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Interest in nanotechnology is driven by the unique and novel properties of nanoscale materials such as the
strong interaction of metal particles with light, caused by localized surface plasmon resonances (LSPRs). In this
perspective article we review and discuss prominent advantages and advances in single particle studies of
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plasmonic nanostructures. Common techniques and recent improvements in spatial and spectral resolution
will first be outlined, covering both far-field and near-field phenomena. Then, new insight and information
uniquely obtained from single particle approaches will be overviewed, including several fundamental studies

of plasmonic behaviour, as well as applications using single particle tracking and chemical reaction
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1. Introduction

The optical properties of nanoparticles have been observed
since the antiquity, for example, as part of the 4th century AD
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monitoring. Finally, highly interdisciplinary future directions and experiments are discussed.

Lycurgus cup and medieval stained glass. Scientific interests in
the colour of small particles debuted later, when Faraday
synthesized the famous “Ruby Fluid” by reacting gold chloride
with phosphorous in ether." Faraday recognized that the colour
was due to the reduction of gold to small particles, and later
Mie provided the theoretical foundations explaining the colour
of the particles and its dependence on metal composition as
well as surrounding environment.”

Such bright colours arise in materials with a negative real
and a small positive imaginary dielectric constant in a given
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wavelength range, such as quasi-free electron metals, Ag, Au, Cu,
and Al, because they can support surface plasmon resonances
(SPRs) when submitted to electromagnetic radiation. The SPR can
be of two types: propagating or localized. Propagating surface
plasmons, also called surface plasmon polaritons (SPP), are oscilla-
tions of electric charges travelling at a metal-dielectric interface. In
small metallic particles such as Faraday’s “Ruby Fluid”, the electron
oscillation becomes localized, and is thus called localized surface
plasmon resonance or LSPR. This particle-confined oscillation
occurs in the entire particle, however the strongest electric fields
are found at the metal-dielectric interface (hence the name
“surface”). Three wavelength-dependent phenomena arise from
LSPR: enhancement of the electric field on the surface of the
particle, photon absorption, and photon scattering. The latter two
are directly responsible for colour, while the former gives rise to the
electromagnetic contribution in surface-enhanced spectroscopies.
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Several factors affect the LSPR behaviour of nanoparticles,
including shape, size, composition, dielectric environment, pro-
viding exquisite tuneability as well as characterization challenges.
Given the complex and acute dependence of plasmonic properties
on structural factors, even optimized synthesis products contain
shape inhomogeneities which prevent obtaining quantitative
information from bulk measurements. Just as biological processes
can be better understood from single biomolecule studies,® and
nanoparticle dynamics such as vibration are best unravelled one
particle at a time," knowledge on plasmonic behaviour can be
uniquely enhanced by single particle approaches. Technical and
instrumental advances have greatly increased their robustness,
reliability, and popularity, producing an increasingly vast body of
literature on plasmonics studied at the single particle level.

In this perspective, we will highlight the most prominent
tools and unique features of single particle spectroscopy,
focusing on the characterization of plasmonic phenomena in
colloidal nanoparticles. In Section 2, the most common tools
as well as recent advances in characterization of single nano-
particles will be reviewed. Then, in Section 3, examples of
recent findings will be discussed with a focus on what can
uniquely be learnt from single particle approaches. Finally,
Section 4 concludes with open challenges and future directions.
Note that since all the particles discussed herein are nanosized,
we decided to omit the ‘nano’ prefix for simplicity, ie, a
nanosized rod will be referred to as a rod rather than a
nanorod; for analogous reasons we will refer to quasi-spherical
particles as sphere, although true spheres are very rare because
of faceting and twinning tendencies.

2. Methods and advances in single particle
characterization

A surface plasmon is by definition a polariton, i.e. a photon
coupled to an electron,>® such that either photons or electrons
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can be used to excite this fascinating electron oscillation. A
large number of experimental approaches are thus available to
excite and probe the plasmonic behaviour of single particles,
offering a rich variety of information and resolution. In this
section, we describe the most commonly used single particle
characterization methods, as well as recent and exciting
advances, and explain what unique information they are capable
of providing. For quick reference, the main characteristics of
each technique are presented in Table 1.

2.1 Far-field approaches to single particle characterization

While nanoparticles cannot be directly observed with the naked
eye, the effects of their plasmonic behaviour can readily be
visualized in, for example, the bright colours in medieval
stained glass. Methods probing the optical properties of nano-
particles from a distance much larger than the wavelength of
light, i.e. far-field approaches, are simple and robust tools to
study some of the prominent features of plasmonic particles.

Table 1 Overview of single particle detection techniques

View Article Online

Despite being intrinsically diffraction-limited, far-field approaches
are useful to analyse absorption and scattering properties, while
the plasmon-induced electric field can indirectly be characterized
through enhancement factors in various types of spectroscopies.
Additionally, far-field detection simplicity allows for its incorpora-
tion in more complex experimental schemes such as dynamic
tracking and correlation with structural parameters, enabling the
study of complex, heterogeneous systems.

2.1.1 Scattering by plasmonic nanoparticles. Light scattering
is a common phenomenon that occurs whenever a refractive
index contrast exists between a particle and its surroundings.
In plasmonic particles, elastic photon scattering is strongly
wavelength dependent and is most enhanced at the resonance
frequency. Single particle light scattering was first observed about
a century ago by Zsigmondy, whose ultramicroscope and studies
of colloids were rewarded by the 1925 Nobel Prize in Chemistry."®
Dark-field optical microscopy (herein referred to as simply dark-
field microscopy) is now a prominent nanotechnology tool.>*>°

Technique Probed phenomenon Spatial resolution Advantages Disadvantages
Far field Dark-field Scattering Diffraction Simple platform easily coupled to Background scattering from
microscopy limited other techniques other objects
Dynamic nanoparticle tracking  Typically limited to large
Single molecule detection’ particles (>40 nm)>°
Photothermal Absorption Diffraction Low background interference No direct cross-section
imaging (PHI) limited Single molecule detection'® information
Detection of very small particles Needs relatively intense pump
(1.4 nm)" sources
Spatial modulation Extinction Diffraction Provides absolute extinction Less sensitive than PHI
spectroscopy (SMS) limited cross-section Requires larger particles

Surface-enhanced
spectroscopy

Electromagnetic field Diffraction
enhancement limited

Near field Scanning near field Near-field optical
optical microscopy transmission or

<10 nm (aper-

(SNOM) scattering

Photoelectron Photon-induced, 20-25 nm**
emission micro- field-enhanced 2 nm (aberration-
scopy (PEEM) electron emission corrected)"”
Scanning photo- Photon-induced, Diffraction
ionization micro- field-enhanced limited

scopy (SPIM) electron emission

Cathodo-
luminescence

Electron-induced, 10-50 nm*®*”
field-enhanced

photon emission

Electron energy loss Energy loss in Sub-A'®
spectroscopy transmitted electron
beam due to plasmon

excitation

4112 | Phys. Chem. Chem. Phys, 2013, 15,4110-4129

tureless probe)'®

No intense pump sources
required

Direct probing of performance
for spectroscopic applications

Wide spectral range and good
energy resolution

Flexible measurement cap-
abilities and geometries
Suitable for non-vacuum and
liquid environment

Can be coupled to other techni-
ques (2-photon photoemission,
interferometric pump-probe
techniques)

Good spatial resolution

High temporal resolution
Relative simplicity
Polarization studies possible

Can be performed in TEM or
SEM

Relatively simple
instrumentation

Best spatial resolution achievable
Fitting of STEM-EELS data can
yield deconvoluted modes
Simultaneous elemental analysis
possible

(>5 nm)"

Indirect characterization of the
near-field

Enhancement factor provides an
averaged field intensity

Possible near-field perturbation
from the probe

Requires sophisticated
electron optics

Possible distortions due to
charging

Indirect near field information
Limited energy resolution

Sample must be stable under
electron beam

Spatial resolution intrinsically
limited by electron-hole
recombination distance

Sophisticated, expensive
equipment required

Possible difficulty in analysis to
due to plasmon modes overlap
Requires stable and electron
transparent sample
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Fig. 1 Dark-field microscopy. Left: schematic of the experimental geometry
showing the hollow cone of white light illuminating the sample. Right: real-
colour image of the scattering from colloidal nanoparticles on glass. Left and
right panels reproduced with permission from ref. 149 and 23, respectively.

