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Abstract

We investigated fluorescence enhancements and lifetime reductions of Cy5 probe molecules at
various distances from the deposited silver island film surface using single molecule spectroscopic
methods. The proximity of fluorophore molecules to the surface was controlled by alternating layers
of biotinylated bovine serum albumin (BSA-biotin) and avidin, followed by binding of Cy5-labeled
oligonucleotides to the top of a BSA-biotin layer structure. We observed dramatically varied
brightness of fluorophores with distances from metal structures as well with reduced blinking in the
presence of silver island films. In addition, distributions of fluorescence lifetimes and apparent
emission intensities from individual molecules indicate an inhomogeneous nature of local matrix
surface near metallic nanostructures. These studies illustrate the exclusive information that is
otherwise hidden in ensemble measurements.

Introduction

DNA micoarray techniques based on hybridization of complementary nucleic acids have been
widely used in biotechnology and gene expressions.1=3 In most such assays, the target sequence
is detected by binding to fluorescently labeled oligonucleotides, which are specific for a
sequence in the target DNA.# Since the dye-labeled DNA is only present on the surface,
detection sensitivities are limited by the spectra properties and the photostability of the
fluorophores. Inaddition, background noise from sample matrixes or instrumentation can result
in a failure to detect weak signals. Among the different approaches being developed in
attempting to overcome these issues, surface-enhanced Raman scattering (SERS)®'6 and
surface-enhanced fluorescence (SEF)’~11 have been proved to be two potential detection
methods for analytical applications. In contrast to SERS, surface-enhanced fluorescence is
observed from molecules at a certain distance from the metallic surface.

The interactions of fluorophores with metallic particles have been studied theoreticallyl2—14
and empirically®=20 since 1980s. In these reports, the major concern was the dependence of
the emission rate on the distance between the dye layer and the metallic surface. The emission
can be quenched due to radiation energy transfer to the metal as molecules adsorbed directly
on the surface. Another consideration is the enhanced fluorescence due to increased
electromagnetic field of surface plasmon and/or enhanced quantum yield.1® The enhancement
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of fluorescence intensity generally depends on the surface features and the optimal distance of
fluorophores from the surface.%16=18 Shifting a fluorophore only a few nanometers away from
the metallic surface may lead to an enormous emission change by orders of magnitude. In
addition, the strong energy transfer from the excited molecules to the metal particles or an
increase in the radiative decay rate of the fluorophore can dramatically shorten the lifetime of
the excited state.16:21:22 This effect increases the number of excitation cycles a molecule can
survive until photobleaching. As a result, a dramatic increase in the number of photons can be
observed from a single fluorophore.23

In our opinion, the use of metallic particles to enhance fluorescence has great potential for
advances in medical diagnostics and biosensor fields. In this work, we examined the effects of
fluorophore-to-metal distance on enhanced fluorescence using the single molecule
spectroscopy (SMS) technique. The main advantage of SMS method is its ability to observe
phenomena hidden in ensemble measurements.10:24=27 A single molecule can be a reporter of
its local environment. The reporter properties of the fluorophores can be exploited to reveal
inherent differences in local environments or to monitor time-dependent changes in the host.
SMS completely removes the ensemble averaging and allows construction of actual
distributions of the spectral parameters. Such details of the underlying distribution become
crucially important when the system under study is heterogeneous. The technique also shows
enormous potential for exploring the underlying nanoenviroments in biological systems. For
biomolecules, heterogeneity can easily arise if various individual copies of a protein or
oligonucleotides are in different folded shapes, different configurations. With the advent of
single-molecule fluorescence technology, it becomes possible to study the emission of a single
fluorophores and its interaction with interface.

One of the most commonly used approaches to investigate the distance dependence is the self-
assembly and self-organization of protein layers.”11 In this experiment, we employed
alternating monolayers of biotinylated bovine serum albumin (BSA) and avidin (Scheme 1).
It is well-known that BSA adsorbs as a monolayer onto glass or silver surfaces, and the
subsequent exposure to avidin and then biotinylated BSA results in additional protein
monolayer.” The use of silver nanostructure increases the sensitivity of DNA detection,
especially at single molecule levels. Time-dependent intensity data were extracted to
characterize dynamic emission properties of fluorophores at various distances from silver
nanostrutures. The experiment results suggest potential applications of the use as single
molecule imaging in biotechnology applications.

