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Abstract

Multilayer substrates consisting of a glass slide, silver mirror, silica layer, and silver nanoparticles
were fabricated using magnetron sputtering. This new geometry of substrates with backplane
mirror and dielectric photonic cavity produced large average fluorescence enhancements up to
190-fold. Fluorescence enhancements of five fluorescent probes were measured over the broad
spectral range from 470 to 800 nm. Fluorescent probes were streptavidin conjugates attached to
the substrate surface through a layer of biotinylated bovine serum albumin. The protein layers
represent a common surface modification for surface-based bioassays such as immunoassays or
molecular diagnostic assays. We found that optimal enhancement is dependent on the thickness of
the dielectric layer separating the silver mirror and the silver nanoparticles and on the spectral
range. We performed numerical calculations for enhancement in both the excitation and emission
using finite element method (FEM) the results of which were in qualitative agreement with the
experimental results. The described method for fabrication multilayered substrates and the results
obtained with protein layers demonstrate great potential for the design of simple and ultrasensitive
fluorometric bioassays with large optical amplifications compared to the standard approaches of
enzyme-based bioassays with dielectric surfaces.

INTRODUCTION
Metal nanoparticles, in particular gold and silver, exhibit highly efficient interactions with
visible and NIR light, resulting from the excitation of localized surface plasmon resonance
(LSPR). LSPR induces large local field intensities that extend into and outside of the
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nanoparticles. One of promising application of nanoparticle LSPR that is intensively
explored by many groups is its use for the enhancement of fluorescence of organic (or
aromatic) molecules. Organic fluorescent molecules are available across a broad spectral
range from the UV to NIR and are widely used in biosciences. However, their applications
are frequently limited because of insufficient brightness when ultrasensitive detection is
required. The extensive research work to date pertaining to enhanced fluorescence using
various metallic nanostructures has been recently reviewed;1-3 thus, we limit our discussion
to Ag nanoparticles deposited on planar surfaces. To date, the observed average
fluorescence enhancements are similar for several fabrication methods, with none exceeding
50-fold. The most notable methods used for fluorescence enhancement on planar substrates
include chemical deposition of silver island films on glass,1-4 physical adsorption of Ag
colloids,1-3,5 and patterning methods based upon electron beam lithography.6-10 Methods to
produce precisely controlled sizes, shapes and interparticle separations such as electron
beam lithography, nanoimprint lithography and nanosphere lithography have resulted in
moderate fluorescence enhancements, typically less than 50-fold,6-11 but an enhancement of
1340-fold was observed for single low quantum-yield molecules from lithographically
fabricated bowtie nanoantenas.12 The common understanding for effective enhancement has
been to provide a strong overlap between the surface plasmon resonance band and
excitation/ emission spectra of fluorophores. The key issues for plasmon enhanced
fluorescence are the coupling of excitation light into an LSPR-fluorophore system (near-
field) and decoupling of fluorescence emission for effective detection in the far-field. Ag
nanoparticles deposited onto dielectric surfaces usually display optical density of 0.5 or less
in the visible range,4,5 which indicates that a large amount of excitation light is transmitted
through the substrate and not effectively used for fluorophore excitation. Moreover, the
emission is mostly isotropic, with a large fraction coupled into a dielectric substrate and not
in the direction of the detector. To increase the excitation and emission efficiency, mirrors
have been used underneath the metallic nanostructures. Direct deposition of Ag colloids
onto an Au mirror resulted in average enhancement of 50-fold and hot spots enhancement up
to 200-fold.13 The use of a dielectric spacer layer between metallic nanoparticles and
mirrors has been recently investigated in order to tune the plasmonic properties of particles
and increase the field by coupling localized surface plasmons with surface plasmon
polaritons.14-22 Field intensity enhancements factors up to 5000-fold were predicted for a
small separation between Ag nanoparticles and a planar mirror.20,23 The position of the
localized resonant plasmon modes of nanoparticles can be significantly tuned by changing
the distance to metallic film or changing the refractive index of the dielectric spacer.18,22 In
other studies it was shown that localized surface plasmon resonance strongly interacts with
waveguide modes of the dielectric layer15,24 and can be used for efficient transfer of power
from a fiber optic to a waveguide.17

