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Abstract

Localized surface plasmon resonance (LSPR) spectroscopy of metal-
lic nanoparticles is a powerful technique for chemical and biologi-
cal sensing experiments. Moreover, the LSPR is responsible for the
electromagnetic-field enhancement that leads to surface-enhanced
Raman scattering (SERS) and other surface-enhanced spectroscopic
processes. This review describes recent fundamental spectroscopic
studies that reveal key relationships governing the LSPR spectral lo-
cation and its sensitivity to the local environment, including nanopar-
ticle shape and size. We also describe studies on the distance depen-
dence of the enhanced electromagnetic field and the relationship
between the plasmon resonance and the Raman excitation energy.
Lastly, we introduce a new form of LSPR spectroscopy, involving the
coupling between nanoparticle plasmon resonances and adsorbate
molecular resonances. The results from these fundamental studies
guide the design of new sensing experiments, illustrated through
applications in which researchers use both LSPR wavelength-shift
sensing and SERS to detect molecules of chemical and biological
relevance.
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INTRODUCTION

Materials that possess a negative real and small positive imaginary dielectric constant
are capable of supporting a surface plasmon resonance (SPR). This resonance is a
coherent oscillation of the surface conduction electrons excited by electromagnetic
(EM) radiation. Plasmonics is the study of these particular light-matter interactions,
which have enabled a vast array of applications, including surface-enhanced spectro-
scopies (1-16), biological and chemical sensing (17-33), and lithographic fabrication
(34-36). Plasmonic materials can already be found in commercial instruments, such as
the BIAcore®, which monitors the thermodynamics and kinetics of biological bind-
ing processes using SPR spectroscopy (27, 29, 37). In these experiments, researchers
use thin (~50-nm) metal films as the sensing platform; these yield propagating plas-
mons, also known as surface plasmon polaritons (27, 38, 39). However, with recent
advances that allow the controlled fabrication and manipulation of metallic structures
on the nanoscale, researchers have demonstrated new applications that take advantage
of the localized surface plasmon resonance (LSPR) (17, 19, 21, 22, 40-42).

Figure 1 illustrates the difference between propagating and localized surface plas-
mons (38, 41, 43). In the case of surface plasmon polaritons, plasmons propagate in
the x- and y-directions along the metal-dielectric interface, for distances on the or-
der of tens to hundreds of microns, and decay evanescently in the z-direction with
1/e decay lengths on the order of 200 nm (27, 39, 44). The interaction between the
metal surface-confined EM wave and a molecular surface layer of interest leads to
shifts in the plasmon resonance condition, which can be observed in three modes:
(@) angle resolved, (b) wavelength shift, and (c) imaging (27). In the first two modes,
one measures the reflectivity of light from the metal surface as a function of either
angle of incidence (at constant wavelength) or wavelength (at constant angle of inci-
dence). The third method uses light of both constant wavelength and incident angle
to interrogate a two-dimensional region of the sample, mapping the reflectivity of
the surface as a function of position.

For the case of localized surface plasmons, light interacts with particles much
smaller than the incident wavelength (Figure 15). This leads to a plasmon that os-
cillates locally around the nanoparticle with a frequency known as the LSPR (41,
43). Similar to the SPR, the LSPR is sensitive to changes in the local dielectric
environment (43, 45, 46). Typically researchers sense changes in the local environ-
ment through an LSPR wavelength-shift measurement, although a variant of angle-
resolved sensing for the LSPR is also possible (47).

Significant interest in understanding propagating and localized surface plasmons
developed on the discovery of surface-enhanced Raman scattering (SERS) (1, 48). Re-
searchers proposed competing mechanisms of both chemical and EM-field enhance-
ments to explain the observed Raman enhancement on roughened metallic substrates
(5, 49-55). Because the EM-field-enhancement mechanism required coupling of the
incident radiation to the metal surface, researchers devoted much theoretical and
experimental effort to understanding surface plasmons (5, 50, 56, 57). In particular,
they studied the role of size, shape, material, and local dielectric properties—all of
which determine the LSPR wavelength (20,41, 43, 45, 58, 59). Whereas these studies
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Figure 1

Schematic diagrams illustrating (#) a surface plasmon polariton (or propagating plasmon) and
(&) a localized surface plasmon.

provided a fundamental understanding of how plasmons are influenced by local struc-
ture and environment, they also suggested the usefulness of plasmons as a sensing
modality. Today, plasmon spectroscopy enjoys a reputation as an ultrasensitive method
for detecting molecules of both biological and chemical interest, in addition to its con-
tinued role in enabling surface-enhanced spectroscopic methods, including SERS,
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surface-enhanced hyper-Raman scattering, surface-enhanced infrared spectroscopy,
second harmonic generation, and surface-enhanced fluorescence (11, 12, 15, 16, 41,
60, 61).

Although SPR spectroscopy currently dominates commercial instrumentation,
LSPR spectroscopy offers many of the same advantages for sensing and spectroscopy
experiments, along with several additional benefits (21, 40). Both SPR and LSPR
spectroscopy can provide thermodynamic and real-time kinetic data for binding pro-
cesses. Moreover, although SPR spectroscopy provides much higher sensitivity to
changes in the bulk refractive index than LSPR spectroscopy (25, 40), the response
of the two techniques becomes comparable when measuring short-range changes in
the refractive index owing to a molecular adsorption layer (40). This is a result of the
much smaller sensing volume offered by LSPR sensors, as the EM-field-decay length
is 40-50 times shorter than that of the SPR sensors (62, 63). Single-nanoparticle
LSPR spectroscopy is another option, offering sensitivity that not only rivals, but
can surpass, that of nanoparticle array-based LSPR spectroscopy (20, 33, 57, 64).
Moreover, advances in both synthetic and lithographic fabrication techniques allow
researchers to tune the LSPR wavelength throughout the visible, near-infrared, and
into the infrared region of the EM spectrum, by varying the shape, size, and mate-
rial of the nanoparticles that support the surface plasmons (57, 64-72). This offers
additional flexibility when designing LSPR sensing experiments.

