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Abstract: We studied ﬂuorescence enhancements of ﬂuorescein tethered to silver colloids of
different size. Thiolated 23-mer oligonucleotide (ss DNA-SH) was bound selectively to silver
colloids deposited on 3-aminopropyltriethoxysilane (APS)–treated quartz slides. Fluoresceinlabeled complementary oligonucleotide (ss Fl-DNA) was added in an amount signiﬁcantly lower
than the amount of unlabeled DNA tethered to the colloids. The hybridization kinetics, observed as
an increase in ﬂuorescence emission, on small (30 – 40 nm) and large (⬎ 120 nm) colloids were
similar. However, the ﬁnal ﬂuorescence intensity of the sample with large colloids was about 50%
higher than that observed for the sample with small colloids. The reference sample without ss
DNA-SH was used to estimate the ﬂuorescence enhancements of ﬂuorescein tethered to the small
colloids (E ⫽ 2.7) and to the large colloids (E ⫽ 4.1) due to its steady ﬂuorescence signal. The
proposed method, based on controlled hybridization with minimal amount of ﬂuorophore labeled ss
DNA, can be used to reliably estimate the ﬂuorescence enhancements on any silver
nanostructures. © 2004 Wiley Periodicals, Inc. Biopolymers 77: 31–37, 2005
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INTRODUCTION
Today ﬂuorescence spectroscopy and microscopy require minimal sample volumes, often in the range of
femtoliters, and/or extremely low concentration of ﬂuorophores. The ﬂuorescence signals observed from such
samples are low and may not be detectable with low
quantum yield ﬂuorophores. There is a great interest in

the development of new, better ﬂuorophores, particularly with increased photostability. In the last decade
remarkable progress has been made in the area of new
biological ﬂuorescent probes such as cyanine dyes,1
Alexa Fluors, and the entire spectrum of indicators proposed by Molecular Probes Inc.2 and other companies.
Another approach to obtain increased sensitivity is
to create conditions in which ﬂuorophores will be
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brighter. Already in the early 1970s, Drexhage3,4
found that ﬂuorophores placed near reﬂecting metallic
surfaces show oscillations of the emissive lifetime
with distance from the metal surface. These ﬁndings
resulted in a number of theoretical5–11 and experimental12–18 studies on the interaction of an excited molecule with metallic surfaces and metallic particles.
In a series of recent publications we studied the
emission enhancements of ﬂuorophores placed on, or
near, silver island ﬁlms (SIFs),19 –27 silver colloids,28 –30 and other silver nanostructures.31,32 In all
of the experiments the increase in the brightness on
the silvered part of the sample was accompanied by a
reduction in the lifetime. This can be explained by
either a change in radiative rate of the ﬂuorophore or
rapid reemission of the photon by the metal particle
which obtained the excitation energy from the ﬂuorophore.33 The increase of the ﬂuorophore brightness
near the silvered surface has been used to study the
kinetics of DNA hybridization34 and protein assays.35
To reliably detect such kinetics, the surface has to be
carefully prepared, assuring a selective binding of
emitting species to the metal particles. Recently, we
reported on such selective binding of thiolated oligonucleotides to silver particles.36 The increased emission here is referenced to the time zero signal, which
is equal to the signal from the bulk solution.
The use of metal-enhanced ﬂuorescence requires
an understanding of the ﬂuorophore–metal interaction
and the magnitude of enhancement. However, it is not
always easy to estimate ﬂuorescence enhancement of
ﬂuorophores deposited on metallic surfaces. Usually,
the ratio of emission intensities on metalized/unmetalized parts of the sample is the most effective measure of the enhancement effect.
This enhancement can be due to increased rates of
excitation, increased rates of emission, or different
amounts of ﬂuorophores on the silvered and nonsilvered surfaces. Most of the reports assume the same
amount of ﬂuorophores on metalized and unmetalized
parts of the sample. However, absorption measurements are difﬁcult and not reliable on a metalized part
of the sample and radioactive labeling and detection
are not always practical. The control of the amount of
ﬂuorophores deposited on the metallic surface is important to determine whether the increased brightness
originated from the metal enhanced ﬂuorescence or
from a higher dye concentration. In this manuscript,
we describe a general method for the comparison of
emission enhancements on any metallic nanostructures based on selective hybridization with minimal
amount of stained ss DNA. We compare the enhancements obtained for different sized colloids deposited
on quartz substrates.

