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Abstract

Fluorescence technology is fully entrenched in all aspects of biological research. To a significant
extent, future advances in biology and medicine depend on the advances in the capabilities of
fluorescence measurements. As examples, the sensitivity of many clinical assays is limited by sample
autofluorescence, single-molecule detection is limited by the brightness and photostability of the
fluorophores, and the spatial resolution of cellular imaging is limited to about one-half of the
wavelength of the incident light. We believe a combination of fluorescence, plasmonics, and
nanofabrication can fundamentally change and increase the capabilities of fluorescence technology.
Surface plasmons are collective oscillations of free electrons in metallic surfaces and particles.
Surface plasmons, without fluorescence, are already in use to a limited extent in biological research.
These applications include the use of surface plasmon resonance to measure bioaffinity reactions
and the use of metal colloids as light-scattering probes. However, the uses of surface plasmons in
biology are not limited to their optical absorption or extinction. We now know that fluorophores in
the excited state can create plasmons that radiate into the far field and that fluorophores in the ground
state can interact with and be excited by surface plasmons. These reciprocal interactions suggest that
the novel optical absorption and scattering properties of metallic nanostructures can be used to control
the decay rates, location, and direction of fluorophore emission. We refer to these phenomena as
plasmon-controlled fluorescence (PCF). We predict that PCF will result in a new generation of probes
and devices. These likely possibilities include ultrabright single-particle probes that do not
photobleach, probes for selective multiphoton excitation with decreased light intensities, and distance
measurements in biomolecular assemblies in the range from 10 to 200 nm. Additionally, PCF is likely
to allow design of structures that enhance emission at specific wavelengths and the creation of new
devices that control and transport the energy from excited fluorophores in the form of plasmons, and
then convert the plasmons back to light. Finally, it appears possible that the use of PCF will allow
construction of wide-field optical microscopy with subwavelength spatial resolution down to 25 nm.
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Introduction to plasmon-controlled fluorescence

Fluorescence detection is the basis of many measurements in biological research. The
principles and applications of fluorescence have undergone extensive development since its
introduction to biochemistry in the 1950s. Fluorescence provides numerous measurement
opportunities including studies of biological macromolecules, cell imaging, and DNA
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sequencing. Exotic phenomena such as multiphoton excitation and time-resolved microscopy
are now routinely performed in many laboratories for cellular imaging. In our opinion,
fluorescence technology has reached a plateau in which the fundamental principles are mostly
developed. Most advances in fluorescence are now accomplished within the framework of
specific applications, such as the development of red and near-infrared (NIR) probes for animal
imaging, the development of molecular beacons for DNA and RNA detection, and the
development of genetically engineered probes such as the green fluorescent protein (GFP),
which can be expressed in living cells and even whole organisms.

We believe that fluorescence is now poised for a paradigm shift that will change the ways we
think about fluorescence and will expand its experimental capabilities. At present, essentially
all uses of fluorescence depend on the spontaneous emission of photons occurring nearly
isotopically in all directions (Figure 1). Information about the samples is obtained mostly from
changes in the nonradiative decay rates, such as collisions of fluorophores with quenchers and
fluorescence resonance energy transfer (FRET). The rates of spontaneous emission are not
significantly changed in such experiments. The only way to significantly change the
spontaneous decay rates is to change the fluorophore, such as the use of the long-lived
lanthanides, the use of transition metal-ligand complexes, or the use of phosphorescence. At
present, the timescale and spatial distribution of fluorescence are not controlled by the
experimental conditions.

In recent papers, we began to consider methods to modify the radiative decay rates of
fluorophores [1,2]. From a review of the literature, we found that radiative decay rates could
be modified by proximity of fluorophores to metallic particles such as silver colloids. We use
the term metal to describe conducting metallic surfaces and particles, not metal ions. The effects
of metals on fluorescence have been subject to prior theoretical reports [3-6], but the practical
usefulness of these effects was not explicitly recognized. We refer to the interactions of
fluorophores with novel metal particles as radiative decay engineering (RDE) because the
radiative decay rates of the fluorophores are modified by placing the fluorophores in close
proximity to the metal [7,8]. We observed a variety of favorable effects due to metal particles,
such as increased fluorescence intensities, increased photostability, and increased distances for
FRET. We refer to these favorable effects as metal-enhanced fluorescence (MEF).

Our studies of the interactions of fluorophores with metal particles led to studies of
fluorophores near planar metallic surfaces. The metal surfaces were similar to those used for
surface plasmon resonance (SPR), which is a continuous surface of silver or gold about 40 nm
thick on a glass substrate. These thin metal films are visually nearly opaque. We found that
excitation of fluorophores near these surfaces resulted in strong directional emission into the
substrate. The emission appeared as a cone with a half-angle consistent with the SPR angle for
the emission wavelength, and there was little emission into the air away from the glass substrate
[9,10]. The emission spectra were found to precisely match the emission spectra of the
fluorophore, so it was not clear if the fluorophore or the plasmon was responsible for the
observed emission. Other groups made similar observations [11-13], some dating back to 1975
[14], but in these papers it is often unclear if the emission is attributed to the fluorophore or
the plasmons. We refer to this unusual phenomenon as surface plasmon-coupled emission
(SPCE). This name is appropriate because the directional emission was subsequently shown
to be due to plasmons created by the excited fluorophores and not due to creation of plasmons
by the incident light [15].

The observations of MEF and SPCE led to our vision for plasmon-controlled fluorescence
(PCF). As shown schematically in Figure 2, the interaction of fluorophores with metals can
affect both excitation and emission. Effects on excitation are possible because the electric fields
from the incident light can be concentrated in small metallic colloids. Additionally,
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fluorophores near metal colloids can show increased rates of radiative decay I' in the absence
of metal particles. Finally, the emission can occur in defined directions by the use of metallic
nanostructures. In our opinion, these effects will result in a new generation of devices in which
the emission energy is controlled by metallic nanostructures.

Mechanism of plasmon-controlled fluorescence

The observation of SPCE showed that excited-state fluorophores could undergo near-field
interactions with the metal surface to create surface plasmons, which in turn radiate into the
substrate. It was surprising that excited fluorophores could create plasmons because it is well
known that light incident on the metal, from the same side as the fluorophore, cannot create
surface plasmons. The complete p-polarization of the SPCE indicated that the plasmons were
responsible for the far-field radiation propagating in the substrate. The ability of excited-state
fluorophores to create plasmons opens the possibility of using plasmonic structures to
manipulate fluorescence.

The experiments with metal particles and surfaces caused us to question what optical and/or
geometric properties of the system were responsible for the useful interactions of fluorophores
with metals. We developed a relatively simple concept that MEF was the result of surface
plasmons that were capable of creating far-field radiation [16]. This seemingly simple concept
was hidden from us by the complex language of surface plasmons and light scattering. As an
illustration, Mie theory shows that the extinction of metal particles is due to two effects: light
absorption and light scattering [17,18]. The combination of scattering and absorption is called
the extinction. Based on the language of fluorescence, scattered light is a problem to be
eliminated. However, in the language of Mie theory, the scattering component represents the
ability of a particle to radiate into the far field. That is, the incident light induces electron
oscillations in the metal. These oscillations act like dipoles that can radiate light. Hence, the
scattering component of the cross section of metallic colloids is analogous to fluorescence. The
ability of plasmons to radiate can be understood, at least at a superficial level, by consideration
of wave vector matching at the interface of the metal with its surrounding environment. The
concept of wave vector matching at interfaces is fundamental to optics and electrodynamics
[19,20]. Light cannot cross an interface unless wave vector matching occurs at the interface.
Wave vectors matching at an interface is equivalent to having a continuous electric field across
the interface. In Mie theory, the absorption component of the optical cross section of a colloid
is due to plasmons that cannot radiate and thus the energy is dissipated as heat. The scattering
component of the optical cross section is due to radiation from the induced plasmons.