The remainder of this review on LSPR spectroscopy and sensing is organized as
follows: First, we present several key equations for understanding the theory behind
the LSPR. This is followed by a discussion of experimental techniques for fabri-
cating metallic nanoparticles and performing spectroscopic measurements. Next, we
presentseveral fundamental studies of plasmon spectroscopy, illustrating key relation-
ships that govern the LSPR spectral location and its sensitivity to the local dielectric
environment. To round out our discussion, we provide specific examples of LSPR
sensing experiments using both wavelength-shift and SERS spectroscopy.

THEORY

A full theoretical treatment of localized surface plasmons is quite lengthy and be-
yond the scope of this review. However, we refer the interested reader to the
Supplemental Appendix for a complete derivation of several of these equations.
(Follow the Supplemental Material link from the Annual Reviews home page at
http://www.annualreviews.org.) For our more compact treatment, we consider a
spherical nanoparticle of radius # that is irradiated by z-polarized light of wavelength
A (where # is much smaller than the wavelength of light ; i.e., #/A < 0.1). In this
limit, the magnitude of the electric field appears static around the nanoparticle (as in
Figure 15), allowing us to solve Maxwell’s equations using a quasi-static approxi-
mation (3, 43). The resulting solution for the EM field outside the particle is given
by

Ein — Eour

Enu s Vs =LiZ— | ———
59, 2) = Bad [(Em + 2€0u)

]ﬂ3E0 [% - i—f(xf(—f—y?—l—zi)]. (1)
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Here, ¢;, is the dielectric constant of the metal nanoparticle, and &,,, is the dielectric
constant of the external environment. Because ¢;, is strongly dependent on wave-
length, the first term in square brackets determines the dielectric resonance condi-
tion for the particle. When the dielectric constant of the metal is roughly equal to
—2&,,, the EM field is enhanced relative to the incident field. In the case of silver and
gold, this condition is met in the visible region of the spectrum, which has important
implications for surface-enhanced spectroscopies. The size (#) and external dielectric
constant (&,,) also play key roles in determining the EM field outside the particle,
consistent with experimental results.
We calculate the extinction spectrum of the metal sphere as follows (73, 74):

2477 Nﬂ%f,{,z e:(\)
A ln(lo) (Sr()‘) + X801¢t)2 + gi()‘)z '

Here, ¢, and ¢, are the real and imaginary components of the metal dielectric func-

EQ) = @

tion, respectively. Again, we note the wavelength dependence of the metal dielectric
function. Of additional interest is the factor of x that appears in front of &,,. The
value of x is 2 for the case of a sphere, but it takes on values as large as 20 to account
for particle geometries with high aspect ratios (75). Because we can only solve the
value of y analytically for spheres and spheroids, and we must approximate it for all
other geometries (43, 75), researchers have developed additional numerical methods;
these include the discrete dipole approximation and the finite-difference time-domain
methods (76-81). In these calculations, the particle of interest is represented as N fi-
nite polarizable elements, each of which can interact with the applied electric field.
In the case of the discrete dipole approximation method, this interaction is modeled
in the frequency domain, whereas the finite-difference time-domain method evalu-
ates this interaction in the time domain. Both methods allow the evaluation of the
extinction of particles of arbitrary shape and size, and the results typically match well
with experimental results.

In addition to modeling the extinction of particles, several equations describe
how the LSPR is used for both sensing and spectroscopic experiments. For example,
the LSPR extinction (or scattering) wavelength maximum, Ay, is sensitive to the
dielectric constant ¢ (or refractive index, 7; both are related by & = 7?). Thus, changes
in the local environment—such as through the presence of an adsorbed species—
should cause a shift in A,y This leads to the following relationship (25, 82):

Aoy = mAR [1 — exp (_Zd/[d)] . 3)

Here mis the bulk refractive-index response of the nanoparticle(s); Az is the change in
refractive index induced by the adsorbate; d is the effective adsorbate layer thickness;
and /; is the characteristic EM-field-decay length (approximated as an exponential
decay). This relationship is the basis of LSPR wavelength-shift sensing experiments,
as illustrated in subsequent examples below.

We can describe the enhancement factor for SERS as shown (83, 84):

Lsp v
|Eout(w)2| |E0ut(a) - a)v)zl — [ SLRS(Q) )/Mmf]
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This equation describes how the Raman enhancement effect is a result of enhanc-
ing both the incident excitation, E,,(w), and the resulting Stokes’ shifted Raman,
E,u(® — w,), EM fields. The calculation of the enhancement factor from experi-
mental measurements is given by the right-hand side of Equation 4—i.e., the SERS-
enhanced Raman intensity, Iszgs(w,)—normalized by the number of molecules bound
to the enhancing metallic substrate, N, divided by the normal Raman intensity,
Ings(w,), normalized by the number of molecules in the excitation volume, N,,;. This
equation is important for characterizing the enhancing ability of substrates of various
material, geometry, and LSPR wavelength and is applied to several of the fundamental
spectroscopy studies described below.

