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Abstract: The adoption of plasmonic nanomaterials in optical sensors, coupled with the
advances in detection techniques, has opened the way for biosensing with single plasmonic
particles. Single nanoparticle sensors offer the potential to analyse biochemical interactions
at a single-molecule level, thereby allowing us to capture even more information than
ensemble measurements. We introduce the concepts behind single nanoparticle sensing and
how the localised surface plasmon resonances of these nanoparticles are dependent upon their
materials, shape and size. Then we outline the different synthetic approaches, like citrate
reduction, seed-mediated and seedless growth, that enable the synthesis of gold and silver
nanospheres, nanorods, nanostars, nanoprisms and other nanostructures with tunable sizes.
Further, we go into the aspects related to purification and functionalisation of nanoparticles,
prior to the fabrication of sensing surfaces. Finally, the recent developments in single
nanoparticle detection, spectroscopy and sensing applications are discussed.

Keywords: surface plasmons; sensors; metal nanoparticles; single molecule detection;
optical sensors
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1. Introduction

The interaction of light with matter is one of the fundamental ways to characterise and understand the
properties of matter. When light interacts with certain metals (e.g., Au, Ag), it sets off a collective
oscillation in conduction band electrons at the metal-dielectric interface [1]. These collective oscillations,
termed as surface plasmons, provide an elegant way to couple and confine electromagnetic radiation in
sub-diffraction volumes. The dielectric properties of the metal and the surrounding material play an
important role in determining the optical properties of the plasmonic structures. In the case of nanostructured
plasmonic metals, such as metallic nanoparticles, the frequency and strength of these resonances depend
on the size and shape of the metallic nanostructure. The intense electromagnetic fields associated
with plasmonic nanostructures have been exploited to enhance different optical processes such as
fluorescence [2] and Raman scattering [3]. In addition, plasmonic nanoparticles have been applied for
the fabrication of nanoscale lasers [4], targeted cancer therapy [5], as non-blinking imaging markers [6]
and nanoscale sensors [7].

Nanoscale sensors for biological applications has become an important application for plasmonic
nanoparticles. With an increasing drive towards personalised medicine, the development of the
next-generation of biosensors, capable of detecting single binding events with individual nanostructures,
is rapidly becoming a reality. Single molecules have been detected by a wide variety of method, which
include nanoscale transistors made from carbon nanotubes [8—10], whispering gallery modes [11-13],
optical traps [14,15] and a wide range of fluorescence-based methods [16].

Single nanoparticle sensors with single molecule sensitivity would offer the unique advantage of
resolving rare events and the distribution of molecular properties; information that would otherwise
be lost in conventional ensemble methods [17—-19]. Utilizing individual nanoparticles as independent
transducers also offers the potential of low detection limits, high-throughput assays through multiplexing
and require smaller sample volumes. However, it is important to consider the effects of mass transport,
as it plays an important role in determining the sensitivity and response time of single nanoparticle based
sensors [20]. Another advantage shared with plasmonic biosensors is the capability for miniaturization
and eventual development into point-of-care devices [21].

In this review, we primarily focus on the different approaches for the construction of single
particle plasmonic sensors, with an emphasis on pushing the detection limit towards single molecules.
There are many techniques being developed with the aim of achieving single-molecule detection, such
as fluorescence-based methods. However this work only reviews the advances in plasmonic-based single
particle sensors. The review is divided into four sections; in the first section, we briefly review the
synthesis of plasmonic nanoparticles, followed by the functionalisation and surface modification of these
nanoparticles. We then discuss the different parameters involved in the design of surface plasmon
sensors. In the fifth section, we discuss the prominent examples in the literature on single nanoparticle
sensors and the optical techniques employed. Finally, we conclude the review by outlining the challenges
limiting the single plasmonic sensors and possible future directions.
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2. Synthesis/Fabrication of Plasmonic Nanoparticles

