
Nanostructured Plasmonic Sensors

Matthew E. Stewart,† Christopher R. Anderton,† Lucas B. Thompson,† Joana Maria,‡ Stephen K. Gray,§
John A. Rogers,†,‡ and Ralph G. Nuzzo*,†,‡

Department of Chemistry, University of Illinois at Urbana−Champaign, Urbana, Illinois 61801, Department of Materials Science and Engineering,
University of Illinois at Urbana−Champaign, Urbana, Illinois 61801, and Chemistry Division and Center for Nanoscale Materials,

Argonne National Laboratory, Argonne, Illinois 60439

Received June 2, 2007

Contents
1. Introduction 494
2. Theoretical Considerations: Optical Properties of

Metal Nanoparticles and Nanoholes
495

3. Synthesis and Fabrication of Plasmonic
Nanostructures

498

3.1. Solution-Phase Syntheses 498
3.2. Top-Down Lithography 499
3.3. Unconventional Lithographic Techniques 500

3.3.1. Nanosphere Lithography 500
3.3.2. Colloidal Lithography 500
3.3.3. Soft Lithography 501

4. Applications of Plasmonic Nanostructures in
Sensing and Chemical Imaging

502

4.1. Colorimetric Sensing Based on
Particle−Particle Coupling

502

4.2. Nanoparticle-Enhanced Surface Plasmon
Resonance

503

4.3. Exploiting Rayleigh Scattering for Sensing
and Imaging

504

4.4. Label-Free Optical Detection Based on
Changes in Refractive Index

506

4.4.1. Nanoparticle Dispersions 506
4.4.2. Surface-Immobilized Nanoparticles 506
4.4.3. Periodic Nanohole Arrays 508
4.4.4. Random Nanohole Arrays 512

4.5. Surface-Enhanced Spectroscopies 512
4.5.1. Surface-Enhanced Raman Scattering 513

4.6. Plasmonics for Detection Beyond the
Diffraction Limit

514

4.6.1. Plasmon-Enhanced Fluorescence 515
5. Concluding Remarks 515
6. Acknowledgments 516
7. References 516

1. Introduction
Surface plasmons (SPs) are coherent oscillations of

conduction electrons on a metal surface excited by electro-
magnetic radiation at a metal-dielectric interface. The
growing field of research on such light-metal interactions

is known as ‘plasmonics’.1-3 This branch of research has
attracted much attention due to its potential applications in
miniaturized optical devices, sensors, and photonic circuits
as well as in medical diagnostics and therapeutics.4-8

Plasmonics is also a highly active area due, in part, to recent
advances in nanofabrication methodologies.9-12 These meth-
odologies have led to the realization of metal nanostructures
composed of nanoparticles (NPs),13 nanoholes,14 and other
components15 with precisely controlled shapes, sizes, and/
or spacings.16,17Such exquisite synthetic control in combina-
tion with advances in theory and the emergence of quanti-
tative electromagnetic modeling tools has provided a better
understanding of the optical properties of isolated and
electromagnetically coupled nanostructures of various sizes
and shapes. In addition to control over the geometry and
optical properties of nanostructures,18,19various strategies for
modifying the surfaces of these materials make it possible
to effect the selective binding and detection of specific targets
for chemical and biological sensing.20,21

Detection schemes based on techniques that utilize plas-
mons experience enhancements that are commensurate with
the magnitudes of the associated electric fields. These
enhancements lead to new competencies for chemical sensing
that are both useful and extraordinarily sensitiveswith
detection levels in some cases reaching that of single
molecules.22 As the field of plasmonic-based sensing grows,
it is understood that the explicit control of nanostructured
components will continue to provide techniques with un-
paralleled sensitivity, improved ease of fabrication, and thus
enhanced utility outside of the laboratory.

Two types of surface plasmon resonances (SPRs) are used
in surface-based sensing: (i) propagating surface plasmon
polaritons (SPPs) and (ii) nonpropagating localized SPRs
(LSPRs) (The terms ‘propagating’ and ‘nonpropagating’ are
used here to describe evanescently confined surface plas-
mons. It should be kept in mind that a ‘nonpropagating’
LSPR is intimately coupled to ordinary or nonevanescent
propagating light since the LSPR is excited by and scatters
such light.). SPPs can be excited on thin metal films using
grating or prism couplers.23 These plasmons propagate tens
to hundreds of micrometers along the metal surface with an
associated electric field that decays exponentially from the
surface (normal to the dielectric-metal interface).24 Changes
in the refractive index above the metal shifts the plasmon
resonance condition, which can be detected as intensity,
wavelength, or angle shifts in sensing applications.25 SPR
sensors that utilize propagating SPPs are covered in an article
by Homola in this issue ofChemical ReViews. LSPRs are
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nonpropagating plasmon excitations that can be resonantly
excited on metal NPs and around nanoholes or nanowells in
thin metal films. The spectral position and magnitude of the
LSPR depends on the size, shape, composition, and local
dielectric environment.26,27 This latter property has been
exploited for label-free optical sensing where adsorbate-
induced refractive index changes near or on plasmonic
nanostructures are used to monitor binding events in real
time.28 Electromagnetic field enhancements also accompany
these plasmonic resonances, which are used for performing
surface-enhanced spectroscopies. This review focuses mostly,
although not exclusively, on LSPRs and their use in
chemical29 and biological30 sensing and surface-enhanced
spectroscopies.31

2. Theoretical Considerations: Optical Properties
of Metal Nanoparticles and Nanoholes

Gold (Au) and silver (Ag) metal NPs are frequently studied
because they can exhibit strong SPRs in the visible wave-
length range.32 At these wavelengths, their optical properties
are best described by a complex, wavelength-dependent
dielectric constant

whereε ) m2 and m ) n + ik is the complex refractive
index given as a function of the refractive index,n, and the
absorption coefficient,k. Noble-metal NPs can support
LSPRs33 when the incident photon frequency is resonant with
the collective oscillation of the conduction electrons confined
in the volume of the NPs (Figure 1).34 The simplest type of
LSPR is a dipolar LSPR, which can be viewed as following
in the limit of the particle’s diameter,d, being much smaller
than the wavelength of the incident light,λ (d , λ). The
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conduction electrons inside the particle will all move in phase
upon plane-wave excitation. This leads to the buildup of
polarization charges on the particle surface that will act as a

restoring force, allowing a resonance to occur at a specific
frequency known as the particle dipole plasmon fre-
quency.33,35A resonantly enhanced field builds up inside the
NP, which in the small particle limit is homogeneous
throughout its volume, while a dipolar field is produced
outside. This results in strong light scattering, the appearance
of intense surface plasmon absorption bands, and the
enhancement of the near-field in the immediate vicinity of
the particle surface. The spectroscopic responses of larger
metallic NPs are modified due to the excitation of higher
order modes such as quadrupoles and retardation and skin
depth effects.33,35 The bandwidth, peak height, and position
of the absorption maximum depend on the particle material,
size, and geometry (Figure 2) and the dielectric function of
the surrounding environment.33,36,37

Classical Mie theory38 corresponds to the rigorous analyti-
cal solution of Maxwell’s equations for the optical properties
of a spherical particle. It assumes that the particle and the
surrounding medium are homogeneous.33,35 Solutions have
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Figure 1. Schematic illustration of a localized surface plasmon of
a metal sphere showing the displacement of the electron charge
cloud relative to the nuclei. Reprinted with permission from ref
34. Copyright 2007 by Annual Reviews.
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subsequently been developed for other particle shapes,
including more general spheroidal forms;32,39-41 such solu-
tions are also often referred to as “Mie Theory”. These
analyses are greatly simplified when the particles are much
smaller than the wavelength of light since only the lowest
(dipolar) order of the Mie theory scattering coefficients need
to be retained. In the long wavelength, electrostatic dipole
regime, the extinctionE(λ)sthe sum of absorption and
scattering cross sectionssof a spheroid metallic NP is given
by the following equation33

where εmed is the dielectric constant of the surrounding
medium,λ is the excitation wavelength,ø is a form factor
that describes the NP’s aspect ratio (ø ) 2 for a sphere and
increases directly with the aspect ratio of the NP), andεr

and εi are the real and imaginary parts of the dielectric
function of the metallic NP, respectively. For a spherical
metal NP with|εr| . εi, eq 2 has a maximum whenεr(ω) ≈
-2εmed and this is the LSPR. The position of this resonance
red shifts with an increase in magnitude of the dielectric
constant of the medium surrounding the NP due to the
buildup of polarization charges on the dielectric side of the
interface, which is responsible for the weakening of the total
restoring force. For nonspherical metallic NPs, the surface
plasmons are unevenly distributed around them, manifesting
in a shape dependence of the LSPR absorption spectra.42 The
plasmon resonance of metallic nanorods, for example, splits
into two peaks: (i) a strongly red-shifted long axis or
longitudinal mode (L) polarization parallel to the long axis)
and (ii) a slightly blue-shifted transverse mode (T)
polarization perpendicular to the long axis). As the aspect
ratio of a nanorod increases, the separation between the two
plasmon bands becomes more pronounced (Figure 3).16,43-51

Triangular metallic NPs exhibit multiple plasmon resonances,
a longitudinal (bulk) plasmon mode, and very large field
enhancements at their sharp tips.52,53Although a generaliza-
tion of the quasistatic approach to metallic NPs of arbitrary
shape has been suggested and demonstrated good results,54

numerical methods such as the T-matrix method,55 the
discrete dipole approximation,56,57 or finite-difference time-
domain simulations58,59 usually have to be used to calculate
the optical properties (resonant frequencies; local field
enhancement at the NP surface; absorption, extinction, and
scattering efficiencies) for these more complex cases.

For larger metallic NPs beyond the Rayleigh approxima-
tion (d > 30 nm), the dipolar resonance red shifts and suffers
a substantial broadening. The red shift arises due to a
reduction of the depolarization field caused by retardation
effects60 where the conduction electrons do not all move in
phase, as is true for smaller NPs, which leads to a reduced
depolarization field at the particle center generated by the
surrounding polarized matter. Radiative losses61 also start
to contribute significantly to the plasmon damping, eventually
dominating it totally for Au and Ag NPs with diametersd
> 100 nm, and for this reason can impact the analytical
sensitivity measurements. The latter effect causes significant
broadening of the resonance peak. Scattering processes at
the NP’s surface are thought to begin to contribute to the
total damping for NPs smaller than the free-electron scat-
tering length.33 The depolarization field and additional
damping mechanisms for large and small particles can be
seen as lowest order corrections to the quasistatic theory
leading to decreases in the total enhancement of the excitation
field.

Mie theory only applies to noninteracting NPs well
separated in the solid state or present at low concentration
in solution. Recent advances in particle synthesis and
fabrication techniques, however, have allowed the assembly
of ordered arrays of interacting metallic NPs, leading to
interesting new optical responses.3,62-68 The plasmon reso-
nances of interacting particles are split and shifted, depending
on the polarization of the incident light, relative to those of
noninteracting NPs.65-67 In such cases, each NP with a
diameter much smaller than the wavelength of the exciting
light acts as an electric dipole. Two types of electromagnetic
interactions prevail in this context, depending on the spacing
d between adjacent NPs: (i) near-field coupling and (ii) far-
field dipolar interactions.62 Far-field dipolar interactions with
a d-1 dependence dominate at NP spacings on the order of
the wavelength (λ) of the exciting light,69 while near-field
dipolar interactions with a dependence ofd-3 dominate for
spacings much smaller thanλ.63 These distance dependences
have important consequences for sensing based on the LSPR
peak shifts caused by changes in the electromagnetic
interactions that occur upon aggregation (or dissociation) of
NPs, a feature that has been broadly exploited for colori-
metric sensing.70

LSPRs analogous to metal NP LSPRs can be excited
around nanoscale holes in thin metal films. This is not
surprising in view of Babinet’s principle, which relates the
diffraction properties of particles to holes.71 For example,
Prikulis et al.72 demonstrated remarkable correlations between
the light scattering of holes in metal films and light scattering
by disk-shaped NPs. Nanoholes tend to exhibit somewhat
broader scattering features due to the fact that, in addition
to the possibility of exciting LSPRs, the holes can serve as
point sources for SPP waves in the thin film.73,74

As noted in the Introduction, propagating SPP waves form
the basis of the SPR sensors reviewed by Homola in this
issue. In the case of periodic hole arrays in thin metal films
that are reviewed by us here (section 4.4.3), the periodic
analog of SPPs and related diffractive phenomena such as

Figure 2. (a) Dark-field microscopy image and corresponding SEM
images and (b) light scattering spectra of Au nanocrystals of
different shapes. Reprinted with permission from ref 54. Copyright
2003 American Institute of Physics.

E(λ) ∝ [ εi

(εr + øεmed)
2 + εi

2] (2)
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Wood’s anomalies75-77 are intimately entangled with LSPRs
and so must also be factored into our discussion. We will
consider these influences and their consequences for sensing
applications in the sections below.

