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Metal-enhanced fluorescence: an emerging tool in biotechnology
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Joseph R Lakowicz? and Chris D Geddes'*?

Over the past 15 years, fluorescence has become the dominant
detection/sensing technology in medical diagnostics and
biotechnology. Although fluorescence is a highly sensitive
technique, where single molecules can readily be detected,
there is still a drive for reduced detection limits. The detection of
a fluorophore is usually limited by its quantum vyield,
autofluorescence of the samples and/or the photostability of
the fluorophores; however, there has been a recent explosion in
the use of metallic nanostructures to favorably modify the
spectral properties of fluorophores and to alleviate some of
these fluorophore photophysical constraints. The use of
fluorophore-metal interactions has been termed radiative
decay engineering, metal-enhanced fluorescence or
surface-enhanced fluorescence.
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Abbreviations
MEF metal-enhanced fluorescence
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Introduction

Fluorescence experiments are typically performed in
sample geometries that are large relative to the size of
the fluorophores and relative to the absorption and emis-
sion wavelengths. In this arrangement the fluorophores
radiate into free space. Most of our knowledge and
intuition about fluorescence is derived from the spectral
properties observed in these free-space conditions. The
presence of nearby metallic surfaces or particles can alter
the free-space condition and can result in dramatic spec-

tral changes. Remarkably, metal surfaces can increase or
decrease the radiative decay rates of fluorophores and can
increase the extent of resonance energy transfer [1-4].
These effects result from interactions of the excited-state
fluorophores with free electrons in the metal, the so-
called surface plasmon electrons, which in turn produce
favorable effects on the fluorophore. The effects of
metallic surfaces include fluorophore quenching at short
distances (~0-5 nm), spatial variation of the incident light
field (~0-15 nm), and changes in the radiative decay rates
(~0-20 nm). The use of fluorophore—metal interactions
in biotechnology has primarily been referred to as radia-
tive decay engineering or metal-enhanced fluorescence
(MEF).

The concept of modifying the radiative decay rate is
unfamiliar to the majority of fluorescence spectroscopists.
It is therefore informative to consider the novel spectral
effects expected by increasing the radiative rate, I'. The
quantum yield (Qy) and lifetime of the fluorophore (1) in
the free-space condition are given by:

Qo =T/ +ky) (1)

T0 = 1/(F + knr) (2)

where k,, is the non-radiative rate. The presence of a
nearby metal (m) surface increases the radiative rate by
addition of a new rate I' [1,2,5]. In this case, the quantum
yield (Q.,) and lifetime of the fluorophore (1,,) near the
metal surface are given by:

Om =+ Tm)/(I'+Tm + Knr) A3)
Tm = 1/(T+ T + knr) (4)

These equations result in unusual predictions for a fluor-
ophore near to a metallic surface. From Equations (1)-(4),
it can be seen that as the value of I',, increases, the
quantum vyield increases while the lifetime decreases.
"This is contrary to most observations where the fluores-
cence lifetime and quantum yield nearly always change in
unison [1].

These effects have been predicted theoretically [6-7] and
are analogous to the increases in Raman signals observed
for surface-enhanced Raman scattering, except that the
effects on fluorescence result from through-space inter-
actions and do not require molecular contact between the
fluorophores and the metal. This was first demonstrated
by Cotton [8] and has been reviewed by Lakowicz [1].
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As briefly mentioned in the abstract, the use of metallic
nanostructures to favorably alter the intrinsic photophy-
sical characteristics of fluorophores in a controllable man-
ner is a fairly new concept, most of the work appearing in
the literature within the past three years [1-5]. However,
the historical origins of MEF can be traced back to the
first observations of Drexhage in 1974 [9]. Here, the
possibility of altering the radiative decay rate was demon-
strated by the measurement of the decay times (lifetimes)
of a europium complex positioned at various distances
from a planar metal surface (i.e. mirror) [9]. The lifetime
of the complex remained a single exponential, but oscil-
lated with distance from the mirror. This effect is
explained by the changes in phase of the reflected field
from the mirror on the fluorophore. A decrease in lifetime
is found when the reflected field is in phase with the
fluorophore’s oscillating dipole (i.e. Equation (4)) and an
increase is seen when the reflected field is out of phase
with the fluorophore’s dipole.