In this section, we review the recent advances in the preparation of plasmonic nanostructures for
sensing. Two prominent approaches have been employed in the literature: (1) bottom-up chemical procedures
that allow for the large-scale synthesis of plasmonic nanostructures with a wide range of shapes and
sizes (see Figure 1). After synthesis, these nanostructures are then modified with suitable functional
molecules that allow for bio-recognition along with an anti-fouling surface. These nanostructures can be
assembled on a surface to yield plasmonic chips [22] or dispersed into cells to probe intracellular
concentration of important biomarkers [23]; (2) Top-down approaches such as lithography combined with
metal-deposition allow for the precise fabrication of plasmonic nanostructures. The optical properties of
the targeted structures are first optimised with computational electromagnetic simulations. This
top-down approach has also allowed for the careful elucidation of the role played by different structural
parameters on the sensing performance of the nanostructures. In this review, the synthetic approaches
for top-down methods are not discussed in detail, however an excellent review by Estevez et al. [24]
discusses the aspects of top-down sensor fabrication.
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Figure 1. General rules of shape-control in silver-assisted, seed-mediated gold nanoparticles
synthesis, where the shape of nanoparticles can be controlled simply by altering the reaction
rate or altering the silver concentration. Scale bars are 200 nm. Adapted with permission
from reference [12]. Copyright 2012 American Chemical Society.

Although, the chemical synthesis strategy yields large sample volumes, these methods used to be
plagued by polydispersity and challenges associated with surface modification. However, the emergence
of well-defined strategies for the synthesis of plasmonic nanocrystals with desired size and shape
characteristics, have made them attractive for surface plasmon based sensing applications. One of the
simplest means of producing large quantities of Au nanospheres remains the citrate reduction of HAuCla,
as reported by Turkevich in 1951 [25]. The Turkevich method has been optimised further to yield Au
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nanospheres with controlled sizes by modifying the pH of the reaction solution [26] or the concentration
of chloride ions [27].

The advances in the shape-controlled synthesis of Au nanocrystals can be attributed to the exploitation
of surfactants such as hexadecyltrimethylammonium bromide (CTAB) and the slow overgrowth in the
presence of weak reducing agents, such as ascorbic acid. Jana et al. [28], reported the first paper on the
seed-mediated growth of Au nanorods. In this method, small CTAB-capped Au nanoparticles (3.5 nm
in diameter), termed as “seeds” are first prepared by the borohydride reduction of HAuClas. In the second
step, the seeds are introduced into a growth medium consisting of ascorbic acid, CTAB and HAuCla.
The ascorbic acid slowly reduces Au** to Au’, which then deposits on the seeds, causing them to grow.
The CTAB bilayer surrounding the Au nanospheres aids in anisotropic growth. Nikoobakht and
El-Sayed [29] demonstrated that the length of the Au nanorods prepared by the seed-mediated method
can be controlled by the addition of silver ions to the growth solution. Subsequently, the seed-mediated
technique has been employed for the preparation of Au nanospheres [30], nanocubes [31], nanobipyramids,
nanostars [32] and other nanostructures [33]. The size and shape of the nanoparticles can be controlled
by adjusting certain parameters during synthesis. These parameters include concentration of reagents [34],
inclusion of halides [35], type and concentration of reducing agents used [36], reaction temperature [37,38]
and pH [39]. Furthermore, the seed-mediated protocol has been further modified into a one-step
“seedless” method, wherein the seeds are generated in sifu with sodium borohydride (see Figure 2) [40].
This modification allows for the large-scale production of Au nanospheres, nanoplates, and nanostars.
Recently, Xu and co-workers [36] have synthesised Au nanorods with large aspect ratios (up to 20.6),
using the seedless method, by adding hydrochloric acid and using hydroquinone as the reducing agent.

The size and shape distribution of plasmonic nanoparticles also plays a crucial role in the construction
of plasmonic sensors. Monodispersity can be obtained with two different approaches: by fine-tuning
experimental parameters during synthesis or with size/shape based separation after synthesis. While the
synthetic approach for different nanoparticle shapes have developed over the years, there has been an
increased interest in optimizing for better monodispersity. Wu et al. [41] have reported a protocol for
the preparation of Au nanorods with good monodispersity as well as high aspect ratios. The monodispersity
of the nanorods was improved by the addition of nitric acid to the growth solution. The authors conclude
that the nitrate ion rather than the pH change, promotes formation of a uniform one-dimensional structure.
A recent synthetic approach reported by Ye and co-workers [42], where an aromatic additive aids in
improving the monodispersity. Aromatic additives such as sodium salicylate are believed to stabilise the
interface between Au and the CTAB bilayer, thereby yielding highly monodispersed gold nanorods.

