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Abstract

In recent years there has been a growing interest in the interactions of fluorophores with metallic
nanostructures or nanoparticles. The spectra properties of fluorophores can be dramatically
modified by near-field interactions with the electron clouds present in metals. Near-field
interactions are those occurring within a wavelength distance of an excited fluorophore. These
interactions modify the emission in ways not seen in ensemble fluorescence experiments. In this
review we provide an insightful description of the photophysics of metal plasmons and near-field
interactions. Additionally, we summarize recent works on single-molecule studies on metal-
fluorophore interactions and suggest how these effects will result in new classes of experimental
procedures, novel probes, bioassays and devices.

The spectral properties of single fluorophores can be dramatically altered by near-field interactions
with the electron clouds presented in metals.

* Corresponding author: lakowicz@cfs.umbi.umd.edu.
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1. Introduction

There is a long history of using fluorescence spectroscopy to study fluorophores,
fluorophore-labeled biomolecules and diagnostic protein antigens. Although fluorescence is
a highly sensitive technique, detection of single molecules represents the ultimate level of
sensitivity and has been a longstanding goal of analytical methods. The detection of a single
fluorophore is usually limited by its quantum yield, background signals from the sample.
The observation of single molecules is also limited by their photostability and brightness.
The observation times for single fluorophores are typically several seconds, after which
irreversible photobleaching occurs. The ability to observe single molecules over the
background is determined by the number of photons emitted per second. In single-molecule
detection background fluorescence can easily obscure the signal from single fluorophores.
This is the why single-molecule fluorescence experiments are usually performed on organic
fluorophores with high extinction coefficients, high quantum yields and short lifetimes.
However, the fluorescence emission of a single molecule can be modified by appropriately
tailoring its external electromagnetic environment, providing new opportunities for single-
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molecule detection. The environment can affect the fluorescence emission in various ways
by locally increasing the emitter's radiative decay rate and by modifying its spontaneous
emission into a directional emission to enhance the detection efficiency. Metallic surfaces
have shown important application in biotechnology due to their light-localization properties,
leading to strong absorption features and local field enhancement [1-3]. A moderately
extensive physics literature exists on noble-metal nanostructures [4—-10]. The most
established application to explore these properties has been surface-enhanced Raman
scattering (SERS) [11-15], which uses the evanescent field at the surface of nanostructured
materials to greatly amplify the weak, but molecule-specific Raman signals. SERS has been
used for a wide range of applications in physics, chemistry, and biology. However, SERS is
not the only application that has been found. Metal-enhanced fluorescence (MEF) [16-20]
or plasmon-controlled fluorescence (PCF) [3] have been reported for noncontinuous noble
metallic surfaces. It would be useful to obtain MEF at desired locations in the measurement
device (i.e. MEF on demand). The use of fluorophore-metal interactions has the potential to
dramatically increase the detectability of single fluorophores for single-molecule detection.
Yokota et al. [21] report the first successful detection of single tetramethylrhodamine and
Cy5 molecules attached to protein molecules on metal surfaces. The advances in
nanotechnologies over the past few years have made the manipulation of the nanometer-
scale processes more accessible and desirable. It is highly interesting to investigate the use
of metallic nanostructures to favorably modify the spectral properties of fluorophores and to
alleviate some of these fluorophore photophysical limitations. For instance, recent studies
involve metallic colloid nanoparticles [22-24], core-shell particles [25], noncontinuous
silver films [26-28], continuous thin films [29], nanoantennas [30], subwave-length
nanoarrays [31], and single nanoapertures [32,33]. Determining the influence of these
processes is a crucial issue to characterize nanodevices for enhanced fluorescence, which
has been a topic of great interest in recent years. These photophysical behaviors would be
further explored and to be used to create the next generation of probes, which could be
fluorophores in nanoshells, fluorophores bound to colloids, or fluorophores trapped in
confined volumes. The effects may also be used to increase brightness and photostabiltiy of
single molecules bound to surfaces that contain metallic structures, for either biophysical
studies or high sensitivity assays.

