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ABSTRACT: Single-molecule detection has long relied on fluorescent labeling
with high quantum-yield fluorophores. Plasmon-enhanced detection circumvents
the need for labeling by allowing direct optical detection of weakly emitting and
completely nonfluorescent species. This review focuses on recent advances in
single molecule detection using plasmonic metal nanostructures as a sensing
platform, particularly using a single particle−single molecule approach. In the past
decade two mechanisms for plasmon-enhanced single-molecule detection have
been demonstrated: (1) by plasmonically enhancing the emission of weakly
fluorescent biomolecules, or (2) by monitoring shifts of the plasmon resonance
induced by single-molecule interactions. We begin with a motivation regarding the
importance of single molecule detection, and advantages plasmonic detection
offers. We describe both detection mechanisms and discuss challenges and
potential solutions. We finalize by highlighting the exciting possibilities in
analytical chemistry and medical diagnostics.
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Most single-molecule sensors exploit single-molecule
fluorescence,1 which was first reported in the early

1990s.2,3 In the past decade several fluorescence-based
technologies appeared on the market that exploit single-
molecule sensitivity for, e.g., DNA sequencing4,5 and immuno-
assays based on single enzymes6,7 and single-molecule
counting.8,9 The success of single-molecule fluorescence
methods is due to the background-free nature of the signal
resulting in a high signal-to-noise ratio. With modern optics the
detection of single fluorophores has become routine in fields
like materials science, biophysics, and sensing. Although widely
employed, single-molecule fluorescence is fundamentally
restricted to species that exhibit a sizable quantum yield
(typically >0.1). Detection of weakly and nonemitting species is
often done by fluorescently labeling the molecule of interest
with a high quantum-yield fluorophore or quantum dot to
generate the signal.10,11 However, such labeling is not feasible in
applications like sensing where measurements are ideally
conducted directly in a biological fluid with no washing steps.
This has sparked efforts to achieve so-called “label-free”

sensors that do not require high-quantum-yield fluorescent
labels to generate a signal. Solid-state and biological nano-
pores12 exploit changes in the current through a nanometer-
sized pore when a molecule passes through it13,14 or binds to
receptors near the pore.15 Carbon nanotubes have been
employed as transducing elements that generate stepwise
changes in conductance16,17 or exciton fluorescence18,19 upon
interaction with single molecules. Whispering gallery modes in
microresonators report local changes in refractive index or
temperature induced by binding of analyte.20,21 Recently,

plasmonic sensors based on individual gold nanoparticles have
also been employed as sensors for single molecules, which is
the focus of this review.
Biomolecular detection enhanced by plasmons was first

achieved with a planar sensor, whereby prism coupling launches
a propagating surface plasmon into a metallic film.22 On
binding of biomolecules to the gold film, the local refractive
index and thus the conditions for plasmon excitation are
modified, causing changes in the intensity reflected from the
film.23 Film based sensors are now commercially available and
are used in many analytical laboratories to determine molecular
interaction parameters and affinity. One of the drawbacks of
planar plasmon sensors is their extended surface area that
requires relatively large sample volumes and large numbers of
molecular interactions to generate a detectable signal. A logical
approach to overcome these limitations is the use of plasmonic
nanoparticles, which exhibit a strongly reduced surface area
compared to a metallic film.
Plasmonic nanoparticles exhibit localized plasmon resonan-

ces due to the collective oscillation modes of the conduction
electrons in the particle, which have to meet boundary
conditions at the particle’s surface. The frequency of the
plasmon resonance then depends on the shape, size, material,
and environment of the particle. Localized plasmons in gold
and silver particles occur at visible-NIR wavelengths (400−
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1000 nm) and are therefore compatible with standard optical
microscopes (see Figure 1). Readout with far field optics
enables sensing with low invasiveness, which is particularly
advantageous in biological media, e.g., cells and tissue samples.
Also, far-field optical microscopy systems are simple in design
and can even be operated on a mobile-phone platform or an
optical fiber.24

The ability to detect and study biomolecules using particle
plasmons is facilitated by the electric field associated with the
plasmon resonance (Figure 1b). This field penetrates the
medium around the particle and enhances the interaction
between a molecule and the particle’s plasmon. This plasmon−
molecule interaction provides two pathways for sensing (Figure
1c): first, by exploiting the effect of the plasmon on the
molecule leading to enhancement (or quenching) of the
molecule’s fluorescence; or alternatively by exploiting the effect
of the molecule on the plasmon leading to frequency shifts of
the plasmon resonance.
A major advantage of plasmon-mediated sensors is their

compatibility with the highly concentrated molecular environ-
ment in cells and bodily fluids. Blood serum, for example,
contains a total protein content of 60−80 g per liter, mainly
consisting of albumin and globular proteins.25 Many clinically
relevant biomarkers are present at concentrations ranging from
several nanomolars to hundreds of micromolars (see Figure 2).
An optical single-molecule sensor for these analytes thus needs
a probe volume compatible with these high concentrations,
ensuring that only a single protein is ever in the probe volume

at once. The probe volume of a far-field microscope is typically
1 fL, restricting single-molecule detection to at most the low
nanomolar range. In contrast, the probe volume of a plasmonic
particle is determined by the extent of the locally enhanced
field. This field typically extents over a few zeptoliters, 105 times
smaller than the diffraction limit of light. This has already
enabled single-molecule detection at concentrations as high as
tens of micromolars.26,27

In this review we outline the recent progress in single-
molecule sensing mediated by localized surface plasmons in
metallic nanoparticles. We focus on approaches that are suitable
to detect and characterize biomolecular interactions at the
single-molecule level. We first summarize the available
strategies to synthesize metal nanoparticles and their assemblies
commonly used for sensing. Naturally, single-molecule sensing
can only be achieved when individual plasmonic particles are
resolved in the microscope, so we outline common strategies
for optical single-particle detection. We then describe the
detection of single weakly fluorescent molecules by plasmon-
enhanced fluorescence, followed by the detection of completely
nonfluorescent species by monitoring frequency shifts of the
plasmon resonance. We conclude by outlining the current
challenges in the field, and describe future applications.

■ SYNTHESIS, ASSEMBLY, AND
FUNCTIONALIZATION OF PLASMON SENSORS

Colloidal gold has been used since ancient Roman times to
color glass with bright shades of yellow or red. The first

Figure 1. Principle of plasmon-enhanced single-molecule sensing using nanoparticles. (left) The sensor is typically probed in a far-field optical
microscope, where single particles are interrogated. (middle) The plasmon resonance induces a strongly enhanced and tightly confined local field
around the particles. The field shown here is for a gold nanorod that is excited on resonance (calculated using the boundary element method).
(right) This local field mediates plasmon−molecule interactions, enabling enhanced single-molecule detection by monitoring plasmon-induced
changes of the molecule (resulting in, e.g., fluorescence enhancement) or by monitoring molecule-induced changes of the plasmon (resulting in
frequency-shifts of the plasmon).

Figure 2. Typical concentration range of clinically relevant biomarkers in blood serum.28 The green bars indicate reference values for healthy
persons, whereas the red extension to the right indicates elevated values associated with disease. LDH: lactate dehydrogenase, CRP: c-reactive
protein, NGAL: neutrophil gelatinase-associated lipocalin, PSA: prostate specific antigen, BNP: B-type natriuretic peptide, PCT: pro-calcitonin.
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scientific report on the synthesis of gold nanostructures dates
from 1857 when Michael Faraday prepared gold colloids by
reducing an aqueous solution of gold chloride with
phosphorus.29 However, only in the past two decades have
these methods been refined to generate high-quality colloidal
samples with good control over the ensemble average size and
shape. Moreover, the rapid development of nanofabrication
facilities has led to new methods to fabricate nanosized metal
structures using lithographic techniques. We will not describe
all the available methods for preparation of metal particles, but
rather highlight some of the methods and discuss their
advantages in relation to sensing.
Wet-chemical synthesis of metal particles relies on the

reduction of metal ions in solution. When a particular shape of
metal particles is required, often chemicals are added that act as
“shape directing” agents.30 The mechanisms underpinning
these protocols have been developed empirically and there is no
clear picture yet of how shape control works. The field has
however developed rapidly in the past two decades and myriad
shapes of metal particles can be synthesized with excellent
yields.
Nanospheres, nanorods, and nanobipyramids are the most

commonly used geometries for plasmonic sensing because of
their relatively narrow size distribution after synthesis, see
Figure 3. This results in homogeneous plasmon line widths and
near-field enhancements, which are crucial to reliable single-
nanoparticle and single-molecule plasmon sensors. First
synthesized by Turkevich in 195131 and later optimized by
Brust in 197432 and others,33 gold nanospheres are
straightforward to synthesize with near-unity yield and good
size and shape homogeneity. Gold spheres, however, possess a
plasmon resonance around 530 nm, close to the interband
transitions in gold.34 This introduces significant losses that
result in line broadening and a reduced local field enhancement,
both detrimental if the particles are to be used as a sensor. For
silver, the interband transitions are further away from a sphere’s
plasmon resonance (around 400 nm), but silver is less
commonly used due to its sensitivity to oxidation.35,36

A red-shifted plasmon resonance away from the interband
transitions in gold can be achieved by employing elongated
particle shapes such as nanorods and nanobipyramids.39,40

Their longitudinal plasmon resonance lies conveniently in the
visible to near-infrared wavelength range, making them ideal
objects for biosensors.41−45 A purely wet-chemical method to
synthesize nanorods was discovered by Murphy and co-
workers,46 which was later modified by the group of El-
Sayed.37 Gold nanorods with aspect ratios ranging from 2 to 5
can be routinely synthesized with nearly 100% yield, and the
aspect ratio can be controlled by varying chemical conditions.