In summary, a high numerical aperture dark-field condenser,
where the central portion of the cone of light is blocked, is used to
illuminate the sample with a hollow cone of light as depicted in
Fig. 1. The smaller numerical aperture collection objective accepts
only light scattered by particles in the field of view, giving rise to a
dark background (hence “dark-field”) with particles of various
shapes and sizes appearing as bright spots of different colours
and intensities against a black background (Fig. 1).

The variation of scattering intensity can be in part attributed
to size effects, as explained by Mie theory,>*" a simple and well-
known way to model the extinction (scattering + absorption) of a
plasmonic particle.>® While this solution to Maxwell’s equations
describes the peak position (colour) dependence on volume for
spheres,®® other approaches (numerical or experimental) are
needed for non-spherical particles. Scattering studies can, in
general, probe single particles as small as 35 nm,*>** depending
on their composition. To lower this size limit, various
approaches have been combined with dark-field microscopy,
such as polarization effects,®>”*%34 supercontinuum white light
sources,”" and spatial modulation spectroscopy.>**® These new
developments have allowed for particles as small as 5 nm in size
to be imaged.”"

2.1.2 Absorption by plasmonic nanoparticles. Despite the
advances in detection limits mentioned above, the observation
of nanoparticles via scattering methods becomes increasingly
difficult as their size decreases. Indeed, as described in Mie
theory” (and more generally in Rayleigh’s theory®’) the scattering
cross-section of a nanoparticle much smaller than the wavelength
of light scales as the sixth power of its radius, while the absorption
cross-section scales as its third power. It becomes immediately
evident that absorption-based methods are better suited than
scattering-based ones for the detection of nanoparticles with radii
smaller than 50 nm.***® Furthermore, detection of low intensity
scattering can be impeded by a variety of background signals from
non-plasmonic impurities in the sample, complicating data
acquisition and processing.

While several methods have been reported for measuring
the absorption of photons by single metal nanoparticles,®>'>%*!
the two most commonly used are photothermal imaging and
spatial modulation spectroscopy. The former was pioneered by

This journal is © the Owner Societies 2013
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Boyer et al.® and later refined by Berciaud et al.'"* as photo-

thermal heterodyne imaging (PHI); an alternative and more
explicit name, LISNA (Laser induced scattering around a nano-
absorber), is also present in the literature.*® This method takes
advantage of the slight refractive index change resulting from
heat release around an excited object; any absorbers, including
plasmonic nanoparticles, can be detected at room temperature
without background interference. PHI has been used to measure
the absorption of supported Au particles as small as 5 nm in
diameter*” and ~1.4 nm (67 atom clusters),"" as well as 5 nm Ag
nanoparticles.’® Beyond fundamental studies of single nano-
particles immobilized on a substrate, PHI is also a powerful,
low background approach to detect freely diffusing nano-
particles in complex media, as will be discussed in Section 3.**
The signal-to-noise ratio of photothermal microscopy* can
typically be improved by increasing the power of the laser beam
probe, increasing the magnitude of the temperature-dependent
refractive index change of the surrounding medium (organic
solvents, thermotropic liquid crystals*®), and thermally isolating
the absorber from the glass substrate.

Spatial modulation spectroscopy (SMS) is another technique
to characterize very small particles by monitoring the extinction
of a light beam (laser, white light, or supercontinuum) caused
by the passage of a single nanoparticle, providing a single
particle extinction spectrum (i.e. absorption and scattering
combined). Fig. 2 provides a graphical description of this
principle, and further experimental details can be found in a
recent review.'” Beyond measuring the absolute extinction
cross-section of single nanoparticles,'> SMS can characterize
changes in refractive index around particles via extinction
changes.*®

These two absorption-based techniques, PHI and SMS, can
be correlated with other types of spectroscopy or imaging,
providing a powerful platform for the investigation of plasmonic
properties. The simultaneous acquisition of absorption (via PHI)
and fluorescence data’’ shows promise for applications in
multidimensional tracking and sensing, while correlation with
electron microscopy allows the study of fundamental size and
shape effects.”® Such recent developments and growth of novel
far-field optical techniques provide new ways to study single
particle absorption, hereby expanding the set of measurables
available to researchers for fundamental plasmonic investigation
as well as applications in biological and other complex media.

2.1.3 Surface-enhanced effects. Plasmon resonances in
small metal particles induce strong electric fields at the particle/
dielectric interface, typically orders of magnitude more intense
than the incoming radiation. This enhancement can be utilized to
increase the signal of optical spectroscopies such as Raman and
fluorescence. Surface-enhanced Raman spectroscopy (SERS) is a
powerful vibrational technique that allows for highly sensitive and
selective detection of low concentration analytes through this
plasmonic amplification of electromagnetic fields. The electro-
magnetic enhancement mechanism is generally believed to be
the primary contributor to the SERS effect, while the chemical
mechanism, which primarily results from charge transfer between
the metal and molecule, provides a minor enhancement effect.
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Fig. 2 Spatial modulation spectroscopy. (a) Experimental geometry showing incoming light focused close to the diffraction limit on the sample plane. (b) Spatially
resolved transmission intensity change for a Au nanoparticle at 2 = 530 nm, with lock-in amplifier set at the position modulation frequency (f) and its first harmonic
(2f). (c) Cross-section of the transmission change. Reproduced with permission from ref. 12.

In the electromagnetic enhancement mechanism, the regions of
high electromagnetic fields, known from near-field measurement
and calculations to be located in gaps, crevices, and at sharp
features of nanoparticles, generate sites of high signal enhance-
ment, commonly referred to as “hot spots” (Fig. 3). The hot spot
phenomenon is a complex subject reviewed elsewhere.*®*® Typi-
cally, the enhancement due to both mechanisms is reported as an
enhancement factor (EF), which is calculated as a ratio between the
SERS intensity and the normal Raman intensity of an analyte:*>>°

EF = (I sErs/N: SERS)/ (1 Nrs/N; NRS)

where Isgrs and Ixgs are the SERS and normal Raman scattering
intensities, respectively, and Nsgrs and Nygs are the number of
molecules contributing to the scattering intensity, typically
calculated as surface coverage in SERS and as a scattering
volume in the solution for the normal Raman. In general, the

Fig. 3 Finite element method calculation results for a L-shaped trimer SERS
nanoantenna. The antenna-averaged electromagnetic enhancement (|Eex|?) is
plotted as a heat map demonstrating two hot spots located at the junction
between two spheres. Reproduced with permission from ref. 156.

4114 | Phys. Chem. Chem. Phys., 2013, 15,4110-4129

electromagnetic enhancement mechanism contributes EFs up
to ~105-10°, while the chemical mechanism contributes EFs ~
10>-10°.°°7>* Resonance Raman effects can further produce an
enhancement on the order of 10°-10*.°>°® When multiplied
(EFtotal = EFsgrs X EFgesraman), these enhancements can yield
the theoretically possible total EFs of 10'*-10"¢.49>436758 Thig
combination of SERS with the resonance Raman effect gave rise
to the EFs ~ 10"-10" reported in the first single molecule
SERS papers.®>”>*% Careful examination of experimental SERS
EFs can generate information about the “average” electric field
enhancement around a particle or cluster of particle, leading to
better understanding of plasmonic phenomena. In addition to
this plasmonic characterization application, its small probing
volume and high signal enhancement make SERS powerful in
very low concentration sensing.