2. Principles of surface plasmons and fluorescence

The first studies of fluorophore-metal interactions appeared in the 1970s [34, 35]. These
papers showed that a fluorophore placed within distances of several wavelengths from a
reflecting metallic surface, in this case a thick continuous silver film (=100 nm), resulted in
oscillations of the emissive lifetime with distance from the metal surface. This effect could
be explained by the reflected field from the fluorophore back on itself, which depends on the
distance from the metal surface. When the reflected field amplitude at the fluorophore was
increased the lifetime decreased. When the reflected field opposed the fluorophores field the
lifetime increased. The data agreed with this reflective model at wavelength distances, but
not when the fluorophores was close to the metal. At distances less than 20 nm the lifetimes
dropped dramatically and the emission was strongly quenched. This quenching effect was
attributed to loss surface waves (LSWs), dissipated losses and similar terms, all of which
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implied the nonradiative dissipation of energy within the metal. These early reports [34,35]
resulted in a number of theoretical and experimental studies of oscillating dipoles with
metallic surfaces and particles [1,2,36-39].

The interaction of fluorophores with metals must depend on the optical properties of both
the metal and the fluorophores. The optical properties of metallic surfaces and surfaces
plasmons are complex. The term surface plasmons is now commonly used to describe both
the spatially limited motion of electrons in metal particles and the motions of electrons on a
continuous surface. Plasmons cannot be created when a metallic surface or mirrors are
illuminated directly from the air. These surfaces reflect the energy and do not display the
plasmon absorption. Creation of surface plasmons requires illumination of a thin metal film
through a glass prism or some higher dielectric constant material. The metal film must be
thin so that the field penetrates from the prism side to the distal side of the metal. In contrast
to a continuous metal surface, metallic colloids interact strongly with light [5]. Localized
surface plasmons can be created by direct illumination of metal colloids resulting in rapid
oscillation of the spatially bound electrons [40] (Fig. 1a). The metal plasmon resonance can
be described as arising from the collective oscillations of a group of electrons that migrate
freely on the surface of metal particle. In order to obtain resonance, the in-plane (xy plane)
wave vector (kx) of the incident light must match the surface plasmon wave vector.

The interpretation of radiating and nonradiating plasmons would provide an intuitive model
for metal-enhanced fluorescence. Suppose an excited fluorophore is near to 50 nm or distant
from (> 500 nm) the metal. The fluorophores at large distance from the surface can only
interact with the metal by the far-field radiation. The charge distributions induced on the
metal surface will be the same for the incident light. Thus, the field is reflected, resulting in
lifetimes that oscillate as a function of distance from the metal [34,35]. If the fluorophore is
close to the metal, the interactions are via the near field, and the charges are more closely
spaced. These plasmons cannot radiate into free space and the emission is to be quenched.
Justification for the radiating plasmon model can be found in electrodynamic theory [41,42].
Considering an oscillating dipole (¢) above a metallic surface, the ratio of the decay rates in
the absence (& = 1/7p) and presence (&= 1/7) of metal is given by

2
T 3gn ~
bﬁ=—°=1+ Lim(Ep) (@)
o 7 20k

where gis the quantum yield, 7 is the refractive index surrounding the dipole, 4 is the
wavevector for frequency w in medium 1 surrounding the fluorophore and Im(£g) is the
refractive field at the dipole. Eq. (1) can be used to calculate the relative decay rate for
dipoles parallel (IIl) or perpendicular (=) to the metal surface. For a fluorophore in front of
the metal the total decay rate is given by b= b_ +24,. Classical electrodynamic theory has
been used to calculate the radiative decay rate of oscillating dipoles near metallic spheres
and ellipsoids [36,43,44]. Depending on the distance from the surface and dipole orientation
the decay rates can be increased or decreased. Overall, the decay rates are increased and the
effect can be dramatic, up to 100 000-fold. Such an increase in the radiative decay rate

Laser Photon Rev. Author manuscript; available in PMC 2019 May 22.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Fu and Lakowicz

Page 5

should result in quantum yields near unity and very short lifetimes. Additionally, the shorter
lifetimes can improve photostability because the molecules spend less time in the excite
state per excitation cycle. As a result, the fluorophores will be less prone to optical
saturation and can emit more photons per second than an equivalent fluorophore with a
longer lifetime.

