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ABSTRACT: This review describes the growing partnership between super-resolution
imaging and plasmonics, by describing the various ways in which the two topics mutually
benefit one another to enhance our understanding of the nanoscale world. First,
localization-based super-resolution imaging strategies, where molecules are modulated
between emissive and nonemissive states and their emission localized, are applied to
plasmonic nanoparticle substrates, revealing the hidden shape of the nanoparticles while
also mapping local electromagnetic field enhancements and reactivity patterns on their
surface. However, these results must be interpreted carefully due to localization errors
induced by the interaction between metallic substrates and single fluorophores. Second,
plasmonic nanoparticles are explored as image contrast agents for both superlocalization
and super-resolution imaging, offering benefits such as high photostability, large signal-to-
noise, and distance-dependent spectral features but presenting challenges for localizing
individual nanoparticles within a diffraction-limited spot. Finally, the use of plasmon-
tailored excitation fields to achieve subdiffraction-limited spatial resolution is discussed,
using localized surface plasmons and surface plasmon polaritons to create confined excitation volumes or image magnification to
enhance spatial resolution.
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1. INTRODUCTION

Super-resolution imaging has largely been recognized for its
contributions to biological imaging (and to demonstrate this,
one need look no further than the 2014 Nobel Prize in
Chemistry announcement),1 but the technique is quickly
gaining popularity for addressing problems in materials science,
finding utility in studying polymer dynamics, catalysis, and
plasmonics.2−9 Super-resolution imaging encompasses a range
of far-field optical microscopies, which have the common ability
to produce images with resolution below the diffraction-limit of
light. Plasmonics and super-resolution imaging are natural
partners, given that plasmonics provides a simple strategy to
achieve subdiffraction-limited excitation volumes using a far-
field excitation source, by exploiting the natural ability of
plasmonic nanostructures to focus light to subwavelength
dimensions. Moreover, plasmonic nanoparticles are attractive
alternatives to organic dyes or quantum dots as image contrast
agents for optical microscopy, due to their large extinction cross
sections, high photostability, and lack of blinking (which can be
both an asset and a liability in super-resolution imaging
applications). Lastly, plasmonic nanostructures are by their very
nature nanoscale in dimension, requiring subdiffraction-limited
imaging tools to explore many of the subtle relationships
between structure and function.

A plasmon is a quasi-particle, based upon a light-driven,
coherent multielectron oscillation in materials with negative
real and small positive imaginary dielectric constants.10−15 Put
another way, the electric field component of light interacts with
the surface conduction electrons in a plasmonic material,
driving those electrons into a collective oscillation at the
frequency of the incident field (Figure 1, panels A and B). In
the visible region of light, the dielectric condition for plasmon
excitation (i.e negative real and small positive imaginary
dielectric constant) is met by coinage metals such as gold
and silver, which are the most common plasmonic materials,
although metals such as aluminum and copper have recently
generated significant interest due to improved control over
oxide formation.16−18 In the near IR, doped semiconductors
such as aluminum-doped zinc oxide and tin-doped indium
oxide have recently emerged as a new class of plasmonic
materials, indicating the diversity of materials capable of
supporting plasmons.19−23

Plasmons are typically separated into two categories,
localized surface plasmons and propagating surface plasmons
(or SPP), based on the dimensions of the underlying structures.
Localized surface plasmons are excited on nanoparticles with
dimensions smaller than the wavelength of the excitation light
and can be thought of as standing electron density waves
trapped near the surface of the nanoparticle (Figure 1A).15,24,25

Alternatively, propagating plasmons are excited in materials
with at least one dimension smaller than the wavelength of light
and another larger than the wavelength of light (for example, a
thin metal film or a micron-length nanowire), such that the
electron density wave travels along the extended dimension of
the structure over distances much longer than the wavelength
of light (Figure 1B). In both cases, the concentration of

Figure 1. (A) Schematic of a localized surface plasmon showing the displacement and resulting oscillation of the surface conduction electrons in
response to light. (B) Schematic of a surface plasmon polariton (SPP), showing the propagation of a charge density wave down a thin metal film. (C)
Near-field electromagnetic field intensity distribution around plasmonic nanostructures of varying shapes (sphere, cube, and triangle) excited by
plane wave excitation at their plasmon resonance. The sphere on the left has radius 50 nm, and the remaining particles have the same total volume as
the sphere. The color scale represents the intensity of the local electromagnetic field relative to the incident intensity. Adapted with permission from
ref 25. Copyright 2005 Materials Research Society. (D) Electric field distribution of a propagating plasmon along a nanowire at an interface. Adapted
from ref 24. Copyright 2012 American Chemical Society.
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electrons to tightly confined regions near the nanostructure
surface leads to highly localized enhanced electromagnetic
fields (Figure 1, C and D).25 The intensity of the enhanced
electromagnetic fields can exceed 104−109 of the incident field
intensity, yet these regions of enhanced fields are confined to
volumes much smaller than the diffraction limit of light, as
shown in Figure 1 (panels C and D).25−28 Thus, plasmonic
nanostructures serve as intense near-field excitation sources for
molecules on or near their surface, which is the basis of surface-
enhanced spectroscopies such as surface-enhanced Raman
scattering (SERS) and surface-enhanced fluorescence
(SEF).29−35

In addition to the strong local electromagnetic field
enhancements offered by plasmon excitation, plasmonic
nanostructures produce Rayleigh scattering at their plasmon
resonance, allowing single nanoparticles to be easily imaged in
an optical microscope (Figure 2). This property makes

plasmonic nanostructures attractive labels for optical imaging
applications.36−44 Moreover, the plasmon resonance is
extremely sensitive to the shape, size, and composition of the
nanoparticle (Figure 2) as well as its local environment, which
is the basis of localized surface plasmon resonance (LSPR)
sensing in which spectral shifts are measured as a function of
the local dielectric environment.15,45−49 The LSPR is also
sensitive to the proximity of other nanoparticles, which is useful
for measuring subwavelength interparticle distances, as will be
discussed later in this review.50−52

Having described the various properties of plasmonic
nanostructures, we next turn to how these ideas can be
connected to super-resolution imaging. The Rayleigh criterion
tells us that two emitters spaced by less than 0.61λ/N.A. (where
λ is wavelength and N.A. is the numerical aperture of the
imaging optic) cannot be resolved as individual objects. The
result is a lack of resolution when imaging subwavelength
structures, leading to limited information regarding the true
size/shape of a single emitter (as seen in the nanoparticles
shown in Figure 2) and an inability to discriminate multiple
emitters within a diffraction-limited spot. For visible light, the
resolution of a typical far-field optical image is ∼250−300 nm.
However, by introducing super-resolution imaging techniques,
we are able to overcome this resolution limitation and routinely
achieve resolution in the 5−20 nm range.53−58

Far-field super-resolution imaging can be broadly separated
into two main classes, one based on tailoring the emission
properties of single emitters and one based on tailoring the
properties of the excitation field (note that we exclude near-
field imaging approaches,59−62 which use scanning probes and

are beyond the scope of this review). For the former class,
individual emitters are controllably modulated between
emissive (“on”) and nonemissive (“off”) states such that only
a single emitter is “on” within a diffraction-limited spot at a
given time.56,63,64 The diffraction-limited emission from that
single emitter is then fit to a model function, such as a two-
dimensional (2D) Gaussian, in order to localize its position
based on finding the peak of the fit. The fitting process is
repeated multiple times as different molecules are switched
between the “on” and “off” states, allowing the position of each
emitter to be independently localized. Superimposing the
positions of the individual emitters creates a composite
reconstructed image. This approach to super-resolution
imaging has many associated acronyms (STORM, PALM,
PAINT, and GSDIM), typically distinguished by the mecha-
nism with which molecules are modulated between emissive
and nonemissive states; in this review, we will group these
techniques as localization-based super-resolution imaging
strategies. Alternatively, techniques such as stimulated emission
depletion (STED) or structured illumination microscopy
(SIM) achieve improved resolution by modification of the
far-field excitation profile through the introduction of phase
masks or interference grids. Unlike localization-based super-
resolution imaging, tailored excitation approaches do not
require specialized emitters but do require the introduction of
additional imaging elements and, in some cases, significant
image processing.
In combination, super-resolution imaging and plasmonics

enjoy a mutually beneficial relationship. In this review, we
describe both how super-resolution imaging is used to enhance
our understanding of plasmonic nanostructures by probing
structure/function relationships at nanoscale dimensions, as
well as how plasmonic nanostructures are integrated into super-
resolution imaging techniques to improve their performance. In
the first section, we discuss how localization-based super-
resolution imaging strategies allow us to map local electro-
magnetic field enhancements on plasmonic nanostructures,
optically determine the shapes of plasmonic nanostructures,
and even follow reactions happening on the surface of
plasmonic nanostructures. We also describe the major
challenges of using localization-based super-resolution imaging
in combination with plasmonic nanostructures, specifically the
various sources of localization error that can occur due to the
proximity of metallic substrates. In the second section, we
discuss how plasmonic nanostructures are used as probes for a
suite of different super-resolution imaging techniques. Here, we
make careful note of the distinction between super-resolution,
in which two nearby emitters are spatially discriminated, and
superlocalization, in which the position of a single emitter is
determined with <20 nm precision. While plasmonic nano-
particles are superior probes for the latter due to their
photostability and high signal-to-noise, they present a distinct
challenge for the former because they do not offer
straightforward mechanisms for modulation of their emission,
requiring specialized strategies for achieving subdiffraction-
limited resolution. In the final section, we describe how
plasmonic nanoparticles are useful for super-resolution imaging
applications based upon tailored excitation fields. Here we
highlight the inherent ability of plasmonic nanostructures to
tailor excitation fields by concentrating light to subdiffraction-
limited dimensions (as in Figure 1, panels C and D), as well as
the benefits of integrating plasmonic nanostructures into other
super-resolution techniques such as STED and SIM.

Figure 2. Dark-field scattering image of silver nanoparticles of different
sizes and shapes. Adapted from ref 132. Copyright 2007 American
Chemical Society.
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2. LOCALIZATION-BASED SUPER-RESOLUTION
IMAGING OF PLASMONIC NANOSTRUCTURES

2.1. Introduction

In the previous section, we introduced the principle of
localization-based super-resolution imaging as a combination
of two processes: (1) modulating the emission of a collection of
emitters such that only a single emitter is active within a
diffraction-limited spot at a given time and (2) localizing each
emitter by fitting its diffraction-limited emission to a model
function, such as a 2D Gaussian, where the position of the peak
in the fit is approximated as the position of the emitter. By
collecting the positions of each emitter and plotting them in a
composite image, we create a reconstructed image. In the case
when the emitters are attached to a subdiffraction-limited
object, such as a plasmonic nanoparticle, the reconstructed
image reveals the hidden structure of the nanoparticle (Figure
3).
For an actual experiment, specialized emitters are chosen that

have the ability to be controllably modulated between emissive
and nonemissive states. In this section, we introduce various
mechanisms by which the emission of single molecules is
modulated near the surface of plasmonic nanostructures and
the impact that proximity of the metal has on the photophysical
properties of these specialized probes. Next, we describe
sources of localization error that occur due to coupling between
plasmonic nanostructures and molecular emitters. Finally, we
show multiple examples in which localization-based super-
resolution imaging is used to reveal the spatial distribution of
local electromagnetic field enhancements, nanoparticle struc-
ture, and reactivity of plasmonic nanoparticles, paying careful
attention to how issues of plasmon-molecule coupling impact
the accuracy of the results.

2.2. Molecular Photophysics near Plasmonic
Nanostructures

2.2.1. Modulating Molecular Emission near Plasmonic
Nanostructures. The localization-based super-resolution
imaging literature has numerous strategies to modulate the
emission of single molecules, including the creation of
metastable dark states, interconversion between dark and
bright conformations, and diffusion-based approaches.56,65−71

Rather than summarize all of the available strategies, this
section will highlight several strategies that have been

successfully employed for localization-based super-resolution
imaging on plasmonic nanostructures, particularly noting
strategies that are specific to plasmonic substrates. For example,
our group has successfully used ground state depletion followed
by individual molecule return (GSDIM)66,72−74 to modulate
the emission of carboxytetramethyl rhodamine (TAMRA) and
ATTO532 fluorophores attached to plasmonic nanostruc-
tures.75−78 In GSDIM, a laser excites a collection of molecules
with a sufficiently high excitation rate to populate the triplet
state and deplete the ground singlet state. By careful choice of
fluorophore and control of the local environment, the triplet
state lifetime can exceed hundreds of milliseconds, effectively
placing most of the molecules into a nonemissive “off” state.66

As individual molecules stochastically relax back to the ground
state, they become emissive again, allowing each to be localized
by fitting its diffraction-limited emission. The process is
repeated as additional molecules relax from the triplet state
and undergo spontaneous emission. In a similar technique,
known as direct stochastic optical reconstruction microscopy
(dSTORM), thiols are introduced to help extend the time
spent by each molecule in the dark state by creating an
additional metastable state that is reached through the triplet
state;74 this approach was used by Uji-i and workers to study
Alexa647 dyes tethered to silver nanowires.79 In both triplet-
state mediated techniques, the strong laser intensity used to
deplete the ground state should be carefully chosen as to not
exceed the damage threshold of the underlying plasmonic
substrate. Damage can be checked for by monitoring the LSPR
of the nanoparticle to ensure no laser-induced morphological
changes have occurred.
A second mechanism for emission modulation is known as

photoactivation localization microscopy (PALM) and employs
two lasers, one to photoactivate the molecule to its emissive
form and a second to read its fluorescence.80−82 In principle,
this strategy will work for any photoactivatable dye, but PALM
typically refers to photoactivatable variants of fluorescent
proteins (a related strategy, stochastic optical reconstruction
microscopy, or STORM, operates on the same two laser
principle, but uses organic fluorophore pairs, such as Cy3-Cy5,
instead).63,83 In both PALM and STORM, the photoactivation
laser induces a conformational change in the molecule to
activate its fluorescence. By lowering the intensity of this laser,
only a small population of the molecules is activated. The

Figure 3. Schematic of localization-based super-resolution imaging of a plasmonic nanostructure. (A) A plasmonic nanoparticle is labeled with
fluorophores emitting simultaneously (top), which leads to a diffraction-limited image in which the emission from all emitters is superimposed and
no spatial information is obtained (bottom). (B) Modulating the fluorescence using a photoswitching mechanism allows only one molecule to be
emissive at a time (top). The diffraction-limited image can be fit to a model function, and the location of the emitter is approximated by the peak of
the fit (red x, bottom). (C) By collecting the positions of the individual emitters and placing them into a composite image, a reconstructed image of
the shape of the original object is obtained. Scale bars are 500 nm.
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readout laser is then used to probe the fluorescence from each
randomly activated fluorescent molecule, and the position of
the molecule is localized by fitting its diffraction-limited
emission. Activated molecules are ultimately photobleached
by the readout laser, and the process is repeated until all
molecules within the field of view have been investigated.
PALM uses much lower laser intensity than triplet-state
mediated techniques but requires two different lasers for each
photoactivatable probe. Uji-i and co-workers used this strategy
to visualize the positions of fluorescently labeled proteins on
plasmonic nanowires,84 while Aramendıá and co-workers used a
similar two laser activation strategy to modulate spiropyran to
its fluorescent merocyanine form on gold nanorods.85

A third mechanism for emission modulation is based on
point accumulation for imaging in nanoscale topography
(PAINT).86 In PAINT, a sample is immersed in a solution
containing a low concentration of fluorophores that are rapidly
diffusing such that diffraction-limited emission is not resolvable
(i.e., molecules appear “off”). When a molecule adsorbs to the
sample (either through random electrostatic or controlled
binding interactions), it becomes immobilized, such that
diffraction-limited emission is observed (“on”) and is then fit
to extract the position of the emitter. Next, the molecule either
photobleaches or desorbs from the surface, returning it to the
“off” state, and the process repeats. The frequency of emission
events is controlled by the concentration of fluorophores in
solution, making it simple to modulate the time between
successive emission events. Unlike GSDIM and PALM, which
typically requires attaching molecules to the sample of interest,
thereby limiting the number of probe molecules that can be
localized, PAINT can be repeated for (in principle) infinite
cycles, simply by refreshing the fluorescent molecules in
solution. In the purely diffusive regime (e.g., no probe capture
on/near the surface), PAINT is also less susceptible to
heterogeneity in the attachment chemistry of the probe to
the surface, which can be significant on plasmonic nano-
particles,75−78,87−89 although preferential adsorption on specific
defect sites or crystal facets may still occur. A disadvantage of
PAINT is background from probe molecules adsorbing
nonspecifically to the substrate, which may not be easily
discriminated from molecules adsorbing to the sample of
interest.
While the emission modulation strategies described above

have been used by both the plasmonic and biological imaging
communities, plasmonic nanostructures offer several additional
emission modulation mechanisms that are not available on
biological substrates. For example, adsorbing molecules on or
near the surface of plasmonic nanoparticle substrates enables
the observation of SERS. In the limit where ∼1 molecule is
adsorbed to the surface of an aggregated nanoparticle, it is
possible to observe single molecule SERS (SM-SERS), which is
well-known to have strong on/off blinking behavior (Figure
4A), providing a simple method for emission modulation
without the need for additional lasers or chemicals.90−96

Alternatively, some SERS probes, such as Nile Blue, can be
switched between emissive and nonemissive forms as a function
of their redox state.97−106 By integrating plasmonic nano-
particles into electrochemical cells and modulating the applied
potential, the SERS signals can be turned on and off, allowing
the spatial origin of the SERS emission to be localized.101,104,107

Moreover, plasmonic nanoparticles are able to catalyze
reactions that convert nonfluorescent molecules to fluorescent
forms, providing a reaction-based strategy for controlling the

emission of molecules on or near the nanoparticle surface. For
example, gold nanoparticles catalyze the production of the
fluorescent molecule resorufin from nonfluorescent precursors,
such as resazurin or Amplex Red, in the presence of an
appropriate coreactant (Figure 4B).108−110 As with the PAINT
strategy described above, the frequency of fluorescence
emission events is controlled by molecular concentration, yet
this strategy is highly specific to the nanoparticle surface due to
the catalytic role of the gold. In all of these cases, the metal
surface plays an integral role in controlling the properties of the
emitter, offering expanded strategies for emission modulation
for localization-based super-resolution imaging.