Second harmonic generation (SHG) spectroscopy is another
far-field, surface-enhanced spectroscopy that can be used to
probe the plasmon-induced electric field enhancement. SHG
is a non-linear optical process where photons interact with a
non-linear material through which two photons are combined
to produce one photon with double the frequency (half
the wavelength). An attractive surface and interface probing
technique, SHG has unique advantages such as detection of
sub-monolayer coverage and sub-ps time resolution.®" Further-
more, high-resolution imaging depths of hundreds of microns
are achievable by using wavelengths in the near-IR range.®?
SHG has been most successfully used with imaging microscopy,
which allows for high resolution and rapid data acquisition,
especially when combined with laser scanning technology;
direct visualization of sample structure, with no need for
exogenous dyes or contrast agents, can be achieved. Also,
because signals arise from induced polarization instead of, as
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in the case of fluorescence, from absorption, photobleaching
and phototoxicity are reduced. Beyond imaging, intrinsic non-
linear optical properties of nanoparticles such as hyperpolariz-
ability and polarization-dependent behaviour can be measured
via SHG.*%*

2.1.4 Dynamic particle tracking. Tracking the plasmonic
response of a particle over a long period of time provides
information about real-time diffusion coefficients,?* adsorbate-
induced changes in the plasmon resonance maximum (LSPR
Jmax),” and effects of varying nanoparticle dimensions.>” Far-field
imaging techniques, in particular scattering, are ideally suited to
dynamic tracking of nanoparticles because no direct contact with
the sample is required, and the addition of nanoparticles is
believed to minimally interfere with biological processes.®® Noble
metal nanoparticles are easily trackable probes for different
systems because of their large scattering cross sections at LSPR
Amaxs rendering them extremely bright. While the spatial
resolution for discerning two identical nanoparticles is generally
diffraction limited (~250 nm),*® several strategies have been
developed to improve the spatial resolution of far-field techniques,
which can now reach 1-10 nm. Such approaches include binding
of nanoparticles with fluorescence markers (generally referred to
as fluorescence nanoscopy®’), combination of high speed video
microscopy with fluorescence,®® photothermal imaging,*° use of
improved instrumentation such as liquid crystal’> or acousto-
optic tuneable filters in conjunction with electron-multiplying
CCD cameras,®® combining dark-field microscopy with polariza-
tion,”® and employing more intense white light (femtosecond
white light continuum) sources.”* Under optimal conditions,
some of these advanced techniques even allow the detection of
particles a few nanometres in size, although for biological
systems, particles larger than 30 nm are more clearly visible
amongst the complex environment.®

2.1.5 Correlation with structural characterization. The fine
relationships linking plasmonic response to the size, shape,
and composition of metal nanoparticles allows for exquisite
control over their optical properties. Quantifying this depen-
dence and unravelling its details is thus critical to both funda-
mental understanding and application development. Inevitable
structural inhomogeneities in colloidal synthesis products,
however, are major obstacles to the use of bulk solutions as
only general trends can be extracted from such ensemble-
averaged measurements, rather than the quantitative relation-
ships gained from single particle studies. Single particle
far-field approaches are well suited to optically characterize a
large number of individual particles as the data acquisition is
typically fast and correlation with high resolution structural
measurements can provide the high quality information and
large data sets necessary to extract quantitative relationships.

While simultaneous far-field optical response and structure
can be obtained, for example with total internal reflection
spectroscopy coupled with atomic force microscopy,”” the use
of ex situ structural characterization dominates because of the
superior structural resolution achieved by electron microscopy.
Scanning and transmission electron microscopes (SEM and
TEM) offer different advantages and limitations and are typically

This journal is © the Owner Societies 2013
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chosen according to the sample studied. Structural characteriza-
tion with SEM is completely substrate-general, although the best
imaging resolution can be achieved on a conductive support
film. Because of its transparency (allowing transmission geo-
metries for optical characterization) and its conductivity, indium
tin oxide (ITO) is ideally suited for correlative work and is
broadly used despite some minor background (both in scattering
and imaging) due to surface roughness. When using a TEM,
likely chosen because of its unmatched structural resolution or
analytical capabilities, electron transparent substrates are
required. A variety of film composition can be purchased or
fabricated, including formvar (polyvinylformal), amorphous carbon,
graphene, SiO,, Si;N,4, and Si; optical transparency is of course not
an issue, but small grid spacing or deep etch pits can cause
problems by scattering strongly or blocking low angle incoming
light. Substrate effects, due to the inhomogeneous environment
around the particle”* " can be eliminated, if desired, by immersing
the sample in a solvent with a matching refractive index.””

Particle retrieval techniques for correlated measurements
are essentially the same regardless of substrate. In most cases, a
group of particles of interest or region of interest is typically
associated with an easily retrievable marker, either random or
fabricated. In the random case, large aggregates and particle
location patterns’® provide guidance, sometimes in conjunc-
tion with grid bars or asymmetric patterns built in the sub-
strates.”>”*79"%! Examples of deliberate markers used include
ITO etch pits milled with an ion-beam,** lithographically
fabricated metal patches,”® and alignhment marks created by
evaporation.®® Such markers allow easy retrieval of the particles
for structural characterization after the optical experiments are
performed. Because of the low damage inflicted upon imaging at
low magnification in a SEM, rough structural characterization
can be performed first (identifying aggregation state for example),
without major effects on the optical properties.®” Damage,
evidenced by plasmon frequency shifts and broadening, is
however observed for most Ag nanoparticles as well as for
prolonged imaging, such that control experiments are necessary
for each new system. Note that due to damage and potential
contamination yielding large redshifts of the LSPR resonance,® it
is impossible to image with a TEM before optical characterization.

Far-field optical methods such as scattering and absorption
can thus provide information with high energy resolution,
capable, when coupled to electron microscopy, of unravelling
fine details of the size and shape-dependence of plasmon
energy, polarization, refractive index sensitivity, and plasmon
decay. Additionally, SERS and other surface-enhanced spectro-
scopies allow the quantification of the field enhancement
around the nanoparticle(s).

2.2 Near-field approaches to single particle characterization

While the far-field techniques discussed above provide access
to much-needed quantitative understanding of structural
effects, their intrinsic diffraction-limited resolution impedes
access to detailed information about the underlying electron
oscillation phenomenon. A detailed knowledge of the position-
dependent oscillation amplitude (which does not necessarily
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peak at the same energy as the far-field observations as
explained in ref. 84) within and around the particle can unravel
regions of high field enhancement critical to sensing perfor-
mance optimization. This understanding can be gained using
various forms of electric field mapping which allow the direct
visualization of the plasmon eigenmodes. Additionally, dipole
forbidden modes, which cannot be excited by far-field
approaches, are accessible via local excitation.®**® Many techniques
exist, combining or relying solely on photons and/or electrons.
Some of these have been reviewed recently,>'*'”*” such that this
section will only briefly overview the standard techniques and most
exciting developments.

2.2.1 Near-field optical microscopy. Near-field optical
techniques aim at improving the spatial resolution limits of
far-field optical techniques while preserving their excellent
energy resolution by introducing a physical, optical probe in
close proximity to the particle,>'**~* a concept first outlined
by Synge in 1928.°* Akin to topographical mapping, the spatial
resolution of near-field optical techniques is largely determined
by the nature and sharpness of the probe.

In scanning near-field optical microscopy (SNOM), a tip is
scanned a few nanometres above the sample deposited on an
optically transparent substrate, creating localized illumination,
and the transmitted or emitted light is collected by either a
high numerical aperture objective (positioned above or below
the sample) or the tip itself."® Reflective geometries have been
developed such that a variety of substrates can also be accom-
modated.”® An important drawback of this technique is the
possible (and difficult to assess) distortion of near-fields caused
by the presence of the probe, such that care must be taken to
balance spatial resolution (closer probes give better resolution)
and near-field disruption (minimized by distant probes).