We believe that the scattering component of metal particle extinction is responsible for
enhanced fluorescence because the fluorophore-induced plasmons can radiate, and that this
radiative decay occurs more rapidly than in the absence of metal. This model for MEF assumes
that the fluorescence wavelengths are longer than the interband transitions of the metal. MEF
is expected to occur when the absorption and/or emission bands of the fluorophore overlap
with the scattering wavelength of the metal structure. We refer to this concept as the radiating
plasmon (RP) model. This model is supported by some preliminary experiments, which showed
larger fluorescence enhancements with particles or particle aggregates displaying longer
wavelength extinction [21-24], which is usually due to scattering more than absorption. To our
knowledge, the RP model has not been conclusively proven, but the reasonableness of the
model has resulted in its general acceptance.

The RP model provides a rational link between fluorescence and the emerging science of
surface plasmons, which is now called “plasmonics.” The wavelengths of plasmons can be
considerably shorter than the incident wavelengths. As a result, the study of surface plasmons
has become of great interest for nano-optics, nanolithography, and for the next generation of
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computer chips that utilize subwavelength size structures [25-27]. At first glance, it appears
that experimentation with plasmons is not necessary and that everything can be calculated using
Maxwell’s equations. However, many optical effects due to plasmons were not anticipated
from classical electrodynamics. One example is the Wood’s anomaly with optical gratings,
which was first described in 1935 [28,29]. At that time, it was found that metallic gratings did
not reflect light at specific wavelengths and polarizations. The origin of this effect was not
known. It is now known that this effect is due to the strong absorption by surface plasmons
that are created by the incident light interacting with the metal film and the periodic structure
of the grating. Another example is the transmission efficiency of subwavelength apertures. For
an opaque dielectric material, the transmission efficiency becomes very low when the aperture
is smaller than the optical wavelength, and the transmitted light is fully diffracted into the half
space. However, in 1998 it was discovered that arrays of subwavelength nanoholes in opaque
metal films display anomalously high optical transmission that can be orders of magnitude
larger than the relative areas of the holes and metal surface [30]. The light transmitted by a
nanohole in a metal film is not necessarily diffracted into half-space, but can beam with a small
angular divergence [31]. Whereas these phenomena must be contained within Maxwell’s
equations, they were not known prior to the experimental observations. The optical properties
of metallic nanostructures were not anticipated from classical electrodynamics because
analytical solutions of Maxwell’s equations are limited to relatively simple symmetric
structures. However, with modern computers electrodynamic calculations have become routine
for complex macroscopic objects [32,33]. These computational methods can also be used to
simulate anomalous transmission and beaming transmission [30,31], but in this case, the
observations preceded the simulations. Unfortunately, the calculations may not be completely
reliable for metallic nanostructures and near-field effects. The optical properties of these
structures may differ from that of the bulk metals. Additionally, numerical solutions of
Maxwell’s equations may not provide physical insight into the phenomena. As a result,
determination of the optical properties of metallic nanostructures is typically a combination of
theory, simulations, and experimentation. The combination of plasmonics with fluorescence
may be even more complex because of the finite size and asymmetry of most fluorophores,
specific chemical effects, and failure of the point-dipole model for fluorophores at small
distances from the metal surface.

The field of plasmonics will expand to include much more than SPR and anomalous
transmission. Surface plasmons are of interest because they can have wavelengths much
smaller than optical wavelengths, suggesting their use for subwavelength lithography, optical
computing and imaging. Surface plasmons can be engineered to either radiate or remain trapped
at the metal surface. The ability of fluorophores to respond to and/or create surface plasmons
suggests the combination of plasmonics and fluorescence for the next generation of
fluorescence technology.

Opportunities for plasmonics in biological fluorescence

The combined use of plasmonic structures and fluorescence is in its infancy, but we see
considerable potential for new capabilities in fluorescence technology. It would be impossible
to predict all the future developments in this area of research. However, it seems valuable to
suggest some of the future possibilities. Based on our current understanding, we believe the
rational use of fluorophore-plasmon interactions can result in a number of new research
capabilities. These possibilities include:

1. Ultrabright probes, which are 1000-fold brighter than currently available fluorophores
and which can be monitored indefinitely at the single-particle level without
photobleaching.
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2. The ability to measure distances between biomolecules in the presently inaccessible
distance range from the 10-nm FRET limit up to 200 nm.

3. Probes that provide localized multiphoton excitation with low-intensity wide-field
illumination.

4. Metallic structures that selectively enhance excitation or emission at desired
wavelengths without enhancing background emission at other wavelengths.

5. New diagnosis devices based on PCF and energy transport.

6. Wide-field subwavelength optical microscopy. One can already imagine schemes
whereby 30-nm spatial resolution can be obtained using wide-field methods. The
availability of such microscopy would revolutionize cell biology and imaging.

In the following sections we will describe how these capabilities can be obtained based on
information available in the plasmonics literature and the known ability of excited fluorophores
to induce radiating plasmons.

Current applications of plasmonics in biology

The phenomenon of surface plasmon resonance (SPR) is widely used to measure binding
interactions between biomolecules [34,35]. SPR is accomplished by illuminating a thin metal
film, typically 40 nm gold, through a glass prism (Figure 3, top). The light is reflected from
the film at all angles except for a narrow range of angles where the film absorbs the light. This
absorption is not due to any chromophores, but rather to resonant electron oscillations induced
in the film by the incident light (Figure 3, bottom). Resonant absorption occurs at the metal-
sample interface when the in-plane wave vector (kx) of the incident light matches the wave
vector of the surface plasmons kgp. The surface plasmon wave vector is determined by the
incident free-space wave vector kg and thedielectric constants of the metal film (¢,) and of the
sample (&) according to [36-38]

1/2 1/2
_ W[ Emé&s _ Emés
kp=— =ko| ——
C\EmtEg EmtEs

(1)

Somewhat surprisingly, the surface plasmon wave vector is not affected by the refractive index
of the prism, but the refractive index of the prism affects the incidence angle where the surface
plasmon resonance occurs. The optical properties of metals are complex to understand. The
dielectric constants of metals are usually described by complex numbers so that

Em=&+iEim (2)

where ¢ is the real part and ¢, is the imaginary component (Figure 4). The real part of the
dielectric constant is related to the conductivity of the metal and is typically negative above
the plasmon frequency. The real part of the dielectric constant is also related to the penetration
depth of the electric field in the metal. The electric and magnetic fields are strongly attenuated
in the metal [36]. For example, at 600 nm the distance for 1/e attenuation are 24 nm for silver
and 31 nm for gold (Figure 5).

In order to obtain resonance, the in-plane (xy plane) wave vector of the incident light must
equal the surface plasmon wave vector. Because the real part of ¢y, is often much larger than
the imaginary part, the wave vector for the plasmons can be approximated by
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The incident light can excite a surface plasmon when its x axis component equals the wave
vector for the surface plasmon. The wave vector for the incident light in the prism (p) is given

by

kp=kony 4)

where ny is the refractive index of the prism. This value is related to the dielectric constant of
the prism ¢, by np = \/ep. The conditions for SPR absorption are satisfied when

ksp:kxzk()npsinﬁsp (5)

where 0 is the angle measured from the normal where absorption occurs. Surface plasmon
resonance occurs whenever the angle of incidence results in a component that equals that
obtained from Eq. (3).