In the present article we review the work carried out to
date in this emerging area of biotechnology and describe
the effects of different silver nanostructures, which have
been prepared by various deposition methods, on the
emission intensity and photostability of appropriately
positioned fluorophores. The systems reviewed typically
employ fluorophores that are used in many biological
assays. The silver nanostructures usually consist of
subwavelength-size nanoparticles of silver deposited on
inert substrates. The proximity to silver nanostructures
results in a preferential increase in intensity of low-
quantum-yield fluorophores; the lifetimes decrease as
the intensities increase. We subsequently discuss the
use of MEF for its multifarious applications in biotech-
nology; for example, in immunoassays, enhanced ratio-
metric sensing and DNA detection.

Methodologies for the preparation of silver
nanoparticles

A moderately extensive physics literature exists on noble
metal nanostructures. For MEF more dramatic effects
have been reported for non-continuous surfaces such as
silver island and colloid films [1].

For use in medical and biotechnological applications,
such as diagnostic or microfluidic devices, it would be
useful to obtain MEF at desired locations in the measure-
ment device (i.e. MEF on demand). In this regard, recent
studies on MEF have reported the use of a relatively
facile deposition of silver particles onto glass slides (i.e.
silver island films, SiF's [2]). The possibility of using silver
colloids [10] and anisotropic particles such as silver nanor-
ods [11] has also been investigated. In addition to varying
particle shapes, different techniques for silver deposition,
such as light deposition and electroplating of silver onto
electrodes and/or glass slides, have also been employed to
obtain localized enhancement of fluorescence [12,13].

In a typical SiF preparation, silver islands are deposited
onto a glass substrate, in a random fashion, by reducing a
silver salt with the sequential addition of sodium hydro-
xide, ammonium hydroxide and glucose solutions while
the glass substrate is immersed [2]. Atomic force micro-
scopy studies have revealed that the SiF's are 30-80 nm in
size with approximately 40% surface mass coverage [2].
The deposited SiFs display plasmon absorption maxima
near 430 nm.

In contrast to SiFs, the preparation of colloidal suspen-
sions of silver yields spherical silver particles of homo-
geneous size. The preparation of silver colloids is well
established and many reports are available in the litera-
ture ([10] and references therein).

Anisotropic silver particles are predicted to enhance the
emission of fluorescence owing to the increased local
excitation fields around the edges of the particles [1].
Recently, a methodology for depositing silver nanorods
with controlled size and loadings onto glass substrates has
been reported [11]. In this method, silver nanorods are
grown directly on glass substrates from small spherical
silver colloids in the presence of a cationic surfactant.
Silver nanorods deposited onto glass substrates display
two distinct surface plasmon peaks: transverse and long-
itudinal, which typically appear at ~420 and ~650 nm,
respectively. The length of the silver nanorods was
determined by atomic force microscopy to be 100-
1000 nm.

In a typical preparation of light-induced deposition of
silver on glass slides, the silver-colloid-forming solution is
prepared by adding trisodium citrate solution to a warmed
silver nitrate solution in a closed chamber on a glass slide.
The solution is then irradiated by a collimated HeCd laser
[12]. Fractal-like silver nanostructures have also been
deposited onto glass substrates (Figure 1a) [13]. In this
case, commercially available silver electrodes are placed
in deionized water 10 mm apart and a constant current is
supplied across the electrodes for a short period of time by
a constant current generator. All of these recent silver
nanostructure preparations have resulted in attractive
silvered surfaces for MEF applications. Some of these
applications are described below.

Applications of metal-enhanced fluorescence
to biotechnology

Ultrabright over-labeled proteins: a new class of
probes based on MEF

Proteins covalently labeled with fluorophores are widely
used as reagents, for example, in immunoassays or for the
immunostaining of biological specimens with specific
antibodies. In these applications, fluorescein is one of
the most widely used probes. An unfortunate property of
fluorescein is self-quenching, which results from Forster
resonance energy transfer between nearby fluorescein
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Figure 1
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Fluorescence enhancement from silver nanostructures. (a) Silver fractal-like structures grown on silver electrodes [13]. (b) Photograph of
fluorescein-labeled human serum albumin (molar ratio of fluorescein/ human serum albumin = 7) on quartz and on SiFs as observed with
430 nm excitation and a 480 nm long-pass filter. The excitation was progressively moved from the quartz side to the silver side. (Figure adapted

from [15°] with permission.)

molecules (homotransfer) [14]. As a result, the intensity of
a labeled protein does not increase with increased extents
of labeling, but actually decreases [15°].