Most of the experimental reports on fluorescence enhancements using planar plasmonic
nanostructures have not clearly linked the observed enhancements with spectral
characteristics of the plasmonic substrates or with theoretical calculations. This becomes
more important if more complex plasmonic substrates are fabricated, where several physical
mechanisms may contribute to the observed fluorescence enhancements. To obtain and
reproduce the optimal enhancements, one needs to understand the contribution from each
mechanism and properly implement layers of metals and dielectrics with specific
thicknesses.

In this report we describe the composition of multilayered substrates that maximize the
coupling of excitation and decoupling of emission that result in average fluorescence
enhancements up to about 190-fold. Compared to our previous report25 where we
established conditions for fabrication process of planar plasmonic substrates, here we extend
the evaluation of these substrates into far red and NIR spectral ranges. Moreover, numerical
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calculations are performed using the finite-element method (FEM) that provide insights on
understanding the excitation and emission contributions to the observed fluorescence
enhancements and provide guidance for rational design of substrates with a dielectric
photonic cavity.

METHODS
Substrate Fabrication

Glass slides (from VWR) were cleaned with “piranha solution” (35% H2O2/H2SO4, 1:3)
overnight, rinsed with distilled deionized water and dried with nitrogen before performing
vacuum deposition steps. (Caution: Piranha solution reacts strongly with organic compounds
and should be handled with extreme caution. Do not store the solution in a closed container.)
Metallic and dielectric layers were deposited using magnetron sputtering (AJA model ATC
1800-V). First, a 1.5 nm chromium layer was deposited on glass for adhesion of an Ag layer
of 200 nm thickness. After deposition of Ag film, a silicon dioxide layer with thickness
varying from 3 to 300 nm was added. A final thin layer of Ag of about 13 nm was deposited
followed by thermal annealing in air at 180 °C for 1 h. Substrates with varied thicknesses of
outer Ag layer and varied annealing temperatures were investigated previously.25

Fluorescent Probe Immobilization
The surfaces of the substrates and reference glass slides were coated with biotinylated
bovine serum albumin (BSA-Bt) using 100 μg/ mL solution in phosphate buffer with an
incubation time of 1 h. This step formed a monolayer of BSA-Bt that facilitated the
immobilization of streptavidin-dye conjugates (5 μg/mL). Streptavidin (SA) conjugated dyes
are Alexa Fluors from Invitrogen (Carlsbad, CA), AF488-SA, AF647-SA, AF680-SA, and
AF750-SA; and the infrared dye IRD800-SA from LiCOR (Lincoln, NE). Phosphate buffer
(PB) pH 7.4 and biotinylated bovine serum albumin (BSA-Bt) were from Sigma-Aldrich.
Ultrapure water (>18.0 MΩ) (Millipore Milli-Q gradient system) was used in the preparation
of buffers and aqueous solutions. The schemes of multilayer substrates with immobilized
dye-streptavidin conjugates are shown in Figure 1.