It is interesting to note that the SPR angle is sensitive to the dielectric constant of the sample.
This is because the resonance occurs at the metal-sample interface. The incident light is
adsorbed but the plasmons cannot radiate into the sample because their wave vectors are larger
than the wave vectors for light of the same frequency in the sample. As a result, there is an
evanescent field that extends a fraction of wavelength into the sample. The sensitivity of the
SPR angle to biomolecule binding at this surface is due to interactions of the evanescent field
with the sample adjacent to the metal surface. SPR does not involve chromophores in the
biomolecules because the interaction is due changes in the refractive index to ng = Ve near the
film due to biomolecule binding.

Another current application of plasmonics in biology is the use of metallic colloids as probes.
Suspensions of metallic colloids display brilliant colors that result from both absorption and
scattering of light [39,40]. The colors of colloids are not due to chromophores but rather to
electron oscillations in the colloids induced by the incident light (Figure 6). The energy
contained in these oscillations is dissipated by dipole radiation into the far field and by
conversion into heat. These mechanisms account for the absorption and scattering components
of the colloid extinction. The electron oscillation in colloids is also called plasmons. These
plasmons are the same phenomenon that occurs in SPR, except that the plasmons are
constrained by the size of the colloid. It is much easier to induce plasmons in colloids than in
continuous metal film. For continuous films, it is necessary to use a prism and precise angle
of incidence to match the plasmon resonance. No special conditions are needed to excite
plasmons in colloids. Incident light interacts with colloids irrespective of the surrounding
environment.

There have been numerous papers and monographs on the optical properties of metal colloids,
which are often described using Mie theory. This theory is relatively simple for subwavelength
size spheres. In this case, the cross sections for extinction Cg is given by

4

k
C,=C,+Cs=k|Im (@) + éw, ©
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where kq = 22n1/4q is the wave vector of the incident light in medium 1 and a is the polarizability
of the sphere of radius r

(7

The term |a/? is the square of the modulus of «, Cp is the cross section due to absorption, and
Cg is the cross section due to scattering. When discussing the cross sections of colloids it is
convenient to use the efficiencies (Q) for extinction (E), absorption (A) and scattering (S),
QE, Qa, and Qg, respectively [41]. These values are obtained by dividing the cross sections
for interaction with light by the geometric cross sections zr2. These efficiencies represent the
ability of the particle to scatter light relative to its physical cross-sectional area.

Incident light interacts very strongly with metallic colloids [40]. This property is shown in
Figure 7 where a colloid is illuminated with light (1) with a wavelength that matches the
plasmon resonance at Ap (top) or with a wavelength longer than Ap (bottom). The lines show
the energy flow near the particle. For a resonant wavelength, the colloid can have an optical
cross section much greater than its physical cross section. This effect is seen by the energy
flow into the particle, which results in the enhanced fields near illuminated colloids. For a
nonresonant wavelength, the optical cross section can be similar to or smaller than the physical
cross section (bottom), which is typical of organic fluorophores and semiconductor
nanoparticles also known as quantum dots (Qdots). A useful descriptive name for metallic
colloids is plasmon resonance particles (PRPs) [42], which accurately describes their optical
properties.

Recent applications of SPR and PRPs

The previous section described the properties of plasmons occurring on a smooth metal film
and the spatially limited oscillations that take place in metallic colloids or PRPs. These two
types of plasmons are already finding applications in biomedical assays and imaging. Some
simple assays take advantage of the high optical cross sections of the colloids, which makes
low concentration of colloids visible to the naked eye. One example is shown in Figure 8, which
shows the structure of a DNA oligomer (CS-DNA) labeled on both ends with core-shell (CS)
particles [43]. Hybridization of the CS-DNA with the target can be seen simply by spotting the
solution onto a thin-layer plate (lower left). The unhybridized DNA is seen as a yellow spot
and the hybridized CS-DNA is seen as a brown spot. The changes in color are due to interactions
between the particles on each end of the oligomer, which depend on the distance between the
particles. Increasing the temperature above the melting temperature Ty, dissociates the strands
and reverses the color change. Small changes in the chemical composition of the particle can
yield different colors. For gold particles, the color change is from purple to brown/black upon
hybridization (lower right). These spots are easily visible to the naked eye because of the high
extinction cross sections of the colloids.

Another example of DNA hybridization detected using plasmonic particles is shown in Figure
9. In this case, the particles were gold colloids. Separate samples of these colloids were labeled
with one of two DNA oligomers (a or b). These oligomers (a and b) were not complementary.
The target DNA (a’b’) was complementary to both oligomers. Addition of the target DNA
(@’b’) causes the colloids to form aggregates. The interactions between the gold particles in
the aggregates change the extinction spectra, and color change can be seen visually. The color
changes are due to through-space interactions between the colloids. A through-space
interaction is somewhat predictable in that it is not dependent on the specific chemistry or type
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of biomolecule. The through-space interactions between colloids typically occur over a
distance of 2.5 times the diameter of the particles.

Single molecule detection (SMD) is often described as the ultimate in sensitivity. However,
SMD is usually accomplished under specialized conditions to restrict the observation volume
to a small region around the molecule [45]. As currently practiced, SMD is not a method for
high-sensitivity assays. Single molecules can be observed but are not easily counted. The high
optical cross of individual metal colloids or PRPs allow them to be visualized without any
special conditions [46]. Figure 10 shows a photograph of three PRPs taken with a white light
epi-illumination microscope without additional filters. The three different size colloids are
easily visible from the light scattering at different wavelengths (top). It is even possible to
measure the scattering spectra of the individual particles (bottom). It would not be possible to
visualize individual fluorophores using these same conditions. SMD of fluorophores is
accomplished with extensive filtering and attention to the overall optical efficiency. The PRPs
in Figure 10 were observed with a wide-field microscope and epi-illumination. Single PRPs
have also been observed in bacterial cells [47]. Gold particles have been used to track receptors
on cervical cancer cells using reflected light [48]. The ability to easily detect single PRPs is
due to their large optical cross sections (Figure 9) and high quantum efficiency for light
scattering [41].

In SMD background fluorescence can easily obscure the signal from single fluorophores.
Remarkably, PRPs can be observed in the presence of high background fluorescence. Figure
11 shows a photograph of a Drosophila polytene chromosome [46] The green color is due to
SYBR Green, which was used to stain the nucleic acids. The bright spots are due to single
PRPs that were directed to specific sites on the chromosome using in situ hybridization. Single
PRPs can be seen even with the high background due to SYBR Green. It is highly unlikely that
single fluorophores or single Qdots could be observed under similar conditions.

The previous examples used continuous metal surfaces (SPR) or particles (PRPs). Reports are
now appearing that combine both types of metallic structures. One example uses metal colloids
to increase the sensitivity of SPR [49-51]. The usual SPR binding assays are performed using
unlabeled biomolecules. The changes in SPR angle are usually small, about 0.1°, because the
refractive of the solution index above the metal film is only slightly changed by the bound
molecules. The changes in angle can be increased many fold by the use of biomolecules that
are conjugated to metal colloids. In this case there is a larger change in the effective dielectric
constant near the metal film because the dielectric constant of the PRPs is very different from
that of water, the amount of bound mass is larger, and the particles and metal surfaces interact
through space over distances up to about 100 nm.

An example of the increased sensitivity of SPR using metal colloids is shown in Figure 12
[51]. In this case, a capture DNA oligomerl (S1) was bound to the gold surface. Binding of a
complementary oligomer S2 had only a minor effect on the angle-dependent reflectance,
shifting the reflectance minimum by 0.1°. Binding of the oligomer containing the gold particle
resulted in a shift of 1.8°, an 18-fold increase. This result shows that the interactions between
metallic particles and surfaces can be used to increase the delectability of bioaffinity reactions.

