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Abstract

We examined the fluorescence spectral properties of Cy3- and Cy5-labeled oligonucleotides at
various distances from the surface of silver island films. The distance to the surface was controlled
by alternating layers of biotinylated bovine serum albumin (BSA) and avidin, followed by binding
of a biotinylated oligonucleotide. The maximum enhancement of fluorescence near a factor of 12
was observed for the first BSA-avidin layer, with the enhancement decreasing to 2-fold for six layers.
The minimum lifetimes were observed for the first BSA-avidin layer, and were about 25-fold shorter

than on qu

artz slides without silver, with the lifetimes being about 2-fold shorter for six BSA-avidin

layers. These results suggest that maximum fluorescence enhancements occur about 90 A from the
silver surface, a distance readily obtained by one or two layers of proteins.

In recent publications we described the favorable effects of metallic silver particles on
fluorescence [1-3]. In these studies we used silver island films (SIFS),2 which are
subwavelength-size silver particles formed by reduction of silver nitrate on a glass surface.
The experiments showed that fluorescence intensities could be dramatically increased for
fluorophores in close proximity to SIFs, with the largest intensity increases observed for the
lowest quantum yield fluorophores. Additionally, the increases in intensity were associated
with decreasing lifetimes. These results are consistent with an increase in the radiative decay
rate of the fluorophores due to their interactions with the metal. This phenomenon is closely
related to surface-enhanced Raman scattering (SERS) and has been the subject of theoretical
analysis [4—7]. These theoretical studies predicted that radiative decay rates could be increased
1000-fold or more for fluorophores within 200 A of a silver particle.

The interactions of fluorophores with metallic particles have been the subject of a number of
publications [8-10]. There is reasonable agreement that the maximal enhancements occur
about 100 A from the surface, but some publications report the optimal distance to be as large
as 600 A [11]. In our opinion the use of metallic particles to enhance fluorescence has great
potential for advances in medical diagnostics and biotechnological methodology [1]. For this
reason we examined the effects of metal-to-fluorophores distance on enhanced fluorescence.

To investigate this distance dependence we use alternating monolayers of biotinylated bovine
serum albumin (BSA) and avidin (Scheme 1). It is known that BSA adsorbs as a monolayer
onto glass or silver surfaces, and that subsequent exposure to avidin and then biotinylated BSA
results in additional monolayers of these proteins [11]. Because of the relevance to genomic
analysis, we examined dsDNA oligomers labeled with Cy3 or Cy5 (Scheme 2). An unlabeled
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biotinylated oligomer was used to bind to the outermost layer of avidin. This biotinylated oligo
was previously hybridized to a complementary oligomer labeled with Cy3 or Cy5. By the use
of protein layers we found that the maximum increase in intensity and maximum decrease in
lifetime were found for a single BSA-avidin layer which positions the fluorophore about 90 A
from the surface. Hence the optimal distance for metal-enhanced fluorescence (MEF) can be
readily obtained using protein monolayers.

Materials and methods

The oligonucleotides (Scheme 2) Cy3-5-TCC ACA CAC CAC TGG CCATCT TC-3',5'-
GAA GAT GGC CAG TGG TGT GTG GA-3'-biotin, and 5'-TCC ACA CAC CAC TGG CCA
TCT TC-3'-biotin were from Biopolymer Core Facility at the University of Maryland, School
of Medicine. Cy5-5'-GAA GAT GGC CAG TGG TGT GTG GA-3’ was from Synthetic
Genetics (San Diego, CA).

Silver island film on quartz slides was prepared as described previously [2]. Atomic force
microscopy (AFM) studies of silver island films were carried out using a Nanoscope Illa
(Digital Instruments). The image was taken with noncontact silicon nitride probes (NCL-16)
manufactured by Nanosensors. The cantilevers with these probes have a resonance frequency
of approximately 170 kHz and a nominal spring constant of approximately 40 N/m. Image
analyses was carried out using the Digital Instrument Image processing software.

For the fluorescence measurements, each slide (12.5 x 45mm, half-coated with silver island
film) was covered with 250 ul of 10 uM BSA-biotin (Sigma) in aqueous solution and placed
in humid chamber for 20 h at 5 °C. After washing 3 times with water the slides were placed
again in a humid chamber and 250 ul of 5 uM avidin (egg white, Molecular Probes) in 0.1X
PBS buffer was deposited on each BSA-biotin-coated surface for 40 min (room temperature).
Slides were then washed 3 times with 0.1X PBS buffer. The next layer was built by deposition
on each slide of 250 pl of 5 uM BSA-biotin in 0.1X PBS buffer for 40 min, following by
washing and by deposition (again for 40 min) of 250 pl of 5 uM avidin in 0.1X PBS.
Concentrations of BSA and avidin were calculated using extinction coefficients of ¢(280nm)
= 43,500 M1 cm™! and £(280nm) = 90,000 M1 cm™1, respectively.

