has
revealed the enhanced fluorescence of home-synthesized QDs adsorpted directly on silver
island film(11). Despite recent progress, much work needs to be done to achieve reproducible
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and robust surface fuctionalization by developing flexible bioconjugation techniques.
Experimental results from various spatial configurations in addition to QD preparation
conditions differ in terms of spectral properties of QDs. In addition, as the emission properties
of the individual adsorbed QDs vary dramatically with respect to the assorted experiment
conditions and rough metallic surface topology, it is difficult to evaluate their emission
characteristics accurately. Here we describe a method to apply commercially available
streptadvin-conjugated QD coupled to biotinylated BSA monolayer to achieve structural
control between the QD and the metallic nanostructure. The surface derivatization of QDs with
organic ligands enables the QDs to disperse in a variety of supported matrices. The use of BSA-
monolayer technique offers more flexibility in spatial geometry control and provides a more
convenient approach for biological application.

One important technique for the elucidation optical properties of quantum dots is single-
molecule fluorescence spectroscopy, which eliminates averaging overall members of the
ensemble and can reveal fundamental properties otherwise hidden in ensemble measurement.
Time-dependent fluorescence fluctuations from a single QD reveal the presence of
fluorescence intermittency. In this work, we reported the results of suppressed blinking of
Quantum dots near SIFs.

Materials and methods

Single-molecule measurements were performed using a confocal microscopy system
(MicroTime 200, Picoquant, Germany) with an excitation line at 470 nm. Images were recorded
by raster scanning (in a bidirectional fashion) the sample over the focused spot of the incident
laser with a pixel integration of 0.6 ms. The excitation power into the microscope was
maintained less than 0.1 uW. Time-dependent fluorescence data were collected with a dwell
time of 50 ms. The fluorescence lifetimes of single molecules were measured by time-
correlated single photon counting (TCSPC) with the TimeHarp 200 PCI-board (PicoQuant).
The data was stored in the time-tagged-time-resolved (TTTR) mode, which allows recording
every detected photon with its individual timing information. In combination with a pulsed
diode laser, Instrument Response Function (IRF) widths of about 300 ps FWHM can be
obtained, which permits the recording of sub-nanosecond fluorescence lifetimes, extendable
to less than 100ps with reconvolution. Lifetimes were estimated by fitting to a y2 value of less
than 1.2 and with a residuals trace that was fully symmetrical about the zero axis. All
measurements were performed in a dark compartment at room temperature. Silver island films
(SIFs) were deposited on cleaned glass coverslips by reduction of silver nitrate as reported
previously(14). The formed silver island films are greenish and non-continuous. Only one side
of each slide was coated with SIF. The particles are typically 100-500 nm across and 70 nm
high covering about 20% of the surface(15). The QDs immobilization procedure is illustrated
in Scheme 1. A solution of Img/mL biotinylated BSA (Sigma) in 0.1x PBS (pH 7.2) was
applied onto the surface and the slide was incubated in a humid chamber overnight at 5 °C,
then extensively washed with distilled water. In a following step, a solution of streptavidin-
conjugated CdSe/ZnS quantum dot (Qdot 655, Quantum Dot Corp.) was deposited and the
slide was incubated for 1 hour. The QD concentration was adjusted at nanomolar levels
(0.1~0.5 nM) to give an appropriate surface density for single-molecule studies. After
incubation, the dye-immobilized coverslip was thoroughly rinsed with HEPES buffer solution
to remove loosely bound QD molecules and washed extensively with 0.1x PBS buffer.

Results and Discussion

The blinking phenomenon is confirmed by the single molecule fluorescence images. During
the raster scan, the bright spots in the image demonstrate the characteristic fluorescence
intermittency associated with single quantum dots immobilized on a BSA-coated glass
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coveslip. As clearly illustrated in Figure 1A, a single molecule stops emitting fluorescence, the
“off” time can be observed as a dark stripe in the spot of the image and followed by reoccurrence
of the florescence (*on” time). On the contrary, one can clearly observe that whereas some
molecules emit nearly continuously in the presence of silver island films (Figure 1).