The use of PRPs in cell imaging and metal colloids in SPR can be regarded as early examples
of plasmonics in biology. In these cases, the interaction between metallic structures is being
used to obtain biochemical information about the system. The optical changes are large because
of the strong interactions of light with the metals. We believe that the strong interactions
between fluorophores and surface plasmons will also be used to study a wide range of biological
phenomena.
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Plasmonics and fluorescence

In the previous section we described the present uses of metallic structures for biochemical
analysis and imaging. We believe these examples represent only the beginning of the use of
plasmonic structures in biology. The previous examples relied on the interaction of light with
the metallic structures, followed by detection of the light at the same wavelength that is
reflected or scattered from the structures. These uses of plasmonics, although powerful, lack
the advantage of a Stokes’ shift. We believe it will be possible to maintain some of the properties
of plasmons (strong interactions with light) with the spectral characteristics of fluorescence
(Stokes shift, time-delayed emission, etc.). This will be possible because the near fields created
by plasmon resonances can interact with fluorophores and serve as a source of local fields and
amplified excitation. Additionally, excited fluorophores can undergo near-field interactions
with metals, creating plasmons that are then radiated into free space.

The concept of using plasmonic structures to control fluorescence is shown in Figure 13. In
such a device, the fluorophores would be in close proximity to a silver surface and the silver
surface will have a defined nanostructure. For example, the two regions on the left could contain
nanohole arrays. The spacing of the nanoholes could be chosen for anomalous transmission of
green (G) or red (R) wavelengths. The fluorophores with green or red emission will
preferentially couple to plasmons in the respective structures. We expect the plasmons will
then radiate into the substrate for detection. Alternatively, the surface on the right can be
patterned as a thin metal grating. In this case, both the green and red fluorophores will couple
to the surface, but the green and red emission will appear at different angles in the substrate.

Ultrabright fluorescent particles

Plasmonic structures can also be used to obtain increased fluorescence intensities or to obtain
ultrabright particles. This application of PCF will depend on the use of metallic particles with
varying sizes and shapes. For instance, consider a fluorophore contained within a metallic
nanoshell, as compared with a fluorophore in solution (Figure 14). In the absence of a metal
particle, the fluorophore feels the incident light field (E) at the excitation wavelength (1¢y) and
emits with the usual radiative decay rate I' at the emission wavelength Aom,. The extent of
absorption is determined by the optical cross section of the fluorophore, which is usually a
fraction of its physical cross section. Now consider a fluorophore within a silver shell and
assume that light absorbed by the metal shell is transferred to the fluorophore. The effective
cross section for absorption is now much larger than that of the fluorophore, and even larger
than the colloid itself. This effect results in a higher effective incident field E,, at the excitation
wavelength and increased excitation of the fluorophore due to the amplified incident field. For
the moment, we are assuming the silver shell does not transform any of the energy into heat.
As described in the introduction, fluorophores near metals can have higher radiative decay
rates and higher quantum yields than in the absence of metals. Hence, the emission intensity
of the fluorophore in the metal shell can be increased further by the ability of the fluorophore
to induce plasmons in the shell, which in turn radiate as light. These considerations suggest a
fluorophore in a nanoshell, or other suitable structures can have the useful Stokes’ shift of
fluorescence with the high optical cross section of a PRP.

In describing a fluorophore in a nanoshell we described the excitation and emission in terms
of wavelength. In the case of absorption and fluorescence in the absence of metals, this
convention is convenient because the wavelengths are changed to only a modest extent by the
sample. Inthe case of metals, it is important to remember that the energy of the light is described
unambiguously by its frequency. The energy at a given frequency can be contained in a
plasmonic structure or a nanoshell that has dimensions much smaller than the free-space
wavelength for this same frequency.
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The potential of plasmonics for creating ultrabright fluorescent particles is best shown by
specific examples. We believe it will be possible to create ultrabright and photostable probes
by combining fluorophores with metal particles. At this time, it is not clear if the brightest
probes will be obtained for fluorophores on particles or inside of shell particles. The optimal
size and shape of the particle(s) for maximal brightness is also unknown. It is difficult to
calculate the optical properties of any metallic shape other than a sphere (Table 1). These less
symmetrical shapes usually require numerical methods. An additional level of complexity
arises when a fluorophore is placed very close to the metal, where there will be effects due to
the chemical structure, orientation, and other unknown factors. Calculations have been reported
for one simple geometry, rhodamine 6G (R6G) in a silver nanoshell (Figure 15). This system
has been the subject of electrodynamics calculations [52,53]. These calculations included the
loss of energy as heat during transfer of energy across the silver shell in both directions and
should thus provide a reliable estimate of the emission intensity. Even after this attenuation,
the emission from a single fluorophore is expected to be 10- to 100-fold higher when contained
in a nanoshell. At this time, we do not know if there are other factors that may make the
fluorophore less bright, but this is nonetheless a promising result.

There are other factors that can result in larger enhancements than shown in Figure 16. The
shorter lifetime of the fluorophore results in less time for photochemistry while in the excited
state, and thus more excitation-emission cycles prior to photobleaching. The metal shell may
be impermeable to oxygen and other species that react with the fluorophore and thus protect
the fluorophore from photochemical reactions. There is no reason to limit the nanoshell to
contain a single fluorophore. We have already shown that proximity to metallic particles
decreases self-quenching due to homo FRET [54] so that tens of fluorophores can be placed
within the nanoshell. It is known that the electric fields within these shells is uniform [55],
suggesting that all the fluorophores may be equally enhanced irrespective of location within
the nanoshell. These considerations suggest that fluorophores encapsulated in metal nanoshells
can be bright and photostable particles for single-molecule detection and imaging.

Itis informative to compare a fluorophore in a nanoshell, which we will call a plasmonic probe,
with semiconductor nanoparticles or Qdots. Since Qdots are already in use for cellular and
whole-animal imaging [56-60], one can expect the plasmonic fluorophores to be used in similar
applications. Qdots are frequently targeted to internal or external regions of cells using specific
antibodies or peptides. Similar surface chemistries can be used to attach proteins to the surfaces
of metal particles. This surface labeling of metal particles may be even easier with silver and
gold particles because of the intrinsic affinity of these metals for amino and sulfhydryl groups.
The Qdots have been found very useful even though their brightness is comparable to a single
fluorophore or a few fluorophores. The Qdots contain materials such as CdS or CdSe, which
can be toxic to cells under some conditions [61]. Impermeable surface coatings are often
required to prevent leakage of the toxic materials. In contrast to Qdots, silver and gold are
essentially nontoxic and, if needed, can also be coated with silica or biocompatible materials.
The Qdots are claimed to be highly photostable. This is a result of the surface coating since
uncoated semiconductor Qdots are sensitive to the local environment and undergo
photobleaching. Similarly, the silver coating over the fluorophore is likely to result in increased
photostability. We expect the plasmonic probes to be easily 100-fold brighter than a single
fluorophore and thus as useful as Qdots.

An advantage of Qdots is their ability to be excited at any wavelength and their narrow emission
spectra [62,63]. These same advantages are expected for plasmonic probes. Gold and silver
nanoshells are known to display broad absorption [64,65]. We expect the excitation spectra of
plasmonic probes to be comparable to broad absorption of the nanoshells. Quantum dots are
known to display narrow emission spectra. Fluorophores within metal shells are also expected
to display more narrow emission spectra without the long-wavelength tails [52,53]. In fact, the

Plasmonics. Author manuscript; available in PMC 2009 November 3.



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

1duasnuey Joyiny vd-HIN

Page 11

calculated emission spectrum for rhodamine 6G in a silver shell is about 2-fold more narrow
than in solution (Figure 15). In summary, plasmonic probes are potentially brighter, more
photostable, and less toxic than Qdots.