2.2.2. Impact of Plasmonic Metals on Molecular
Photophysics. Although each of the emission modulation
strategies described above has been successfully applied to
super-resolution imaging of molecules on or near the surface of
plasmonic nanoparticles, we must also consider the impact of
the metal on the photophysics of the molecule. Fluorophores in
the vicinity of a metal surface experience altered excited state
lifetimes (through changes in both the radiative and non-
radiative decay of the molecules) and excitation rates (through
locally enhanced electromagnetic fields if the metal surface is
plasmonic) and, therefore, changes in the fluorescence
intensity, quantum yield, and stability of the molecules
occur.35,111−114 Changes in the excitation rate, radiative decay
rate, and nonradiative decay rate of a molecule will depend on
the shape and size of the nearby metallic nanostructure, the
identity of the metal, the distance between the nanoparticle and
the molecule, the orientation of the molecule relative to the
nanoparticle surface, and the spectral overlap between the
metal (if plasmonic) and the molecule.112,115−126 Because of
this large parameter space, there have been a number of studies

Figure 4. (A) Inherent temporal fluctuations of SERS from a single
Rhodamine 6G molecule adsorbed to a colloidal silver nanoparticle
aggregate. Adapted from ref 168. Copyright 2010 American Chemical
Society. (B) Schematic of the conversion of nonfluorescent resazurin
to fluorescent resorufin at the surface of a silica-coated gold
nanoparticle. Adapted from ref 186. Copyright 2013 American
Chemical Society.
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focused on quantifying these relationships for specific metal
nanoparticle-dye pairs (including quantum dots); rather than
attempt to summarize the results, we point the interested
reader to a few key sources115,127−129 and instead focus on
some general trends and how they impact localization-based
super-resolution imaging.
The fluorophore-nanoparticle distance is very important in

determining whether enhancement or quenching of the
fluorescence is observed. For example, Novotny and co-workers
probed how the intensity of a single Nile Blue molecule
changed when an 80 nm spherical gold nanoparticle attached to
an optical fiber approached the molecule along the axial (z)
dimension.112 As the nanoparticle moved closer to the Nile
Blue molecule, the fluorescence intensity increased, with the
highest enhancement observed when z = 5 nm. At distances
below 5 nm, quenching of the fluorescence was observed. The
same phenomenon has been explored by various groups using
different molecular spacers like silica, self-assembled mono-
layers, and DNA to control the spacing between the
fluorophore and plasmonic particles of different size and
shape.115−118,120 The general trends from these types of
experiments are summarized in Figure 5. If the fluorophore is

very close to the metal nanoparticle, quenching of fluorescence
occurs (Figure 5A) due to the increase in the nonradiative
decay rate near the metallic surface. At some optimal distance
between nanoparticle and fluorophore (which changes based
on the system), enhanced fluorescence is observed (Figure 5B)
due to both an increase in the radiative decay rate that
dominates the nonradiative decay rate, as well as the enhanced
excitation rate due to locally enhanced electromagnetic fields.
Once the molecule is sufficiently far from the nanoparticle, the
fluorescence returns to the value of the isolated molecule
(Figure 5C). At the optimal molecule-metal distance, the
fluorescent enhancement increases the number of photons
emitted by the molecule per image, which (in principle)
improves the localization precision when the diffraction-limited
emission is fit to extract the position of the molecule.130

However, if the molecule is too close to the metal surface,
fluorescence quenching will occur, leading to a reduction in the
number of photons emitted by the molecule, which lowers the
signal-to-noise ratio and therefore worsens the localization
precision. Thus, for localization-based super-resolution imaging
on plasmonic nanostructures, one should optimize the distance
between the fluorophore and the nanostructure to produce as
many fluorescent photons as possible.131

In addition to optimizing the distance of the fluorophore
from the nanoparticle surface, spectral overlap between the
molecule and the nanoparticle can also be optimized to
enhance fluorescence. As described in the Introduction,
plasmonic nanoparticles act like antennae to focus and enhance
excitation light, creating enhanced local electromagnetic fields
(Figure 1, panels C and D).26−28 By overlapping the plasmon
resonance with the absorption spectrum of the molecule, the
plasmon-enhanced fields will generate larger excitation rates,
and therefore increased emission rates, from the mole-
cule.132,133 Moreover, tuning the LSPR of the plasmonic
nanostructure to overlap with the fluorophore emission
spectrum will also amplify the fluorescence intensity because
of the efficient dipole−dipole coupling of metal and
fluorophore.115,116,134 Thus, there is a “sweet spot” for tuning
the LSPR spectrum relative to both the absorption and
emission spectrum of a dye, as shown by Ginger and co-
workers for several different fluorophores interacting with silver
nanoprisms of varying LSPR.132 In their work, the strongest
overall fluorescence enhancement was observed when the
LSPR spectrum was shifted to higher energies relative to the
molecular emission, although the exact spectral relationship
varied with fluorophore identity.
To probe both the spectral and distance dependence of

fluorescence enhancement, Murphy and co-workers studied the
fluorescence emission from an IR-active dye attached to silica-
coated gold nanorods.133 The LSPR of the nanorod was varied
by changing its aspect ratio, and the nanoparticle-fluorophore
distance was controlled by varying the thickness of the silica
shell. A 10-fold enhancement in the fluorescence was observed
when the LSPR overlapped with the absorption spectrum of the
molecule (peaked at 794 nm) and the silica shell thickness was
∼17 nm, as shown in Figure 6. We note that this optimized

distance for maximum fluorescence enhancement is more than
three times larger than the distance found by Novotny and co-
workers described previously,112 indicating the strong system-
dependent relationship between nanoparticle-molecule spacing
and maximum fluorescence enhancement. Thus, for super-
resolution applications, considering both the distance depend-
ence and the spectral overlap between the nanoparticle and the
molecule is critical for achieving the highest signal-to-noise and

Figure 5. Changes in molecular fluorescence intensity with respect to
the metal nanoparticle−fluorophore distance. (A) Fluorescence
quenching due to a very short separation distance. (B) Fluorescence
enhancement due to an optimal, intermediate separation and (C)
undisturbed fluorescence due to a far separation distance.

Figure 6. Contour map showing the fluorescence enhancement (color
scale) of the IR Dye 800CW dibenzylcyclcooctyne immobilized on
gold-silica (core−shell) nanorods as a function of the gold LSPR and
silica shell thickness. Maximum enhancement was observed for a shell
thickness of ∼17 nm and when the plasmon resonance overlaps
strongly with the dye absorption spectrum (peaked at 794 nm).
Reprinted from ref 133. Copyright 2014 American Chemical Society.
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thus the best localization precision (although, as we shall see in
section 2.3, additional factors will play a role in localization
precision in these systems).
Lastly, we note that the overall fluorescence lifetime

decreases as the molecule approaches the particle sur-
face,135−138 which typically increases the stability of the dye
because it reduces the probability of the excited state molecule
reacting with nearby oxygen or other species that leads to
photobleaching.139−141 Fluorophore photobleaching is one of
the main challenges in super-resolution imaging because it
limits the length of time a single probe is observable; thus,
proximity to plasmonic nanostructures helps overcome this
challenge.136,142 Distance-dependent changes in the lifetime will
also impact the emission modulation of fluorescent molecules,
particularly using strategies such as GSDIM or dSTORM,
which rely upon the natural triplet state photophysics of
molecules to enable switching between emissive and non-
emissive states. For example, we found that changing the
distance between a TAMRA fluorophore and a gold nanorod
changed the blinking statistics of the molecule in super-
resolution imaging experiments using GSDIM.78 Similar
distance-dependent changes in blinking statistics were reported
by Baumberg and co-workers for Cy5 spaced from metallic
substrates using DNA.143 Thus, changes in the photophysics of
fluorescent molecules near plasmonic substrates not only
impacts the overall brightness of the probe but also can affect
the emission modulation, requiring further care in designing
optimal plasmonic-molecular systems for localization-based
super-resolution imaging studies.

2.3. Localization Errors in Super-Resolution Imaging near
Plasmonic Substrates

A fundamental approximation in localization-based super-
resolution imaging is that the position of a single emitter can
be determined by fitting its diffraction-limited emission to a
model function and assuming that the position of the peak of
the fit matches the position of the emitter. In the case of a 2D
Gaussian model, the diffraction-limited emission is fit to the
following expression:
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Here, I(x,y) represents the measured diffraction-limited
emission across the x,y pixels of the imaging chip; z0 is the
background intensity; I0 is the peak emission intensity; sx and sy
are the width of the distribution in x and y, respectively; and x0
and y0 are the location of the peak of the intensity distribution.
Thus, when a Gaussian model is used to fit diffraction-limited
emission, the position of a single dye is approximated as (x0,
y0). This model has several limitations, as will be discussed in
section 2.3.2 below, leading to localization errors in the
calculated positions of single emitters relative to their true
positions. These localization errors may be further exacerbated
when the molecule is in proximity to a plasmonic
nanostructure, which affects the diffraction-limited emission
via a combination of mechanisms, including plasmon-molecule
coupling, point spread function distortions, and image dipole
formation. In this section, we explore the various theoretical
and experimental demonstrations of these localization errors,
both due to the presence of the plasmonic nanostructures as
well as the choice of fitting function.

2.3.1. Impact of Plasmonic Nanostructures on Local-
ization Errors. Because plasmonic nanostructures effectively
behave as nanoantennae for light, emission from single
molecules (or any other emissive probe such as quantum
dots or nanodiamonds) may couple into various plasmon
modes of the nanostructure, leading to emission originating
from the plasmonic, rather than the molecular, source. Haran
and co-workers illustrated this principle by studying polarized
SERS emission from single molecules adsorbed to silver
nanoparticle dimers and found that the emission was polarized
along the long axis of the dimer, rather than along the
orientation of the molecule.144 This suggests that the radiation
originates from a highly coupled system, involving both the
molecule, which generates the SERS signal, and the plasmonic
nanostructure, which radiates that signal into the far-field. A
similar demonstration of the high degree of coupling possible
between molecules and plasmonic nanostructures comes from
calculations by Ausman and Schatz, who placed a single dipole
emitter at various locations on a nanoparticle dimer surface and

Figure 7. Normalized number of localized Cy5.5 molecules as a function of distance from the nearest edge of three different sized gold nanodisks
with diameters of (A) 55, (B) 90, and (C) 140 nm. The dashed vertical line represents the edge of the nanodisk. The majority of the events are
localized at the center of the disk, and a “depletion zone” with fewer-than expected events is located ∼20−50 nm from the nanodisk edge. The insets
show the scatter plot of the positions of the localized emission. The perimeter of the nanodisk is represented as a black circle. Scale bars: 100 nm.
Adapted from ref 146. Copyright 2015 American Chemical Society.
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found that the emission was neither localized exclusively on the
single dipole nor on the nanoparticle but was instead a
convolution between the position of the dipole and the
plasmon modes to which it coupled.145

The implication of the high degree of coupling possible
between a single molecule and a plasmonic nanostructure is
that the diffraction-limited emission reflects the convolution
between the two sources, such that localizing the emission does
not produce the true position of the molecule, nor the
plasmonic nanoparticle, but instead some combination of the
two. Thus, when localization-based super-resolution imaging
techniques are used to probe the positions of molecules relative
to a plasmonic nanostructure, significant localization error may
occur. Biteen and co-workers illustrated this principle using a
PAINT (e.g., diffusion-based) approach by localizing single
molecule emission from Cy5.5 molecules diffusing to the
surface of gold nanodisks with varying diameter.146 In most
cases, the authors localized the bulk of the emission events to
the center of the disks (Figure 7), even though there was no
capture chemistry to promote specific adsorption of the dye to
the gold surface. This result suggests that the emission was not
localized to the true position of each Cy5.5 molecule but was
being coupled out through the plasmon modes of the gold disk,
causing the position of the emission events to collapse towards
the center of the nanodisks. Moreover, only a small number of
emission events were observed around the outer perimeter of
the disks, which the authors designated as a “depletion zone,”
suggesting that even molecules that landed tens of nanometers
from the gold nanodisk surface were coupling into the plasmon
modes of the disk and being radiated out through the
plasmonic, rather than the molecular, source.
Similar results were observed by Uji-i and co-workers, who

also used a PAINT-style approach to localize cresyl violet
emission as it diffused near the surface of gold nanorods.147

Similar to the results of Biteen,146 they found that the emission
was localized to the center of the nanorod, retaining no
information about the underlying shape or anisotropy of the
nanorod structure. Finite difference time domain (FDTD)

calculations on this system are shown in Figure 8, as a
horizontally oriented dipole (red arrow) is moved over the
surface of the gold nanorod. Panels a−c show the calculated
diffraction-limited emission from this coupled system. By fitting
these calculated images to a 2D Gaussian, the spatial origin of
the plasmon-coupled emission is found, as shown by the three
black ×’s in panels g−i. For comparison, the true position of
the molecular emitter is shown as a red ◆, and the center of
the nanorod is shown as a cyan ●. In all cases, the emission is
localized near the center of the nanorod, consistent with the
experimental results, although there is some bias in the
calculated position, based on how the dipole couples to the
plasmon modes of the nanostructure, as illustrated by the near-
field distributions of the emission in panels d−f.
A major challenge with extracting the true position of a single

molecule in this highly coupled plasmonic system is the number
of variables that impact the coupling strength and therefore the
extent of the localization error; these include the distance of the
probe from the surface, the position of the probe relative to the
nanoparticle surface (as in Figure 8), the orientation of the
probe relative to the nanoparticle surface, and the spectral
overlap between the probe and the plasmon resonance. While
the molecule-particle distance is the easiest parameter to
control by using spacer layers such as DNA, polyelectrolyte
layers, and silica,75−78,117,118,133,137,148 the other parameters
offer distinct experimental challenges. For example, many
plasmonic nanostructures support dark, or nonradiative,
plasmon modes, which are difficult to excite by plane wave
excitation and thus do not typically appear in measured
plasmon resonance spectra.149 However, these dark modes can
be excited by highly localized excitation sources, such as
electron beams.150−154 Single molecule emitters are also highly
localized excitation sources, so they may also couple into these
dark modes, as postulated by Schatz.155 Thus, when
considering the spectral overlap between a molecular emitter
and a plasmonic nanostructure in order to control coupling
strength, both bright and dark plasmon modes must be taken
into account, in addition to the relative position, orientation,

Figure 8. (a−c) Calculated emission patterns for dye molecules (red arrows) at three different positions relative to a gold nanorod. (d−f) Simulated
near-field intensity distribution associated with molecular emission near the nanorod. Note that while the some emission intensity is localized near
the molecule, there is also significant intensity distributed over the surface of the nanorod, indicative of plasmon-molecule coupling. (g−i) Calculated
position of each dye (black ×), localized using a 2D Gaussian fit to the simulated data from panels (a−c). The red ◆ and cyan ● represent the actual
position of dye and center of the nanorod, respectively. Adapted from ref 147. Copyright 2016 American Chemical Society.
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and distance between the molecule and the plasmonic
nanostructure.
The presence of a metallic surface can also impact the point

spread function of the emission, leading to further localization
errors. For example, Uji-i and co-workers demonstrated that
when Alexa647 molecules are tethered to silver nanowires, the
diffraction-limited emission showed significant distortions, as
shown in Figure 9.79 In some cases, the emission from the
molecule showed the expected symmetric response (Figure
9A), while in other cases, the emission appeared asymmetric
(Figure 9, panels B−D) or even split into multiple lobes
(Figure 9, panels E−H). By eye, it is clear that the traditional
2D Gaussian fitting model is not appropriate for fitting these
distorted point spread functions, requiring additional analysis to
properly address the presence of these distorted emitters. Even
with a more rigorous data analysis, these distortions lead to
significant localization errors in the positions of the Alexa
fluorophores, which impact the reconstructed images of the
nanowires in diameter-dependent ways.79 For example, nano-
wires with diameter of 250 nm showed localized emission
events falling along two parallel lines tracking the edge of the
nanowires, with no emission events in the center, and the
apparent diameter of the nanowire was much larger than its
true diameter. On the other hand, reconstructed images of
nanowires with diameters of 110 nm showed much better
agreement with the overall shape and size of the nanowire,
suggesting that the distortions were less problematic with the
smaller diameter nanowire substrates. Thus, point spread
function distortions appear to depend on the shape and size
of the underlying nanostructure, and in the cases where smaller
nanoparticles are studied (such as the work of Biteen and our
own work), these distortions have not been noted.75−78,146

Nonetheless, it is critical that careful screening is performed
during localization-based super-resolution analysis to ensure
that distorted point spread functions are not present in the raw
data, and if they are, that they are analyzed appropriately.
Formation of image dipoles in a metallic structure may also

affect the emission pattern from a nearby emitter. When a
dipole is placed near a plasmonic nanoparticle, it induces a
dipole in the metallic structure called an image dipole. The
image dipole serves as a secondary source of emission that will

either interfere constructively or destructively with the emission
from the original dipole, based on its orientation relative to the
metallic surface (Figure 10A).156 This interference effect will

shift the localized emission of the dipole away from its true
position, as shown in the FDTD calculations in Figure 10B.
Here, ● represents the true position of a dipole emitter placed
30 nm from the surface of a nanowire, while the ○ represents
the localized position of the emitter based on fitting its
calculated point spread function. In the case when the dipole is
oriented perpendicular to the nanowire surface, the dipole and
image dipole interfere constructively, and the emission is
localized between the two emission sources, closer to the
nanowire surface (Figure 10B, top). However, when the dipole
is oriented parallel to the nanowire surface, it interferes
destructively with the image dipole, shifting the localized
emission further from the nanowire surface and away from the
true position of the molecular emitter (Figure 10B, bottom).

Figure 9. Point spread function distortions of single molecule emission events near a silver nanowire. The two parallel dotted lines represent the
edges of the nanowire. Reprinted by permission from Macmillan Publisher Ltd.: Nature Communications (ref 79), copyright 2015.

Figure 10. (A) Schematic portraying the far-field interference of direct
radiation from an emitter (solid black line) with the secondary
radiation arising from the image dipole in the silver nanowire (dashed
red line). (B) FDTD calculations of the point spread function of an
emitter orientated perpendicular (top) and parallel (bottom) to the
nanowire edge (shown as gray parallel lines). The calculated position
of the emitter (○) is shifted relative to its true position (●). Reprinted
by permission from Macmillan Publisher Ltd.: Nature Communica-
tions (ref 156), copyright 2015.