Figure 1 displays typical time traces of the fluorescence intensity from single strepavidin QDs
bound to a BSA-biotin layer on glass substrate. In Figure 1a, under continuous illumination,
the single QD switch abruptly between a fluorescent “on” state and a non-fluorescent “off” or
weak fluorescent “dim” state. Two intensity levels are clearly distinguishable beyond those
expected from shot-noise limited fluctuations. Another representative emission pattern is
illustrated in Figure 1b while the emission fluctuates stochastically compared to Figure 1a. In
the presence of metallic nanostructure, a large distribution of quantum dots shows as much as
more than 3-fold increase in fluorescence intensity. In addition, a large fraction of molecule
studied (>70%) did not display any long off times of interest. The time traces observed from
SIF show relatively continuous rather than discrete intensity fluctuations (Figure 2). The
interval of “on” times increases to a point where the blinking events rarely appears during the
illumination. As illustrated in Figure 2b, the fluorescence intensity is well above the
background noise level, we do not observe dark states during the 60-second observation time.
To examine blinking on the large timescale of many seconds, a threshold was set at a level of
3-fold standard deviation with respect to the mean background during the on/off histogram
analysis to distinguish between the states as described previously(16,17). We find that the
decay of probability density for single QDs on glass is linear on a log-log scale and can be fit
by an inverse power-law kinetics, Pt which has been intensively discussed to describe the
quantum dot blinking(5-7,18,19). The approximately linear fit yields a value of 1.74 (Figure
3), which resembles previous data(6,7). Similarly, we observed a roughly fit of off-time
distribution for single QDs in the presence of SIFs with a value of 2.50. A difference in the
local environment and fluctuations of the QD is expected to be reflected in the blinking
coefficients o¢(20).

There exist several possible mechanisms to explain the nature of fluorescence intermittency in
semiconducting QDs. One popular explanation for the inverse power law behavior of the “off”
time is the presence of multiple ionization states and accordingly a distribution of
recombination rates (5-7). As an “off” state is ascribed to be caused by a photo-induced process
of the QD, the “off” time intervals are associated with the recombination rate of the ejected
charge carrier (most likely electrons) with the ionized dot. The “off” state happens when one
of the electrons in the photo-excited exciton either becomes trapped at the QD surface with
some probability to reversibly neutralize the quantum dot after some time, or tunnels into the
surrounding environment. The ionized quantum dot appears to be dark. Emission resumes once
the trapped charge carrier returns to a delocalized state in the core or a nearby electron is
captured from the surrounding environment. This model predicts the long-lived trap state,
thereby well-defined sets of on/off durations should be observed regularly in the emission time
transients(18,21). However the fact that a large fraction (~65%) of single QDs displayed
stochastic fluctuations as depicted in Figure 1b, indicating that such long-live ionized state
model can not explain well with the observed fluorescence intermittency. Recently, Frantsuzov
and Marcus(22) presented an alternative mechanism in their discussion of the correlation
between the non-radiative relaxation and the blinking of neutral QDs. In this model, the on/off
blinking arises from fluctuations in the non-radiative relaxation rate when the excited QD
returns directly (or via a surface state) back to its ground state. The hole trapping is an Auger
process. The extra hole energy enables the electron excitation from 1S, state to 1P, state. The
energy gap between 1P, and 1S, states is a stochastic process. It acts as a slow variable and
creates large variations in the trapping rate, which can be reflected as stochastic fluorescence
intensity fluctuation clearly observed in this experiment.
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The large disparity of off-time distributions we observed in Figure 3 is likely caused by the
changes in non-radiative decay channels due to the effect of surrounding metallic
nanostructure. The metallic structure with the sub-wavelength size usually displays an energy
resonance arising from the collective oscillation of migrated electrons on its surfaces, which
is defined as plasmon resonance(23,24). An emitter is described as an oscillating dipole to
radiate energy when emission occurs. When the dipole is localized near the metal particle, the
radiating energy from the fluorophore is dramatically altered through coupling with the metal
plasmon resonance to cause a change of the emission properties, which is referred as Radiative
Decay Engineering (RDE)(15). These energy resonances express as absorbance, excitation,
and scattering and induce strongly enhanced local fields in a near field region spatially overlap
with QDs. The highly enhanced scattering fields can be adsorbed by the QDs. As a result, the
plasmon interaction could amend the energy gap between the exciton hole and trapped hole,
and thus eliminates hole-trapping process, leading to reduce the frequency of blinking.
However, the plasmonic effect on energy separations between the states is varied, for instance,
due to heterogeneous distributions of plasmon field, accounting for the remaining blinking
events.