Traditional SNOM probes fabricated by chemical etching
and metal coating of a fibre followed by aperture fabrication
yield emission aperture dimensions of the order of tens of
nanometres. This most common experimental geometry is
referred to as aperture-type SNOM, and its resolution is typically
of the order of several tens of nanometres (50-100 nm).>® Recent
advances in tip fabrication and design have improved the spatial
resolution of SNOM: a prominent development being that of
apertureless, or scattering-type SNOM"*%°® which can reach
less than 10 nm spatial resolution by using needle-like probes; as
in scanning tunnelling microscopy resolution is determined by
the radius of curvature of the probe. Improvement in resolution
have been predicted and observed using patterned tips acting as
waveguides.®”"%°

The flexibility of the light input and experimental geometry
in SNOM allows for a large number of optical experiments, many of
which have been proposed or realized. Non-linear phenomenon
providing information on plasmon dynamics, such as two-photon
luminescence,”%*'°! have been successfully coupled to SNOM.
Ultrafast experiments are also possible.”” Overall, while the perturba-
tion potential and limited spatial resolution of SNOM place it as a
disadvantage compared to other nearfield techniques, its wide
spectral range, excellent energy resolution and flexible measurement
capabilities ensure its lasting presence in the plasmonics field.
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2.2.2 Photoemission. The interaction of photons with
metallic materials leads to electron emission when an energy
beyond the workfunction can be reached, a phenomenon
utilized in ultraviolet and X-ray photoelectron spectroscopy
(UPS and XPS).'”> When plasmonic metals are probed, how-
ever, a significant increase in electron emission can occur due
to the local electric field enhancement produced by plasmon
resonances, such that information on the near-field patterns
can be obtained from the position-dependence of electron
emission intensity. This capability is harnessed in a common
and commercially available approach called photoelectron
emission microscopy (PEEM), which has been used to map,
with a resolution down to 20 nm, the photoemission enhance-
ment in a number of patterned surfaces,***™% glits,’°® and a
small number of single particles including crescents.

Recent advances have coupled PEEM with 2-photon photo-
emission as well as sophisticated interferometric pump-probe
approaches yielding improved contrast;'**'°® coupling with
femtosecond excitation has also been achieved to probe ultra-
fast processes,'?1%%199 111 \while aberration correction
improved the lateral resolution down to a few nanometres."'>'*>
PEEM, however, can be a complex tool requiring sophisticated
electron optics and special care to avoid distortions due to
charging. A diffraction-limited variant of the technique, scanning
photoionization microscopy (SPIM), has been developed and used
to study the behaviour of plasmonic particles such as rods and
cubes;®**"*'' jts high temporal resolution and relative simplicity
are prominent advantages.

2.2.3 Cathodoluminescence. Electrons can be used as a
broadband point dipole source to excite plasmon resonances,
such that one can detect and locally map plasmonic behaviour
by monitoring the events accompanying electron excitation.
Photons are emitted by the probed material as a result of this
excitation, a process called cathodoluminescence (CL). In CL
spectroscopy, high spatial resolution is obtained by controlling
at the nanometre level the position of the excitation beam; the
detection consists of measuring the number and the energy of
photons emitted, usually through a large area detector or
parabolic mirror."®"'® CL can be performed in both TEM and
SEM, the latter being more common because of lower costs,
easier implementation, and the ability to use thick or low
background substrates such as Si wafers.'® Spectrally resolved
CLyields either a spectra at each beam position or an image for
a selected energy, while panchromatic CL (panCL) provides
intensity-only information by collecting all the light emitted
regardless of energy. The lateral resolution of the obtained
images is typically quite large, however, as it is not only limited by
the size of the electron beam, but also by the potential emission
near (not only at) the electron beam position, a fundamental
property of the CL process.'® Current best lateral and spectral
resolutions are of the order of a few (5-10 nm) and a few tens
(20-50) of nanometres, respectively.'®'” Scanning tunnelling
luminescence, a modification of scanning tunnelling microscopy,
shows promise toward improving the spatial resolution. However,
the required short tip-sample distance can be a problem for
observing particles of plasmonically relevant sizes and shapes.""”
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2.2.4 Electron energy loss microscopy. Electrons can transfer
energy to a nearby metallic particle to excite a plasmonic
resonance, such that detecting the change in energy, i.e. energy
loss, of transmitted electrons provides a high spatial resolution
approach to obtain a scattering probability map in and around
a single metallic nanoparticle. As in CL spectroscopy, two
techniques can be utilized to unravel information about the
electron oscillation behaviour of a nanoparticle: scanning
transmission electron microscopy electron energy loss spectro-
scopy (STEM-EELS)*>™'®''% or energy-filtered transmission
electron microscopy (EF-TEM)."*° In the former, a small electron
beam (~1 nm in diameter) is scanned across the sample, and
a full energy-loss spectrum is acquired at each point. Field
distributions for each peak can then be reconstructed from peak
fitting. In the latter, a full image is acquired at a small specific
electron energy window, and a spectrum can be obtained by
extracting the intensity of a pixel or sets of pixels from each
image across the entire energy range studied. EF-TEM images
provide superior spatial resolution but can be difficult to analyse
because of mode overlap over the energy window selected
(typically 0.2 eV or higher). Not surprisingly, such electron
microscopy-based techniques have gained tremendous popularity
in the last decade;®>"'®"%™L12> their resolution improvements
closely followed that of electron microscopes, in particular the
implementation of aberration correction (both spherical and
chromatic) and monochromation, such that this approach now
has the highest routine spatial resolution of all near-field
techniques.

Recent advances allowed the coupling of this powerful field
mapping approach with tomography, aiming to reconstruct a
3-dimensional map by obtaining images at various tilt angles.
Such experiments are expected to provide rich information on
the fine details of plasmonic resonances in single and coupled
particles."*"** Time-resolved experiments using pulsed electron
beams may also become a reality in the near future.

As seen above, several techniques are available to probe the
plasmonic behaviour of single metal nanoparticles, each with a
different combination of spatial resolution, spectral resolution,
expansion capabilities and ease of use and implementation.
Such complementarity allows for the acquisition of a full
spectrum of information on single particle optical behaviour.
Upcoming developments are expected to improve the experimental
throughput and render results more accurate and detail-rich.

3. New knowledge from single particle
measurements

The tremendous advances in instrumentation described above,
coupled with major synthetic breakthroughs, made many novel
experiments possible in the last ten years. As a result, funda-
mental properties of plasmon resonances, such as their decay,
dependence on structural factors, and near field distribution are
now better understood. Applications such as particle tracking and
nanosensing have also flourished, allowing the study of complex
systems such as catalytic reactions and biological processes.
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In the following section, we will highlight several recent examples
of fundamental studies and applications using single particle
approaches to give the reader an exciting and up-to-date overview
of the field.

3.1 Far-field spectroscopy studies of plasmonic behaviour

Tuning of the optical properties of metal nanoparticles can be
efficiently achieved by controlling their shape and size. For
example, the longitudinal LSPR resonance of Au rods of different
aspect ratio can span the visible and near-IR spectrum,*>”71237127
while changing the size of Ag cubes from 50 to 200 nm (side length)
shifts their dipolar resonance from approximately 450 to
800 nm."** "% Such tuning is essential for many applications where
there exists an optimal plasmon resonance frequency, such as in
surface-enhanced spectroscopies®® ®>**™1%> and sensors based on
molecular resonance coupling.'3*"*

The details of the size and shape dependence of the
plasmon resonance energy and width are inherently blurred
in bulk measurements because of the unavoidable inhomogeneity
of colloidal reaction products. Single particle optical experiments,
when coupled with structural information as described earlier in
Section 2.1.5, provide a powerful approach to unravel the details of
the structure-function relationships in plasmonic nanoparticles.
Since the initial experiments of Mock et al.'** showing large
spectral differences between silver spheres decahedra, and
triangles, single particle dark-field microscopy coupled with
electron microscopy has been used on a large number of shapes
such as triangles,>®”>'%™°  decahedra,**”® cubes,”>”*®°
cages,'*" spheres,*”'*? shells,"** and rods.>>”” In the studies
mentioned above, single particle approaches uniquely characterized
and quantified the effects of size and shape on the plasmonic
behaviour of nanoparticles, and allowed the study of properties
inaccessible with bulk measurements, such as plasmon decay and
polarization effects. Recent examples highlighting these unique
capabilities are presented below; additional discussion and review
of earlier work can be found elsewhere.®*'°