Mie theory is an alternative tool to describe the interaction of fluorophore with metal particle
[4,5,45]. According to Mie theory, the extinction coefficient of metal particles is due to both
light absorption and light scattering. The extinction, scattering and absorption cross sections
of metal nanoparticles when excited by electromagnetic radiation can be calculated by series
expansions of the involved fields into partial waves of different spherical symmetries. The
absorption component Ca represents the cross section due to absorption. The scattering
component Cg represents the ability of a metal particle to be an oscillating dipole that
radiates light and propagates to far-field. The extinction cross section Cg is given by Cg =
Ca + Cs. To a first approximation, these spectra can be used to predict the effect of a nearby
particle on a fluorophore. If a fluorophore interacts with the absorption component Ch, it
will result in the metal plasmons. The scattering component Cs allows the fluorophore-
induced plasmons to radiate to far-field showing as fluorescence (Fig. 1b). The lifetime of a
fluorophore-metal particle complex is decreased because of a high extinction coefficient.
The extinction properties of metal particles with the subwavelength sizes can be expressed
by a combination of both absorption (Ca) and scattering (Cs) factors,

k4
1

where A is the wavevector of the incident light in medium 1 and a is the polarizability of
the sphere of radius r,

a= 4ﬂr3(£m - 81) / (em + 281), 3)

and &, is the complex dielectric constant of metal. The first term represents the cross section
due to absorption and the second term represents the cross section due to scattering. It is
expected Ca to cause quenching and Cs to cause enhancement. The quenching term
increases as the /2 factor, and the enhancement term increases as the / factor. Hence, a small
particle can quench fluorescence because the absorption dominates over the scattering.
However, Mie theory is limited to spheres, and the extensions to shells and a few other
structures are less frequently used [46].

Compared with the spontaneous isotropic emission of the excited fluorophore, the
photophysical properties of fluorophore near the metal surface can be interpreted by a
modified Jablonski diagram [47] (Fig. 2). The fluorophore-induced plasmons can radiate to
the far-field and create observable emission. The usefulness of an increase in the radiative
decay rate can be understood by considering the definitions of the quantum yield (Qp) and
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the fluorescence lifetimes (zp). The fluorescence lifetime and quantum yield (Qp) of a
fluorophore in the free-space emission can be given by

QO =r / (F + knr)’ (4)

o= +k,)". ()

In traditional fluorescence experiments, the change in quantum yield or lifetime is due to the
change in the nonradiative decay rate (kg), which results from the change in environment of
a fluorophore, quenching, or FRET. The values of @y and zy can both increase or both
decrease, but do not change in the opposite direction. Unique spectral changes are possible
for fluorophores near metal particles or surfaces. Suppose this radiative decay rate near the
metal is increased and is given by I"+7,, when 7, is the additional rate due to the metal
substrate, the quantum yield @, and lifetime 7, of the fluorophores near the metal substrate
thus become

0,=(+Tr,) / (r+r,+k,). (6)

t=(+Iy+k)™ . ()

The metal-induced change to 7"+ I, results in unusual effects, the quantum yield increases
and the lifetime decreases, which is different from the change in &, where both Qand I”
change in the same direction. A decrease in lifetime has several favorable consequences.
Fluorophores can become more photostable because they spend less time in the excited state
where the photochemistry occurs. Hence, a fluorophore can undergo more excitation and
emission cycles prior to photobleaching. The maximum emission rate of a fluorophore is
approximately equal to the inverse of the lifetime. Hence, a fluorophore with a shorter
lifetime will be less prone to optical saturation and have higher maximum emission rates.
These changes result in an increasing detectability of single or multiple fluorophores.

