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Abstract

We examined the fluorescent spectral properties of fluorescein-labeled DNA oligomers when directly
bound to metallic silver particles via a terminal sulfhydryl group. We found a 12-fold increase in
fluorescence intensity and 25-fold decrease in lifetime for a fluorescein residue positioned 23
nucleotides from the silver surface compared to labeled oligomers in free solution. Similar results
were found for a 23-mer labeled with five fluorescein residues. The absence of long lifetime
components in the intensity decays suggests that all labeled oligomers are bound to silver and affected
similarly by the metallic surfaces. These results provide the basic knowledge needed to begin use of
metal-enhanced fluorescence for the detection of target sequences in simple formats potentially
without a washing separation step. The use of metal-enhanced fluorescence provides a generic
approach to obtaining a hybridization-dependent increase in fluorescence with most, if not all,
commonly used fluorophores.

INTRODUCTION

Methods to detect target DNA sequences are widely used in biotechnology and genomics.1*
In most such assays the target sequence is detected by binding to labeled oligomers, which are
specific for a sequence in the target DNA. Typically, the labeled oligomers are equally
fluorescent when in solution or when bound to the solid substrate. As a result, measurements
are typically end-point assays following washing steps.

We now describe a general approach to obtain a binding-dependent change in intensity for
almost any fluorophore. Our approach is based on the ability of metallic silver particles to
increase the intensity and photostability of a wide variety of fluorophores.>=? This effect is due
to the interaction of excited state fluorophores with mobile electrons on the surface of silver
particles resulting in an increase in the rate of radiative decay.10:11 This results in an increase
in the quantum yield of the fluorophore accompanied by an unusual decrease in lifetime. Our
approach provided a several-fold increase in intensity, which resulted in increased sensitivity.
The interaction of fluorophores with metallic silver particles is a through-space physical, and
not chemical, interaction. As a result, our approach can most likely be used generally with all
fluorophores and thus will be widely useful to measure any binding interaction.

There are a number of methods of fluorophore deposition on silver island films (SIFs). We
have used already thin layers of solution between slides coated with SIFs,® spin-coated polymer
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solutions doped with fluorophore,12 or protein monolayers containing fluorophores deposited
uniformly on SIFs.”:8:13 |n all these preparations some fraction of fluorophores remained
unaffected by silver particles. Atomic force microscopy (AFM) images showed that the silver
particles cover less than 30% of the silvered area.®> The fluorophores located on quartz/glass
between silver particles can be too far from the silver particles to be affected. In effect, observed
enhancements are underestimated and lifetimes always contained a long component
corresponding to the lifetime on the unsilvered slide. In this experiment we attempted to bind
fluorescein-labeled thiol-derivatized DNA oligomers exclusively to silver particles. Now, all
fluorophores are located in close proximity to the metal. We believe that this method will result
in more accurate enhancement values and will provide a larger dynamic range for the assays.

MATERIALS AND METHODS

Sample preparation

All oligonucleotides (Scheme 1) were obtained from the Biopolymer Core Facility at the
University of Maryland, School of Medicine. Nanopure H,0 (>18.0 MQ), purified using the
Millipore Milli-Q gradient system, was used for all experiments. All other compounds were
purchased from Sigma-Aldrich (St. Louis, MO) and used without additional purification.

SIFs were prepared on quartz slides (12.5 mm x 45 mm; Starna Cell, Inc., Atascadero, CA).
The quartz slides were first soaked ina 10:1 (v/v) mixture of HoSO4 (95-98%) and H,0, (30%)
overnight before the deposition. After being washed with ultrapure water, the quartz surface
was coated with amino groups by dipping the slides in 1% aqueous solution of 3-
aminopropyltriethoxysilane (APS) for 30 min at room temperature. The slides were washed
extensively with water and air-dried prior to silver deposition. Silver island film deposition
was accomplished as described previously.® Briefly, 10 drops of fresh 5% NaOH solution was
added to a stirring silver nitrate solution (0.25 g in 35 ml of water). A total of 1 ml of ammonium
hydroxide was added dropwise to redissolve the dark-brown precipitate. The solution was
cooled to 5°C in an ice bath and a fresh solution of o-glucose (0.36 g in 10 ml of water) was
added, followed by placing four pairs of APS-coated quartz slides into the solution. The mixture
was stirred for 2 min in ice bath and then allowed to warm to 30°C in the next 5 min. As the
mixture turned from yellow-greenish to yellow-brown the color of the slides became greenish.
The slides were removed from the beaker, rinsed with water, and bath sonicated for 1 min at
room temperature. Only one side of each slide was coated with silver islands. Unless indicated
otherwise, the free amino groups remaining on the quartz surface were blocked with succinic
anhydride by immersion in a freshly prepared solution of 0.111 g succinic anhydride in 7 ml
of 1-methyl-2-pyrrolidone and 0.77 ml 0.2 M sodium borate buffer, pH 8. After a 15-min
incubation at room temperature slides were washed in three changes of water. For some
experiments, in order to examine the spectral properties of DNA bound to a quartz surface as
well as to the silver surface, the amino groups were not blocked with succinic anhydride.