3.1.1 Quantitative effects of size and shape on plasmon
energy and intensity. Shape and size are well known to
influence LSPR behaviour, however only recently quantitative
information suitable to provide valuable guidance for application
development has appeared. Tcherniak et al.** have measured,
using a combination of dark-field microscopy, PHI and SEM, the
exact scattering/absorption ratio for the dipolar resonance of Au
spheres. Their results are in perfect agreement with predictions
from Mie theory and directly impact fields where Au nanoparticles
act as photothermal devices. Quantitative plasmon energy and
linewidth size-dependence characterization has been performed
for sharp Au cubes, decahedra, icosahedra, triangles, and
octahedra, such that the influence of shape on size effects
was extracted.”” The change in dipolar plasmon energy for a
given size increase was found to be constant for all shapes
when the dipolar resonance pathlength was used as the size
parameter (the distance between poles of opposite charge);
the simplicity of this dipolar behaviour provides tremendous
predictive power for the size-dependence of arbitrary shapes.
Going beyond dipolar resonances, single particle spectroscopy
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uniquely allows accurate characterization of higher order
modes often ill-separated in bulk spectra. The quadrupolar
resonance of Ag cubes was characterized”*”® and its size-
dependence was found to be significantly smaller than that of
the dipolar resonance,”® as predicted by numerical simula-
tions."** Recently, Wei et al. characterized size effects on the
plasmon resonances in nanorice, a quasi-one-dimensional
structure capable of supporting modes up to [ = 4."*°7%7 As
seen in Fig. 4, plasmon energy size-dependence is very linear
and less pronounced for higher order modes. In this study, the
width of the particles was fixed at 60 nm, such that a single
structural parameter, the length, could be isolated and varied
over the range 200-600 nm; excellent agreement with boundary
element method (BEM) results was obtained. Single particle
studies can also quantitatively probe the effect of simultaneous
structure and size effects as was performed for Ag-AgO shells'*®
and Ag bipyramids.'*® In such cases multiparameter fits must
be used, requiring large data sets. With the development and
improvement of high throughput single particle approaches
(wide field, ultramicroscopy, etc.), more such studies are likely
to appear.

3.1.2 Size and shape effects on plasmon polarization.
Far-field plasmon polarization, which reveals mode symmetry
as well as particle anisotropy and orientation, can efficiently be
probed by single particle approaches as they overcome the

Fig. 4 Size dependent far-field response of Au nanorice. Top: peak position
relationship to particle length, where the black dots are experimental scattering
data from correlated dark-field microscopy and scanning electron microscopy,
and the coloured background is boundary element method results for the
extinction cross-section of 60 nm diameter particles. Bottom: extinction coeffi-
cient calculated for a nanorice with length of 400 nm (white line in top panel).
Reproduced with permission from ref. 147.
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random orientation of bulk samples. Polarization-dependent
spectra from an ensemble of templated or oriented particles
can be obtained;'*° however, single particle spectroscopy can
uniquely provide quantitative information on the magnitude of
the intrinsic polarization-induced scattering intensity variation
and mode selectivity. By combining dark-field microscopy
with a variable wavelength interference filter and a rotating
polarizer, a technique referred to as RotPol, Schubert et al.*®
probed the scattering of single Ag and Au nanoparticles and
particle pairs as illustrated in Fig. 5. The polarization aniso-
tropy for Au rods was found to vary as a function of rod
resonance wavelength, a result in agreement with numerical
calculations; these rods could be monitored during overgrowth
to rounder particles, a process leading to a gradual decrease in
resonance wavelength and polarization anisotropy. The authors
also reported strong plasmon polarization for Ag triangles and
Au sphere dimers, and observed no polarization for Ag cubes.
Recent results confirm the latter in dark-field optical micro-
scopy; however, when probed by scanning photoionization
microscopy (where the cube absorbs 4 photons and emits an
electron), a strong polarization dependence was observed.®®
Correlated structural measurements confirmed that the photo-
emission was enhanced when the laser polarization was
aligned with the cube corners, strongly supporting coherent
multiphoton photoelectron emission as the mechanism
responsible for electron emission from Ag nanoparticles and
ruling out thermionic and incoherent pathways.*°

Polarization effects can also be observed by incorporating a
polarizer in the beam path of a dark-field setup, either before®>
or after the sample.*® Using the latter, Nehl et al. studied the
rather complex behaviour of Au stars and correlated the orien-
tation of most intense scattering with the position of large
protrusions.®® Using the former, the scattering intensity for the
lowest energy mode (longitudinal) of rods and linear sphere
assemblies was found to peak when the polarization is aligned
along the long axis.””%?

3.1.3 Refractive index sensitivity of single nanoparticles. A
prominent feature of small metal particles is their nanosensing
capabilities enabled by the sensitivity of their plasmon reso-
nance energy to the surrounding medium. Small changes in
size and shape strongly influence the refractive index sensitivity
(RIS), such that single particle studies can uniquely provide
insight and quantitative relationships between structural
factors and sensing performance. Early studies by Mock et al.
on random colloids™****' demonstrated a large (factor of 1.5)
variation in RIS from particle to particle. While no direct
structural correlation was performed, it was inferred from
previous scattering data that the RIS increased from spheres
to triangles to rods. Work by Sherry et al’>'** further
showed that RIS can vary nearly as much for particles with
nominally similar shapes and plasmon resonance frequencies,
highlighting the importance of minute changes in size and
corner rounding. Such acute dependence could be character-
ized quantitatively via correlated single particle RIS measure-
ments and structural characterization, a difficult yet achievable
experiment.
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Fig. 5 Plasmon polarization results for single Au and Ag nanoparticles. (a) Representative TEM images of Ag(, 1, v, v) and Au(in) structures. Scale bars, 100 nm. (b)
Real-colour images obtained in the RotPol setup. Scale bars, 15 pm. (c) Representative polarization-dependent scattering spectra obtained for single nanostructures.
(d) Shape models. (e) Computational results from discrete dipole approximation. Bottom right: polar graph of the scattering intensity from a triangular particle as a
function of polarization showing a two-lobe pattern with 60° offset. Reproduced with permission from ref. 26.

3.1.4 Plasmon decay. The advantages of single-particle
over bulk measurements so far emphasized have been mostly
focused on the removal of the ensemble size distribution
contribution. Yet additional information on plasmon decay
can be gained by implementing single particle approaches.
Plasmon lifetime is the result of several contributions from both
radiative (effects such as finite volume, sharp-tip broadening,
particle-substrate interactions) and nonradiative damping
(intrinsic effect related to the loss in electric field strength in
the metal dielectric function). The study of Rayleigh scattering is
suitable for larger NPs for which plasmon damping, particularly
retardation effects, appear. Sonnichsen et al. were the first to
examine plasmon damping in single Au rod by dark-field
microscopy.”” A later study by Novo et al.>> of more diverse rods
used a similar technique to demonstrate that depending on the
aspect ratio (and volume) of the rods, the prevailing plasmon
decay mechanism is either electron scattering (small rods) or
radiative damping (large rods). Other studies confirmed that
electron-surface scattering effects become important whenever
nanoparticles have one dimension (thickness for boxes and
prisms, width for rods) smaller than ~10 nm.>*?%'*! Several
larger nanoparticle systems dominated by radiation damping
dominates, have been examined by dark-field microscopy,
including Au spheres,”” Au rods,”” Ag triangular prisms,*®"*°
Au decahedra,**”® Au truncated bitetrahedra,”® Au cubes,”®”° Au
icosahedra,”® Au octahedra,”® and Ag-Au boxes.'*!