3. Synthesis and Fabrication of Plasmonic
Nanostructures

Formation of metal nanostructures has been an active area
of research due in part to their growing importance in diverse
applications including photonics and optoelectronics,2,3,6,78-82

electronics,83-86 chemical and biosensing,14,87-92 and medical
diagnostics and therapies.93-97 It is now well appreciated that
the optical, electronic, and catalytic properties of metal
nanostructures can be tuned very broadly by controlling their
size, shape, and composition.25,35,98-101 This has resulted in
a wealth of literature on synthetic methodologies for generat-
ing isotropic and anisotropic nanostructures with well-con-
trolled sizes and shapes from a variety of materials.16,17,93,100-104

Nanostructures are typically formed using either so-called
top-down or bottom-up approaches.10 Top-down techniques
involve using various forms of conventional lithographic
techniques to pattern nanostructures (e.g., onto planar
substrates),65-67,105 whereas bottom-up methods exploit the
interactions of atoms, molecules, or more complex mesoscale
objects, in conjunction with the controlling influences of
process kinetics, to “assemble” nanostructures either on
substrates or in solution.72,106-111 The following sections will
describe in more detail the use of these approaches for
synthesizing representative metal nanostructures that support
propagating and/or localized plasmons and exhibit interest-
ing/useful optical properties.

3.1. Solution-Phase Syntheses
Bottom-up solution-phase synthesis is a versatile approach

to forming NPs that allows control over their size,112-117

shape,17,101composition,98,118-120 and structure (e.g., solid or
shell).95,121,122This approach generally involves the reduction
of metal salts in a solution containing an appropriate stabilizer
to control the growth and suppress the aggregation of the
NPs.123,124 The stabilizerscommonly ligands, surfactants,
ions, organic acids, or polymerssadsorbs or coordinates to
the surface of the NPs and inhibits aggregation by Coulombic

repulsion20,114,125and/or steric hindrance.124,126,127Reduction
of the metal salt can be carried out electrochemically,15,128-132

photochemically,114,133-136 sonochemically,137-139 or using
chemical reductants such as citrate,114,117,140hydrides,141,142

alcohols,143,144 hydrogen,104 hydroxylamine,145,146 or hydra-
zine.147,148 The specific choice of reductant, stabilizer,
temperature, and relative concentrations of the reagents can
all affect the size and shape of the NPs. Recent work has
investigated biosynthetic approaches149-153 and other envi-
ronmentally friendly methods of synthesizing NPs.126,154,155

This topic has been reviewed in a recent issue ofChemical
ReViews.156

Solution-phase synthesis tends to yieldapproximately
spherical particles since the lowest surface energy shape is
that of a sphere.4,100 (These particles have facets and should
be more correctly called ‘quasi-spheres’,4 but will be referred
to here as spherical particles for simplicity.) One of the most
commonly used procedures for making spherical Au NPs is
the citrate reduction of HAuCl4 in an aqueous solution, which
was first reported by Turkevitch et al. in 1951.157 In this
protocol the citrate acts as both a reducing agent and an
electrostatic stabilizer, and the size of the NPs can be tuned
by controlling the citrate to HAuCl4 ratio.113,158Citrate can
also be employed in the synthesis of Ag particles.114

Another broadly adopted solution-phase synthesis that
yields highly stable, monodisperse thiol-protected particles
with controllable sizes is the Brust-Schiffrin method.159 This
approach uses a biphasic synthesis (an aqueous and organic
phase) and tetraoctylammonium bromide as a phase-transfer
agent to reduce the [AuCl4]-1 anion with NaBH4 in the
presence of alkanethiols to yield thiol-stabilized particles that
are one to several nanometers in size.159 The particle sizes
can be controlled between 1.5 and 5.2 nm by adjusting the
temperature, reduction rate, and thiol to Au ratio.13,112,156,160,161

The thiols on these so-called monolayer-protected cluster
(MPCs) can be easily switched to introduce functional-
ity,162,163such as thiolated oligonucleotides164 or proteins,165

through simple place-exchange reactions.166-169 Other ligands
such as amines and phosphines can also be used to stabilize
and control the growth of NPs,170-174 and more recent single-
phase adaptations of the Brust method have eliminated the
need for phase-transfer agents.170,175-177

Figure 3. Transmission electron micrographs (top), optical spectra (left), and photographs (right) of aqueous solutions of Au nanorods of
various aspect ratios. The seed sample has an aspect ratio of 1. Samples a, b, c, d, and e have aspect ratios of 1.35( 0.32, 1.95( 0.34,
3.06( 0.28, 3.50( 0.29, and 4.42( 0.23, respectively. Scale bars: 500 nm for a and b, 100 nm for c-e. Reprinted with permission from
ref 16. Copyright 2005 American Chemical Society.
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Well-defined NPs can also be fabricated using seed-
mediated growth techniques.99,102,145,146,178-182 Nanorods are
commonly prepared using this approach,100,102,178,179although
they can also be prepared electrochemically49,183-185 and
photochemically.133,186In seed-mediated syntheses, a stable
growth solution is prepared containing a metal salt, a mild
reducing agent (e.g., ascorbic acid), a surfactant molecule
(e.g., cetyl-trimethylammonium bromide, CTAB), and pos-
sibly other additives.45,46,100,179,187A NP ‘seed’, the nucleating
agent, is added to the solution and the metal salt is reduced
directly on the surface of the seed with minimal nucleation
occurring in solution.178 The surfactant acts as an organic
micellar template for anisotropic growth. The morphology,
aspect ratios, and synthetic yields of the seeding approach
are controlled by the composition and concentration of the
surfactant, additives, seeds, metal salts, and reducing
agent.45,46,100,179,188-191 Seeding growth can also be used to
grow Au and Ag nanorods directly on surfaces,192-194 where
the initial seed concentration affects the resulting nanorod
aspect ratios and size distributions.195

As noted above, nanorods exhibit two distinct plasmon
resonance modes: one associated with electron oscillations
parallel to the longitudinal axis and the other with electron
oscillations parallel to the transverse axis.16,43-51 The longi-
tudinal plasmon mode can be tuned by adjusting the aspect
ratio of the nanorod, making it a particularly useful structure
for applications in photonics and biotechnology.16,43-51 Au
nanoshells are another type of metal nanostructure that have
highly tunable plasmon resonances.95,196 Halas and co-
workers formed such core-shell structures by seeded metal-
lization of colloidal silica spheres.197 The silica particles are
functionalized with a monolayer of an amine-terminated
silane (aminopropyltriethoxysilane (APTES)), which is sub-
sequently used to bind small colloidal Au particles. After
this initial seeding, more Au is deposited by an electroless
plating procedure. The thickness of the final Au shell can
be controlled by adjusting the initial Au seed coverage and
the amount of reductant used in the plating process.197,198

The plasmon resonance frequency is tuned by adjusting the
relative sizes of the core and shell dimensions (Figure 4).95,196

This synthetic approach has also been used to form a so-
called nanorice structure,199 prolate spheroidal NPs consisting
of a hematite core and a Au shell.

The polyol process is a highly versatile synthetic procedure
that can be used to form metal and alloy NPs with a variety
of shapes, sizes, and optical properties.17,101,144This synthesis
uses a polyol such as ethylene glycol as both a solvent and
reducing agent (at elevated temperatures) for a metal salt
precursor. Xia and co-workers used the polyol synthesis to
produce a variety of Ag nanostructures with well-defined
shapes (including cubes, rods, wires, or spheres) by adjusting
the relative amounts of the capping agent (poly(vinyl
pyrrolidone)) and the precursor salt (AgNO3) in solu-
tion.17,101,144,200,201Nanoplates and nanobelts are formed using
a different capping agent (such as sodium citrate).17 Hollow
Au or porous Ag/Au alloy nanostructures can also be
produced using Ag NPs as a physical template in a well-
known galvanic replacement reaction.121,202For example, Au
nanocages have been generated by simply adding HAuCl4

to a suspension of Ag nanocubes.203 Adjusting the volume
of the HAuCl4 solution added to the Ag nanocube suspension
allows formation of a variety of different nanostructures such
as hollow Au/Ag alloy nanoboxes and/or Au nanocages. The
LSPR of these structures can be tuned from the visible to

near-infrared by varying the amount of HAuCl4 solution
added to the Ag nanocube suspension.17,203

Surfactant aggregates such as micelles, reversed micelles,
and microemulsions are also used to make restricted volume
nanoreactors for the in-situ synthesis of NPs.204-209 The
interested reader is referred to recent review articles on this
synthetic approach204,205 as well as to a recentChemical
ReView article for more detailed descriptions of NP synthe-
ses.13,156,210

3.2. Top-Down Lithography
The size, shape, and interparticle spacing of surface-bound

metallic nanostructures can be exquisitely controlled using
scanning beam lithographies, such as electron beam lithog-
raphy (EBL)67,105and focused ion beam (FIB) lithography.211

This type of control is highly important for making repro-
ducible substrates with tunable optical properties for con-
ducting systematic studies of SERS212-214 and plasmon-
enhanced fluorescence.215 In EBL a tightly focused beam of
electrons is scanned across a thin layer of resist (a radiation-
sensitive polymer), which makes it either more or less soluble
in an organic developer solution. The patterned resist is then
used as a sacrificial mask in subsequent etching or deposition
processes to generate nanostructured metallic patterns with
well-controlled geometries. EBL can be used to attain sub-
20 nm resolution using specialized resists such as hydrogen
silsesquioxane (HSQ)216,217or NaCl crystals218 or using more
traditional organic resists such as poly(methylmethacrylate)
(PMMA) in conjunction with ultrasonically assisted develop-
ment.219

FIB is a related technique that uses a focused beam of
ions (typically Ga+) to perform both additive and subtractive
patterning by physical or chemically assisted processes.
These include (1) FIB milling,211,220,221 (2) ion-assisted
etching,222,223 and (3) FIB-induced deposition.224,225 FIB is
capable of forming patterns with∼10 nm resolution using
either PMMA226 or inorganic resists.227 Various metallic
nanostructures such as circular slits,221 nanoholes,228,229slit

Figure 4. Visual demonstration of the tunability of metal nanoshells
(top), and optical spectra of Au shell-silica core nanoshells (the
labels indicate the corresponding Au shell thickness). Reprinted
with permission from ref 95. www.tcrt.org.
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gratings,230,231and V-grooves6,232have been fabricated by FIB
for research in the growing field of plasmonics.

While scanning beam lithographies are capable of precise
control over the size, shape, and spacing of metallic nano-
structures, more recent research has focused on unconven-
tional lithographic techniques that are capable of patterning
large areas in parallel at low cost.

3.3. Unconventional Lithographic Techniques

3.3.1. Nanosphere Lithography

Nanosphere lithography (NSL) is an inexpensive and
versatile hybrid bottom-up procedure, popularized by Van
Duyne, for fabricating periodic arrays of metallic nanostruc-
tures on surfaces.109,233 This unconventional approach to
nanofabrication is a variant of a technique originally named
“natural lithography” where monolayers of nanospheres are
used as deposition or etch masks.234,235NSL extended natural
lithography with the development of double-layer colloidal
masks, which provide a degree of control over the size and
shape of the resulting NPs.109

Single-layer NSL begins with the deposition of a single-
layer colloidal crystal mask of hexagonally close-packed latex
or silica spheres on an appropriate substrate, which yields
defect-free domains that are approximately 10-100µm2 in
size.109,236,237The colloidal crystal contains triangular void
spaces that are created between three neighboring particles,
which make these crystals useful as masks in subsequent
deposition or etching processes.91,109,238In the case of additive
lithography, a metal or other material is deposited through
the mask at normal incidence by physical vapor deposition
to produce a metallic film over nanosphere (MFON)
structure.31,239,240This approach has been used to produce
Ag FON surfaces that are useful structures for applications
based on surface-enhanced Raman spectroscopy (SERS).240-242

Alternatively, the nanosphere mask can be removed by
sonicating in solvent to yield arrays of surface-bound
triangular NPs withP6mmsymmetry. These structures can
be used for LSPR sensing and SERS (Figure 5).109,243-246

Nanostructured films composed of periodic spherical voids
can also be formed using self-assembled polystyrene (PS)
colloidal crystal masks. These ‘nanovoid arrays’ support
delocalized Bragg and localized Mie plasmons247,248and are
formed by electrochemical deposition of Au through a single-
layer self-assembled colloidal template. The thickness of the
metal is controlled by monitoring the current passed through
the plating solution and the plating time.18,249 This allows

control over the geometry and thus the spectroscopic/
plasmonic properties of the nanostructured films.18,250After
completing the metal deposition step, the PS spheres are
dissolved in tetrahydrofuran to yield a ‘nanovoid array’
(Figure 6). These structures have been used with some
success as substrates for SERS.249-252

Self-assembled colloidal crystals also can be used as an
etch mask to form arrays of submicrometer triangular pits
in an underlying substrate.238 Anchored arrays of triangular
metal NPs110 and metal films over nanowells253 can be
formed using this subtractive processing technique. The
anchored NPs are formed by depositing metal at normal
incidence by physical vapor deposition on the colloidal mask
and underlying etched substrate. The spheres are subse-
quently removed by sonication in an appropriate solvent,
leaving behind an array of substrate-embedded triangular
NPs.110Alternatively, metal deposition can be performed after
the spheres are removed from the etched substrate. This
results in structured metallic surfaces that support a single,
narrow plasmon resonance that exhibits sensitivity to external
changes in refractive index.253

The attractive features of NSL include its low cost,
versatility, and ability to produce well-ordered sub-100 nm
array structures. The geometry and shapesand thus the
optical propertiessof the particles can be tuned by moving
the sample during metal deposition,254 annealing the latex
colloidal mask prior to metal deposition,255 as well as
changing the thickness of the deposited metal, size of the
colloidal spheres, number of colloidal layers, or angle of the
metal deposition.109,256,257The size and shape of the NPs can
also be changed in a controllable manner using electrochem-
istry to oxidize the substrate-bound particles.258 The surface-
bound NPs formed by NSL can be released from the substrate
into solution by adding surfactant and sonicating to generate
both isolated particles and dimers.111

3.3.2. Colloidal Lithography

Colloidal lithography72 is a versatile technique that can
be used to form random arrays of nanoholes,259 nanodisks,260

Figure 5. Schematic illustration of hexagonally close pack colloidal
crystal mask (left), and a representative AFM image of a triangular
NP array (right). Reprinted with permission from ref 109. Copyright
2001 American Chemical Society.