Liu and co-workers later showed47 that bipyramidal-shaped
particles are formed with the same method when penta-
twinned seeds stabilized by citrate are used instead of single-
crystal seeds stabilized by amphiphilic surfactant. The yield of
this protocol was later improved by Wang et al.,38 who
employed shape-separation based on depletion forces to
achieve near unity yield of bipyramids. These bipyramids are
strikingly monodisperse in aspect ratio with a dispersion of only
5% (compared to 20% for nanorods), which results in a
significantly narrower distribution of single-particle plasmon
resonance wavelengths.45 Moreover, their sharp tips (typical tip
radius of 3−5 nm) result in a higher field enhancement
compared to their nanorod counterparts.40

Wet-chemical synthesis yields large quantities of well-
dispersed particles with sizes down to several nanometers.
Their crystalline nature47 ensures minimal losses of the
plasmon due to scattering of electrons on surfaces and defects,
resulting in narrow plasmon line widths and high field-
enhancements.40 However, it is well-known that even higher
field enhancements occur in nanometer-sized gaps between
plasmonic particles or between a particle and a surface.50 This
requires a post-synthesis, liquid-phase assembly protocol that
usually employs molecular linkers such as DNA,51,52 zwitter-
ions,53,54 or proteins.55,56

These assembly processes can create well-defined constructs
of two or more metal particles. However, polydispersity is still
present in the final colloidal solution; therefore the most used
method to achieve well-controlled and reproducible assemblies
of metallic particles is based on lithography. Lithographic
methods employ a particle-beam (e.g., electrons or ions) to
directly write nanostructures on a surface.57 Such methods have
been employed to form nanostructures such as bow-tie48,58 and
Yagi-Uda antennas,59 dimers of gold disks,49,60 and arrays of
gold nanorods,48,61 with a few examples shown in Figure 4.
Lithography gives control over the size, spacing and relative
orientation of complex structures. The resolution of litho-
graphic methods is determined by the quality of the particle-
beam and the resist, but gaps <10 nm are usually difficult to
realize.57 Importantly, lithographic structures typically exhibit
broadened plasmon resonances and reduced near-field
enhancements due to the amorphous crystal structure and
the presence of adhesion layers.48

An exciting development is the use of DNA origami
structures to assemble colloidal particles on a scaffold of
DNA.62−66 The scaffold can be designed to expose, e.g.,
thiolated strands of DNA that bind and immobilize gold
particles at defined locations. This approach combines the
unique optical properties of crystalline colloidal particles with
the ability to assemble them with a controlled spacing and
orientation. In such systems the average gap size is determined

Figure 3. Particle shapes most commonly used for single-molecule plasmon-enhanced sensing. (a) Gold nanospheres. Figure adapted with
permission from ref 33. Copyright 2013 American Chemical Society. (b) Gold nanorods synthesized by one of us following the protocol of El-
Sayed.37 (c) Gold bipyramids. Figure adapted with permission from ref 38. Copyright 2015 John Wiley and Sons.
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by the thickness of the DNA origami spacer, which can be
controlled with nanometer accuracy. DNA origami has already
been employed to assemble dimers of gold spheres (Figure
5a),63,65 chiral chains,63 and linear chains (Figure 5b),67 and to
control the spacing and relative orientation of gold nanorods
(Figure 5c).64,68

The detection of a specific biomolecule in a mixture typically
requires functional groups on the surface of the sensor that
exhibit a certain affinity for the analyte. Receptors can be
attached to the surface of plasmonic particles using covalent
thiol−chemistry. Commonly employed receptors include
antibodies, oligonucleotides, aptamers, and peptides. Especially
small receptor molecules such as aptamers and peptides are
attractive because the sensitivity of a plasmon sensor scales with
the local electric field intensity that rapidly decays away from

the particle surface (see, e.g., Figure 14). Directing the analyte
to bind close to the particle surface thus ensures maximum
sensitivity. In addition, the local electric field intensity is
inhomogeneously distributed on the particle surface, imparting
regions with greater sensitivity compared to others. Often,
sharp features and protrusions exhibit the highest field
enhancements, such as the tips of a nanorod or the gap-region
of a nanoparticle dimer. For that reason, functionalization
protocols have been developed that specifically target the
surface areas with high local field enhancement.
Several strategies have been reported to achieve such site-

specific functionalization. Introducing polymeric blocking
agents to inhibit the rate of receptor functionalization on
“flat” facets results in selective functionalization of highly
curved facets, such as the tips of a nanorod,69 the edges of a
nanoplate,70 or the corners of a nanocube.71 Alternatively, the
locally enhanced intensity can be employed directly for a
photochemical reaction to achieve site-selective functionaliza-
tion.72 If applicable, a clever combination of different substrate
materials that offer orthogonal functionalization protocols has
been employed to selectively functionalize the gap region in a
gold particle dimer.73 Finally, the anistropic distribution of hot
electrons in a nanoparticle can be employed to functionalize the
gap region in a plasmonic dimer.74

Clearly many complementary strategies exist to synthesize
and assemble plasmonic particles to be used as sensors. Most
approaches result in a dispersion of particle sizes and assembly
geometries, highlighting the need to correctly identify the
geometry of the sensor to predict its sensing characteristics.
This is often done by optical spectroscopy, which is the topic of
the following section.

■ OPTICAL SPECTROSCOPY OF SINGLE PLASMONIC
PARTICLES

The presence of plasmonic nanoparticles in the solution phase
is easily identified by vivid solution colors, originating from the
plasmonic extinction of a section of the visible spectrum. The
extinction spectrum of these nanoparticles is inhomogeneously
broadened due to geometric polydispersity inherent to any
synthesis protocol.37 Naturally, single-molecule sensing requires
the ability to resolve individual particles and their assemblies in
a microscope, as probing a large ensemble of particles results in
averaging of the asynchronous single-molecule events.75 The
sensor output such as amplitude of the signal and binding
kinetics strongly depend on the nanoscale geometry of the
sensor.69,76−78 Therefore, a precise characterization of the
optical and geometrical properties of the sensing nanoparticle is
vital to the reliability of a plasmon sensor.
Here we describe the general optics required for single-

particle detection and spectroscopy. Optical spectroscopy of
single nanoparticles is usually done by immobilizing the
particles on a substrate at a low density and isolating the
particle’s signal from the orders of magnitude stronger
fundamental excitation. Extensive reviews on the topic
exist,41,81−83 so here we only summarize the aspects that are
crucial to single-molecule plasmon sensing, i.e., how to
unambiguously characterize the optical properties and geom-
etry of the single-particle sensor.
Dark-field microscopy is the most commonly used method

for single-particle detection, whereby scattering from immobi-
lized nanoparticles is collected by an objective, while the
fundamental excitation is prevented from entering the objective
acceptance cone.84 Usually a dark-field condenser excites the

Figure 4. Examples of nanoparticle pairs fabricated using lithographic
techniques. (a) A bow-tie antenna. Figure adapted with permission
from ref 48. Copyright 2010, Nature Publishing Group. (b) Gold-
particle pairs. Figure adapted with permission from ref 49. Copyright
2009 American Chemical Society. (c) End-aligned gold nanorods.
Figure adapted with permission from ref 48. Copyright 2010, Nature
Publishing Group. All scale bars 200 nm.