EXPERIMENTAL DETAILS

Nanofabrication

The ability to fabricate nanoparticles of varying shape, size, and material has been a
major factor in advancing the understanding and application of LSPR spectroscopy.
Whereas chemical synthetic techniques offer the ability to fabricate large quantities
of nanoparticles (often with novel architectures and controlled crystallinity), litho-
graphic techniques allow the fabrication of periodic arrays with specific particle shape,
placement, and orientation. One particularly useful form of lithography is nanosphere
lithography (NSL), which is a cost-effective and rapid means of producing several pe-
riodic array structures (56, 59, 85, 86). Figure 2 illustrates the NSL process. Briefly,
polymer nanospheres are drop coated on a substrate and allowed to self-assemble
into a close-packed hexagonal array. This nanosphere mask allows the fabrication of
several different LSPR substrates, all from the same masking procedure. In one case,
metal is deposited (typically 15-100 nm) and then the nanosphere mask is washed
away, leaving the triangular nanoparticle array shown in Figure 25 (56). In the second
case, a thicker layer of metal (~200 nm) is deposited over the nanospheres, producing
a metal film over nanosphere (FON); this substrate is particularly effective for SERS
applications owing to the stability of the local surface roughness on this curved sub-
strate (Figure 2¢) (41,42, 87). A third approach is to use reactive-ion etching through
the nanosphere mask to create small wells, into which metal can be deposited (88).
In all cases, the resonance wavelength of the LSPR can be tuned simply by varying
the diameter of the nanospheres in the mask, as well as the thickness of the deposited
metal.

Electron-beam lithography, although more time-consuming and expensive, offers
the advantage of creating nanoparticles of arbitrary size, shape, and spacing. Here,
an electron beam is used to write a deposition mask directly into a polymer film;
metal is then deposited through this mask and the film washed away, leaving be-
hind the desired pattern. Researchers have used this technique to study plasmonic
coupling between nanoparticles of arbitrary shape with different interparticle spac-
ing (71, 89-91). Chemical syntheses provide another strategy for making particles of
different shape and size, although one must realize and accommodate the effects of
polydispersity (64-67, 69, 70, 92-95). By changing the reaction conditions and the
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(@) Hlustration of the process of nanosphere lithography (INSL) in which nanospheres are drop
coated onto a surface and allowed to self-assemble into a hexagonally close-packed array (steps
1-3), followed by metal deposition (step 4), and (optional) removal of the nanosphere mask. (b)
Atomic-force-microscope image of an NSL-fabricated nanoparticle array in which the
nanosphere mask has been removed. (¢) Atomic-force-microscope image of a
film-over-nanosphere (FON) substrate in which the nanospheres remain on the surface.

stabilizing surfactant, researchers have produced a wide variety of shapes, including
triangles, cubes, prisms, tetrahedra, bipyramids, and even stars (57, 64, 66, 67, 92,
93). As an interesting aside, the NSL-produced nanoparticles described above can
also be released into solution via simple chemical functionalization; this provides an
alternate approach for making particles in solution without the need for any synthetic
chemistry (96).
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Spectroscopic Measurements

Figure 3 shows several approaches to the measurement of nanoparticle LSPR
spectra. The most straightforward is transmission ultraviolet-visible spectroscopy
(Figure 3a). Here one measures the extinction spectrum (absorption plus scattering)
of the nanoparticles by recording the wavelength dependence of the light passing
through the sample. In the case of nontransparent samples (such as the FONs de-
scribed above), one must use a reflective geometry (Figure 3b6) (42). Here, a fiber
bundle is used both to direct the excitation light to the sample (center fiber), as well
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Figure 3

(@) Transmission and (b) reflectance geometries for measuring extinction spectra of
nanoparticle arrays. () Dark-field scattering experimental setup using a high-numerical
aperture dark-field condenser and a low-numerical aperture microscope objective for
measuring single-nanoparticle scattering spectra. (¢) Experimental setup for measuring
surface-enhanced Raman scattering in an epi-illumination geometry using a
wavelength-scanned laser-excitation system and a triple spectrograph coupled with a
charge-coupled device (CCD) camera. Reproduced with permission from Reference 84.
Copyright 2005 American Chemical Society.
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as to collect the light reflected from the surface (radial array of fibers). Whereas the
transmission geometry yields the LSPR wavelength as a maximum value in the ex-
tinction curve, the reflected geometry yields the LSPR wavelength as a minimum
value (because light absorbed or scattered by the sample is not reflected back).

For samples in which small regions or even single nanoparticles are interrogated,
dark-field light-scattering measurements are extremely powerful. In this case, white
light is introduced to the sample at a high angle, and scattered light is collected at a
lower angle. Figure 3¢ shows an example of this in which a high-numerical aperture
condenser brings light to the sample, and a low-numerical aperture microscope ob-
jective collects the scattered light at low angles. This can also be accomplished using a
dark-field microscope objective, which serves the dual function of bringing the high-
angle excitation light to the sample, as well as collecting the low-angle scattered light
(much like the fiber used in the reflectance geometry above). In both cases, the scat-
tered light is then directed to a spectrometer and detector, such as a charge-coupled
device camera, yielding an LSPR spectrum of the sample.

For SERS measurements, the sample is excited by a laser (optimally to the blue of
the LSPR of the metal substrate), and the Raman scattered light is passed through a
spectrometer and onto a detector. The excitation light s typically directed to the sam-
ple at either a glancing angle or by using a microscope objective in epi-illumination.
Figure 3d shows the latter configuration; this experimental setup was used for the
wavelength-scanned SERS excitation—spectroscopy experiments described in the fol-
lowing section.

SPECTROSCOPY

Fundamental spectroscopic studies on plasmonic materials provide an understanding
of the properties that govern both the LSPR wavelength and the surface enhance-
ment factor of these substrates, which is critical when designing materials for sensing
applications. In this section, we describe experiments that demonstrate several of
these fundamental relationships and explain how these can impact—and hopefully
improve—LSPR sensing experiments.