Figure 6. SEM images of nanovoid arrays with void diameters of
600 nm at three normalized thicknessest-)0.2, 0.5, and 0.9 (left),
and schematic illustrations of the surface at each thickness (right).
Reprinted with permission from ref 247. Copyright 2006 The
American Physical Society.
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and nanorings.108 This unconventional nanofabrication tech-
nique involves adsorbing polystyrene (PS) particles onto a
substrate via electrostatic self-assembly. The distance be-
tween the self-assembled spheres is governed by the particle-
particle repulsion, which can be controlled by adjusting the
electrolyte concentration of the colloidal solution.107 The
randomly adsorbed particles are then used as a mask for
subsequent evaporation and/or etching processes wherein the
size of the sphere dictates the size of the resulting nano-
structures. The main difference between colloidal lithography
and NSL is that the colloidal spheres do not form an hcp
monolayer on the substrate in colloidal lithography.

Random nanoholes in Au films can be formed by
evaporating metal on top of an assembled colloidal mask
followed by lift off of the PS particles by tape stripping or
boiling the sample in ethanol.259 Nanorings are formed on
substrates in a similar process with the exception that prior
to particle removal an Ar+-ion beam is used to etch the Au
film, during which secondary sputtering creates Au shells
around the bottom of the PS particles.108 The remains of the
particles are then removed by an UV-ozone treatment,
which leaves free-standing Au rings (Figure 7). Nanodisks
can be formed in two ways.260,261In one approach, nanodisks
are formed by assembling a colloidal mask on top of a Au
film followed by etching of the Au and removal of the
colloidal mask.260 In the second approach, a colloidal mask
is self-assembled on a PMMA film followed by deposition
of a thin Au film. The Au-capped PS particles are then
removed by tape stripping, leaving behind holes in the Au
film. The exposed PMMA is then etched from the holes,
and metal is deposited through the holes onto the substrate.

The metal-coated PMMA film is removed by lift off, leaving
a random array of metal disks on the substrate.261

3.3.3. Soft Lithography
Soft lithography refers to a set of microfabrication

techniques that use a structured elastomer as a stamp,
conformable photomask, or mold to pattern a material of
interest.262-264 The most commonly used elastomer, Sylgard
184 poly(dimethylsiloxane) (PDMS), has a low modulus,
which limits the utility of this elastomer for patterning in
the nanometer regime.265,266 The development of silox-
ane-based elastomers with larger moduli, such as the so-
called hard PDMS (h-PDMS)266-268 and UV-curable PDMS
(hV-PDMS),269 has extended the patterning ability of soft
lithography to the nanometer regime. Composite stamps
consisting of a thin layer of structuredh-PDMS supported
by a thicker planar layer of compliant PDMS are typically
used for patterning at the nanoscale due to the mechanical
instabilities and difficulty of achieving conformal contact
with nonplanar surfaces usingh-PDMS stamps.

In one embodiment of soft lithography for fabricating
plasmonic structures, Odom et al. used high-resolution
composite PDMS stamps as conformable phase masks to
generate large-area, free-standing 2D nanohole arrays in
Au.270,271A schematic illustration of the fabrication process
is shown in Figure 8. In this process, an array of posts of
positive photoresist with diameters of∼250 nm is patterned
first on a Si(100) wafer by phase-shifting photolithography
using a conformable composite PDMS photomask.266,271,272

Figure 7. Schematic depiction of nanoring fabrication. (a) (1)
Polystyrene colloidal particles are deposited by electrostatic self-
assembly onto the substrate in a dispersed layer. (2) A 20-40 nm
thick Au film is evaporated onto the particle-coated substrate at
normal incidence. (3) Argon-ion beam etching is used to remove
the Au film. During the etching, secondary sputtering creates a Au
shell around the base of the polystyrene particles. (4) The remainder
of the polystyrene particles are removed by UV-ozone treatment,
resulting in free-standing Au nanorings on the substrate. SEM
images of Au nanorings (150 nm diameter) made using a 40 nm
thick sacrificial Au layer at normal incidence (b) and 80° tilt (c).
Reprinted with permission from ref 383. Copyright 2007 American
Chemical Society.

Figure 8. Fabrication and structural characterization of large-area
hole arrays. Preparation of free-standing films of subwavelength
hole arrays (a). SEM image of a portion of a free-standing 100 nm
Au film perforated with 250 nm holes (b). Scale bar: 500 nm.
Optical micrograph of a free-standing film placed on a glass
substrate (c). SEM images of representative areas of the film
illustrating the uniformity of the nanohole array (d and e). The holes
are spaced 1.6× 2.4 µm. Scale bar: 2µm. Reprinted with
permission from ref 270. Copyright 2005 American Chemical
Society.
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A thin layer of chromium (Cr) is then deposited by electron-
beam (e-beam) evaporation followed by removal of the
photoresist posts. This yields an array of holes patterned in
a thin film of Cr, which acts as an etch mask and as a
sacrificial release layer to generate the free-standing nano-
structured Au films. The exposed Si is then anisotropically
etched using a KOH/isopropyl alcohol (IPA) solution to
produce pyramidal-shaped voids directly below the Cr
nanoholes. A layer of Au can then be deposited by e-beam
evaporation to form a 2D nanohole array Au film on the top
surface and pyramidal mesoscale Au particles in the lower
pyramidal voids. The top Au nanohole array can be released
by selectively etching the Cr film to form a free-standing
structure (Figure 8), and the Au pyramids can be released
by etching the Si with KOH/IPA. The material and chemical
functionality of these nanostructures are easily controlled by
depositing other metals or a combination of metals in a layer-
by-layer mode using e-beam evaporation.270 The periodic
grating structure of the nanohole array allows the direct
coupling of light to SPPs on these films.270,273This fabrication
protocol has been used to produce pyramidal metallic
particles274 and particle arrays.275

Imprint lithography is another unconventional lithographic
technique holding broad utility for patterning materials at
the nanoscale over large areas.8,77,276-278 This rapidly emerg-
ing technology is used to replicate features on a hard or soft
stamp in a thermoplastic or UV-curable polymeric material
by embossing or molding (Figure 9). A metal film can be
deposited on the resulting polymeric replicas to produce
plasmonic structures useful for chemical and biosensing
applications.8,77,279,280In a recent example, large-area spatially
coherent arrays of quasi-3D plasmonic crystals were formed
by soft nanoimprint lithography and used for multispectral
sensing and imaging of molecular binding events. The arrays
were fabricated by embossing a thin UV-curable polyure-

thane film with a compositeh-PDMS/PDMS stamp present-
ing surface relief features in the geometry of a square array
of cylindrical posts. The composite PDMS stamp is pressed
into the liquid polyurethane film and cured by UV light
passed through the stamp. The stamp is then removed, and
a thin layer of Au (∼50 nm) is uniformly deposited by
e-beam evaporation onto the raised and recessed regions of
the structured polyurethane film. This creates a Au film with
an array of nanoscale holes (top surface) that is physically
separated from a second level of Au disks at the bottom of
the wells (Figure 9).

4. Applications of Plasmonic Nanostructures in
Sensing and Chemical Imaging

4.1. Colorimetric Sensing Based on
Particle −Particle Coupling

Colorimetric detection is perhaps one of the most powerful
and simple nanosensing methods available. In an exemplary
model of this approach, Mirkin et al.70 reported an assay
using oligonucleotide-functionalized Au NPs that exhibit
strong red shifts upon aggregation in the presence of a
complementary nucleotide (Figure 10).281 The color change
in this case results from particle-particle plasmonic coupling
as well as aggregate scattering281 and provides a “litmus test”
method for determining nucleic acid targets. The optical
properties of these assays are due to the aforementioned
resonantly exited LSPRs of the NPs. The enhanced electronic
fields are confined within a small area around the NPs
(typically on the order of the particle radius) and decay
approximately exponentially thereafter.65,66 As the distance
between the NPs decreases, near-field coupling begins to
dominate, leading to a strong enhancement of the localized
electric field within the interparticle spacing producing
pronounced red shifts of the LSPR frequency.65-67 Most
reports of colorimetric assays exploit the LSPRs that develop
on spherical Au NPs, but the method is also amenable to
nonspherical particles21,282as well as particles of other noble
metals.283,284 Some benefits to using elongated particles
include their inherent higher sensitivity to changes occurring
in the local dielectric environment285 and the capability they
afford for multiplexed detection schemes.286

Methods exploiting nucleotide interactions have been the
most reported of these particle-particle coupling systems.
This field of research has advanced rapidly, and biological
analyses using oligonucleotide-modified Au NPs have been
developed that achieve limits of detection (LOD) for a variety
of analytes in the low-picomolar to mid-femtomolar range.281

Han et al. used oligonucleotide-functionalized Au NPs to
determine the relative binding strengths of a variety of duplex
and triplex DNA-binding molecules.287,288Such data can offer
insights into the activity of an array of possible anticancer
drugs due to the correlations that can be made between ligand
binding strength and biological activity. Kanaras and co-
workers289 demonstrated the use of DNA-Au NP interac-
tions for the determination of the enzymatic cleavage of
DNA, in which a recognition site for the restriction en-
donuleaseEcoRI was designed to monitor the enzymatic
cleavage activity, and consequent disassembly of the closely
coupled Au NPs, via blue to red color shifts. Peptide nucleic
acid (PNA) and aptamer-modified Au NPs have also been
used to control assembly rates and aggregate sizes of Au
NPs for sensing applications.87,290-293 The dissolution of
aggregated NPs can also be used to monitor binding events.

Figure 9. Plasmonic crystal fabrication process: (a) imprint, (b)
cure, (c) remove stamp, and (d) Au deposition (top). SEM of a
crystal and a high-magnification SEM (inset) that shows the upper
and lower levels of Au (bottom). Reprinted with permission from
refs 8 (top) and 77 (bottom). Copyright 2005 OSA (top) and
Copyright 2006 The National Academy of Sciences of the USA
(bottom).
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In a specific example, Liu and Lu87 employed aptamer-
functionalized Au NP aggregates specific to adenosine and
cocaine that become unstable when the target was bound,
leading to a color shift from purple to red (Figure 11).87

Functionalized Au NPs that do not exploit nucleotide
interactions also have been reported that provide a viable
route to colorimetric detection.284,294-303 In a prototypical
example, the ubiquitous biotin-avidin system linked to Au
NPs was utilized to create a colorimetric assay for kinase
inhibitors that could be applied to microplates amenable to
parallel screening.301 Rapid detection of cholera toxin has
been demonstrated using lactose-stabilized Au NPs, in which
the cholera toxin binds to a lactose derivative inducing NP
aggregation, which is detected visually by a red to purple
color shift.299

In an expansion of the current methods for colorimetric
detection, cation-specific functionalized Au NPs have been
developed.88,282,297,304,305The detection of Pb2+ is an area that
has received much attention due to its physiological impacts.
Demonstrating the use of DNAzymes in Au NP assembly
for the detection of Pb2+, Liu and Lu304 optimized the DNA
configuration for NP alignment, the NP size, Pb2+-specific
DNAzyme concentration, and salt concentration, leading to
a colorimetric detection method for Pb2+ that can be
performed in the field in less than 10 min. In contrast to the
previously mentioned method of sensing lead, Lin et al.297

used a crown ether specific to Pb2+ for colorimetric detection
of Pb2+ using Au NPs ligated with a mixed monolayer of
crown ether thiols and carboxylic acids.306 Recently, Lee and
co-workers88 demonstrated a detection method for the
mercuric ion (Hg2+) analogous to Liu and Lu,305 which takes
advantage of the Hg2+ affinity toward T-T mismatches in
DNA. Aside from the cation determination methods men-
tioned here, additional methods have been reported for
determining other relevant charged molecules.296,302,303

All of these methods employ the plasmonic coupling
inherent in aggregated NP systems and demonstrate that

detection of desirable biological compounds and other
relevant molecules can be accomplished without the use of
complex instrumentation. These methods are interesting in
that they are sensitive at relevant time scales and that the
NPs are easily functionalized to provide chemical and
biological selectivity. The optical properties of NPs also have
been exploited to enhance the sensitivity of conventional SPR
systems as described below.