Spectroscopic Measurements
Extinction spectra were measured with a Hewlett-Packard 8453 spectrophotometer relative
to the bare glass. Reflectance spectra were acquired with a Varian Cary 100 Bio
spectrophotometer equipped with an external specular reflection attachment with fixed angle
of incidence of 12 degrees. For baseline correction, a reference aluminum mirror
(reflectance accessory) was used. Scanningelectron microscopy (Hitachi SU-70) was used
for surface morphology imaging. Fluorescence from surfaces was measured using an epi-
fluorescence microscope (Axiovert 135TV, Zeiss, see Figure 1) with 10×, NA 0.30 objective
(UPlanFl, Olympus). Excitation was provided using either a blue LED (Nichia NSPB500S)
with peak wavelength at 470 nm or a red LED (Nichia NSPR510CS) at 630 nm, and the
emission was observed through a band-pass filter of 535/50 nm (AF488-SA) and long pass
filter above 655 nm (red dyes). An NIR reader Odyssey from LiCOR (Lincoln, NE) was
used for NIR dyes at a laser excitation of 680 and 780 nm. Steady-state intensities were
measured on the multilayer substrates and compared to the signal of the respective samples
on bare glass. Fluorescence enhancement was determined as the intensity ratio of the
fluorescence signal measured from the multilayer substrate over the signal from the
respective reference sample on bare glass using identical experimental conditions. Time-
resolved data were measured using a phase-modulation fluorometer (K2 from ISS,
Champagne, IL). The LEDs were modulated by applying an RF driving signal from a
Marconi model 2022A frequency synthesizer (from Marconi Instruments, Allendale, NJ) to
the LED.26
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Numerical Calculations
Numerical calculations were based on the finite-element method (FEM) using COMSOL
Multiphysics version 3.5a.27,28 Two mechanisms of fluorescence enhancement caused by
the multilayered substrates were considered: enhancement in the excitation and
enhancement in the emission confined to the region where fluorescent probes are located.
Thus we performed two set of calculations: (1) calculating the effect of coupling of
excitation light into a multilayered substrate via average field intensity within a 10 nm layer
above the surface and (2) calculating the emission enhancement of randomly distributed and
randomly oriented dipoles (representing fluorophores) within a 10 nm layer above the Ag
nanoparticles. Figure 2 shows the model used for the calculations. An array of semispherical
Ag nanoparticles with radius of 60 nm and spacing 40 nm edge-to-edge was used to
approximate the heterogeneous silver nanostructures as thick layer of water above the
substrate surface. The calculated enhancements are relative to a system consisting of a 10
nm layer of silica above the reference glass substrate. We chose conditions that closely
match our experimental parameters: layer thicknesses, excitation wavelengths, emission
wavelengths, and respective refractive indices of environments. Silver dielectric properties
were taken from ref 29.

RESULTS AND DISCUSSION
Optical Characterization of Substrate

Figure 3 shows the SEM image of Ag nanoparticles obtained after annealing the Ag film
with mass thickness of 13 nm on silica coated glass. This Ag film was readily annealed,
which formed nanostructures resulting in large fluorescence enhancements.25 The Ag
nanostructures can be considered as a collection of nanoparticles heterogeneous in size and
shape. Using an imaged area of 2 × 2 μm2, the estimated filling factor is 24%, with about
11% of the area covered with circular particles of average diameter of 81 ± 26 nm and 13%
with elongated particles of average size 77 nm × 132 nm.

The broad surface plasmon spectrum of Ag nanoparticles as shown in Figure 3a is a result of
the plurality of sizes and shapes of the particles as well as the interactions between the
particles. To facilitate the measurement of the extinction spectrum of the Ag nanoparticles
alone, a silica-coated glass was used without the Ag mirror. Figure 3a also shows the
calculated extinction spectrum for an Ag array of hemispherical particles with 60 nm
diameter and interparticle spacing 40 nm determined from the calculated transmission of
incident light (E = log(1/T)). This Ag array resulted in a similar extinction spectrum to that
of nanoparticles on the multilayer substrates and therefore was used for numerical
calculations of excitation and emission enhancements. In Figure 3b are shown absorption
and emission spectra of dyes used in experiment, which overlap with the plasmon spectrum
of Ag nanoparticles.