SCHEME 1 Thiolated oligonucleotide, ss DNA-SH, was
bound selectively to silver colloids deposited on APStreated quartz substrate. Fluorescein-labeled complementary oligonucleotide, ss Fl-DNA, was injected into the solution. The concentration of Fl-labeled DNA was signiﬁcantly lower than unlabeled DNA tethered on colloids. For
the control we used a sample without thiolated ss DNA.

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 H2O (⬎18.2 M⍀), 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.
Silver colloids were prepared by reduction of silver
nitrate with sodium citrate under controlled temperature/
time conditions.

Small colloids. To a stirred solution of AgNO3 (36 mg in
200 mL H2O) at 70°C, 4 mL trisodium citrate (34 mM) was
added dropwise. The reaction mixture was warmed to 87–
90°C, and stirring was continued for 15 min (until the color
of the reaction mixture turned to yellow). The resulting
mixture was then cooled in an ice-water bath for 15 min.
The colloid solution was puriﬁed by centrifugation at 8,000
rpm for 8 min and the precipitate (residue) was dissolved in
1 mM trisodium citrate (8 mL).
Large colloids. A stirred solution of AgNO3 (36 mg in
200 mL H2O) at 91°C was treated dropwise with 0.5 mL
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trisodium citrate (34 mM). The solution was stirred for
25–30 min and warmed to 96°C. 3.5 mL trisodium citrate
(34 mM) then was added dropwise to the reaction mixture in
ﬁve portions (every 15–20 min). Stirring was continued for
40 min until the milky yellow color remained. The resulting
mixture was then cooled in an ice-water bath for 10 –15 min.
The colloid was puriﬁed by centrifugation at 3,500 rpm for
6 min and 100 L of precipitate was dissolved in 1 mM
trisodium citrate (8 mL).

Colloid Binding to Slides
Silver colloid ﬁlms were prepared on quartz slides (12.5 mm
⫻ 45 mm; Starna Cell, Inc., Atascadero, CA). The quartz
slides were ﬁrst soaked in a 10:1 (v/v) mixture of H2SO4
(95–98%) and H2O2 (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 pair of two APS-coated
quartz slides were immersed in a small colloid solution and
left in darkness at 4°C for 8 h. The next two pairs of
APS-coated slides were immersed in a large colloid solution
and left in darkness at 4°C for 3 h. Only one side of each
slide was coated with silver colloid. After washing with
water, all free amino groups remaining on the quartz surface
(not occupied by silver particles) were blocked with succinic anhydride by placing them into the freshly prepared
solution of 0.111 g succinic anhydride in 7 mL of 1-methyl2-pyrrolidinone and 0.77 mL of 0.2 M sodium borate buffer
(pH 8). After 15 min of incubation at room temperature,
slides were washed with water three times.
Silver colloid surfaces were characterized by absorption
spectra and atomic force microscope (AFM) images collected using a Hewlett Packard model 8453 spectrophotometer and an Atomic Force Microscope (TMX 2100 Explorer
SPM, Veeco), respectively. The AFM was equipped with an
AFM dry scanner, 100 ⫻ 100 m. Surfaces were imaged in
air, in taping mode of operation, using SFM noncontact
mode cantilever (Veeco). Samples were washed with water
and dried with nitrogen prior to imaging. The AFM scanner
was calibrated using a standard calibration grid, as well as
gold nanoparticles 100 nm in diameter from Ted Pella.
Images were analyzed using SPMLab software.