The fluorescence lifetime is sensitive to the local environment of the molecule. The decay time
is often mono-exponential and given by

T= (r + knr)_l (1)

where I" and kp, are the radiative and non-radiative decay rate, respectively. The changes in
knr are typically due to changes in an emitter's environment, quenching or RET. The radiative
decay rate I" is constant and any changes are primarily due to changes in refractive index.
Proximity of quantum dots to metals can result in an increase in the total radiative decay rate
(15). The lifetime and the quantum yield near the metal then become

Tm = T+ 1—‘m + km')_l (2)
Qm = (r + rm) / (r + Iqm + Knr) 3)

The radiative rate is given by I' + T',, when Ty, is the part due to the metal. The change in
radiative rate results in remarkable effects such as the increase in quantum yield and decrease
in lifetime. We implemented the time-correlated single photon counting (TCSPC)
measurement on a single bright spot. Figure 4 illustrate histograms of lifetimes acquired from
single QDs on the unsilvered surface (gray) and silvered surface (black), respectively. Each
distribution contains data from approximately 70 molecules and is fit to a Gaussian function.
The mean of the lifetime distribution on glass is 19.5 ns. In the presence of SIFs, the lifetime
distribution shows a long tail and yields a mean value of 2.4 ns. The decrease in lifetime implies
that that the radiative rate of the quantum dot is much larger on the SIF than on glass(14,15,
25,26), which is compatible with overall increased intensity and reduced *“off” time. The wide
distributions of lifetimes can be viewed as the effect of the fluctuations of the nonradiative
relaxation rate postulated by Frantsuzov and Marcus(22). The unsymmetrical distribution of
lifetimes on silvered surface could also arise from diverse metal-fluorophore interactions that
may be due to the heterogeneous surface topography of metallic nanostructure(25,27,28).

In conclusion, we observed the suppressed blinking of single Quantum dot immobilized near
silver island films. The “off” time distribution of quantum dots near SIFs displayed power law
dependence with a dissimilar exponent compared with that of electromagnetic inert surface.
We ascribe it to the modification of fluorescence by the surface plasmon resonance from the
metallic nanostructure. The hole-trapping process is dramatically altered through coupling with
the metal plasmon resonance to cause a change in the fluorescence properties and lead to
suppression of blinking. The strong interaction of the excited molecules with the metal
nanostructures also dramatically shortens the lifetime of the non-emissive state. The individual
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QDs showed the extended “on” time and overall increased intensity near metallic
nanostructures. The findings should make the use of single QDs for a variety of applications

in

light-emitting devices.
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Scheme 1.
Immobilization of streptavidin conjugated quantum dots on biotinylated BSA monolayer. (the

glass surface was coated with silver island film).
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Figure 1.

Single molecule fluorescence images (10x10 um) and representative fluorescence time traces
and their expanded sections recorded for single QDs immobilized on glass substrates. Each
image pixel has a 0.6 ms dwell time and the fluorescence intensity is displayed in a colorized
scale, ranging from dark to light.
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Figure 2.
Single molecule fluorescence images (10x10 um) and representative fluorescence time traces
and their expanded sections recorded for single QDs immobilized on SIF substrates. Each

image pixel has a 0.6 ms dwell time and the fluorescence intensity is displayed in a colorized
scale, ranging from dark to light.
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Figure 3.
“off” time histograms compiled from around 70 single QD molecules. The lines are

approximately inverse power-law fits to the histogram, giving rise to an exponent of —1.74 on
glass (open circle) and —2.5 on SIF (solid circle).
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Figure 4.
Lifetime distributions of single QDs(Black: on SIFs; gray: on glass. Red Lines: Gaussian fits)
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