4.2. Nanoparticle-Enhanced Surface Plasmon
Resonance

As mentioned above, SPR spectroscopy is a surface-
sensitive technique that can be used to detect refractive index
changes that occur within the evanescent field of propagating
SPPs excited at metal-dielectric interfaces.307 A change in
refractive index shifts the plasmon resonance condition,
which can be detected as intensity, wavelength, or angle
shifts to provide quantitative information about the binding
event.307-313 Small refractive index changes caused by the
binding of low molecular weight analytes or small quantities
of a larger analyte can challenge the sensitivity/detection
limits of SPR spectroscopy.314-319 The sensitivity/detection
limits can be improved by coupling the molecular recognition
of analyte at the surface of the metal with another event that
leads to larger changes in the SPR signal.314-319 This sig-
nal enhancement can be achieved using competitive inhibi-
tion or sandwich assays320-323 and enzymatic amplifac-
tion.312,313,324,325The SPR signal also can be enhanced by
labeling the target analyte with dielectric or plasmonic NPs.
These labels increase the refractive index at the metal sur-
face and can electromagnetically couple to the flat metal film
in the case of plasmonic NPs, leading to larger SPR
shifts.314-319,326

Figure 12a shows a possible architecture for performing
plasmonic NP-enhanced SPR immunoassays.314 In this ap-
proach a surface-immobilized antibody (e.g., anti-human

Figure 10. In the presence of complementary target DNA, oligonucleotide-functionalized Au NPs will aggregate (left), resulting in a
change in the color of the solution from red to blue (right). Reprinted with permission from ref 281. Copyright 2005 American Chemical
Society.

Figure 11. Schematic representation of colorimetric detection of adenosine. Absorbance spectra of the adenosine sensor before (blue) and
10 s after (red) addition of adenosine. Reprinted with permission from ref 87. Copyright 2006 Wiley-VCH Verlag GmbH & Co. KGaA,
Weinheim.
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immunoglobulin G (a-h-IgG)) is sequentially exposed to
antigen (e.g., h-IgG) and a solution of secondary antibody-
conjugated Au NPs (e.g., a-h-IgG/Au NPs). The presence
of the Au NP leads to an enhancement of the measured SPR
shift as shown in Figure 12b and c. Figure 12b shows that
the shift of the SPR peak upon binding the secondary
antibody alone is small compared to the shift observed when
the secondary antibody is conjugated to a Au NP.314 The
particle size, composition, and surface coverage as well as
the substrate metal and the distance between the substrate
and NP can affect the observed signal enhancement.314,315,327-329

This approach has been used not only for performing
immunoassays314,330but also for detecting DNA hybridiza-
tion,319,331protein conformational changes,332 small molecule
binding interactions,317,318 and single nucleotide polymor-
phisms.316 Recently, Fang et al. reported the detection of
attomoles of microRNA using NP-enhanced SPR imaging.333

In addition to flat film SPR, NPs can also be used to enhance
the peak shifts obtained from transmission LSPR sensing
using Au island films.334-336 This platform has been used
with responsive polymer brushes, surface-immobilized single-
stranded DNA, and molecularly imprinted polymers to detect
pH changes,334 DNA hybridization,336 and cholesterol,335

respectively.

4.3. Exploiting Rayleigh Scattering for Sensing
and Imaging

Biosensing based on the optical scattering properties of
plasmonic NPs is regarded as a potentially more powerful,
yet remains a less widely exploited, modality of NP sensing
than the extinction-based colorimetric assays described
above.337,338A single 80 nm Au NP, for example, exhibits
a light scattering power equivalent to the emission of
∼106 fluorescein molecules.339,340Unlike molecular fluoro-
phores, however, plasmonic NPs do not undergo photo-
bleaching or blinking. These are enabling distinctions that
facilitate long-term single-particle measurements and
tracking.285,341-343 These optical properties have been ex-
ploited in a variety of applications where NPs are used for
sensing285,344 and as labels for immunoassays and DNA

microarrays,345-348 imaging contrast agents,95,349and molec-
ular rulers.341,350,351

As noted in section 4.1, the changes in extinction (absorp-
tion and scattering) that occur due to NP aggregation can be
used to detect the presence of a specific target DNA or
protein.70,287,288,301Monitoring only the changes in the scat-
tering properties of NPs upon target-induced aggregation can
also be used to detect target DNA.344 This method of sensing
was demonstrated by immobilizing two different oligonucle-
otide fragments (A′ and B′, both 15 bases long), separately,
on 13 nm Au NPs to create two sets of probe particles that
aggregate in the presence of a complementary 30 base long
target DNA (AB). Changes in the scattered light intensity
upon target-induced aggregation were measured using a
commercially available spectrofluorimeter. This approach
was used to detect target DNA at picomolar concentrations
and allowed the detection of single-nucleotide polymor-
phisms (SNPs) without the need for temperature control.
Even lower concentrations of target DNA were detected by
Muller et al.352 using 50 nm Au particles in conjunction with
a light-scattering-based spot test. In this work, a target
sequence was added to a solution containing oligonucleotide-
modified Au NPs to induce hybridization and aggregation
of the probes. An aliquot of the solution was then spotted
on a glass slide (a planar waveguide) that was illuminated
using a planar fiber optic illuminator (Figure 13a). The
evanescently coupled light was scattered from the particles
at the surface of the waveguide and imaged with a comple-
mentary metal-oxide-semiconductor (CMOS) camera. Au
NPs not exposed to target DNA scattered green light
(control), whereas Au NPs aggregated in the presence of the
target DNA scattered orange light due to particle-particle
coupling (Figure 13b). This approach allowed the detection
of femtomolar concentrations of target DNA without the need
for PCR or signal amplification.352 The high sensitivity and
simple readout make this approach highly promising for use
in point-of-care molecular diagnostics.

Figure 12. Schematic of plasmonic NP-enhanced SPR immunoas-
say (a). In situ SPR curves of an evaporated Au film modified with
a-h-IgG(γ) (solid line) followed by sequential exposure to a 0.045
mg/mL solution of h-IgG (‚‚‚) and a 8.5 mg/mL solution of a-h
IgG(Fc) (- -) (b). A film modified with a-h-IgG(γ) (solid line)
followed by sequential exposure to a 0.045 mg/mL solution of h-IgG
(‚‚‚) and a solution of a-h-IgG(Fc)-10-nm Au colloid conjugate
(- -) (c). Reprinted with permission for ref 314. Copyright 1998
American Chemical Society.

Figure 13. Colorimetric detection of nucleic acids using scattered
light (a). Step 1: DNA-Au NP probes (A and B) are hybridized
to a DNA target in solution. Step 2: The samples are spotted onto
a glass slide, which is illuminated with white light in the plane of
the slide. The evanescent induced scatter from the Au NPs is
visually observed. Individual 40 to 50 nm diameter Au probes
scatter green light, whereas complexed probes scatter yellow to
orange light because of a plasmon band red shift (b). Reprinted
with permission from ref 352. Copyright 2004 Nature Publishing
Group.
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Wavelength-ratiometric plasmon light scattering is another
sensing method that measures changes in scattered light to
detect target-induced aggregation or dissociation of NPs in
solution.353,354In this approach, the ratio of the scattered light
intensity at two wavelengths is used to quantify a target
analyte, such as glucose.353 Other ‘ratiometric’ methods of
biosensing include measuring the ratio of scattered light
intensity355 or polarization356 at two different angles as a
function of target-induced aggregation or dissociation of
plasmonic NPs. The benefits of ratiometric approaches are
that the measurements become independent of source and/
or detector fluctuations and NP concentration, and in this
way improve the analytical stability of protocols relative to
single-wavelength measurements.

Fluorescent tagging is the most common method of
labeling targets for optical detection; however, the demand
for greater sensitivity and simplicity (by removing the need
and thus cost and complexity of PCR oligonucleotide target
amplification) has led to research on and development of
alternative labels, such as plasmonic NPs.345-348 As an
example, the large scattering cross section of plasmonic NPs
has also led to their use as alternative labels in microarray-
based technologies.345-348 Microarrays are made by im-
mobilizing biologically relevant moieties, such as DNA or
proteins, as discrete spots, typically 10-500µm in size, on
a substrate.345 These spatially arranged capture agents are
then used to bind targets through specific interactions such
as hybridization (nucleic acids) or ligand-receptor binding
(proteins) to allow multiplexed detection of multiple analytes
in a complex solution.

Plasmonic NP labels have been shown to be very promis-
ing for improving the sensitivity of microarray-based
analyses.345-348 Muller et al.347 recently used 15 nm oligo-
nucleotide-modified Au NPs to label captured target DNA
on a microarrayed glass slide using a three-component
sandwich assay (Figure 14). Once the Au NPs were im-
mobilized, a Ag amplification step was used to increase the
target signal by electroless reduction of Ag ions to metal at
the surface of the Au NPs.346 The glass slide was then used
as a waveguide, and evanescently coupled light scattered
from the NPs was imaged. The Ag-amplified Au NPs
provided an approximately 1000-fold increase in sensitivity
compared to the Cy3 fluorescent labels commonly used in
microarray analyses.346 This protocol was used to detect
femtomolar concentrations of target sequences in human
genomic DNA samples without prior PCR amplification.347

A similar procedure was used to perform multiplexed SNP
genotyping in total human genomic DNA without prior

complexity reduction or target amplification, which is a major
advancement toward point-of-care diagnostic medical ap-
plications.348 It is interesting to note that these light scattering
measurements were performed using commercially available
systems357 that can achieve attomolar and zeptomolar sen-
sitivity when used in conjunction with immobilizedtrans-
cyclopentane-modified peptide nucleic acid capture strands358

or bio-bar-code techniques,359 respectively.

The large scattering cross section339 and ability to tailor
the scattered wavelength of Au NPs,95 in conjunction with
their biocompatibility198 and the availability of well-charac-
terized surface conjugation chemistries,360 also makes them
attractive candidates for use as contrast agents for imaging
applications.95,349 Such optical measurements provide a
promising route to noninvasive, high-resolution diagnostic
imaging of tissues and cells with high sensitivity and
chemical specificity.95,350,361For example, cancer cells can
be labeled by conjugating plasmonic NPs to antibodies that
target a protein that is overexpressed by cancerous cells. Anti-
HER293,94 and anti-EGFR362-364 are commonly used anti-
bodies that target epidermal growth factor receptors
(EGFRs),96,364,365which are transmembrane glycoproteins that
are overexpressed in many types of cancers such as cervical,
bladder, breast, lung, and oral cancers.365 The cells or tissues
are incubated with the antibody-conjugated plasmonic NPs,
and the labeled cells are then examined using an appropriate
form of optical imaging (e.g., dark field microscopy, two-
photon luminescence, etc.).97,362-364 Both spherical Au
NPs362-364 and nanorods96,97 have been conjugated with
antibodies for use in imaging a variety of cancer cells.

Recently, Sokolov et al. used multifunctional Au NPs that
incorporated both cytosolic delivery and targeting moieties
for real-time intracellular imaging of biomarkers in live
cells.366 The authors used water-soluble 20 nm Au NPs
formed by citrate reduction that were functionalized with
(i) TAT-HA2 peptides, (ii) anti-actin antibodies, and (iii)
5000 molecular weight PEG-SH (poly(ethylene glycol)-
thiol)). The first component serves two purposes: (a) the
TAT protein transduction domain induces endocytic uptake
of the functionalized Au NPs into the cell, and (b) the HA2
protein destabilizes the endosomal lipid membrane, which
causes release of the NPs into the cytosol.367 The second
component allows the NPs to bind to actin, and the third
component improves the biocompatibility of the multifunc-
tional particles. NIH3T3 fibroblasts were labeled with these
probes and imaged using dark field reflectance microscopy.
Actin labeling by these intriguing plasmonic probes was
observed as an increase in red scattering due to dipole-dipole
coupling between the NPs, and live cell imaging was used
to track actin rearrangement.