Experiment Section

Sample Preparation

The oligonucleotides labeled with biotin, Cy5 (Biotin-3'-AGG-TGT-ATG-ACC-GGT-AGA-
AG-5'-Cyb5) were obtained from the Biopolymer Shared Service at the University of Maryland,
School of Medicine. Nanopure water (>18.0 MQ), purified using the Millipore Milli-Q gradient
system, was used for all experiments. All buffer components were purchased from Sigma-
Aldrich (St. Louis, MO) and used as received. The coverslips (18 x 18 um, Corning) used in
the experiments were first soaked in a 10:1 (v:v) mixture of concentrated H,SO,4 and 30%
H,0, overnight, extensively rinsed with water, sonicated in absolute ethanol for 2 min, and
dried with air stream. The purity was checked by fluorescence measurements at single molecule
levels.

Silver island films (SIFs) were deposited on cleaned glass coverslips by reduction of silver
nitrate as reported previously.2! The formed silver island films are greenish and nonreflective.
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.28
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Preparation of BSA-Biotin Modified Slides

Buffer components were purchased from Sigma-Aldrich. A solution of albumin, bovine-biotin
labeled (Sigma, 1 mg/mL, 100 uL) was applied onto the surface and the slide was incubated
in a humid chamber overnight at 5 °C and then extensively washed with distilled water and
dried. A 0.1 x PBS solution of avidin (egg white, Molecular Probes) (1 mg/mL, 100 xL) was
deposited and the slide was incubated for 1 h and washed extensively with 0.1 x PBS buffer.
For multilayer formation, the above procedures were repeated the necessary number of times
using 40-50-minute exposure times.

Immobilization of Cy5-Oligonucleotides

To investigate the fluorescence enhancement, both SIF coated coverslips and bare glass
coverslips with identical BSA-biotin/avidin layers were incubated in a solution of biotin-Cy5-
labeled oligonucleotides in 10 mM HEPS buffer (pH 7) for 1 h. The dye concentration was
maintained at nanomolar levels (0.2-0.5 nM). After incubation, the dye-immobilized glass
coverslips were thoroughly rinsed with HEPS buffer solution to remove loosely bound dye
molecules.

Single Molecule Experiments

All single molecule studies were performed using a time-resolved confocal microscopy
(MicroTime 200, PicoQuant). A single mode pulsed laser diode (635 nm, 100 ps, 40 MHz)
(PDL800, PicoQuant) was used as the excitation light. The collimated laser beam was
spectrally filtered by an excitation filter (D637/10, Chroma) before directing into an inverted
microscope (Olympus, I1X 71). An oil immersion objective (Olympus, 100%, 1.3NA) was used
both for focusing laser light onto sample and collecting fluorescence emission from the sample.
The fluorescence that passed a dichroic mirror (Q655LP, Chroma) was focused onto a 75 um
pinhole for spatial filtering to reject out-of-focus signals and then reached the single photon
avalanche diode (SPAD) (SPCM-AQR-14, Perkin-Elmer Inc). 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 1 xW. Time-dependent fluorescence data were collected with a dwell time of 50 ms. The
data were stored in a time-tagged-time-resolved (TTTR) mode, which allows recording every
detected photon with its individual timing information. Instrument response function (IRF)
widths of about 300 ps fwhm can be obtained in combination with a pulsed diode laser, which
permits the recording of sub-nanosecond fluorescence lifetimes extendable to less than 100 ps
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.