We found that the reflectance spectra shown in Figure 4 were much more sensitive to
changes in silica thickness than the extinction spectra. For small to moderate silica
thicknesses of up to 75 nm, the spectra are similar in shape with progressively decreasing
reflectance values with increasing silica thickness. When the silica thickness is increased
above the 75 nm, the reflectance spectra are more complex, displaying well-defined minima
and maxima specific to the particular silica thickness. The reflectance of a similar three-
layer system (Ag mirror–silica-Ag thin film) was investigated experimentally and
theoretically using a stratified model.30 It was found that the reflectance minima depend
critically on the Ag film absorption and the phase shift of the electromagnetic wave when
double passing the dielectric layer. The optical path (nd, n is the refractive index and d is the
physical thickness) in the silica layer does not follow the simple integer multiple (m) of λ/2
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as is observed for Fabry-Perot type cavities consisting of two mirrors separated by distances
of nd = m(λ/2). When one of the cavity mirrors consists of Ag nanostructures, the resonance
condition is modified by the phase shift of the localized surface plasmon of the Ag
nanoparticles.6,15 The incident light interacts with a photonic cavity formed by a silica layer
with an Ag mirror on the bottom and Ag nanostructures on the top. The total phase shift
upon reflection includes the roundtrip of the wave in the cavity, the phase shift due to
reflection at the Ag mirror, and an additional phase shift due to the localized surface
plasmon excitation of the Ag nanostructures. Reflectance properties of the substrates
indicate that incident light can be highly reflected, almost to 100% as well as can be highly
absorbed or transmitted (low reflectance of about 5%). The above measurements of UV-vis-
NIR reflectance and extinction suggest a complex interaction of light with plasmonic
structures coupled to a photonic cavity. Low reflectance values suggest an efficient coupling
of incident light into a system. However, it is not obvious how the coupled excitation light is
distributed within the system and whether it generates the desired near field intensity within
the space where fluorophores are deposited on the surface of the substrate. Therefore, to
better understand the fluorescence enhancement and to gain insights on rational design of
the substrates, we used numerical calculations to determine the effect of variation in silica
thickness of multilayered substrates on the excitation and emission enhancements for
selected wavelengths. The important factor is the interplay between Ag surface plasmon
resonance and resonance within a silica layer which can be constructive as well as
destructive as indicated by the reflectance spectra.

Calculation of Excitation Enhancement
For excitation enhancements, calculations were performed using a plane wave incident
perpendicular to the substrate surface with excitation intensity |EY0|2, where Y (in plane of
substrate surface) is the direction of the electric field. As a consequence of the Ag
nanoparticles and multiple reflections within the dielectric layer, the total excitation
intensity consists of intensities in three directions; |EY|2, |EX|2 and |EZ|2. The excitation
enhancement was calculated as the ratio of average electromagnetic power within the 10 nm
volume above the surface of the substrate to that of bare glass with the same silica
thicknesses. Figure 5 shows the excitation enhancements for selected incident wavelengths
versus the thickness of the silica cavity. The choice of excitation wavelengths was consistent
by the experimental setup as shown in Figure 3b by arrows. In addition, we included
excitation at 530 nm that matches the extinction peak of Ag nanoparticles (Figure 3a). To
illustrate the strong effect of combined mirror and AgNP on the excitation enhancement, the
results for other substrates are also shown in Figure 5. For a substrate with the mirror and
silica layer only, the excitation enhancement varies periodically with silica thickness as
expected for a Fabry—Perot resonant cavity. For a substrate with AgNP, the excitation
enhancements are weakly dependent on silica thickness (variation within 10–20%). The
observed variations are mainly due to weak Fabry–Perot interferences within the silica
cavity. These calculations indicate that the substrate with mirror, silica cavity, and AgNP
provides the most efficient excitation enhancements. It is important to notice that the
enhancement peak does not follow the wavelength dependence governed by Fabry-Perot
interference. While the excitation enhancement is strongly dependent on silica thickness and
wavelength, one should notice that the substrate with silica thickness of approximately
25-60 nm facilitates similar enhancements across a broadrange of excitation wavelengths.
Using greater silica thicknesses above 150 nm, one can also obtain high excitation
enhancement (second peak) which varies strongly with wavelength; therefore multiple
spectrally distinct fluorophores may display very different enhancements or even quenching.
Such strong wavelength dependence may be useful for construction of substrates for
detection systems where some wavelengths need to be enhanced and other suppressed.
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Owing to limited experimental data for greater silica thicknesses, no extensive calculations
were performed above 200 nm.