DNA Deposition
The silver colloid– coated quartz slides described above
were used as one side of a 0.2-mm demountable cuvette
(12.5 mm ⫻ 45 mm; Starna Cells, Inc., Atascadero, CA).
Monolayers of thiol-derivatized oligonucleotides deposited
on silver colloids were prepared by placing each slide in 3
mL of a 50 nM solution of ss DNA-SH in 5 mM HEPES
(pH 7.5), 0.1 M KCl, and 0.25 mM EDTA buffer for 48 h
at 5°C, followed by washing three times using the same
buffer. Each slide was then reassembled with the grooved
part of the 0.2-mm cuvette and 1 nM solution of ss Fl-DNA
in 5 mM HEPES (pH 7.5), 0.1 M KCl, and 0.25 mM EDTA
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buffer was injected for the hybridization kinetic measurement. The concentration of thiol-derivatized oligonucleotide and the ﬂuorescein-labeled oligonucleotide in solution
was determined using ⑀ (260 nm) ⫽ 225,000 M⫺1cm⫺1 for
ss DNA-SH and ⑀ (495 nm) ⫽ 76,000 M⫺1cm⫺1 for ss
Fl-DNA (pH 9).

Fluorescence Measurements
Hybridization kinetics and emission spectra from DNA–
silver colloid ﬁlms were collected using front face geometry
on a SLM 8000 spectroﬂuorometer with 514 nm excitation
from a mode-locked argon ion laser with a 76-MHz repetition rate. Lifetimes were measured on a 10-GHz frequencydomain ﬂuorometer37 using the same source of light. The
emission was selected with a combination of a 520-nm
long-pass liquid chromate ﬁlter (CrO42⫺/Cr2O72⫺, 0.3 M,
pH 8) and an interference ﬁlter centered at 535 nm. For the
frequency-domain measurements the excitation was vertically polarized and the emission was observed through a
polarizer oriented at 54.7° from the vertical position. The
FD intensity decays were analyzed in terms of the multiexponential model, as described previously.38

RESULTS AND DISCUSSION
Surface Preparation
We prepared two different colloid surfaces, as described under Materials and Methods, one with small
silver particles of about 30 – 40 nm in diameter and
another with large silver particles about 120 nm in
diameter. The AFM images of both colloidal surfaces
are shown in Figure 1. These images are easily distinguishable. The absorption spectra shown in Figure
1 also are different. The spectrum measured for the
large colloids is broader and has a long-wavelength
tail characteristic of large-sized colloids.33 In total, we
prepared four similar quartz substrates for each of the
two colloids to use as a reference sample and later to
check the reproducibility of the results. Within the
series, the colloid ﬁlms differed by less than 10% in
maximum absorption and had a similar spectral shape.
The selected two slides with small and large colloids
(those described in Figure 1) were covered densely
with ss DNA-SH as described under Materials and
Methods.

Enhancement Measurements
Generally, the idea of the enhancement measurement
has been described in Scheme 1. The studied colloid
surfaces have been densely covered with ss DNA-SH,
which bind selectively to the silver, since APS-coated
quartz surfaces have been neutralized by coupling
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FIGURE 1 (Left) Absorption spectra of deposited small colloids (top) and large colloids (bottom).
(Right) Atomic force microscope images of small (top) and large (bottom) colloids.

with succinic anhydride after colloid depositions.
Each metalized quartz plate served as one side of a
0.2-mm-thick demountable cuvette. This cuvette was
ﬁlled with hybridization solution containing ss FlDNA complementary to the ss DNA-SH on the surface. The number of ss Fl-DNA molecules in solution
was much smaller (about hundredfold) than the number of ss DNA-SH molecules on the surface. We
expected maximum ss DNA-SH coverage on the colloid surface to be in the range of a few pmoles/cm2.34
Since silver colloids occupied about 50% of the surface and we used 1 nM ss Fl-DNA solution in a
0.2-mm cuvette for hybridization, the maximum ds
Fl-DNA-SH coverage should be about 0.04 pmol/
cm2. In such conditions, after hybridization takes
place, most of the ss DNA-SH will remain unhybridized. However, this will not affect our measurements
because observed ﬂuorescence originates only from
the ﬂuorescein-labeled molecules. We believe that the
same amount of ﬂuorescein molecules will be present
near the silver particles, small or large, after the
completion of hybridizations with a negligible amount
of ss Fl-DNA in solution. If the ss Fl-DNA concentration were equal or larger than ss DNA-SH on the

