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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 spontaneousto drastically alter the emission of vicinal fluorophofég?
emission could be modified by resonant coupling to the Metallic nanoparticles can influence the fluorescent emission
external electromagnetic environméra, wealth of funda-  of nearby molecules in several ways: by enhancing the
mental research and technological innovation has arisenoptical intensity incident on the molecule through near field
based on this effect. Amplified and inhibited spontaneous enhancement, by modifying the radiative decay rate of the
emission have been observed from single atoms coupled tomolecule, and by increasing the coupling efficiency of the
resonant cavitied? semiconductor quantum wells integrated fluorescence emission to the far field through nanoparticle
into microstructures;® photonic crystal$®and fluorophores  scattering. All these processes can be controlled by molecule
near metal surfaces and nanopartiélé8 Numerous devices  npanoparticle separation, nanoparticle size, and geometry. The
based on modified spontaneous emission have been demgeometry and size of the nanoparticle determine the proper-
onstrated, including single-photon sources for quantum ties of the localized surface plasmons it supports. At the
cryptography>*’ surface plasmon enhanced LEBsand plasmon resonance wavelength of a metallic nanoparticle,
photonic crystal laser$. Enhancement of molecular fluo-  the Jight intensity in the near field of the nanoparticle (also
rescence is of great interest due to the widespread popularityynown as the fringing field) is enhanced strongly relative to
ef molecuIar-fluorescenee-based measurements and deviceﬁ1e incident optical wave. While fluorescence from a
in fields such as chemistry, molecular biology, materials 516 yle directly adsorbed onto the surface of a metallic
science, photonics, and_medlcme. Applications as _d'Versenanoparticle is strongly quench&®Sat a distance of a few

as single ”.‘O'e.C“'e det_ectlé?leutemated DNA sequencirig, nanometers from the nanoparticles its fluorescence can be
and e>.<am|nat|on of e|rculat|on n the heart and refira strongly enhanced. Molecular emission is also influenced by
rely directly on the inherent brightness of the molecular modification of the molecular radiative decay rate by the

fluorop_ho_re for detection sensmwt_y. The ab|I|t3_/ tollncrease nearby metallic nanoparticle which alters the quantum yield
the emission of fluorophores used in these applications would . -
of the molecule in a manner similar to the effect of a nearby

ﬁ;%?ggh%ﬁg?ggseghfeggﬁgljv:sness of these as well as Othermacroscopic metallic surfaéé?326Coupling of the fluores-

one i rant strateav t hi f h cent emission to the far field is also influenced by the
ne important strategy fo achieve fiuorescence en ance':scattering efficiency of the metallic nanopartiéteNano-
ment is to utilize metallic nanoparticles, which are known

particle scattering is known to increase with nanoparticle size,
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cence enhancement by metallic nanopatrticles, we can gain (a)
a more comprehensive understanding of this inherently
nanoscale process. Increased understanding of this interaction

will ultimately lead to design strategies for optimizing (b T — '
molecular fluorescence enhancement with adjacent metallic L Mo A
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 nanopatrticles, 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?”~2° 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 . P i
increase, making it virtually impossible to examine each 400 600 800 1000
characteristic independently. Prior studies have also examined Wa"e"_a"gth (nm.l
the enhancement of molecular fluorescence by polydisperse 70 ' ' excitation
Ag nanorod films® 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 outptthepatic function, and blood 0
flow32 and for ophthalmic angiograpl#y Despite its exten- 800 850 900 950
sive use, ICG is a remarkably weak fluorophore, with a Wavelength (nm)