Results and Discussion

Imaging Experiments

Typical fluorescence images of 10x 10 um regions recorded for films with a single BSA-biotin/
avidin layer are illustrated in Figure 1. Images shown were recorded primarily for locating
single molecules for further time dependent analysis. Each pixel has a 0.6 ms dwell time and
the total number of photons counted in that time was displayed in a colorized gray scale, ranging
from dark (fewer integrated photons) to light. Typical background signals in these images are
less 1 count per pixel. These images provide initial, qualitative information on local sample
properties. Figure 1A shows a representative fluorescence image of a dye-immobilized BSA-
biotin/avidin layer on a bare glass slide, while Figure 1, parts B, C, and D, depict such images
for single BSA-biotin/avidin layer on SIF with varied immobilized dye concentrations. These
images were recorded under the same experimental conditions except Figure 1, parts B, C, and
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D, were excited under lower incident intensities. As extremely high emission rates were
observed occasionally on samples in the presence of SIFs, the laser power was greatly reduced
to avoid saturation of the detector during the experiment. A number of well-separated bright
round spots with diffraction-limited sizes of ~300 nm were observed in individual images.
Silvered substrates yield images that are clearly distinguishable by eye from the unsilvered
substrate as shown in Figure 1. The noticeable strong emission intensities of fluorescent spots
indicate preliminary information of enhanced fluorescence on silver island films. The density
of fluorescent spots on the film increases as incubated dye-labeled oligonucleotide
concentrations increase, providing strong proof that the bright spots are due to single dye-
labeled oligonucleotides bound to BSA-biotin/avidin surface. SIF film itself has low absorption
at the excitation wavelength at 640 nm and typically generates relatively weak fluorescence
emission28-30 which were invisible in such images under similar circumstance. In addition,
the peak signal of emission intensity of bright spots observed from bare glass substrates showed
somewhat uniform emission intensity distributions with a typical value of about 20 per pixel.
On the contrary, emission intensities on silvered surface varied dramatically from 80 to 500
per pixel. As shown in Figure 1, parts B, C, and D, some spots are very bright while others are
relatively dim. The intensity variations shown first indicate that dye molecules were located
in heterogeneous environments in the presence of SIF.

Fluorescence Time Traces

Some representative fluorescence intensity time traces (50 ms resolution) from individual dye
molecules immobilized on various numbers of BSA-biotin/avidin layers excited at 635 nm are
presented in Figure 2. Individual molecules suffer photobleaching as evidence by the discrete
drop in fluorescence intensity to the background level, providing strong evidence that single
dye molecules had been observed,3! which obviously distinguishes them from the clear
nondestructive “blinking” pattern from single silver particles.3? During the study, we have
selected the molecules in as unbiased a fashion as possible. To be ensuring that each bright
spot corresponds to a single molecule and not to a small cluster or to an impurity, all single
spots were checked for single-step photo-bleaching to make certain that the collected emission
was from a single molecule. The general appearance of the time trace is representative of more
than half of those observed in the experiment. A particularly high emission count rate is
observed in Figure 2A from a single layer of BSA-biotin/avidin on silvered substrate with the
relatively low excitation intensity (~20 au), which is more than 10-fold from that observed in
the absence of SIF with the comparatively high excitation intensity (~500 au). As the
fluorescence emission intensity and excitation intensity are nearly proportional in the present
study (Supporting Information Figure S2), the enhancement shown in Figure 2A is estimated
to be around 250-fold. An examination of the statistical distribution of fluorescence intensity
dependence of distance was carried out over a sample population of around 100 individual
molecules. Normalized brightness histograms for a collection of single molecule time traces
over a single BSA-biotin layer are illustrated in Figure 3. The derived mean brightness values
from various BSA-biotin layers are summarized in Table 1. There is no evidence that emission
intensity on the bare glass substrates is distance dependent. However, higher emission
intensities were always observed on the SIF surface relative to those on bare glass substrate
and the intensity levels drops sharply as the number of protein layers increased to 3. As noted
previously, only low laser intensity was used for exciting a single dye-immobilized BSA-biotin
layer on SIF, it is clear that there is a manyfold enhancement in the presence of SIF. The effect
is due to an enhanced local electromagnetic field in this region caused by the free electrons in
the metal and the incident light,® and dye molecules immobilized within should experience the
strongest fluorescent enhancement. The magnitude of the intensity levels is dramatically
variable as shown in Figure 3 and is most likely due to the spatial heterogeneity as the distances
range of the molecules from the silver islands varies. As statistically depicted in Figure 3,
around 35% molecules collected show more than 100-fold enhancement in emission.
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With one BSA-biotin/avidin monolayer (Figure 2A), the emission intensity is fairly constant
on the time scale of the binned integration time. Close examination of the time trace shown in
top insert (Figure 2A) indicates slight deviations of average values occurring on a slow time
scale in the order of 100 ms. The intensity time traces of most molecules on a single BSA layer
does not exhibit a tendency for blinking, an “on” count rate was maintained which was
relatively constant within the millisecond temporal resolution, up to the moment when a
photobleaching process would take place, whereas molecules on double or triple layers exhibit
long “off” durations of up to seconds (Figure 2B,C). As mentioned in the experiment part, dye-
labeled BSA-biotin/avidin monolayer on silvered surface was investigated under relatively low
excitation intensity. One argument is that less frequent blinking could be the result of lower
excitation intensities. However, this hypothesis is contradicted to previous reports, which
revealed shortened off-states due to the high pumping power.32-34 Additionally, the
examination of time traces from the dye immobilized monolayer on SIF with higher excitation
power completely eliminates this hypothesis, as the time profiles provided no evidence that
the blinking is dependent on the excitation intensity on silvered surfaces (data not shown).