Immobilization of DNA samples on silver islands was accomplished by placing each slide in
3 ml of a 5nM solution of thiol-derivatized double-stranded DNA in a 1-cm? cuvette for 48 h
at 5°C. Solutions of ds-DNA samples (FI-DNA-SH, FI-DNA(FI)4-SH, and DNA-SH) were
prepared by mixing complementary oligonucleotides in 5 mM Hepes (pH 7.5), 0.1 M KCl and
0.25 mM EDTA buffer to a final concentration of 5 nM and cooling very slowly after incubation
at 70°C for 2 min. The concentration of single-stranded DNA was determined using £(495 nm)
= 76,000 M-1ecm-? for fluorescein-labeled oligonucleotides (pH 9), £(260 nm) = 225,000
M-1ecm-L for thiol-derivatized oligonucleotide, and £(260 nm) = 262,000 M-tcm-1 for unlabeled
oligonucleotide. The amount of ds-DNA deposited on silver island film was determined by
emission measurements of fluorescein-labeled DNA (Aex= 470 nm) in a 1-cm? cuvette before
and after immobilization.
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Before fluorescence measurements of labeled DNA immobilized on silver islands (Scheme I1),
each slide was washed three times with buffer (5 mM Hepes, pH 7.5, 0.1 M KClI, and 0.25
mM EDTA) and covered with the grooved part of a 0.5-mm demountable cuvette filled with
the same buffer to protect the surface during the measurements. Unlabeled thiol-derivatized
DNA samples (DNA-SH) on silver islands were used as the background controls. For
preparation of samples in which FI-DNA-SH was immobilized on entire area, not only on the
silver islands, we skipped blocking of free amino groups and we used 50 nM solution of Fl-
DNA-SH for immobilization.

Fluorescence measurements

Emission spectra from DNA-silver islands layers were collected in front-face geometry on a
SLM 8000 spectrofluorometer with 470 nm excitation from a xenon lamp. For photostability
measurements we used 514 nm excitation from an argon ion laser.

Lifetimes were measured on a 10-GHz frequency-domain fluorometer!# using a mode-locked
argon ion laser 514 nm, 76 MHz repetition rate, 120 ps pulse width, as the excitation source.
The emission was selected with combination of a 520 nm long-pass liquid chromate filter
(CrO 274/Cr,0 27, 0.3 M, pH 8) and an interference filter centered at 540 nm.

For frequency-domain (FD) measurements the excitation was vertically polarized and the
emission observed through a polarizer oriented at 54.7° from the vertical position. The FD
intensity decays were analyzed in terms of the multiexponential model

1(0)=) aexp (-1/7),
,- 1)

where 1; are the lifetimes with amplitudes «; and [H9018] «; = 1.0. Fitting to the
multiexponential model was performed as described previously.1> The contribution of each
component to the steady state intensity is given by

f._LT"
! Z(lej.
i (2)

The mean decay time is given by

;' :ZﬁT,’.

The amplitude-weighted lifetime is given by

(T) :Za,-r,».

(4)

The value of {z) is proportional to the area under an intensity decay. If the measurements are
performed using the same instrumental conditions, and the «; values are not normalized, the
values of (z) are proportional to the quantum yields.