From these studies, it appears that a dramatic reduction in
the linewidth should be available in systems with a large electron
mean free path and low radiative damping. Single particle studies
can unravel what environmental factors (substrate, surrounding
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solvent, etc.) and particle geometry (shape, truncation, thickness,
etc.) provide the most powerful handles to manipulate plasmon
decay. For example, radiative damping was shown to be lower in
slightly truncated particles (vs. sharp ones) and in nanoparticles
sufficiently large to yield a large electron mean free path.?®
However, lateral dimensions and volume must be kept low
to minimize radiative damping. Given some experimental
interpretation difficulties and the limited data sets typically
available, coupling single particle studies with computational
approaches, as was done recently by Blaber et al.,*® provides
additional insight on plasmon decay. Indeed, comparison
between electrodynamics results and experimental data on
the plasmon decay of thin platelets unravelled a likely plasmon
path along the longitudinal axis, i.e. in the plan parallel to the
nanostructure long axis.*® Larger and more sophisticated data
sets coupled with similar numerical approaches are expected to
further enrich the knowledge on decay lifetime by surmounting
the difficulties associated with the larger particle to particle
variability present in lifetime analysis when compared to
plasmon energy (Amax) analysis.

3.2 Near-field effects and their dependence on particle size,
shape, and aggregation state

3.2.1 Plasmons probed in the near-field. As seen above,
single particle far-field approaches can be used to extract rich
information on the structure-function relationships in plasmonic
nanoparticles, ranging from refractive index sensitivity to scattering
and absorption properties, polarization effects, and plasmon decay.
However, such measurements indirectly probe the underlying
electron oscillation phenomenon. With near-field techniques,
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electric field potential maps providing the details of the electron
resonance pattern can be obtained. Shape effects can thus be
visualized directly as different geometric distribution of the
electric field potential in and around the particle. This is
of particular interest for fundamental studies on plasmonic
behaviour as well as in the optimization of substrates for surface-
enhanced spectroscopies. Indeed, as will be discussed later, the
regions of high field intensity are believed to provide most of the
signal enhancement in, for example, SERS,*®>'>*% gych that
quantifying the intensity and size of such “hot spots” is of critical
importance. Any of the techniques described in Section 2.2 can be
used to produce such electric field maps, with various levels of
resolution (Table 1). Note that there exists a growing discussion
about the exact nature of the observed signal in near-field
approaches.’®”**® However this section will focus on two
prominent types of information uniquely obtained by near-
field techniques; the reader is referred to recent reviews for
further and more specialized discussion.®>*?%"%°

Amongst the unique aspects of plasmonic behaviour that
can be probed in the near-field are ultralocal variations of the
electric field due to differences in corner sharpness within
the same particle. Indeed, large changes in field intensity at
the tips of Ag triangles and cubes have both been observed.
EELS studies of the former showed that a higher corner angle
(larger radius of curvature) leads to lower field concentration:
the 76.5° corner had the weakest interaction with the electron
beam, followed by the shaper 59.5° and 44° corners."'® Similar
effect were observed and calculated for cubes, in which the
absorption resonance at different corners was found to be
mostly independent of each other and rather be dictated by
the local shape and environment.'*!

Another unique capability of near-field approaches is
the possibility to gain profound understanding of high order
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(high energy) modes, for which the field distribution is not as
obvious and symmetric as for dipolar modes. Such plasmon
resonances can be visualized by observing the electric fields
around a particle at a specific, narrow energy range such that
the overlap from other modes is minimized. Exquisite detail
can be obtained using energy-filtered TEM imaging; a recent
example in Fig. 6 shows the field distribution for the m = 1 to
m = 6 modes in a Ag rod."*® Similar results have been
obtained, albeit with much more limited spatial resolution,
using cathodoluminescence®® and two-photon-induced lumi-
101161 Near-field mapping also provides access to
“dark modes”, i.e. modes which cannot be excited in the far
field because of their lack of net dipole moment. Koh et al., for
example, recently used STEM-EELS to probe the plasmon
modes in fabricated nanoantennas made of one to three
triangular structures, revealing both dark and bright modes
within their rich coupling patterns.®®

3.2.2 Field enhancements studies from far-field spectro-
scopy. Studies correlating near-field and/or far-field micro-
scopies (including TEM, SEM, AFM, and LSPR imaging) with
SERS and other enhanced spectroscopies have allowed for
interrogation of the effect of nanoparticle shape and aggrega-
tion on field intensity. “Single” particle SERS is somewhat of a
misnomer, as it is generally agreed that most monomer nano-
particles do not provide sufficient EFs (>10%)."®* Generally,
“single” particle SERS involves dimers, trimers, and higher
order aggregates, either bare or coated with silica, to provide
the hot spots necessary for generating significantly enhanced
electromagnetic fields.">®'®*'%* From studies of dimers and
trimers of 150 nm spheres, it was found that EFs do not
correlate with aggregation state. Instead, only a single hot spot
seems necessary for significant enhancement."**'%* It was also
found, as shown in Fig. 7, that there is no direct correlation

nescence.

Fig. 6 Energy-filtered transmission electron micrographs of a single Ag rod obtained in a monochromated Zeiss SESAM FEG-TEM operated at 200 keV with an energy
selecting slit of 0.23 eV. Modes from the fundamental (m = 1) to the m = 6 mode are clearly visible. The intensity of the energy-loss maps is shown as a temperature

colour scale. Reproduced with permission from ref. 120.
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between the LSPR .. (a far-field effect) and the SERS max-
imum EF (a near-field phenomenon) when the system is hot
spot dominated.

Recent advances in nanoparticle synthesis has resulted in
increasingly successful attempts to create hot spots in single
nanoparticles by synthesizing shapes with extremely sharp features,
including stars,"® spiked gold beads,'®® cubes,"*”'*® and octopod
structures.'®® Fig. 8a shows a Raman signal map overlaid on the
corresponding SEM image, confirming the single particle origin of
the signal. Fig. 8b shows an example of the Raman spectra used to
generate the map, clearly showing that the highest signal intensity is
obtained with the etched octahedral particles.'®® The authors also
tested the wavelength dependence of the enhancement produced by
their particles, and found that compared with excitation at 514 nm,
the mildly etched particles had a higher SERS signal intensity at
633 nm, while the octopod particles demonstrated a higher intensity
at 785 nm, with EFs ~5 x 10°, ie. an order of magnitude better
than most monomers. To date, the best effort for achieving highly
enhancing single particle SERS utilized LSPR spectroscopy, high
resolution STEM, EELS, SEM and SERS, to demonstrate that
attaching single Au stars to surface-bound 1,5-naphtalenedithiol
molecules formed intense hot spots between the nanostar tips and
the optically thick Au substrate. The low concentration of molecules
on the surface insured that only one or two molecules would reach
the hot spot, such that the EFs calculated for the stars were on the
order of 10", three orders of magnitude higher than for dimers of
spheres (EFs ~ 107).'®> An important issue to note is that nano-
particles such as stars, cubes and triangles, all with sharp corners, as
well as rods, are more highly sensitive to polarization orientation
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than more truncated structures.'¢”*¢®

Thus, when performing single
particle SERS measurements with non-spherical structures, it is
critical to take laser polarization into account.****%”** Such studies
indicate the possibility of achieving highly enhancing structures
for true single particle SERS, given the appropriate nanoparticle
geometry and laser polarization.

Another approach to probing the electric field on nano-
particles, second harmonic generation (SHG) imaging, has been
used to characterize type I collagen fibres in extracellular
matrices, connective tissue, and internal organs.®? Generally in
SHG, spherical nanoparticles are more easily observed as trimers
than dimers because of symmetry, although if the particles are
not spherical dimers and trimers have comparable activity.®® Jin
et al.®* showed that SHG is symmetry forbidden for bulk samples
such as silver due to the inversion symmetry in bulk silver. It is,
however, possible for SHG at the single silver particle level, due
to both the surface contribution, and the enhancement from the
plasmon resonance. Indeed, excitation along the longitudinal
axis of the rods created the SHG response through nonlinearity
in the polarization.®® Because SHG can be used to interrogate the
nonlinear properties of nanoparticle systems and is sensitive to
polarization effects at the single particle level, it is expected to
evolve as an important tool in nanotechnology.