3. Single-molecule approaches on fluorophore-metal interactions

Early experimental efforts on fluorophore-metal interaction used ensembles of molecules
and nanoparticles and revealed ensemble-averaged data. The main obstacle is that the
spectral properties of a fluorophore are very sensitive to its surrounding nanoenvironments
such as the shape, size, and material properties of the nanostructures. Distance to the metal
surface and the dipole orientation also play a role when fluorophores are near structured
surfaces. For planar metallic structures the fluorophores can be at various distances and
various orientations relative to the surface. For noncontinuous thin films (i.e. silver island
films) there exist a range of particles sizes and shapes, and the fluorophores may be
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localized on the metal or on the glass. Metal colloids in suspension can have a distribution of
sizes, which can also contribute to sample heterogeneity. The inherent inhomogeneity in
such experiments overwhelmed clear comparisons with the theoretical predictions. Single-
molecule studies thus become valuable for studies of fluorophore-metal interactions. Optical
spectroscopy of single molecules in condensed phases provides a tool to sense local
nanoenvironments that complements and extends conventional bulk ensemble-averaged
measurements. The distribution of environments can be determined by investigating a
number of individual molecules. Since typical single-molecule fluorophores are on the order
of a few nm in size, detecting the state of the single molecule allows exploration of several
features of the interaction of the molecule with its immediate neighbors in the material or
biomolecule. Additional information is obtained because single-molecule measurements
reveal the real-time behavior of single molecules, rather than the time and ensemble average.
For instance, single-molecule detection (SMD) can be used to determine if a particular
protein folds by a continuous or one-step mechanism. There is a great deal to be learned
from single-molecule or few-molecule spectroscopy (i.e. fluorescence correlation
spectroscopy, FCS), for fluorophores near metal particles. In some cases it may be preferable
to resolve the underlying heterogeneity using SMD or FCS, rather than trying to prepare a
chemically homogeneous sample. Additionally, it is vital to synthesize metal-fluorophore
structures with precisely defined spatial parameters, and a large number of such structures
would need to be fabricated to identify the preferred structure for brightness, photostability,
or other desired properties. Single-molecule experiments can show what is possible in the
best structure by finding several of these fluorophores among the observed population.

Advances in nano-optics have brought about various new tools for studying single molecules
and single nanoparticles both spatially and spectrally. These developments motivated the
investigation of the Raman enhancement at the level of a single molecule and a single
nanoparticle, clusters, and aggregates. In the past few years, using simple nanostructures
above have also been performed in modification of the spontaneous emission into a
controlled way in nano-optics. Metallic tips or particles are expected to enhance the local
field at the molecule location. This results in an increase of the exciting intensity and a
modification of the spontaneous emission rate. Some of these investigations are described
below.

4. Single organic fluorophores near various metallic nanostructures

A widely used surface immobilization technique is the self-assembly of monolayers of thiol
molecules by covalent bonding of their sulfur groups on metals such as gold or silver.
Recent studies on MEF have reported the use of a relatively facile deposition of metal
nanoparticles onto glass slides (i.e. silver island films, SIFs [19, 20]). In addition to varying
particle shapes, different techniques for silver deposition, such as wet chemical deposition
and electroplating of silver and fractal-like silver nanostructures have also been deposited
onto glass substrates onto electrodes [48] and/or glass slides [49, 50], have also been
employed to obtain localized enhancement of fluorescence. Surface-feature studies have
revealed that the SIFs are 30-80 nm in size with approximately 40% surface coverage. The
deposited SIFs display plasmon absorption maxima near 430 nm. All of these recent silver
nanostructure preparations have resulted in attractive silvered surfaces for MEF applications.
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Single dye-labeled thiolated DNA molecules tethered to SIFs are brighter than their free
counterparts as observed [27]. Time profiles also indicate higher photostability in these
tethered samples (Fig. 3). Most of the photons detected on bare glass coverslips range from
10* to 10° photons. By contrast, measured counts for single molecules on silvered surface
are in the range of a few 108, and these values show that dye molecules tethered to SIF are
very efficient emitters. The broad distribution of photon counts is in agreement with a larger
heterogeneity of the geometric shapes of a SIF nanostructure, various locations of the
molecule relative to the particle and the random orientation of the probe molecules. In
addition to stable fluorescing emitters, a rather weak fluorescence such as light-harvesting
complexes deposited on SIF can be enhanced up to 18-fold due to plasmonic interactions
[28].