Subwavelength distance measurements

Two ranges of distances are readily available in live cell imaging. Distances ranging from
macroscopic to about A/2, typically 300 nm, are measurable using confocal, multiphoton, and/
or laser scanning methods [66,67]. A shorter range of molecular size distances are available
using FRET, which occurs over distances ranging from 1 to 10 nm. Distances measurable by
FRET are usually less than 6 nm. The extent of FRET can be imaged in a microscope, providing
an image of proximity between donor and acceptor labeled biomolecules. The individual
biomolecules are usually not imaged, and only the average donor-acceptor proximity is
contained in the FRET image [68,69]. However, far-field optical microscopy does not allow
distance measurements in the range from 10 to 300 nm. Near field methods are used for imaging
from 10 to 300 nm, including near-field scanning optical microscopy (NSOM), atomic force
microscopy (AFM), and scanning tunneling microscopy (STM). These methods rely on
physically scanning the position of optical or mechanical probes over the region of interest,
and are thus difficult to use for live cell imaging.

Many cellular processes and structures occur over a range of distances larger than FRET
distances but smaller than optical resolution. Receptor proteins on cell membranes can form
clusters that can be detected by FRET but are too small for optical imaging. Biomolecule
assemblies often involves structures that are larger than FRET distances but below optical
resolution. For example, FRET cannot be used to measure the distance across a ribosome
because ribosomes have a diameter near 23 nm [70]. Complexation of antibodies with antigens
is not always detectable using FRET because an 1gG molecule is about 10 nm long and antigens
can be even larger.

The existence of plasmons in metallic colloids provide an opportunity for measuring distances
inthe intermediate range from 10 to 300 nm. This possibility is the result of long-range coupling
between metallic particles, which changes their optical properties. Figure 16 shows the
calculated scattering spectra for two elliptical-shaped disks at various center-to-center
distances. These calculations show that the scattering spectra are sensitive to distances ranging
from about 50 to 150 nm [71]. The dependence of scattering on the distance between particles
has been examined experimentally using samples prepared by nanofabrication. Figure 17
shows the electron micrograph and scattering spectra of individual pairs of silver disks on a
substrate [72]. The scattering spectra are seen to be sensitive to edge-to-edge distances ranging
from 10 to 250 nm. The scattering spectra are also sensitive to the polarization of the incident
light, suggesting that different incident and observation polarizations can be used to gain
additional information about the orientation of the particles. These results suggest that the
scattering spectra of colloids can be used to measure distances in the range from 10 to 250 nm.

The use of colloid-colloid interactions for proximity imaging is shown in Figure 18. Each bright
pixel in the word NANO is due to scattering of the white incident light by a pair of silver
particles. The darker pixels contained only a single nanoparticle. The pairs of particles are
easily identified from the higher intensities of the scattered light. The difference in color
between the scattering particle pairs is due to variations in the exact dimensions of the pairs.
Such variations should become less troublesome as nanolithographic methods improve or by
the use of spherical colloids, which can be prepared with a high degree of homogeneity.

Cellular imaging experiments have already shown that scattering from colloids bound to cells
can be sensitive to the distance between the colloids [73]. This application is based on the
strong scattering power of metal colloids and on the effect of particle aggregation on the
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intensity of the scattered light. Gold particles scatter light much more strongly than polystyrene
particles (Figure 19). Additionally, clustering of the gold particle further increases the scattered
intensity. This suggests that locations with clusters of colloids or clusters of biomolecules can
be found from the location of higher scattering intensities.

The light scattered from colloids can be seen when the colloids are bound to cells. Figure 20
shows images of cancerous cervical cells that were labeled with colloids. The colloids were
directed towards the epidermal growth factor receptor (EGFR) on the cell surfaces by binding
antibodies to EGFR to the colloids [73]. The EGFR receptor is overexpressed in epithelial
cancers. The cells were observed from the reflected light at 630-680 nm using a laser scanning
confocal microscope (top). The bottom panel shows an overlay of the reflectance image and
the transmission image. The scattered light from the colloids is easily visible even though there
are only about 5000 copies of the EGFR per cell. Distances between the receptor were not
measured in this experiment. However, the authors pointed out that they could not observe any
scattered light from the colloids prior to their aggregation on the cell surfaces. Hence, the
scattered intensity in Figure 20 is due to clustering of colloids.

The use of colloid-colloid interactions to measure distances is just beginning. In fact, the first
use of these interactions to measure distances has just been published [74]. The possibility of
distance measurements was tested using gold colloids linked by DNA oligomers (Figure 21).
The gold colloids were highly charged and displayed electrostatic repulsion. The repulsion
between the DNA-linked colloids was modified by changing the ionic strength of the solution.
The peak scattering wavelength changed reversibly in response to ionic strength. The longer
peak wavelength at higher ionic strength is consistent with increased interactions between more
closely spaced colloids.

Calculation of the distances using scattering by colloids will require knowledge of the
dependence of scattering on particle size, shape, distance, and polarization of the incident light.
In the case of FRET, the dependence of transfer efficiency on distances is known and
orientation effects are usually ignored. The rules for distance measurements using colloids are
not yet known. It appears that the extent of interaction between colloids scales with the size of
the colloids so that larger colloids can be used to measure larger distances. However, the
spectral shifts can be complex, and smaller distances between particles sometimes result in
blue shifts rather than the more commonly observed red shifts [75,76]. The observation of
either blue or red shifts points to an underlying complexity of the particle-particle interactions,
which must be understood before these interactions become widely used as a new type of
molecular ruler. The present ability to use nanofabrication technology to create well-defined
particle pairs suggests that we will be able to determine which interactions are important, and
which can be ignored, as is presently known for FRET.

Nanostructures for enhanced wavelength-selective detection

In a previous section we described the possibility of ultrabright particles that would be
detectable at the single particle level, even in the presence of background. We now consider
the case where it is desirable to detect or count single fluorophores not coupled to metals, in
the presence of background emission. Suppose the emission spectrum of the desired
fluorophore occurs at 600 nm and the sample also displays autofluorescence from 400 to 800
nm. The fluorophore emission overlaps with the background and would be difficult to detect
without some enhancement (Figure 22). Now suppose a plasmonic structure flow cell can be
created that has a strong resonance at 600 nm. As described below, one such structure is an
array of metal nanowires. Such a structure will increase the emission intensity of the 600-nm
emission, without increasing the intensity of the autofluorescence at other wavelengths. Such
wavelength-selective enhancement over a narrow range of wavelengths requires a plasmonic
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structure that has a strong but narrow resonance. Of course, the autofluorescence at 600 nm
would also be enhanced, but few natural substances have narrow emission spectra like modern
fluorophores.

In recent years, several groups have calculated the optical properties of metallic nanorods and
chains of particles [77-82]. Some of the calculations predict very narrow plasmon resonances.
Figure 23 shows the calculated spectra for a chain of spherical silver nanoparticles, 200 nm in
diameter, with the center-to-center spacing shown on the figure. The peak wavelength and
width of the resonance depends on both particle size (not shown) and the spacing between the
particles. The resonances can be very narrow. For example, the resonance at 800 nm is below
4 nm in width. The resonances are very strong as seen by extinction up to 20-fold larger than
the physical cross sections of the particles. As the resonances become sharper, the peak intensity
of the resonance increases [83]. Many organic fluorophores in current use have relatively
narrow emission spectra and their emission is likely to be enhanced by such structures. Metallic
structures of the type shown in Figures 22 and 23 may be used with Qdots and lanthanides,
both of which have emission spectra more narrow than typical fluorophores.

Wavelength-selective enhancement may not be limited to the type of structure shown in Figures
22 and 23. Various nanofabrication methods have been used to produce a variety of metal
shapes bound to substrates [84-86]. Figure 24 shows an electron micrograph of nanotriangles
on a glass substrate [86]. These triangles are formed by nanosphere lithographs (NSL) in which
a regular array of polymeric beads are coated with a metal film. When the polymeric beads are
removed, the metal deposited between the beads remains on the substrate, typically with a
triangular shape.

