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Abstract In recent years both the mechanism and applica-
tions of metal-enhanced fluorescence (MEF) have attracted
significant attention, yet many fundamental aspects of MEF
remain unanswered or addressed. In this study, we address a
fundamental aspect of MEF. Using fluorescein-labeled dif-
ferent length DNA scaffolds, covalently bound to silver
nanodeposits, we have experimentally measured the distance
dependence of the MEF effect. The enhanced fluorescence
signatures, i.e., MEF, follow quite closely the theoretical
decay of the near-field of the nanoparticles, calculated using
finite difference time domain approaches. This implies that
the mechanisms of MEF are partially underpinned by the
magnitude and distribution of the electric field around near-
field nanoparticles.
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Introduction

In the last 10 years, Metal-Enhanced Fluorescence has
emerged as a nanotechnology which looks set to change
how we both use and think about fluorescence spectroscopy
today. In the near-field, i.e., less than one wavelength away,
fluorophore dipoles can interact with plasmon supporting
materials in ways which increase fluorophore brightness and
enhance photostability, enhance chemiluminescence signa-
tures, generate enhanced singlet oxygen, and superoxide
anion radical, to name but just a very few applications
[1-3]. In more recent years, Geddes has postulated the
underlying two mechanisms of MEF: (a) an enhanced exci-
tation rate or enhanced absorption cross-section, and (b)
how mirror dipoles are formed on nanoparticles, the ampli-
fied confined and frequency specific resonances eventually
radiated by the nanoparticles themselves. This is in contrast
to the more simplistic radiative rate model postulated by
others [4]. In addition, the wavelength dependence of metal-
enhanced fluorescence has also been recently postulated [5],
which suggests that MEF is partly underpinned by the
spectral overlap of a fluorophores’ emission spectra with
the scattering component/s of the nanoparticles’ extinction
spectra. MEF parameters of dye/nanoparticle coupled sys-
tem, in particular, are related to the distribution of the near-
field intensity and its distance-dependent decay function.
During decades there were many attempts to measure en-
hancement factors and the dependence of the fluorescence
enhancement parameters upon the distance from a metal
surface in macrosystem, which has included metal deposits,
spacers of different nature and dye solutions, [6-9] and in
single-molecule system [10, 11]. While these parameters are
phenomenologically known, it is still not possible to reliably
predict actual far-field fluorescence enhancement factors,
which is the ultimate goal for the potential downstream
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(a) 50 b ssDNA:

SH- (CH,) ,~-5' -GAG ATA TGA GCA AAA GAA ACT TGG AAA GGA GGC TGG AGA GAT GGC TCG AG

(b) 57 b sSDNA:

SH—(CHJG—S’—C TTT TTA GAG ATA TGA GCA AAA GAA ACT TGG AAA GGA GGC TGG AGA GAT GGC TCG AG
(c) A series of short ssDNA, labeled with FAM, used for hybridization with 50 b or 57 b ssDNA:

50 bp FAM-5’-DNA:

SH- (CH,) ,-5'-GAG ATA TGA GCA AAA GAA ACT TGG AAA GGA GGC TGG AGA GAT GGC TCG AG
CTC TAT ACT CGT TTT CTT TGA ACC TTT CCT CCG ACC TCT CTA CCG AGC TC-FAM

39 bp FAM-5’-DNA:

SH- (CH,) (-5’ -GAG ATA TGA GCA AAA GAA ACT TGG AAA GGA GGC TGG AGA GAT GGC TCG AG
CTC TAT ACT CGT TTT CTT TGA ACC TTT CCT CCG ACC TCT-FAM

30 bp FAM-5’-DNA:

SH- (CH,) (-5’ -GAG ATA TGA GCA AAA GAA ACT TGG AAA GGA GGC TGG AGA GAT GGC TCG AG
CTC TAT ACT CGT TTT CTT TGA ACC TTT CCT-FAM

19-20 bp FAM-5’-DNA :

SH- (CH,) (-5’ -GAG ATA TGA GCA AAA GAA ACT TGG AAA GGA GGC TGG AGA GAT GGC TCG AG

CTC TAT ACT CGT TTT CTT T-FAM
39 bp DNA-3’-FAM:

SH- (CH,) ,-5'-GAG ATA TGA GCA AAA GAA ACT TGG AAA GGA GGC TGG AGA GAT GGC TCG AG
FAM-T TTT CTT TGA ACC TTT CCT CCG ACC TCT CTA CCG AGC TC

49 bp DNA-3’-FAM :

SH- (CH,) (-5’ -GAG ATA TGA GCA AAA GAA ACT TGG AAA GGA GGC TGG AGA GAT GGC TCG AG
FAM-TC TAT ACT CGT TTT CTT TGA ACC TTT CCT CCG ACC TCT CTA CCG AGC TC

Fig. 1 a, b The 50 b or 57 b ssDNA was attached to silver NPs. ¢ The
DNA duplexes formed on SiFs after annealing short FAM-labeled
ssDNA oligos with DNA attached to SiFs. The distance from the SiF

utility of MEF in the Biosciences. In this paper we subse-
quently extend our current thinking of MEF phenomena and
show that the distance dependence of MEF enhancement
follows closely the near-field electric field distribution
around nanoparticles. Hence, experimentally determined
enhanced fluorescence values for fluorophores, located at
defined distances from nanoparticles using DNA scaffolds,
are shown to correlate very well with theoretically deter-
mined electric field distributions determined using the finite
difference time domain numerical method, in a way that
suggests that luminescence enhancement factors can be

Fig. 2 (Lefi, top) Photographs
of SiF slides before (7Top) and
after (Bottom) DNA attachment
to SiFs. (Lefi, bottom)
Absorption spectra of a dry
silver island film (SiF), dry and
wet SiF, after attachment of the
SH-57b ssDNA. (Right, top)
Cartoons depicting a silver NP
in air (refractive index, n=1.0)
and for a nanoparticle sur-
rounded by DNA with a refrac-
tive index of n=1.6. (Right,
bottom) Results of Mie theory
calculations: Absorption and
scattering spectra of 100 nm
Ag-NP in air (n=1.0); 100 nm
Ag-NP surrounded by 25 nm
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surface to FAM, attached to DNA, varies from 2 nm (49b/50b duplex)
to 20 nm (50b/57b duplex)

approximated by the decay of the near-field. Our findings
are not only significant for the continued development of a
theoretical framework for MEF, but also for its multifarious
applications in the biosciences [3, 12—16].

Materials and Methods
Silver nitrate (99.9 %), sodium hydroxide (99.996 %), ammo-

nium hydroxide (30 %), D-glucose and premium quality APS-
coated glass slides (75%25 mm) were obtained from Sigma-
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Aldrich. The DNA sequences used in this study are fragments
of Chinese hamster ovary (CHO) Alu sequence. Oligonucleo-
tides were purchased from Integrated DNA Technologies, Inc.

DNA scaffolds, Fig. 1, were designed using CHO sequen-
ces, such that upon specific hybridization, a fluorescent label
is rigidly positioned above silver-island nanodeposits (SiFs),
the distance varies from 2 to 20 nm, Fig. 1. The preparation of
silver-island nanodeposits has been described elsewhere [17].
The 5'-sulfhydral terminated DNA (5’-SH-DNA) was incu-
bated on SiFs for the anchoring of the DNA to the surface as
described in [18]. This typically resulted in a broadening of
the SiFs absorption spectrum, which could readily be
explained by a change in the refractive index above
the metal as theoretically modeled and confirmed using
Mie simulations, Fig. 2. The addition of DTT (dithio-
treitol), after complimentary DNA annealing and en-
hanced fluorescence (due to the proximity of the FAM
label to SiFs), confirmed that the DNA was anchored as
the sulfhydral-silver bond was both reduced and broken
as evidenced by the loss of enhanced fluorescence,
Fig. 3. Interestingly, this novel but simplistic approach
allows one to readily determine fluorescence enhance-
ment factors, which is particularly important as a con-
trol sample and when 5'-SH-DNA does not bind to
glass or indeed other substrates. After hybridization,
the fluorescent label FAM was exited using a 473 nm
CW laser line and the emission collected through a
notch filter, falling incident on a 600 wum fiber bundle
and an Ocean-Optics HD-2000 spectrometer. Theoretical
electric field distributions were determined using the
finite difference time domain method which has been
described in detail elsewhere [19].