Chemical Reviews Review

DOI: 10.1021/acs.chemrev.6b00547
Chem. Rev. 2017, 117, 7538−7582

7546

http://dx.doi.org/10.1021/acs.chemrev.6b00547


The former case will lead to smaller-than-expected recon-
structed images, while the latter will result in larger-than-
expected reconstructed images relative to the actual size of the
nanowire substrate.
As a final consideration, we note that the local dielectric

environment may be different across the nanoparticle surface
(for example, if the nanoparticle is at an interface, is in a cellular
environment, or is asymmetrically functionalized). Local
differences in the dielectric environment may perturb how
molecular emission couples into the plasmon modes of the
nanostructure as well as how the plasmonic nanostructure
radiates emission into the far field, inducing additional
localization error when fitting the diffraction-limited emission.
While the effect of variations in the local dielectric environment
is typically neglected for single molecule emitters due to their
small size (∼1−3 nm), we cannot ignore this additional source
of error for plasmonic nanostructures, which have dimensions
in the tens of nanometers and therefore a significant possibility
of sampling local environmental variations.
2.3.2. Appropriateness of the Two-Dimensional

Gaussian Model. In addition to localization error introduced
by interactions between plasmonic nanostructures and dipole
emitters, the choice of fit model will also have a significant
impact on the accuracy of localization results. The 2D Gaussian
model described previously is the most popular fit model for
localization-based super-resolution imaging due to its straight-
forward, closed form expression (eq 1) and limited number of
fit parameters; however, the model is entirely empirical, with no
physical relationship to the actual point spread function of a
molecular emitter. As a result, the model introduces significant
localization errors, particularly for dipole emitters that have a
component parallel to the optical axis of the imaging system
(e.g., are pointed out of the sample plane).157−160 A better
localization strategy is to treat a molecular emitter as a dipole
and calculate its emission as it propagates through the imaging
system and onto the detector.157−159 While this rigorous
treatment is more accurate and shows near perfect agreement
with experimental single molecule data, there is no simple
closed form expression and it is more computationally
expensive to implement versus the 2D Gaussian model.
To probe whether the dipole model is appropriate for

localizing emission in coupled molecule-plasmon systems, our
group prepared silver nanoparticle dimers with physisorbed
Rhodamine 6G and measured the diffraction-limited SERS
emission.161,162 Nanoparticle dimers support multiple dipole
plasmon modes oriented along the long axis of the dimer
(known as the longitudinal plasmon mode) and the short axis
of the dimer (the transverse plasmon mode).267 With this
highly coupled system, we found the emission is dominated by
the longitudinal dipole plasmon mode of the nanoparticle
dimer, thus yielding diffraction-limited emission that strongly
resembles a single dipole emitter oriented along the long axis of
the nanoparticle dimer.161 However, when the data were fit, we
found while the 2D Gaussian model produced poor fits as
expected, the single dipole model described above also failed to
correctly describe the SERS emission from this system.162 We
expanded the model to include contributions from two
additional mutually orthogonal dipoles, allowing each dipole
to have a unique emission wavelength to reflect the different
plasmon modes that could be contributing (e.g., the
longitudinal mode as well as two transverse modes). While
the models using three dipoles showed improved agreement
with the experimental data, we still found deviations between

the raw diffraction-limited emission data and the fit results. This
work illustrates a significant challenge in modeling diffraction-
limited emission from coupled molecule-plasmon systems: in
order to perfectly model the emission, one needs to know all
details of the underlying nanostructure, including the plasmon
modes that could be contributing to the overall emission as well
as the position, orientation, and spectrum of the molecule. For
realistic applications, this appears a near insurmountable
challenge, and thus we expect to have some inherent
localization error due to the choice of fit model.

2.3.3. Dealing with the Luminescence Background.
One final consideration for possible error sources in local-
ization-based super-resolution imaging of plasmonic nanostruc-
tures involves the background inherent to the nanostructures
themselves. Both gold and silver nanoparticles are weakly
emissive,163−165 and this emission will be convoluted with the
signal of interest, affecting the localization accuracy if these
background contributions are not removed. Thankfully, the
emission modulation inherent to localization-based super-
resolution techniques allows the stable luminescence back-
ground to be discriminated from the rapidly modulating
emission from the species of interest. To remove the
background, diffraction-limited images in which only nano-
particle luminescence is observed are first identified; we will call
these background images, for clarity. Second, images in which
emission from both the species of interest and the plasmonic
background are present are identified; we call these signal
images. Next, the background is removed from the signal
images in one of two ways. In the first approach, a raw
background image is directly subtracted from a signal
image.75,108 This strategy has the advantage of being extremely
simple but has the disadvantage of introducing inaccuracies if
any mechanical drift in the imaging system has occurred,
degrading the fidelity of the image registration.166 The second
approach involves fitting the background images to some model
function (such as the 2D Gaussian or the dipole models
discussed above) and then subtracting the background fit from
the image frames.75−78 This strategy is superior for accounting
for sample drift but introduces a model dependency to the
results.75−78

By fitting the background luminescence to some model
function, it is possible to identify the spatial origin of the
luminescence, which will further assist in image registration.
Link and co-workers have shown that luminescence from gold
nanorods track with the plasmon resonance of the rods, in
agreement with our own work that suggests that the spatial
origin of gold nanorod luminescence is associated with the
geometric center of the nanorod, as would be expected for
plasmon-mediated emission.77,163 In addition, calculations from
Masiello and co-workers have shown that the spatial origin of
silver luminescence matches well with plasmon-coupled
emission, in agreement with super-resolution imaging results
from our group.167 Thus, localizing the spatial origin of the
luminescent background provides insight into how different
plasmon-coupled emission processes, such as SERS and
nanoparticle luminescence, are related to each other as well
as to the underlying nanoparticle structure.167,168 Moreover,
when multiple reconstructed images of the same nanostructure
are obtained, the spatial origin of the luminescence serves as a
helpful registration marker for superimposing the images.169

Thus, while the luminescence must be accounted for in order to
improve localization accuracy, these signals are also helpful for
understanding the spatial relationships between signals that
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originate from both molecular probes as well as the
nanoparticles themselves.

2.4. Super-Resolution Imaging of Plasmon-Enhanced
Electromagnetic Fields

Having explained the various experimental strategies and
challenges associated with localization-based super-resolution
imaging of plasmonic nanostructures, we now turn to a series of
examples that illustrate the power of this technique. One of the
early experiments from our group localized SERS emission
from single molecules of Rhodamine 6G physisorbed to
colloidal silver aggregates.168,170 SM-SERS is believed to
originate from junction regions between adjacent nano-
particles,94 where electromagnetic field enhancements may
exceed 108; these regions are often called “hot spots.”171−173

The blinking inherent to SM-SERS allows both the Rhodamine
dye and the silver nanoparticle luminescence to be localized in
these experiments. Interestingly, we found that when we
localized the emission of the SERS signal using a 2D Gaussian,
its spatial origin (e.g., the peak of the Gaussian fit) varied over
time, with a relationship between the spatial origin and
intensity of the SERS emission.168,170 Figure 11A shows an
example of a reconstructed SERS image, where the color scale
represents the SERS intensity and the spatial origin of the signal
is found to extend over a region nearly 50 nm in size.170 The
SERS intensity changes in a gradient-like fashion across the
spatial distribution of events shown in Figure 11A, with the

strongest SERS intensity associated with events largely localized
along the rightmost edge of the distribution and a directional
decrease in SERS intensity as events were localized away from
this edge. This behavior is consistent with the intensity profile
of plasmon-enhanced electromagnetic fields on nanoparticle
surfaces, which also show a gradient-like change in the local
electromagnetic field intensity as a function of position relative
to the nanoparticle surface (Figure 1C), suggesting that we had
successfully mapped SM-SERS hot spots.
To verify that the reconstructed SM-SERS images were

related to nanoparticle hot spots, we performed correlated
electron microscopy.170 Looking at the associated scanning
electron microscope (SEM) image, we find that the nano-
particle substrate is a dimer, as shown in Figure 11B. If we
qualitatively overlap the SERS reconstructed image from Figure
11A on the nanoparticle structure (Figure 11C), we find that
the orientation of the high intensity edge in the SERS image
agrees quite well with the alignment of the dimer junction, and
that the SERS intensity decays as the spatial origin of the signal
shifts away from the junction, as expected for locally enhanced
electromagnetic fields in a dimer structure. To understand why
the spatial origin of the SERS emission is changing with time,
we postulated that as the single molecule diffuses on the
nanoparticle surface, it changes how its emission couples to the
various plasmon modes of the nanoparticle, thereby shifting the
spatial origin of the SERS signal (similar to the results shown in
Figure 8). We emphasize once again that the localized emission
does not correspond to the true position of the molecule but
instead reflects the highly coupled emitter, involving both the
molecule and the plasmonic nanostructure.174

As a second approach for mapping hot spots, Zhang and co-
workers used a PAINT-based strategy to localize single
fluorescent dyes as they diffused to the surface of thin
aluminum films and silver nanoparticle clusters.175 For both
substrates, the emission was localized to regions tens of
nanometers in diameter, with the strongest emission in the
center and an exponential decay in the emission intensity
further from the center, once again suggesting that super-
resolution imaging allows mapping of “hot spots” (Figure 12).
For the aluminum film, the sizes of the hot spots ranged from
10−50 nm, with an average size of 32 nm (Figure 12C), and
the smallest hot spots showed the largest overall emission
enhancement, suggesting tighter confinement of the electro-
magnetic field (Figure 12D). One advantage of this PAINT-
style approach to probing hot spots over the SM-SERS
approach described previously is that many individual emission
events are observed based on different molecules diffusing to
the different sites on the surface, allowing statistics to be
gathered on the system. This is in contrast to the SM-SERS
work where only a single molecule is adsorbed to the colloid
surface, limiting the reconstructed image by the lifetime of the
molecule and the region of the nanoparticle surface that the
molecule explores.
Another example of visualizing hot spots using a PAINT-type

strategy was demonstrated by Yeung and co-workers, using
silver nanowires functionalized with silver nanospheres to
create junction hot spots.176 Rhodamine B was introduced into
solution, and random adsorption events of the dye to the
substrate were localized by fitting the emission to a 2D
Gaussian. Two hot spots were identified within a single
diffraction-limited spot with ∼60 nm separation between them
(Figure 13). Analyzing their emission spectra revealed that the
molecules residing in hot spot A showed a narrow distribution

Figure 11. (A) Reconstructed image of Rhodamine 6G SM-SERS
intensity (color bar) as a function of spatial origin of the signal. (B)
SEM image of the silver colloid dimer associated with the
reconstructed image in (A). (C) Qualitative overlay of the SERS
reconstructed image and the SEM image, showing excellent agreement
between the spatially dependent SERS signals and the structure of the
dimer. Reprinted from ref 170. Copyright 2011 American Chemical
Society.
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of emission wavelengths centered at 550 nm, whereas
molecules in hot spot B showed red-shifted emission with a
broader distribution of wavelengths (Figure 13B). Moreover,
the emission intensity from hot spot A was ∼7 times brighter
than the emission from hot spot B (Figure 13C), indicating that
even in a relatively homogeneous substrate such as nanosphere-
functionalized nanowires, significant diversity is present in the
ability of the hot spots to enhance molecular emission.

Zhou and co-workers also used a PAINT approach to
examine local electromagnetic field enhancements on silver
nanoprisms of varying size (and thus LSPR), using resorufin as
a fluorescent probe.177 Figure 14 shows nine representative
reconstructed images of nanoprisms of varying size and
orientation relative to the linearly polarized laser excitation.
In all cases, the reconstructed image shows the expected
triangular shape and size of the nanoprism substrate. The color
scale represents the relative fluorescence intensity of the
resorufin, and regions of increased fluorescence intensity are
observed on the nanoprisms, typically closer to the triangular
tips, as expected for these shapes. The insets in each panel show
calculated local electromagnetic field enhancements using
FDTD. While the calculations and experiments do not show
perfect agreement, variations in the molecular orientation,
conformation, and spacing could lead to variations in the
measured fluorescence intensity versus the expected local field
enhancement.
As a final example, Baumberg and co-workers attached

fluorescently labeled DNA to commercial Klarite SERS
substrates, which are metal-coated inverted pyramidal struc-
tures.143 A low labeling density of the DNA was observed, such
that reconstructed images of individual inverted pyramids did
not show a strong trend. However, when images from multiple
pyramids were summed, a clear picture of local emission
enhancement along the edges and apex of the inverted
pyramidal structure emerged. These data matched extremely
well with the predicted local electromagnetic field enhance-
ments for the Klarite substrate. These results highlight both the
power of super-resolution imaging in general but also a major
limitation based on the labeling density of the fluorescent
probe. While summing multiple images is an excellent strategy
to overcome low labeling density, any local heterogeneity
associated with individual pyramids is lost.

2.5. Reconstruction of Nanoparticle Shape by
Super-Resolution Imaging

In the previous section, Figure 14 showed several examples
where localization-based super-resolution imaging not only
yielded insight into local emission enhancement but also
reproduced the expected shape of the nanoprism substrates.
One feature of plasmonic nanoparticles is that it is simple to
check whether the reconstructed super-resolution images
reproduce the expected shape and size of the structure by
using structure characterization techniques, such as atomic
force microscopy (AFM) or electron microscopy. Interestingly,

Figure 12. (A) Spatially dependent intensity distribution of single
molecule fluorescence events on the hot spot of an aluminum film.
The highest intensity events are localized in the center of the
distribution. (B) Exponential decay of the intensity away from the
center of the distribution, obtained from the cross section of the peak
from (A) along the x (blue) and y (green) dimensions. The calculated
full width at half-maximum (fwhm) of the hot spot is approximately 20
nm. (C) Histogram of the fwhm observed for 60 hot spots, with an
average width of 32.3 nm. (D) The variation in fluorescence
enhancement factor as a function of hot spot width. Reprinted by
permission from Macmillan Publisher Ltd.: Nature (ref 175),
copyright 2011.

Figure 13. (A) Diffraction-limited wide-field fluorescence image of Rhodamine B adsorbed on silver nanowire-nanoparticle system. (B−C) Scatter
plots of the localized positions of Rhodamine B emission showing two hot spot regions with (B) different spectral maxima and (C) fluorescence
intensity. Adapted from ref 176. Copyright 2013 American Chemical Society.
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sometimes we get the answer wrong. For example, section 2.3.1
discussed several PAINT-type experiments, in which plasmon-
molecule coupling led to tightly confined emission events
mediated by the plasmon radiating the emission into the far-
field. In these extreme cases, all shape and size information
associated with the plasmonic nanostructure is lost.
In work from our group, we have used a GSDIM (e.g.,

triplet-stated mediated) strategy to image single TAMRA and
ATTO532 labeled DNA bound to gold nanorods.76,76,78,169

The fluorophores were chosen to have poor spectral overlap
with the longitudinal (long axis) plasmon mode of the
nanorods, although they show significant overlap with the
weak transverse (short axis) plasmon mode. Figure 15 shows a
representative reconstructed image of the localized emission
events, with an AFM image of the associated nanorod shown in
the inset.75−78 On first glance, we appear to have successfully
reproduced the structure of the nanorod, with excellent
agreement on the shape and orientation between the two
images. However, the size of the reconstructed image is smaller
than the actual size of the DNA-labeled nanorod, which is
represented by the solid orange oval in the figure. We have
tested many different hypotheses to improve the size fidelity of
the reconstructed images, including testing different fit models,

fluorophores, DNA linker lengths, and labeling density, but we
continue to observe a consistent under-estimation of the
nanorod size in the reconstructed images.77,78,169 A similar size
mismatch was observed by Aramendıá and co-workers, who

Figure 14. Reconstructed fluorescence images of resorufin on silver nanoprisms of varying size and orientation relative to the linearly polarized
excitation light: (A−C) 55 nm, (D−F) 70 nm, and (G−I) 80 nm, (A, D, and G) 0°, (B, E, and H) 15°, and (C, F, and I) 30°. The color scale
represents the relative fluorescence intensity. Insets show the FDTD calculations of the local electromagnetic field enhancement for each triangle
relative to its respective size and orientation. Reprinted with permission from ref 177. Copyright 2015 Royal Society of Chemistry.

Figure 15. Reconstructed image obtained by localizing single bursts of
fluorescence from TAMRA-labeled gold nanorods. An orange oval is
drawn to represent the expected nanorod dimensions, determined
from the AFM image in the inset. Reproduced with permission from
ref 76. Copyright 2014 Wiley-VCH.
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used a PALM/STORM photoswitching-style experiment with
the interconverting spiropyran-merocyanine dye to map out the
shape of gold nanorods.85 In their experiments, the
reconstructed nanorod image was also noted to be smaller
than expected relative to the average dimensions of the
nanorods used in the study. Most likely the origin of these size
disagreements stem from plasmon-molecule coupling effects,
but in a regime where the coupling is weak enough that the
localized emission retains significant information about the true
position of the molecule, allowing the shape of the nanorod to
be recreated. However, this remains an open question and
continues to be an active area of research.
In other cases, excellent shape and size agreement is

observed between the reconstructed super-resolution image of
a plasmonic nanostructure and its true structure. For example,
Chen and co-workers followed the conversion of non-
fluorescent Amplex Red to fluorescent resorufin on meso-
porous silica-coated gold nanorods and mapped out recon-
structed nanorod images that had strong agreement with the
predicted size of the nanorods.108 Our group has also used the
TAMRA-DNA system described above to image gold nano-
wires and found multiple examples where the reconstructed
super-resolution images were in near-perfect agreement with
the actual dimensions of the nanowires.75 However, in some
cases, we observed the emission localized to specific regions
along the nanowire surface, which were associated with small
nanoparticle defects, suggesting that the emission was coupling
to SPP modes and being radiated at defect sites.75 Similar
coupling between emissive sites and SPPs on silver nanowires
was also observed by Michaelis and co-workers.178 As our
understanding of how localization errors impact the fidelity of
the nanoparticle shape reconstruction, we anticipate creating a
set of design rules that will allow us to choose the correct
combination of fluorescent probe and nanostructure in order to
obtain the correct structure of plasmonic substrates using
super-resolution imaging.