Metallic shapes prepared by NSL have been shown to display a variety of extinction spectra.
Depending on particle size and shape the resonances can be wide or narrow, can be dominated
by a single resonance, or show multiple resonances at different wavelengths. Even a relatively
simple fabrication method like NSL can be used to prepare particles that display resonances
over a wide range of wavelengths (Figure 25). Shaped particles on substrates could provide
plasmonic structures that enhance emission over a small range of wavelengths. If the particle
spacing is varied gradually or stepwise, different wavelengths may be enhanced at different
locations in the device, thereby providing spectral information about the sample from the spatial
distribution of the emission.

In addition to shapes, clusters of metal particles may be used for wavelength-selective
enhancement. Figure 26 summarizes data obtained for clusters of one, two, or three particles
[87]. The numbers of particles at each location can be seen in the electron micrograph (top
left). When illuminated with white light, different colors of scattered light are seen for different
clusters. Each type of clusters shows distinct scattering spectra. A single particle scatters light
most effectively at 710 nm, a cluster of two particles scatters light at 480 nm, and a cluster of
three particles scatters light at 470 and 690 nm. We expect such clusters to work in the reverse
direction. That is, when in contact with a solution containing fluorophores emitting at different
wavelengths, the emission of each fluorophore will be enhanced to a different extent by each
type of particle cluster.

Particle clusters of the type shown in Figure 24 could also be useful in studies of energy transfer
or for detection of a biomolecule of interest that is expected to contain two different bound
fluorophores. Consider the flow cell shown in Figure 27. Each region of the flow chamber
could contain particle clusters bound to the walls or suspended in a porous matrix. As the donor
(D) and acceptor (A) labeled sample flowed past the particles the enhancement would occur
first for D, then for A, and then for both D and A. It is logical to question how such a structure
(Figure 27) could be constructed. At present, these structures are created using various
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lithographic methods. However, it is now known that silver and gold can be deposited in
metallic form by simple irradiation with light [88-91]. Silver metals can also be deposited using
light by a multiphoton process [92], which suggests the creation of three-dimensional structure
laser scanning optics.

In the preceding paragraphs we described wavelength-selective enhancements using particles
fixed to a substrate. It may also be of interest to obtain wavelength-selective enhancements in
solution. Such particles may be useful in multiplex assays. Assays of this type require an ability
to create solid particles or shells with a narrow resonance at the desired wavelength.
Fortunately, a variety of such particles has been made using batch chemistries suitable for
preparation of reasonable quantities of particles [93-95]. Figure 28 shows calculated scattering
spectra of silver or gold nanoshells on a silica core [96]. The peak scattering wavelength, and
presumably the peak wavelength for fluorescence enhancement, can be varied throughout the
visible and NIR wavelengths. Changes in the peak scattering wavelengths are obtained by
variation of the size and thickness of the core and shell, while keeping the overall diameter
constant. We note that the configurations shown in the preceding figures are only meant to
show that a variety of geometries are possible for wavelength-selective enhancements. It is
likely that the eventual devices will have very different geometries.

In suggesting structures for enhanced fluorescence, we make an assumption that the
fluorescence enhancement was in some way proportional to the strength of the plasmon
resonance and to the extent of spectral overlap between this resonance and the emission
spectrum of the fluorophore. This assumption seems reasonable, but, until recently, the
supporting data have been limited. However, this situation is changing rapidly as other
laboratories are becoming engaged in fluorophore-metal interactions. Figure 29 shows the
geometry of a structure containing Qdots [97]. The Qdots are in PMMA and the silver cylinders
penetrate the polymer. The reflectance spectra and, hence, plasmon resonance of the structure
depend on the size and spacing of the cylinders (Figure 30, top). The emission spectra of the
Qdots (bottom) show the largest enhancements when the plasmon resonance overlaps the Qdot
emission spectrum. The extent of the enhancement was as large as 50-fold. The brightness of
the Qdots depended upon the entire silver structure, not only the cylindrical posts. The Qdot
emission was much higher when the silver cylinders were in contact with a continuous silver
surface (Figure 31). These results show that structures for enhanced fluorescence can be
designed using the assumption that a strong plasmon resonance is needed for maximum
enhancements. However, this need not always be the case if the plasmon extinction is due to
absorption rather than scattering.

Plasmon engineering

The phenomenon of surface plasmon-coupled emission (SPCE) shows that excited-state
fluorophores can undergo a near-field nonradiative interaction with the metal to create
propagating far-field radiation. This statement is supported by the observation of SPCE using
silver, gold, and aluminum, with wavelengths ranging from the UV for tryptophan through the
visible and extending to NIR wavelengths [98-102]. SPCE has also been observed with Qdots
[103]. These diverse results suggest that near-field coupling of excited-state fluorophores with
continuous metal surfaces is a general phenomenon that can be reliably predicted and utilized.

Surface plasmons are two-dimensional waves with optical frequencies which are trapped at an
interface. This is an unusual phenomenon because light usually propagates freely in three
dimensions. We are all aware of the remarkably complex electronic circuits that can be created
because electrical currents can be manipulated on a flat surface. In contrast, optical devices
such as waveguides and optical filter waveguides have the dimensions of light in three
dimensions, and there are strict rules of reflection and refraction to change the direction of the
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propagation wave. The different ways we manipulate light and electrical current are ingrained
in our thinking so that we rarely consider controlling light in the same way we control electrical
currents.

Surface plasmons are, in a sense, light transformed into current. It is known that surface
plasmons can migrate considerable distances in thin metal films with modest attenuation and
that plasmons can propagate in subwavelength size metallic structures [104-107]. This
confinement property of plasmons is of interest for the design of components for optical
computing. The 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 metallic nanostructures
in the form of plasmons and moved to a different location on the surface. This capability would
be useful in lab-on-a-chip or DNA array applications, where the chemistry is already on a
surface, which can easily be a metal surface.

What is the evidence that plasmons can migrate usefully long distances without being
dissipated by heat or by radiation into the substrate? How can the migrating plasmons be
controlled? A relatively recent experiment has shown that plasmons with frequencies for
wavelengths of 633 to 785 nm can migrate 50 to 150 um with 1/e attenuation [108]. The detector
was shielded from the incident light by the 50-nm aluminum film (Figure 32). It was found
that the plasmons migrated further than expected if one accounted for attenuation due to
radiation into the substrate. This radiation may have been prevented by the aluminum. The
important point is that using available thin-film technology, one can create structures that allow
plasmons to propagate or to radiate, depending on the local metal structure.

The use of plasmonic circuits requires ways to create directional plasmons and to reflect,
diffract, or focus the energy. These manipulations of plasmons are now becoming possible
[109]. Figure 33 shows how directional surface plasmons can be created by laser illumination
of asilver wire on a silver film. The plasmons are seen to be strongly directional and to migrate
distances greater than 10 um. The next step for plasmon circuits is the fabrication of optical
elements on a metal surface to manipulate the plasmons. This can now be accomplished using
dielectric or metallic features on a metal film [110-112]. Two examples are shown in Figure
34. The plasmons are launched by irradiation of linear feature seen as a vertical line, similar
to Figure 33. The bottom panels in Figure 34 show a plasmon mirror created by five rows of
dots. This mirror has a reflectivity of 90%. The top panels show a beam splitter, which divides
the plasmons reflected from the mirror.

Another example of plasmon engineering is the use of two-dimensional lenses to focus the
plasmons. In one such example, a plasmon lens was made from a semicircle of nanoholes in a
metal film [113]. The intensities of the plasmon fields were measured using NSOM (Figure
35). The plasmons were found to form a focal point, which was explained by interference at
the plasmon wavelength. The focal point could be formed or eliminated by rotation of the
incident polarization. The results in Figures 32, 33, 34, and 35 show that optical frequency
energy can be transported and manipulated in a two-dimensional surface.