Solutions of ds-DNA (DNA(Cy3)-biotin, DNA (Cyb5)-biotin) were prepared by mixing
complementary oligonucleotides in 5 mM Hepes (pH 7.5), 0.1 M KClI, and 0.25 mM EDTA
buffer to final concentration 2 uM and very slow cooling after incubation at 70 °C for 2 min.
A 250-pl solution of ds-DNA was deposited on each avidin-coated surface for 1 h (room
temperature). Next, slides were washed and placed in the buffer solution (5 mM Hepes (pH
7.5),0.1 M KCl and 0.25 mM EDTA) for 15 min. To protect from scratching during
measurements we covered each sample (ds-DNA on multilayer of BSA-biotin-avidin) with
one part of a 0.5-mm demountable cuvette filled up with buffer.

Emission spectra were obtained using a SLM 800 spectrofluorometer using 514 nm excitation
for Cy3-DNA and 605 nm excitation for Cy5-DNA. In the observation path we used additional
530 and 630 nm long-wave pass filters for Cy3-DNA and Cy5-DNA, respectively. Intensity
decays were measured in the frequency domain using instrumentation described previously
[12]. For Cy3-DNA the excitation was obtained from a mode-locked argon ion laser, 76-MHz
repetition rate, 100-ps pulse width. The Cy3-DNA emission was observed through a
combination of a 565-nm interference filter with a long pass 530-nm filter. For Cy5-DNA the
excitation was the 3.8-MHz output of a cavity-dumped R6G dye laser, 10-ps pulses. The Cy5
emission was observed through a combination of a 665-nm interference filter with a 630-nm
long pass filter. All measurements were performed using front-face geometry in a 0.5-mm
demountable cuvettes (Scheme 3).
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The frequency-domain (FD) intensity decay was analyzed in terms of the multiexponential
model

1= ciexp(~t/7),
i (1)

where 7j is the lifetime with amplitudes «; and X «; = 1.0. Fitting to the multiexponential model
was performed as described previously [13]. The contribution of each component to the steady-
state intensity is given by

;T
Z(lej
J

fi
)

The mean decay time is given by
= fiTi.

The amplitude-weighted lifetime is given by

<T)=Z(l’,"[',’.

(4)

Metallic particles and colloids display characteristic absorption spectra due to electron
oscillation induced by the incident light, which is called the surface plasmon resonance. Our
SIFs display this characteristic absorption (Fig. 1, top) which indicates most of the particles
are subwavelength in size. Atomic force microscopy revealed that most of the particles were
about 500 nm wide and less than 100 nm high (Fig. 1, bottom). The size of the particles explains
the absorption maximum near 440 nm, which for silver in the small particle limit is near 400
nm [14].

We used absorption spectra to determine the amounts of BSA and avidin bound to the uncoated
slides and on the SIFs. Using the density of avidin expected for a monolayer coverage [15],
we calculated an optical density of 0.001 for each layer of BSA-biotin-avidin. Absorption
spectra are shown in Fig. 2 for 1-6 BSA-biotin-avidin layers on quartz. The optical density
increases linearly with the number of protein layers, and the OD is consistent with an almost
complete monolayer of each protein.

Because of the surface plasmon absorption it is more difficult to measure the protein absorption
on the SIFs. We were able to reliably measure the absorption of six protein layers (Fig. 3) and
found the OD to be consistent with six layers of BSA-biotin-avidin. We conclude that the same
amount of protein is bound to the uncoated quartz and on the SIFs, so that differences in
fluorescence intensity are not likely to be due to differences in the amount of bound
fluorophores.
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To determine the effects of SIFs on fluorescence we exposed the protein-coated slides to DNA
(Cy3)-biotin or DNA(Cy5)-biotin. Emission spectra are shown in Fig. 4 for the Cy3- and Cy5-
labeled oligomers. The highest intensity is seen for the labeled DNA bound to a single layer
of BSA-biotin-avidin. The intensity, relative to uncoated quartz, decreases progressively with
the number of protein layers to an enhancement near 2 for six layers. We note that the intensities
were measured relative to that found for the labeled oligomers on quartz with the same number
of protein layers. We noticed a progressive increase in the intensity of both probes on quartz
with increasing numbers of protein layers, with the overall increase being about 3-fold for six
layers. We interpret this increase as due to penetration of the labeled DNA to lower layers of
BSA-biotin-avidin. Assuming this interpretation is correct then the 2-fold enhancements seen
for six layers may be an overestimate of the actual enhancement for six protein layers. This
penetration may explain the difference between our results and that of Sokolov et al. [11] who
found increasing enhancements of fluorescein out to six layers. It was not clear from the article
whether they considered the penetration of deeper protein layers. An increasing amount of
bound fluoresceinbiotin, and normalization of the signal to that with a single layer of protein,
would explain the apparent increase in intensity out to six layers reported in [11].