surface, the comparison of enhancement effects
would be impossible.
Figure 2 shows the hybridization kinetics observed
for surfaces covered with small and large colloids. For
a few minutes, ﬂuorescence signals increased and,
after about 5 min, the signals remained steady. After
10 min, the hybridizations were completed. The ﬁnal
ﬂuorescence signal observed on large colloids is about
50% stronger than on small colloids. The control
experiments were performed with slides not covered
with ss DNA-SH. The control signals on large and
small colloids were almost identical; in fact the timedependent control signal shown in Figure 2 is an
average value derived from the data for both colloids.
The control signal is steady for the entire 10 min,
indicating lack of spontaneous binding of ss Fl-DNA
to the silver particles in this time scale. The level of
the reference signal has been used to estimate the
enhancements. Compared to the bulk solution signal
(or a zero time signal), the ﬁnal ﬂuorescence intensities were 2.7- and 4.1-fold higher for small and large
colloids, respectively. We repeated the entire experiment on another set of slides and obtained enhance-

Fluorescence Enhancement of Fluorophores

35

FIGURE 3 Fluorescence spectra of the samples containing small and large colloids after completed hybridization.
Also shown is the emission of the control sample without
colloid-bound complementary oligo.

FIGURE 2 DNA hybridization kinetics for small and
large colloids and for the control sample.

ments 2.6 and 4.2 for small and large colloids, respectively, which we consider satisfactory reproducibility.
The enhancements estimated here should be considered to be apparent values because they were obtained
using a bulk solution of ss Fl-DNA as a reference. If we
would have referenced the ﬂuorescence signals to the
hybridized ds Fl-DNA, the enhancements would be
higher by about 10%, since the ﬂuorescence signal from
the hybridized system is weaker.34
Figure 3 shows the emission spectra measured for
the samples with small and large colloids after completed hybridization, as well as the spectra for a
control solution. The presence of silver particles did
not distort the ﬂuorescein spectrum.
Next, after hybridization we demounted and
washed the cuvette and slide containing large colloids. We then assembled the cuvette and repeated the
hybridization measurement, as shown in Figure 4. The
second hybridization proceeded similarly to the ﬁrst
one. The same procedure was applied to the control
sample. The ability to observe the second hybridization proves that the amount of ss DNA-SH on the
surface is higher than that of ss Fl-DNA in injected
volume.
We also compared the lifetimes of the samples
after hybridizations. Figure 5 shows the frequencydomain intensity decays measured for small (Figure 5,

top) and large (Figure 5, bottom) colloids. Both lifetimes are signiﬁcantly shorter than the lifetime of ss
Fl-DNA in solution, which is about 4 ns.36 Similarly,
short lifetimes for ﬂuorescein deposited on SIFs have
been observed previously.26,36 The shorter lifetime
observed for large colloids with simultaneously
higher brightness indicates a stronger enhancement
effect and that the enhancement is due mostly to an
increase in the radiative decay rate rather than an
increased rate of excitation.

FIGURE 4 Repeated DNA hybridization. After the ﬁrst
hybridization was completed, the cuvette was demounted
and the slide containing colloids was washed with the
buffer. Next, the cuvette was assembled and the entire
experiment was repeated. The same procedure was applied
to the control sample.
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metal-enhanced ﬂuorescence. Colloids can be prepared with any desired size, and the preparations are
relatively homogenous with spherical-shaped particles. Colloids are expected to maintain their shapes
when bound to glass surfaces. The extinctions of the
colloids are known39 so that absorption can be used to
determine the density of the colloids on the surfaces.
We believe that surface-bound silver colloids can be
used as a reproducible surface for metal-enhanced
ﬂuorescence.
The work was supported by the National Institutes of
Health, the National Center for Research Resources, RR08119, and the Human Genome Institute, HG-002655.
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