Localized Surface Plasmon Resonance Size and Shape Dependence

Because the shape and size of a metallic nanoparticle dictate the spectral signature of
its plasmon resonance, the ability to change these two parameters and study the effect
on the LSPR is an important experimental challenge. Researchers first systematically
studied this using NSL-fabricated arrays with variable diameter nanosphere masks as
well as different Ag film thicknesses (97). A second approach is to use electrochem-
istry to oxidize the nanoparticles, thus modifying their surface structure in a highly
controlled manner (68). For these experiments, NSL-fabricated silver triangles were
prepared on an indium tin oxide substrate and subjected to multiple chronocoulo-
metric runs. Figure 4 shows the results of these experiments. The particular power
of this approach is that the triangles are selectively oxidized (first at the bottom edges,
then at the triangular tips, and finally from the top face), allowing the LSPR response
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Figure 4

Localized surface plasmon resonance (LSPR) spectra and atomic-force-microscope images of
Ag nanoparticles on indium tin oxide. (#) The LSPR Ay of the Ag nanoparticles shifts
toward shorter wavelengths after subsequent chronocoulometry measurements.

(b) Atomic-force-microscope image following two chronocoulometry runs, (c) following one
chronocoulometry run, and (4) before any electrochemical oxidation. Prior to electrochemical
oxidation, the NSL-fabricated nanoparticles have their characteristic triangular shape (») and
the LSPR spectrum shown in orange (#); however, after each chronocoulometric run, the
triangular tips are rounded (b,c) and the LSPR spectrum shifts to higher energy (a, green and
blue curves). The cross section of each atomic-force-microscope image illustrates the changing
in-plane width of the nanoparticles following oxidation. Reproduced with permission from
Reference 68. Copyright 2005 American Chemical Society.
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to morphological changes to be directly correlated. For example, we can study the
relation between the in-plane width and the LSPR because the triangle height does
not change during the initial oxidation events. Thus, electrochemical oxidation is a
unique tool for changing the shape and size of NSL-fabricated nanoparticles in a
controlled manner, allowing the observation of systematic trends.

A third approach for examining the relationship between shape, size, and the
LSPR wavelength is through single-nanoparticle spectroscopy (20, 33, 57, 58, 98,
99). Because there is inherent heterogeneity among individual nanoparticles, each
LSPR spectrum is different, revealing the true distribution of resonance wavelengths
(20, 98). For example, silver colloids prepared via a citrate reduction have a vari-
ety of shapes and sizes, which results in a vast array of LSPR spectra (20, 99). The
different shapes show different refractive-index sensitivities, with rods showing the
highest sensitivity followed by triangles, then spheres (20). More refined synthetic
approaches produce nanoparticles with less heterogeneity in shape and size and even
higher refractive-index sensitivity (57, 69, 70). For example, triangular nanoprisms
functionalized with alkanethiols of increasing chain length show a 4.4-nm shift in
maximum LSPR wavelength per each additional methyl group, the highest short-
range, single-particle refractive-index sensitivity reported thus far (100). Moreover,
the height, width, and tip sharpness of these nanoprisms can be controlled, allow-
ing the characterization of the relationships between these structural properties and
both the LSPR wavelength and refractive-index sensitivity (69, 100).

Single-particle spectroscopy has also revealed unique spectroscopic properties.
For example, when individual cubic nanoparticles with a 30-nm edge length are placed
ona dielectric substrate, the LSPR spectrum reveals two peaks: a broad red peak thatis
also present in solution, and a narrow blue peak that emerges owing to its interaction
with the dielectric substrate (57). For a nanoparticle to yield a new plasmon resonance
peak when placed on a dielectric surface, it must satisfy two conditions: (#) Its near
fields must be most intense at the polar (rather than the equatorial) regions of the
nanoparticle, and (b) it must be thicker than the skin depth of the material (~25 nm
for silver). This new peak also shows improved refractive-index sensitivity owing to
its narrow line width, defined by a figure of merit in which the bulk refractive-index
sensitivity is divided by the full width half max of the peak (57). Thus, this novel cubic
architecture may be valuable for future LSPR sensing experiments.

Localized Surface Plasmon Resonance Distance Dependence

Equation 3 models the change in the LSPR wavelength as the refractive index of the
nanoparticles’ surroundings is changed. In this equation, the EM-field decay length
was approximated as a single exponential decay with characteristic decay length /,.
Although Equation 3 provides a reasonable approximation of the behavior of the
field, it provides no insight into the effect of nanoparticle structure on the EM-field
decay length and related properties. To understand this relationship, researchers have
conducted initial experiments by measuring the LSPR wavelength shift of NSL-
fabricated triangles using self-assembled alkanethiol mono- and multilayers to probe
the short-range and long-range distance dependence of the field, respectively (63,
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101). The results of the short-range studies suggest that the LSPR shift decreases
when either (#) the nanoparticle in-plane width increases or (b) the nanoparticle
out-of-plane height increases, whereas the long-range studies suggest the opposite
trend (63, 101). However, these experiments had less-than-optimal control over layer
thickness and local refractive index owing to the effects of alkanethiol-chain tilt angle
and packing density.