The single-molecule spectroscopic method has also been employed to study the distance
effect of MEF near silver nanostructures [26]. Dye-labeled oligomers were attached to an
avidin layer and were inferred from the surface properties of the protein monolayer. The
controlled pattern of ordered macromolecules has the potential application in the field of
biotechnology. Single-molecule spectroscopic methods assure detailed new information is
provided on the emission of a single fluorophore and its interaction with interfaces. Intensity
and lifetime distributions reveal a mixture of spectral properties of dye-labeled
oligonucleotides near silver nanostructures. It is believed that these are caused by the sample
heterogeneity. The immobilized dye probes are located randomly and distantly near metallic
surface, which could lead to such variations. By the use of protein layers, it is found that the
maximum increase (~ 100-fold) in intensity and maximum decrease in lifetime from a single
BSA-avidin layer that positions the fluorophore about 10 nm from the surface. Hence, the
optimal distance for MEF can be readily obtained using a protein monolayer. More uniform
intensity and lifetime distributions are observed with multiple protein layers on silvered
surfaces. The nanometer changes in distance can be used to adjust emission properties of the
fluorophore.

In contrast to SIFs, the preparation of silver colloid suspensions yields spherical particles of
homogeneous size. The preparation of water soluble metal nanoparticles is well established
[51-54]. Colloids are prepared as suspensions by citrate reduction of silver or gold ions. One
interesting application of metal nanoparticles is their use in combination with conjugated
dye molecules. Such hybrid systems are attractive because they can be used as sensitive
imaging probes in biological studies. A recent study demonstrated the enhanced
fluorescence and shortened lifetime of a fluorophore attached a metal nanoparticle with an
approximate distance of 8 nm [22], the bound fluorophore was spatially separated from the
metal core by the hybridized DNA duplex chain to control the distance between the particle
and the probe. The work suggests potential of increasing detectability of single molecules
coupling to metal nanoparticles. Similarly, another publication by this group reveals the
coupling effect of single fluorophore localized between silver dimer nanoparticle and
fluorophore [55]. In this case, the dimers were formed by hybridization with double-length
single-stranded oligonucleotides that contained single Cy5 molecules. The study revealed
that the single-molecule fluorescence was enhanced 7-fold on the metal monomer and 13-
fold on the metal dimer relative to the free Cy5-labeled oligonucleotide in the absence of
metal. The lifetimes were shortened on the silver monomers and further shortened on the
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silver dimers, demonstrating the near-field interaction mechanism of fluorophore with the
metal substrate. FDTD calculations were employed to study the distribution of the electric
field near the metal monomer and dimer (Fig. 4). The finite-difference time-domain (FDTD)
technique is an implementation of Maxwell's time-dependent curl equations for solving the
temporal variation of electromagnetic waves within a finite space that contains a target of
arbitrary shape and has recently become the state-of- the-art method for solving Maxwell's
equations for complex geometries [56]. Herein, the distribution of electric field near the
metal monomer and dimer can be estimated to explain single-molecule MEF of these metal
particles. The correlation between the emission enhancement and the field density indicates
that the metal particle affects the intrinsic decay rate of fluorophore. The near-field
interaction between the fluorophore and metal particle is reflected by a change of lifetime.
The results revealed that the lifetimes of all samples with the metal were shortened
significantly relative to that of free Cy5 in the absence of metal, indicating the near-field
interactions for all metal particles. The lifetimes of fluorophore on the smallest silver
particle (5 nm) and largest silver particle (100 nm) were obviously longer than those on the
intermediate size of metal particles such as 20, 50, and 70 nm, supporting theoretical
calculations and experimental results that the fluorophore could interact most efficiently
with the intermediate size metal particles at an optimized distance from the metal core.