Figure 5. Examples of nanoparticle assemblies created on DNA-
origami using thiolated docking strands. (a) Gold sphere dimers.
Figure adapted with permission from ref 62. Copyright 2014 Nature
Publishing Group. (b) Gold sphere chains. Figure adapted with
permission from ref 67. Copyright 2016 American Chemical Society.
(c) Gold nanorod trimers. Figure adapted with permission from ref 64.
Copyright 2017 American Chemical Society. All scale bars 100 nm.
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sample with a cone of light (Figure 6a), while nanoparticle
scattering is collected on the opposite side of the sample by a

lower numerical aperture objective. If possible, background
scatter and reflection from interfaces can be suppressed under
index-matched conditions. Alternatively, total internal reflection
excitation through an objective or an opposing prism (Figure
6b) can be used to set up a nonpropagating evanescent field
that is scattered into the far field by a nanoparticle. The
scattered photons are collected by the imaging objective,
resulting in signals from single objects on a dark background
(Figure 6c). By directing the signal from a single particle to a
spectrometer, the scattering spectrum of individual particles can
be recorded (Figure 6d).
The scattering cross section scales with the square of the

particle volume (for small enough particles), making scattering-
based techniques less suitable for particles with an effective
radius below 10 nm.81 The absorption cross section on the
other hand scales as the volume of the particle, which has been
exploited for detection of small particles that are difficult to
image using scattering-based techniques.77,85 Photothermal
detection exploits the fact that absorption of incident light
results in photothermal heating of the nanoparticle, which
induces a slight change of the refractive index around the
particle that can be detected with a probe beam.85 Even though
these refractive index changes are small, photothermal
microscopy offers a high signal-to-noise ratio by employing
an intense probe beam that is not resonant with the plasmon
absorption. The ability of photothermal detection to resolve
very small, individual metallic particles has been exploited for
one of the first demonstrations of label-free single-molecule
sensing, which we will describe later on.
Photoluminescence detection of single nanoparticles has

been demonstrated using both one-86,87 and two-photon
excitation.88,89 In contrast to scattering-based methods, here

the fundamental excitation can be separated from the
wavelength-shifted emission by optical filters. One-photon
photoluminescence is induced by the absorption of a photon
that promotes sub-Fermi-level electrons above the Fermi
level.90 Two-photon excited photoluminescence (TPPL) is
generated by two sequential single-photon absorption events
exciting a single electron−hole pair.91 These excitations rapidly
decay via electron−electron and electron−phonon scattering,
with a very low probability of radiative decay in bulk gold
(quantum yield 10−1090). In plasmonic nanoparticles, the
radiative decay rate can be strongly enhanced by coupling to
the plasmon resonance, boosting the quantum yield to 10−5−
10−6.92,93 Despite the low quantum yield, the large absorption
cross section of a single metallic particle results in photo-
luminescence signals that exceed those of single fluorophores.88

Other approaches to detect single metallic nanoparticles are
by interferometric scattering microscopy,94 second and third
harmonic generation,95 transient absorption spectroscopy,96 or
four-wave mixing.97 In biosensing applications, however, dark-
field scattering is the most commonly used method for single-
particle detection due to its high signal-to-background ratio and
straightforward implementation on commercial microscope
platforms.41,81

In the described techniques, nanoparticles are imaged as
diffraction limited spots distributed sparsely on a substrate.
While the sparse arrangement suggests isolated nanoparticles or
assemblies, some spots may correspond to multiparticle clusters
with a physical dimension below the diffraction limit. These
clusters can, for example, originate from the sample preparation
that may involve deposition from solution and solvent
evaporation. If clustered, the plasmons of the particles may
hybridize,50 or if the interparticle spacing is larger than the
diameter of the particles, the spectral response may be a
superposition of multiple single-particle spectra.98,99 Uncon-
trolled clustering may also modulate near-field enhancements
and field confinement.100 These clusters therefore lead to
aberrant sensor responses and signal heterogeneity. It is
therefore vital that the underlying particle geometry is identified
somehow, which is often done using (1) spectroscopy or (2)
correlative microscopy.
First, spectroscopy is often performed by sending the emitted

light to a spectrometer.101 For example, in scattering spectros-
copy the scattered signal is diffracted by a grating in the
spectrometer and imaged on a camera. However, obtaining
spectra is relatively slow because they are recorded particle-by-
particle, complicating the acquisition of many spectra for
statistical analysis. Acquisition rates can be improved by using
an imaging spectrograph, which enables the acquisition of
several spectra simultaneously.101 Highly parallelized spectros-
copy has been achieved with several methods. Wide-field
detection of the scattered light using a color camera enabled
spectra of all nanoparticles in the field of view to be
approximated algorithmically using RGB pixel values.102

Employing instead a tunable wavelength source, nanoparticle
spectra have been reconstructed from multiple wide-field
images recorded over a range of excitation wavelengths.103

Conversely in hyperspectral imaging, broadband excitation is
used, but the scattering signal is passed through a tunable
narrowband wavelength filter, and imaged on a camera.76,104

Capturing a series of images over a range of filter wavelengths
enables the extraction of the spectra of all nanoparticles in the
field of view in parallel. Tunable filtering can be implemented
by either a continuously tunable acousto-optical device,104 or

Figure 6. Dark-field excitation of nanoparticles (a) using a dark-field
condenser and (b) by prism-style total internal reflection. (c) Dark-
field scattering image of gold nanorods excited at 780 nm. Scale bar is
5 μm. Figure adapted with permission from ref 79. Copyright 2008
American Chemical Society. (d) Dark-field scattering spectra of
differently shaped individual metallic nanoparticles. Figure adapted
with permission from ref 80. Copyright 2014 American Chemical
Society.
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discretely by a filter wheel containing a range of narrow band-
pass wavelength filters.76 Fitting extracted photon energy
dependent scattering signals with a Lorentzian function then
reliably extracts single particle line width and peak LSPR
wavelength.76

By using spectroscopy the underlying geometry can be
identifed to some degree by establishing, e.g., deviations in
expected plasmon line width, peak wavelength, or signal
intensity.81 For example, clustering of two or more nanospheres
consistently leads to strongly red-shifted plasmon resonances
compared to isolated spheres105 and integer distributions of
signal intensity depending on the number of particles
present.106 Identification of single gold nanorods is often
done based on their well-defined plasmon line width,98 with
greater line widths often indicating a cluster of nanoparticles. In
some cases polarization dependent excitation or emission
profiles can also reveal the presence of clusters.99

If optical spectroscopy alone proves insufficient to verify the
underlying particle geometry, atomic force microscopy (AFM)
and electron microscopy enable the nanoparticles to be imaged
directly. This advantage comes at the cost of experimental
complexity, given that electron microscopy images and optical
properties of single nanoparticles must be correlated
unambiguously.107 This correlation can be achieved using
fiducial markers, such as large gold spheres, or by employing
lithographic techniques based on templated evaporation,108

focused ion beam milling,109 or electron beam lithography.110

These techniques are used to fabricate alignment markers that
can be used to compare the same sample-region in both
modalities. An example is shown in Figure 7, where correlated

optical and electron microscopy enabled silver nanospheres in
single, dimer, or trimer configurations to be compared
unambiguously.105 Such correlations have also been used to
study dependencies of photothermal stability on nanoparticle
geometry111 and to correlate the underlying geometry to two-
photon luminescence signals.112

In addition to electron microscopy, AFM has also been
employed to establish particle geometries.87,113,114 The
advantage of AFM is that it can be more easily integrated
into an optical setup, although tip-convolution limits the
accuracy with which nanoparticle dimensions can be extracted.
AFM has also been used to manipulate individual particles to
create particle clusters, e.g., dimers of nanospheres115 and
orientation-controlled dimers of bipyramids.116 After manipu-
lation with a high force, the resulting geometry can be imaged
with a lower force.

Many methods are available to optically detect plasmonic
nanoparticle sensors, alongside methods to reveal the under-
lying sensor geometry and stoichiometry. It will become clear
in the following two sections that a precise knowledge of the
underlying geometry is crucial in designing a sensor with the
desired sensitivity and kinetic response.

■ SINGLE-MOLECULE SENSING BY FLUORESCENCE
ENHANCEMENT

Plasmon resonances in a metallic nanoparticle can be used to
enhance and redirect the emission of biomolecules, which has
enabled the detection of weakly emitting species and single-
molecule Raman scattering signals.117 Without enhancement
these processes are too inefficient to reach the single-molecule
level. The investigations of plasmon-enhanced emission began
in the 1960s when Drexhage found that a fluorescent molecule
close to a metallic film exhibits modified decay times and
angular distribution of fluorescence. Plasmon-enhanced fluo-
rescence is widely employed in ensemble-averaged biosensors
for the detection of RNA, DNA, and proteins,118,119 and has
recently been extended to the single-molecule regime. Here we
focus on single-molecule sensing applications only, and refer to
recent reviews for ensemble-averaged biosensors.118−120 Since
the early 2000s much effort has been spent to characterize the
achievable enhancements in varying combinations of nano-
particles and emitters, down to the single-emitter and single-
photon level. These efforts have been reviewed extensively, see,
e.g., refs 117 and 121−123, so here we only summarize the
mechanisms that determine the enhancement factors. We then
redirect our focus to applications of plasmon-enhanced
emission for single-molecule sensing.
The emission of a biomolecule is a function of the properties

of the molecule and its interaction with the environment.
Modification of the environment by, e.g., dielectric interfaces or
metallic nanostructures can alter the local electric field, which
directly affects the excitation rate and the emission properties.
Overall, this can result in fluorescence quenching or enhance-
ment, depending on the geometry and the orientation of the
biomolecule with respect to the excitation polarization.
Enhancement of the emission intensity of biomolecules in the
near-field of a plasmonic particle is dominated by two factors,
namely, (1) an increased excitation rate caused by the enhanced
local electric field and (2) a modified quantum yield due to
changes of the radiative and nonradiative decay-rate by
coupling of the emitter to the particle. Basic theoretical
treatment of these mechanisms has been published.124

Recently, charge transfer of hot carriers to nearby molecules
has also shown to result in modifications of signal strength in
select molecular compounds.125