While the scattering properties of NPs are useful for
labeling and optically detecting cancer cells, their large
optical absorption cross section can also be exploited for
photothermal therapeutic treatments.93,94,96 The treatment
begins with the labeling of cancerous cells with molecular
probe-conjugated plasmonic NPs. The labeled cells are then
irradiated with light, which is absorbed by the NPs and
converted to heat. The local heating causes irreversible
damage and kills the cancerous cells. Research has focused
on developing nanostructures with absorption peaks in the
near-infrared (NIR) due to the transmissivity of blood and
tissue at these wavelengths.198,368 Au nanoshells,94 nano-
cages,93 and nanorods96 with NIR absorption peaks have all
been used to demonstrate this mode of photothermal treat-

Figure 14. Schematic of DNA hybridization to microarrays and
detection using Ag-amplified Au NP probes. Reprinted with
permission from ref 346. Copyright Elsevier B.V.
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ment, although spherical Au NPs with absorption bands in
the visible region of the electromagnetic spectrum have also
been used.369

4.4. Label-Free Optical Detection Based on
Changes in Refractive Index

Plasmons are exceptionally sensitive reporters for chemical
phenomena that influence the refractive index of the local
environment of a probe. SPR spectroscopy307,370,371 and
imaging24,28,313,333,372,373are well-known label-free optical
detection methods that use this property to monitor surface
binding events in real time (as discussed in a separate
contribution in this issue). In these techniques, changes in
the dielectric environment at the surface of a flat or
periodically structured noble-metal film shift the observed
SPR resonance, which can be measured using angular
interrogation, wavelength interrogation, or intensity measure-
ments. This well-established technique enables determination
of kinetic and thermodynamic data for a wide variety of
molecular binding events, especially those involving bio-
molecular targets.371,374,375Progress is currently being made
to develop nanostructured plasmonic materials for performing
similar analyses. Changes in the dielectric environment of
nanostructured metals, such as NPs, results in measurable
shifts of the LSPR peak position and/or magnitude that can
be used to perform label-free chemical or biosensing in real
time.342,343A variety of noble-metal nanostructures such as
NPs in solution26,286 or immobilized on surfaces,5,29,376

nanoholes and nanohole arrays,8,14,77,90,377,378and nanoisland
films379-381 have been used in this way.

Substrate-bound nanostructures offer several attractive
features as platforms for chemical sensing. These include
(i) the shape, size, composition, and spacing of the NPs can
be readily controlled to provide tunable peak positions and
widths65,77,105,109,256and (ii) the NPs are free of the capping
agents or stabilizers used in solution-phase NP synthesis,
making their surfaces readily accessible for functionalization
with specific receptors or ligands.77,92,382,383In the following
discussion we will provide some examples of chemical and
biosensing based on refractive index changes near the surface
of nanostructured metals in solution and on substrates, where
the LSPR is monitored using extinction or scattering
spectroscopy. The refractive index sensitivity of each sensing
platform will also be given where validated data is available.
This sensitivity is commonly defined in terms of the change
in an experimentally measurable parameter (typically peak
position or magnitude) per ‘refractive index unit’ (RIU),
which corresponds to a change of 1 in the refractive index.
These measurements are usually performed by taking spectra
of a plasmonic nanostructure in solutions of increasing
refractive index while monitoring peak position or intensity
changes.

4.4.1. Nanoparticle Dispersions
Au nanostructures are known to exhibit strong plasmonic

bands that are dependent on their shape, size, and surrounding
media.26,286,384Ghosh et al.26 studied the effects of changing
solvents and ligands on the LSPR of Au NPs dispersed in
solution. It was found that the surface plasmon absorption
maximum of the Au NPs varied between 520 and 550 nm,
depending on the refractive index and chemical nature of
the surrounding solvent. The authors found that the LSPR
peak red shifted linearly with the refractive index of the
solvent when using solvents that do not possess active

functional groups that could complex with the surface of the
Au NPs. A nonlinear relationship between the LSPR peak
position and refractive index was found, however, when
using solvents with nonbonding electrons capable of com-
plexing to the surface of the Au NPs. Interestingly, these
authors found that the LSPR peak position blue shifted∼3
nm for every one carbon atom when the NPs were dispersed
in alcohols with varying linear carbon chain lengths.26 This
rather atypical trend reverses in the presence of more strongly
coordinating ligands. In such cases, the magnitude of the
red shift caused by stabilizing ligands, such as alkyl amines
or thiols, increases when the headgroup of the ligand interacts
more strongly with the surface of the Au NPs.

In a recent study,286 a dispersion of gold nanorods (GNRs)
with different aspect ratios was used to perform a multiplexed
bioanalytical sensing measurement in solution. This work
exploited the fact that small changes in the aspect ratio of
GNRs lead to drastic changes in their optical properties (the
longitudinal plasmon mode red shifts with increasing aspect
ratio, as described in section 2). A series of GNRs with aspect
ratios (length/width) of 2.1, 4.5, and 6.5sannotated as GNR
1, 2, and 3, respectivelyswere functionalized with a different
recognition molecule (Figure 15a) and dispersed into a single
solution.286The solution yielded a composite absorption spec-
trum with three pronounced longitudinal LSPR maxima, each
one corresponding to one of the three types of GNR (Figure
15b). The longitudinal peaks, in order of decreasing energy,
correspond to GNR 1> GNR 2> GNR 3. Targets that were
complementary to the different recognition molecules on the
GNRs were then added to the solution to initiate binding
events that caused a selective red shift of one or more of the
longitudinal peaks. For example, when target 1 (complement-
ary to the receptors on GNR 1) was added to the solution, a
red shift in the longitudinal peak corresponding to GNR 1
was observed with smaller shifts in the peaks corresponding
to GNR 2 and 3 (Figure 15b). When targets 1 and 2 (comple-
mentary to the receptors on GNR 1 and 2, respectively) were
added to the solution, a shift in the peaks corresponding to
GNR 1 and 2 was seen, while only a small shift in the LSPR
maximum associated with GNR 3 occurred (Figure 15c). All
three peaks red shifted when their corresponding targets were
added to the solution (Figure 15d). To our knowledge, this
report is the first to take full advantage of the multiplexing
potential offered by GNRs and demonstrates the potentially
enabling qualities offered by the ability to tailor the optical
properties of metallic nanostructures.

4.4.2. Surface-Immobilized Nanoparticles

NPs synthesized in solution can also be immobilized on
surfaces for potential ‘on-chip’ sensing applications and
thereby engender more useful multiplexing capabilities.5,376

Thin Cr or titanium (Ti) films are conventionally applied to
substrates such as glass to promote adhesion of Au or Ag to
the substrate. These metal layers are known to attenuate and
broaden plasmon resonance bands246,385,386 and lead to
markedly adverse effects on conventional SPR and LSPR
sensing with noble metals.385,387 For this reason, it is
beneficial to use organic adhesion layers of amine- or
mercapto-terminated silanes to immobilize Au or Ag NPs
to oxide-bearing substrates such as silica (Figure
16).5,376,385,388,389The LSPR of these Ag or Au colloidal
monolayers can be measured with a commercially available
UV-Vis spectrometer in a simple collinear transmission
configuration,5,376,390and binding events can be monitored
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in real time by integrating the functionalized substrate with
a flow cell.5,376

Changes in refractive index occurring near the surface of
the immobilized NPs (caused, for example, by the adsorption
of a protein from a dilute solution) shifts the LSPR peak
position and magnitude.5,376,385,391-393 These devices exhibit
peak position sensitivities of∼167,∼76, and∼252 nm/RIU
for spherical Ag391 and Au NPs5 and Au nanorods394

respectively, and changes in extinction at an off-peak
wavelength of∼0.4-1.2 and∼0.8 per RIU for spherical
Au NPs376 and Au nanorods, respectively.394 This sensitivity
can be enhanced using a multireflection attenuated total
reflection setup.389 Surface-immobilized spherical NPs have
recently been used to detect the binding of antibodies to BSA
and human serum albumin (HSA)392 and for the selective
detection of phosphopeptides on titania-coated Au NPs in
complex samples at nanomolar concentrations.393 The at-

tractive features of this approach to sensing are the relatively
easy and low-cost fabrication process and the simple optical
setup. This approach has also been used to immobilize NPs
on optical fibers,388,395which have shown the ability to detect
streptavidin (using a model biotin-avidin assay) and sta-
phylococcal enterotoxin B (using a model antibody-antigen
immunoassay) at picomolar concentrations.29,395 Surface-
immobilized core shell NPs, such as spherical silica-Au
(core-shell, Figure 4) and rice-shaped hematite-Au
(core-shell) NPs, have been shown to exhibit bulk refractive
index sensitivities of∼555396 (dipole resonance) and∼800
nm/RIU,199 respectively.

Nanostructures for refractive index sensing have also been
formed directly on substrates using NSL,7,337,382,397colloidal
lithography,259,383,398,399soft nanoimprint lithography,77 or
metal thin film evaporation.379,400,401Arrays of nanostructures
offer the advantage of tunability of the wavelength response.

Figure 15. Schematic of a GNR molecular probe (a). Multiplexing detection of various targets using GNR molecular probes: one target
(b), two targets (c), and three targets (c). Reprinted with permission from ref 286. Copyright 2007 American Chemical Society.

Figure 16. Schematic representation of the applied biosensing principle based on Au or Ag NPs deposited on a quartz substrate. From left
to right: light source, quartz substrate, mercaptosilane adhesion layer, Au or Ag NPs, self-assembled monolayer of functional thiols, antibodies
and antigens. The resulting absorbance spectra increase upon binding of analytes to the NPs is shown on the right-hand side of the figure.
Reprinted with permission from ref 385. Copyright 2003 American Chemical Society.
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For example, arrays of triangular Ag NPs formed on
substrates by NSL (Figure 5) exhibit an LSPR extinction
band that can be tuned from the near-UV to the mid-IR by
simply changing the size and shape of the NPs.257 The peak
positionλmax is sensitive to the local dielectric environment
and red shifts linearly with increasing solvent refractive index
with a sensitivity of∼200 nm/RIU.397 The distance depen-
dence of the LSPR resonance of these triangular NPs has
been systematically studied using SAMs,402 layer-by-layer
self-assembly,403 and atomic layer deposition.404 These stud-
ies provided several important insights into application-
relevant parameters including (i) the sensing volume can be
systematically tuned by controlling the composition, size,
and shape of the NPs, (ii) the sensor response is linear with
respect to analyte coverage/quantity when the binding occurs
at short distances from the surface of the NPs, and (iii) the
sensor response varies in a complex, nonlinear fashion when
binding occurs at large distances from the surface of the
NPs.403

The refractive index sensitivity of triangular Ag NP arrays
has been exploited in sensing applications where peak shifts
were used to monitor binding events at the surface of the
NPs.7,92,243,382,402,403The measured peak shifts were used in
conjunction with a simple mathematical formalism developed
for flat film SPR spectroscopy to quantitatively determine
target analyte concentrations.405 This allowed the quantitative
detection of Concanavalin A,382 streptavidin,7 and anti-
biotin243 as well as the thermodynamic evaluation of their
binding constants. In a recent and notable example, triangular
NP arrays were used to detect biomarkers for Alzheimer’s
disease in both synthetic and human patient samples.92 In
this work, synthetic amyloid-â-derived diffusible ligands
(ADDL) were detected at femtomolar concentrations using
a sandwich assay.92 The sensitivity of these types of
measurements is enhanced if the molecular resonance of the
analyte overlaps with the intrinsic LSPR of the NPs or if
the analyte is labeled with a marker that has a resonance
that overlaps with the intrinsic LSPR of the NPs.406,407

One of the advantages of using plasmonic nanostructures
for sensing is their relatively small footprintsone that is more
amenable to miniaturization than flat film SPR detection.
For example, LSPR sensing has been demonstrated at the
single-NP level using spherical (Au343 and Ag408), triangular
(Ag),285,408,409 disk-like (Au),410 and cubic (Ag) NPs.342

Scattering-based spectroscopies must be used to characterize
the optical properties of single NPs103,285,343,408-412 since the
absorbance of individual NPs is close to the shot noise-
governed limit of detection.285,337As an example, McFarland
et al. have shown that a LSPR peak shift of∼40 nm occurs
upon binding of∼100 zeptomoles of 1-hexadecanethiol to
a single triangular Ag NP (as measured by resonant Rayleigh
scattering spectroscopy). This high sensitivity and small
transducer size suggests that single NPs could be useful for
the analysis of precious or limited-volume samples.