Beside the fluorescence intensity, it is found that the Forster resonance energy transfer
(FRET) could be enhanced significantly when the donor-acceptor pair was placed adjacent
to the metal particle [57,58] (Fig. 5). This result could be utilized as a ruler to measure the
energy-transfer distance. In the experiment, a donor-labeled DNA was chemically bound to a
single 20-nm silver particle and then an acceptor-labeled DNA was coupled by
hybridization. Both the emission intensity and lifetime obtained from the bulk emission
measurement and single-molecule fluorescence measurement indicated that FRET was
enhanced on the metal particle, which resulted in increasing the efficiency and lengthening
the distance of energy transfer to 1.4 times. The result is consistent with the FDTD
simulation. The enhanced rate constant for FRET was 21 times faster than the free donor-
acceptor pair in solution. The metal-enhanced FRET was also found to depend on the size of
the metal core. The Forster distance was extended to 1.4 times for the donor-acceptor pair
was bound on 20-nm silver particles, 1.6 times on 50-nm silver particles, and 1.7 times on
100-nm silver particles. The enhancement of FRET was dependent on the distance of the
spacer between the donor-acceptor pair and the metal particle. The Forster distance was
noted to lengthen from 1.4 RO to 1.6 RO when the spacer increased from 2 to 10 nm.

A similar demonstration of enhanced fluorescence near single metal particle uses an optical
antenna in the proximity of the substrate surface [59-64]. Schematic antenna configuration
is shown in Fig. 6. The antenna in the form of a spherical metal nanoparticle is attached to a
glass tip and raster scanned across a dye layer at variable heights. The near-field optical
microscopy (NSOM) has been widely used in this respect due to its exceptional resolution to
investigate electromagnetic field that localizes in the close proximity of nano-objectives and
surfaces. Simulation and theoretical considerations have shown how separation distance and
particle size strongly affect the enhancement properties of gold or silver antenna. An optical
antenna scatters electromagnetic field around the particle and therefore, when placed close
to a single fluorophore, increase the molecule's excitation rate [59, 60]. However, at very
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small distances between the antenna and the single molecule, the nonradiative decay
component becomes dominant and lowers the fluorescent rate. In the publications of
Bharadwaj et al. [61, 62], the authors reveal that the enhancement is strongly particle-sample
separation dependent. The fluorescence quenching dominates over the enhancement of the
excitation rate at particle-sample distances shorter than 2 nm, leading to a drop in the overall
fluorescence rate. The competition between quenching and plasmonic enhancement of
fluorescence gives an enhancement factor of approximately 10 when the 80 nm nanoparticle
is about 5 nm separated from the surface. The experiments [61,62] using individual gold and
silver nanoparticles demonstrate that plasmonic-enhanced single-molecule fluorescence is
strongly frequency dependent, the maximum fluorescence enhancement is obtained for
wavelengths red-shifted from the surface plasmon resonance.

Other common nano-objectives are subwavlength apertures or nanoholes [65-67] (Fig. 7).
The isolated nanometric circular holes or rectangular apertures are milled in metallic films
with various aspect ratios. In these experiments, nanometric apertures/holes act as tiny
reaction chambers containing a small number of molecules. This allows reduction of the
effective observation volume Vg from one femtoliter in a standard confocal microscope to
the attoliter (10718 L) or even down to zeptoliter (10721 L) range, allowing techniques such
as fluorescence correlation spectroscopy (FCS) that only work while observing a few
molecules to study chemical reactions at relative high molecular concentrations. This aspect
is of interesting when studying biologically relevant enzyme kinetics that generally require
concentrations in the micro- to millimolar range [68,69]. Rigneault et al. [66] observed
enhanced molecular count rate and reduced lifetime for single fluorophores diffusing in
single nanoholes drilled in an Al film (Fig. 8). The authors demonstrated that the overall
enhanced fluorescence is due to a combined effect: a decrease in the effective observation
volume delays the fluorescence saturation and also an increase in the local excitation
intensity induced by the metal nanoholes. In another experiment described by Wenger et al.
[67], the rectangular nanoapertures were milled in a metal film that allows tailoring of the
penetration depth of the excitation light within the aperture. This offers new possibilities to
adjust the effective observation volume and to further reduce volumes for the evanescent
excitation field. Such rectangular nanoapertures do not indicate any fluorescence
enhancement with a high transmission of the excitation field (longitudinal mode excitation),
whereas an evanescent coupling of the pump field (the transverse mode with small edges)
induces a significant increase in fluorescence count rates. These results suggest that the
observed molecular fluorescence enhancement is mainly contributed to the near-field
excitation within the subwavelength aperture and not much related to radiation-pattern
modification.