SiF/FAM-19/57dsDNA

+50 mM DTT
. 2000 After removing DNA+DTT]
<
6,2“
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Fig. 3 (1) Fluorescence spectra of FAM-DNA, attached to SiFs, (2)
FAM-DNA fluorescence after addition of reducing agent (50 mM
DTT) and incubation for 30 min, and (3) fluorescence after removing
DTT-containing solution. DTT dithiotreitol

Results

Figure 4, top shows a typical E-Field distribution
around a 100 nm nanoparticle, a size typical for SiF’s
as recently reported by our group [17]. By taking a
line-scan through the y-plane, one is able to generate a
plot of the field decay from the nanoparticles’ surface,
Fig. 4, bottom, open circles. Interestingly, an overlaid
normalized plot of near-field enhanced fluorescence
from the DNA-fluorophore scaffolds after annealing,
shows an almost identical trend (solid circles). This
suggests that the enhanced fluorescence decreases expo-
nentially from the surface in an analogous manner to

x10°2

m
5
£
{rmicrons)
Silver nanoparticle
—O— Near-field Intensity
(FDTD simulations)
1.0 @ Normalized FAM-DNA

fluorescence intensity
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IE I°

0 ' 10 ' 20
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Fig. 4 (Top) Simulated distribution of the E-field (y-plane) around a
silver NP, induced by incident light at 468 nm. (7op, right) Enlarged
view of the near-field formed near-to the surface of the silver NP.
(Bottom) Calculated dependence of the near-field intensity upon the
distance from the NP surface (open circles) and the normalized ob-
served fluorescence intensity from different FAM-DNAs, attached to
SiFs, that are characterized by different distances of FAM to the silver
surface (solid red circles). NP nanoparticle
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Table 1 Results of FAM-DNA fluorescence decay analysis

Fitting conditions Distance, nm Ay Ty, NS Ay Ty, NS As T3, NS <r>, ns X
Three exponents 2 —54.15 0.49 54.21 0.49 0.46 4.57 2.14 6.15
5 —51.61 0.49 52.15 0.49 0.47 4.71 2.717 6.65
7 —4.64 0.45 5.19 0.51 0.44 4.52 2.57 6.4
18 —1606.7 0.46 1607.3 0.46 0.43 4.58 2.55 72
Two exponents 2 - - 0.42 0.68 0.58 32 2.14 1.05
5 - - 0.41 0.67 0.59 32 2.16 1.05
7 - - 0.46 0.67 0.53 32 2.02 1.4
18 - - 0.45 0.64 0.55 3.03 1.94 1.2
Free space o0 - - 0.59 35 0.45 4.85 4.25 1.1

Fluorescence decay functions were fitted by three components, including the rise time, and by two components, omitting the rise time. In both
cases, DNA of different length, labeled with FAM (see Fig. 1) was attached to SiFs surface through DNA 5'-SH group. Distances from the
chromophore to the SiFs surface are simply calculated using the length of DNA between labeled nucleotide and 5'-SH group. The last row shows
deconvolution of fluorescence decay of FAM-DNA free in solution fitted to a 2-exponential function

the exponential electric field near-field decay above the
surface. MEF is thought to be underpinned by two
complimentary but different mechanisms [1], an en-
hanced absorption and an enhanced emission compo-
nent. Subsequently, our findings suggest that both
mechanisms of enhancement follow the same exponen-
tial distance dependence. It is also important to note
that other groups, in addition to ours, have also studied
the distance dependence of MEF, but in these other
studies, fluorophore solutions randomly oriented above
nanoparticles have provided for heterogeneous distance
distribution functions [7, 20], giving limited information
on the underlying coupling of fluorophores to plasmon
supporting nanoparticles.