Further evidence of reduced blinking behaviors on metal surfaces can be confirmed from
samples with multiple protein layers, which were excited at similar intensity levels. As shown
in Figure 2, dye immobilized on multiple protein layers were frequently switched “on” and
“off” in a similar manner with duration of a few hundred milliseconds up to tens to seconds,
from which the fluorophores return to their fluorescent state spontaneously and an increase in
nonfluorescence periods is observed as protein layers increase. Processes such as molecular
rotation, spectra shift due to local interactions, or conformational changes that modify the
absorption and/or emission properties of the molecule can cause blinking behavior.31:3% Other
experimental artifacts could induce blinking as well. To analyze these time traces, we
determined the off-times by applying a threshold to the data.2>:36=38 Histograms of off times
for multilayers on glass and silvered surfaces are present in Figure 4, respectively. The
distribution of off states and also significant differences in the time scale of this off state from
molecule to molecule suggest that the neighboring environment of the fluorophore could play
an important role. Blinking could be the results of interactions with the surface of the protein
layer. Although the probe molecules were attached to DNA with a few nanometers away from
the surface, the momentary interaction of fluorophores with nearby immobilized
oligonucleotides and the protein layers cannot be expelled. It is known that BSA consists of
60 lysines;3® these macromolecules can serve as potential binding sites for dye molecules. We
assume that frequent blinking observed were induced by fluctuations in the interaction
geometry of the collapsed fluorophore moiety and amino acid residues located in close distance
as shown in Scheme 1. As the number of the protein layer increases, the layers could become
partially misaligned at some spots. Consequently, blinking behaviors of Cy5 are becoming
more frequent with additional BSA-biotin layers. These dyes interact with neighboring residue
sites, and the blinking probably occurs via a reverse electron transfer reaction from the ground
state residue to the first excited singlet state of the dye. The discrete jumps in the intensity
suggest that the electron migration is sufficiently rapid. The “off” state with duration of tens
to seconds could be associated with a stabilized nonfluorescent Cy5 adsorbed to neighboring
biomolecules.3? The duration of “dim” or “off” state would be most likely to be associated
with the time of sticking event. As an additional effect with silvered surfaces, the metallic
nanostructure introduces new electromagnetic decay channels to the system, rendering excitons
incapable of accepting electrons from the residue and creating a relatively reductive
environment. Accordingly, we observed reduced frequency of blinking and relatively constant
photon emission proximity to silvered surfaces as demonstrated in Figure 2.
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Fluorescence Lifetime

A fluorophore usually emits photons within nanoseconds after absorption of the incident
photon. The decay law is often monoexponential and characterized by a natural lifetime

T=(T+hkye) ™! (1)

where I' and kp, are the radiative and nonradiative decay rate, respectively. The changes in
knr are typically due to changes in a fluorophore’s environment, quenching or FRET.2! The
radiative decay rate I is essentially constant, and any changes are primarily due to changes in
refractive index. The quantum yield (®f) is the fraction of the excited fluorophores which
decay by emission (I') relative to the total decay (I" + ky,,). Proximity of fluorophores to metals
can result in an increase in the total radiative decay rate by addition of a new rate I',. The
lifetime is then given by*0

Tm:(F"'l—‘m"'knr)_l ()

Since I'yy, is a rate process returning the fluorophore to the ground state, the change in I'y, results
in remarkable effects such as the increase in quantum yield and decrease in lifetime as I'ry
becomes comparable larger than I".21 We implemented the time-correlated single photon
counting (TCSPC) measurement on a single fluorescent spot. Once a single molecule is
microscopically selected, the standard technique of TCSPC is applied to measure delay times
between excitation by a pulsed laser source and emission from a single molecule. The excited-
state lifetimes of dye molecules can be determined.

