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ABSTRACT

Metallic nanoparticles are known to dramatically modify the spontaneous emission of nearby fluorescent molecules and materials. Here we
examine the role of the nanoparticle plasmon resonance energy and nanoparticle scattering cross section on the fluorescence enhancement
of adjacent indocyanine green (ICG) dye molecules. We find that enhancement of the molecular fluorescence by more than a factor of 50 can
be achieved for ICG next to a nanoparticle with a large scattering cross section and a plasmon resonance frequency corresponding to the
emission frequency of the molecule.

Since Purcell first suggested in 1946 that spontaneous
emission could be modified by resonant coupling to the
external electromagnetic environment,1 a wealth of funda-
mental research and technological innovation has arisen
based on this effect. Amplified and inhibited spontaneous
emission have been observed from single atoms coupled to
resonant cavities,2,3 semiconductor quantum wells integrated
into microstructures,4-6 photonic crystals,7,8 and fluorophores
near metal surfaces and nanoparticles.9-15 Numerous devices
based on modified spontaneous emission have been dem-
onstrated, including single-photon sources for quantum
cryptography,16,17 surface plasmon enhanced LEDs,18 and
photonic crystal lasers.19 Enhancement of molecular fluo-
rescence is of great interest due to the widespread popularity
of molecular-fluorescence-based measurements and devices
in fields such as chemistry, molecular biology, materials
science, photonics, and medicine. Applications as diverse
as single molecule detection,20 automated DNA sequencing,21

and examination of circulation in the heart and retina22 all
rely directly on the inherent brightness of the molecular
fluorophore for detection sensitivity. The ability to increase
the emission of fluorophores used in these applications would
greatly enhance the effectiveness of these as well as other
fluorophore-based techniques.

One important strategy to achieve fluorescence enhance-
ment is to utilize metallic nanoparticles, which are known

to drastically alter the emission of vicinal fluorophores.23,24

Metallic nanoparticles can influence the fluorescent emission
of nearby molecules in several ways: by enhancing the
optical intensity incident on the molecule through near field
enhancement, by modifying the radiative decay rate of the
molecule, and by increasing the coupling efficiency of the
fluorescence emission to the far field through nanoparticle
scattering. All these processes can be controlled by molecule-
nanoparticle separation, nanoparticle size, and geometry. The
geometry and size of the nanoparticle determine the proper-
ties of the localized surface plasmons it supports. At the
plasmon resonance wavelength of a metallic nanoparticle,
the light intensity in the near field of the nanoparticle (also
known as the fringing field) is enhanced strongly relative to
the incident optical wave. While fluorescence from a
molecule directly adsorbed onto the surface of a metallic
nanoparticle is strongly quenched,12,25at a distance of a few
nanometers from the nanoparticles its fluorescence can be
strongly enhanced. Molecular emission is also influenced by
modification of the molecular radiative decay rate by the
nearby metallic nanoparticle which alters the quantum yield
of the molecule in a manner similar to the effect of a nearby
macroscopic metallic surface.11,23,26Coupling of the fluores-
cent emission to the far field is also influenced by the
scattering efficiency of the metallic nanoparticle.24 Nano-
particle scattering is known to increase with nanoparticle size,
but it is also strongly dependent upon the plasmon excitation,
since the optical cross section of the nanoparticle on
resonance is strongly enhanced relative to its off-resonance
value. By studying the dependence on plasmon energy and
nanoparticle scattering efficiency of the molecular fluores-
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cence enhancement by metallic nanoparticles, we can gain
a more comprehensive understanding of this inherently
nanoscale process. Increased understanding of this interaction
will ultimately lead to design strategies for optimizing
molecular fluorescence enhancement with adjacent metallic
nanostructures, a highly useful goal with direct relevance in
many molecule-based measurement or device applications.

Although there has been extensive research on fluores-
cence modification by nanoparticles, the role of the plasmon
resonance energy with respect to the excitation and emission
energies of a fluorophore is not well understood. Previous
studies have focused primarily on solid Au or Ag nano-
particles.27-29 Although the plasmon resonance of a solid
metallic nanosphere can be red-shifted by increasing particle
size, the scattering cross section of the nanoparticle will also
increase, making it virtually impossible to examine each
characteristic independently. Prior studies have also examined
the enhancement of molecular fluorescence by polydisperse
Ag nanorod films.30 In general, research on this process has
focused on high quantum yield fluorophores; however,
fluorescence enhancement of low quantum yield fluoro-
phores, converting poor emitters into good ones, may prove
to be of far more practical significance.