5. Single quantum dots near metallic nanostructure

The emission properties of quantum dots, especially high-absorption cross section,
exceptional photostability, wide excitation spectra and narrow emission bands, are important
in biological tagging applications [70,71]. The fluorescence from individual QDs shows
strong blinking in the time scale ranging from milliseconds to many minutes [72-74]. The
long “off” periods are the main restriction for the use of QDs in imaging applications and
limits their applicability in single-molecule detection. The modification of spectral
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properties from QDs located near metallic nanostructure surfaces and nano-objectives is an
interesting subject in nanoscience, and its study gives new insights into the basic aspects of
field-matter interaction. In a QD-metal system, the exact schemes under which enhancement
or quenching of the fluorescence emission will occur are still under investigation [75-80].
Recent progresses in single-molecule detection offer an opportunity to explore and
understand the details of optical quenching or enhancement. Using a layer-by-layer
polyelectrolyte deposition technique, Kulakovich et al. [79] observed a distance-dependent
enhancement and quenching of quantum dot separated from gold nanoparticles. This
observation is in agreement with recent reports [80] about a quenching of luminescence due
to resonant energy transfer (RET) observed for molecular systems at metallic surfaces.
Resonant energy transfer (RET) is very efficient at very short distances between QDs and
gold nano-objective, thus is mainly responsible to a quenching of QD emission, and can
compensate the effect of enhanced emission due to coupling surface plasmons between QDs
and gold surfaces [79, 81]. Furthermore, at shorter distance electron tunneling may
contribute to nonradiative recombination with remaining electron-hole pairs at the QD/Au
interface [79]. As the separation distance increases, the potential barrier between the QDs
and gold colloids increases and significantly weaken the probability of photoelectron
tunneling into gold surfaces.

The enhancement in fluorescence emission of QDs near metallic surfaces is also
accompanied by remarkable changes in dynamic optical behaviors (i.e. lifetimes, blinking,
spectral shift, emission polarization etc.) [75, 77, 82]. Single-molecule experiments
performed at cryogenic temperatures on single QDs reveal that blinking effects are
noticeably reduced on a rough gold film [75]. Shimizu proposed that the combination of an
increased radiative and absorption rate near metal surfaces accelerates the radiative
relaxation process and results the emission from the charged nanocrystals. The suppressed
blinking of a single quantum dot immobilized near silver island films is also reported [82]
(Fig. 9). The “off” time distribution of quantum dots near SIFs displayed power-law
dependence with a dissimilar exponent compared with that of electromagnetic inert surface.
It is ascribed to the modification of fluorescence by the surface-plasmon resonance from the
metallic nanostructure. The radiating energy from the emitter is dramatically altered through
coupling with the metal plasmon resonance to cause a change of the fluorescence properties.
The strong interaction of the excited molecules with the metal nanostructures dramatically
shortens the lifetime of the nonemissive state. The individual QDs showed the extended “on
time and overall increased intensity near metallic nanostructures.

In the cases discussed above, the fluorophores were located in external environments over
metallic layers or from the metallic nanostructures at nanometer scales. Enderlein [83] has
proposed a theoretical study of embedded single fluorophores within a metal shell. The
simulation presented a dramatic decrease of the excited state lifetime and enhancement of
the fluorescence properties. These results may lead to new classes of fluorescent probes with
extensively higher photostability and amplified fluorescence intensity, and for improving the
optical properties of semiconductor nanocrystals. However, it is not practical to cite all of
the many authors who have contributed to these novel approaches.
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6. Outlook

The ability to improve emission of a single emitter is crucial to single-molecule detection.
The effects of metallic nanostructured surfaces on the spectra properties of single
fluorophores have been demonstrated though the alternation of the local electromagnetic
field. Metallic nanostructures affect both absorption and emission. The fluorophores are
excited by the evanescent fields due to surface plasmons, rather than by propagating light.
The emission is modified by the presence of nearby metal particles or structured metal
surfaces. The metal can result in more rapid emission of the fluorophore, or may change the
normally isotropic emission into directional emission. The near-field interaction of the
fluorophore with evanescent surface plasmons result in a number of important spectral
changes, including increases in intensity and photostability, decreased lifetimes due to
increased rates of radiative decay, and increased distances for FRET.