Figure 5 shows a pair of histograms of distribution of single-molecule lifetimes obtained from
a single BSA-biotin/avidin layer on the bare glass surface as well as in the presence of SIF.
Each distribution contains data from approximately 100 molecules and is fit to a Gaussian
function. The mean of the lifetime distribution on silvered surface is 0.32 ns, which is much
shorter than the mean on glass, which is about 2.43 ns. This result shows that the radiative
decay rate of the Cy5 molecules is much larger on the SIF than on glass. We also measured
lifetimes of single dye molecules on multiple BSA-biotin layers on glass substrates and on
silvered surfaces. The approximate mean values and widths for the fit distributions are
presented in Table 2. As depicted from these data, the lifetime distribution changes dramatically
with increased BSA-biotin layers on silvered surface. As the number of layers increases, the
lifetime distribution shifts to longer values on average. The distribution obtained from one
single BSA-biotin/avidin layer on silvered film most clearly illustrates changes in fluorescence
lifetime induced by the strength of metallic electromagnetic field. The lifetime is about 1 order
below that of electromagnetic inert surface, which is consistent with bulk experiments.#1 When
depositing three BSA-biotin layers on SIF surface, the obtained lifetime distribution appears
to be relatively symmetric, showing similar widths and lifetimes to those found on unsilvered
surface, indicative of a strongly weakened and fairly similar electromagnetic field around these
probes. The mean values of lifetime and widths of the histogram distributions from various
protein layers on bare glass surfaces are generally comparable. This implies that local
nanoenvironments of immobilized dyes on such protein layers are relatively homogeneous in
the absence of silver metallic nanostructure. With a single protein layer on SIF, lifetimes are
found especially scattered in the range of 0.2 ns to 1 ns. The skewed Gaussian distribution
shown in Figure 5B indicates the presence of a mixture of nanoscale environments in the
sample. The possible origins could arise from the existence of environments differing in the
strength of electromagnetic interactions that occur between the silver islands and the dye
molecules.
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Conclusion

In summary, the single-molecule spectroscopic method has been employed to study the
distance effect of Metal-enhanced fluorescence (MEF) near silver nanostructures. Dye-labeled
oligomers were attached to an avidin layer and were inferred from the surface properties of the
protein monolayer. The controlled pattern of ordered macromolecules has the potential
application in the field of biotechnology. SMS methods ensure to provide detailed new
information on the emission of a single fluorophore and its interaction with interfaces. Intensity
and lifetime distributions reveal a mixture of spectral properties of dye-labeled
oligonucleotides near silver nanostructures. We believe that these are caused by the sample
heterogeneity. The immaobilized dye probes are located randomly and distantly near metallic
surface which could lead to such variations. By the use of protein layers, we found that the
maximum increase in intensity and maximum decrease in lifetime from a single BSA-avidin
layer which positions the fluorophore about 10 nm’ from the surface. Hence the optimal
distance for MEF can be readily obtained using a protein monolayer. More uniform intensity
and lifetime distributions are observed with multiple protein layers on silvered surfaces. The
nanometer changes in distance can be used to adjust emission properties of the fluorophore.

Another advantage of the single-molecule approach is that one can study fluctuations of the
molecular behavior which are usually buried when performing bulk experiments. The most
striking example studied is the so-call “blinking” behaviors of single fluorophores, when the
molecule switches repeatedly between a fluorescent state and a nonfluorescent state. We
suggest that frequent “off” durations from multiple protein layers can be explained by the
coupling of dye molecules to the protein layer residues. It is evident that the presence of SIF
influences the photophysics of single Cy5 molecules based on the observation of reduced
blinking behaviors.

For Cy5-labeled oligonucleotides, we found that the intensity increases greatly and the lifetime
decreases dramatically in proximity to the SIF surface. It is well-known that many factors can
result in increased intensities from fluorophores.*2 The absolute and relative brightness of a
fluorophore are dependent on the values of the radiative and nonradiative rates. Like a radiating
antenna, a fluorophore acts as an oscillating dipole, and nearby metal surfaces can respond to
the oscillating dipole and modify the rate of emission and the spatial distribution of the radiated
energy. The simultaneously decreased lifetimes and increased intensities observed proximal
to silvered surfaces indicate that the radiative decay rate increases to a comparable larger value
near the silver nanostructure. Decreased lifetimes should result in higher photostability because
there is less time for chemical reactions to occur in the excited state. In addition, reduced
blinking likely occurs because there will be less time for the fluorophores to go to the triplet
state. One might speculate the work presented has the potential of increasing detectability of
single molecules bound to surfaces which contain metallic structures, for either biophysical
studies or high sensitive assays.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