2.6. Super-Resolution Imaging of Reactions on Plasmonic
Nanoparticle Surfaces

Plasmonic materials are increasingly integrated into a wide
range of applications, including photovoltaics,179,180 hydrogen
production,181 water oxidation,182 bond breaking/mak-
ing,183,184 and electrochemistry,99,101,102,106 with many systems
showing increased reaction efficiency upon plasmon excita-
tion.185 Typically, these experiments are performed on large
collections of nanoparticles, in order to produce enough signal
(e.g., current, reaction products) to be detected by conven-
tional analytical techniques (e.g., voltammetry, chromatogra-
phy, and mass spectrometry). While these ensemble approaches
allow relationships among LSPR, excitation wavelength, and
nanoparticle shape to be established, little mechanistic insight is
gained at the surface of the nanostructures, where structural
heterogeneity may play a significant role in the efficiency of
these processes. Localization-based super-resolution imaging
offers a unique strategy to overcome these limitations by
allowing reactions to be followed at sub-10 nm length scales;
however, for these approaches to be successful, an optical
response must be engineered into the system, in order to
produce a measurable signal that can be localized and related
back to the reactivity of the plasmonic nanoparticle surface.
One strategy to monitor reactions on plasmonic nanostruc-

tures involves using the nanoparticle to catalyze a fluorogenic
reaction, where a molecule in a nonfluorescent state becomes

fluorescent. For example, Chen and co-workers tracked the
conversion of nonfluorescent Amplex Red to fluorescent
resorufin at the surface of silica-coated Au nanorods.108 By
localizing the emission as a function of position on the nanorod
surface, they were able to follow the frequency at which
fluorescence turnover events from the resorufin was observed
as a function of the nanorod structure. They found that for
most of the nanorods, the turnover rate of the reaction was
higher at the ends of the nanorods than the center, often
showing reactivity gradients as events were localized from the
center outward. For longer nanorods, the inverse behavior was
observed, with higher activity in the center. More recently, the
authors extended this approach to silica-coated gold triangular
nanoplates and found that the corners generated the highest
turnover activity followed by the edges and then the center.186

In that study, the conversion of nonfluorescent resazurin to
resorufin in the presence of NH2OH was used as the reactivity
probe. Alivisatos and co-workers studied the same reaction on
uncoated gold triangular nanoplates and found the opposite
reactivity pattern, which they attributed to the silica shell used
by Chen and co-workers impacting the accessibility of the gold
surface.109 Moreover, they found that the local reactivity
changed over time, with nanotriangle corners becoming less
reactive. Transmission electron microscopy (TEM) images
showed structural rearrangement in the nanotriangles, suggest-
ing that the silica shell used by Chen and co-workers had a
protective effect that was lost in the studies on bare
nanotriangles. Importantly, in all of these studies, local
reactivity patterns on the surface of plasmonic nanoparticles
were observed that would have been hidden in traditional
ensemble-averaged approaches.
Although the previous studies lend insight into how structure

impacts reactivity in plasmonic nanoparticle systems, they do
not consider how excitation of the plasmon impacts the
reaction. In particular, plasmon excitation can lead to the
formation of hot electrons, which are electrons that have
energies above the Fermi level of the material that are
generated upon plasmon decay.187−189 By extracting these
plasmon-excited hot electrons, it is possible to use them to
initiate chemical reactions of interest.183,184 To probe local hot
electron photochemistry using super-resolution imaging,
Majima and co-workers developed a boron-dipyrromethene
(BODIPY) derivative that can be reduced from a non-
fluorescent to a fluorescent form.190 The nonfluorescent variant
of the BODIPY was introduced to samples of either bare
titanium dioxide (TiO2) nanoparticles or gold nanoparticle-
decorated TiO2 nanoparticles (Au-TiO2) to study BODIPY
photoreduction on the surface. In the case of the bare TiO2
nanoparticles, UV light is required to populate the conduction
band of the semiconductor and initiate the photoreduction of
BODIPY. For the Au-TiO2 nanoparticles, visible excitation
creates plasmon-generated hot electrons in gold which are
transferred to the TiO2 conduction band to drive the
photoreduction reaction.191 By introducing visible excitation
light and localizing the sites of BODIPY reduction, the authors
found that BODIPY activity was distributed uniformly over the
bare TiO2 nanoparticles but was tightly localized in the case of
the Au-TiO2 samples.191 However, the same result was
observed when both UV and visible light was introduced to
the two different samples, making it difficult to determine if the
difference between the two results was due to structural effects
or plasmon excitation.190 These results illustrate one of the
complexities in using super-resolution imaging to understand
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plasmon-driven reactions: both nanoparticle structure (as seen
in the results from Chen and Alivisatos, above) and plasmon
excitation may contribute to localized reactivity, making it
difficult to isolate the two effects without careful experimental
design.
One such experiment that was able to successfully isolate

structural from plasmonic effects was performed by Fang and
co-workers, using gold nanoparticle capped CdS nanorods
(Figure 16).192 Excitation light at 532 nm, which is resonant
with the plasmon of the gold, creates hot electrons which are
transferred to the CdS semiconductor, leaving hot holes behind
on the gold (mechanism A, Figure 16A). Alternatively, 405 nm
light excites the CdS semiconductor, producing hot electrons in
the conduction band that are transferred to the gold, leaving
excess holes behind on the CdS (mechanism B, Figure 16A).
By localizing conversion of nonfluorescent Amplex Red to
resorufin and monitoring the desorption kinetics of the dye, the
authors were able to distinguish regions of electron and hole
enrichment in the hybrid nanostructures. Figure 16C shows
that when 532 nm light is used, hot holes are created on the
gold surface, while hot electrons are localized in the CdS near
the gold/CdS interface. Alternatively, with 405 nm excitation,
hot electrons dominate on the gold, while hot holes are
localized over the length of the CdS nanorod (Figure 16D). By
using multiple excitation wavelengths and analyzing both the
conversion as well as the desorption kinetics of the fluorogenic
probes, the authors were able to distinguish structural effects
from plasmonic effects in these hybrid materials.

As a final class of reactions, we consider super-resolution
imaging of electrochemical reactions using plasmonic nano-
particles as nanoelectrodes. Our group has used super-
localization imaging to track how the spatial origin of SERS
from Nile Blue molecules adsorbed to plasmonic nanoparticle
aggregates changes as the molecules are toggled between their
oxidized (emissive) and reduced (nonemissive) forms.101,104

We work slightly above single molecule concentrations such
that the localized emission represents the superposition of any
molecules that are in the emissive (oxidized) form at a given
applied potential. In our initial experiments on Nile Blue
adsorbed to silver colloidal aggregates, we found that the spatial
origin of the SERS followed a continuous and reversible
trajectory as potentials were swept between positive and
negative values.101 This led us to hypothesize that the position
of the molecule on the nanoparticle surface would ultimately
impact its redox potential. To prevent diffusion of the adsorbed
Nile Blue, we tethered the molecule to the surface of gold
nanoparticle aggregates and repeated the experiment.104 In
contrast to the physisorbed Nile Blue, the tethered molecule
showed variations in the potential-dependent SERS intensity,
indicating that the surface chemistry played a role in the
electrochemical properties of the Nile Blue probe and
introducing a potential challenge in interpreting the
results.103,105 Moreover, the localized emission in the tethered
system did not show the continuous variation in the spatial
origin of the signal observed in the physisorbed Nile Blue case
but instead showed discrete localization events as a function of
potential.104 Correlated electron microscopy and SERS super-

Figure 16. (A) Schematic of gold-capped CdS nanorods with two different photocatalytic reaction mechanisms. Mechanism A (top): 532 nm
excitation creates plasmon-generated hot electrons in gold which are transferred to the CdS, leaving hot holes behind on the gold. Mechanism B
(bottom): 405 nm excitation creates hot electrons in the CdS, which are transferred to gold, leaving hot holes behind on the semiconductor. (B)
TEM image of Au-Tipped CdS heterostructures (top) and zoomed-in image of a single heterostructure (bottom). (C−D) Super-resolution images
showing the position of the different charge carriers when the sample is illuminated by (C) 532 nm light and (D) 405 nm light, consistent with
reaction mechanisms A and B, respectively. Adapted from ref 192. Copyright 2014 American Chemical Society.
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resolution reconstructed images of Nile Blue tethered to
aggregated gold nanoparticles showed that the SERS emission
localized to a region near the geometric center of the aggregate
at the most positive (oxidizing) potentials, representing a
superposition of all oxidized Nile Blue molecules on the surface
(Figure 17A). On the other hand, at reducing potentials where

very few molecules are expected to remain in the oxidized,
emissive form, the Nile Blue SERS was localized to junction
regions between adjacent nanoparticles (Figure 17B). As with
the data presented earlier in this section, the results are unable
to discriminate structural effects (such as molecular confine-
ment near junctions) from plasmonic effects (e.g., formation of
electromagnetic hot spots) in determining this potential-
dependent behavior. Nonetheless, the clear relationship
between nanostructure features and local redox potentials of
adsorbed molecules is hidden in traditional ensemble measure-
ments, once again illustrating the ability of super-resolution
imaging to address fundamental mechanisms associated with
reactions happening on plasmonic nanoparticle surfaces.
2.7. Summary

In this section, we explored localization-based super-resolution
imaging applied to multiple studies in the field of plasmonics.
The examples in this section largely focused on monitoring
emission from molecular probes with modulated emission
properties as they interacted with plasmonic nanostructures. By
careful choice of nanoparticle and probe, super-resolution
imaging has been used to map local electromagnetic field
enhancements, reconstruct nanoparticle structures, and follow
reactions on plasmonic nanoparticles, all with spatial resolution
well below the diffraction limit of light. While the examples
discussed above illustrate the power of super-resolution imaging
for revealing hidden heterogeneity across many different sample
and experiment types, the work also demonstrates many of the
challenges associated with imaging plasmonic nanostructures
using super-resolution techniques. We highlighted several
sources of localization errors induced by molecules in proximity
to metal surfaces, including plasmon-molecule coupling, point
spread function distortions, and image dipole formation, and
showed several examples where localization errors produced
reconstructed images which did not agree with known
nanoparticle properties. Moreover, when imaging reaction
products on plasmonic nanostructures, it is not always safe to
assume that the localized position of the molecular probe

corresponds to the true reaction site, due to both surface
diffusion of the probe as well as issues of plasmon-molecule
coupling. Although we highlight these challenges in order to
encourage researchers to be cautious in interpreting their
results, we also believe there is a cause for optimism, as research
continues to unravel the relationships among nanoparticle
structure, plasmon excitation, and molecular emission using
localization-based super-resolution strategies, allowing im-
proved fidelity between reconstructed images and nanoparticle
properties and function.

3. PLASMONIC NANOSTRUCTURES AS IMAGE
CONTRAST AGENTS

3.1. Introduction

In the previous section, we discussed various strategies for
employing molecular probes in combination with plasmonic
nanostructures to reveal information hidden within diffraction-
limited spots. In all examples, the molecular probes were
modulated between emissive and nonemissive states, such that
each probe could be uniquely localized. However, although
fluorescence-based molecular imaging techniques are attractive
and widely used, there are intrinsic challenges that need to be
addressed. Photobleaching of the fluorescent probe molecules
upon prolonged exposure to the excitation light is the largest
challenge and puts restrictions on monitoring these molecules
for extended periods of time.193−195 For the localization-based
super-resolution imaging techniques discussed in the previous
section, the localization precision scales as 1/√N, where N is
total number of photons detected per image.130,196 For most
fluorophores, the total number of photons emitted before
photobleaching is on the order of ∼106.197 This “photon
budget” can be spent quickly (e.g., in a single image), increasing
localization precision but limiting the length of time a probe
can be observed, or over longer periods of time (e.g., over
multiple images), reducing the localization precision associated
with each image although yielding improved temporal
information.
To overcome these challenges associated with molecular

fluorophores, inorganic fluorescent nanoparticles such as
quantum dots have been used as imaging probes.195,198−201

Quantum dots are longer lived than their molecular analogs,
and many are inherently “blinky,” producing the necessary
emission modulation for localization-based super-resolution
imaging.202−204 However, the chemical composition of these
inorganic labels has raised serious doubts about their
applicability in biological samples, even after encapsulating
them into biocompatible shells, with several studies reporting
leaching of toxic ions.205−207

Plasmonic nanostructures present an attractive alternative to
molecular fluorophores and quantum dots as image contrast
agents based on their size- and shape-tunable optical properties,
strong photostability, and bright signals.41,208−210 Plasmonic
nanoparticles will both absorb and scatter light at their plasmon
resonance, with the relative efficiency of the two processes
scaling with nanoparticle size.41 Computational studies show
that Rayleigh scattering by an 80 nm gold nanosphere is about
5 orders of magnitude higher than emission by a traditional
fluorophore, which allows for higher localization preci-
sion.41,211,212 Moreover, plasmonic nanoparticles offer high
photostability, with near infinite photon budgets, yielding both
high localization precision and long observation times.
Nanoparticles are straightforward to prepare, with a large

Figure 17. Qualitative overlay of the location of surface-tethered Nile
Blue SERS emission events on gold nanoparticle aggregates as a
function of applied potential. (A) At oxidizing potentials ranging from
0 to −0.1 V, the emission converges near the geometric center of the
aggregate. (B) At reducing potentials between −0.6 to −0.7 V, the
emission is localized near the junctions between adjacent nanospheres.
Adapted from ref 104. Copyright 2015 American Chemical Society.
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variety of synthetic procedures and surface modification
options as well as high biocompatibility and low toxicity.213−215

In this section, we describe using plasmonic nanostructures
as optical contrast agents. In the first section, we describe
various optical imaging strategies to localize single nano-
particles in both two and three dimensions and show several
examples in which both position and orientation of the
nanoparticles is derived. In the second section, we describe
imaging applications utilizing the concept of “plasmon rulers”
which allow subdiffraction-limited distances to be measured
between multiple nanoparticles within a diffraction-limited
spot. Lastly, we show several examples of localization-based
super-resolution imaging of nanoparticle aggregates, where
individual nanoparticles can be resolved within a diffraction-
limited spot, using a variety of mechanisms to effectively switch
the plasmonic nanostructures between “on” and “off” states.

3.2. Superlocalization of Plasmonic Nanoparticles: Position
and Orientation

In section 2, we described how emission from single
fluorophores is localized by fitting diffraction-limited spots to
a model function, such as a 2D Gaussian and extracting the
position of the peak. Similar localization of single plasmonic
nanoparticles is also possible, based on fitting scattering signals
associated with plasmon excitation. Most applications in which
single nanoparticles are localized involve single particle
tracking, in which the scattering or emission from a diffusing
object, whether it be a plasmonic nanoparticle, fluorescent
bead, or other fluorescently labeled species, is followed over
time.216,217 By localizing the signal from the diffusing species
and calculating the mean squared displacement with time, it is
possible to extract quantitative diffusion coefficients as well as
the type of motion (Brownian, confined, directed, etc.)
undergone by the object.217 Plasmonic nanoparticles present
a particularly attractive probe for these types of studies because
they have strong, nonbleaching signals, allowing them to be
tracked over long periods of time. As a result, there are many
examples in the literature in which scattering from both gold
and silver nanoparticles is used to track motion in cellular
membranes, follow the uptake and release of nanoparticles by
cells, and discriminate different local environments within
cells.36,37,218−224 In this section, we summarize various imaging
strategies for not only localizing the position of single
nanoparticles but also extracting orientation information, in

some cases, enabling applications in which both translational
and rotational diffusion information is desired.

3.2.1. Dark-Field Scattering. Dark-field scattering is by far
the most popular strategy for imaging single plasmonic
nanoparticles (or nanoparticle aggregates), where the nano-
particles appear as colored diffraction-limited spots against a
dark background, with the color determined by the LSPR of the
nanoparticle (as in Figure 2).225−229 The conventional
geometry for achieving dark-field illumination is in a trans-
mission mode, using a dark-field condenser to introduce high
angle excitation light at one side of the sample and a low N.A.
objective to collect low angle scattering on the opposite
side.226,229 In addition, dark-field objectives and total internal
reflection (TIR) geometries (both prism and through-the-
objective) have been used to achieve dark-field illumination and
image single plasmonic nanoparticles.39 The scattering from the
nanoparticles is typically imaged onto a 2D detector, such as a
CCD or CMOS camera, to obtain localization information,
although the scattering may also be passed to a spectrometer to
obtain the LSPR spectrum of each nanoparticle.
In many dark-field single particle tracking applications, the

position of the nanostructure is determined by localization
algorithms that do not fit the scattering to a particular function
(such as the 2D Gaussian), but rather extract the location of the
brightest scattering, allowing faster image processing while
retaining high localization precision.230 For example, Nam and
co-workers used this strategy to localize dark-field scattering
from single nanoparticles diffusing in supported lipid bilayers
and were able to visualize molecular binding events within the
membrane that led to slower nanoparticle diffusion.37

Alternatively, Vellekoop and co-workers were able to measure
nanoparticle size by calculating the diffusion coefficient from
localized dark-field scattering points and then using the
Stokes−Einstein relationship to calculate nanoparticle diame-
ter.37,231 In both cases, the nanoparticles were confined to 2D
diffusion, keeping the nanoparticles within the focal plane of
the instrument and allowing successful application of this peak-
finding algorithm.
To achieve both translational diffusion and spectral

information associated with individual nanoparticles, Van
Duyne and co-workers inserted a tunable bandpass filter into
the detection path of a dark-field microscope and performed
spectral scanning over hundreds of nanometers in the visible
region, such that each scattering image corresponded to a
unique scattering wavelength (Figure 18A).232,233 By plotting

Figure 18. (A) Wide-field LSPR imaging of Ag nanoparticles with dark-field excitation. A tunable filter is inserted into the detection path such that
each image corresponds to a unique scattering wavelength. (B) Normalized LSPR spectra from three individual nanoparticles, constructed by
integrating the scattering intensity from each wavelength-dependent image. (C) Two-dimensional position trajectory of the particles from (B) in an
aqueous glucose solution. (D) Mean square displacement <r2> of each nanoparticle trajectory as a function of time lag showing a linear relationship
characteristic of Brownian diffusion. Slower diffusion is associated with nanoparticles that scatter more toward the red. Adapted from ref 232.
Copyright 2009 American Chemical Society.
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the intensity of the scattering from individual nanoparticles
within each image as a function of time (and therefore
wavelength), the authors built up many LSPR spectra in parallel
(Figure 18B). At the same time, the authors localized the
nanoparticles within each wavelength-dependent diffraction-
limited spot, by fitting the scattering to a 2D Gaussian (Figure
18C), allowing them to simultaneously calculate the diffusion
coefficient (Figure 18D). When gold nanoparticles were
introduced to supported lipid bilayers in the presence of a
receptor that initiates lipid raft formation, the authors observed
evidence of confined diffusion of the nanoparticles, but no
change in the associated LSPR spectra, indicating that the
nanoparticles were not interacting and that the change in
diffusion was due to the presence of the raft-initiating
receptor.233

Xie and co-workers used a slightly modified detection
strategy to track scattering from single gold nanoparticles with
25 μs time resolution and ∼1.5 nm spatial precision using
through-the-objective dark-field illumination.234 In their experi-
ment, single nanoparticle scattering was sent to a quadrant
photodiode (QPD). When the nanoparticle was centered on
the QPD, each quadrant read out equaled scattering intensity,
but when the nanoparticle moved, the intensity of scattering on
the various quadrants would change based on the direction of
the nanoparticle motion. To account for the nanoparticle
motion, a piezo stage compensated the nanoparticle movement
to return it to the center of the QPD. By plotting the motion of
the piezo stage over time, the authors were able to extract the
corresponding motion of the nanoparticle with extremely high
spatial and temporal resolution. This strategy allowed the
authors to track gold nanoparticle-labeled molecular motors
traversing microtubules and resolve 8 nm steps, a degree of
precision that would be difficult with traditional fluorescent
probes.
Using anisotropic plasmonic nanostructures, such as nano-

rods, as probes allows the orientation as well as the position of
the nanoparticle to be determined, introducing an additional
dimension to nanoparticle localization.235 The anisotropic
structure of gold nanorods gives rise to longitudinal and
transverse dipole plasmon resonances, parallel and perpendic-
ular to the long axis of the rod, respectively. The longitudinal
mode is red-shifted relative to the transverse mode and is also
more strongly scattering, resulting in a highly polarized
scattering response to incident light.229,236

One strategy for resolving the orientation of single gold
nanorods is to insert a calcite crystal into the detection path of a
dark-field microscope that splits the scattered light from the
nanorod into two separate diffraction-limited images with
orthogonal polarizations.236 The in-plane orientation (azimuth
angle, φ) of the gold nanorod is calculated from the relative
intensities of the two scattering intensities, although with 4-fold
symmetry (e.g., + 45° cannot be discriminated from −45°),
while the out-of-plane angle (polar angle, θ) is determined from
changes in the overall scattering intensity.237,238 Because the
scattered light retains its diffraction-limited symmetric point
spread function, the spatial origin of the nanorod scattering can
also be localized, allowing both changes in nanorod position
and orientation to be tracked in real time. Yeung and co-
workers have successfully applied this approach to study
nanorod diffusion near solid−liquid interfaces and track the
penetration of gold nanorods into cell membranes.237,238 Frasch
and co-workers used a similar approach, in which a linear
polarizer was placed in the detection path, and changes in the

scattering intensity of rotating surface-tethered rods was
tracked with time.239 When the long axis of the nanorod was
aligned with the polarization axis of the polarizer, maximum
scattering intensity was observed, while a perpendicular
alignment of the rod led to minimum scattering. Although
this technique does not allow for the full three-dimensional
(3D) orientation of the nanorod to be extracted, it offers faster
time resolution because the image is not being split.
Another strategy for determining the 3D orientation of

anisotropic emitters is to defocus the image and use a high N.A.
collection lens.164,240−243 Slightly defocusing the image reveals
angular asymmetry in the emission which is related to the 3D
orientation of the probe. By pattern matching the defocused
image to predicted emission patterns at fixed φ and θ, it is
possible to extract the 3D orientation of the nanorod.40,244