In measurement involving metal particles one can expect dramatic changes in lifetimes and an
appearance of extremely short components. Therefore, we chose to use a 10-GHz frequency-
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domain fluorometer, which is known to resolve picosecond lifetimes with high resolution.16:
17

Effects of SIFs on fluorescence

In close proximity to a metallic surface, up to about 50 A, fluorophore emission is strongly
quenched. The emission of fluorophores near SIF but outside the quenching region depends
on two major factors, enhanced local field and an increase of radiative decay rate of the
fluorophore. The first factor provides stronger excitation rates. The second factor changes
quantum yield and lifetime of the fluorophore. The observed fluorescence enhancement is
given by

GGex - Gy %)
where Ggy = Qm/Qq is the increase in quantum yield of fluorophore near SIF. Scheme 111

shows the energy diagrams for molecules in the absence and presence of SIF. In the absence
of SIF, the quantum yield and lifetime are given by

r
Q()_F+k1u' (6)
1
To=—o,
O Tk @

where I is the radiative rate and kp, is the nonradiative decay rate. In the presence of SIF, the
quantum yield and lifetime are given by

On= +I'n B '(1+y)
" [+l etk T (14y) +hnetk (8)
1 1
Tm= = .
" [+l +kye+ky, T (1+y) Hhoetkm 9)

where I';, and k, are radiative and nonradiative rates induced by metal.

Increases in the radiative rate near SIF results in increased quantum yields and decreased
lifetimes. For more details see ref. 6.

RESULTS AND DISCUSSION

In order to compare the intensity of FI-DNA-SH in solution and bound to silver particles, it
was necessary to determine the amount bound to the slides. This is difficult to accomplish
because of the low absorption of a submonolayer of labeled oligomers and the absorption of
the SIF, which spans the entire UV and visible spectrum. We determined the amount of bound
DNA by a differential measurement. A SIF was incubated with a FI-DNA-SH solution for 48
h. The fluorescence intensity of the solution was measured before and after contact with the
SIF. Repeated experiments show an approximate 7% decrease (Figure 1). From this decrease
we calculated a surface density of 0.36 pmol/cm2. From AFM images of our SIFs>7 we
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estimated that silver particles cover 20-25% of the silvered slide. This suggests that the density
of FI-DNA-SH on silver particles is about 1.5 pmol/cm?2. The average distance between Fl-
DNA-SH calculated for such a surface density is about 100 A. We believe that in our case the
homotransfer between fluoresceins on FI-DNA-SH is minimal and therefore there is no self-
quenching.

Knowledge of the amount of FI-DNA-SH bound to the SIF allowed us to estimate the effect
of the silver particles on the fluorescence intensity. We compared the intensities of FI-DNA-
SH on a SIF with an equivalent amount of FI-DNA-SH (7 nM) in a 0.5-mm cuvette. This
comparison (Figure 2) shows that the emission of FI-DNA-SH is about 12-fold brighter on the
SIF compared to solution. Essentially no emission was seen from the area of the slide without
silver particles.

It is well known that the quantum yields and intensities of fluorophores can increase in some
environments. Hence, it was important to consider whether the increased intensity seen in
Figure 2 was an environmental effect of being bound to this substrate or an effect of the silver
particles. Typically, the intensities and lifetimes of a fluorophore change in the same direction,
whereas metal-enhanced fluorescence is known to result in decreased lifetimes.® Figure 3
shows the frequency-domain intensity decays of FI-DNA-SH when free in solution (top) or
when bound to a SIF (bottom). The lifetime decreases from 4.0 ns in solution to 0.14 ns when
bound to a SIF. This decrease demonstrates that the increased intensity seen on SIFs is due, at
least in part, to an increase in the radiative decay rate of the fluorescein molecules. Given the
magnitude of the intensity increase itis likely that there are contributions from both an increased
quantum yield and an increased rate of excitation.