The FEM calculations also provide the explanation how the coupled excitation light is
distributed within the system, and whether it generates the desired near field intensity within
the space where fluorophores are deposited on the surface of the substrate. Figure 6 shows
distributions of excitation light within a 10 nm layer for two incident wavelengths of 470
and 630 nm and silica thickness of 50 nm. Calculations of distribution of excitation were
performed for an Ag array of 40 nm particle diameter and 40 nm edge-to-edge spacing. The
drastic effect of excitation wavelength on excitation enhancement suggests that the addition
of the dielectric layer results in additional enhancement and shift of the surface plasmon
resonance of particles toward longer wavelengths. By varying particle size and shape, and
thickness of dielectric layer, one can calculate the optimal parameters for selected excitation
wavelengths and particular fluorophores. The active area for fluorescence enhancement is
defined by the spatial localization of the surface plasmon field. It is clear that the active area
for enhanced intensity distribution for a wavelength of 630 nm spreads over the entire
volume between the nanoparticles, thus efficiently exciting the randomly distributed
fluorophores. Interestingly, the enhanced field intensity for 470 nm is confined to volumes
close to the nanoparticle surfaces and also extends into the nanoparticles, so as a
consequence is less efficient for excitation. The enhanced field which is confined inside the
nanoparticles is dissipated into ohmic heating and not useful for fluorescence enhancement.
The enhanced field in close proximity to the particles surface also is not useful for
fluorescence enhancement because of potential adverse quenching effects in emission. Thus,
the overall excitation enhancement for fluorescence on multilayered substrates originates
from enhanced field intensity and its distribution into all polarization components.

Calculation of Emission Enhancement
For emission enhancement calculations we assumed a random distribution of point dipoles
(fluorophores) both in terms of the orientation of the transition dipole moments and in
distances from the surface within a 10 nm conformal layer. The total number of dipoles was
81 in the volume of 100 × 100 × 10 nm3 with transition moments equally distributed over
the X, Y, and Z direction (27 dipoles per direction). This translates to a dipole surface
concentration of 1.35 pmol/cm2 which correlates well with the estimated experimental
maximal (complete streptavidin monolayer) concentration of about 6 pmol/cm2. We found
that a 2-fold increase of number of dipoles resulted in a minor increase in calculated
emission enhancement of about 5%. While the emission spectra of fluorophores are broad,
we considered four emitters with emissions at 550, 580, 680, 720, and 800 nm which mimic
closely our selected fluorescent probes in the green, red, far red, and NIR, respectively (see
Figure 3b and Table 1). The hypothetical emitter at 580 nm is related to an excitation
wavelength of 530 nm, which is frequently used in biosensing. The power radiated by the
ensemble of dipoles was monitored by integrating the Poynting’s vector at a distance of500
nm in water above the surface within an 18° cone angle, which refract into air space with
24° cone angle. This is close to observed 17.5° using a 10× objective with NA 0.30; thus,
the calculation directly includes the increase in collection efficiency due to increased
directionality imposed by the multilayer structure.24 Radiation from dipoles oriented along
X and Y directions on the multilayer substrate were assumed equal because of the system
symmetry. The enhancement factors were calculated relative to the reference system of the
glass slide without any additional dielectric or metal layers. For the reference sample, only
dipoles oriented in the Y direction were considered because of the photoselective excitation
by the plane wave polarized in the Y direction.