Recently, researchers carried out a second-generation LSPR distance-dependence
study. They employed atomic layer deposition (ALD) to provide the ultimate in dis-
tance resolution and a highly uniform refractive index independent of layer thick-
ness (102-104). Here, a single atomic layer of alumina (Al,O3) is deposited onto
the nanoparticle surface, which provides 1.1-A distance resolution (104). Figure 5a
shows the LSPR shift from NSL-fabricated nanoparticles of varying out-of-plane
heights as the alumina film thickness increases (62). The nanoparticles show LSPR
shifts even with a single atomic layer of Al O3, demonstrating the impressive sensitiv-
ity of nanoparticles to their local environment. However, this sensitivity diminishes
as the nanoparticle out-of-plane height increases: The thickest nanoparticles show
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Figure 5

(@) Localized surface plasmon resonance (LSPR) shift versus Al, O3 film thickness for particles
of different shape and size. Data are presented for silver triangular nanoparticles with in-plane
widths of 90 nm and thicknesses of (1) 30 nm, (2) 40 nm, and (%) 51 nm, as well as Ag
hemispherical nanoparticles with an in-plane width 104 nm and thickness of 52 nm (3).
Reproduced with permission from Reference 62. Copyright 2005 American Chemical Society.
() Plot of normalized surface-enhanced Raman scattering (SERS) intensity as a function of
alumina thickness for the 1594 cm™! band of pyridine. (Inser) SERS spectra from which the
normalized SERS intensity is calculated. From Reference 105; reproduced with permission of
The Royal Society of Chemistry.
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less of an LSPR shift in response to the alumina layer than the thinnest nanoparticles
(Figure 5a, curves 4 and 1, respectively). Moreover, the LSPR shift begins to flatten
out (at a layer thickness of approximately 600 A), owing to the decay of the EM field
further from the particle surface.

Because the enhanced EM field decreases further from the nanoparticle surface,
ALD also offers a mechanism for probing the distance dependence of SERS (105).
Figure 56 shows the SERS spectrum of pyridine spaced from the nanoparticle surface
by alumina layers of variable thickness. The spectrum is most enhanced when the
particle is directly adsorbed to the metal surface (an alumina layer thickness equal to
0 nm). As the thickness of the alumina spacer increases, the intensity of the SERS
spectrum decreases. These data can be fit to Equation 5 as shown (105, 106):

7

I= (1+;)71°, )

where [ is the intensity of the Raman mode, # is the size of the enhancing nanoparticle
feature, and 7 is the distance from the surface to the adsorbate. The best fit line to
Equation 5 is shown in Figure 54 (curve 4) and yields a value of 2 = 12.0 nm.
Moreover, the distance at which the SERS intensity decreases by a factor of 10 is
2.8 nm for this particular sample, showing that SERS is a long-range effect. Thus,
it is now possible to probe the SERS enhancement as a function of distance and
nanoparticle geometry with angstrom resolution, experiments that are currently in
progress.

Plasmon- and Wavelength-Scanned Surface-Enhanced
Raman Scattering

Although it was well-known that the LSPR of the metallic substrate should be close
to the excitation wavelength used for SERS, a systematic study of the relationship
between the two had not been completed. However, recent work that measured the
Raman enhancement factor as a function of either the LSPR or the excitation wave-
length has developed this relationship more clearly (84, 107). In the initial studies,
researchers measured the SERS enhancement factor as a function of the LSPR spec-
tral position at a constant laser-excitation wavelength (107). Figure 64 shows the
Raman enhancement factor of the 1081 cm™! peak from benzenethiol adsorbed to
NSL-fabricated arrays with different LSPR wavelengths. The figure illustrates that
the maximum enhancement occurs when the plasmon resonance is to the red of
the fixed excitation wavelength (L. = 632.8 nm) and to the blue of the Stokes-
shifted Raman band (shifted 1081 cm~! from A). Additional experiments of this
type demonstrate that the largest SERS enhancement factor is observed when the
LSPR falls within a 120-nm window that includes both the excitation wavelength
and the Raman-shifted wavelength.

An alternative and more general approach is to use a single NSL-fabricated
nanoparticle array sample with a constant LSPR wavelength and scan the excita-
tion wavelength using a tunable laser system (Figure 3d). Figure 65 shows data from
such an experiment in which the enhancement factor of the same 1081 cm™! peak
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Figure 6

() Plasmon-sampled surface-enhanced Raman excitation spectrum of the 1081 cm~! peak of
benzenethiol (dashed line) excited at 632.8 nm (so/id line). The enhancement factor is highest
when the plasmon wavelength is between the Raman excitation and emission energies.
Reproduced with permission from Reference 107. Copyright 2003 American Chemical
Society. (#) Wavelength-scanned surface-enhanced Raman excitation spectra of the 1081 cm™
peak of benzenethiol, LSPR Ay = 690 nm, profile fit maximum at 662 nm. (¢)
Wavelength-scanned surface-enhanced Raman excitation spectra of the 1575 em ™! peak of
benzenethiol, LSPR Ay = 810 nm, profile fit maximum at 765 nm. Reproduced with
permission from Reference 84. Copyright 2005 American Chemical Society.
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from benzenethiol is monitored as the excitation wavelength varied between 475 and
800 nm. The excitation spectrum shows the highest SERS enhancement factor when
the excitation wavelength is to the blue of the LSPR wavelength, consistent with the
plasmon-scanned results above. (The axes on this plot are in units of increasing wave
number and thus decreasing wavelength.) Based on Gaussian fits to the spectra, the
shift between the maximum energy of the excitation profile and the LSPR spectrum
is 613 cm™!, placing it roughly at the midpoint of the shift between the excitation
and the Stokes Raman scattering energies (i.e., 1081 cm™!). The 1575 cm™! peak of
benzenethiol shown in Figure 6¢ also demonstrates this relationship. Again, the shift
between the excitation wavelength producing the maximum enhancement and the
peak in the extinction spectrum is 726 cm™!, or roughly half of the shift between the
excitation and Raman-shifted scatter.