To better examine the role of a nearby metallic nanopar-
ticle’s properties in the fluorescence enhancement of nearby
molecules, we have studied the fluorescence emission of
indocyanine green (ICG) in the vicinity of Au nanospheres
and Au-silica nanoshells. This near-infrared-emitting dye
is used extensively in clinical biomedical imaging diagnostics
for determining cardiac output,31 hepatic function, and blood
flow32 and for ophthalmic angiography.33 Despite its exten-
sive use, ICG is a remarkably weak fluorophore, with a
quantum yield of only 1.2%.34 Nanoshells are in many ways
the optimal plasmonic nanoparticles for these experiments
since their plasmon resonances are easily tuned across a large
visible and infrared wavelength region by varying their
internal geometry.35-38 In the nanoshell geometry, the
plasmon resonance energy, controlled by the ratio of the inner
and outer radius of the metallic shell layer, can be varied
independently of the nanoparticle scattering cross section
which is controlled by absolute particle size. The spherical
symmetry of this concentric layered nanostructure allows for
straightforward experimental design as well as quantitative
calculations of their plasmonic properties.35,39-41

Nanoshells of varying geometries were fabricated by seed-
mediated electroless plating of Au onto silica spheres in a
manner previously described.42 Silica nanoparticle cores of
64 and 112 nm radii were synthesized using the Sto¨ber
method.43 Larger 215 nm radius silica cores were obtained
from Nissan Chemical, Inc. All nanoparticle sizes were
monodisperse to within 10% standard deviation. Au colloid
was prepared via reduction of HAuCl4 by formaldehyde.
Well-dispersed, submonolayer nanoparticle films were made
by depositing the nanoparticles onto poly(vinylpyridine)-
functionalized glass microscope slides as described previ-
ously.44,45Deposition of ICG onto the nanoparticle films was
accomplished by immersion of the substrate in an aqueous
60 µM human serum albumin (HSA) solution for 2 h

followed by a 1 himmersion in an aqueous solution of 30
µM ICG. HSA performs multiple functions in this experi-
ment: it facilitates conjugation of the fluorophore to the
nanoshell, acts as a 3.8-12 nm spacer layer to minimize
quenching, and stabilizes the fluorophore by preventing ICG
degradation.46 The plasmonic properties of the nanoparticle
substrates were characterized by extinction measurements
using a Varian Cary 5000 UV-vis-NIR spectrometer. These
samples were excited at 785 nm, well below saturation, and
backscattered fluorescence emission was collected using a
Renishaw micro-Raman spectrometer (Figure 1c, inset).

Au nanoshells of four different sizes and geometries and
one Au nanosphere preparation were used as substrates
(Figure 1a). These sizes and geometries were specifically

Figure 1. (a) Schematic of gold nanoparticles used as fluorescence
enhancement substrates, arranged from short to long plasmon
resonance wavelength. One Au colloid, and four nanoshells of
various [r1, r2] were used. (b) Normalized extinction measurements
from nanoparticle substrates corresponding to (a) in air prior to
HSA and ICG deposition. The laser excitation is at 785 nm, and
the emission wavelength of ICG attached to HSA is 850 nm. (c)
Corresponding fluorescence emission from ICG conjugated to the
nanoshell substrates adjusted for surface area available for fluoro-
phore conjugation and normalized to the fluorescence from a control
sample with no nanoparticles (black). Inset schematic illustrates
experimental geometry.
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chosen to span the wavelength region of excitation and
emission of ICG. The far field extinction spectra of the
nanoparticle substrates, prepared on a dielectric support in
air ambient, are shown in Figure 1b. The corresponding
fluorescence emission spectra from ICG-HSA on the
nanoparticle substrates in Figure 1b are shown in Figure 1c.
The fluorescence intensities have been normalized to the
available surface area for fluorophore binding. The sharp,
narrow features at the peak of the spectral fluorescence
envelope correspond to surface-enhanced resonant Raman
scattering47 of the ICG molecules.48 The intensity of the
SERRS emission is proportional to the intensity of the
broader underlying fluorescence emission. Fluorescence from
the r ) 24 nm nanosphere substrate showed a slight
quenching relative to the emission intensities in the absence
of a nanoparticle substrate, while the [r1, r2] ) [64, 81] nm
and [64, 88] nm nanoshells showed relatively small enhance-
ments. These smaller nanoparticles possess plasmon reso-
nances detuned from the peak absorption and emission
wavelengths of the molecule. While the fluorescence en-
hancements from the larger [r1, r2] ) [112, 123] nm and
[112, 130] nm nanoshells surpassed those of the smaller
nanoshells, the enhancements from these nanoshells are
conspicuously different. The [r1, r2] ) [112, 130] nm
nanoshell has a plasmon resonance tuned to the fluorophore
excitation wavelength, creating the greatest near field
enhancement of the nanoparticles studied, and produces an
enhancement factor of approximately 15. By far the strongest
enhancement factor of 50 is achieved with the [r1, r2] ) [112,
123] nm nanoshell, whose plasmon resonance overlaps with
the ICG emission wavelength. From this observation, it
appears that the fluorescence enhancement of a nanoparticle
substrate is optimal when the nanoparticle plasmon resonance
is tuned to the emission wavelength of the molecular
fluorophore.