Nanoparticles with specific sizes and shapes can be obtained from polydispersed samples with the
help of size and shape based separation techniques. Simple fractionated centrifugation of an aqueous
suspension results in the large and unstable aggregations being separated from the rest of the suspension.
In a similar manner, a fractionated precipitation technique is reported by Thai et al. [43] which involved
the addition of sodium chloride or ethanol to change solubility of PEG-modified nanoparticles. Other
separation techniques such as filtration [44], chromatography [45] and force-induced separation [46]
could also provide size- and shape-controlled separation. Post-synthesis separation techniques could be
used in combination with a synthetic approach, to provide highly monodisperse, shape- and size-controlled
nanocrystals for the preparation of single particle plasmonic sensors.
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Figure 2. The four major surface modification approaches for functionalisation of nanoparticles,
given a peptide as an example of a biomolecule and PEG as the antifouling material.
(1) Covalent attachment: covalent reactions such as EDC/NHS coupling occur between the
antifouling layer and biomolecule end groups; (2) Electrostatic: use cationic/anionic antifouling
materials and biomolecules to allow charge-charge conjugation; (3) Direct thiol reaction:
both anti-fouling material and biomolecules loaded through thiol binding to the surface;
(4) Secondary interaction: ligands are loaded onto the surface followed by the biomolecules
containing a specific receptor to allow ligand-receptor specific conjugation.

Density gradient centrifugation is a general and non-destructive separation technique, which may be
used in the post-synthesis purification of nanocrystals. The separation is reliant on a density gradient,
where a centrifugal force is applied to move nanocrystals in a fluid away from the axis of rotation
at different speeds according to chemical, structural and dimensional differences of the nanocrystal. The
technique could be divided into two types: isopycnic-zonal centrifugation and rate-zonal separation [47].
In isopycnic-zonal centrifugation, a media with a density gradient is used as a liquid column. During
prolonged centrifugation, particles move against the density gradient until they stop when reaching the
location of the same density, hence fractionated according to their density. However, such a method is
limited by the density of aqueous media, and is not suitable for metal nanocrystals due to the high density
of metals. Rate-zonal separation takes advantage of the difference in sedimentation rate of the particle
within the period of centrifugation. Depending on the period of centrifuge and nature of solvent,
nanocrystals could be fractionated into different positions. Rate-zonal centrifugation has been reported
to be able to sufficiently fractionate metallic nanoparticles in aqueous phase [48,49] as well as in organic
phase [50]. More recently, Akbulut and co-workers [51] reported a multi-phase aqueous system, which
allows for improved separation of nanoparticles according to their shapes. Rate-zonal centrifugation
has an increasing importance in the purification of metallic nanoparticles and is typically used in
conjunction with controlling the different growth parameters, in order to produce highly monodispersed
metallic nanoparticles.
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Centrifugation and separation techniques also allow for the purification of plasmonic nanocrystals
from surfactants and starting materials, which often hinder their application, especially when used with
cells. The use of surfactants such as CTAB results in well-defined nanoparticles. However, CTAB needs
to be replaced with a suitable monolayer that will allow for bio-conjugation and anti-fouling properties [32].
To improve biocompatibility as well as from the perspective of green chemistry, synthetic approaches
have been developed using less hazardous substances, involving the replacement of toxic stabilizing and
reducing agents with non-toxic plant extracts [52,53]. Such modifications can produce non-toxic
nanoparticles (CTAB-free), however with numerous simple purification techniques available, the use of
green-chemistry may be more complicated and time-consuming. Hence, for the fabrication of single
plasmonic nanoparticle sensor, the well-established seed-mediated or seedless surfactant-assisted
approach is preferred.