Prior to measurements of the intensity decays we recorded control emission spectra to test for
the possibility of scattered light. These control spectra were important because one can obtain
large scattering intensities from the surfaces of the slides, and possibly from the metal particles
which are known to be strongly scattering [16-18]. We recorded the emission spectra through
the emission filters which were used for the time-resolved measurements (Fig. 5), and scanned
the emission monochromator through the excitation wavelengths. These spectra showed that
the emission filters effectively removed the scattered light so its total contribution was less
than 1%.

We measured the frequency-domain intensity decays of Cy5- and Cy3-labeled oligomers with
increasing numbers (k) of protein layers (Figs. 6 and 7). For both probes the frequency
responses were most shifted to higher frequencies for the first protein layers, with the smallest
shift found for six layers. For better visualization the recovered multiexponential decays
(Tables 1 and 2) are shown as the time-domain impulse response functions in Figs. 8 and 9. In
both cases the silver island films result in a short decay time component in the intensity decays,
the amplitude of which is largest for the smaller number of protein layers. In contrast, the
intensity decays on quartz are mostly independent of the number of protein layers. A short
lifetime component remains in the intensity decays even with six layers, but its value becomes
somewhat longer with increasing numbers of layers, 6-69 ps for Cy3 and 14-94 ps for Cy5
(Tables 1 and 2).

The intensity enhancements and ratios of amplitude-weighted lifetimes for Cy3 and Cy5 with
different numbers of protein layers are shown in Figs. 10 and 11, respectively. The largest
enhancements and shortest lifetimes were found for the first layer of BSA-biotin-avidin. The
effect decreases more than 50% for the second layer and is essentially constant for the next
four protein layers. We believe that the effect is minimal in the third and the higher layers and
the residual effects above four layers are due to labeled oligomers which penetrate into the
protein underlayers.

Discussion

What is the distance from the silver surface yielding this largest increase in fluorescence
intensity? In Fig. 12 we summarized the intensity and lifetime ratios found for increasing
numbers of BSA-biotin-avidin layers. On this same figure we included results from two other
experiments in which we examined Cy3- and Cy5-labeled oligomers which were bound to
amine-coated slides [19] (distance near zero) and on slides coated only with a single layer of
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avidin [20], which we took to be 50 A thick. These results showed that the optimal
enhancements with SIFs is obtained with distances from the metal of 50-90 A.

The effects of metallic particles on fluorophores can be understood at a fundamental level using
theoretical models which describes the photophysical interactions [4—7]. However, these
models are complex and not immediately useful for designing systems for metal-enhanced
fluorescence. Hence we analyzed our data (Figs. 10-12) in terms of a phenomenological model
which accounts for the expected interactions. These interactions are an increase in the
nonradiative decay rate (k,) by a factor Ny, which is thought to occur at short fluorophore-
metal distances, an increase in the rate of radiative decay (I') by a factor Ny, and an increase in
the rate of excitation by a factor Ney. In the absence of metal the quantum yield (Q) and lifetime
() of the fluorophore are given by

r
0= T
+knr (5)
1
T= ,
I+k,, (6)

where I"is the radiative decay rate and kp, is the non-radiative decay rate, both in the absence
of metal.

Now assume that the fluorophore is in interactive proximity with the metal surface at a distance
d which alters the spectral parameters. The rate of quenching, emission, and excitation are
increased by factors which depend on distance

Nue(d)=NOexp(~d/dn)+1 @)
N(d)=Nexp(-d/dr)+1 @)
Nex(d)=Nexp(-d/de)+1, ©)

where dn, dr, and de are the characteristic distances over which these effects decrease 1/e
exponentially.