The increased excitation rate of a fluorophore close to a
metal structure is a direct consequence of the enhanced local
electric field. Analytical and numerical calculations have shown
that the resonant local field enhancement ranges from 5 (15)
for a gold (silver) sphere to ∼50 for a gold nanorod and up to
150 for a gold bipyramid.40,126 The field enhancement in the
gap of a dimer of gold spheres increases for smaller gap sizes
and can reach values >100,127 whereas higher order aggregates
of spheres128 and dimers of gold nanorods129 warrant even
higher field enhancements. This field enhancement cannot be
increased arbitrarily, however, with quantum mechanical effects
and electron tunneling across small gaps posing intrinsic
limits.127,130

Figure 7. (a) Dark-field scattering image of single or clustered silver
nanospheres. (b) A correlated scanning electron microscopy image
revealing the underlying geometry and configuration of the nano-
spheres. Figure adapted with permission from ref 105. Copyright 2014
American Chemical Society.
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The modified quantum yield is a consequence of coupling
between the plasmon and the fluorophore that alters both the
radiative and nonradiative rate of the complex. This can lead to
enhancement of the quantum yield for intermediate distances
from the particle, and quenching for distances smaller than a
few nanometers due to coupling to so-called “dark modes” in
the metal structure.131 The exact enhancement strongly
depends on the spectral overlap between the plasmon and
the spectrum of the fluorophore and the “unenhanced”
quantum yield of the fluorophore.131 Direct measurement of
the quantum yield enhancement is far from trivial and requires
independent measurements of the excitation and emission
rates.92,117,132

It is worthwhile to note that the excitation and emission
enhancements are governed by the wavelength dependence of
the plasmonic near-field, which is spectrally red-shifted from
the far-field spectrum (i.e., the scattering and extinction
spectrum observed in a spectrometer). This detuning can be
understood by approximating the plasmon resonance as a
driven damped harmonic oscillator. When damping is present
the maximum displacement amplitudes occur at a lower energy
than the resonance frequency, with a red shift that depends on
the degree of damping.133 For plasmons this damping is caused
by, e.g., the metal’s bulk absorption or radiative decay.133,134 In
Figure 8 we show the calculated detuning between the near-

and far-field spectra for a 150 nm gold sphere.133 The spectral
shifts between near- and far-fields have later been exper-
imentally confirmed by, e.g., surface-enhanced Raman scatter-
ing134 and near-field optical microscopy.135 This detuning
should be considered when choosing the particles and laser
wavelength for maximum fluorescence enhancement and
detection sensitivity.
The fluorescence enhancements are mediated by the near-

field that is strongly confined compared to the diffraction limit
of a conventional far-field microscope. Here the plasmon
effectively converts freely propagating optical radiation into
highly localized energy. The effective probe volume is on the
order of a few zeptoliters, which is over 5 orders of magnitude
smaller than that of a conventional microscope. This allows for
single-molecule detection at concentrations of tens of micro-
molars and possibly higher. These concentrations approach the
conditions inside a cell, where biomolecular concentrations of
hundreds of micromolars are common. Plasmonic nanoparticles
may therefore provide an opportunity to detect and study

single biomolecules intracellularly, without requiring a high
quantum yield.
Much effort has been spent characterizing the fluorescence

enhancements and probe volume,117,121,123,132 particularly
using fluorescence correlation spectroscopy (FCS) experi-
ments. Herein a fluorophore or labeled biomolecule (DNA,
protein) freely diffuses through the near-field around a
plasmonic particle or particle dimer. The resulting fluorescence
bursts are recorded on a camera or photon counter, which
allows one to extract the overall enhancement factor by
analyzing the amplitude of the bursts compared to the
background emission from unenhanced molecules. The
autocorrelation function contains information on the concen-
tration of analyte and the diffusion time through the near-field.
The latter can be used to estimate the probe volume using FCS
theory, although accurate values are hard to obtain because the
probe volume does not exhibit a Gaussian intensity profile
anymore.
Orrit’s group found enhancements exceeding 1000-fold for

single fluorophores with a quantum yield of 2% diffusing near
single gold nanorods immobilized on a substrate.124,136 These
studies showed that the overall enhancement factor strongly
depends on the spectral overlap between the dye excitation and
emission spectra, and the excitation-laser wavelength with
respect to the plasmon resonance (see Figure 9). The

autocorrelation functions displayed two characteristic times
associated with free diffusion of the dye through the near-field
of the particle, and a slower time constant due to dyes that stick
to the particle or the glass and subsequently bleach. This
highlights the need for coatings that suppress nonspecific
interactions with the sensor, which we will discuss in more
detail under Challenges.
Moerner’s group employed bowtie nanoantennas fabricated

by e-beam lithography that consist of two triangular particles
spaced by a 10 nm gap. These antennas yielded fluorescence

Figure 8. Calculated spectral profile of the near-field enhancement
(NFE) and far-field extinction for a 150 nm gold sphere. The vertical
black and blue lines denote the peak positions in the near-field and far-
field spectra, respectively. Figure adapted with permission from ref
133. Copyright 2008 American Chemical Society.

Figure 9. Single-molecule fluorescence enhancements of crystal violet
(quantum-yield 2%) by a single gold nanorod. (a) Numerical
calculation of the enhanced intensity around a single gold nanorod
excited on resonance with its longitudinal plasmon. (b) Time trace of
dye fluorescence with (green) and without (red) the presence of a
gold nanorod. The nanorod is immobilized on a substrate while crystal
violet diffuses freely in solution, causing spikes in intensity when it
enters the particle's near-field. (c) Measured fluorescence enhance-
ments for several individual gold nanorods, each with a different
plasmon wavelength. The blue squares indicate an excitation
wavelength of 594 nm, the red squares 633 nm. The open circles
and dashed lines indicate the numerically calculated enhancement.
Figure adapted with permission from ref 124. Copyright 2014
American Chemical Society.
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enhancements in excess of 1000 for a dye with a quantum yield
of 2.5%, and their near-field volume of several tens of
zeptoliters.58 Recently, Wenger’s group introduced an “anten-
na-in-box” platform that consists of a dimer of plasmonic
spheres surrounded by a square aperture milled in a gold
film137 (see Figure 10). This aperture further suppressed the

background from surrounding molecules and yielded a
fluorescence intensity enhancement of over 1000-fold for a
dye with a quantum yield of 8%.137 Also, this platform exhibited
a zeptoliter probe volume, which allowed for single-molecule
detection at 30 μM concentrations.
These characterization studies have revealed that fluores-

cence enhancements in excess of 1000 combined with probe

volumes of several tens of zeptoliters are routinely achieved.
Progress has been rapid in the past decade, and the field is now
shifting from characterization of molecule-plasmon coupling to
its applications. Here we focus on applications in single-
molecule sensing of weakly fluorescent species.
In 2012 Acuna et al. employed DNA origami structures66 to

precisely space two colloidal gold spheres at a distance of
approximately 20 nm (see Figure 11a). This relatively large gap
provided a compromise between fluorescence enhancement
and sufficient space for a biomolecular assay in the gap.
They found a fluorescence enhancement of >100 for a high-

quantum-yield dye (Atto647N) which was primarily attributed
to excitation enhancement due to the high local intensity in the
gap. They then attached ssDNA strands to the DNA origami in
the gap of the dimer, which were used to bind complementary
ssDNA (labeled with Atto655) in solution. They observed
transient binding and unbinding in the gap, demonstrating that
biomolecular assays can be performed in the dimer-gap (see
Figure 11b). This assay was performed at analyte concen-
trations of 100 nM,66 and after optimizations at concentrations
of 25 μM,26 well beyond the capabilities of conventional far-
field optics.
In contrast to a single metallic particle, the inverted

structures (holes in a metal film) have also been used for
single-molecule sensing. Pioneered by the groups of Craighead
and Webb in 2004, these so-called zero-mode waveguides
(ZMW) act as a subwavelength pinhole that confines the
incoming light in an evanescent mode.138 Later anisotropic
holes139 and double nanohole apertures140 have also been
explored. The evanescent nature of the near-field in holes with
a diameter of 30−200 nm gives access to probe volumes of ∼10
zeptoliter (see Figure 10). Such ZMWs have subsequently been
used to study single-molecule interactions at concentrations
inaccessible to diffraction-limited optics.
In most studies single receptors are stochastically immobi-

lized in the apertures at low concentration to obtain a large
fraction of apertures with a single receptor at a random
location. Recently, DNA origami141 and atomic force
microscopy142 have been employed to deterministically place
a single receptor at a well-defined location in the aperture. In
2008 Miyake et al. demonstrated the sensing of single-molecule
protein interactions of GroEL with fluorescently labeled GroEs
proteins.143 Transient association and dissociation events of
fluorescently labeled GroES resulted in intensity bursts that

Figure 10. Single-molecule fluorescence enhancement of Alexa647
(quantum yield 8% in the presence of a quencher) by an antenna-in-
box platform. (a) The experimental layout showing a particle dimer
milled in a gold film. Alexa647 diffuses freely in solution. (b)
Numerical calculation of the enhanced intensity around a nanostruc-
ture excited at 633 nm. (c) Measured fluorescence enhancements and
probe-volume reduction (compared to a diffraction-limited micro-
scope) for several structures with different gap sizes, compared to the
structure in which the dimer is absent (box only). Figure adapted with
permission from ref 137. Copyright 2013 Nature Publishing Group.