Since the nanoparticles used in this study vary significantly
in size, we can also examine the role of scattering cross
section and radiative rate enhancement in the fluorescence
enhancement process. Here we can exploit the fact that the
spherical symmetry of these nanoparticles allows us to
calculate many of their properties quite straightforwardly,
providing a qualitative theoretical understanding of our
experimental observations. We calculated the angular scat-
tering intensities of the nanoparticle substrates at the peak
emission wavelength of the fluorophore (850 nm) using Mie
scattering theory.49 The normalized scattering characteristics
as a function of polar angle are shown in Figure 2. These
calculations show that the smaller nanoparticles, ther ) 24
nm nanospheres and the [r1, r2] ) [64, 81] nm and [64, 88]
nm nanoshells, scatter far less efficiently than the [r1, r2] )
[112, 123] nm and [112, 130] nm nanoshells, due to both
the differences in their sizes and plasmon resonances.
Therefore, the difference in scattering efficiency can account
for the greater fluorescence enhancement from the larger
nanoshells. However, they also show that the scattering from
the twor1 ) 112 nm nanoshells is approximately equivalent,
although experimentally the [r1, r2] ) [112, 123] nm
nanoshell substrates were observed to yield a fluorescence

enhancement for ICG four times greater than the [r1, r2] )
[112, 130] nm nanoshell substrates. These calculations
indicate that although the nanoparticle scattering efficiency
plays a role in the observed fluorescence enhancement,
scattering efficiency alone does not entirely account for the
differences in enhancement factors observed experimentally
across the various nanoparticle geometries.

Another mechanism contributing to fluorescence enhance-
ment is the nanoparticle modification of a fluorophore’s
radiative and nonradiative decay rates.12,23,24For the spherical
nanoshell geometry, the radiative rate enhancementør can
be calculated50 in a manner that directly parallels the
previously obtained treatment for solid metallic spheres51,52

where

andal andbl are coefficients of the vector spherical harmonic
expansion of the scattered electromagnetic field,53 p is the
transition dipole momentp ) (pr, pθ, pφ), l is the angular
momentum quantum number,r is the location of the dipole
with respect to the nanoparticle center,kS is the scattered
wavevector, andhl

(1) and j l are the spherical Hankel and
Bessel Functions, respectively. Calculated radiative rate
enhancements for a fluorophore situated near nanoshells with

Figure 2. Calculated normalized angular scattering intensity at 850
nm from nanoparticles in a uniform dielectric medium ofn ) 1.
The radial axis scale ranges from 0 to 2. The scattering fromr )
24 nm colloid is too small to be visible on this scale.
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r1 ) 64 and 112 nm and varyingr2 (corresponding to
different plasmon resonances) are shown in Figure 3. A
maximal coupling between the fluorophore and nanoparticle
is assumed in these calculations, corresponding to a fluoro-
phore-nanoparticle separation of 3.8 nm (the smallest
dimension of the HSA spacer molecules) and an ICG dipole
moment oriented perpendicular to the particle surface.

Slight differences in experimental geometry with respect
to theory (nanoparticles on dielectric substrate versus a
homogeneous dielectric environment) prevent quantitative
comparison between experimental observations and theoreti-
cal analysis.45,54 However, this analysis indicates that there
is a clear theoretical correlation between the plasmon
resonance wavelength and the maximum radiative rate
enhancement of the fluorophore. In both cases, the radiative
rate enhancement is maximal when either the dipole or the
quadrupole resonance of the nanoshell corresponds to the
maximum emission wavelength of the fluorophore at 850
nm. (The plasmon resonances of Au nanospheres cannot be
tuned to 850 nm for experimentally feasible sizes.) On the
basis of this analysis, it is quite likely that the difference in
the observed fluorescence enhancement of ICG on the [r1,
r2] ) [112,123] nm and [112, 130] nm nanoshells is due to
a difference in radiative rate enhancement in the ICG layers
induced by the nanoparticles.