By repeating this measurement on different vibrational bands, we see a distinct
trend emerge: For higher-energy Raman transitions, the shift between the excitation
profile and the LSPR spectrum also moves to higher energy. This is because the LSPR
should be located at some intermediate energy between the excitation and Raman
EM fields to provide the maximum enhancement of the two. As the Raman tran-
sition moves to higher energy, the gap between the excitation and Raman energies
widens, and the LSPR maximum must shift to remain roughly midway between the
two. In this case, the LSPR is static, so the effect is reversed: The excitation profile
shifts to higher energy. This is in agreement with the EM-enhancement mecha-
nism and is an important outcome of these wavelength-scanned SERS experiments.
Moreover, these experiments illustrate the importance of optimizing the plasmon and
excitation wavelengths to achieve maximum SERS enhancements; enhancements of
nearly 108 can be produced when experimental conditions are properly optimized
(Figure 60). Although ensemble-averaged SERS enhancement factors of 108 are the
highest we have measured to date, there is good reason to believe that future experi-
ments will reveal substantially higher values for systems involving highly crystalline
single nanoparticles and specific, finite nanoparticle assemblies (108).

Localized Surface Plasmon Resonance Spectroscopy
Near Molecular Resonances

Surface-enhanced resonance Raman scattering (SERRS) has been known for produc-
ing enhancement factors of the order 10!!~10!? dating back to the original report of
SERS (1, 107). In SERRS, the Raman excitation light is of sufficient energy to pro-
mote an electronic transition in the molecule of interest, from the ground to some
electronically excited state. When the LSPR of the enhancing substrate is also in the
proper energy region, this provides SERRS enhancement factors that are roughly the
product of the enhancement factors for nonresonant SERS of the substrate and the
resonance Raman spectrum of the adsorbate (107). However, there had previously
not been any study on the effect of an electronically resonant molecule on the spectral
position and lineshape of the nanoparticle plasmon resonance.

To study this relationship, recent work focused on the LSPR shift induced by the
adsorption of a molecule whose absorption spectrum is in the same energy region as
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the plasmon resonance (109). [2, 3, 7, 8, 12, 13, 17, 18-Octakis(propyl) porphyrazi-
nato] magnesium (II) has the solution-phase absorption curve shown in Figure 7a.
When this molecule is adsorbed on NSL-fabricated nanoparticles with LSPR wave-
lengths both near and far from the molecular resonance, the shift is quite different
(Figure 74) (109). When the LSPR 4., is close to the molecular resonance, the
shiftis either enhanced (Figure 7b) or suppressed (Figure 7d). In contrast, when the
LSPR Ay is far from the molecular resonance, the shift is less dramatic and closer
to expectations based on a simple refractive-index change (Figure 7¢). This result
suggests that it may be possible to optimize the LSPR shift response for sensing ex-
periments in which the analyte of interest has an electronic resonance in the visible
or infrared region of the spectrum (see below).

LOCALIZED SURFACE PLASMON RESONANCE SENSING

Whereas the above section describes several fundamental spectroscopic relationships
and their impact on LSPR sensing, this section focuses on sensing molecules of bio-
logical and chemical interest. We focus on two different sensing modes—wavelength-
shift LSPR sensing and SERS—and their application to several different systems.

Localized Surface Plasmon Resonance Wavelength-Shift Sensing

The most common method for LSPR sensing is the wavelength-shift measure-
ment, in which the change in the maximum (or minimum) of the LSPR extinc-
tion curve is monitored as a function of changes in the local dielectric environment
caused by analyte adsorption. This relationship is described in Equation 3, and has
been demonstrated for a number of systems in which either the bulk-solvent re-
fractive index or the length of a molecular adsorbate (i.e., a linear alkane chain) is
changed (20, 24, 32, 46, 57, 88, 98). Coupling two plasmonic nanoparticles also
leads to a shift in A..,. Researchers have demonstrated this for the released NSL-
fabricated triangles described above, which were coupled using alkanedithiols (96),
and more recently, for Au spheres linked by double-stranded DNA of varying length
(110, 111).

This sensitivity to local environment can be expanded to sensing biological
molecules such as proteins and antibodies. Initial demonstrations of this principle
measured the shift in A,,,, on binding of either streptavidin or antibiotin to biotin-
functionalized nanoparticle arrays (82, 112). Experiments measuring the binding of
concanavalin A to mannose-functionalized nanoparticles followed these first demon-
strations (21). Figure 84 shows the real-time kinetic response of the LSPR shift
for mannose-functionalized nanoparticles of different thickness on exposure to con-
canavalin A followed by washing with buffer. In all cases, the LSPR A« changes in
response to the concanavalin A with a similar time constant but with a different overall
shift magnitude. This agrees with the distance-dependence experiments because the
LSPR wavelength-shift response was largest for the thinnest nanoparticles. These
experiments demonstrate the importance of the fundamental spectroscopic studies
described above for guiding the design of LSPR sensing experiments.
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Figure 7

(@) Localized surface plasmon resonance (LSPR) shift induced by [2, 3,7, 8, 12, 13, 17,
18-Octakis(propyl) porphyrazinato] magnesium (II) (MgPz) adsorption to Ag nanoparticles
versus initial nanoparticle LSPR wavelength (b/ue dots). The absorption spectrum of the MgPz
is also shown (red /ine). (b—d) LSPR spectra before and after MgPz adsorption both (&, 4) near
and (¢) far from the molecular resonance. Measured LSPR shifts are (4) 59.6 nm, (¢) 20.0 nm,
and (d) 2.5 nm. Reproduced with permission from Reference 109. Copyright 2006 American
Chemical Society.
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Figure 8