3. Functionalisation of Metallic Nanoparticles

The synthesis of nanoparticles results in certain capping groups, it is generally required to further
modify them to prepare them for application. Such modifications include the removal of toxic surfactants
for improved biocompatibility, functionalising the surface with ligands for specific sensing purposes and
enhanced signals, and separation techniques for improving size and shape distribution. Place exchange
of the capping group with the required ligand is one of the most commonly used methods. As gold is the
major material used in single nanoparticle sensing devices, alkanethiols have become the surface chemistry
of choice, due to the high affinity of thiols to gold. The most widely used compounds are thiol-terminated
polyethylene glycol (HS-PEG) [54-58], due to their high biocompatibility, resistance to non-specific
protein adsorption (anti-fouling property) and ability to stabilise the shape of the nanoparticles in
multiple mediates [54—59]. The standard PEGylation method was reported by Liao and Hafner in 2005,
simply with the addition of HS-PEG at low CTAB concentration and an overnight incubation [54].
This approach was further adapted by Liu et al. [60], which involves the use of Tween-20 to stabilise
the gold nanorods, bis(p-sulfonatophenyl)phenylphosphine (BSPP) to activate the surface of the nanorods
and sodium chlorides to etch the silver from seed-mediated growth. This approach improved the degree
of PEGylation and allows for the complete removal of toxic CTAB, opening the way towards non-toxic,
highly biocompatible nanoparticle sensors. In a similar manner, the Au nanosphere sensor reported by
Ma et al. [61] is modified with thiol-terminated oligoethylene glycol (HS-OEG), using tris-buffer and
sodium chloride to promote surface exchange with the thiol. Alkanethiols are also used to exchange
CTAB, where modified nanoparticles are dispersible in organic phase [62,63]. Other surface materials
such as thiolated CTAB analogues [64], thiolated glycans [65] and phospholipids [57,66] are also
reported to successfully replace CTAB and reduce toxicity.

In order to provide selectivity to specific analytes, nanoparticles need to be functionalised with the
appropriate biomolecules, such as enzymes [67,68], proteins [69], DNA [61], antibodies [70] or other
molecules that provide a suitable sensing interface. This functionalization can be carried out along with
the removal of the surfactant during the place exchange reaction described above, by using thiol-containing
biomolecules. The plasmonic sensor reported by Ma et al. [61] which was discussed earlier, used
thiolated-DNA in a mixture with HS-OEG, where the thiolated-DNA provides binding affinity for the
analyte and HS-OEG provides complete coverage of the nanoparticle surface. In a study by Zijlstra
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and co-workers [67], thiolated biotin was used for both exchanging CTAB and functionalization.
An alternative strategy is to use compounds with a carboxyl or primary amine end group as an
alternative to CTAB, followed by a conjugation reaction to further functionalise the nanoparticle. Common
conjugation reactions include charge-charge conjugation, ligand-receptor conjugation, or covalent
attachment. An example of covalent attachment is EDC/NHS or EDC/sulfo-NHS conjugation, where
1-ethyl-3-(3-dimethylaminopropyl)-carbodiimide (EDC) 1is wused as a crosslinking agent,
N-hydroxysuccinimide (NHS) [71] or N-hydroxysulfosuccinimide (sulfo-NHS) as a stabilising agent for
the active ester intermediate [72—74]. This results in the formation of an amide bond between the primary
amine and a carboxyl or phosphate group. EDC/NHS or EDC/sulfo-NHS allows a large range of
molecules to be loaded onto the nanoparticle surface [68—73], which opens possibilities for highly
specific and multifunctional sensors.

Another modification strategy involves the use of plasmonic nature of nanoparticles, where
conjugation is driven by an optical pulse at certain wavelengths. For example, Bisker et al. [75] reported
the laser-controlled conjugation of a range of fluorescent proteins to PEG-modified gold nanoparticles,
enabling the detection of protein adsorption to gold nanoparticles. Furthermore, site-specific
modification is also utilised in order to selectively modify certain sides of a nanostructure, such as the
tips of gold nanorods [76] or edges/vertices of gold triangles [77]. Such modifications allow for more
specific conjugation of the gold nanoparticles, which can improve LSPR responses as these sharp points
are generally more sensitive to refractive index changes [78].