Figure 11. Colloidal gold-nanosphere dimers assembled by DNA origami for single-molecule sensing of association and dissociation. (a) The gold
dimers are assembled around a DNA origami scaffold with an interparticle spacing of 20 nm. In the gap region 4 binding sites for ssDNA are
incorporated (dark blue spheres in inset). (b) Upon transient binding of complementary ssDNA fluorescence bursts are observed, originating from
the emission of single att0655 labels enhanced by the dimer antenna. This allowed for single-molecule binding kinetics to be measured at
concentrations of several tens of micromolars. Figure adapted with permission from ref 66. Copyright 2012 The American Association for the
Advancement of Science.
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gave access to single-molecule distributions of waiting times
between subsequent association and dissociation events (see
Figure 12b). These waiting-time distributions revealed that two

rate constants dominate the interaction, something that was not
yet observed at such high concentrations.143 Later ZMWs were
used to study DNA−protein and protein−protein interactions
with T4 replisomal proteins,144 and interactions between
nucleotides and GTPases.145 To avoid the need to fluorescently
label the analyte, the assay can also be reversed: the medium
solution is mixed with fluorophores that are present in the
apertures at a high concentration. Unlabeled analyte that
diffuses into the aperture displaces the fluorophores resulting in
a transient drop in fluorescence.146

In 2009, Eid et al. demonstrated the probing of enzyme−
substrate interactions in ZMWs at micromolar substrate
concentrations.4 They immobilized a DNA polymerase in a

nanoaperture, and monitored fluorescence bursts due to
incorporation of the four nucleotides each labeled with a
different fluorophore (see Figure 12c). The order in which
differently colored bursts are observed then corresponds to the
sequence of the DNA template bound to the DNA polymerase.
Each incorporation takes a few milliseconds, and several
thousand nanopartures can be observed in real time allowing
for parallelization and error-correction. The data also contained
the kinetics of single DNA polymerases and revealed a
temporally heterogeneous reaction rate that was attributed to
DNA polymerase pausing due to the secondary structure of the
DNA template.4 Single-molecule sequencing platforms based
on ZMWs are a third-generation sequencing technology that is
now commercially available. Recently, it has been shown that
this commercial platform can also be applied to single-molecule
sensing of DNA147,148 and biomolecular composition.149

Despite the enhancement of the emission of weakly emitting
species, the above approaches cannot be applied to the majority
of biomolecules because they do not emit at all at visible
wavelengths. To tackle the challenge of detecting these
nonfluorescent molecules, several label-free approaches based
on plasmonics have been developed in the past decade, which
are the topic of the next section.

■ SINGLE-MOLECULE SENSING BY PLASMON
SHIFTS

The first reports on label-free plasmon sensing using single
metallic particles stem from the early 2000s. Single silver and
gold particles were used to detect the adsorption kinetics of
thiols to bare particles150 and the interactions between avidin
and a biotin-functionalized particle.151 Time-dependent meas-
urements of the plasmon spectrum of the individual particles
revealed the kinetics of binding (see Figure 13). The particles
used were typically spherical with diameters of 40 nm or more
to allow for detection in a dark-field microscope. It was later
realized that other structures such as nanoshells,152 triangular

Figure 12. ZMW as single-molecule sensors. (a) Schematic of a far-
field optical microscope with a zero-mode waveguide fabricated in an
aluminum film. The right cartoon shows the local field around the
nanohole (logarithmic scale). Figure adapted with permission from ref
138. Copyright 2013 The American Association for the Advancement
of Science. (b) ZMWs used to detect single-molecule interactions
between GroEL and GroES. The waiting-time distribution exhibits two
populations with a different dissociation rate, indicating multiple
dissociation pathways. Figure adapted with permission from ref 143.
Copyright 2008 American Chemical Society. (c) ZMWs used for
single-molecule DNA sequencing. Each nucleic acid is labeled with a
distinct color fluorophore. The sequence of fluorescence bursts
associated with incorporation of a nucleic acid by DNA polymerase
reveals the sequence of the DNA template. Figure adapted with
permission from ref 4. Copyright 2009 The American Association for
the Advancement of Science.

Figure 13. Plasmon sensing using individual gold nanospheres. (a)
The nanospheres are functionalized with biotinylated bovine serum
albumin (BSA) to allow for the detection of streptavidin. (b) Upon
molecular binding the plasmon of individual particles was observed to
shift to lower energy. Black line: before functionalization, red line: after
functionalization with biotinylated BSA, green line: after incubation in
streptavidin. Figure adapted with permission from ref 151. Copyright
2003 American Chemical Society.
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particles,153 nanorods,42,154 nanocubes,155 and bipyramids43

exhibit higher sensitivities to molecular binding than spherical
particles. Of these shapes, gold nanorods are now most
employed as plasmon sensors42,44,79 due to their ease of
synthesis, single-crystalline nature, and narrow plasmon
resonance (limited by bulk absorption of gold).
Nusz et al. employed individual gold nanorods to monitor

streptavidin binding to biotin functionalized particles.79 They
detected plasmon shifts by recording single-particle scattering
spectra using a dark-field microscope and found concentration-
dependent shifts of several nanometers.79 Kinetics can also be
monitored with subsecond time resolution by recording spectra
over time. Multiplexed detection with single gold nanorods was
demonstrated by Rosman et al.156 They employed aptamer
functionalized particles that were flown into a flow-cell resulting
in deposition in the sample chamber. By imaging the location of
deposition in an optical microscope, they obtained a map of
particle locations. This process was repeated for four different
populations of nanorods, each functionalized with an aptamer
against a different target. This allowed them to perform
multiplexed detection of four different analytes: fibronectin,
streptavidin, IgE, and thrombin.156 An alternative approach to
multiplexed detection is to use different aspect ratios each with
their own distinct plasmon resonance wavelength.157

Single particle sensing offers advantages in sensitivity over
ensembles of particles because inhomogeneous broadening of
the plasmon resonance is eliminated. However, it is essentially
still an ensemble measurement, averaging the binding of many
molecules to a single nanoparticle, and transducing it into an
optical signal. As discussed before, molecular ensemble
measurements cannot resolve events such as binding of rare
molecular species or aberrant binding behaviors, which are
averaged out in ensemble measurements.75 In order to resolve
these heterogeneities among molecular populations, and to
examine stochastic processes governing molecular interactions,
single molecule sensing is essential.
Before describing experimental demonstrations of single-

molecule plasmon sensing it is informative to estimate the
plasmon shift induced by the binding of an individual molecule.
Traditionally, the sensitivity of a plasmon sensor is expressed by
dλ/dn that describes the shift of the resonance per refractive
index unit.158 Although appropriate for bulk index sensing, the
sensitivity to single-molecule events is far more complex. The
plasmon shift induced by the binding of a single molecule is
proportional to the local field intensity integrated over the
volume of the molecule.159−161 The local field around a metallic
particle is often strongly enhanced around tips and protrusions
and quickly decays away from the particle surface (see Figure
14a). This means that the resulting plasmon shift is a function
of the size of the particle and the molecule, the location of the
molecule, and the distance of the molecule to the particle
surface.
Theoretical estimates of the plasmon shift have been

obtained using the electrostatic approximation,159 perturbation
theory,160,161 and numerical simulations.159,162,163 Davis et al.
modeled the shifts for gold nanorods using electrostatic
coupling theory, modeling the molecule as a dipole contained
within a dielectric sphere.161 In close proximity, the polarizable
dielectric screens part of the charge on the nanoparticle leading
to a red-shift of the plasmon.161 The largest plasmon shifts were
found when the molecule rested directly on the nanorod
surface in a regions with maximum electric field strength.
Antosiewicz and Kal̈l78 used numerical models to estimate the

plasmon shift induced by the binding of a 3-nm-radius dielectric
sphere to silver nanoparticles of different dimensions. They
reported plasmon shifts that strongly varied with both
nanoparticle geometry and binding position, as depicted in
Figure 14. Typical plasmon shifts induced by single proteins are
smaller than 0.5 nm (∼1% of the line width), and therefore
require sensitive optical microscopy to be detectable.
Experimentally, in 2010 Mayer et al. demonstrated label-free

detection of the unbinding of single IgG antibodies from gold
bipyramids.164 However, measurement noise required averaging
over tens of events to reveal a detectable binding signal.
Discrete molecular binding and unbinding of single proteins
without statistical averaging was demonstrated in 2012
simultaneously by Ament et al.165 and by Zijlstra et al.77