Orientation information from single nanorods has been
obtained using both defocused dark-field scattering images of
single nanorods,40 as well as defocused one- and two-photon
luminescence images.164,245 High-angle scattering patterns from
gold nanorods can also be obtained by introducing a gold film
beneath the gold nanorods; image dipole formation leads to
orientation-dependent emission patterns without the need to
defocus the image.246

Extracting both position as well as orientation information
from the defocused images remains a challenge because the
traditional peak finding algorithms or 2D Gaussian fits are no
longer appropriate. Our group has developed a least-squares
fitting algorithm to fit angular emission patterns from gold
nanorod luminescence, which fits both the position and the
orientation of the nanorod; however, this is quite computa-
tionally expensive, taking minutes to fit a single frame rather
than the seconds it takes to fit the data with a Gaussian.164 A
second approach from Yeung and co-workers uses a dual
wavelength imaging system and exploits the wavelength-
dependent aberrations associated with their microscope
objective (Figure 19).244 In their experiment, the 540 nm

Figure 19. (A) Dual wavelength dark-field imaging experimental
schematic. The two wavelength channels create one focused image at
540 nm and one defocused image at 700 nm. The defocused image
(B) is matched to a calculated emission pattern (C) to extract the
orientation of the nanorod. (D) The focused image is fit to extract the
position of the nanorod. Reproduced with permission from ref 244.
Copyright 2012 Wiley-VCH.
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component of the nanorod scattering is in focus, allowing
localization of the nanorod position (Figure 19D), while the
700 nm component is slightly defocused, allowing the
orientation of the nanorod to be determined (Figure 19, B−
C).244 This technique has been applied to track both translation
and rotation of transferrin-functionalized gold nanorods
interacting with receptors on a cell membrane.244

One challenge common to all examples discussed here
involves background scattering, particularly when plasmonic
nanoparticles are imaged in an inherently scattering matrix,
such as a cell. To overcome this, Yeung and co-workers used a
two wavelength technique, one resonant and one nonresonant
with the plasmon resonance, to study mixtures of plasmon
nanoparticles and cell lysate.247 The scattering from the cell
lysate showed wavelength-insensitive scattering, such that when
two images of cell lysate taken with different illumination
wavelengths were subtracted, a fairly flat background was
observed. Alternatively, the gold nanoparticles showed much
higher scattering when illuminated with light at their plasmon
resonance, such that when two images taken at different
wavelengths were subtracted, a strong nanoparticle signature
remained behind. Thus, a simple wavelength-dependent image
subtraction strategy successfully removed scattering back-
ground from the desired nanoparticle signal, leaving an image
behind that is dominated by scattering from single nano-
particles and allowing localization of the signal of interest.
3.2.2. Interference Scattering (iSCAT). Sandogdhar,

Kukura and co-workers have developed another scattering-
based imaging strategy, known as interferometric scattering
(iSCAT), which allows for plasmonic nanoparticles to be
tracked with <2 nm precision and milli- to microsecond time
resolution using a CMOS camera.248−252 The iSCAT technique
measures interference between the light backscattered by a
plasmonic nanoparticle and a reference beam created by a
reflection of the incident light at the sample interface. A dark
region is observed in the resulting image where destructive
interference between the gold nanoparticle scattering and the
reflected reference beam occurs, which is then fit to a 2D
Gaussian in order to localize the emitter (Figure 20A). Because

the technique relies upon interference, which is shot noise-
limited and can be improved by adjusting the laser power, high
signal-to-noise images can be achieved with very short
integration times, allowing <2 nm localization precision (Figure
20B).249,251 More recently, a three-dimensional variant of the
iSCAT method was introduced, yielding 2.5 nm and <1 nm
precision in the lateral and axial dimensions, respectively.253

3.2.3. Differential Interference Contrast (DIC). Differ-
ential interference contrast (DIC) microscopy is another
popular strategy for imaging plasmonic nanoparticles. In DIC,
linearly polarized light is passed through a Nomarski prism,
which splits the light into two orthogonally polarized light
beams separated by a slight shear. The two beams pass through
the sample, and if they experience different environments due
to variations in sample thickness or refractive index, they
undergo a phase shift relative to each other. After traversing the
sample, the beams are recombined in a second Nomarski prism,
but because of the phase shift between them, the resulting
polarization differs from the original excitation polarization. A
polarization analyzer is introduced into the detection path, and
depending on the magnitude of the phase shift between the two
beams and the resulting polarization of the recombined beams,
the intensity on the detector will show bright and dark features.
DIC is extremely wavelength- and polarization-dependent,

making it a highly sensitive technique for observing plasmonic
nanoparticles of varying shape and orientation.225,254,255 For
example, Figure 21A shows DIC images of a gold nanorod at
varying orientations relative to the polarization analyzer at
0°.256 When the nanorod is oriented at 45° and 135°, the DIC
images show minimum and maximum intensity, respectively,
while intermediate nanorod orientations produce DIC images
with both bright and dark lobes at varying orientations relative
to one another. Because of this extreme sensitivity to
nanoparticle orientation, DIC has been utilized for tracking
rotational diffusion of plasmonic nanoparticles.257−263 How-
ever, the changing nature of the DIC images makes localization
extremely difficult because the images are not easily fit by a
single model function.
To overcome this challenge, Fang and co-workers devised a

dual DIC/bright field imaging system, where the DIC image
provides orientation information about the nanoparticle and
the bright field image allows for nanoparticle localization.264 In
their experiment, the light passing through the sample was split
into two wavelength-resolved components where the compo-
nent at 700 nm allowed the two beams to interfere and create a
DIC image, while the component at 540 nm retained the
positions of the two sheared beams with no interference,
creating a bright field image. The DIC image was used to
determine the orientation of the nanoparticle based on the
dark/bright pattern. The bright field image was fit to a sum of
two Gaussians, where one was peaked at the “true” position of
the nanoparticle and the other was shifted by the shear distance
associated with the Nomarski prism and optics of the
microscope. Thus, both the orientation and position of a
nanoparticle was determined by analyzing the two images.
Figure 21B shows DIC and bright field images of a gold
nanorod at three different orientations, as well as the resulting
fit to the 2D Gaussian function. With this technique,
localization precision better than 10 nm is obtained.
A second localization strategy for DIC from Fang and co-

workers involves using a model-based correlation imaging
technique.265 In this technique, a full three-dimensional DIC
point spread function of a nanoparticle is mapped out by
moving the sample stage along the optical axis (z-axis) of the
DIC microscope. This produces a series of z-images that are
both in focus and out-of-focus relative to the focal plane of the
microscope. Next, the theoretical point spread function of the
microscope is calculated for the different focal planes, and the
experimental and calculated images are registered until maximal
agreement between the two is achieved as defined by Pearson’s

Figure 20. (A) Corrected iSCAT image and (B) localization precision
of a 20 nm gold nanoparticle obtained by fitting 5000 images to a 2D
Gaussian function. Adapted from ref 250. Copyright 2014 American
Chemical Society.
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correlation coefficient. By repeating this over many different
images of the same nanoparticle, subpixel localization is
obtained. However, this approach suffers from several
limitations. First, heterogeneity in nanoparticle structure will
cause deviations from the ideal calculated point spread function
and thus the nanoparticles used in this technique must be very
uniform. Second, the temporal resolution is somewhat limited
given the need for a three-dimensional scan, and therefore, it
cannot be used to monitor fast dynamics of gold nanoparticles,
reducing the utility of this approach for particle tracking studies.

3.3. Resolving Subdiffraction Interparticle Distances
through Plasmon Coupling

Thus far, our discussion of plasmonic nanoparticles as image
contrast agents has focused largely on determining the position
and orientation of a single nanoparticle, well-isolated from
other nanoparticles within the excitation volume. While
localization of a single nanoparticle is straightforward, the
ability to resolve individual nanoparticles within a diffraction-
limited aggregate remains a significant challenge. For resolving
individual emitters in molecular systems, we saw that emitters
are modulated between emissive and nonemissive states by
careful control of the photophysics or structure of the molecule
as previously described; however, these strategies do not
translate to plasmonic nanoparticle scattering in a straightfor-
ward way. Thus, in order to resolve the presence of multiple
nanoparticles within a diffraction-limited spot, new approaches
must be developed.
One approach is to exploit the strong plasmon coupling that

occurs when two nanoparticles are within tens of nanometers of
one another, leading to spectral shifts that are sensitive to
interparticle spacing.51,52,266−269 Wu and Reinhard recently

wrote a thorough review on this topic,270 so here we will only
briefly summarize the key principles and findings, particularly
how plasmon coupling impacts super-resolution imaging.
Figure 22 illustrates the basic principle: when two nanoparticles
are far apart, their plasmons are uncoupled, and the spectra
reflect the individual nanoparticles (Figure 22A).51,271 How-
ever, when the two nanoparticles get within some critical
coupling distance, the plasmons couple and the spectrum red
shifts (Figure 22B). Because of this spectral sensitivity to
interparticle distance, these systems are known as “plasmon
rulers.”
To apply this concept to real-time imaging, Reinhard and co-

workers spectrally resolved a dark-field scattering image into
two separate images (Figure 22C), one centered at the plasmon
resonance of the isolated particles (530 nm) and one centered
at the plasmon resonance of the coupled particles (580 nm). By
tracking single nanoparticles over time, they observed two
isolated spots in the original dark-field images (indicated by the
arrows at t = 0 s in Figure 22C) converge to a single spot after
0.3 s. The presence of two distinct particles within that spot
cannot be individually resolved in the dark-field image, due to
their interparticle spacing being less than the minimum
resolvable distance defined by the Rayleigh criterion (∼200−
300 nm). However, the increase in brightness in the 580 nm
image indicates that plasmon coupling has occurred, demon-
strating that multiple nanoparticles are not only present in the
single spot but also close enough to couple. To better visualize
this, the intensity of the scattering signal from two different
DNA tethered nanoparticles is followed over time, as shown in
Figure 22D: when the two particles interact at ∼6 s, the
scattering intensity in the red channel increases, while the

Figure 21. (A) DIC images as a function of nanorod orientation showing the transition from the dark to bright wavefront. Adapted from ref 256.
Copyright 2010 American Chemical Society. (B) DIC and bright-field images of gold nanorods in different orientations (top) and the resulting fits of
the bright-field images to the sum of two 2D Gaussians, allowing both orientation and location to be determined. Reprinted from ref 264. Copyright
2013 American Chemical Society.
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scattering intensity in the green channel decreases, correspond-
ing to the red shift in the plasmon resonance due to plasmon
coupling. A stepwise increase in the total intensity and the ratio
between the two intensity channels is also observed.
To quantify the number of nanoparticles present within a

single diffraction-limited spot, Nam and co-workers used a
similar dark-field imaging approach to track nanoparticle
aggregation, as shown in Figure 23. Figure 23A shows the

diffusion trajectory and clustering behavior of nanoparticles
moving in a supported lipid bilayer; as the cluster grows from a
monomer to a tetramer, both the brightness and the color of
the nanoparticle scattering changes. Spectrally resolving the
scattering intensity into independent red and green channels
shows a rise in the intensity of the red scattering relative to the
green intensity (Figure 23B), while stepwise increases in the
total intensity show the addition of each nanoparticle to the
cluster (Figure 23C, top). By careful calibration of the intensity
associated with aggregates of varying size (dimer, trimer, etc.),
it is possible to count the number of nanoparticles within a
cluster, despite the inability to individually localize each
nanoparticle.
To obtain more quantitative interparticle distances, calibra-

tion curves of the plasmon shift versus interparticle distance can
be constructed, such as the example for pairs of gold nanodisks
shown in Figure 24.50 For interparticle distances below 25 nm,
roughly an order of magnitude below the minimum resolvable
distance for optical signals, spectral shifts are in the tens of
nanometers, which is easily measurable. Thus, even though the
positions of individual nanoparticles cannot be resolved using
plasmon coupling, the interparticle distances can be quantified
(similar to Förster resonance energy transfer, FRET, although
over much larger distances), providing an indirect measurement
of the locations of the nanoparticles relative to each other.
However, there are a few potential challenges with using
plasmon rulers to extract quantitative distance information: (1)
local refractive index changes will also generate spectral shifts
and (2) nanoparticle heterogeneity will introduce uncertainty
into the spectral response.51 Thus, care must be taken when
using plasmon coupling to measure quantitative interparticle
distances. Nonetheless, the plasmon ruler approach presents a
unique strategy for achieving local spatial information with
resolution well below the diffraction limit of light.

3.4. Super-Resolution Imaging with Plasmonic
Nanoparticles

3.4.1. Dark-Field Scattering. Having established a myriad
of ways in which nanoparticles can be spatially localized and
interparticle distances calculated, we now turn to strategies that
enable optical resolution of neighboring plasmonic nanostruc-
tures within a subdiffraction region. Xu and co-workers devised
one of the earliest approaches to address this problem in a
process known as photostable optical nanoscopy (PHOTON),
which relies on deconvolution of overlapping LSPR spectra
from silver nanoparticles of varying size.272,273 Figure 25
illustrates the basic principle. An LSPR spectrum is taken for a
single diffraction-limited image believed to have multiple
scatterers (Figure 25A). The LSPR spectrum is then
deconvolved into multiple spectral components, each asso-
ciated with the scattering from a single nanoparticle; for the
image shown in Figure 25A, the associated spectrum was
deconvolved into four individual spectra, suggesting four
individual nanoparticles. Next, diffraction-limited scattering
images are acquired at the spectral peak associated with each
of the four nanoparticles, and each wavelength-resolved image
is fit to a 2D Gaussian to localize the unique position of each
nanoparticle (Figure 25B). The process is repeated to
ultimately build up a composite super-resolved image, showing
the unique positions of each nanoparticle within the cluster
(Figure 25E). To verify the success of the technique, Xu and
co-workers compared PHOTON images of nanoparticle
tetramers with TEM images and found excellent agreement

Figure 22. Schematic of ratiometric detection in plasmon coupling
microscopy. (A) When the interparticle spacing is sufficiently large, the
LSPR spectrum resembles the isolated particles. (B) When the two
particles are sufficiently close, the plasmons couple and the spectrum
red shifts. (C) Dark-field images of gold nanoparticles in HeLa cells
observed in real time through two different wavelength channels
centered at 580 nm (top image) and 530 nm (bottom image). When
two nanoparticles approach each other (red arrows), the intensity of
the signals in the two channels changes, indicating that the two
nanoparticles are sufficiently close for the plasmons to couple. (D)
Scattering from two nanoparticles as they transition from isolated to
coupled behavior. (Top) The total scattering (black line) and red
channel scattering (red line) increases while the green channel
scattering decreases when the two nanoparticles interact. (Bottom)
The ratio between the two wavelength channels allows the time
dynamics of the nanoparticle interaction to be followed. Adapted from
ref 271. Copyright 2008 American Chemical Society.
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between the number of nanoparticles resolved as well as the
interparticle spacing.272

One challenge with the PHOTON technique is that plasmon
coupling between nanoparticles will not only shift the plasmon
resonance relative to the isolated structures but also yield a
position biased by all contributing nanoparticles. Second, even
for noninteracting nanoparticles, there may be extensive
spectral overlap between the plasmon resonances of the
different nanoparticles due to spectral broadening, so each
image at a given wavelength (e.g., Figure 25B at 537 and 538

nm) will necessarily have contributions from other nano-
particles. Thus, the localization precision will be affected by the
inability to spectrally isolate the scattering from a single
nanoparticle. To overcome this latter challenge, Kang and co-
workers used plasmonic nanostructures with widely varying
plasmon resonances, in order to minimize the spectral overlap
and thus generate spectrally resolved diffraction-limited spots

Figure 23. (A) Dark-field images of nanoparticle clustering from monomer to tetramer with the associated diffusion trajectories. (B) Ratio of red to
green scattering as a function of number of nanoparticles in a cluster. (C) Time trace showing the stepwise increase (top) and decrease (top) in the
total scattering intensity, indicating the formation or disassembly of the cluster, respectively. Adapted from ref 36. Copyright 2014 American
Chemical Society.

Figure 24. Change in the peak plasmon resonance of adjacent gold
nanodisks as a function of their edge-to-edge separation distance as
(A) measured experimentally and (B) calculated with the discrete
dipole approximation. The red line indicates the least-squares fit to a
single exponential decay. Reprinted from ref 50. Copyright 2007
American Chemical Society.

Figure 25. Schematic representation of PHOTON. (A) Spectral
deconvolution of a single diffraction-limited image extracts the peak
wavelengths of each nanoparticle within the spot. (B) Diffraction-
limited images are acquired at each of the peak wavelengths
determined in (A), which are then fit to a 2D Gaussian to localize
the emitter associated with each peak wavelength. (C−D) Repeating
the process from (A) and (B) multiple times yields a final super-
resolved image (E). Reprinted with permission from ref 272.
Copyright 2011 Royal Society of Chemistry.
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that were associated with only a single nanostructure.274 Using
80 nm silver nanospheres, 103 nm gold nanospheres, and 40
nm gold nanorods, which have LSPR maxima at 473, 575, and
680 nm, respectively, the authors isolated the contribution from
each structure by inserting bandpass filters into the detection
path of a dark-field microscope. By fitting the diffraction-limited
scattering at each wavelength, the individual nanoparticles
within an aggregate were resolved with <5 nm localization
precision (Figure 26).

Polarization modulation is an additional strategy for
achieving super-resolved images of plasmonic nanostructures,
provided that anisotropic scatterers, such as nanorods, are
present in the sample. If a collection of nanorods are randomly
oriented within a diffraction-limited spot then rotating the
excitation polarization will selectively excite specific nanorods.
By localizing the scattering as a function of the excitation
polarization, it is possible to discriminate individual nanorods
within the sample.38 Yeung and co-workers used this approach
to resolve single nanorods separated by ∼250 nm, which is
below the minimum resolvable distance given the low N.A.
optics used in the imaging system.
Overall, the techniques described in this section demonstrate

the promise of resolving individual nanoparticles within a
diffraction-limited area using scattering techniques but also
highlight the challenges. Both wavelength- and polarization-
modulation strategies will be impacted by plasmon coupling,
which will change the spectral and polarization properties of the
scatterers, leading to incorrect localization due to overlap
between multiple emitters. More complex algorithms that can
account for superposition effects are possible, but accounting
for plasmon coupling requires knowledge of the interparticle
distance and relative orientation of the scatterers, defeating the
purpose of using super-resolution strategies. Thus, care must be
taken when using dark-field scattering to resolve individual
plasmonic nanoparticles within a diffraction-limited spot and

comparison with techniques such as TEM or SEM are
necessary for system optimization, in order to ensure that the
correct results are obtained.