4. Design of Surface Plasmon Sensors

Au is the primary material choice for the construction of individual plasmon sensors due to the
excellent chemical stability of Au. Although silver displays better surface plasmon characteristics than
gold, it is easily prone to oxidation and therefore limiting its application for sensing [79]. The individual
surface plasmon sensors that are discussed in this review are optical sensors that display a change in the
surface plasmon resonance upon the binding of a molecule or plasmonic nanoparticles or enzyme-linked
immunoprecipitation. These sensors exploit the fact that localised surface plasmons are sensitive to the
refractive index of the surrounding medium and are nanoscale analogues of prism-based SPR methods
that have been commercially employed for decades. The size, shape and the material properties play a
crucial role in determining the sensitivity of the nanoparticle to refractive index changes. Chen et al. [80]
have looked into the effect of the nanoparticle size and shape on bulk refractive index sensitivity for gold
nanoparticles. They observed that the bulk refractive index sensitivity of anisotropic nanoparticles
(for e.g., nanobranches and nanorods) was significantly higher than that of nanospheres. However, as
the sensitivity of the plasmonic system is pushed towards single molecules, it is crucial to understand
the local effects on the refractive index as compared to bulk.

Zhang and Martin [81] have worked out the relationship between the changes in the surface plasmon
resonance upon the trapping/adsorption of a single nanoparticle. They numerically show that the resonance
shift is linearly related to the product of the local electric field intensity of the resonance mode, the
material dispersion factor and polarizability of the nanoparticle.

It is well known that the electromagnetic fields associated with surface plasmons decay exponentially
and the capture molecules occupy a significant part of electromagnetic field region. As the molecule of
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interest only affects the refractive index of a particular layer, it crucial to understand the effects on local
refractive index changes as compared to bulk. Recently, Li et al. [82], have looked at the surface sensing
performance of diffractively coupled plasmonic systems. In their experiments, they controlled the
refractive index surrounding a periodic nanodisc array with the atomic layer deposition of Al2O3. Based
on their experiments, they conclude that the surface sensing capacity cannot be described by bulk
refractive index sensitivity and one has to take into consideration the decay of the electromagnetic fields.

5. Towards Single Molecule Sensing with Individual Nanoparticles

Single particle sensing approaches utilise the LSPR of nanoparticles with the sensitivity of the LSPR
signal for sensing being influenced by the composition, shape, size and local dielectric environment
of the nanoparticle. Changes in the refractive index of these nanoparticles induce a shift in the LSPR,
which have been observed a dark-field optical microscope and detected with a couple spectrometer or
spectrograph [83]. As discussed earlier, numerous shapes, sizes and types of nanoparticles can be used
for LSPR and have been investigated for their use in the development of these biosensors [84]. Typically,
gold and silver nanoparticles are considered optimal for these detection methods, however silver
nanoparticles tend to be passed over in favour of gold nanoparticles due to their increased stability, ease
of modification and non-toxic nature [85,86]. For the application of biosensors, Au nanospheres are most
commonly used, due to their relative ease of synthesis and modification. However, Au nanorods have
also been used for single particle sensing and can offer an improved sensing performance due to the large
tunability of aspect ratio, hence the LSPR, and their sharp ends, which increases their sensitivity [24,87,88].

One of the first techniques developed to measure the spectra of single particles utilised total internal
reflection microscopy with an imaging spectrometer and was able to measure the spectra of up to 7 particles
simultaneously [89]. Another method that was employed to study the spectra of single nanoparticles
was differential interference light contrast microscopy, which allowed for the spectra of single silver
nanoparticles to be obtained in a time-resolved manner [90]. Dark-field optical microscopy techniques
were also studied for their potential application in single particle studies. Using this technique, coupled
with a spectrometer, the spectra of single particles were able to be resolved [91,92]. It is important to
note that these techniques were limited by the time it took to obtain single-particle spectra and the
number of particles that were able to be probed, as the particles had to be focused within the grating of
the spectrometer. This also means that the stage had to be moved to obtain spectra of different particles.
However, these studies paved the way for single particles to be utilised as sensitive real-time sensing
tools [93,94].