(@) Real-time response of mannose-functionalized Ag nanosensor of different out-of-plane
heights as 19-uM concanavalin A is injected in the cell following buffer injection. The solid
lines are provided as guides. Reproduced with permission from Reference 21. Copyright 2004
American Chemical Society. (b) Surface chemistry for the possible amyloid-beta-derived
diffusible ligand (ADDL) detection in human cerebrospinal fluid (CSF) samples using the
antibody sandwich assay. The three steps include (I) functionalization with 100-mM
anti-ADDL, (2) the introduction of human CSF, and (3) the introduction of the second
capping antibody. (¢) Localized surface plasmon resonance spectra for each step of the assay for
an age-matched control patient. (d) LSPR spectra for each step of the assay for an Alzheimer’s
patient. Reproduced with permission from Reference 17. Copyright 2005 American Chemical
Society.
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Perhaps the most biomedically relevant demonstration of LSPR sensing has been
the work in which a biomarker for Alzheimer’s disease, amyloid-beta-derived dif-
tusible ligand (ADDL) (113-115), has been sensed using LSPR spectroscopy (17, 18).
For these experiments, researchers developed a sandwich-format assay (Figure 85):
First the nanoparticle array is functionalized with an antibody for the ADDL
molecules; then the ADDLs are allowed to bind to the antibodies; and finally, a
second capping antibody is introduced that can bind to the surface-bound ADDL
and complete the sandwich assay. Initial experiments using synthetic ADDLs showed
that ADDL concentrations on the order of 100 fM could be detected (17). Next, the
experiments were repeated using cerebrospinal fluid (CSF) from both an Alzheimer’s
patient, as well as an age-matched control (17). The results from these experiments
are shown in Figures 84,c, respectively. In Figure 8¢, the CSF from an age-matched
control patient is exposed to the anti-ADDL functionalized nanoparticles; the shift in
the LSPR spectrum is modest after both initial CSF exposure as well as the introduc-
tion of the second capping antibody (A, = 2.9 and 4.3 nm, respectively). Figure 84
shows the data from an Alzheimer’s patient. Here, the binding of the ADDLs in the
CSF induces a shift of 28.5 nm, with a further shift of 15.4 nm after the second
antibody is introduced. The researchers obtained a similar result when they used
brain extract instead of CSE. Thus, LSPR spectroscopy is a promising technology
for sensing this biomarker of Alzheimer’s disease in a clinical setting. Moreover, this
approach can be broadly generalized, allowing the diagnosis of any disease with an
associated biomarker and antibody pair (such as ovarian cancer) (116).

Sensing experiments can also benefit from the introduction of an electronically
resonant analyte (as described above). This has been demonstrated recently using
cytochrome P450, which changes its absorption spectrum on the binding of small
molecules such as camphor (117). As with previous examples above, the adsorption
of the cytochrome P450 to the nanoparticle surface leads to a red shift in the LSPR
wavelength owing to the change in the local refractive index. However, the binding
of camphor to the adsorbed cytochrome P450 leads to a blue shift in the absorption
spectrum of the protein, which, in turn, induces a corresponding blue shift in the
LSPR spectrum (117). Thus, small-molecule binding, which normally does not yield
a large-enough refractive-index change to induce a detectable LSPR shift, can now
be sensed using LSPR spectroscopy near an electronic resonance.

Surface-Enhanced Raman Scattering Sensing

A second application in which the LSPR plays an important role is SERS-based
sensing. As described above, it is important for the LSPR of the enhancing substrate
to be properly matched with the Raman excitation and scattering wavelengths (84,
107). Here we describe several examples in which SERS is used for biological sensing
experiments.

Recentwork has focused on the detection of an anthrax biomarker, calcium dipicol-
inate (CaDPA), using SERS on both bare and alumina-modified silver FON substrates
(Figure 9a) (42, 118). Bacillus subtilis spores (a harmless simulant of B. anthracis) are
sonicated in dilute nitric acid to extract the CaDPA; this solution is then deposited
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Figure 9

(@) Scanning-electron-microscope images of alumina-modified Ag film over nanosphere
(FON) substrates. (b) Surface-enhanced Raman scattering (SERS) spectrum of 2 x 10~ M
CaDPA in 0.2 uL, 0.02 M HNOj3 on alumina-modified silver FON substrate. *273 = adus™!
mW~-1; adu, analog to digital converter units on the CCD detector; s, seconds of data
collection time; mW, millwatts of laser power. (¢) The alumina thickness effect on the SERS
intensity. The spectral intensities at 1020 cm~! are plotted versus atomic layer deposition
(ALD) cycles and normalized against the highest measured intensity, in this case after two
ALD cycles. (d) The intensity ratio (I1p20/11050) variation with time for an alumina-modified
silver FON (two ALD cycles) over a nine-month period. Reproduced with permission from
Reference 118. Copyright 2006 American Chemical Society.

onto a silver FON (both bare and alumina modified); and the SERS spectrum is mea-
sured as shown in Figure 9b. The peak at 1020 cm™! is indicative of the CaDPA,
whereas the 1050 cm™' peak owing to nitric acid provides an internal standard. In
Figure 9c, the intensity of the 1020 cm™! peak is plotted with an increasing number
of alumina monolayers. Figure 9¢ shows two competing effects: Initially the intensity
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of the 1020 cm™! peak increases because alumina is acting as a capture layer for the
analyte (118). However, after three cycles of alumina deposition, the Raman sig-
nal decreases owing to the drop-off in EM-field enhancement, in analogy to the
distance-dependence study shown in Figure 5b. Using this scheme, the detection
limit is 1400 spores, better than the previously reported limit of 2600 spores for bare
silver surfaces and well below the infectious dose of 10* spores (42). Moreover, the
alumina layer protects the FON surface from oxidation, improving the temporal sta-
bility of these SERS substrates to greater than 270 days after fabrication (Figure 94)
(118).