The dipole emission enhancement factors were calculated relative to the reference system of
the glass slide without any additional dielectric or metal layers, and therefore represent the
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effective increase in radiative rate (i.e., radiative rate enhancement times collection
efficiency enhancement). For the reference sample, only dipoles oriented in the Y direction
were considered because of the photoselective excitation by the plane wave polarized in the
Y direction. Results of FEM calculations for selected dipoles (emission wavelengths) are
shown in Figure 7. The dependence of X dipole emission on silica thickness is similar to the
excitation dependence (Figure 5a), for example, the enhancements are maximal at about 25
nm for excitation at 630 nm and for X-oriented emitter at 680 nm. However, the
enhancement is quite different for the Z-oriented emitter; the greatest enhancement is
observed for no silica layer, while some quenching (<1.0) or no enhancement (~1.0) is
observed for most of the silica thicknesses. These numerical calculations are in agreement
with recent theoretical work on interaction of rotating electric dipole emitters with
nanocavities and finding that coupling is strongly orientation-dependent density of modes.31

Calculated and Experimental Fluorescence Enhancements
Effects of the combined resonances within the silica layer and localized surface plasmons of
the Ag nanoparticles on fluorescence were studied using several fluorophores that span the
spectral range from blue to NIR. The spectral properties of the fluorophores are summarized
in Table 1. All dyes are classified as bright fluorescent probes which display high extinction
coefficients and quantum yields. The quantum yield of AF750 was determined relative to
that of IRD800 of 0.1532 and of AF680 relative to the AF647 of 0.33.33 All values of the
quantum yields are for probes in buffer solution. We acknowledge that the quantum yield of
fluorophores when bound to surfaces can be different from that from solution and should be
regarded as a comparative factor between selected fluorophores. We focused on using Alexa
Fluors because of their good photostabilities and low self-quenching when used to label
proteins.34,35 The streptavidin conjugated dyes were immobilized on substrates that were
precoated with BSA-Bt. The use of BSA-Bt and streptavidin conjugates allowed us to
maintain identical geometrical conditions when using multiple fluorophores spanning a
broad spectral range. The estimated average distance between fluorophores and the substrate
surface is approximately 6–9 nm as defined by the dimensions of BSA and streptavidin.

Net fluorescence enhancements were estimated by the multiplication of excitation (factor
enhancing absorption rate) and emission enhancements. Strictly, net fluorescence
enhancement is calculated by the product of excitation rate enhancement, quantum yield
enhancement, and collection efficiency enhancement,36 but here we used the enhancement
in effective radiative rate to avoid lengthy calculations while still providing good qualitative
agreement with experiments.28

For direct comparison with experimental results, we considered average excitation
enhancements as shown in Figure 5a and emission enhancements as shown in Figure 7a. We
excluded dipoles in the Z direction because their contribution to overall enhanced
fluorescence is very small and their correct inclusion would require including three
orthogonal components for excitation and emission. For example, the calculated excitation
intensity of Z component |EZ|2 (as scattered from incident Y direction) is 31.3, 13.4, 11.4,
and 9.3% of total excitation intensity at 470, 630, 680, and 780 nm,respectively. The
emission enhancement of DZ dipoles is noticeable only at the small silica thicknesses, below
25 nm. Since we used weak excitation intensities from LEDs, we also do not consider
saturation conditions as we easily observed increases or decreases in fluorescence intensity
upon changing LED driving current.