3.4.2. Plasmon Saturation. A second strategy for
achieving super-resolved images of plasmonic nanostructures
involves exciting nanoparticles with sufficiently high intensity
excitation that the plasmon reaches a saturation regime.275

Fujita and co-workers used a scanning confocal geometry to
monitor the scattering from an 80 nm gold nanoparticle, with
plasmon resonance around 550 nm, as a function of excitation
intensity (Figure 27A). For 561 nm excitation light, the

scattering initially increases linearly with excitation intensity, as
expected, but eventually, a saturation regime is reached, where
the scattering remains constant as the excitation intensity is
increased. Above some threshold, the saturation response is
reversed and the scattering increases nonlinearly with excitation
intensity. The saturation intensity depends on the excitation
wavelength, with wavelengths closer to the plasmon resonance
of the nanoparticle showing much lower thresholds to reach
saturation (Figure 27B), indicating that this process must be
plasmon-mediated. The authors speculate that hot electrons
produced by plasmon excitation affect the internal dielectric
constant of the gold while leading to an effective depletion of
the ground state, thereby impacting the ability of the plasmon
to be excited and leading to saturation of the scattering
intensity.275,276 Importantly, this effect is reversible, with no
indication of nanoparticle damage despite the high excitation
intensities.
To apply this saturation behavior to super-resolution

imaging, the authors exploit two simple principles. First, the
power of a diffraction-limited excitation beam will be highest at

Figure 26. Super-resolution imaging of plasmonic nanostructures with
different plasmon resonances by wavelength modulation. Images
acquired at three different wavelengths correspond to scattering from a
(A) 103 nm gold nanoparticle (575 nm), (B) 40 nm gold nanorod
(680 nm), and (C) 80 nm silver nanoparticle (473 nm). These are
then fit to localize each particle (D-b) with resolution superior to the
nonwavelength-resolved dark field image (D-a). Reprinted by
permission from Macmillan Publisher Ltd.: Scientific Reports (ref
274), copyright 2015. Figure 27. (A) Scattering intensity of an 80 nm gold nanoparticle as a

function of 561 nm excitation intensity (red dots). The blue line
represents the expected linear response, and the green line shows a
best fit to the data. (B) Saturation intensity (excitation intensity at
which the scattering intensity deviates from the linear trend) of the
nanoparticle for different excitation wavelengths. Adapted from ref
275. Copyright 2014 American Chemical Society.
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the center of the beam compared to the edges. By adjusting the
intensity of the excitation, it is possible that when the
nanoparticle is in the center of the beam, the intensity is
sufficient to achieve saturation, but when the nanoparticle is at
the edge of the beam, the intensity is too low to achieve
saturation.275,276 Thus, the nanoparticle will only reach the
nonlinear saturation regime within a small fraction of the total
excitation volume. Second, the excitation beam is modulated at
some frequency, fm. In the linear regime, the scattering from the
nanoparticle will also modulate at fm, but in the saturation
regime, where scattering becomes nonlinear, additional
harmonics will be observed (e.g., at 2fm, 3fm).

276 By modulating
the excitation and demodulating the scattering to extract the
scattering signal at these harmonics, it is possible to isolate
scattering that is associated with the saturation regime, which
only occurs when the nanoparticle is centered in the excitation
spot.276 Thus, the higher harmonic scattering signals should
have smaller point spread functions than the diffraction limit
would otherwise allow.
Figure 28 shows the outcome of using this strategy to

spatially resolve nanoparticles using 532 nm excitation and 100
nm gold nanoparticles. The rightmost arrow indicates a pair of
nanoparticles, as is easily observed from the SEM image in

panel A. The linear scattering image (at fm) of this region
suggests that two nanoparticles are present, but they cannot be
resolved as individual nanoparticles. However, the scattering at
2fm and 3fm are able to clearly isolate two individual
nanoparticles, with a distance of ∼110 nm between them.
Again, these smaller emission spots are due to the fact that
higher harmonic signals are only observed when the excitation
beam is directly centered on the nanoparticle. By reducing the
effective size of the excitation light, the associated scattering
image is also reduced, allowing individual nanoparticles to be
resolved.
The arrowheads in the figure indicate both a trimer and a

dimer where the interparticle spacing is sufficiently small that
plasmon coupling occurs. In these cases, the red shift of the
plasmon resonance due to coupling is large enough that the
intensity of the 532 nm excitation is no longer within the
saturation regime, and no resolution advantage is observed
when imaging the scattering at higher harmonics. This result
illustrates one of the challenges with this technique (and super-
resolving plasmonic nanostructures in general): once nano-
particles are sufficiently close to couple, the shift in the optical
properties impacts the response of the nanoparticles to the
excitation light. Nonetheless, using plasmon saturation to
resolve single nanoparticles represents a significant step forward
in the application of plasmonic nanoparticles as image contrast
agents for super-resolution imaging.

3.4.3. Nonlinear Photothermal Imaging. Another
imaging strategy that takes advantage of the unique properties
of plasmonic nanoparticles is photothermal imaging, which
exploits the production of heat upon nonradiative plasmon
decay. Photothermal imaging has been reviewed extensively
elsewhere,208,277−279 so here we only highlight the basic
principles and how the technique is extended to super-
resolution imaging of plasmonic nanoparticles. Photothermal
imaging is a two beam technique, involving a pump beam and a
probe beam, where the pump excites the plasmon in the
nanostructure and the probe reads out the local temperature
increase due to nonradiative plasmon decay. A scanning
confocal geometry is used, and the pump and probe beams
are coaligned to both excite and probe the same region of the
sample. The pump beam is resonant with the plasmon of the
nanostructure and is modulated at some frequency, Ω, such
that the local temperature change at the nanoparticle surface
also modulates at Ω. The probe beam monitors the
modulations in local temperature through corresponding
modulations in its scattering intensity, due to temperature-
induced changes in the refractive index of the surrounding
matrix. Thus, by using lock-in detection at Ω to sense changes
in the scattering from the probe beam, the presence of the heat
source (e.g., the nanoparticle) is detected. The sensitivity of this
technique scales with the absorption cross section, which scales
with nanoparticle radius as R3, making it far more sensitive to
the presence of small (<40 nm) nanoparticles than dark-field
scattering which scales as R6. Moreover, by adjusting the matrix
to maximize the refractive index response to temperature
changes (by using liquid crystals near their transition
temperature, for example),280,281 it is possible to drive an
even larger modulation in the probe beam scattering intensity.
Much like plasmon saturation described in the previous

section, photothermal signals can also reach a nonlinear regime
when the pump laser intensity reaches a critical intensity.282

The nonlinear increase in the photothermal signal as a function
of pump laser intensity is ascribed to small bubbles that form at

Figure 28. (A) SEM image of 100 nm gold nanoparticles on a glass
substrate. (B−D) Images of nanoparticle scattering with temporally
modulated excitation above the plasmon saturation threshold.
Scattering signals at (B) the fundamental modulation frequency, fm,
(C) the second harmonic, and (D) the third harmonic are shown.
Adapted with permission from ref 276. Copyright 2014 The American
Physical Society.
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the nanoparticle surface, which increase in size as the pump
laser intensity increases, leading to a larger overall photo-
thermal response.283,284 To increase the resolution of an image,
Zharov and co-workers set the intensity of the pump beam such
that the threshold for nonlinear behavior is only exceeded in
the center of the beam; thus nanobubbles will only form when
the nanoparticle is at the center of the beam rather than on the
edges.284 When scanning the beam across a single nanoparticle
and extracting the nonlinear component of the probe scattering
signal, subdiffraction-limited spatial resolution is achieved due
to the limited excitation volume that exceeds the nonlinear
threshold. Figure 29 shows both linear and nonlinear

photothermal images from a cluster of 90 nm spherical gold
nanoparticles.284 When the pump intensity is too small to
exceed the nonlinear threshold, the photothermal response is
diffraction-limited and individual nanoparticles within the
cluster are unable to be resolved (Figure 29A). However,
when the pump exceeds the nonlinear threshold and the
nonlinear probe scattering signal is extracted, distinct peaks
appear in the image, consistent with the presence of individual
nanoparticles (Figure 29B). In most cases, the peaks are
separated by 90−100 nm, suggesting that single nanoparticles
are observed; however, they also find smaller interparticle
distances, on the order of 50−70 nm. One question is how the
formation of “hot spots” influences local heating, such that the
peaks in the nonlinear photothermal images may not be due to
a single nanoparticle but rather a junction between adjacent
nanoparticles.279,285,286 Correlated optical and structural
imaging will help to address this question and demonstrate
the potential of this technique for resolving both interacting
and noninteracting nanoparticles in complex samples.
3.4.4. Plasmon Photoswitches. In section 2.2.1, various

strategies to photoswitch molecules between emissive and
nonemissive states for localization-based super-resolution
imaging were described. However, up until recently, no
corresponding plasmonic photoswitching strategies had been
described without resorting to the nonlinear regime, where high
intensity laser excitation is required. This challenge was recently
overcome by Chu and co-workers, who described a simple two
color method for modulating the scattering intensity from 80
nm gold nanoparticles with a plasmon resonance near 590
nm.287 In their work, a scanning confocal geometry was used to

measure backscattering of a 543 nm laser from a gold
nanoparticle. When a 592 nm laser was also introduced, the
authors found a surprising response (Figure 30A): at low

intensities of 592 nm light, the 543 nm scattering was
unaffected, but as the intensity of the 592 nm source increased,
the 543 nm scattering went down. This on/off switching was
reversible as the 592 nm source was switched on and off, with a
modulation depth of the scattering intensity near 80% (Figure
30B). The authors attributed the intensity loss to a change in
the local dielectric function of the nanoparticle associated with
nanoparticle heating.287

In the localization-based super-resolution imaging strategies
described previously, molecules turn on and off stochastically,
thereby allowing individual molecules to be localized. In this
system, the nanoparticles turn on and off synchronously, based
upon whether 592 nm illumination is present or not, limiting
the applicability of localization-based super-resolution imaging
with this plasmonic photoswitch system. To overcome this, the
authors used a modified STED approach to resolve single
nanoparticles within a diffraction-limited spot (STED will be
described in more detail in section 4.4.2, so here we summarize
the basic principle for this experiment). A diffraction-limited
543 nm laser beam is coaligned with a doughnut-shaped 592
nm beam, as shown in the inset of Figure 30D. At the center of
the coaligned beams, the 543 nm excitation is at a maximum
while the 592 nm light is at a minimum, allowing for maximum
scattering from a nanoparticle located at the center of the
beams. However, a nanoparticle sitting at the edge of the two
beams experiences significant 592 nm illumination in addition
to the 543 nm excitation, thereby reducing its scattering

Figure 29. Photothermal images from a cluster of 90 nm gold
nanoparticles. (A) Low excitation (0.12 J/cm2) leads to a linear
photothermal response with diffraction-limited resolution. (B) Higher
excitation energy (0.5 J/cm2) leads to nonlinear photothermal signals
which allow new features to be resolved. Reproduced with permission
from ref 284. Copyright 2014 Wiley-VCH.

Figure 30. (A) 543 and 592 nm lasers are coaligned on a single gold
nanoparticle. The 543 nm scattering decreases as the intensity of the
592 nm increases. (B) The scattering at 543 nm is modulated as the
592 nm laser is switched on and off. (C) Confocal image of single gold
nanoparticle scattering at 543. The arrow indicates unresolvable
nanoparticles. (D) Resolution improvement in the 532 nm scattering
image when a spatially patterned 592 nm laser is introduced, as shown
in the inset. Reprinted by permission from Macmillan Publisher Ltd.:
Scientific Reports (ref 287), copyright 2016.
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intensity. Thus, if two noninteracting nanoparticles are
separated by a subdiffraction-limited distance, and one is at
the center of the beam while the other is at the edge, the
nanoparticles will be “on” and “off,” respectively, allowing them
to be uniquely resolved. The authors name this new approach,
suppression of scattering imaging (SUSI).
Figure 30 compares a scanning confocal image using 543 nm

excitation alone (Figure 30C) and a SUSI image using both 543
and 592 nm illumination (Figure 30D).287 The white arrow in
both figures indicates two closely spaced nanoparticles that
cannot be resolved in the confocal image but are easily
discriminated in the SUSI image. Moreover, the point spread
function of the scattering from the individual nanoparticles is
reduced in the SUSI image relative to the confocal image. Using
image deconvolution, the authors achieve spot sizes with full
width half maxima of ∼60 nm (∼λ/9), which is a vast
improvement over the typical ∼ λ/2 resolution observed in
confocal imaging. It is important to note that this spot size is
smaller than the actual size of the nanoparticles, indicating that
the scattering does not report the shape of the nanostructure
but rather the spatial origin of the scattering. This suggests that
when two nanoparticles are sufficiently close, individual
nanoparticles may not be resolved due to plasmon coupling.
Nonetheless, these results suggest that nanoparticles may offer
a realistic alternative to molecular probes for super-resolution
imaging, by taking advantage of their high photostability and
newfound photoswitchability for a variety of both biological
and materials science applications.

3.5. Summary

In this section, we described the various ways in which
plasmonic nanoparticles can be used as image contrast agents
for both superlocalization and super-resolution imaging. The
high photostability and lack of blinking makes these probes
ideal labels for localization-based studies, with a wide variety of
techniques available for imaging single nanoparticles. However,
this same photostability and lack of blinking makes super-
resolution imaging of plasmonic nanoparticles using local-
ization-based techniques far more challenging, particularly in
the limit where plasmon coupling occurs. In addition to the
challenges described above, it is also important to consider the
synthetic limitations of plasmonic nanoparticle probes. When
introducing plasmonic nanoparticles into various environments,
such as live cells or supported bilayers, they are typically
functionalized with some biomolecule to help them bind to
targets of interest or interact with specific regions of a sample.
To functionalize the nanoparticles, thiol chemistry is by far the
most popular strategy. However, there is limited control over
the stoichiometry, and nanoparticles cannot be tagged with a
single functional handle in a quantitative way. Thus, a
nanoparticle tagged with multiple receptors, for example, can
bind multiple targets, leading to artificial clustering of species
within a biological environment that may deviate from the
natural environment. This is in stark contrast to fluorescent
molecules, which can be engineered to have a single binding
site. A second challenge of using nanoparticles as contrast
agents is their large size. Because scattering scales with R6, most
researchers use particles with diameters above 40 nm in order
to obtain strong scattering signals. Nanoparticles will have size-
dependent diffusion properties due to frictional drag, and thus
diffusion coefficients measured when using nanoparticles as
contrast agents may be influenced by the large size of the probe.
Thus, careful controls must be performed when using

plasmonic nanoparticles for single particle tracking studies in
order to account for these effects. Despite this limitation,
nanoparticles remain an extremely attractive option for labeling
applications, and as our ability to resolve individual nano-
particles within a diffraction-limited spot improves, we foresee
the probes expanding as popular choices as image contrast
agents.

4. TAILORING EXCITATION FIELDS VIA PLASMON
EXCITATION

4.1. Introduction

Thus far, we have discussed how molecules and plasmonic
nanostructures are interfaced for localization-based super-
resolution imaging and how plasmonic nanostructures
themselves can be used as contrast agents for both super-
localization and super-resolution imaging. In these cases, a
diffraction-limited excitation source excites the molecules and/
or plasmonic nanostructures, leading to strong optical signals
that are localized or interpreted to provide information at
subwavelength dimensions. A limitation of these techniques is
that the excitation source remains diffraction-limited, which
prevents subwavelength areas of the sample from being locally
excited. Plasmon excitation provides a unique opportunity to
overcome this limitation due to the ability of plasmonic
nanostructures to couple to far-field excitation light and
concentrate it into small near-field excitation volumes, well
below the diffraction limit.
In this section, we review how plasmonics can be used to

tailor excitation fields for super-resolution imaging. First, we
describe how electromagnetic hot spots can be used as
subdiffraction-limited excitation sources, providing local ex-
citation for specific regions of a sample and yielding improved
spatial resolution. Next, we describe several different excitation
geometries that create SPP interference patterns to produce
near-field excitation regions. We then review how integrating
plasmonic nanostructures into established super-resolution
imaging techniques, such as SIM and STED nanoscopy,
provides additional benefits in terms of spatial resolution. In
the final section, we move to the manipulation of emitted light
and provide a brief description of how plasmonic materials can
be used in the creation of superlenses and hyperlenses whose
function is to extend the range at which nanoscale spatial details
can be observed.
4.2. Using Electromagnetic Hot Spots As Near-Field
Excitation Sources

4.2.1. Hot Spot Arrays. One of the significant
consequences of the strong coupling between light and
plasmonic materials is the compression of electromagnetic
radiation to small volumes localized at the plasmonic surface.
This spatial transformation of light from the far-field to the
near-field leads to regions of strongly enhanced electromagnetic
fields at the plasmonic nanostructure surface (e.g., hot spots,
Figure 1C). The hot spots effectively serve as nanometer-sized
excitation sources for any molecule that enters within this small
excitation volume. Because the hot spots are spatially localized
to regions 1−10 nm in size, molecules separated by distances
smaller than the diffraction limit can be selectively excited,
enabling resolution of molecules that would otherwise overlap
in a traditional far-field excitation spot.
There are two main substrates used to create plasmon-

enhanced subdiffraction-limited excitation volumes: scanning
probe tips (such as those used in tip-enhanced Raman

Chemical Reviews Review

DOI: 10.1021/acs.chemrev.6b00547
Chem. Rev. 2017, 117, 7538−7582

7563

http://dx.doi.org/10.1021/acs.chemrev.6b00547


scattering)288−290 and nanoparticle arrays.291−293 While scan-
ning probe approaches offer excellent spatial resolution and
molecular level sensitivity, they suffer from poor temporal
resolution and difficult alignment. Nanoparticle arrays, on the
other hand, are easily integrated into commercial microscopes,
can be fabricated using a wide variety of techniques, and offer a
large number of massively parallel excitation spots, allowing
many regions of the sample to be interrogated simultaneously
but with similar spatial resolution to a scanning probe tip. For
example, Biteen and co-workers created arrays of plasmonic hot
spots using nanosphere lithography to fabricate arrays of gold
nanotriangles.120 This structure is well-known to have hot spots
at the tips of each triangle in the array, leading to enhanced
emission from molecules that diffuse into the regions of strong
local electromagnetic field enhancement.26 To test whether
excitation by hot spots could lead to improved localization
accuracy, bacterial cells expressing a fluorescently labeled

membrane-associated regulatory protein were placed on top
of the plasmonic substrates. The authors used mCherry as a
fluorescent tag, which is well-known to have a low quantum
yield, poor photostability, and thus poor localization accuracy
due to low photon counts.120 However, when the fluorescently
labeled protein diffused over a hot spot, the emission was
strongly enhanced, allowing the protein to be spatially localized
by fitting to a 2D Gaussian.120 The authors used the diffusing
membrane proteins to produce a reconstructed image of the
bacterial cell, which showed excellent agreement with the actual
shape of the cell. A similar array-based approach was also
employed by Kim and co-workers, who used a plasmonic
nanohole array and followed diffusion of fluorescently labeled
microtubules.294 In their experiment, high angle excitation was
used to asymmetrically localize the hot spots to a single edge of
each nanohole. Because the microtubule extended over multiple
nanoholes, the intensity fluctuations between adjacent nano-

Figure 31. (A) Near-field distribution of light formed from nanoholes with diameters of 400 (left) and 300 (right) nm. (B) (Top) Schematic of
nanohole array with alternating diameters and a guide to limit lateral motion of a gliding bacterium. (Bottom) Fluorescence intensity of M. mobile as
it travels over the nanohole array. Higher intensity is observed over the larger 400 nm nanoholes shown by i, iii, v, and vii. Intensity differences
between nanoholes of the same diameter indicate axial displacement of M. mobile due to the gradient near-field light profiles shown in (A). (C)
Three-dimensional superlocalization trajectory. Axial resolution is obtained by correlating the changes in the measured fluorescence intensity to the
predicted near-field intensity distribution along the z-dimension. Adapted with permission from ref 296. Copyright 2015 American Chemical Society.
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holes could be correlated to microtubule motion, a spatial
advantage that is unattainable with scanning probe approaches.
Another unique advantage of nanohole arrays is that the

enhanced electromagnetic field profile offers both lateral and
axial resolution (Figure 31). The excitation intensity trans-
mitted through the nanoholes decreases as a function of
distance from the metal surface such that loss of fluorescence
intensity can be used to track the axial displacement of an
object.295 By designing nanohole arrays with holes of different
diameters, different hot spot profiles are obtained, providing
additional spatial information in both the lateral and axial
dimensions, as shown in Figure 31A. To demonstrate this, Kim
and co-workers performed super-resolution imaging of a gliding
bacterium, Mycoplasma mobile (M. mobile), which dynamically
sampled the hot spots excited on arrays of gold nanoholes with
alternating diameters of 300 and 400 nm (Figure 31B,
schematic).296 Channels were used to limit the motion of M.
mobile to a single sample plane dimension. As the Cy3-labeled
bacteria moved over different nanoholes in the array,
diffraction-limited emission was observed (Figure 31B, i−viii).
Lateral resolution was based on localizing emission originating
from the spatially confined hot spots at the individual
nanoholes in a particular row. Axial resolution was based on
the intensity fluctuations of the emission: as fluorophores in the
M. mobile sample different axial positions over a particular
nanohole size, the fluorescence intensity will vary according to
the near-field light distribution through each hole. Therefore,
changes in fluorescence intensity can be interpreted as axial
displacements of the fluorophores from the sample.295

Moreover, because each diameter nanohole has a characteristic
axial light profile, using nanoholes of alternating sizes provides a
calibration for the axial displacement of the fluorophores
traveling over the array. Combining both the lateral and axial
information yields a three-dimensional reconstructed image of a
bacterium moving across a single nanohole (Figure 31C).