Ament et al. used dark-field spectroscopy of single gold
nanorods to detect the nonspecific interaction of single proteins
with the bare nanoparticle surface.165 As shown in Figure 15,
discrete red-shifts of the peak wavelength were observed due to
nonspecific attachment of single fibronectin proteins to the
gold surface. Typical single-molecule plasmon shifts were found
to be 0.3 nm (with measurement noise of 0.07 nm) with a
waiting time between events of 50 s. The authors employed an
intense white-light laser for dark-field illumination to achieve
sufficient signal-to-noise ratio to resolve discrete shifts of the
plasmon spectrum.165 This also allowed them to record the full
spectrum of a single particle with millisecond time-resolution
(see Figure 15c). Upon close inspection of the time-
dependence of the plasmon shift it was found that the plasmon
shifts on time scales of ∼2 s, which was attributed to a slow
denaturing of the protein due to direct contact with the gold
surface.
The absence of a particle coating resulted in large plasmon

shifts due to the close proximity of the protein to the particle
surface, but does not allow for the study of specific ligand−
receptor interactions. Also in 2012, Zijlstra et al. reported the

Figure 14. Local electric field intensity around a silver sphere (a) and a
silver nanorod (b) immersed in water, simulated using the boundary
element method. (c) Position dependent plasmon peak shifts for a
dielectric nanosphere (radius 3 nm) binding to the surface of the
particle in water. Figure adapted with permission from ref 78.
Copyright 2016 American Chemical Society.
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detection of single-molecule binding events to receptor-
functionalized gold nanorods.77 They employed short thiolated
receptors (linker length 1.5 nm) to ensure that the proteins
interact in close proximity to the nanoparticle surface. To
resolve plasmon shifts with high signal-to-noise ratio the
authors employed photothermal microscopy instead of
scattering spectroscopy.
In contrast to the scattered intensity, the photothermal signal

scales with the volume of the particle enabling the detection of
smaller particles with high signal-to-noise ratio.166 Upon
protein binding, the plasmon peak wavelength red-shifts
yielding discrete changes in the absorption cross section at
the photothermal probe wavelength (see Figure 16). Knowing
the nanorod’s plasmon line width, peak shifts could be inferred
from detected discrete changes in nanorod absorption at the
pump wavelength. Mean peak shifts of 0.5 nm for streptavidin
(53 kDa), 1.2 nm for antibiotin (150 kDa), and 1.6 nm for
streptavidin-RPE (300 kDa) were observed. The plasmon shifts
did not scale linearly with molecular weight, which was
attributed to a reduced overlap between the molecule and near-
fields for larger molecules.
In the work of both groups, single molecule interactions are

monitored on one single nanorod, with wait times between
binding events on the order of seconds to tens of seconds.77,165

While these techniques demonstrate single molecule detection,
quantitative analysis of single molecule interactions is not
possible because the acquisition of statistics is time-consuming.
This can be overcome by measuring over long time scales or by
making nanoparticle detection massively parallel.75 The latter
approach was demonstrated by Beuwer et al., who imaged
individual receptor-functionalized nanorods in parallel on a
camera using a narrowband light-source. Upon addition of
analyte discrete shifts of the plasmon resonance were observed
as stepwise changes in the scattered intensity (see Figure 17).

Figure 15. (a) Experimental setup for the detection of plasmon shifts induced by single-molecule binding to individual gold nanorods. (b) Typical
time-dependence of the plasmon wavelength. The triangles indicate discrete (stepwise) shifts of the plasmon attributed to single-molecule events. (c)
Temporal evolution of a single binding event, illustrating a red-shift over time, attributed to the slow denaturing of the protein on the gold surface
(inset). Figure adapted with permission from ref 165. Copyright 2012 American Chemical Society.

Figure 16. (a) Experimental setup for photothermal detection of
plasmon shifts of single gold nanoparticles (nanorods sized 31 nm × 9
nm). (b) Time traces for different molecular concentrations showing
discrete steps in the photothermal signal strength, indicating single-
molecule interactions. (c) Measured shifts together with simulated
shifts obtained from the discrete dipole approximation (DDA). Figure
adapted with permission from ref 77. Copyright 2012 Nature
Publishing Group.
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Positive and negative signals were observed, depending on the
plasmon wavelength relative to the probe wavelength of 785
nm.

By monitoring antibody interactions on hundreds of particles
in parallel, the stochastic nature of the binding process could be
examined. It was found that inverse wait times for molecule
binding follow a first-order power law dependence on
concentration. From these measurements, kon rates for the
nanorod antibiotin system was calculated to be 8.3 × 105 M−1

s−1, in line with ensemble measurements for other antibody−
antigen pairs. The low sensing volume of each nanorod,
combined with the large number of sensors, theoretically allows
concentration measurements with a 7 decade dynamic range. In
this case, the high affinity between biotin and antibiotin
precludes measurement of unbinding events, and thus
measurement of equilibrium kinetics.

■ CHALLENGES
Despite rapid progress in the past decade, several challenges
remain before plasmon-enhanced sensing will be mature
enough to be incorporated into real-life applications. Here we
describe three of those challenges:
Low Signals from Small Molecules. Although sensing by

plasmon-enhanced fluorescence allows for the detection of
small molecules, labeling is not always practical. A drawback of
the label-free approaches discussed above is that they rely on
small changes in the local refractive index induced by molecular
binding. These refractive index changes result in a plasmon shift
which can currently be detected with a sensitivity of ∼0.5 nm
(equivalent to ∼1% of the line width) on a single nanoparticle.
This detection limit is the result of a trade-off: on one hand
larger particles result in a higher signal-to-noise ratio for single-
particle detection, but simultaneously in a reduced plasmon
shift per molecule due to the larger extent of the locally
enhanced field. An exception is the single molecule detection
achieved with gold bipyramids.45 Although larger than
nanorods, bipyramids exhibit high field-enhancements due to
their sharp tips, and may be of interest in future single molecule
detection.
This trade-off between noise and sensitivity currently results

in a shot-noise limited detection limit for single molecules of
∼50 kDa,77 thus excluding many relevant biological targets such
as brain natriuretic peptide (MW 4 kDa) and procalcitonin
(MW 15 kDa). The signal-to-noise ratio in the shot-noise
limited regime scales as √N, where N is the number of
detected photons. This suggests that this detection limit is

easily improved by increasing the excitation power. However,
increasing power leads to additional plasmonic heating of the
nanoparticle and its immediate surroundings.77 The 50 kDa
detection limit was achieved while limiting heating to <2 °C, far
below the temperature at which a protein denatures (ranging
from 40 to 80 °C for globular proteins167). A second trade-off
thus exists, where the shot-noise detection limit must be
balanced against localized heating, which may perturb the
interaction being studied.
A promising strategy to amplify the plasmon shift per

molecule is to further increase the field-confinement by
employing dimers of particles or particles coupled to a gold
film. Theoretical studies confirmed that dimers of gold
spheres49 or gold nanorods160 exhibit substantially larger
plasmon shifts for molecular binding in the gap region
compared to their monomer counterpart. A numerical study
by Yang et al. showed that the sensitivity is nearly doubled for a
dimer of gold nanorods spaced by 15 nm when a protein binds
in the gap region.160 The difficulty in the implementation lies in
the realization of controllable gaps that should be only slightly
larger than the analyte to be detected. In addition, after
assembly the gap should be accessible for the analyte and not
be blocked by the linkers used for assembly. DNA origami
scaffolds as outlined before may provide an attractive solution
because they offer control over the spacing and orientation of
the particles while leaving the gap region free for an
immunoassay.68,129

Further field confinement on subnanometer length scales was
demonstrated by Taylor et al., who employed cucurbiturils as
linkers to immmoblize a gold sphere on top of a metallic
film.168 Cucurbiturils are barrel-shaped macrocyclic molecules
that form a well-defined 0.9 nm spacer between the gold
particle and the film. Interestingly, the barrel shape of the
cucurbituril allows for the binding of specific “guest” molecules
that slightly deform the cucurbituril and modulate its SERS
signal, thus providing a read-out mechanism for molecular
binding.169 Recently, Benz et al. found that individual atomic
features inside the gap of such a plasmonic assembly can
localize light to volumes well below 1 cubic nanometer
(therefore dubbed “picocavities”).170 These picocavities are
formed by a single gold atom protruding from a much larger
nanoparticle toward the underlying metallic film, and may in
the future enable optical sensing on the atomic scale.
An alternative approach for the label-free detection of low-

molecular-weight analyte may lie in the use of conformational
changes. Lee et al. recently demonstrated the use of gold
nanosphere dimers linked by an aptamer to monitor single-
molecule aptamer−analyte interactions.171 Aptamers are single-
stranded DNA oligonucleotides that fold into a well-defined
tertiary structure. Their capability to bind a specific analyte is
derived from key molecular interactions such as shape
complementarity, hydrogen bonding, and electrostatic inter-
actions.172 Aptamers undergo a large conformational change
upon analyte binding, resulting in detectable plasmonic shifts
dictated by the proximity of the two nanospheres. Approaches
to assemble well-defined dimers linked with a single aptamer
are available as described in the section on synthesis and
assembly, making this a promising strategy to enable label-free
detection of single small molecules.