In addition to capture layers, which provide high-affinity binding sites for target
analytes, partition layers are also important for quantitative, real-time detection of
molecules, such as glucose. Current commercial glucose sensors rely on the user’s
diligence to take readings from drawn blood in a periodic fashion; as such, data on
blood glucose concentration are taken only a few times during the day. A real-time,
implantable glucose sensor would be a vast improvement, and SERS may be a route
to such a device (4, 87, 119, 120). To develop a viable glucose sensor, researchers must
assemble a SERS substrate that allows the glucose to approach the metal surface to
benefit from the enhanced EM fields, but also to be rapidly released from the sur-
face to maintain a quantitative equilibrium that accurately reflects the local glucose
concentration. This is accomplished using partition layers, which are analogous to
the stationary phases used in high-performance liquid chromatography and provide
low affinity and rapidly reversible binding sites for target analytes. In the case of glu-
cose sensing, researchers have developed a mixed self-assembled monolayer that has
both hydrophobic and hydrophilic components and can assemble on the FON (120).
With this functionalized SERS substrate, quantitative detection of local glucose con-
centration has been demonstrated using SERS both in vitro and in vivo (105, 120).
Moreover, the SERS-based glucose sensor measures glucose concentration directly
by monitoring its spectral signature, rather than the indirect electrochemical method
employed by most commercial sensors. Lastly, this sensor can provide real-time in-
formation, allowing potentially harmful fluctuations in glucose levels to be monitored
and remedied in a timely manner (120).

All the experiments described thus far detect molecules introduced to the sensing
surface via solution-phase chemistry. However, SERS is also an effective means for
detecting molecules in the gas phase, as shown in a previous study in which several
different molecules were vapor deposited onto a silver FON substrate in ultrahigh
vacuum (121). This has recently been expanded to a gas-phase detection protocol un-
der ambient conditions—in particular, for the detection of 2-chloroethyl ethyl sulfide
(CEES), a simulant of the chemical-warfare agent mustard gas (122). By incubating
a silver FON optimized for 785-nm excitation with CEES-saturated air, researchers
observed the Raman spectrum of the CEES molecule, even in the absence of a capture
layer. One important feature of this experiment is that they used a portable Raman
spectrometer for these measurements; thus, this experiment could be repeated in
the field where the presence of chemical-warfare agents must be detected quickly,
efficiently, and without false positives. Moreover, CEES could be detected at con-
centrations much lower than the harmful limit. Thus, this experiment represents an
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important first step toward the detection of these harmful gas-phase nerve agents
using SERS spectroscopy.

CONCLUSIONS

In this review, we describe studies related both to the fundamental spectroscopic
properties of LSPR spectroscopy as well as to several biological and chemical sensing
experiments. The results demonstrate the importance of nanoparticle shape and size
on both the spectral location of the LSPR and its sensitivity to changes in the local
refractive index. Moreover, the response of the nanoparticles is highly distance de-
pendent, as shown with ALD studies measuring both the alumina-induced LSPR shift
and the SERS intensity of an adsorbed molecule. Studies in which both the plasmon
and Raman excitation wavelength are varied to find the conditions for maximum
SERS enhancements demonstrate that the plasmon wavelength should be located
somewhere between the excitation and Raman emission wavelengths, as predicted
by the EM-enhancement theory. Lastly, localized surface plasmon spectroscopy near
molecular resonances provides a new direction for future sensing experiments owing
to the enhanced LSPR shifts.

Applications of both wavelength-shift and SERS sensing have shown thata variety
of chemically and biologically relevant molecules can be detected—from biomarkers
of Alzheimer’s disease and anthrax to the direct detection of glucose and chemical-
warfare agents. Moreover, the results of these studies demonstrate the necessity of
fundamental spectroscopic studies for guiding experimental design to achieve the
largest overall signal or to observe signals at all. As our understanding of the plasmonic
response of nanoparticles continues to grow, these LSPR-based sensing experiments
will improve as well, leading to higher sensitivity, faster and more reversible responses,
and an ever-broadening scope of applicability.

SUMMARY POINTS

1. LSPR spectroscopy is used for biological and chemical sensing by transduc-
ing changes in the local refractive index via a wavelength-shift measurement.

2. LSPR spectroscopy offers similar sensitivity to the commercially avail-
able SPR systems, with the additional advantages of wavelength tunability,
smaller sensing volumes, and lower cost instrumentation.

3. Surface-enhanced Raman spectroscopy can identify the presence of spe-
cific target molecules based on their unique vibrational signatures. Capture/
partition layers provide a means of bringing the target analyte to the
nanoparticle surface without obscuring the desired Raman spectrum.

4. Single-nanoparticle LSPR spectroscopy is an important tool for understand-
ing the relationship between local structure and spectra. In addition, sin-
gle nanoparticles can provide even higher refractive-index sensitivity than
nanoparticle arrays.
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5. ALD allows the decay of the EM field to be measured as a function of
distance from the nanoparticle surface using LSPR wavelength-shift spec-
troscopy. This same distance dependence can be followed by measuring the
SERS enhancement factor of an adsorbed analyte on alumina spacer layers

of different thickness.

6. Surface-enhanced Raman spectroscopy is made possible owing to the en-
hanced EM fields caused by the excitation of plasmon resonances. Funda-
mental studies of the relationships between the LSPR, the SERS excitation
wavelength, and the Raman scattered wavelength reveal that the plasmon
resonance wavelength maximum should be positioned between the excita-
tion and Stokes Raman scattered energies. By properly tuning these condi-
tions, enhancement factors up to 10® have been recorded for well-defined
nanoparticle arrays.

7. LSPR spectroscopy near molecular electronic resonances yields wavelength
shifts that are dramatically different than those expected based on a simple
refractive-index change. New sensing opportunities arise from this recently
discovered effect.
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