It has been reported that self-quenching can be largely
eliminated by the close proximity to SiFs [15°,16]; the
emission intensity of fluoroscein isothiocyanate-labeled
human serum albumin (FI'TC-HSA) with a labeling ratio
(fluorophore per protein) of seven is approximately 17
times larger in the presence of SiFs than the emission on
glass alone [15°]. It has been speculated that the decrease
in self-quenching results from an increase in the rate of
radiative decay, I',. The difference in the intensity of
heavily labeled human serum albumin on glass and on
SiFs is shown pictorially in Figure 1b. The effect is
dramatic, as seen from the nearly invisible intensity on
quartz (left-hand side of the slides) and the bright image
on the SiF's (right-hand side of the slides) in this unmo-
dified photograph. These results suggest the possibility
of ultrabright labeled proteins based on high labeling
ratios, and the release of self-quenching using MEF
[15°].

DNA hybridization

The detection of DNA hybridization [17] forms the basis
of a wide range of biotechnological and diagnostic appli-
cations, such as gene chips [18,19], PCR [20,21] and
fluorescence iz situ hybridization [22]. In all these appli-
cations increased sensitivity is desirable, particularly for
the detection of a small number of copies of biohazard
agents. Also, it would be valuable to have a general
approach to detect changes in fluorescence intensity upon
hybridization. In general, the detectability of a fluoro-
phore is determined by two factors: the extent of back-

ground emission from the sample and the photostability
of the fluorophore. A highly photostable fluorophore
can undergo about 10° excitation—relaxation cycles
before photobleaching, yielding about 10°-10* measured
photons per fluorophore [23,24]. Background emission
from samples can easily overwhelm weak emission
signals.

In a recent report, an approach is described that should
provide a readily measurable change in fluorescence
intensity in DNA hybridization formats [25°]. This
approach increases the intensity relative to the back-
ground and increases the number of detected photons
per fluorophore molecule by a factor of 10-fold or more.
Figure 2a shows the sequence of the oligomers used in
this study. The thiolated oligonucleotide single-stranded
(ss) DNA-SH was used as the capture sequence, which
bound spontaneously to the silver particles. The sample
containing the silver-bound DNA was then positioned in
a fluorometer followed by the addition of ss fluorescein-
labeled DNA (FI-DNA), in an amount approximately
equal to the amount of silver-bound capture DNA
(Figure 2b).

The fluorescence intensity began to increase immedi-
ately upon mixing, and leveled off after about 20 min.
"This increase in intensity resulted from the localization of
ss FI-DNA near to the silver particles by hybridization
with the capture DNA (Figure 2c). In the reported control
experiments, ss DNA-SH was hybridized with ss FI-DNA
before deposition on silver particles; a similar 12-fold
increase in intensity upon immobilization on silver, as
compared with an equivalent amount of double-stranded
FI-DNA-SH in solution, was observed [25°].
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Figure 2

Figure 3
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The application of MEF to DNA hybridization. (a) Structures of the
DNA oligomers: ss DNA-SH (single-stranded thiolated oligonucleotide);
ss FI-DNA (single-stranded fluorescent-labeled oligonucleotide).

(b) Schematic of the DNA oligomers bound to silver particles.

(c) The time-dependent hybridization of ss FI-DNA to ss DNA-SH.
(Figure adapted from [25°] with permission.)

Enhanced ratiometric fluorescence sensing

Enhanced ratiometric pH sensing using the pH-sensitive
fluorophore seminaphthofluorescein carboxy SNAFL-2
and SiF's has also been recently reported [26]. Metallic
surfaces can provide up to a 40-fold increase in probe
fluorescence intensity as compared to non-metallic sur-

SNAFL-2-Dextran

7 Exc 488 nm .
-® - Free in solution

1 —— Immobilized on MEF substrate

Intensity ratio (ls590/l555/40)

60 65 70 75 80 85 90
pH

The pH sensitivity of SNAFL-2 is retained in the presence of silver
nanoparticles. The intensity on the MEF substrate is about 30 to 40
times brighter than the intensity of probe immobilized on glass slides;
however, the ratios are similar. (Figure adapted from [26] with
permission.)

faces with the same probe coverage [26]. However,
although the signal-to-noise ratio is significantly better
for pH sensing, the emission wavelength ratiometric
values are similar to those obtained in solution (i.e. the
ratios are the same) owing to the fact that the emission
from both the acidic and basic forms of the probe are
enhanced to similar extents (Figure 3). This probably also
reflects similar unmodified quantum yields of both forms.
However, the substantial drop in probe lifetime precludes
its utilization as a ratiometric lifetime sensor (see Equa-
tions (3) and (4)). Hence, it is fair to conclude that
ratiometric lifetime sensing will not be favorable by this
approach.