Nonspecific Interactions in Biological Media. The
application of single-molecule sensing in a biological environ-
ment requires robust resistivity of the particles against
nonspecific interactions. The total macromolecular concen-

Figure 17. Wide-field monitoring of hundreds of single nanorods for
single-molecule plasmon sensing. Each dot represents a single-
molecule sensor. Multiplexing across many sensors in parallel allowed
for the statistical analysis of single-molecule signals. Figure adapted
with permission from ref 76. Copyright 2015 American Chemical
Society.
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tration in, for example, blood exceeds 100 μM, whereas
biomarkers such as listed in Figure 2 are present at
concentrations that are several orders of magnitude lower.
This large concentration difference implies that even weak
nonspecific interactions can dominate the response of a sensor,
as they effectively compete with specific interactions. In
biological environments this can even lead to the formation
of a so-called protein-corona around a nanoparticle,173 which
may shield its surface-bound receptors and inhibit its sensitivity.
Antifouling coatings are often employed to minimize

nonspecific interactions with the exposed sensor surface.
Polyethylene glycols (PEGs) are widely used because they are
easily synthesized and commercially available. They are usually
coupled to metallic particles using reactive thiol groups because
the covalent bond ensures a stable conjugation.175 Although the
thermodynamic and molecular mechanisms that determine the
antifouling properties of PEGs are not completely understood,
it is believed that chain length, surface density, conformation,
and hydrophilicity of the polymer play important roles in
resisting protein adhesion. An alternative class of antifouling
materials are zwitterionic polymers that maintain electric
neutrality with an equivalent number of positively and
negatively charged groups. It is proposed that the superior
antifouling properties of zwitterions is related to their stronger
hydration induced by electrostatic interactions instead of
hydrogen bonding.176 Zwitterionic polymers however still
have limited commercial availability, which makes their use
less widespread than PEGs.
In ensemble-averaged biosensors the detrimental effects of

nonspecific interactions are partially countered by employing
capture probes (antibodies, aptamers, peptides) with a high
affinity and specificity for the analyte. This ensures that a sizable
fraction of receptors is occupied by the analyte and dominates
the sensor response. Sensing at the single-molecule level has
the advantage that the kinetic parameters (i.e., time between
binding events and residence time) are also available for each
event. This extra information can be exploited to further
enhance the specificity of the sensor by analyzing distributions
of residence times.75,174 Nonspecific interactions are ideally
weak, whereas specific interactions exhibit a well-defined and
longer residence time due to their molecularly determined
interaction potential. This principle is referred to as kinetic
fingerprinting and was already exploited by Johnson-Buck et al.
to distinguish on-target DNA-microRNA interactions from
single base-pair mismatches by statistical analysis of residence
times (see Figure 18).174

The ability of kinetic fingerprinting has the interesting
consequence that the optimum capture probe is not necessarily
the one with the highest affinity. Instead it is the probe that
exhibits a distribution of residence times that (a) can be
measured with good statistics in a reasonable time and (b) can
be easily distinguished from the nonspecific background.
Choosing the right capture probe therefore requires detailed
understanding of nonspecific interactions with functionalized
nanoparticles at the single-molecule level. There are no studies
yet that address nonspecific interactions with nanoparticles at
the single-molecule level, but it is clear that these will be crucial
to optimize the sensor for operation in biological media.
Statistics and Multiplexing. The main motivation to

expend the effort to develop single-molecule sensors lies in the
ability to reveal populations of molecular interaction parameters
and identify rare species in a sample volume. The reliability
with which these properties can be measured depends on the

amount of statistics that can be gathered in a reasonable time.
Single-molecule waiting-time distributions exhibit Poisson
statistics, and the error in determining the mean of a
distribution thus scales as 1/√N. This implies that the ability
to distinguish different populations depends on the amount of
statistics gathered.
For the single and very small sensors described here, the

number of molecular interactions detected per unit time
depends on the sensor size and the diffusion coefficient of the
analyte.78,177−179 For analyte present at high concentrations
(>nM), the frequency of detection is typically more than
several Hz for a hemispherical sensor with a radius of 50 nm.177

This implies that a distribution can typically be clearly resolved
within minutes. However, at 1 fM it takes nearly a day for the
first molecule to diffuse to the single-particle sensor.177 In a
sensing device these mass-transport limitations result in
unrealistically long waiting times between events and thus a
slow response and limited accuracy in determining concen-
trations and populations.
Several solutions have been proposed in the literature to

tackle mass-transport limitations and improve statistics. The
first solution is to enhance the concentration of analyte in
proximity to the sensor. De Angelis et al. exploited super-
hydrophobic surfaces made of silicon micropillar arrays for the
evaporation and local enrichment of analyte (see Figure 19a
and ref 180). Barik et al. on the other hand employed
dielectrophoretic forces on charged analyte to enhance its
concentration near a gold nanohole film.181 Both approaches
result in an increased analyte concentration near the sensor
surface, which is then detected by fluorescence, transmission, or
surface-enhanced Raman spectroscopy on embedded plasmonic

Figure 18. Distinguishing specific from nonspecific interactions by
single-molecule analysis of kinetic parameters. (a) A surface coated
with biotin-labeled LNA capture molecules is functionalized with
microRNA. Incubation with fluorescent probes induces kinetic binding
and unbinding with the microRNA. (b) This kinetic binding and
unbinding is observed as a digital signal in a single-molecule
fluorescence assay. Clear differences exist in the residence times for
complementary interactions and single base-pair mismatches. (c)
Correlation between residence time and time between events. Two
populations are observed of which the one with short residence time
corresponds to nonspecific interactions. Figure adapted with
permission from ref 174. Copyright 2015 Nature Publishing Group.
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structures. These approaches allow for the molecular detection
of a range of analytes at atto- to picomolar concentrations,
equivalent to a few molecules per drop only.
An alternative solution that would enable the detection at

low analyte concentrations was proposed by Beuwer et al. (see
Figure 19b and ref 76). They probed hundreds of single-
molecule sensors simultaneously in a wide-field optical
microscope to increase the number of detected events. Highly
parallel detection is enabled here by modern high-resolution
cameras used in combination with a low-magnification
microscope objective. The lowest concentrations that can
then be probed are limited by the number of sensors that can
be imaged simultaneously. Assuming that approximately 100
events are required to establish a concentration, they estimated
that concentrations <1 pM would be measurable within 10 min
by simultaneous probing of 105 single-molecule sensors.
Instead of waiting for diffusion to transport the analyte to a

nanoscale sensor, Fritzsche et al. employed nanofluidic sensors
with dimensions similar to the plasmonic sensors (see Figure

19c and ref 182). The nanochannels were fabricated with a
combination of electron beam lithography and reactive ion
etching, resulting in channels with a width of 130 to 280 nm.
They incorporated reference channels to correct for baseline
drift and showed the detection of analyte binding to the gold
structures. Herein, analyte was actively pumped past the
nanosensors by a large pressure difference between the inlet
and the outlet. The proximity of the analyte to the sensor
increases the probability of detection, reducing the wait time
between detection events, and lowering the concentration
limits that be probed.
The challenges defined here, namely, sensitivity, specificity,

and statistics, are all highly active fields of research, and we
hypothesize that many of these challenges will be soon
overcome with novel developments.

■ OUTLOOK
Quantification of biomolecular interactions at the single-
molecule level has greatly expanded the scope of biosensors
and analytical technologies. In contrast to ensemble-averaged
approaches, single-molecule sensitivity gives access to the
underlying heterogeneity of molecular properties. This
heterogeneity could originate from, e.g., the presence of
different species within a sample, or the presence of different
conformations of the same species. Recent experiments
demonstrated the power of single-molecule sensing by
identifying multiple protein-homologues within a mixture,15,183

distinguishing specific interactions from nonspecific back-
ground signals,174 and characterizing a small population of
partially unfolded proteins in a population of properly folded
molecules.184 Single-molecule sensitivity also gives access to
equilibrium dynamics that are averaged out in ensemble
measurements because they are usually not synchronized in
time. This has allowed for the study of, e.g., the conformational
dynamics of a protein185 and measurement of molecular
interactions at equilibrium.174

These single-molecule studies have so far largely been
conducted using fluorescence microscopy. With the advent of
label-free techniques the range of biomolecules that can be
studied is greatly expanded because fluorescent labeling is not
needed. Furthermore, the biomolecule can be studied in its
native state without chemical modifications, potentially
enabling real-time sensing in biological fluids. Plasmonic
approaches have an additional advantage in their small probe
volume (determined by the extent of the near-field) that allows
for the detection of single molecules in highly concentrated
solutions. This may extend single-molecule biophysical experi-
ments to concentrated matrices that mimic intracellular
conditions. It is known that molecular interactions and function
are affected by high concentrations of macromolecules that
induce excluded volume effects,186 but the effects at the single-
molecule level remain elusive.
A method for measuring heterogeneity by single-molecule

sensing may not only benefit academic research into the
fundamentals of protein-interactions and function, but may also
find application in pharmaceutical companies. A major
challenge for the next generation of therapeutics is to, e.g.,
improve the homogeneity of therapeutic antibodies to yield
more efficient and potent drugs.187 Moreover, characterization
of small populations of partially unfolded proteins involved in
diseases188 may be possible because these partially unfolded
proteins exhibit a distinct kinetic fingerprint that is revealed
uniquely at the single-molecule level.183 This may yield novel