Rubinstein developed the so-called transmission LSPR
(T-LSPR) spectroscopy method.379 In this protocol one
measures the changes that occur in the extinction band of
the LSPRs of discontinuous Au or Ag films upon analyte
binding, which is monitored in transmission mode using a
standard spectrophotometer. Discontinuous and random
island films for this plasmonic measurement are prepared
by direct evaporation of an ultrathin (e10 nm nominal
thickness) layer of the desired metal onto a transparent
substrate like quartz, mica, or polystyrene. Random Au island

films, for example, display a SP extinction peak at 550-
800 nmsone whose shape, intensity, and position depend
on the island morphology, which in turn is determined by
the evaporation conditions and postdeposition treatment.
Rubinstein and co-workers demonstrated the potential of this
method by measuring changes in the position and intensity
of the SP extinction band that result from the binding of
various molecules to Au islands.379,400,401,413A linear relation-
ship was shown to exist between the surface coverage of
the adsorbing molecules, ones bound either directly to the
Au or through a receptor layer, and the plasmon intensity or
wavelength changes.379,401,413In an interesting modification
of typical RI-based measurement methods, Au island films
were modified with a biotinylated monolayer and used to
monitor the binding of avidin based on changes in plasmon
intensity (rather than the more commonly used wavelength
shift) since the binding event caused only a small change in
the peak position. T-LSPR spectroscopy was shown to be
widely applicable with a sensitivity (under optimized condi-
tions)380 that is comparable to that of conventional forms of
SPR sensing.379 The instability of T-LSPR sensors, however,
is a source of concern. Changes in the optical properties of
metal island films due to morphological changes occurring
upon immersion in organic solvents and aqueous solutions
has been noted to appreciably introduce uncertainties into
NP-based sensing measurements. To obtain metal island
films with stable and reproducible optical properties, new
design schemes for stabilizing the structures of the evaporated
film have been devised. The most useful of these reported
to date consists of depositing an ultrathin silica layer (1.5
nm thick) on the metal island film by a sol-gel procedure.381

Au nanorings formed directly on substrates by colloidal
lithography (Figure 7) have recently been used for chemical
and real-time biosensing.383 These plasmonic nanostructures
exhibit a bulk refractive index sensitivity of∼880 nm/RIU
and show a peak shift of∼5.2 nm per CH2 unit when SAMs
of varying alkanethiol chain lengths were formed on the
nanorings by chemisorption. This peak shift per CH2 unit
(short-range refractive index sensitivity) for the Au nanorings
is greater than the peak shifts reported for triangular Ag NPs
(∼3.1 nm per CH2 unit) and nanoprisms (∼4.4 nm per CH2
unit).402,409 The greater sensitivity of Ag plasmonic nano-
structures compared to Au plasmonic nanostructures suggests
that greater sensitivities could be achieved by forming Ag
nanorings.403 Real-time, label-free biosensing was demon-
strated using these structures by monitoring the optical
changes that occur due to the nonspecific binding of biotin-
BSA to the Ag nanorings followed by the specific binding
of NeutrAvidin (NA).

4.4.3. Periodic Nanohole Arrays

The enhanced transmission of light through periodic arrays
of subwavelength holes in metal films has generated
considerable interest since it was first reported by Ebbesen
et al. in 1998.75 Nanohole arrays are typically formed by
the serial process of the FIB milling of holes in a thin film
of Au supported on a transparent substrate.

While Ebbesen et al. attributed their enhanced transmission
to surface plasmons,75 several authors have pointed out
alternatives ranging from waveguide modes to even more
novel surface waves.414-416 In actual fact, and depending on
the specific details of the plasmonic structures involved, a
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variety of mechanisms can be operative. For this reason, it
is necessary to carefully analyze each situation to determine
what sorts of resonance and diffractive effects are possible.
In most cases involving thin Au films with periodic nano-
holes, however, surface plasmons do play a key role.76,273

The features in transmission spectra of nanohole arrays
are thought to arise from a combination of LSPRs, Bloch
wave SPPs (BW-SPPs), and Wood’s anomalies.76 An ap-
proximate relation for the allowed wavelengths of BW-SPPs
excited by normal incidence illumination on a square array
of subwavelength holes in a metal film is given by76,77,417,418

whereε(λ) is the wavelength-dependent relative dielectric
constant of the metal,εmed is the relative dielectric constant
of an adjacent medium,P is the nanohole lattice spacing,
andnx andny are integer scattering or diffraction orders from
the array. Another important equation in analyzing the
features of transmission spectra is that for the positions of
Wood’s anomalies (WAs)75,76

which is written here for the case of normal incidence for
simplicity. The WAs in this case may be thought of as light
moving parallel to the metal surface, i.e., light that is
diffracted 90° relative to the normal incident direction. Note
that in one classification scheme of WAs this particular WA
is often referred to, more precisely, as a Rayleigh anomaly.419

Equations 3 and 4 predict a variety of discrete wavelength
positions for the BW-SPPs and WAs. Originally a correlation
between transmission minima and WAs and transmission
maxima and BW-SPPs was noted;386,417however, this may
not always be the case. At a naı¨ve level, for example, one
might associate both the BW-SPP and WA positions with
transmissionminima, not maxima, because they represent
wavelengths where incident light is channeled into light
moving completely counter to the direction of the transmitted
light. Indeed, careful numerical studies made in the absence
of experimental imperfections and uncertainties have shown
a definite correlation between transmission minima and eqs
3 and 4.76 It remains a fact, however, that nonradiating
BW-SPPs and WAs are an idealization. One can regard the
BW-SPPs or WAs as being analogous to zero-order quantum
mechanical bound states embedded in a zero-order con-
tinuum. In the present case a zero-order continuum state
would be light that is predicted to be transmitted by the hole/
film structure disregarding the possibility of zero-order bound
states. The full problem is described by a coupling of the
zero-order bound and continuum states. A Fano resonance
line shape (generally an asymmetric line shape with a distinct
minimumandmaximum) can often describe each BW-SPP
or WA feature very well.76,419,420It often turns out that the
same order BW-SPP and WA have wavelengths that are
close to one another, which can complicate this picture.
Coupled with the fact that the WA features can be narrow
and difficult to resolve experimentally, it sometimes follows
that only a minimum/maximum resonance feature associated
with a particular BW-SPP is seen, along with possibly a
dip or kink in the region where the WA would be ex-

pected.76,421Finally, we note that the features discussed here
can occur alongside or be superimposed on generally broader
LSPR resonance features. With all these factors taken into
account and playing varying roles depending on the specific
details of the experiment, it is perhaps not surprising that
there has been some confusion in the literature regarding
the mechanisms of enhanced transmission.

The involvement of LSPRs, BW-SPPs, and WAs in the
optical response of nanohole arrays suggests that the features
in the transmission spectra should be sensitive to changes
in the local refractive index, making these nanostructures
useful for sensing applications. Indeed, the spectral features
of 2D Au nanohole arrays have been shown to depend on
the external dielectric environment,14,422,423which has been
used to perform label-free detection of SAM formation on
Au followed by subsequent adsorption of bovine serum
albumin (BSA).14 The sensitivity of these structures to
changes in the external dielectric environmentsmeasured as
peak shift per RIUsis ∼333-400 nm/RIU.14,377The advan-
tages of plasmonic nanostructures over flat film SPR systems
are their relatively small footprints (i.e., small patterned areas
on the order of micrometers14,377 or single holes259 or
NPs285,342) and simple optical setups (i.e., normal incidence
transmission or reflection).14,342,377These advantages were
recently exploited by integrating a microfluidic device with
a nanohole array for detecting refractive index changes and
surface binding events ‘on-chip’.377

Plasmonic quasi-3D periodic nanohole arrays have been
formed on surfaces using a type of soft nanoimprint
lithography (see section 3.3.3 and Figure 9).8,77 These
multilayered structures consist of arrays of nanoscale holes
in Au films with a second level of Au disks at the bottom of
the embossed wells. The normal incidence transmission
spectrum of these structures is complex (Figure 17a, blue
spectrum) and shows high transmission despite the fact that
no ‘line of sight’ exists through the sample (i.e., unlike 2D
nanohole arrays, the cylindrical holes or perforations are
‘capped’ with Au disks in a quasi-3D geometry). Rigorous
3D finite-difference time domain (FDTD) simulations were
performed to assist in the interpretation of the experimental
results (Figure 17a). (See also refs 76 and 424 for related
FDTD studies of hole arrays.) The calculated electromagnetic
field distributions in and around the metal nanostructures
are shown in Figure 17b and c. The two largest features in
the spectra (Figure 17a) are labeled B and C. Peak B is
associated with excitations of LSPRs on the rims of the
nanoholes in the upper Au film near the air/Au interface,
while peak C involves overlapping Wood’s anomaly and
BW-SPPs excitations on the Au disk/polymer side of the
device. The intensity associated with peak C also extends
vertically up to the hole opening, showing a strong coupling
between disk and hole, a feature that is absent in random
and ordered 2D nanohole arrays. Quantitative modeling of
the experimental spectra required consideration of fine
structural details in this region of strong coupling. Good
agreement between the experimental and theoretical spectra
required the addition of small (20-30 nm), isolated grains
of Au on the sidewalls of the nanoholes, just above the edges
of the Au disks at the bottom of the nanowells (Figure 17a,
red spectrum).

The transmission properties of the quasi-3D nanohole array
are sensitive to the nature of the adjacent dielectric medium
at the crystal surface (Figure 18a). The bulk refractive index
sensitivity of these devices was determined by passing
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solutions of increasing concentration (0-7.6 wt %) of
polyethylene glycol (PEG) through a fluid flow cell contain-
ing a plasmonic crystal. Changes in both peak positions and
intensities were observed over a wide spectral range as the
refractive index of the PEG solution was increased. The most
sensitive peak at∼1023 nm linearly red shifted with a
sensitivity of∼700-800 nm/RIU and linearly increased in
intensity with a sensitivity of∼2.5-3.5 Abs/RIU as the
refractive index of the solution was increased (determined
using several devices).77

SPR sensing is typically performed by following the
response of an individual peak or wavelength to binding
events at the surface of the sensor. This method of analysis,
however, does not fully capture the sensitivity of the quasi-
3D plasmonic sensor since it does not take advantage of all
the peak shifts and intensity changes occurring at multiple
plasmonic resonances over the spectral range created by the
coherent couplings of the LSPRs, BW-SPPs, and Wood’s
anomaly responses exhibited by this type of system. This
wide spectral response was exploited using a type of full,
multispectral analysis as described below.

Multispectral analysis of a PEG calibration of a quasi-3D
plasmonic crystal is shown in Figure 18a. A series of

difference spectra, as referenced to the spectrum at timet )
0, illustrate changes in transmission due to both peak shifts
and intensity changes throughout the wavelength range as
solutions of increasing PEG concentration were injected into
the flow cell. As shown in Figure 18b, the transmission can
increase or decrease depending on the measurement wave-
length. The particular crystal geometry used in this study
(hole diameter and periodicity of∼480 and 780 nm,
respectively) exhibited the largest multiwavelength response
in the near-infrared region (900-1250 nm) as shown in
Figure 18c. The response over all wavelengths, including
both positive and negative transmission changes, was cal-
culated using the following equation

This total or integrated response,R, has units of∆%T‚nm
(Figure 18d) and changes linearly with the refractive index
of the PEG solution with a sensitivity of∼22,000∆%T‚
nm/RIU (inset of Figure 18d). This multispectral analysis
also improves the signal-to-noise ratio by a factor of 3-10
times that of a single-wavelength response.77

The linear response of the integrated metric was used to
perform quantitative sensing and imaging of binding events.
The biotin-avidin ligand-receptor conjugate was used to
illustrate the utility of these devices for performing quantita-
tive sensing (Figure 19). The device was first exposed to a
solution of biotinylated BSA (bBSA), which led to an
increase and plateau of the integrated response of the sensor
(Figure 19b) upon formation of a bBSA monolayer. This
layer rendered the surface of the sensor inert to further
nonspecific adsorption, which was demonstrated by the lack
of response after rinsing the bBSA monolayer with buffer
and exposing it to a solution of nonfunctionalized BSA.
Subsequent exposure to avidin, however, led to a response
due to a specific binding interaction between the avidin and
the initial bBSA monolayer. The surface-immobilized avidin
was then used to complete the assay by binding a layer of
bBSA to the remaining free biotin binding sites on the avidin
layer (inset Figure 19b). This resulted in a response that was
smaller than that observed for the initial bBSA adsorption
step, an observation that follows the patterns of layer-
dependent mass coverage generated in assays of this sort.77

The integrated response can be converted to an effective
protein thickness using a mathematical formalism.405 Al-
though this model was developed for quantifying binding
events measured using flat film SPP-based SPR sensors (i.e.,
it assumes a uniform plasmon evanescent field), it provides
approximate protein coverages that agree with literature
values.425-427