The examples discussed so far use diffusion of species in and
out of hot spots in order to localize emission associated with
individual hot spots. As an alternate strategy, Dana and co-
workers used fluctuations in SERS signals to localize emitters
on a hot spot array created by depositing silver nanoislands on
top of a silver film with a thin aluminum oxide spacer layer.297

This substrate has a higher density of hot spots than the
previously described arrays but also suffers from increased
heterogeneity due to the lack of control over interparticle
spacing. Exploiting the high hot spot density, the authors
imaged peptide networks on the silver nanoislands, taking
advantage of the temporal fluctuations in the SERS of amines to
localize emission occurring at different hot spots at different
times, similar to the localization-based super-resolution imaging
strategies described in section 2, and achieving ∼20 nm spatial
resolution. The advantage of this SERS-based approach is that
no extrinsic fluorescent label is needed, although there is
limited control over the SERS fluctuations.
While all of the experiments described above take advantage

of the high degree of spatial confinement and massively parallel
excitation volumes offered by hot spot arrays, they all suffer
from one common problem: the emission will only be localized
at the hot spot and nowhere else. Biteen and co-workers
illustrated this by performing a PAINT experiment in which
diffusing mCherry was localized upon interacting with either a
bare glass coverslip or a nanosphere lithography templated
nanotriangle array.120 While the former showed uniform
localization of the mCherry dye across the substrate, the latter
showed high degrees of localization bias, with most events
tracking the underlying shape of the nanoparticle array. This
localization bias is the biggest flaw of using hot spot arrays for
super-resolution imaging, as only molecules interacting with the
hot spots are localized, providing an incomplete picture of the
sample. Increasing the density of hot spots on the substrate will
address the problem to an extent, by creating more local

Figure 32. Bright field images of a nanohole array with (A) Gaussian illumination and (B) random illumination created with an optical diffuser. (C
and D) Diffraction-limited SERS images of a collagen fiber with the excitation beam profiles shown in (A) and (B), respectively. Stochastic blinking
is captured in these snapshots. (E) SERS reconstructed image using the illumination profile from (A). Only certain regions of the sample were
localized. (F) SERS reconstructed image acquired by using a series of random illumination patterns, as in (B). The gaps in the fibril shown in (E) are
now filled due to the dynamic activation/deactivation of hot spots. Adapted from ref 299. Copyright 2016 American Chemical Society.
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excitation spots, but eventually, the different features will
experience plasmon coupling, reducing the localization
accuracy.
4.2.2. Dynamically Addressable Hot Spots. To address

the localization bias associated with using hot spot arrays for
super-resolution imaging, several groups have devised strategies
for creating dynamically addressable hot spots, which effectively
increases the density of the hot spots on the array surface by
using tailored excitation fields. For example, Lindquist and co-
workers used nanohole arrays as substrates for super-resolution
imaging of SERS from collagen fibrils.298,299 Excitation of this
substrate with a Gaussian beam provides a static distribution of
hot spots that tracks with the illumination laser profile (Figure
32A). By measuring a series of diffraction-limited SERS images
(Figure 32C) and localizing the emission as the SERS signals
randomly blink, a reconstructed image of the fibril was created,
similar to the localization-based super-resolution strategies from
section 2 (Figure 32E). Gaps are noted in the reconstructed
image, due to poor spatial overlap between the limited number
of hot spots in the nanohole array and the location of the fibril.
To address this limited hot spot density, the authors altered the
phase and amplitude of the excitation light using either a spatial
light modulator or a diffuser.298,299 This allowed new hot spots
within the array to be selectively excited (Figure 32B). By
continuously modifying the excitation field profile, different hot
spots are activated, allowing the authors to localize more
emission events over a larger effective illumination field. Figure
32 (panels D and F) shows the resulting diffraction-limited and
reconstructed images, respectively, and reveals that much more
of the fibril surface is reconstructed when using dynamically
addressable hot spots. The authors also used this technique to
map collagen fibrils on a silver island film substrate. Even with
this poorly defined substrate, the authors were able to achieve
super-resolved images using their varied illumination scheme.
This advance is significant because it relaxes the need for
complex nanohole arrays and opens the possibility of a wide
variety of plasmonic substrates to achieve high lateral
resolution.
In addition to nanoparticle arrays, addressable hot spots can

also be created through the excitation of propagating surface
plasmons (as in Figure 1B). Kim and co-workers launched
propagating surface plasmons in a 40 nm thick Au film
containing gratings with a pitch of 300 nm.300 The surface
plasmon was excited using a prism configuration, allowing
control of the angle with which light is coupled into the grating.
As the SPP propagates, hot spots are generated in the grooves
of the grating. The grooves essentially act as nanofeatures on
the surface of a metal film, creating a junction between two
plasmonic materials and resulting in a hot spot. By varying the
plasmon propagation direction via the angle of incidence of the
excitation, the location of the hot spot was dynamically tuned
from one side of the groove to the other. In the instance where
a fluorophore is situated on one side of a particular groove, the
hot spot can be turned on and off to provide intensity
modulation needed for single-molecule localization. By
modulating the hot spots within the grating, the authors
achieved 100 nm resolution in the direction perpendicular to
the grating axis when imaging 40 nm fluorescent polystyrene
beads.

4.3. Improving Resolution with Surface Plasmon Polaritons

In the previous sections, arrays of plasmonic hot spots were
employed to create near-field excitation sources and perform

super-resolution imaging. In most examples, excitation of
localized surface plasmons in nanoparticle or nanohole arrays
led to strong electromagnetic field confinement and localized
illumination sites. However, as seen in the previous example
utilizing a diffraction grating, extended dimension structures,
such as thin films, gratings, and nanowires, can support SPPs,
which are also useful for super-resolution imaging. Exciting
SPPs require careful experimental design because energy
conservation does not allow incident light traveling in air to
directly excite an SPP due to its higher wavevector. The most
common ways to overcome this is to use a prism to couple light
in at a high angle (the Kretschmann configuration) or to use a
diffraction grating to help launch the SPP.301 A particularly
interesting application of SPPs to super-resolution imaging is
that radiation traveling as an SPP has a wavelength smaller than
the original excitation light. This sets up the possibility to use
SPPs as both small volume excitation sources (as shown in the
previous section) as well as coupling agents for projecting high
spatial frequencies into the far-field via interference (see section
4.4.1). In this section, we will discuss and review several ways in
which SPP excitation can be used to achieve high-resolution
images.
One way in which SPPs have been used to improve spatial

resolution involves image magnification using a planar optic on
top of a thin metal film.302−304 Davis and co-workers
demonstrated this strategy by creating a nanohole array in a
gold film, which is used both as a diffractive element for
coupling into SPPs in gold as well as a test object for
imaging.304 A glycerin droplet is introduced on the gold surface,
which behaves like a parabolic mirror. SPP waves created by the
object propagate in the gold film and are reflected by the
mirror, forming a magnified image of the original object
elsewhere on the gold surface. The resulting image is then read
out by a traditional far-field microscope objective. When a
nanohole array is imaged by this strategy, individual nanoholes
are resolved in the final image with edge resolution of ∼100
nm. Ray tracing diagrams showing the propagation and
reflection of the SPPs yield theoretical images that agree
extremely well with the experimentally measured images.
Depending on the position of the object relative to the focal
point of the parabolic mirror, the magnification of the object
may vary and image distortions are quite prominent. None-
theless, this technique has been used to read out arrays of
anisotropic and asymmetric structures and has resolved the
shape of the individual objects, despite their spacing and size
being less than the diffraction limit of light.302−304

A second strategy to use SPPs in super-resolution imaging is
to create a standing wave in a metal film. Counter-propagating
SPPs can interfere to form a standing wave, which can, in turn,
be used as a patterned excitation source. Because of the shorter
effective wavelength of the light in the metal film, the resulting
interference pattern will have features smaller than the
diffraction limit of the incident light. Figure 33A shows an
example of this experimental approach by Wang et al. in which
four gratings were placed around a thin silver film.305 A 633 nm
laser incident on two opposing gratings generates counter
propagating SPPs in the x or y dimensions that interfere in the
smooth central area. The central area was 18 × 18 μm (shorter
than the SPP propagation length) to form uniform standing
wave excitation. By changing the phase of the incident light, the
standing wave pattern could be shifted to illuminate different
regions of the central area. Fluorescence from 20 nm beads
randomly distributed on the sample was collected at three
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unique standing wave patterns in each of the lateral dimensions.
To form an image with subdiffraction resolution, the
intermediate images were weighted (based on the modulated
intensity of the standing wave excitation) and summed to form
a reconstructed image with resolution roughly 2× better than a
conventional fluorescence image (Figure 33, panels B−E).
Coupling this relatively easy excitation scheme with increasingly
sophisticated SPP interference substrates has been predicted to
push the resolution below 50 nm.306

A second approach for launching counter-propagating SPPs
for super-resolution imaging is by creating a standing wave with
surface plasmon resonance fluorescence microscopy (SPRF).
This illumination scheme mirrors that of through-the-objective
total internal reflection fluorescence (TIRF) microscopy, in
which a high N.A. objective produces high angle excitation

above the critical angle for TIR.307 In the SPRF analog, the high
N.A. objective allows for high angle light at the surface plasmon
resonance (SPR) angle to launch SPPs in a metal film. Chung
et al. used this approach to image 40 nm fluorescent beads
distributed over a 40 nm thick gold film.308 To create
subdiffraction limited illumination, the excitation laser was
split into two paths, each traveling off the optical axis of the
objective and focused onto the gold film at the SPR angle (θ),
albeit in opposing directions (i.e., excited at ± θ). The
interference from the counter-propagating SPPs formed a
standing wave that was used, as above, to create a patterned
excitation source. The fluorescence was collected with an
objective and imaged onto a CCD detector. Similar to the
previous example, intermediate images of the fluorescent beads
were acquired at three different phases of the incident light to
shift the standing wave patterns and illuminate a large overall
region of the sample.309,310 The intermediate images were then
used in a standing wave TIRF algorithm309 to form an
enhanced image with roughly 4× better lateral resolution than
the raw SPRF images. In addition to the improved spatial
resolution, the excitation and detection volumes are also
smaller (due to evanescent surface confinement), resulting in
suppressed background contributions. Moreover, the fluores-
cence signal is enhanced by the local electromagnetic field
enhancement at the surface, leading to high signal-to-noise,
providing an additional advantage of this super-resolution
imaging strategy over conventional TIRF when imaging objects
at the substrate/object interface.
As an alternative strategy for exciting counter propagating

SPPs, Wang and co-workers used optical vortices to launch
SPPs in thin metal films and create standing wave interference
patterns (Figure 34A).311 An optical vortex is a beam of light
whose wavefront spirals around the axis of travel. An advantage
of using an optical vortex is that any excited SPP will propagate
toward the center of the vortex (where incident light
destructively interferes). Thus, SPP interference patterns can
be created in an arbitrary x−y coordinate within a thin metal
film. By changing the number of light rotations per wavelength,
the optical vortex will be phase shifted, allowing the necessary
collection of emission from three different standing wave
patterns for image reconstruction as discussed in the previous
examples. Collecting just three intermediate images at unique
phases, Wang and co-workers used SPP standing wave
interference patterns created by optical vortices to image 20
nm diameter fluorescent beads on a thin silver film to achieve a
resolution ∼2× better than conventional TIRF after image
processing (Figure 34, panels B−E).
4.4. Plasmon-Assisted Super-Resolution Imaging

4.4.1. Structured Illumination Microscopy (SIM). In the
previous section, interference of SPPs created standing waves
that could be shifted over the surface to create a series of
images, which were then processed to yield a final super-
resolved composite image. These types of SPP interference
effects can also be exploited to improve resolution in SIM. In a
typical SIM experiment, an illumination wavefront with
periodically varying intensity, such as a sine wave, is introduced
to a sample.312,313 The patterned illumination and emission
from the sample interfere to form moire ́ fringes. Similar to two
sound waves beating against each other to produce a higher-
frequency and lower-frequency component, the moire ́ fringes
contain lower and higher spatial frequency components based
on the spatial frequencies of the patterned illumination and the

Figure 33. (A) Experimental design of 2D standing-wave SPP (SW-
SPP) interference microscopy with grating couplers. (B) Conventional
fluorescence image and (D) 2D reconstructed SW-SPP images from
20 nm fluorescent beads. (C and E) Cross-section corresponding to
the boxed areas in (B) and (D), respectively, show a 2-fold increase in
resolution using SW-SPP. Reprinted from ref 305 with permission of
Springer.
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sample features. The result is that high spatial frequencies from
the sample that are typically outside the collection range of a
microscope objective are encoded in the low-frequency
component of the moire ́ pattern, allowing them to be collected
by the objective. Because the spatial frequency of the
illumination is known, the original spatial frequency of the
sample can be recovered. In a typical SIM experiment, many
images are collected as the phase of the illumination is
modulated, and the angle of the illumination pattern is rotated.
These images map out a large Fourier space containing both
the low and high spatial frequencies from the sample emitters.
After collection, the images are processed to remove the
contribution from the excitation and reconstructed to form an
image with approximately 2× better resolution than the
diffraction limit.
In order to improve the spatial resolution, a higher spatial

frequency of the illumination source is required, yet the
illumination is still fundamentally limited by the diffraction of
light, which prevents these higher frequency patterns from
being accessible using traditional optics. However, in 2010, Lui
and co-workers proposed that surface plasmons could form
interference patterns for illumination with much higher spatial
frequencies, based on the fact that SPPs have larger wavevectors
than free space light.314 In their numerical simulations,
wavevector matching between the SPP and free space light
was accomplished through edges and adjacent slits in a silver
film to launch SPPs in opposing directions. The two counter-
propagating waves form a standing wave, which interfere to
double the spatial frequency of the surface plasmon. As shown
in Figure 35, varying the angle of incidence of the excitation
light causes a phase shift in the standing wave. Thus, tuning the
angle of incidence allows spatially varying illumination to be
produced along a single dimension, analogous to conventional
SIM but with much higher spatial frequencies. Using a quantum
dot as an emitter, Lui and co-workers simulated a 3-fold

resolution improvement over conventional far-field microscopy
and a 2-fold improvement over conventional SIM. A unique
advantage of plasmonic SIM (PSIM) is that the resolution is
not strictly limited by the numerical aperture of an objective
lens but rather by the emission wavelength, SPP wavelength,
and interference pattern.314

PSIM was experimentally demonstrated by Liu and co-
workers in 2014, using a silver film with periodic slits spaced by
7.6 μm to launch counter-propagating SPPs and create a
standing wave interference pattern.315 The interference pattern
served as the structured illumination source for 100 nm
fluorescent beads randomly distributed on the silver film. Six
intermediate images were collected by phase shifting the SPP
via different excitation angles in the x and y directions as shown
in Figure 35. Representative reconstructed images are shown in
Figure 36. In this figure, conventional fluorescence images of

Figure 34. (A) Experimental setup to excite SPPs in a Ag film using optical vortices. SPPs propagate toward the geometric focus creating standing
wave interference patterns to excite 20 nm fluorescent beads. (B) Diffraction-limited fluorescence image and (D) reconstructed standing wave-SPP
fluorescence image. (C and E) Cross sections corresponding to the boxed areas in (B) and (D), respectively, show a ∼2-fold increase in resolution
using SW-SPP. Reprinted from ref 311 with the permission of AIP Publishing.