On the basis of this analysis, we can ask the following
question: Is it possible to change the fluorescence enhance-
ment of a plasmonic nanoparticle substrate by tuning the

plasmon resonance using another mechanism? This should
be possible in principle, since the plasmon resonance
influences both the radiative rate enhancement and the
nanoparticle scattering efficiency. Therefore, any mechanism,
external or internal, that tunes the plasmon resonance of a
nanoparticle should influence its enhancement of nearby
fluorophores. It is well-known that the plasmon resonance
energy of a nanoparticle can be strongly shifted by changes
in its dielectric environment.45,55,56Monitoring the changes
in fluorescence enhancement that occur as the refractive
index of the surrounding medium is varied allows us to
systematically shift the nanoparticle substrate resonance
frequencies while maintaining nanoparticle size, geometry,
fluorophore orientation, and surface coverage. In each
dielectric medium the relative fluorescence enhancements
due to the plasmon resonance energy should vary systemati-
cally (however, absolute fluorescence enhancement variations
as a function of differing dielectric environments are not
directly comparable due to differences in optical collection
efficiencies and fluorescent lifetimes in various media.

Nanoshell substrates with three nanoparticle geometries
were fabricated such that their plasmon resonances were
close to resonant with the fluorophore in either air or water
(Figure 4). The plasmon resonance of each nanoshell shifts
to longer wavelengths as the dielectric medium surrounding
the nanoshell increases fromn ) 1 in air to n ) 1.33 in
water (Figure 4a).45,55,57 The [r1, r2] ) [215, 231] nm
nanoshell exhibits the greatest plasmon shift upon changes
in solvent refractive index due to its significantly larger size.45

Fluorescence emission from ICG conjugated to these sub-
strates in air shows the greatest fluorescence enhancement
with the [r1, r2] ) [215, 231] nm nanoshell (Figure 4b),
which has the plasmon resonance closest to the ICG emission
wavelength in air as well as the greatest backscattering
efficiency (Figure 4b, inset). When these same substrates
are immersed in water, in addition to plasmon resonance
shifts, the scattering properties also change as the size of
the nanoparticles increases relative to the wavelength of
incident light in the new dielectric. The backscattering
efficiencies of all the nanoshells are roughly equivalent in
water (Figure 4c, inset), leaving only variations in radiative
rate enhancement to cause differences in fluorescence
enhancement. As a result, the fluorescence enhancements
increase with the proximity of the plasmon resonances in
water to the emission wavelength of ICG: the [r1, r2] ) [64,
81] nm nanoshell shows the greatest fluorescence enhance-
ment, followed by the [r1, r2] ) [64, 88] nm nanoshell and
then the [r1, r2] ) [215, 231] nm nanoshell. These results
indicate that the ability of a nanoparticle to enhance the
fluorescence emission of a nearby fluorophore can be
drastically altered by changing the plasmon resonance energy
and scattering properties of a nanoparticle through changes
in its dielectric surroundings.

In conclusion, we have shown that plasmonic nanoparticle-
based fluorescence enhancement of a low quantum yield
molecular fluorophore is strongly influenced by the plasmon
resonance energy of the nanoparticle and its scattering
efficiency. Both experimental observations and theoretical

Figure 3. Calculated radiative rate enhancements as a function of
the nanoparticle plasmon resonance wavelength in a homogeneous
dielectric medium of air. Enhancement maxima occur when either
the dipole (solid) or quadrupole (dashed) plasmon excitation of the
nanoparticle corresponds with the emission wavelength of the
fluorophore at 850 nm. (a) Calculated enhancements on nanoshells
with a r1 ) 64 nm and varying values ofr2. (b) Calculated
enhancements on nanoshells withr1 ) 112 nm and various values
of r2.
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analysis involving nanoparticles of different plasmon reso-
nance energies and scattering properties show that fluores-
cence enhancement is optimized by increasing particle
scattering efficiency while tuning the plasmon resonance to
the emission wavelength of the fluorophore. An increased
understanding of the interaction between plasmonic nano-
particles and excited-state molecules should make it possible
to design nanoparticle-molecule complexes that optimally
enhance the emission of any given fluorophore.
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