For the red and far red range there is an excellent agreement between calculated and
observed enhancements as shown by the dependence on silica thickness in Figure 8 for
Alexa Fluors 647 and 680. This means that the model used for the calculations adequately
describes the electromagnetic properties of the substrates for this wavelength range. For
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blue/green and NIR range we observed larger fluorescence enhancement than that obtained
from calculations (Figure 9). Maximal calculated enhancement for 470/530 nm is 14-fold
compared to that observed for AF488 of about 30-fold. Similarly, 81-fold is calculated for
780/800 nm and up to 190-fold is observed. These apparent quantitative discrepancies
between calculated and observed values can be explained by the heterogeneous nature of the
Ag nanoparticles, which support fluorescence enhancement over a much broader spectral
range than the idealized Ag array used for the calculations. Furthermore, the disordered
pattern of Ag particles may contribute to stronger field enhancement than calculated here
using uniform spacing, as has been recently reported.37 This is in agreement with the
experimental extinction spectrum of Ag nanoparticles, which is broader than the calculated
spectrum, and thus supports blue/ green enhancement as well as NIR. Even greater
enhancement is anticipated for lower quantum yield fluorophores which might contribute to
larger observed enhancements.2,12,38 This might apply to IRD800 and AF750, which display
lower quantum yields. We discuss this more below in the context of lifetime changes.
Despite the complexity of the multilayered substrate, quantitative (red and far red) and
qualitative agreement between calculated and experimental data indicates that the design of
plasmonic materials for fluorescence enhancement can be well guided by numerical
calculations. The important aspect of the calculations is that the two mechanisms for the
observed fluorescence enhancements, excitation and emission, can be calculated separately,
which allows for the design of an optimal system.

One might surmise that the magnitude of fluorescence enhancement includes a contribution
from a larger number of fluorophores on the silver nanostructures compared to the planar
glass. We assumed an array of semispherical particles with diameter 60 and 40 nm spacing
(side-to-side), resulting in an increase of total surface area by about 28% compared to the
flat surface. Neither numerical nor experimental data were corrected for this relatively small
effect compared to observed large enhancements. Therefore, the observed large fluorescence
enhancements are due primarily to surface-enhanced phenomena and not to the differences
in the concentration of surface bound streptavdin-dye conjugates. In view of sensing
applications, the increase of sensing active area is desirable for improved sensitivity.

Fluorescence Lifetime
Lifetime measurements were performed using a frequency-domain fluorometer. Intensity
decays were acquired for streptavidin conjugates when free in buffer solution, bound to
reference glass surface, and when bound to the multilayered substrate surface. Typical
intensitydecays are shown in Figure 10 for AF680-SA in the three environments. Analyses
of the intensity decays were performed using a two-exponential decay model, and calculated
average lifetimes are summarized in Table 1 for a silica thickness of 50 nm, where the
greatest enhancements were observed. The detailed procedure of intensity decay analysis is
described in ref 25. Average lifetimes less than about 50 ps are at the limits of our LED/
PMT-based fluorometer, therefore we provide the range of lifetime values for which similar
fit values were obtained. It is evident that a dramatic decrease in average lifetime was
observed for each of the fluorophores when immobilized on the multilayer substrate. Large
decrease in the lifetime indicates that the radiative (kr), nonradiative (knr), or both decay
rates were modified by the presence of silver nanoparticles (τ = 1/(kr + knr)).4-6,12,22,36 The
significant decrease in lifetime and simultaneous large fluorescence enhancement imply an
increase of the radiative decay rate, which in consequence may lead to increased quantum
efficiency of the fluorophore. However, accurate determination of the quantum efficiency in
the total fluorescence enhancement requires calculations of both radiative and nonradiative
decay rates (Q = kr/(kr + knr)). It was reported that the increase in quantum efficiency can be
up to 10-fold for a very weak dipole emitter with 1% quantum efficiency in free space with
optimal distance between an emitter and silver particle surface of 2-15 nm.36 Because we
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were focused on relatively bright fluorophores we anticipate moderate increase in the
average quantum efficiencies, likely for the lowest quantum yield of NIR dyes. The decrease
in lifetime for AF488 (blue-green range) on the multilayer substrate is noticeably lower than
for dyes at longer wavelengths, which is consistent with lower fluorescence enhancement
and the expected distribution of the excitation (Figure 6).