One notable advantage of soft nanoimprint lithography is
the ability to pattern over large areas in parallel with high
spatial uniformity and low defect densities, which facilitates
large-area imaging for multiplexed microarray-based analy-
ses. The high-quality, large-area patterning capability along
with the capacities for quantitative biosensing was combined
to perform quantitative imaging. To this end, five lines of
nonspecifically adsorbed fibrinogen were patterned on the
surface of a plasmonic crystal using a microfluidic device
(Figure 20a). Figure 20b shows changes in transmission
measured relative to an interchannel region on the crystal
that did not come in contact with the protein. The spectral
image shows five stripes with the expected geometries, each
corresponding to a line of nonspecifically adsorbed fibrino-

Figure 17. Correlation of transmission spectral features with hole/
disk plasmonic excitations. (a) Normal incidence transmission
spectrum of a quasi-3D plasmonic crystal (blue), and rigorous
electrodynamics modeling of the spectrum for an ideal crystal
(green) and one that includes subtle isolated nanoscale grains of
Au near the edges of the Au disks (red). (b) Computed electro-
magnetic field distribution associated with the resonance at 883
nm (labeled B in a). The intensity is concentrated at the edges of
the nanoholes in the upper level of the crystal. (c) Field distribution
associated with the resonance at 1138 nm (labeled C in a), showing
strong coupling between the upper and lower levels of the crystal.
Reprinted with permission from ref 77. Copyright 2006 The
National Academy of Sciences of the USA.
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gen. Analysis of the step edges (Figure 20c, inset) shows a
width of ∼20 µm, which is only slightly larger than the∼17
µm resolution limit of the imaging optics. The∼3 µm of
additional width in the plasmonic image can be associated
with the propagation lengths of plasmons on these struc-
tures.428 The integrated spatial response of the spectral image
could be converted to an effective protein thickness of∼7
nm using the PEG calibration and the mathematical model
described above.77,405 This thickness is consistent with the
molecular dimensions of fibrinogen.429,430The micrometer-

scale imaging resolution and the large area defect-free (and
thus uniform response) aspects of the crystals suggest a
promising platform for performing parallel diagnostic bio-
assays. This was further demonstrated by performing quan-
titative 2D imaging on these quasi-3D devices.279

Figure 18. Optical response of a plasmonic crystal to sequential injections of increasing concentrations of aqueous PEG solutions. The
color contour plot of the change in transmission (T) as a function of wavelength and time (with the corresponding injection sequence
overlaid on the plot) (a), change inT as a function of time during the injection sequence, evaluated at several wavelengths (b), absolute
value of the change inT as a function of wavelength evaluated at different times (c), and integrated multispectral plasmonic response as
a function of time (d). (Inset) A linear correlation to the change in refractive index. Reprinted with permission from ref 77. Copyright 2006
The National Academy of Sciences of the USA.

Figure 19. Plasmonic crystal used in a biotin-avidin assay. The
color contour plot of the change inT as a function of wavelength
and time (a). The overlaid injection sequence corresponds to PBS
(1), bBSA (2), BSA (3), and avidin (4). The integrated multispectral
plasmonic response and corresponding effective thickness of the
biotin-avidin-biotin assay (schematically illustrated in the upper
inset) (b). The noise limited refractive index resolution of the
crystals corresponds to submonolayer coverages (lower inset).
Reprinted with permission from ref 77. Copyright 2006 The
National Academy of Sciences of the USA.

Figure 20. Spatial imaging of fibrinogen nonspecifically adsorbed
to the surface of a crystal. A schematic illustrating the use of a
multichannel PDMS microfluidic network to pattern the surface of
a crystal (shown here with the multicolored appearance that
characterizes these crystals) (a), spectroscopic difference image of
fibrinogen lines patterned on a crystal (b), and spatially resolved
integrated response and corresponding effective thickness illustrating
binding events in the geometry of the microfluidic channels (c).
(Inset) A measured step edge between a fibrinogen line and bare
area of the crystal (blue symbols) and a fitted step edge with a
Gaussian width of∼20 µm. Reprinted with permission from ref
77. Copyright 2006 The National Academy of Sciences of the USA.
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4.4.4. Random Nanohole Arrays
Random nanohole arrays formed by colloidal lithography

have been used in enabling ways for the sensing of chemical
and biological targets.90,259,398,399Randomly arranged holes
do not exhibit the long-range higher-order diffractive cou-
pling effects that are observed in the highly ordered, periodic
nanohole arrays discussed above.72,75,90,422 They instead
exhibit LSPRs that are concentrated at the edges of the holes
with decay lengths on the order of 10-20 nm, which have
been used for sensing binding events occurring near or in
the holes.90,259,398,399The refractive index sensitivity of these
random nanohole arrays depends on the metal thickness398

and the detection modality. As noted above, refractive index
sensitivities are often reported as a change in a given
measurable parameter per RIU. Sensitivities of∼100-270
nm/RIU,72,90,398,399 0.23-1 Abs/RIU,398,399 and ∼70 nm/
RIU259 have been reported for measurement of changes in
the extinction peak position, extinction peak magnitude, and
scattering peak position, respectively. In one notable example
of biosensing carried out with such devices, Dahlin et al.
used random nanohole arrays to detect membrane-mediated
recognition of bioanalytes using surface-immobilized phos-
pholipid bilayers (SPBs). These SPBs were supported on the
silica surface within the interior of the nanoholes (Figure
21). This was accomplished by first exposing the nanohole
array to bBSA, which preferentially adsorbs to the Au rather
than the SiO2,431 making it inert to lipid vesicle fusion. The
SPBs were then formed on the SiO2 substrate at the bottom
of the nanoholes by performing vesicle adsorption in the
presence of Ca2+, which promotes the vesicle fusion pro-
cess.432 The top of Figure 21a shows schematically the steps
leading to the adsorption of the protein NA within the
nanoholes containing the biotin-modified lipids (left). In the
absence of biotin-modified lipids the NA binds only to the
bBSA on the Au surface, whereas in the presence of biotin-
modified lipids the NA binds to both the SPB and the Au
surface. The bottom panel of Figure 21 shows the measured
changes in extinction as a function of time at∼725 nm for
the two cases, with the signal being more than a factor of 3
greater when NA binds to lipids inside the holes. This
demonstrates that the holes are highly sensitive regions for
detecting protein-binding events. The top of Figure 21b
shows schematics illustrating the binding of cholera toxin
to SPBs containing ganglioside GM1 glycolipids (left) and
hybridization of 15-base single-stranded DNA (ssDNA) to
SPBs presenting a complementary strand (right). The bottom
of Figure 21b shows the measured changes in extinction as
a function of time at∼725 nm upon binding of the cholera
toxin and complementary and noncomplementary ssDNA.
These examples demonstrate the potential for using random
nanohole arrays as a platform for real-time plasmonic-based
label-free sensing. The figure of merit (FOM) for this system
appears to be quite good in that analytically discriminable
signals could be obtained from zeptomole quantities of
protein. Related nanohole arrays also have been used to
detect cancer biomarkers where the detected signal (peak
shift) was estimated to arise from the binding of picograms
of an antigen (a specific tumor biomarker, cancer antigen
19-9) to its corresponding surface-immobilized antibody.90

4.5. Surface-Enhanced Spectroscopies
The optical techniques discussed thus far are amenable to

chemical functionalizations that engender capacities for
molecule-specific sensing, ones that the methods alone lack.

It is useful then to consider cases where other properties
besides explicit forms of chemical recognition can be used
to discriminate a molecularly specific event. Techniques such
as Raman scattering and fluorescence have the capability of
providing molecule-specific data, and perhaps most interest-
ing in the context of this review, surface plasmons are able
to markedly enhance the sensitivity of these techniques. The
utility of Raman spectroscopy, for example, stems from its
ability to probe molecular vibrations, but the method suffers
from relatively weak signal intensity. In most cases the
number of inelastically scattered photons (which directly
corresponds with the signal level) is extremely small,
corresponding to scattering cross sections of 10-30-10-25

cm2.22 As a result, even though Raman scattering is a type
of spectroscopy that can give very specific molecular
information, it lacks the intrinsic sensitivity required of a
viable technique for high-throughput detection. Plasmonic
architectures provide one general method for enhancing
Raman signals to levels that can enable many analytical
applications, ones ranging from DNA sequencing to foren-
sics.337,433,434The sections below examine several of the more
interesting prospects emerging from current research.

Figure 21. Detection of lipid-membrane-mediated binding events
using SPB in random arrays of gold nanohole. (a) Temporal
variation in extinction measured at the longer wavelength inflection
point (725 nm) of the LSPR peak upon addition of∼0.3 µM NA.
In both cases, Au is modified with biotin-BSA. In one case, biotin-
modified SPB patches cover the SiO2 regions (NAAu+SiO2), while
in the other (top right illustration in a), unmodified SPB patches
cover the SiO2 regions (NAAu) (top left illustration in a). (b)
Variation in extinction measured upon addition of∼0.5µM cholera
toxin (CT) to GM1-modified (5 wt %) SPBs (purple curve,
illustration of SPB-modified nanohole shown in upper left of b).
(Inset) Magnification of changes in extinction versus time upon
addition of a 15 base long noncomplementary (0.2µM, blue) and
a fully complementary strand (0.2µM, red) to SPB patches modified
with a DNA construct carrying two cholesterol moieties at its one
end and a 15-base-long single strand available for hybridization at
the other. Reprinted with permission from ref 399. Copyright 2005
American Chemical Society.
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4.5.1. Surface-Enhanced Raman Scattering

The first discovery of surface-enhanced Raman scattering
(SERS) showed that it was possible for a roughened noble-
metal surface to enhance the intensity and sensitivity of
Raman spectroscopy.435,436 Using the SERS effect in a
quantitative form is intricately tied to the ability to fabricate
nanostructured surfaces with well-defined morphologies.
New methods to create nanostructured materials are con-
stantly evolving, and research centered around SERS has
followed that trendswork that also has increased the
sensitivity to levels required for advanced sensing applica-
tions. Signal enhancements of up to 1014 over normal Raman
scattering have been observed in special cases,437 a value
sufficient to study analytes even at the single-molecule level.
The electromagnetic theory of SERS437-440 suggests that the
enhancement effect is a result of the creation of surface
plasmons that can transfer energy to the bound molecule
through the associated electric field. We direct the interested
reader to a number of reviews that have already been
published on this subject.437-440

The ability to enhance the Raman signal via SERS is
fundamentally linked to the precise details of the structured
nature of the surface as well as the choice of the metal itself,
which includes but is not limited to Ag, Au, and Cu.438 These
metals are used because they have the appropriate values of
both the real and imaginary parts of the dielectric constant,
which allows surface plasmons to propagate at wavelengths
of interest for spectroscopic applications. As the discussions
above have revealed, the plasmonic excitations that a system
can support depend very sensitively on the metal structure,
a factor that in turn drastically affects its overall ability to
enhance the Raman scattering cross section.

The advances made in nanomaterial synthesis and NP
fabrication have greatly empowered competencies in this
latter regard. Such forms of modern SERS substrates span a
vast geometrical range encompassing colloids, templated
colloidal crystal films, electrochemically roughened elec-
trodes, deposited metal island films, nanohole arrays, and
lithographically defined thin films. The ability to use these
different structures as SERS substrates allows a variety of
experimental setups including solution- and surface array-
based sensing.435,441-446Solution-based SERS has been shown
to provide a viable option for the determination of binding
constants and monitoring DNA/RNA mononucleotide rec-
ognition.447 For the latter, detection of mononucleotides at a
submicromolar level (3 ppb) was achieved for 2′-deoxy-
adenosine 5′-monophosphate (dAMP) in the presence of
MgSO4, an aggregating agent (Figure 22).447 The data
indicates that it is essential for the analyte to be bound within
close proximity to the NPs. Solution-based sensing with NPs
has also been applied to the field of cellular biology.448 In a
notable example taken from recent research, it was demon-
strated that it is possible to introduce 60 nm Au NPs into a
single osteosarcoma cell and use their optical responses to
map the distribution of the cellular constituents.449 It is
possible to further enhance the SERS signal of an analyte
by altering the physical properties of the NPs.450-452 For
example, using Au octahedrons instead of Au nanospheres
allows for a more than 3× greater enhancement in the
spectrum of 2-napthalenethiol.450

Substrate-bound nanostructures can also be used to
enhance Raman signals.441 Nanosphere lithography, for
example, has been used to fabricate two intriguing forms of
surface-immobilized structures for SERS: (i) triangular NP

arrays (Figure 5) and (ii) metal film over nanosphere
(MFON) surfaces (Figure 23). Triangular NP arrays have
been shown to be quite sensitive with SERS enhancement
factors of∼108.337 Analytes detected in this way include
Alzheimer’s precursors,93 glucose,433 and Concanavalin

Figure 22. Effect of aggregating agents to the SERS signal of
dAMP: 1000 ppm dAMP mixed with Ag colloid (a); mixture after
aggregation with 0.1 M MgCl2 (b); 0.1 ppm dAMP mixed with
MgSO4-aggregated (0.1 M) Ag colloid (c). Spectra d, e, and f used
the same conditions as c except 0.03, 0.01, and 0.003 ppm dAMP.
The inset shows the calibration plot of the dAMP (4 s accumulation
times). Reprinted with permission for ref 447. Copyright 2006
American Chemical Society.