So far we have shown that it is possible to couple the energy of excited fluorophores into
plasmons (via SPCE), transport the plasmons across a surface, and to manipulate the direction
of the plasmons (Figures 32-35). In order to detect the energy it may be necessary to convert
the plasmons back into propagating light. This conversion can be accomplished with simple
two-dimensional structures [110]. Figure 36 (top) shows an SEM image of two nanohole arrays
in a smooth gold film separated by 30 um. The smaller array on the right, which is difficult to
see inthe figure, is illuminated at 815 nm, creating plasmons that migrate to the left. The bottom
panel shows a near-field optical image of the sample. The plasmons migrate from right to left
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between the arrays, and are converted back to visible light when they encounter the nanohole
array on the left. Hence, plasmons can be created in one region of a device, propagate a
reasonable distance, and then be converted back into light.

The ability to interconvert light and plasmons and to manipulate the plasmons can result in a
new generation of devices for diagnostics, biotechnology, and other applications. Using
currently available knowledge about plasmonics and fluorescence, one can propose a variety
of configurations. Using the information in this article, one can imagine the device in Figure
37. The sample could be in a nanohole array designed to couple in the incident light or couple
to the emission frequency from surface-bound fluorophores. The excited-state energy could
migrate as plasmons on the smooth silver surface. The desired wavelengths could be converted
back to light using nanohole arrays with different spacing, gratings, or using clusters of
nanodots. Such a device would be inexpensive and easy to manufacture with available
lithographic methods.

Multiphoton excitation near metallic structures

Multiphoton excitation (MPE) has become widely used in cellular imaging [114]. This
application is possible because of the availability of Ti:sapphire lasers with 100-fs pulse widths
and because the cell samples on slides are not strongly scattering. The presence of scattering
decreases the peak power of the laser pulse and hence the extent of MPE. Because of the need
for high peak powers, and to minimize the overall exposure of the sample to irradiation, MPE
microscopy is accomplished almost completely with laser scanning optics.

The plasmon resonance in metal particles provides an opportunity for localized MPE near the
particle. It is known that the incident fields can be dramatically amplified near nonspherical
particles [115,116]. Calculations for a silver ellipsoid shows an enhanced field near the tips
(Figure 38). The peak enhancement for the ellipsoid is a factor of 4700, which is above the
range of the color scale in this figure. For a triangle, the enhanced fields are also located near
the tips, with a peak enhancement of 3500-fold. A 4000-fold increase in intensity would result
in a 16x10°-fold enhancement for two-photon excitation. One laboratory has already reported
a 10°-fold enhancement of two-photon incident fluorescence near silver particles [117].

Even more dramatic field enhancements are expected near clusters of particles [116]. For
example, the field between two closely spaced silver particles can be enhanced by a factor of
10* (Figure 39). This result predicts that two-photon excitation between the particles would be
increased by a factor of 108. At first glance, a factor of 108 seems too large to be reasonable.
However, surface-enhanced Raman scattering (SERS) is known to occur near silver clusters,
and the bulk enhancement can be large. Like two-photon excitation, SERS is also a two-photon
process, so both phenomena are expected to show large enhancements. An appropriately
designed metal structure can act like an antenna and show resonance enhancements of the fields
between the particles [118], which suggest another approach for localized MPE.

Enhanced multiphoton excitation can have applications to molecular imaging. A particle can
be targeted to bind to a cell membrane or receptor protein using antibodies. Because of the
enhanced field near the particles, MPE may occur only near the particles, providing information
about the nearby biomolecules. One report has already appeared showing localized excitation
of autofluorescence occurring near gold particles in living cells [119].

Subwavelength microscopy

Optical microscopy is an important tool for cellular imaging. Optical imaging is accomplished
using a variety of methods including wide-field imaging, multiphoton excitation. and/or laser
scanning confocal microscopy. Based on the Rayleigh criteria, the spatial resolution is limited
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to about 2/2. This resolution can be increased using complex methods such as 4Pi, stimulated
emission depletion, or near-field scanning microscopy [120], but the complexity and
limitations of these methods have prevented their widespread use for cellular imaging.

The use of plasmonics offers the opportunity for subwavelength resolution microscopy, with
a spatial resolution as small as 25 nm. This possibility can be traced to the reports of
anomalously high transmission of light through arrays of nanoholes in metals [121] and to the
prediction of a perfect lens based on negative materials [122]. It is known that the transmission
efficiency of light decreases dramatically as the size of the aperture becomes smaller than the
wavelength. Unexpectedly high transmission efficiencies were observed for apparently opaque
silver films that contained arrays of holes with sizes ranging from about 50 to 150 nm. This
observation resulted in additional studies with metal films containing various types of periodic
structures [123-126]. One interesting example is the beaming transmission of light through a
subwavelength aperture surrounded by concentric rings in the metal film [127]. The 300-nm-
thick silver film does not transmit light in the absence of an aperture and grooves. When the
250-nm aperture is surrounded by concentric rings, the transmitted light was found to beam
with a sharp angular distribution (Figure 40). In the absence of concentric rings, the light was
fully diffracted into half-space, as expected from classical optics (Figure 40).

The possibility of subwavelength resolution is of great interest for nanotechnology. It is now
known that the near fields from surface plasmons can have dimensions much smaller than free-
space radiation at the same frequency [128-132]. The size of the optical near fields was studied
by illumination of a photoresist through a nanohole array as shown in Figure 41. Exposure to
the photoresist through this nanohole array resulted in features spaced by 170 nm with a feature
size of 90 nm [131]. This result demonstrates that the electric fields near the metal films have
dimensions near 90 nm (Figure 42). By the use of slightly more complex structures, the near
fields can have dimensions of 25 nm [129,132].

The concepts of plasmon-coupled transmission and optical near fields are merging into
proposals for wide-field optical microscopy with subwavelength resolution [133-135]. Such a
microscope could be based on excitation of the specimen by the near field near the nanohole
array. It is now thought that the near fields are tightly confined, or at least not diffracted into
half-space, as will occur without plasmon-coupled transport (Figure 43). In order to construct
a microscope, it would be necessary to measure the intensities from fluorophores excited by
the near fields with subwavelength dimensions. The emission from these regions could be
imaged if the nanoholes were about 1 um apart (Figure 44). The fluorescence excited near each
nanohole could be imaged onto an array detector. The specimen or nanohole array would be
moved and the multiple images used to reconstruct the entire image.

Construction of such a microscope faces several technological challenges, such as positioning
and moving the specimen and array relative to each other, and obtaining near fields with
subwavelength dimensions at reasonable distances from the metal. The extensive interest in
nanolithography is already resulting in methods to control and focus the near fields. In a limited
sense, this approach to subwavelength imaging is already in use [136,137]. Figure 45 shows
an experimental arrangement that provides for excitation of a subwavelength region of a cell
membrane. The cell is positioned near a single nanohole in an aluminum film. Electrodynamics
calculations for this system indicate that the light does not penetrate into the nanchole but does
create a field in the hole on the surface of incidence. Fluorescence correlation spectroscopy
(FCS) measurements indicated that only a 100-nm region of the membrane was excited. Of
course, this approach would not allow whole-cell imaging because of the need to move the
illuminated spots. Although there are certain to be many technical challenges, we are not aware
of any physical limits that would prevent creation of a subwavelength plasmonic microscope.
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The combination of fluorescence with plasmonics will result in a paradigm shift for both
technologies. Fluorescence instrumentation, devices, and sensors will begin to use plasmons
for creation of excited states and manipulation of the emission energy. The field of plasmonics
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Figure 1.
Free-space emission.
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Figure 2.
Plasmon controlled emission.
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Figure 3.
Schematics of an SPR experiment (top) and of the light-induced surface plasmons (bottom).
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Figure 4.
Dielectric constants for silver and gold.
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Figure 5.
Schematic of attenuation of 600 nm light on a metal surface.
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Figure 6.
Schematic of plasmon oscillation for a sphere. From [39].
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Figure 7.