Metal-enhanced multiphoton excitation

For multiphoton excitation of fluorescence, most of the
excitation occurs at the focal point of the excitation where
the local intensity is the highest. For a two-photon
absorption process, the rate of excitation is proportional
to the square of the incident intensity. This suggests that
two-photon excitation could be enhanced by a factor of
3.8 x 10® [2,4]. Such an enhancement in the excitation
rate is thought to provide selective excitation of fluoro-
phores near to metal islands or colloids, even if the
solution contains a considerable concentration of other
fluorophores that could undergo two-photon excitation at
the same wavelength, but which are more distal from the
metal surface.

Recently, the enhanced and localized multiphoton exci-
tation of Rhodamine B [27], Pacific Blue, Lissamine and
Texas Red [28] fluorescence near metallic silver islands
has been reported. A significant increase (up to 235-fold)
in fluorescence emission intensity was seen for these
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fluorophores adjacent to metallic silver islands, accom-
panied by a reduction in lifetime as compared to that
observed using one-photon excitation [27,28]. Given the
now widespread use of multiphoton excitation in micro-
scopy and medical imaging, this recent finding suggests
the use of metallic nanostructures to both enhance and
localize fluorescence.

Metal-enhanced planar immunoassays

MEF has also been utilized in the development of an
enhanced detection limit sandwich-format immunoassay
for the cardiac marker myoglobin. In this important
example of MEF, myoglobin was first captured on SiFs
and glass surfaces coated with anti-myoglobin antibodies;
the surfaces were then incubated with fluorophore-

Figure 4

59

labeled anti-myoglobin antibodies (Figure 4a). A 10-
15-fold increase in fluorescence emission was observed
from the fluorophore-labeled antibody on the SiFs com-
pared with that on the glass substrate alone (Figure 4b).
Figure 4c shows that the detection range of myoglobin is
between 10 and 1000 ng/mL. These results show that it is
possible to detect myoglobin concentrations below 50 ng/
ml, with an immunoassay performed using SiFs, much
lower than the clinical cut-off concentrations for myoglo-
bin in healthy patients (100 ng/mL).

Metal-enhanced fluorescent probes

Fluorophores are essential in fluorescence-based technol-
ogy and especially in DNA-based technologies. A recent
report studied the effects of SiFs on the emission spectral
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Current Opinion in Biotechnology

Metal-enhanced planar immunoassays. (a) Schematic of a myoglobin-enhanced sandwich immunoassay on SiFs. (b) Fluorescence spectra
of the Rhodamine Red-X-labeled anti-myoglobin antibody bound to the surface-immobilized myoglobin; the concentration of myoglobin was
100 ng/mL on SiFs and on glass. (c) Fluorescence emission of Rhodamine Red-X-labeled anti-myoglobin antibody at different myoglobin

concentrations on SiFs (excitation 532 nm).
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Figure 5
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Metal-enhanced fluorescent probes. (a) Emission spectra of Cy3-DNA and Cy5-DNA between quartz plates, with and without SiFs. (b,c)
Photographs of the corresponding fluorophores. Note that the photographs are taken through emission filters and, importantly, the increase
in emission intensity is not due to an increased excitation scatter from the silvered plates. Abbreviation: APS, aminopropy! silane. (Figure

adapted from [17] with permission.)

properties of fluorophore-labeled DNA [17]. The emis-
sion spectra of Cy3-DNA and Cy5-DNA on glass and on
SiFs are shown in Figure 5a. The emission intensity is
increased two- to threefold on SiFs as compared with
quartz slides (the control sample). The slightly larger
increase in emission intensity for Cy5-DNA is consistent
with previous observations of larger enhancements for
low quantum yield fluorophores [17]. Photographs of the
labeled oligomers on quartz and SiFs are also shown
(Figures 5b,c). The emission from the labeled DNA on
quartz is almost invisible, but is brightly visible on the
SiFs. This difference in intensity results from an increase
in the radiative decay rate of the fluorophore, which in
turn results in an increase in the quantum yield (intensity)
of the fluorophores [17].

Reports of the effects of silver particles on metal-ligand
complexes, which are deemed to be useful as lumin-
escence probes in biochemistry owing to their long lumin-
escent decay times, have been reported [29]. The
emission spectral properties of [Ru(bpy)s;]** on SiFs
and glass yielded several fold higher intensities on SiFs,
accompanied by shortened lifetimes. These results are
consistent with an approximate 20-fold increase in radia-
tive decay rate of the [Ru(bpy);]** in close proximity to
silver particles. It is likely, therefore, that silver particles
might find use in increasing the detectability of emissions
from other metal-ligand complexes.