Figure 35. Simulations showing phase shifted standing waves due to
SPP interference along a Ag-water interface with 563 nm excitation.
The phase shift was induced by changing the incident angle (θ) from
(A) 0°, (B) 4.6°, and (C) 8.0°. Adapted from ref 314. Copyright 2010
American Chemical Society.
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three beads (Figure 36A) are compared with PSIM images
(Figure 36B) and the correlated scanning electron micrograph
(Figure 36C). As shown in Figure 36D, the cross section of a
bead imaged with PSIM (red and green curves for x and y
dimensions, respectively) is narrower than that of the
conventional fluorescent image, with a 2.6x increase in
resolution. Although the PSIM results offer only a small
improvement in resolution over conventional SIM, the
experimental demonstration offers incentive to optimize the
substrate to push the resolution beyond current limits.
Further improvements in PSIM resolution can easily be

envisioned by engineering plasmonic structures with even
higher spatial frequencies. For example, nanoparticle arrays
supporting localized surface plasmons have been suggested as
substrates in order to overcome the wavevector matching
condition of SPPs.316 An additional advantage of using
plasmonic nanoparticle arrays is that the nanoparticles can be
placed at any position, creating arbitrarily high spatial
frequencies, which allows the possibility of improved resolution.
Alternatively, alternating metal and dielectric layers with a
gradient permittivity were numerically demonstrated to create
surface plasmon interference patterns roughly 6× smaller than
the wavelength of light, resulting in a theoretical spatial
resolution below 45 nm.306 Although these simulations clearly
demonstrate the power of creating structured illumination
patterns using plasmon excitation, fabrication of the plasmonic
structures needed to create these patterns can be challenging,
requiring further improvements to fabrication strategies in
order to make PSIM competitive with traditional SIM.
4.4.2. Stimulated Emission Depletion (STED).Much like

plasmonic hot spots, STED nanoscopy is another strategy for
super-resolution imaging that effectively creates a small
excitation volume and thus highly localized emission volume
(Figure 37).317,318 In STED, an excitation laser is focused to a
diffraction-limited spot on a sample to excite the molecules

within the volume to the first excited state. A second laser
beam, known as the STED laser, is coaligned with the
excitation laser. The STED laser has a doughnut-shaped
intensity profile at the focal plane and a wavelength tuned to
the red-edge of the emission spectrum of the dye to prevent
additional direct excitation of the ground state molecule. At all
locations where the intensity of the two beams spatially overlap,
the fluorophores excited by the excitation laser are forced back
to the electronic ground state through stimulated emission
induced by the STED laser. The fluorophores at the center of
the doughnut-shaped STED beam, where no STED laser
intensity is present, will spontaneously fluoresce (Figure 37A).
By filtering the stimulated emission from the spontaneous
emission, fluorescence is detected from a small volume. By
increasing the power of the STED laser, the center circum-
ference of the doughnut decreases, effectively producing an
increasingly smaller excitation volume, well below the
diffraction limit.
In traditional STED, higher STED laser powers lead to

higher spatial resolution, but at the expense of dye photo-
stability. Sivan et al. proposed that using plasmonic nano-
particles could address both of these issues.319 First, the ability
of a plasmonic nanoparticle to concentrate light from the far-
field to small near-field volumes could lower the power needed
from the STED beam to achieve a particular resolution. Or, in
other words, the plasmon of the nanoparticle could increase the
effective power of the STED beam, leading to a smaller zero-
intensity center in the doughnut and improved resolution. To
optimize plasmon coupling to the STED beam, the nano-
particle LSPR must be spectrally overlapped with the STED
beam (Figure 37C). Second, Sivan et al. proposed that if the
triplet-state emission wavelength of the fluorophore overlapped
with the LSPR spectrum of the nanoparticle, dye stability would
be increased due to an increased triplet state decay rate.319

Ground state depletion by triplet state population in
fluorophores has previously been shown to decrease the
photostability of the label, and thus depopulating the triplet
state quickly will increase the stability of the dye.320 Thus,

Figure 36. Images of 100 nm diameter fluorescent beads using (A)
conventional fluorescence microscopy, (B) PSIM, (C) SEM, and (D)
intensity cross sections. The blue line is from conventional
fluorescence, and the red and green lines are from PSIM in the x
and y directions, respectively. Reprinted from ref 315. Copyright 2014
American Chemical Society.

Figure 37. Nanoparticle-assisted STED. (A) Excitation scheme. The
excitation and STED beams are incident on a core−shell nanoparticle
consisting of a metal shell and fluorophore core. The result is
fluorescence from a spot smaller than the diffraction limit. (B) Dye
absorption (blue) and emission (green) spectra. Orange dotted line
represents the optimal wavelength of the STED beam at the red-edge
of the emission. (C) Same spectra as in (B) overlaid with the
nanoparticle LSPR (orange) tuned to the STED beam. Reprinted from
ref 319. Copyright 2012 American Chemical Society.
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nanoparticle STED (NP-STED) can both lower the STED
beam power threshold for a desired resolution and increase
fluorophore photostability by increasing the triplet state decay
rate. In this scheme, a nanoparticle with a diameter of 26 nm
was predicted to show an increase in resolution 7× greater than
that of conventional STED, a resolution limited by the
nanoparticle size.319

Sonnefraud et al. recently experimentally demonstrated that
NP-STED could achieve resolution better than conventional
STED.321 In their experiment, a core−shell architecture was
used where the core consisted of a silica nanosphere doped
with ATTO 647N fluorophores and the shell was a thin layer of
gold. The core−shell nanoparticles had an LSPR spectrum red-
shifted of the dye fluorescence emission spectrum to minimize
spectral overlap and prevent significant alteration of the
fluorescence decay rate, which would be detrimental to the
resolution. NP-STED images were constructed by collecting
fluorescence lifetimes as the sample moved stepwise over the
two beams in a scanning configuration. The lifetime signal was
time-gated to remove any contributions from gold nanoparticle
luminescence that occurred within the first 500 ps. Figure 38A

compares the images acquired from bare-doped silica nano-
particles and core−shell silica-gold nanoparticles in confocal
and NP-STED modes. While little resolution improvement is
seen between the confocal and STED images with the bare
silica nanoparticles at the STED laser intensity used,
introduction of the plasmonic gold shell increases the STED
image resolution by a factor of 4. Figure 38B shows the
resolution improvement as a function of STED laser power,
with lower STED laser intensities required to achieve the same
resolution for NP-STED versus traditional STED. While this
initial example served as a strong proof-of-principle, for NP-
STED to be routinely implemented in biological systems,

nanoparticle structure, molecule-plasmon interactions, and
illumination schemes322 need to be carefully engineered for
improved resolution and cell viability.
4.5. Super- and Hyperlenses

When an object scatters or emits light, the low spatial frequency
components propagate into the far-field and can be collected at
the image plane of a conventional lens, allowing detection using
a microscope. However, the high spatial frequency components,
which contain information about subwavelength structural
features of the object, decay evanescently away from an object,
preventing collection with conventional lenses and thus loss of
high-resolution spatial information (Figure 39A). Near-field

scanning optical microscopy (NSOM) has been implemented
to capture the evanescently decaying high spatial frequency
light from an object by placing a scanning probe tip in the near-
field.323 The disadvantages of NSOM are that careful
fabrication and placement of the tip is needed, and the probe
itself may perturb the near-field distribution of light.
As an alternative approach, Pendry proposed that meta-

materials containing a negative index of refraction could
enhance the evanescently decaying high spatial frequencies,
extending the distance from the object at which light could be

Figure 38. (A) Images comparing confocal and STED fluorescence
resolution with ATTO 647N-doped silica spheres (top row) and
doped-spheres coated with a plasmonic gold shell (bottom row). (B)
Resolution improvement of STED with (○) and without (blue ●)
plasmonic nanoparticle assistance as a function of increasing STED
laser intensity. Reprinted from ref 321. Copyright 2014 American
Chemical Society.

Figure 39. Schematic of how low spatial frequency propagating waves
(black) and high spatial frequency evanescent waves (red) travel
through (A) a conventional lens, (B) a superlens, and (C) a hyperlens.
In (A), the high spatial frequency information is lost, while in (B) and
(C) this information is transmitted into the near-field and far-field of
the super- and hyperlens, respectively.
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detected.324 Because negative index materials do not occur in
nature, they must be fabricated, typically through patterning
subwavelength structures, to yield both a negative dielectric
permittivity and magnetic permeability.325 When a lens made
from a negative index material, known as a superlens, is placed
in the near-field of an object, the evanescently decaying high
spatial frequency fields can be amplified through the lens, while
the low spatial frequencies remain unperturbed and continue to
propagate into the far-field (Figure 39B). After passing through
the lens, the high spatial frequencies will again decay
evanescently, requiring a conventional lens to be placed in
the near-field of the superlens for detection using an optical
microscope. Many theoretical models and numerical simu-
lations have been proposed for advances in super-resolution
imaging using superlenses,326−332 but in this section we will
limit the discussion to how plasmonics can aid in the design of
superlens materials and highlight key experimental demon-
strations of plasmonic superlenses used for super-resolution
imaging. For the interested reader, we suggest several reviews
on the topic for a survey of the current status of the
field.325,333,334

Plasmonic materials offer a unique opportunity to serve as a
superlens by coupling the high spatial frequency evanescent
waves from a sample into SPP modes.335 An example of this
was demonstrated by Zhang and co-workers using a thin slab of
silver as a superlens to image 60 nm features in a sample, which
are six times smaller than the illumination source of 365 nm
light.335 In their experimental geometry, shown in Figure 40A, a
focused ion beam etched patterns into a chromium layer
deposited on a quartz substrate (Figure 40B). A poly(methyl
methacrylate) (PMMA) layer was cast on to the sample to
serve as a spacer between the chrome object and the silver
superlens. To collect an image through the silver superlens, a
negative photoresist was coated on top of the silver layer. The
multilayer device was illuminated through the quartz with 365
nm light. The evanescent waves decaying from the Cr features
excited SPPs in the silver, which amplified the waves and
transmitted them into the photoresist. After exposure, the
photoresist was developed and the remaining cross-linked resist
was imaged with AFM (Figure 40C), revealing the features
from the original chromium pattern. The same experiment
performed without the silver superlens also reproduced the
original image (Figure 40D) but with far lower spatial
resolution (Figure 40E).

While this experimental demonstration proves that super-
lenses utilizing SPPs are able to produce images with improved
spatial resolution, there are still several limitations. After passing
through the superlens, the high spatial frequency components
again evanescently decay (Figure 39B), which requires that the
imaging lens (or, in the previous example, the photoresist)
must be placed in the near-field of the plasmonic silver slab in
order to project the image into the far-field. Second, this type of
device can only be optimized for a single frequency, limiting the
amount of spectral detail obtained in the resulting image.
Since the conception of a perfect lens324 and experimental

demonstration of a superlens,335 hyperlenses have been
introduced to overcome the requirement of detection in the
near-field of superlenses.332,336 Whereas a superlens only
enhances evanescent waves across the lens, the goal of a
hyperlens is to project the evanescent waves into the far-field by
converting them into propagating waves (Figure 39C). A
plasmonic hyperlens consists of alternating layers of a metal
and dielectric to form an anisotropic plasmonic material, which
has the unique property of propagating high spatial
frequencies.331,332 When the alternating layers are constructed
in a spherical geometry, the high spatial frequencies are not
only propagated into the far-field, but the image is also
magnified above the diffraction limit.331,332,336,337 This happens
because the wavevectors decrease when traveling through
concentric circles of increasing radii. These lenses therefore
offer the possibility of imaging subdiffraction limited objects in
real time.
The first experimental demonstration of a 2D hyperlens for

visible wavelengths using a plasmonic material was reported in
2010 by Zhang and co-workers.338 In their design, a spherical
well was chemically etched into a quartz substrate (Figure
41A). Next, alternating 30 nm thick layers of TiO2 and Ag were
deposited over the spherical well for a total of 18 layers (Figure
41B). Cr was deposited on the top layer, and a focused ion
beam was used to write arbitrary subdiffraction limited features,
such as the symbol shown in Figure 41C. The sample was then
placed in the optical path of a conventional microscope. Using
unpolarized white light with a filter to select 410 nm excitation,
a transmission image was recorded with a CCD camera. Figure
41D shows a far-field optical image of the Cr features using the
hyperlens shown in Figure 41C, where features separated by
<180 nm are resolvable. Figure 41E shows a cross section of the
magnified subdiffraction objects with an approximate magnifi-

Figure 40. (A) Experimental design to demonstrate a superlens. Features are etched into a Cr layer on a quartz substrate. PMMA serves as a spacer
between the Ag superlens and Cr nanofeatures. A negative photoresist is used to read out the evanescent waves generated by 365 nm excitation of
the Cr object and imaged by the Ag lens. (B) Focused ion beam image of a Cr object to be imaged. (C−D) AFM image of photoresist after exposure
(C) with and (D) without the Ag superlens. (E) Cross-section profiles show the increase in spatial resolution using the superlens. From ref 335.
Reprinted with permission from AAAS.
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cation of 2. This example clearly demonstrates the ability of a
hyperlens to image subdiffraction limited objects in both lateral
directions. However, challenges remain with this approach,
including the need to place the hyperlens in the near-field of
the sample and the need for new materials to prevent losses as
light travels through the lens.
4.6. Summary

Throughout this section, we have described several techniques
that achieve super-resolved images by manipulating excitation
and emission fields using plasmonics. For well-defined
plasmonic structures, arrays of static hot spots were used to
track mobile samples by localizing emission over hot spots in
the plane of the sample. Axial super-resolution can be added by
calibrating the emission to the excitation intensity transmitted
through nanohole arrays. For stationary samples, hot spot
arrays were dynamically addressed to excite populations of
molecules separated by subdiffraction distances as well as
induce photoswitching for molecule localization. Beyond using
localized surface plasmon hot spots, SPP standing wave
interference patterns were also discussed as near-field excitation
sources, using waves with different phases to shift the
interference patterns, illuminate different regions of the sample,
and ultimately allow reconstruction of a final super-resolved
image. We also examined how SPP interferences can improve
conventional SIM by creating structured illumination patterns
that have higher spatial frequencies than typical excitation grid
patterns. Plasmonic nanoparticles were also used to assist and
improve the resolution in STED. Lastly, we highlighted
examples of a superlens and hyperlens using plasmonic
materials with the goal of detecting of high spatial frequency

information from a sample in order to improve the overall
spatial resolution.

5. CONCLUSIONS AND OUTLOOK
In this review, we described the myriad ways in which
plasmonics and super-resolution imaging provide mutual
benefit to one another, both by enhancing our understanding
of plasmonic nanostructures and by utilizing plasmon excitation
to improve resolution of optical imaging techniques. We
focused on three main areas in which the two fields have
overlapped. First, we described the use of localization-based
super-resolution techniques like PALM and PAINT to
reconstruct nanoparticle structure, map local electromagnetic
field enhancements, and follow reactions on the surface of
plasmonic nanostructures. In several cases, localization error
due to coupling between the emission from the molecule and
the plasmon modes of the nanoparticle led to inaccurate
reconstructed images, as did point spread function distortions
induced by the dielectric interface and image dipole formation.
We also presented examples in which local reactivity differences
on the nanoparticle surface were observed, although distin-
guishing plasmonic effects from structural effects remains a
significant experimental challenge. Despite these challenges, we
presented many examples from the literature in which insight
into the interaction between molecular emitters and plasmonic
nanostructures is obtained through the use of super-resolution
imaging techniques. Future work in this field should focus on
understanding the factors that impact localization accuracy
including the spectral overlap, distance, orientation, and
position of the molecule relative to the nanoparticle. For
comparison, the literature is full of time domain studies probing
how the radiative and nonradiative rates of molecular emitters
are impacted by nearby metallic surfaces, yet the analogous
spatial studies are in their relative infancy. We believe that
mapping out these spatial relationships is the single most
important challenge for localization-based super-resolution
imaging of plasmonic nanostructures.
The second section of this review highlighted the use of

plasmonic nanostructures as image contrast agents for both
superlocalization and super-resolution imaging. Plasmonic
nanoparticles are particularly well-suited as probes for super-
localization studies due to their high photostability, strong
signals, and clear spectral features that allow them to be
discriminated from background signals while providing
quantitative interparticle distances. Moreover, when anisotropic
nanostructures such as nanorods are used as contrast agents,
both translational and orientational motion can be observed,
which is extremely useful for single particle tracking studies. On
the other hand, resolving individual plasmonic nanostructures
within a diffraction-limited spot remains an experimental
challenge due to the difficulty of modulating signals from the
nanoparticles independently, particularly in the regime where
plasmon coupling occurs. Researchers have exploited differ-
ences in the plasmon resonance or orientation of nanoparticles
to resolve individuals within an aggregate, but this approach
must be carefully calibrated to account for overlap between the
signals and will be less effective when plasmon coupling occurs.
Nonlinear approaches such as plasmon saturation or nonlinear
photothermal imaging offer alternative strategies for achieving
nanoparticle resolution, although the laser intensities must be
controlled to prevent sample damage and plasmon coupling
remains a potential issue. More recently, photoswitching
plasmonic nanoparticles between bright and dark states has

Figure 41. Experimental demonstration of super-resolution imaging
using a plasmonic hyperlens. (A) Construction of the hyperlens: (i) Cr
is deposited on quartz, (ii) a hole is etched into the Cr, (ii) a spherical
well is wet etched, (iv) 18 alternating layers of Ag and TiO2 are
deposited into the well, and (v) an arbitrary nanopattern of Cr is
deposited on the hyperlens for imaging. (B) Cross-section SEM image
of the hyperlens. (C) SEM image of arbitrary diffraction-limited
objects to be imaged created on top of a hyperlens. (D) Far-field
optical image of the pattern in (C) obtained through the hyperlens.
(E) Cross sections of the 2× magnified images in (D) showing spatial
resolution below the diffraction limit. Reprinted by permission from
Macmillan Publishers Ltd.: Nature Communications (ref 338),
copyright 2010.
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been demonstrated, although more work is required to
determine whether varying the photoswitching wavelength
may allow individual nanoparticles to be addressed asynchro-
nously and therefore localized independently. Another
intriguing possibility is to exploit electrochemistry to tune the
plasmonic response of nanoparticles within a single diffraction-
limited spot. For example, Landes and co-workers showed
significant heterogeneity in the response of plasmonic nano-
particles to an applied potential; this effect could be used to
shift nanoparticles in and out of resonance, providing an on/off
switching mechanism.339 Given the many advantages of using
plasmonic nanoparticles as optical contrast agents, optimization
and development of new techniques for achieving super-
resolution is also an important future research direction.
In the final section of this review, we described various

strategies in which integration of plasmonic nanostructures led
to improved spatial resolution, either by shrinking the
excitation volume or by passing near-field spatial information
into the far-field. For the former, a number of different
approaches have been discussed, including exploiting both
static and dynamically controlled electromagnetic hot spots and
creating controllable interference patterns using SPPs. A major
challenge with these approaches lies in ensuring that the entire
sample is probed, not just regions that fall within these well-
defined nanoscale excitation volumes. We also described how
well-known super-resolution techniques, such as STED and
SIM, benefit from the integration of plasmonic nanostructures,
although experimental demonstrations remain relatively sparse,
and thus far more work is needed. Finally, we discussed how
plasmonic nanostructures have potential as components within
super- and hyperlenses, providing a strategy to obtain
evanescently decaying high spatial frequency information,
which is typically accessible only from near-field probes. In
these latter examples, the design of the appropriate plasmonic
components remains the largest experimental challenge in
order to achieve the maximum possible resolution.
Overall, while there are numerous examples demonstrating

the relationship between plasmonics and super-resolution
imaging, the field is far from mature. We hope this review
provides a starting point for further work addressing the many
challenges that remain, from building new models to interpret
the data to designing new plasmonic components for
integration into existing platforms. Ultimately, the very nature
of plasmonic systems, which by definition have nanoscale
dimensions, requires the use of characterization techniques with
nanoscale resolution, forming the basis of a natural partnership
between plasmonics and super-resolution imaging.
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