Typical fluorescence images obtained from a single BSA-biotin/avidin layer. These two-
dimensional 10x 10 xm images are 150 x 150 pixels. Each pixel has a 0.6 ms dwell time, and
the fluorescence intensity is displayed in a colorized scale, ranging from dark to light. (a) Cy5-
labeled oligomer on glass (laser intensity: 500 au, ~700 nW) with an incubated dye
concentration of 0.5 nM; (b) Cy5-labeled oligomer on SIF (laser intensity: 20 au, 30 nW) with
an incubated dye concentration of 0.5 nM; (c) Cy5-labeled oligomer on SIF (laser intensity:
20 au, 30 nW) with an incubated dye concentration of 1 nM; (d) Cy5-labeled oligomer on SIF
(laser intensity: 20 au, 30 nW) with an incubated dye concentration of 1.5 nM.
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Figure 2.

(A) Representative fluorescence time traces and their expanded sections recorded for Cy5-
labeled oligonucleotides bound to single BSA-biotin/avidin layers on glass substrate (green)
and on SIF (red). (B) Representative fluorescence time traces and their expanded sections
recorded for Cy5-labeled oligonucleotides bound to double BSA-biotin/avidin layers on glass
substrate (green) and on SIF (red). (C) Representative fluorescence time traces and their
expanded sections recorded for Cy5-labeled oligonucleotides bound to triple BSA-biotin/
avidin layers on glass substrate (green) and on SIF (red).
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Figure 3.

Normalized histograms showing distributions of fluorescence intensity levels recorded from a
single BSA-biotin/avidin layers on glass (green) and silver island films (red), respectively.
(Black lines: single-exponential fits).
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Figure 4.
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“Off” time histograms compiled from single molecules. The solid lines show the single-
exponential fits. Averaged “off” times (7o) for single Cy5 molecules immobilized on multiple
BSA-biotin layers on glass: a. 7off = 1.06 ms (double layers); b. o5t = 4.69 ms (triple layers).

Averaged “off” times (o) for single Cy5 molecules immobilized on multiple BSA-biotin

layers on SIF: c. 7o = 0.70 ms (double layers); d. 75t = 2.25 ms (triple layers).

J Phys Chem B. Author manuscript; available in PMC 2009 September 3.

30



1duosnuey JoyIny vd-HIN 1duosnuey JoyIny vd-HIN

1duosnue\ Joyiny Vd-HIN

Fu and Lakowicz

Page 13

25-

20 -

154

10

Occurrence

0 - . : . .
0 1 2 3 4
Lifetime (ns)

16+

Occurrence

RIEER Rt 1 D s | NE RO |1 i |
Lifetime (ns)

Figure 5.

(A) A histogram of lifetime distribution of Cy5-labeled oligonucleotides bound to a single
BSA-biotin/avidin layer on the bare glass surface. (B) A histogram of lifetime distribution of
Cyb5-labeled oligonucleotides bound to a single BSA-biotin/avidin layer on SIF. (Black lines:
Gaussian fits).
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SCHEME 1.

Cy5 labeled Oligonucleotide

Cy5-Labeled Oligonucleotides Were Bound to a BSA-Biotin/Avidin Multilayer Deposited on

Silver Island Film
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TABLE 1
Mean Values of Brightness and Normalized Fluorescence Enhancement Ratios Derived from Intensity Distributions
of Various BSA-Biotin/Avidin Layers on Glass Surfaces and Silvered Surfaces, Respectively (original graphic
distributions are provided in Supporting Information)

number of BSA-biotin layers

1 2 3
mean values derived from intensity on glass 68 54 56
distribution (counts/ms)
on SIF 75002 190 110
relative enhancement on SIF with 1102 35 2.0

respect to glass surface

aLI'he estimated intensity and enhancement were obtained by correcting with incident laser power.
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Mean Values of Cy5 Lifetimes Derived from Lifetime Distributions of Various BSA-Biotin/Avidin Layers on Glass
Surfaces and Silvered Surfaces, Respectively

number of BSA-biotin layers

1 2 3
¢ on glass (ns) 243 2.20 211
fwhm on glass (ns) 0.74 0.71 0.80
e on SIF (ns) 0.31 0.68 1.92
fwhm on SIF (ns) 0.17 0.23 0.56
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