3.3 Monitoring chemical and biological processes with the
plasmonic response of single nanoparticles

As previously illustrated in this paper, monitoring the shift in
Amax Of @ nanoparticle is a relatively easy way to measure
changes of the nanoparticle itself (size and shape) or its

Fig. 7 (a) SERS enhancement factors (EFs) for 30 single Au sphere aggregates as a function of number of cores. (b) Average EF for each number of cores show
constant behavior regardless of the number of hot spots present. (c) Lack of correlation between EF and dipole plasmon resonance energy. (d) Calculated (|Eex|*) for a
dimer structure as a function of the interparticle separation; at lex = 633 nm, the average EM enhancement increases by ~ 2 orders of magnitude with decreasing gap

size. Reproduced with permission from ref. 156.
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Fig. 8 Surface-enhanced Raman scattering of benzenethiol on single Ag nanoparticles. (a) SEM image of particles overlaid with SERS intensity map of the 1584 cm™
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1

mode of benzenethiol. (b) SERS spectra for each shape particle obtained with 633 nm excitation. (c) Average single particle SERS intensity as a function of shape and

excitation wavelength. Reproduced with permission from ref. 168.

surrounding environment, even allowing the tracking of
chemical events at the surface of single particles via dark-field
microscopy or photothermal imaging. The potential for monitoring
surface binding events is of great interest for fields such as
catalysis, materials science, biology, and biochemistry, such that
many exciting new developments have emerged recently; we high-
light some of the most important ones below.

Nanoparticle oxidation can be tracked optically using their
plasmonic signature. Oxidation of Cu has been observed
on triangular nanoparticle arrays fabricated by nanosphere
lithography'”’® and more recently continuously monitored in
real time at the single nanoparticle level by dark-field micro-
scopy."””" Cheng et al. were able to identify heterogeneous
reaction pathways and intermediate states of the oxidation
kinetics of cetyltrimethylammonium bromide (CTAB)-coated
Au rods by H,0, in the presence of Br'’> by studying single
particle scattering with dark-field microscopy. They found that
mild oxidation happens likely at the tips of the rods (where the
CTAB capping layer is less dense) resulting in a shortening of
their length well matching the observed blue-shift of the long-
itudinal LSPR peak. By monitoring heterogeneous reaction
rates as well as reaction pathways, a self-catalysis mechanism
previously hindered by ensemble-averaged measurements was
revealed. Alternatively, it is possible to externally control the
plasmonic signature by applying an electrochemical potential;
the colour change is visible in dark-field microscopy.'”® The
amplitude of the spectral shifts was observed to vary with the
particle morphology, being most influenced by the presence of
tips or any other electromagnetic field hot spots that are
expected to have higher rates of electron transfer. Colour
changes in Au rods were of such magnitude to be observable

4122 | Phys. Chem. Chem. Phys, 2013, 15,4110-4129

by eye when the potential was stepped from —1.0 Vto —1.6 V
(Fig. 9).

Direct observation of chemical reactions on single Au
particles by dark-field microscopy was first reported by the
Mulvaney group.'’* By correlating the shift in LSPR Ayay and
the change in the nanoparticle electron density, they achieved a
quantitative description of Au-catalysed oxidation of ascorbic
acid by dissolved oxygen at the nanoparticle surface. More
specifically, the resonance shift observed for one nanoparticle
in one redox cycle can be related to the number of O, molecules
involved in the reaction per second, given knowledge of the
number of atoms in the structure (volume derived from
TEM images) and the reaction stoichiometry. Ultimately, this
study demonstrated another great application of dark-field

Fig. 9 Real colour image from dark field microscopy showing the electric
potential induced shift in scattering Amax for single Au nanoparticles (red = rods,
green = spheres or triangular prisms). Reproduced with permission from ref. 173.
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Fig. 10 Antenna-enhanced hydrogen sensing using a Au triangular platelet and
a Pd nanoparticle separated by a 10 nm gap. The left diagram shows the
scattering spectrum of the nanoantennas for the different hydrogen pressure
values; the hydrogen partial pressure is raised first from 0 Torr to higher pressures
(cycle 1) and then driven back to 0 Torr (cycle 2). The right diagram shows the
behaviour of the resonance peak on hydrogen cycles 1 and 2. An SEM image of
the nanostructure is shown in the lower right. Scale bar, 50 nm. Reproduced with
permission from ref. 176.

microscopy, namely its capability to directly quantify redox
reactions in plasmonic nanoparticles.

Other chemical reactions have since been monitored, such
as the generation of hydrogen by photodecomposition of lactic
acid at the surface of cubic particles made of platinized
cadmium sulfide with gold cores (Au@Pt/CdS) by dark-field
microscopy.'”® Hydrogen detection was also central to a study
by Liu et al.,'”® which monitored indirectly the change induced
by the adsorption of hydrogen molecules on Pd posts located
10 to 50 nm apart from a single Au triangle or rod. While Pd
greatly absorbs hydrogen, it is a weak plasmonic material such
that a broad and damped scattering spectrum is observed both
in the presence and absence of hydrogen. In the close presence
of Au, however, a nanofocusing effect (optical nanoantenna
effect) increases the Ay shift of the Pd nanoparticle, as
illustrated in Fig. 10. Such robust plasmonic detection of a
low-mass gas demonstrates that nanoantennas based on the
controlled assembly of nanoparticles are promising for mole-
cular sensing and single-molecule detection.

Single molecule detection, the ultimate sensitivity limit, has
recently been demonstrated for plasmonic systems via the
adsorption of large single proteins (with molecular weight
above 53 kDa) at the surface of single Au rods. This experiment
was rendered possible by clever, tip-specific functionalization
of the particles with receptors. In this study by Zijlstra et al.,"°
the shift of the longitudinal surface plasmon resonance at a
single frequency was monitored by photothermal imaging. The
single-molecule nature of the binding events is illustrated in
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Fig. 11 Time trace of normalized photothermal signal and relative LSPR shift for
biotin-functionalized single Au rods in the presence of different concentrations of
a streptavidin—-R-phycoerythrin conjugate. Because of the single wavelength
measurement performed, the right-hand axis corresponds to an estimate of
the LSPR redshift deduced from the linewidth of the individual rods. Reproduced
with permission from ref. 10.

Fig. 11, where the normalized photothermal signal and relative
plasmon resonance frequency shift is reported over a 800 s
period during which the protein (streptavidin-R-phycoerythrin
conjugate) is put in the vicinity of the nanoparticle. Interestingly,
the approach of molecules that leave the probing volume within
tens of seconds can be observed. Method generality was
established by probing three different biotin-binding proteins
(streptavidin, antibiotin, and a streptavidin-R-phycoerythrin
conjugate) as well as different single rods. The Sonnichsen
group also reported single-molecule adsorption events on a
single plasmonic sensor. Using a dark-field optical microscope
equipped with a white light laser source and intensified CCD
camera detector, they monitored the LSPR ., shift in the
scattering spectrum of single Au rods induced by the binding of
fibronectin.” Single Au rod scattering spectra could be obtained
within a few milliseconds with an impressive spectral resolution of
0.03 nm (after fitting the spectral resonance). The simple structure
of both sensors (single nanoparticle) makes such approach attrac-
tive as it avoids any fabrication/assembly difficulties while reaching
unprecedented detection capabilities.