Using these expressions the quantum yield, lifetime, and total intensity (l,) at a distance d are
given by

NI’

Qm_anNmkm (10)

Anal Biochem. Author manuscript; available in PMC 2009 September 29.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Page 6

1
0 N T+ Nokor (11)
Om
[1 :IO_NCXa
"0 (12)

where I, and I are the measured intensities in the presence and absence of metal, respectively.
In Egs. (10)—(12) we did not explicitly include the distance d which is understood to be
contained within the N factors.

We used this model to compare with our measured intensities and lifetimes of DNA(Cy3)-
biotin and DNA(Cy5)-biotin at various distances from the SIFs. The six parameter values in
Eqgs. (7)—(9) were recovered by least-squares analysis to obtain a reasonable fit to the data (Figs.
13and 14). We were able to obtain good fit to our data with reasonable parameter values (Table
3). We recognize that these values may not be optimal, but a good fit seemed to be unique for
this range of parameter values. These calculations reveal (Table 3) that the quenching is very
strong at short distances but decays by 1/e for each 8.5 A. In contrast, excitation is increased
by a factor from 22 to 94 and occurs over longer distances of 25-42 A. Importantly, the radiative
rate is increased by a larger factor and this increase continues to over 120 A. Taken together
these parameters explain the largest intensity increase between 50 and 100 A and the large
decrease in lifetime observed at short distances (Figs. 13 and 14). This is a fortunate result
since one can readily obtain such distances with one or two layers of adsorbed proteins.

It is informative to examine the distance-dependent values of the enhancement factor (N(d))
for the nr, r, or ex effects. The normalized distance-dependent factors are plotted in Fig. 15 for
DNA(Cy3)-hiotin. This figure shows that the quenching interaction occurs mostly below 20
A, enhanced excitation occurs below 40 A, and increases in the radiative rate occur to a distance
over 100 A.

In summary, these results suggest that metal-enhanced fluorescence can be conveniently
applied to DNA analysis whenever increased signals yield improved measurements.
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Fig. 1.
Absorption spectra (top) and AFM image (bottom) of a representative silver island film.
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Fig. 2.
Absorption spectra of BSA-biotin-avidin layers.
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UV absorption of 1 and 6 BSA-biotin-avidin layers on quartz and silver islands.
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Emission spectra of DNA(Cy3)-biotin (top) and DNA(Cy5)-biotin (bottom) on BSA-biotin-
avidin layers. Spectra are normalized to the spectrum on quartz (Q) with the same number of

protein layers.
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Fig. 5.

Emission spectra of DNA(Cy3)-biotin and DNA(Cy5)-biotin on three layers of BSA-biotin-
avidin deposited on silver, through the filters used for time-resolved measurements (——-). For
both excitations, 514 and 605 nm, the backgrounds from scattering were less than 1%.
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Fig. 6.
Frequency-domain intensity decays of DNA(Cy3)-biotin on BSA-biotin-avidin multilayers
deposited on quartz (Q) and silver (S). k is the number of BSA-biotin-avidin layer.
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Fig. 7.
Frequency-domain intensity decays of DNA(Cy5)-biotin on BSA-biotin-avidin multilayers
deposited on quartz (Q) and silver (S). k is the number of BSA-biotin-avidin layers.
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Time-domain representation of emission intensity decays of DNA(Cy3)-biotin on BSA-biotin-
avidin multilayers deposited on quartz (left) and silver (right).
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Fig. 11.
Dependence of intensity (top) and lifetime (bottom) experiments of DNA(Cy5)-biotin on the
distance from SIFs.
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Fig. 12.

Fluorescence enhancements of Cy3- and Cy5-labeled oligomers for various distances from the
silver surface. Also shown are the enhancements found on amine-coated slides which were
treated with 3-aminopropyltriethoxysilane (APS) [19] and slides with a single layer of avidin
[20].
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Comparison of the measured lifetimes and intensities of DNA (Cy3)-biotin with values
calculated using the parameter values in Table 3.
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Comparison of the measured lifetime and intensities of DNA (Cy5)-biotin with values
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calculated using the parameter values in Table 3.
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Fig. 15.
Distance-dependent values of the enhancement factor for quenching (Np,), the radiative rate

(Ny), and excitation (Ngy) for DNA(Cy3)-biotin.
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Scheme 1.
Schematic of BSA-avidin monolayers with labeled DNA.
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Scheme 2.
DNA oligomers used in this study.
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Scheme 3.
Experimental sample geometry.
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Table 3
Phenomenological constants describing the intensities of Cy3 and Cy5 with SIFs
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Probe
Parameter
Cy3 Cys
0 38,000 12,300
N
nr
dn (A) 8.5 8.5
186 128
N O
r
dr (A) 119 126
N O 9 22
ex
de (A) 25 42
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