. 024 .
q“a”t”m yield of only 1.29% Nanpshells are in many V\_/ays Figure 1. (a) Schematic of gold nanopatrticles used as fluorescence
the Optlmal plasmonic nanoparticles fqr these eXperiments gnhancement substrates, arranged from short to long plasmon
since their plasmon resonances are easily tuned across a larg@sonance wavelength. One Au colloid, and four nanoshells of
visible and infrared wavelength region by varying their various [, ro] were used. (b) Normalized extinction measurements
internal geometry®38 In the nanoshell geometry, the from nanoparticle substrates corresponding to (a) in air prior to
plasmon resonance energy, controlled by the ratio of the innerSA and ICG deposition. The laser excitation is at 785 nm, and

d di f th llic shell | b ied the emission wavelength of ICG attached to HSA is 850 nm. (c)
and outer radius of the metallic shell layer, can be varie Corresponding fluorescence emission from ICG conjugated to the

independently of the nanoparticle scattering cross sectionnanoshell substrates adjusted for surface area available for fluoro-
which is controlled by absolute particle size. The spherical phore conjugation and normalized to the fluorescence from a control

symmetry of this concentric layered nanostructure allows for Sample with no nanoparticles (black). Inset schematic illustrates
straightforward experimental design as well as quantitative SXPerimental geometry.
calculations of their plasmonic properti&s® 4!

Nanoshells of varying geometries were fabricated by seed-followed by a 1 himmersion in an aqueous solution of 30
mediated electroless plating of Au onto silica spheres in a uM ICG. HSA performs multiple functions in this experi-
manner previously describé@iSilica nanoparticle cores of ment: it facilitates conjugation of the fluorophore to the
64 and 112 nm radii were synthesized using théb&to  nanoshell, acts as a 3-:82 nm spacer layer to minimize
method* Larger 215 nm radius silica cores were obtained quenching, and stabilizes the fluorophore by preventing ICG
from Nissan Chemical, Inc. All nanoparticle sizes were degradatiort® The plasmonic properties of the nanoparticle
monodisperse to within 10% standard deviation. Au colloid substrates were characterized by extinction measurements
was prepared via reduction of HAuChby formaldehyde. using a Varian Cary 5000 UWvis—NIR spectrometer. These
Well-dispersed, submonolayer nanoparticle films were made samples were excited at 785 nm, well below saturation, and
by depositing the nanoparticles onto poly(vinylpyridine)- backscattered fluorescence emission was collected using a
functionalized glass microscope slides as described previ-Renishaw micro-Raman spectrometer (Figure 1c, inset).
ously#45Deposition of ICG onto the nanoparticle flmswas  Au nanoshells of four different sizes and geometries and
accomplished by immersion of the substrate in an agueousone Au nanosphere preparation were used as substrates
60 uM human serum albumin (HSA) solution for 2 h (Figure 1a). These sizes and geometries were specifically

r=24nm [G4, 58] nm  [B4, 8] nm [112, 130] nm [112, 123] nm
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chosen to span the wavelength region of excitation and 90
emission of ICG. The far field extinction spectra of the 120
nanoparticle substrates, prepared on a dielectric support in

air ambient, are shown in Figure 1b. The corresponding 150
fluorescence emission spectra from IEBSA 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 S -
scattering’ of the ICG molecule4® The intensity of the 210 330
SERRS emission is proportional to the intensity of the
broader underlying fluorescence emission. Fluorescence from
the r = 24 nm nanosphere substrate showed a slight 270

quenching relative to the emission intensities in the absence

of a nanoparticle substrate, while the ['rzl = [64, 81] nm nm from nanoparticles in a uniform dielectric mediumrof= 1.
and [64, 88] nm nanoshells ShOW_Ed relatively small enhance-The radial axis scale ranges from 0 to 2. The scattering frem
ments. These smaller nanoparticles possess plasmon res®4 nm colloid is too small to be visible on this scale.
nances detuned from the peak absorption and emission

wavelengths of the molecule. While the fluorescence en- enhancement for ICG four times greater than therp] =

hancements from the largen[r;] = [112, 123] nm and 112, 130] nm nanoshell substrates. These calculations
[112, 130] nm nanoshells surpassed those of the smalleringicate that although the nanoparticle scattering efficiency
nanoshells, the enhancements from these nanoshells argjays a role in the observed fluorescence enhancement,
conspicuously different. Ther] r] = [112, 130] nm  gcattering efficiency alone does not entirely account for the
nanoshell has a plasmon resonance tuned to the fluorophorgjifferences in enhancement factors observed experimentally
excitation wavelength, creating the greatest near field gcross the various nanoparticle geometries.