CONCLUSIONS
We have fabricated multilayered substrates and found optimal and unique dielectric
thicknesses for large far-field fluorescence enhancement for probes across a wide spectral
range. An average enhancement from about 31-fold in blue-green and up to 190-fold in the
NIR range has been observed. Numerical calculations provided insights into the mechanisms
of fluorescence enhancements through the near-field intensity effect on excitation and the
effect of interaction of excited fluorophores with localized plasmons of the silver
nanostructures, including increased emission collection due to the underlying silver mirror.
Our results are important for understanding the fluorescence enhancing mechanisms,
application of numerical calculations to real experimental conditions, and guiding a rational
design of plasmonic substrates for biosensing applications in particular to biomolecular
assays.
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Figure 1.
Schemes of epifluorescence (a), geometrical configuration of reference sample (b), and
multilayered substrate (c) with an immobilized layer of streptavidin-fluorophore (SA-Fl) on
the layer of BSA-Bt. The specifics about the metal and dielectric layer thicknesses are
within the text. The thicknesses in the figure are not to scale. The abbreviations of F1, F2,
DF, and O are for the excitation, emission, dichroic filters, and microscope objective,
respectively.
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Figure 2.
Schemes of multilayer and reference models used for numerical calculations with
parameters: Ag array of semispheres with diameter of 60 and 40 nm edge-to-edge spacing,
Ag mirror with thickness of 200 nm, SiO2 layer with variable thickness from 0 to 240 nm,
and water thickness of 500 nm. The average excitation field intensity and radiation power of
randomly distributed dipoles were performed using the entire volume of a layer of 10 nm
above the silica (or glass) surface. The arrow shows the polarization of incident electrical
field.
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Figure 3.
(a) Extinction spectrum of Ag nanoparticles on silica coated glass (solid line) and the
numerically calculated spectrum for Ag array of semispherical nanoparticles of 60 nm
diameter and edge-to-edge spacing of 40 nm (dashed line). (Inset) SEM image of Ag
nanoparticles. (b) Absorption (thin lines) and emission spectra (thick lines) of AF488-SA
(1), AF647-SA (2), and AF750-SA (3). For clarity of figure, spectra of the AF680-SA and
IRD800-SA are not included. They are about 30 nm red-shifted compared to AF647-SA and
AF750-SA, respectively. Arrows indicate the experimental excitation wavelengths.
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Figure 4.
Experimental reflectance spectra of multilayered substrates.
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Figure 5.
Calculated average excitation enhancement within 10 nm layer above the surface for
substrates with variation of silica cavity layer for selected incident wavelengths: (1) 470, (2)
530, (3) 630, (4) 680, and (5) 780 nm). (a) Substrate with mirror, silica layer, and AgNP
array, (b) substrate with silica layer and AgNP array, and (c) substrate with mirror and silica
layer.
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Figure 6.
Distribution of the excitation field intensity for 470 and 630 nm on a multilayer substrate.
Calculations are for a Ag array with semispheres of 40 nm diameter and interparticle
spacing of 40 nm (note that this array has smaller particles than used for other calculations
and comparisons with experimental data). The polarization of incident field is in the plane of
figure, from top.
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Figure 7.
Calculated average emission enhancement within 10 nm layer above the surface for
substrates with variation of silica cavity layer for selected dipoles with emission
wavelengths: (1) 550, (2) 580, (3) 680, (4) 720, and (5) 800 nm. Dipole transition moment is
parallel (a) and perpendicular (b) to the surface. The measurement of radiation power is
within a cone with 18 degrees.
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Figure 8.
Calculated (line) and experimental fluorescence enhancements (data points) for red (top) and
far red (bottom) spectral range.
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Figure 9.
Calculated (solid line) and experimental fluorescence enhancements (data points and dashed
line) for blue/green (top) and NIR (bottom) spectral range. Dashed lines are drawn for visual
guidance.
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Figure 10.
Frequency-domain intensity decays of AF680-SA in three environments. The intensity
decay (MEF) was measured for AF680-SA on a multilayered substrate with silica thickness
of 50 nm. Lifetime data for other dyes are summarized in Table 1. The lines represent the
best fit to the two-exponential decay model.
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