3.4 Nanoparticle tracking

Dark-field microscopy is, as discussed in many parts of this
article, a robust and flexible tool easily integrated in multi-
component/multi-instrument studies. Because of its fast speed
and high sensitivity to plasmonic scattering, it provides a
unique and highly effective method for the investigation of
the dynamic motion of nanoparticles under various, potentially
complex conditions such as biological media. Combining LSPR
imaging with a wavelength selector (liquid crystal tuneable filter),
Bingham et al.** characterized the plasmonic response and motion
of diffusing nanoparticles, and recorded the scattering of multiple
~35 nm Ag nanoparticles and ~100 nm Ag prisms in parallel.
Such high-throughput method is extremely attractive for single
particle studies as it provides LSPR information and diffusion
coefficients simultaneously and in real-time.>*

Using high speed video microscopy (video rate of 25 ps) and
fluorescence, Fujiwara et al.®® tracked a 40 nm Au nanoparticle
functionalized with a lipid (1,2-dioleoyl-sn-glycero-3-
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Fig. 12 Orientational mapping using dark field microscopy. Far left: measured dark-field images from four Au rods. Left: best-fit simulated dark-field images. Right:
3D intensity distribution plots including contour plots and blue dots representing measured values and showing good agreement with simulated data. Far right: 3D
orientation models of the corresponding rods. Reproduced with permission from ref. 179.

phosphoethanolamine (DOPE)) in the cell membrane. They
observed that the cell membrane is compartmentalized with
respect to lateral diffusion of phospholipids. This compartmen-
talization confines the nanoparticle-DOPE complex within a
compartment, limiting long-range diffusion. Actin-based
membrane skeleton, regulating membrane compartment
boundaries, was thus involved in the process, a finding sup-
ported by the simple Brownian diffusion of the nanoparticle-
DOPE complex in areas of the membrane where the skeleton was
found to be depleted. Other studies involving membranes
include that of the rotary molecular motors comprising FoF;
ATP synthase with Au rods.”® Unlike single molecular Forster
resonance energy transfer or attaching actin filaments or nano-
particles to the rotor, i.e. techniques which are hampered by
limited time and angular resolution as well as having long
acquisition times, dark-field microscopy combined with polar-
ization effects allows for shorter data acquisition times,
improved time resolution (5 us), and a superior signal-to-noise
ratio. This time resolution and signal intensity resulted in the
elucidation of the F, Brownian ratchet mechanism, as well as the
observation of transient dwells from interaction between the F,,
rotor and the FoF; complex.

Rods are prominent in tracking studies because polarized
light can give information about their orientation. Sonnichsen

4124 | Phys. Chem. Chem. Phys., 2013, 15,4110-4129

133 utilized this feature to track the 2D orientation of Au

et a
rods confined at a glass-water interface. The fastest rotational
diffusion times recorded were ~ 60 ns, with the local viscosity
dominated by particle-surface interactions. They also found
that some particles were “sticky’’ (attaching to the surface) and
hence had longer diffusion times.

The tracking of nanoparticles quickly became of interest to
in vivo studies because of the widespread possible applications
in live cells such as biosensing, drug delivery, diagnostics, and
therapeutics.®®'”” Indeed, nanoparticle tracking combines the
advantages of single particle and single molecule tracking,
namely the unlimited observation time due to lack of photo-
bleaching and the absence of disruption to the surrounding
environment due to the small size of the marker. Absorption-
based imaging (LISNA) allowed for 2D tracking of 5 nm
Au spheres in the planar membrane of live cells,*® yielding
information about the protein lateral diffusion at greater signal
intensities than with fluorescence. Utilizing a fs white light
continuum with dark-field microscopy, Louit et al.”* monitored
the interaction of 80 nm Au spheres with living mouse fibro-
blast cells, observing diffusion of ~5 pm over an hour time
period. Changes in the particle scattering maximum position
and intensity of interferences correlated with exo- and endocytotic
processes: changes in nanoparticle height of 1-2 um within the cell
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along with increased cell background signal and interferences were
indicators of the nanoparticle undergoing endocytosis, providing a
tool to track such interactions.

Beyond membrane diffusion and cytosis, nanoparticles
tracking can unravel details about intracellular transport.
Incorporating a quadrant photodiode and a feedback-looped piezo
stage (to maintain position) to dark-field microscopy, Nan et al.'”®
resolved individual steps of the molecular motors kinesin and
dynein using 100-150 nm Au nanoparticles functionalized with
human fibroblast growth factor in lung cancer cells. The time
resolution of ~25 ps was limited by particle size (smaller particles
would result in decreased time resolution), and the spatial resolu-
tion was ~ 1.5 nm, an unprecedented result which allowed for the
detection of individual motion steps at full range in vivo velocities
(0-8 um s™).

Finally, moving towards 3D particle tracking, Xiao et al.'”®
used a defocused approach, where they introduced an aberra-
tion into the dark-field imaging of Au rods. By interpreting the
electric field distribution pattern, the orientation angle of the
oscillating dipoles of the individual rods was resolved, resulting
in spatial information about the Au rods (Fig. 12).5>'7°

4. Challenges, open questions, and future
directions

Single particle approaches have shown to be a powerful tool in
fundamental studies and are gaining momentum as part of
devices and sensing technology owing to their multiplexing
capabilities and small sensing volume. Several areas benefited
from the recent instrumental advances in single particle
studies described in Section 2, yet many open questions
and challenges remain, in particular in novel nanoparticle
architectures, single molecule sensing, and in vivo studies.
Single particle studies of the dynamics of (bio)chemical and
catalytic reactions offer a unique way to unobtrusively probe an
extremely small volume. However, to obtain strong signals,
understanding, control, and optimization of particle geometry
is paramount. Many exciting synthetic advances have been
reported; now the challenge lies in the successfully transition
from making to using such novel particles. Complex, multi-
functional architectures such as bimetallic particles represent
one such class of materials ripe for single particle studies and
application implementation. A recent example is the Au@Pd-
Au octopodal structure, which could provide exquisite tracking
and perhaps even optical control of Pd-catalysed chemical
reactions at the single particle level.'®>'$" Such bimetallic
structures also widen the spectrum of available attachment
chemistry beyond the traditional Au-thiol architecture.
Advances in control of nanoparticle assembly should also
provide novel single particle (rather single assembly) sensing
platforms. For example, strong interactions between quadru-
polar modes in a 3-D plasmon ruler'®* consisting of a Au rod
sandwiched between two pairs of parallel Au rods in a “H”
shape produces sharp spectral features allowing for a large
increase in the sensing figure of merit (via its 1/FWHM
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dependence). These unique spectral features are directly corre-
lated with the 3D configuration of the Au rods, such that the
smallest change in their relative position produces a clear signal
which could be used to quantify molecular structure changes
given appropriate calibration, with potential applications in the
study of macromolecules dynamics and other biological pro-
cesses."®® Mode hybridization shows promises as a powerful
sensing platform that is not confined to the hybridization of
similar modes, as demonstrated by the coupling of single
particle and microcavity modes by Schmidt et al.'®®

The interest in single molecule spectroscopy has fostered a
large body of research in the last ten years, mostly at the proof-
of-concept level, yet the field is still far from generalized,
reproducible, and robust single molecule sensing. A limited
number of reports, discussed above, claim single molecule
detection from LSPR spectroscopy, while single molecule SERS
has become a well-established field.>*°**847187 por the latter,
more robust single molecule SERS substrates are expected to
emerge from the powerful design rules gained from a better
understanding of the hot spot phenomenon.*#4%:51:133135 The
advancement and practical implementation of the former relies
on a combination of improved particle design and instrumental
advances, moving forward refractive index sensitivity as well as
energy resolution.

Single particle plasmonic sensors have been demonstrated
to be efficient at not only label-free single-molecule detection
but at monitoring real-time adsorption and desorption events
happening at their surface. The specificity of such events can be
tailored via surface functionalization, a concept critical to
biocompatibility and many sensing approaches.*****° Plasmo-
nic sensors indeed have a very promising future as intracellular
probes for monitoring dynamic biochemical processes within
cells and thermodynamics of small systems. The versatility of
the single plasmonic sensors, e.g. relative ease to fabricate
nanoparticles such as rods in a controlled manner, enables
in vivo studies aiming not only at monitoring intracellular
chemical reactions, but how those ‘nanobeacons’ affect their
living host, ie. the associated nanotoxicology. Nanoparticles
can also act as mechanical probes for investigating the environ-
ment they are embedded in. By monitoring their scattering
spectrum over time it is possible to calculate their associated
diffusion coefficient, as was recently done in transmembrane
glycolipid, for example.*®

It is no doubt that the wide diversity of far-field and near-field
techniques offered for the study of the fundamental to applied
plasmonic behaviour of metal nanoparticles represents a tre-
mendous opportunity for fundamental plasmonic studies as well
as sensing and device application. Furthermore, the implemen-
tation of multi-technique correlated studies on single plasmonic
nanoparticles has allowed for understanding the structure-func-
tion and inter functions relationships in those systems.
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