The goal of these measurements was to determine the spectral properties of the labeled DNA
when directly bound to silver, without contributions from molecules bound to the substrate
distant from the silver or molecules in solution. For this reason the excess amino groups on the
slides were blocked with succinic anhydride. The nearly single exponential decay of
fluorescence on the SIF suggests (Figure 3) that all of the molecules are in a similar
environment. If FI-DNA-SH were also bound directly to the quartz we expect to observe some
intensity due to the quartz-bound oligomers and as a consequence longer decay time
components near 4 ns in the intensity decay. This effect is shown in Figures 4 and 5, which
present data from SIFs where the amino groups were not blocked. In this case we observed
significant intensity from the unsilvered slides which were incubated with FI-DNA-SH (Figure
4), accounting for nearly 25% of the signal. We believe much of this intensity is due to FI-
DNA-SH bound electrostatically to the APS-coated quartz surface. The intensity decay of FI-
DNA-SH on these unblocked slides was multiexponential (Figure 5 and Table I). For FI-DNA-
SH on quartz we found decay components ranging from 0.17 to 4.6 ns (Table I). On the SIF
with unblocked amino groups we also observed a 4.2-ns component. The intensity decay on
the unblocked SIF is comparable to that found for a mixture of silver-bound and unbound
labeled DNA (Figure 5, bottom, and Table I). The absence of longer decay time components
on the blocked SIF (Figure 3) indicates that the emission from this slide is due only to silver-
bound oligomers.

In order to obtain increased sensitivity DNA oligomers are frequently labeled with multiple

fluorophores. In the case of fluorescein, this usually results in self-quenching. We examined

an oligomer that contained five fluorescein residues, FI-DNA(FI)4-SH (Scheme I). In this case
the emission intensity on SIF increased 15-fold relative to the same amount of oligomer free
in solution (Figure 6). The lifetime decrease on the SIF indicates an interaction with the surface
plasmon. On this oligomer with five fluoresceins, about two of the fluorescein are expected to
be near the silver surface (<50 A) and possibly quenched. This suggests that labeled oligomers
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showing larger enhancements may be obtained when the multiple fluorescein residues are
positioned more distant from the silver surface.

Is the observed increase in brightness of fluorophores tethered to the SIFs useful? We believe
that more than an order of magnitude increase in fluorescence signal provides an opportunity
for increased sensitivity in a variety of assays. Each fluorophore located on a complementary
DNA oligomer will contribute with much stronger emission upon binding to the silver particles.

For oligomers with a single fluorescein residue the intensity increases 12-fold compared to the
emission of the same amount of fluorescein molecules in solution. This intensity increase may
be due to a combination of both an increased quantum yield of FI-DNA-SH on the SIF surface
and the possible increased rate of excitation due to an enhanced local field near the metal
particles.? The quantum yield of FI-DNA-SH in Hepes buffer at pH 7.5, calculated using
rhodamine 6G in ethanol (QY 0.94) as a reference, is about 0.44 (about half that of free
fluorescein). The increased quantum yield can be responsible for about 2.2-fold enhancement
of FI-DNA-SH emission on SIFs. Another factor of about 5.5-fold enhancement is due to
enhanced local field near the metal.

Finally, we examined the photostability of fluorescein when bound to SIFs with blocked and
unblocked amino groups between islands (Figure 7). The photobleaching rates were roughly
equal with somewhat higher stability on the blocked slides. We were hoping that the labeled
oligomers directly bound to silver would display much higher photostability. The oligomers
directly bound to the silver particles were somewhat more photostable than biotin-labeled
oligomers bound to the entire surface using protein monolayers,® prepared according to ref.
13 Since the rate of photobleaching is the same or slower on the silver particles, and the intensity
is more than 10-fold higher, these results indicate that a 10-fold larger time-integrated signal
can be obtained from the labeled oligomers on the silver particles. Further work is required to
determine which factors affect photostability on silver particles.

CONCLUSION

The preceding data support an important general conclusion. Movement of a labeled oligomer
from solution to a metallic silver particles can result in a 10-fold or larger increase in
fluorescence intensity. The interaction of fluorophores with these particles is a through-space
electromagnetic interaction and will thus occur with most fluorophores. We conclude that a
wide variety of biomolecule binding assays can be developed using the phenomenon of silver-
particle-enhanced fluorescence. In fact, recently we demonstrated such a hybridization assay
using silver-enhanced fluorescence.18
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Emission spectra and frequency-domain intensity decays of FI-DNA(FI)4-SH in cuvette and
on SIF with blocked amino groups.
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silver island films (unblocked amino groups), or bound via a protein monolayer.
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experimental geometry (right).
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SCHEME 3.
Jablonski diagram for free fluorophores (top) and on SIFs (bottom).
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