enhancement of the nanoparticles studied, and produces an Another mechanism contributing to fluorescence enhance-
enhancement factor of approximately 15. By far the strongestment is the nanoparticle modification of a fluorophore’s
enhancement factor of 50 is achieved with therp] = [112, radiative and nonradiative decay raté&2*For the spherical
123] nm nanoshell, whose plasmon resonance overlaps Withnanoshe" geometry’ the radiative rate enhancem,euan

the ICG emission wavelength. From this observation, it be calculate® in a manner that directly parallels the

appears that the fluorescence enhancement of a nanoparticlgreviously obtained treatment for solid metallic sph&reks
substrate is optimal when the nanopatrticle plasmon resonance

= [54, 88] nm
== [64, 81] nm
— [112, 130] nm
= [112, 123] nm

— 180

Figure 2. Calculated normalized angular scattering intensity at 850

is tuned to the emission wavelength of the molecular -

flucrophore. | - = (2|+—J>[pﬁ(l+—1Xk50‘zjmkso-+
Since the nanoparticles used in this study vary significantly 2p° 1=

in size, we can also examine the role of scattering cross 2 152

0
24

section and radiative rate enhancement in the fluorescence phV(ky) ¢[|j|(k5r) + ahP(ken)? + kst +

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, b,n{‘(ksr)|]2}
providing a qualitative theoretical understanding of our

experimental observations. We calculated the angular scat,pere

tering intensities of the nanoparticle substrates at the peak

emission wavelength of the fluorophore (850 nm) using Mie . 1d
scattering theory? The normalized scattering characteristics mXx = X dx
as a function of polar angle are shown in Figure 2. These

calculations show that the smaller nanoparticlesthe24
nm nanospheres and the,[r;] = [64, 81] nm and [64, 88]
nm nanoshells, scatter far less efficiently than therp] =
[112, 123] nm and [112, 130] nm nanoshells, due to both anda andb are coefficients of the vector spherical harmonic
the differences in their sizes and plasmon resonances.expansion of the scattered electromagnetic fiéld,is the
Therefore, the difference in scattering efficiency can account transition dipole momenp = (pr, ps, py), | is the angular

for the greater fluorescence enhancement from the largermomentum quantum numbaeris the location of the dipole
nanoshells. However, they also show that the scattering fromwith respect to the nanoparticle centks,is the scattered

the twor; = 112 nm nanoshells is approximately equivalent, wavevector, ancdh® andj, are the spherical Hankel and
although experimentally therq r;] = [112, 123] nm Bessel Functions, respectively. Calculated radiative rate
nanoshell substrates were observed to yield a fluorescenceenhancements for a fluorophore situated near nanoshells with

2

xh(x)

700 = =S 09
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160
140

7 plasmon resonance using another mechanism? This should
1 be possible in principle, since the plasmon resonance

£120 1 influences both the radiative rate enhancement and the
E100 1 nanopatrticle scattering efficiency. Therefore, any mechanism,
g 8o 1 external or internal, that tunes the plasmon resonance of a
%60 1 nanoparticle should influence its enhancement of nearby
w 40

] fluorophores. It is well-known that the plasmon resonance
] energy of a nanoparticle can be strongly shifted by changes
Sen il NTITE ST TTE STl o in its dielectric environmerf55%¢Monitoring the changes
Extinction Maximum (nm) 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
; ———r—a directly comparable due to differences in optical collection
g 200 o I e il ek efficiencies and fluorescent lifetimes in various media.