Figure 23. Ambient contact-mode atomic force microscope image
of 200 nm Ag over 542 nm diameter polystyrene spheres. Array
of spheres (10µm × 10 µm) and image (600 nm× 600 nm) of
one sphere showing substructure roughness (a and b, respectively).
AgFON electrode SER spectrum of 50 mM pyridine in 0.1 M KCl
at -0.7 V vs Ag/AgCl (c). Reprinted with permission from ref
453. Copyright 2002 American Chemical Society.
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A.382 The highly corrugated MFON surfaces have been used
to detect a key component of an analogue to anthrax
stimulant at a concentration lower than the infectious
dosage.242,445 The MFON substrates are also useful as
electrodes with an improvement in stability and reproduc-
ibility over other types of SERS active electrodes.453 The
latter are critical parameters since most SERS active
substrates are not particularly stable. It is notable, therefore,
that recent work has shown that a sub-1 nm thick alumina
film deposited over a MFON surface can extend the stability
of the sensor up to seven times, corresponding to a shelf
life of at least nine months.242

Electrochemistry can be used to roughen an electrode
surface for SERS applications, but this method generally
yields substrates with irreproducible enhancement factors.453

An alternative method that can be used to form SERS-active
electrode structures is to use a template to create nanowires.
As an example, Au nanopillar films can be formed by
physical/electrodeposition of Au in an anodized aluminum
oxide (AAO) template followed by dissolution of the AAO
template.454 These nanopillar substrates are highly reproduc-
ible (to within 20% of the SERS intensity profile) and
capable of detecting thionine as a model analyte at concen-
trations near 10-8 M.454 Nanopillars of Ag can also be
fabricated in the form of aligned pillars of controllable length,
giving SERS enhancement factors on the order of 108.455

Nanodots,443 nanohole arrays,444 and even nanostructured
multicore optical fibers456 have been fabricated for use in
SERS applicationsswork that evidence a broadening re-
search landscape in response to requirements for SERS
substrates that are both stable and ultrasensitive.

4.5.1.1. Single-Molecule Surface-Enhanced Raman Scat-
tering. Highly specific single-molecule detection is a chal-
lenging goal for chemical sensing.22,457,458It is interesting,
therefore, to consider how the marked enhancements afforded
by SERS compare to this most demanding analytical FOM.
Kniepp and co-workers elucidated the fact that single-
molecule SERS (SMSERS) detection levels can be achieved
both in solution and on surfaces, the latter using patterned
metal substrates. Each protocol requires the use of a proximal
probe in which incident light is restricted to encompass a
probe volume of a few femto- to picoliters. This makes it
possible to examine limited volume samples with analyte
concentrations as low as 10-12-10-14 M. Solution-based
SMSERS, for example, has been used to detect pseudoiso-
cyanine (PIC) in an aqueous solution at a concentration of
10-14 M, corresponding to an enhancement factor on the
order of 1014.22 Ag colloids also have been used to detect
yeast cytochromec at near single-molecule levels.459

Patterned Ag surfaces have been shown to give enhance-
ments that make it possible to detect single molecules of
enkephalin, in this case by monitoring the ring-breathing
mode of phenylalanine at 1000 cm-1.22 The small sample
probe volume has other (potentially beneficial) impacts as
diffusion brings single molecules into and then out of the
probed volume at very low analyte concentrations due to
Brownian motion. This leads to a variation in the Raman
signal that can be correlated to the number of molecules in
the probed volume via models based on Poisson statistics.434

4.6. Plasmonics for Detection Beyond the
Diffraction Limit

One limitation of SMSERS (or for that matter any optical
technique) is that the spatial resolution of the probed area is

dictated by the spot size of the incident light. Optical
detection methods are constrained by the wave nature of light
(which determines the diffraction limit); however, it is
particularly interesting that plasmonic nanostructures make
it possible to probe systems with a spatial resolution that is
well beyond the diffraction limit of light. Two methods that
use the enhanced local electric fields associated with plas-
mons for detection at length scales beyond the diffraction
limit are apertureless near-field optical microscopy (a-
NSOM) and tip-enhanced Raman spectroscopy (TERS). Both
of these methods have enabled the scientific community to
optically probe surfaces with resolutions previously only
afforded by techniques such as electron microscopy and
surface probe microscopy (SPM).

Near field optical microscopy (NSOM), with a typical
aperture, is a technique that affords capabilities of sub-100
nm resolution; however, it is important to note that the
transmission of light through the fiber tip is typically quite
low. One way to improve the resolution and limited
transmission is to move to a fully metallized tip that has no
aperture (a-NSOM). The apertureless tip is then capable of
supporting surface plasmons that lead to enhancement factors
of the electric field of 10-1000 times, and the ability to
sharpen the tip affords resolution limits on the order of 10
nm.460 For example, tips coated with 15-25 nm of Ag were
used to detect Alexa 532 dye molecules with a resolution of
15 nm.461 The ability to garner optical images from near-
field microscopy is a useful technique for imaging nano-
structures with sub-100 nm resolution but lacks the specific
chemical information afforded by techniques such as TERS.

The basis of the SERS effect is tied to the nanoscaled
structures present on a metal surface, and it is interesting to
note that the SERS effect also can be observed using a
metallized SPM tip. The surface of the probe tip must be
coated with a metal (e.g., Ag, Au, Cu) that exhibits strong
SERS enhancements. In this case the Raman scattering is
constrained to within a few nanometers of the tip.462 The
enhancement factors realized to date (102-104) are still
moderately low and considerably less than the predicted
maximum values (1010).462

One particularly interesting aspect of the advances coming
from this research is the ability to combine the spatial
resolution of SPM with the molecule-specific detection
afforded by SERS. An example of this is illustrated by the
data shown in Figure 24. In this case the nanoscale
roughness, achieved with a 2 nmabrupt step on the surface
of a metal-coated sharp TERS tip, can lead to an increase in
Raman scattering cross section over a standard proximal
probe by over an order of magnitude for benzenethiol
adsorbed on Au.463 The tips of silicon nanowires have also
been modified with Au droplets to improve detection
limits.464 The ability to create tips of varying geometrical
parameters allows the spatial resolution of the technique to
be optimized. These methods also can be used to characterize
features of crystalline materials such as GaN with high spatial
resolution and enhancement factors as large as 104.465 The
ability to break the diffraction limit while gaining chemically
specific information constitutes an area of particular op-
portunity for progress in research, one whose progress will
be dictated directly by capabilities to create better tips and
to optimize plasmonic excitation and correlated collection
optics.462
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4.6.1. Plasmon-Enhanced Fluorescence
Plasmon-enhanced fluorescence (PEF) is a relatively new

technique that can be used to increase sensitivity and
detection limits. This is a capability that involves integrating
the measurement within a device form factor that can exploit
the enhanced electrical fields associated with surface plas-
mons. Fluorescence microscopy and spectroscopy are perhaps
the most widely adopted methods used to study complex
biomolecular systems.457,466-468 The use of surface plasmon
modes to enhance fluorescence has recently attracted con-
siderable interest as a way to extend the already considerable
FOM of this spectroscopic measurement.215,356,469,470Fluo-
rophore quenching occurs in close proximity to metallic
surfaces (typically< 50 Å);471 however, at longer distances
ranging from 5 to 200 nm an interesting coupling between
the fluorophore and the enhanced local field near the metal
structure occurs, resulting in both increased absorption cross
section and radiative decay rates.470 The increase of the
radiative decay rate is central to a number of other
phenomena observed in PEF including increased photosta-
bility, enhanced wavelength-tunable emission, and the ability
to probe fluorescence resonance energy transfer (FRET) at
larger distances than previously possible.470

These enhancements have opened new opportunities to
improve detection and imaging schemes. A number of
different metallic structures such as nanohole arrays, NPs,
flat thin films, and deposited nanostructured films have
been used for PEF.215,472-474 Au NPs, for example, have been
used to sense mouse IgG at concentrations as low as 7 fM
using a sandwich assay format coupled to an optical
fiber.469 Sensing of metal ions such as Cu2+ has also been
accomplished using fluorophore-labeled Au NPs with a
detection limit of 1µM.475 This particular sensing scheme
has advantages over other methods because it shows
increased quantum yields even in the presence of Cu2+, which
generally quenches fluorescence. In the same vein, Au NPs
have also been used to detect the presence of Hg2+ in pond
water at concentrations as low as 2.0 ppb.473 Nanohole arrays
can also be used for PEF detection, and such applications

are attracting growing attention in research.468,472,476In one
specific example, Au nanohole arrays exhibited an enhance-
ment of up to 2 times over flat metal films when the
fluorophores were beyond the inherent quenching distance.468

Surface-immobilized Ag NP arrays have also been used as
a medium to enhance the fluorescence of common dyes with
leading work directed to determine how the geometry of the
NP films affects the enhancement factor.215 It was found that
the observed enhancements (of some 10-20 times) were
dependent on the width and height of the particles with
fluorescein and Cy3 exhibiting a maximum enhancement for
particle sizes in the range of 85-95 nm.215 We believe that
the ability to enhance fluorescence through the use of
plasmons is an area of research that is not yet mature and
will continue to grow in importance and impact as the
method is optimized.

5. Concluding Remarks
The rich literature summarized in this review develops a

compelling story about both the health of and the prospect
for technological impacts following from research in the
interdisciplinary field of plasmonics. Whether in the form
of refractive-index-based detection schemes for analytes of
extremely low concentrations or as optics for chemically
sensitive imaging, the reports appearing from many labora-
tories at this time demonstrate an accelerating pace of
underlying progress, one driven by rapidly improving capaci-
ties for nanoscale materials synthesis and methods of
fabrication. An interesting question to ask at this point is
one related to context. Specifically, will the most important
impact going forward with respect to chemical analysis come
from the development of systems that embed “new physics”
(such as those emerging within the vastly interesting topic
of metamaterials)477-480 or from compelling applications of
systems that exploit what is currently known? Our hope is
that the answer comes from both. There is no doubt that the
rapid progress being made in both the fabrication and theory
will greatly enhance progress in the field to render the
enabling science in a form that begins to become a true form
of predictive design for function. Essentially all applications
in sensing will benefit from this advent. Still though, what
might happen in the context of “new physics” and the
opportunities it might engender? An interesting (and nascent)
model here is provided by an area only touched on briefly
in this reviewsuse of plasmonics as devices for subwave-
length “imaging”.

It is well appreciated that the spatial resolution in optical
microscopy is limited toλ/2, according to the Rayleigh
criterion. This limit is caused by the loss of the evanescent
field intensity in the far field, which carries high spatial
frequency information. Complex methods can overcome this
limit and have been devised in such notable forms as near-
field scanning optical microscopy.460 The complexity of the
methods used there carry with them limitations that have
tended to limit its widespread use for biological imaging,
especially cellular imaging.

Metal nanohole arrays have been shown to inherently give
anomalous high transmission of light,75 and this, in conjunc-
tion with “a perfect lens” based on negative index metama-
terials,481 is theorized to make possible subwavelength
resolution microscopy down to limits as small as 25 nm.
Recent reports have demonstrated482-485 that a surface
plasmon’s near-field dimensions are smaller than free-space
radiation at the same frequency. Srituravanich et al. examined

Figure 24. TERS mapping on a rough Au surface. An STM image
of the sample is shown in a. TERS data was collected at the
positions indicated by the arrows. The cross section of the
topography image is shown in b, and the TERS collection sites are
labeled with crosses. (c) Corresponding TERS sequence. The
numbers denote the sites where the spectra were collected. Reprinted
with permission from ref 463. Copyright 2007 American Chemical
Society.
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this effect by exposing photoresist through a nanohole array,
obtaining features with sizes of 90 nm spaced by 170 nm.485

Fields with dimensions as small as 25 nm were obtained
using slightly more complex plasmonic structures.486 It is
therefore most intriguing that wide field optical microscopy
with subwavelength resolution, based on the concepts of
plasmon-coupled transmission and optical near fields, has
been proposed along with methods to implement it.487-489

More recently, two different types of magnifying metama-
terials-based superlenses that can be integrated into a
conventional far-field optical microscope were reported.490,491

Liu et al. demonstrated a magnifying optical hyperlens
consisting of a curved periodic stack of Ag (35 nm) and
Al2O3 (35 nm) deposited on a half-cylindrical cavity in
quartz.491 This setup was able to image a pair of 35 nm lines
spaced 150 nm apart. In a later report, Smolyaninov et al.
demonstrated a superlens design based on a multilayer
photonic metamaterial consisting of alternating layers of
positive and negative refractive index.490 With this design a
resolution of 70 nm was reported. These are advances that
serve to illustrate the inspirational opportunities for progress
coming from work in this field.
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