Poynting vector or energy flow (lines) around a subwavelength metallic colloid illuminated at
the plasmon wavelength (top) and at a wavelength longer than the plasmon wavelength
(bottom). The vertical lines on the left indicate the diameter of the cross sections for absorption.
This diagram does not show the energy flow due to scattered light. From [40].

Plasmonics. Author manuscript; available in PMC 2009 November 3.



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

1duosnuely Joyiny vd-HIN

Lakowicz Page 32

CS -S~(A)-CTC-CCT-AAT-AAC-AAT TTA-TAA-CTA-TTC-CTA-(A),~S- CS
5'GAG-GGA-TTA-TTG-TTA--AAT-ATT-GAT-AAG-GAT-3"

A
| ] i | ] |

Figure 8.

Top, structure of metal particle-labeled DNA with a complementary oligomer. Bottom,
photographs of the labeled DNA without target (1), with target (1), and with target at T > Tp,.
On the left are Ag/Au core shell particles. On the right are Au particles. From [43].
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Figure 9.
Detection of the presence of a target sequence (a’b”) using complementary DNA oligomers (a
and b) bound to gold particles. From [44].
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Figure 10.

Top, photograph of three different size colloids with white light epi-illumination. Bottom,

Scattering spectra of the three colloids. From [46].
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Figure 11.
Dark field image of a Drosophila polytene chromosome stained with SYBR Green. The bright
spots are metal colloids bound to specific locations by hybridization. From [46].
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SPR measurements of DNA hybridization without (S2) and with Au particle amplification
(S3). Revised from [51].
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Figure 13.
Schematic of using PCF for sensing. The periodicity of the nanohole array is chosen to couple

to green (G) or red (R) emitting fluorophores. The periodicity of the grating is appropriate for
separating red and green wavelengths.
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Aem

Page 38

Comparison of fluorescence with no PRPs, with the effect PRPs on the enhanced excitation
field, and with the PRPs enhancing both excitation and emission.
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Figure 15.
Calculated intensities and emission spectra for Rh6G in a silver shell. From [52,53].
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Figure 16.

Scattering spectra and peak scattering wavelengths calculated for two elliptical disks at varying
center-to-center distances. Top, the numbers on the right indicate the particle center-to-center
distances. Revised from [71].
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Figure 17.

Dark-field scattering spectra and scanning electron micrography of isolated disk-shaped
particle pairs. The arrows indicate the polarization of the incident light. The gaps between the
particles are approximately 10, 15, 25, 50, and 250 nm, for A through E. F isan isolated particle.
The disks are about 95 nm in diameter and 25 nm high. From [72].
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Figure 18.

Dark-field images of an array of silver particle pairs. The term NANO is written by single pairs
of disk-shaped particles, 80 nm in diameter, 25 nm high, with a center-to-center distance of
110 nm. The other locations are occupied by single particles of the same size. From [72].

Plasmonics. Author manuscript; available in PMC 2009 November 3.



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

1duasnuey Joyiny vd-HIN

Lakowicz Page 43

gold 71 nm polystyrene 79 nm
X6

isolated

Reflectance (a.u.)

t 79 nm polystyrene
0 0

400 450 500 550 600 650 400 450 500 550 600 650
Wavelength (nm)

Figure 19.

(A and B) Comparison of the scattered light intensity (630-680 nm) from gold particles and 6-
fold more concentrated polystyrene particles. (C) Comparison of the scattering spectra of
isolated and clustered gold particles. From [73].
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Figure 20.

Top, laser scanning confocal reflectance images of cervical epithelial cancer cells with gold
colloids targeted to the GFR. Illumination at 620-680 nm. Bottom, overlay of the reflectance
image with the transmitted light image. Scale bar is 30 um. From [73].
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Figure 21.
Effect of ionic strength on the peak scattering wavelength of gold colloids linked by DNA and

streptavidin. From [74].
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Figure 22.
Schematic of wavelength-selective enhanced fluorescence in the presence of background. Top,
represents an array of metal nanowires spanning the top and bottom of a flow cell.
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Figure 23.
Extinction spectra for a one-dimensional chain of silver nanoparticles. Revised from [82].
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Figure 24.
Schematic of a colloidal mask and electron micrograph of nanotriangles prepared by NSL.
From [84].
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Figure 25.
Extinction spectra of silver particles prepared by NSL. The oscillations in the spectra are due
to the apparatus, not the particles. From [86].
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Figure 26.
Electron micrograph, photographs of scattered light, and scattering spectra of clusters of silver

particles. The arrow shows the direction of the incident polarization. From [87].
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Figure 27.

Schematic of a plasmonic structure for wavelength-selective enhancement based on particle

cluster.
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Figure 28.
Normalized scattering efficiency calculated for metal nanoshells on silica cores. Revised from
[96].
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Schematic of silver posts in PMMA containing Qdots. From [97].

Figure 29.
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Figure 30.
Reflections spectra of the structured silver film (top) and emission spectra of the PMMA.-
embedded Qdots (bottom). Revised from [97].
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Figure 31.

Fluorescence images from the Qdots on the structure shown below. From [97].
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Figure 32.
Experimental setup to measure the distance of plasmon propagation in a metal film. Revised
from [108].
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Figure 33.
Fluorescence image of plasmons created by illumination of a silver wire on silver film. The
two metal surfaces were separated by 10 nm of silica. From [109].
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Figure 34.
Optical elements for surface plasmons using bumps on a silver film. Left: SEM images of the
mirror (bottom) and mirror with beam splitters (top). Right: surface plasmons. From [111].
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Figure 35.

Top, scanning electron micrograph of a semicircle of 200-nm holes in a 50-nm-thick film.
Bottom, NSOM images (left) and calculated intensities (right) for the plasmon lines illuminated
at 532 nm. From [113].
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Figure 36.

Top, SEM image of the nanohole arrays on 150-nm-thick gold film. The array on the left is
41x41, and the array on the right is 11x11. Bottom, near-field image of the central region of
the top panel. Revised from [110].
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Figure 37.
Possible configuration of a sensor using plasmon engineering.
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Figure 38.

Field enhancements around the silver particles calculated using the discrete dipole
approximations. The maximum enhancement for the ellipsoid is 4700 and for the triangle is
3500. From [116].
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Figure 39.
Calculated field enhancement bear two closely spaced silver particles. The particles are
separated by 2 nm. From [116].
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Figure 40.

Top, focused ion beam micrograph of a silver film, 300 nm thick, 350-nm hole diameter, 500-
nm periodicity with 60-nm-deep groves. Bottom, angular distribution of transmitted light at
660 nm. Revised from [127].
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Figure 41.
Top, schematic of the surface plasmon optical lithography. Bottom, focused ion beam image

of a hole array mask with hole size of 160 nm and period of 500 nm. From [131].

Plasmonics. Author manuscript; available in PMC 2009 November 3.



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

1duosnuely Joyiny vd-HIN

Lakowicz

Figure 42.
AFM image of a pattern with 90-nm features with a period of 170 nm prepared by surface

plasmon lithography (left) and 3D image of this structure (right). From [131].
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Figure 43.
Transmission through nanoholes in a metal film.
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Possible schematic for a subwavelength plasmonic microscope. Revised from [135].
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Figure 45.
Experimental arrangement used to obtain excitation of a 100-nm region of a cell membrane.
An incident field is present only at the bottom of the hole in the aluminum film. From [137].
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