Single fluorophores immobilized on metallic nanosurfaces (i.e. SIFs, nanohole arrays) can
achieve higher amplification in fluorescence emission. Nanoparticles can be favorably
coupled to single fluorophores to locally enhance fluorescence as free imaging probes.
Plasmon-fluorophore interactions will result in a new generation of formats for clinical
testing and in a new generation of ultrabright probes such as plasmon hybrid complexes
[24,84]. The nanotechnology development in design metallic nanostructures with well-
defined patterns and novel structures on the nanometric scales creates new opportunities to
dramatically improve the fluorescence detection efficiency. An ability to control the flow of
optical energy in two dimensions would have a profound impact on the design of devices for
fluorescence sensing. Instead of using optical components to manipulate light, the
fluorescence could be trapped in the form of plasmons and moved to different locations on
the surface. This capability would be useful in nucleic acid and protein arrays, where the
chemistry is already on a surface, which can easily be a metal surface.
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Figure 1.
(online color at: www.lpr-journal.org) (a) Schematic of surface plasmons on a metal surface;

(b) Schematic of plasmonic oscillation from a metal sphere.
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Figure2.
(online color at: www.lpr-journal.org) Modified Jablonski diagram that includes metal-

fluorophore interactions. The thicker arrows represent increased rates of excitation and
emission.
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Figure 3.
(online color at: www.Ipr-journal.org) The Cy5-labeled oligonucleotide is hybridized to the

complementary thiolated oligonucleotide. After incubation, labeled DNA molecules are
tethered to silver island nanostructures on an APS-treated glass substrate. A) Cy5-labeled
dsDNA molecules spin-dispersed on a glass coverslip; B) Silver island film deposited on a
glass coverslip; C) Cy5-labeled dsDNA-SH molecules tethered to silver island film
deposited on a glass coverslip; D) Cy5-labeled dsSDNA-SH molecules tethered to silver
island film deposited on a glass coverslip. From [27].
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Figure 4.
(online color at: www.lpr-journal.org) Electric fields near silver (a) monomer and (b) dimer

were calculated by FDTD model under an incident light of 635 nm. Note the incident light is
propagating along the y~axis and is polarized along the x-axis. From [55].
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(online color at: www.lpr-journal.org) Tiopronin-coated silver particle succinimidylated via
ligand exchange, followed by binding of the aminated donor-labeled oligonucleotide and
hybridization with the complementary acceptor-labeled oligonucleotide (top). Histograms of
FRET on the free donor-acceptor pairs and that of the donor-acceptor pairs bound to the
silver particles (bottom). Modified from [57].
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Figure®6.
(online color at: www.lpr-journal.org) An optical antenna in the form of a gold or silver

nanoparticle attached to the end of a pointed glass tip is interacting with individual
fluorescent molecules excited at frequency w; and emitting at frequency w,. From [59].
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Figure 7.
An isolated subwavelength aperture milled in an Al film coated on a microscope slip (top).

Line traces and autocorrelation functions in open solution (O) in a 150 nm diameter aperture
() and for the noise within the aperture (x) (bottom). From [66].
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Relation of enhancement with the excitation laser power in a 150-nm diameter aperture
(solid square) and in open solution (open circle). The inset shows the fluorescence radiative

decay curve in open solution and into a 150-nm aperture. From [66].
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Figure9.

(online color at: www.Ipr-journal.org) Single-molecule fluorescence images of and
representative fluorescence time traces (a,b) and their expanded sections recorded for single
QDs immobilized on glass (left) and SIF substrates (right). Single streptavidin-conjugated
quantum dots are immobilized on biotinylated BSA-modified surfaces. From [82].
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