Figure 19. Approaches to increase the event frequency to allow for
acquisition of relevant statistics. (a) Evaporation of a drop of analyte
on a superhydrophobic surface results in local enrichment of
biomarkers. Figure adapted with permission from ref 180. Copyright
2011 Nature Publishing Group. (b) Parallel detection of many single-
molecule sensors in a wide-field microscope. Figure adapted with
permission from ref 76. Copyright 2015 American Chemical Society.
(c) Array of nanoparticles in nanometer-sized fluidic channels. Figure
adapted with permission from ref 182. Copyright 2016 American
Chemical Society.
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and more detailed insight into interactions of drugs with their
target.
Beyond applications in analytical laboratories we also foresee

exciting developments in biosensors worn in or on the body
that continuously report on biomarker concentrations.189,190 A
well-known example is the continuous monitoring of glucose
that allows for accurate dosing of insulin.191 A drawback of
current ensemble-averaged sensors is that they require regular
calibration due to baseline drift induced by, e.g., nonspecific
interactions.192 In contrast, single-molecule sensors report
association and dissociation events at equilibrium, and may
allow one to distinguish between nonspecific (short-lived)
interactions and specific (long-lived) interactions on a
molecule-by-molecule basis.174 Such kinetic fingerprinting
alleviates the requirements of an antifouling coating because a
certain level of nonspecific interactions can be tolerated in the
sensor. In addition, different homologues of analyte can be
discriminated based on their kinetic fingerprint.
These applications will depend on the ability to miniaturize

the device. Currently, single-molecule plasmon sensors employ
an optical microscope such as found in many laboratories,
consisting of a laser as the excitation source, a high-quality
objective lens, interference filters, and a sensitive detector,
either an avalanche photodiode (APD) or a CCD camera for
parallel imaging of many objects in a wide field of view.
Recently, several developments have allowed for the miniatur-
ization of optical microscopes to platforms as small as a
smartphone.24,193,194 Laser sources can be replaced by light-
emitting diodes, which are no bigger than a few millimeters and
generate multiple watts of output power. Complementary
metal-oxide-semiconductor (CMOS) cameras have rapidly
evolved over the past years and allow for sensitive detection
down to single fluorophores without the need for amplification
as is done in an electron-multiplying charge coupled device
(EMCCD). CMOS cameras in mobile phones already have
sufficient sensitivity to detect single metal particles and small
fluorescent beads.24,193,194 Improving sensitivity and resolution
of the device would give access to fluorescence or scattering
images of even smaller individual objects, perhaps down to
single fluorophores.
The required research to achieve practical applications is

highly multidisciplinary and spans the fields of physics,
chemistry, biology, mathematics, and electrical engineering.
Therefore, not only is fundamental research needed, but also
multidisciplinary and strategic collaborations are crucial to
achieve this goal. Ultimately, the prospect of fully integrated
biosensors that continuously monitors biomarker levels in vivo
is a tempting one that may revolutionize personalized
healthcare.
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■ VOCABULARY

surface plasmon resonance, the resonant oscillation of
conduction electrons stimulated by incident light; plasmonic
nanoparticles, nanosized particles whose conduction electrons
couple with electromagnetic radiation (light); near-field, the
electromagnetic field around the nanoparticle at distances
shorter than the wavelength; radiative decay, the loss of energy
due to photon emission; nonradiative decay, any other loss
mechanism wherein no photons are emitted; biosensing, the
use of transducers incorporating biologically active capture
molecules to detect the presence of particular biomolecules
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Shape Control in Gold Nanoparticle Synthesis. Chem. Soc. Rev. 2008,
37 (9), 1783−1791.
(31) Turkevich, J.; Cooper Stevenson, P.; Hillier, J. A Study of the
Nucleation and Growth Processes In the Synthesis of Colloidal Gold.
Discuss. Faraday Soc. 1951, 11, 55−57.
(32) Brust, M.; Walker, M.; Bethell, D.; Schiffrin, D. J.; Whyman, R.
Synthesis of Thiol-Derivatised Gold Nanoparticles. J. Chem. Soc.,
Chem. Commun. 1994, 801−802.
(33) Lee, Y. J.; Schade, N. B.; Sun, L.; Fan, J. A.; Bae, D. R.; Mariscal,
M. M.; Lee, G.; Capasso, F.; Sacanna, S.; Manoharan, V. N.; Yi, G. R.
Ultrasmooth, Highly Spherical Monocrystalline Gold Particles for
Precision Plasmonics. ACS Nano 2013, 7 (12), 11064−11070.
(34) Johnson, P. B.; Christy, R. W. Optical Constants of the Noble
Metals. Phys. Rev. B 1972, 6, 4370−4379.

(35) Yu, K.; Sader, J. E.; Zijlstra, P.; Hong, M.; Xu, Q. H.; Orrit, M.
Probing Silver Deposition on Single Gold Nanorods by Their Acoustic
Vibrations. Nano Lett. 2014, 14 (2), 915−922.
(36) Gallardo, O. A. D.; Moiraghi, R.; Macchione, M. A.; Godoy, J.
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to Plasmonic Nano-Antennas. Chem. Soc. Rev. 2014, 43 (4), 1263−
1286.
(122) Holzmeister, P.; Acuna, G. P.; Grohmann, D.; Tinnefeld, P.
Breaking the Concentration Limit of Optical Single-Molecule
Detection. Chem. Soc. Rev. 2014, 43 (4), 1014−1028.
(123) Punj, D.; Ghenuche, P.; Moparthi, S. B.; de Torres, J.;
Grigoriev, V.; Rigneault, H.; Wenger, J. Plasmonic Antennas and Zero-
Mode Waveguides to Enhance Single Molecule Fluorescence
Detection and Fluorescence Correlation Spectroscopy toward
Physiological Concentrations. Wiley Interdiscip. Rev. Nanomed. Nano-
biotechnol. 2014, 6 (3), 268−282.
(124) Khatua, S.; Paulo, P. M. R.; Yuan, H.; Gupta, A.; Zijlstra, P.;
Orrit, M. Resonant Plasmonic Enhancement of Single-Molecule
Fluorescence by Individual Gold Nanorods. ACS Nano 2014, 8 (5),
4440−4449.
(125) Boerigter, C.; Aslam, U.; Linic, S. Mechanism of Charge
Transfer from Plasmonic Nanostructures to Chemically Attached
Materials. ACS Nano 2016, 10 (6), 6108−6115.
(126) Hao, E.; Schatz, G. C. Electromagnetic Fields around Silver
Nanoparticles and Dimers. J. Chem. Phys. 2004, 120 (1), 357−366.
(127) Zhu, W.; Esteban, R.; Borisov, A. G.; Baumberg, J. J.;
Nordlander, P.; Lezec, H. J.; Aizpurua, J.; Crozier, K. B. Quantum
Mechanical Effects in Plasmonic Structures with Subnanometre Gaps.
Nat. Commun. 2016, 7, 11495.
(128) Punj, D.; Regmi, R.; Devilez, A.; Plauchu, R.; Moparthi, S. B.;
Stout, B.; Bonod, N.; Rigneault, H.; Wenger, J. Self-Assembled
Nanoparticle Dimer Antennas for Plasmonic-Enhanced Single-
Molecule Fluorescence Detection at Micromolar Concentrations.
ACS Photonics 2015, 2 (8), 1099−1107.
(129) Zhang, T.; Gao, N.; Li, S.; Lang, M. J.; Xu, Q. H. Single-
Particle Spectroscopic Study on Fluorescence Enhancement by
Plasmon Coupled Gold Nanorod Dimers Assembled on DNA
Origami. J. Phys. Chem. Lett. 2015, 6 (11), 2043−2049.
(130) Garcia De Abajo, F. J. Nonlocal Effects in the Plasmons of
Strongly Interacting Nanoparticles, Dimers, and Waveguides. J. Phys.
Chem. C 2008, 112 (46), 17983−17987.
(131) Mertens, H.; Polman, A. Strong Luminescence Quantum-
Efficiency Enhancement near Prolate Metal Nanoparticles: Dipolar
versus Higher-Order Modes. J. Appl. Phys. 2009, 105 (4), 044302.

ACS Sensors Review

DOI: 10.1021/acssensors.7b00382
ACS Sens. 2017, 2, 1103−1122

1120

http://dx.doi.org/10.1021/acssensors.7b00382


(132) Holzmeister, P.; Pibiri, E.; Schmied, J. J.; Sen, T.; Acuna, G. P.;
Tinnefeld, P. Quantum Yield and Excitation Rate of Single Molecules
close to Metallic Nanostructures. Nat. Commun. 2014, 5, 5356.
(133) Zuloaga, J.; Nordlander, P. On the Energy Shift between near-
Field and Far-Field Peak Intensities in Localized Plasmon Systems.
Nano Lett. 2011, 11 (3), 1280−1283.
(134) Zhao, J.; Dieringer, J. a; Zhang, X.; Schatz, G. C.; Van Duyne,
R. P. Wavelength-Scanned Surface-Enhanced Resonance Raman
Excitation Spectroscopy. J. Phys. Chem. C 2008, 112 (49), 19302−
19310.
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