In recent years, dark field optical microscopy techniques have been taken further to demonstrate their
application as molecular rulers and biosensors. Using this setup, the directed coupling of gold and silver
dimers was followed in real time and allowed the study of single DNA hybridisation events [95].
Raschke et al. [96] also utilised this technique to detect biotin-streptavidin binding to a concentration of
1 uM on single gold nanorods. Similarly, Sannomiya et al. [97] used this technique to demonstrate the
detection and quantification of single particle binding events on individual nanoparticles. Being able to
monitor these single particle-binding events is a great step forward in the development of single particle
biosensors, however it was seen that LSPR shifts were also strongly reliant upon the inter-particle distance,
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particle position and size. This presents the particular challenges of inconsistent LSPR shifts from different
particles, as individual particles are unlikely to be identical in shape, size or mode of binding [98,99].

Another technical limitation of single particle spectroscopy methods is obtaining spectral information
from a large group of nanoparticles. These particular hurdles can be overcome by coupling the dark-field
microscope with an imaging spectrograph, capable of obtaining single particle spectra of multiple
nanoparticles simultaneously [24]. A conventional spectrometer requires the nanoparticles to be focused
within the small entrance slit. However, by using an imaging spectrometer spectral information is
obtained from a larger field of view. In a recent study by Nusz et al. [100], a line-spectrometer was used
to detect streptavidin binding on single gold nanorods. Using this technique, more nanoparticles were
able to be probed more rapidly, whilst also demonstrating a significant increase in sensitivity. In an effort
to increase the amount of nanoparticles being probed, a nano-array based sensor, made of 30 DNA-modified
Au nanorods, was developed and used to identify and monitor spectral shifts in response to thrombin
binding (see Figure 3) [101]. A novel normalization technique was also developed, based on individual
sensitivity to refractive index change, allowing all nanorods (and differently shaped nanoparticles as
reported) to be probed simultaneously and showing shifts, which can be correlated to those of the other
particles [101]. This work addressed two key issues facing single nanoplasmonic sensors, being able to
probe numerous nanoparticles in a two-dimensional array, permitting the analysis of multiple particles,
and the inconsistent LSPR shifts due to particle-particle variations. However, it is noted that this method
requires relatively long acquisition times due to step-wise spectral scanning.

Motorized stage
llluminated region

Glass substrate

Incident Light ' — Scattering

Objective lens Gold nanoparticles

ColorCCD  Spectrometer Eyepiece
camera CCD

Figure 3. Schematic diagram of the optical setup for the detection of the gold nanoparticles
in a nanoarray, where the scattered light is directed to a colour CCD, spectrometer CCD
and the eyepiece. The nanoarray is spectroscopically analysed by scanning along the
region-of-interest in sequential steps. The single-particle spectral information is then
recreated into a pseudo-image for further analysis. Adapted with permission from [101].
Copyright 2011 American Chemical Society.

One of the approaches to speed up single nanoparticle spectroscopy is the use of liquid crystal
tunable filters coupled with CCD detectors [102]. This approach enables hyperspectral imaging of single
nanoparticles. Kall and co-workers [103] demonstrated this procedure with the enzymatic catalysed
precipitation of 3-diaminobenzene (DAB) onto lithographically-fabricated gold nanoparticles, allowing
them to detect horseradish peroxidase at a concentration of 350 fM from 84 particles. The use of the
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highly optically dense DAB to enhance the LSPR shift is an interesting approach and is among other
potential enzyme catalysed LSPR enhancement systems used [104,105]. The LSPR-enhancement by
DAB has been further improved through the fabrication of a nanoarray based system and has allowed
for the detection of variations caused by single enzymes and the analysis of the spectra of 700 Au
nanorods, in an array, simultaneously [106]. The use of this nanoarray-based method, in conjunction
with the advanced spectral acquisition technique, is advantageous as it allows for the extremely sensitive
detection of biomolecules. Further development upon similar fabrications can potentially allow for
highly multiplexed biosensing that retains sensitivity at a single particle level.