Extinction Maximum (nm) . . .
Nanoshell substrates with three nanoparticle geometries
Figure 3. Calculated radiative rate enhancements as a function of were fabricated such that their plasmon resonances were
the nanoparticle plasmon resonance wavelength in a homogeneouglose to resonant with the fluorophore in either air or water
dielectric medium of air. Enhancement maxima occur when either (Figure 4). The plasmon resonance of each nanoshell shifts

the dipole (solid) or quadrupole (dashed) plasmon excitation of thet | | th the dielectri di di
nanoparticle corresponds with the emission wavelength of the 0 longer wavelengins as the dielectric medium surrounding

fluorophore at 850 nm. (a) Calculated enhancements on nanoshellghe nanoshell increases from= 1 in air ton = 1.33 in

with a r; = 64 nm and varying values of,. (b) Calculated water (Figure 4aj>%5% The [ry, r;] = [215, 231] nm

enhancements on nanoshells with= 112 nm and various values nanoshell exhibits the greatest p|a5m0n shift upon Changes

of ra. in solvent refractive index due to its significantly larger size.
Fluorescence emission from ICG conjugated to these sub-

r, = 64 and 112 nm and varying (corresponding to strates in air shows the greatest fluorescence enhancement

different plasmon resonances) are shown in Figure 3. A With the [y, rz] = [215, 231] nm nanoshell (Figure 4b),
maximal coupling between the fluorophore and nanoparticle which has thg pla;;mon resonance closest to the ICG emission
is assumed in these calculations, corresponding to a fluoro-Wavelength in air as well as the greatest backscattering
phore-nanoparticle separation of 3.8 nm (the smallest €fficiency (Figure 4b, inset). When these same substrates
dimension of the HSA spacer molecules) and an ICG dipole &€ immersed in water, in addition to plasmon resonance
moment oriented perpendicular to the particle surface.  Shifts, the scattering properties also change as the size of
Slight differences in experimental geometry with respect .the. nanopartlclles mcreases.relatl\./e to the wavelengt.h of
to theory (nanoparticles on dielectric substrate versus aincident light in the new dielectric. The backscattering
homogeneous dielectric environment) prevent quantitative €fficiencies of all the nanoshells are roughly equivalent in
comparison between experimental observations and theoreti\vater (Figure 4c, inset), leaving only variations in radiative
cal analysig554 However, this analysis indicates that there rate enhancement to cause differences in fluorescence
is a clear theoretical correlation between the plasmon enhancement. As a result, the fluorescence enhancements
resonance wavelength and the maximum radiative rateincrease with the proximity of the plasmon resonances in
enhancement of the fluorophore. In both cases, the radiativeVater to the emission wavelength of ICG: the [2] = [64,
rate enhancement is maximal when either the dipole or the 81] nm nanoshell shows the greatest fluorescence enhance-
quadrupole resonance of the nanoshell corresponds to thénent, followed by therh, ro] = [64, 88] nm nanoshell and
maximum emission wavelength of the fluorophore at 850 then the {i, r;] = [215, 231] nm nanoshell. These results
nm. (The plasmon resonances of Au nanospheres cannot béhdicate that the ability of a nanoparticle to enhance the
tuned to 850 nm for experimentally feasible sizes.) On the fluorescence emission of a nearby fluorophore can be
basis of this analysis, it is quite likely that the difference in drastically altered by changing the plasmon resonance energy
the observed fluorescence enhancement of ICG onrihe [ and scattering properties of a nanoparticle through changes
r)] = [112,123] nm and [112, 130] nm nanoshells is due to in its dielectric surroundings.

a difference in radiative rate enhancement in the ICG layers In conclusion, we have shown that plasmonic nanoparticle-
induced by the nanoparticles. based fluorescence enhancement of a low quantum yield
On the basis of this analysis, we can ask the following molecular fluorophore is strongly influenced by the plasmon
question: Is it possible to change the fluorescence enhanceresonance energy of the nanoparticle and its scattering
ment of a plasmonic nanoparticle substrate by tuning the efficiency. Both experimental observations and theoretical
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Figure 4. (a) Plasmon resonance wavelength of nanoshell sub-
strates of variousr|, r,] in both air and water. (b) Fluorescence
emission from the ICG conjugated to the nanoshell substrates from
(a) in air, normalized to the control sample with no nanoshells
(black). Inset shows normalized scattering efficiency for the
nanopatrticles. (c) Normalized fluorescence emission and scattering
(inset) from the same samples in water.

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 nanopartictemolecule complexes that optimally
enhance the emission of any given fluorophore.
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