We also estimated total fluorescence enhancement of
the dye at short distances from NPs. For that we have
measured enhancement of fluorescein (fluorescein-la-
beled DNA free in solution) fluorescence on SiFs rela-
tive to glass (control), MEF is about ~10. Attachment of
labeled DNA to SiFs causes additional enhancement of

fluorescein fluorescence, e.g. enhancement of approxi-
mately eightfold we have measured for 19 b DNA-
linker (dye-metal distance D=~10 nm), Fig. 3. In total,
relative to the glass control, the MEF effect for fluores-
cein attached to SiFs by 19 b DNA linker is around 80.
Subsequently, at shorter distances total enhancement
could reach MEF=360, at D=2 nm (see Fig. 4).
Reduced fluorophore decay times are frequently reported
in MEF [3], and are thought to reflect the more rapid system
coupled lifetime as compared to the lifetime of the free-
space fluorophore [1, 3, 12]. For our FAM-DNA scaffolds
we see that the amplitude weighted lifetimes are much
shorter, around 2.14 ns, as compared to the free-space
lifetime of 4.25 ns, consistent with other MEF reports,
Table 1. Interestingly, a rise time in the time-resolved inten-
sity decays appears to be present for the DNA scaffolds,
Fig. 5 right, as compared to the control sample, left,
suggesting the energy pumping of surface plasmons by
the fluorophore, consistent with current MEF thinking
that fluorophores form a mirror dipole in the near-field

Fig. 5 (Left) Fluorescence )
decay curve of FAM-labeled FAM-DNA on glass: control ‘E, 9x10°
DNA on glass (control). (Right) 10*4 2 6x10°
Fluorescence decay curves of -
FAM-labeled DNAs attached to
SiFs. The distance of FAM to 2 "~ 2
the silver surface was: 9, 13, 16, 2 10°4 \,“h g
and 20 nm. Excitation of fluo- ..g Sy, £
rescence was undertaken using - 2 -
a 444 nm laser line
a. ‘ Distance,nm: ® 2; m 55 u 7;
1024 10° % | —— Prompt
0 5 10 15 20 0 5 10 15 20
Time, nsec Time, nsec
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Fig. 6 Photobleaching (intensity versus time) of FAM-labeled DNA,
attached to SiFs, and in bulk solution upon 473 nm laser irradiation.
Laser power was 50 mW. Buffer: TE, pH 7.6

[1], i.e., non-radiative transfer from the fluorophore to the
metal.

It is well-known that a fluorophore’s photostability is
underpinned by its lifetime [2—4], where longer fluores-
cence lifetimes provide for greater opportunities for ex-
cited state destructive photophysics. Figure 6, shows the
intensity vs. time (photostability) of the FAM-DNA (19/
57 base-pair) scaffold as compared to the same but using
a glass control sample containing no silver, the sample
geometry shown in Fig. 7. Quite notably, there is a
significant difference in FAM photostability, where con-
siderably more photons per unit time (photon flux) is
observed from the silvered substrate supporting the DNA
scaffolds, suggesting that DNA-fluorophore scaffolds can
be readily constructed on silvered substrates for both
enhanced fluorophore photostabilities and predictive lu-
minescence enhancement.

In closing, we have studied the enhanced fluorescence of
FAM-DNA scaffolds on silver nanodeposits and can show
that the enhanced fluorescence signatures, i.c., MEF, follow
quite closely the theoretical distance-dependent decay of the
E-field intensity of the nanoparticles at the excitation wave-
length. Fundamentally, this implies that both mechanisms in
MEF are partially determined by the magnitude and distri-
bution of the +electric field around nanoparticles. In addi-
tion, a rise time in the time-resolved decay data strongly
suggests fluorophore energy pumping of the metal surface
plasmons, consistent with current MEF thinking [1, 3].
Remarkably, our results suggest that one may well be able
to predict near-field fluorescent enhancement factors, albeit
in a relativistic fashion, which is a significant advance over
the current state-of-the art in the MEF literature [3].

Glass

Fig. 7 Cartoon depicting two different experimental geometries to
study FAM-DNA photostability: FAM-DNA, attached to SiFs (fop)
and free in solution (bottom). The same concentration of DNA was
used in each geometry
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