Metal-enhanced solution assays

Nearly all of the work pertaining to MEF to date, has
dealt with fluorophores in close proximity to planar sur-
faces. However, it might also be desirable to use metals as
colloidal suspensions for medical imaging, as they are
potentially injectable and silver and gold colloids are
already widely used in medicine. For example, such
approaches are used in retinal angiography and could
benefit from an enhanced indocyanine green and fluor-
escein quantum yield and from increased photostability
(see the article by Malicka er a/. [16] and references
therein).

To illustrate the usefulness of MEF in solution-based
biosensing applications we acknowledge two recent
approaches. In the first approach, SiO,-coated silver col-
loids provide for a solution-based enhanced-fluorescence
sensing platform with a three- to fivefold enhancement

typically observed [30°]. In the second approach,
oligonucleotide-modified  silver particles and a
fluorophore-labeled  complementary  oligonucleotide

were employed (Figure 6) [31]. An increased emission
from the fluorophore-labeled complementary oligonu-
cleotide after hybridization in the presence of silver
particles has been observed. This result suggests a
possible approach to DNA detection based on the aggre-
gation of metallic nanoparticles bound by fluorophore-
labeled oligonucleotides [31].

Current Opinion in Biotechnology 2005, 16:55-62
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Figure 6
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Metal-enhanced solution assays. One approach to the use of MEF in solution-based assays is to use oligonucleotide-modified silver particles
in solution together with fluorophore-labeled complementary oligonucleotides. The schematic illustrates the preparation, displacement by
thiolate oligonucleotides, and hybridization with fluorescein-labeled complementary oligonucleotides. The silver nanoparticles were protected
with a tiopronin monolayer. Silver particles are shown as gray spheres and fluorophore molecules as black ovals. (Figure adapted from [31]

with permission.)

Interpretation of metal-enhanced
fluorescence in terms of a radiating

plasmon model

Over the past five years, the exciting possibilities that
metal-fluorophore interactions potentially have to offer to
medical imaging and diagnostics have been realized.
Although most of these approaches have been poised
from a sensing perspective, and therefore phenomenolo-
gical in nature, the descriptive nature of the underlying
physics has been traditionally centered on excited distal
fluorophores in resonance with surface plasmon electrons.
That is, the fluorophore is excited directly and sponta-
neously emits; the spectral changes observed then result
from the excited-state resonance interaction with the free
electrons on the metallic surface.

More recently, however, the interpretation of the same
results has shifted somewhat — to a model whereby non-
radiative energy transfer occurs from distal excited fluor-
ophores to the surface plasmon electrons. The surface
plasmon electrons, in turn, radiate (under certain condi-
tions) the photophysical characteristics of the coupling
fluorophore. This new model has been referred to as the
radiating plasmon model [32].

The extinction properties of metal particles can be
expressed by a combination of both absorption (Cju)
and scattering (Cg) factors, when the particles are sphe-

rical and have sizes comparable to the incident wave-
length of light:

,{,4
Cr = Cy + Cs = #Im(a) + é|oz|2 (5)

where k; = 27rn;/\g and is the wave vector of the incident
light in medium 1 and « is the polarizability of the sphere
with radius r and is given by:

o = 477 (e, — €1)/ (6 + 261) (6)

where €, is the complex dielectric constant of the metal.
The first term represents the cross-section owing to
absorption (C,) and the second term the cross-section
owing to scattering (Cg). Current interpretation of MEF is
therefore underpinned by the scattering component of
the metal extinction (i.e. the ability of fluorophore-
coupled plasmons to radiate [32]).

Conclusions

We have reviewed recent fluorophore—metal architectures
that offer enhanced spectral properties of the fluorophores,
such as increased quantum yields, increased rates of exci-
tation and energy transfer, and enhanced fluorophore
photostability (reduced lifetimes). Metallic silver can be
readily deposited by a variety of methods, on demand,
using a range of approaches and in biologically inert envir-
onments. In our opinion these fluorophore—metal effects
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offer unique perspectives in clinical chemistry and bio-
chemistry, providing for improved background suppres-
sion, increased detection limits and even localized
excitation. MEF is an emerging technology that in several
years is likely to be widespread throughout fluorescence-
based applications of biotechnology.
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