Thus far, the advancement of single particle spectroscopy methods have been shown to overcome the
major challenges faced by nanoplasmonic biosensors. Taking these techniques and displaying detection
schemes for the eventual application and commercialization of these biosensors has yet to be discussed.
Through the modification of Au nanospheres and Au nanorods the detection of biomarkers in samples
can now be explored and developed further. Modification of Au nanospheres with thiolated-DNA sequences
is a commonly used method to create specificity to matched-DNA or RNA sequences [85,86,107].
Recently, such techniques have been adapted to work at a single particle level. The detection of human
topoisomerase was demonstrated through the relaxation of super-coiled DNA and have reported
potential detection limits similar to that of traditional SPR sensors [108]. Similarly, the detection of
target miRNA and DNA was detected by monitoring single Au nanoparticles (75 nm), with a change in
DNA confirmation, from hairpin to bound, resulting in the refractive index shift and allowed for a low
limit of detection down to 3 nM [109]. Recently, Sim and co-workers [110] have developed a novel
multiplexed sensing platform, with different sites for binding recognition, allowing for the detection of
the cancer biomarkers a-fetoprotein, carcinoembryonic antigen and prostate specific antigen at 91, 94
and 10 fM respectively. Pushing the limit of detection to pico or even attomolar concentrations is one of
the goals of biosensors and achieving that will potentially allow for early detection of diseases, such as
cancer, which could lead to improved treatment efficacy [111,112].

Single molecule sensitivity is considered an important goal for these types of sensors. Using photothermal
microscopy, Zijlstra et al. have shown the real-time analysis of single protein binding events on a single
gold nanorod with high sensitivity (see Figure 4) [67]. Similarly, another technique for detecting single
protein binding events has also been developed, whereby an intense light source (white light laser)
is used to illuminate the Au nanorods and is detected by an intensified CCD camera [113]. Using this
method improves the signal to noise ratio and allows for the sensitive determination of LSPR shifts of
single nanoparticles within milliseconds [113]. Both these approaches employ specialised equipment
to achieve the desired level of sensitivity and are limited by the number of nanoparticles that can be
monitored simultaneously. In order to achieve sufficient data about molecular properties of proteins,
it is required to probe more particles at a single particle level. Recently, a new setup was developed
based on prism-type total internal reflection microscopy, where Au nanorods were illuminated by a
superluminescent diode, permitting the examination of hundreds of single particles for single protein
binding events (see Figure 5) [114]. The development of this technique has enabled the monitoring of
stochastic protein binding to Au nanorods, allowing us to probe for information about single protein binding.
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Figure 4. (a) The optical setup for the total internal reflection and illumination of a single
gold nanorod (magnified) for the detection of single protein binding. Inset at the top left is
the theoretical LSPR shift that is expected in response to a large increase in local refractive
index, such as the binding of proteins. Top panel in (b) shows the spectrum of a single
Au nanorod, before and after the binding of single proteins. The bottom panel in (b) shows
the difference in intensity between pre and post-binding of the protein; (¢) The resonance
wavelength of the single Au nanorod, monitored as a function of time, shows multiple single
protein binding events, while the resonance wavelength remains flat for the protein-free
solution. The peaks in the histogram (d) correspond to single protein-binding events. Reprinted
with permission from [70]. Copyright 2012 American Chemical Society.
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Figure 5. (a) Schematic diagram of the setup used to illuminate Au nanorods with a
superluminescent diode through a glass prism. (b) Image of the modified Au nanorods on
the surface obtained with the CCD and (c) illustration of the red-shift in LSPR scattering
during the binding of proteins to the Au nanorod (inset). Reprinted with permission
from [114]. Copyright 2015 American Chemical Society.

The main limitation with single particle spectroscopy techniques seems to be obtaining information
from a sufficient number of particles. With single particle spectroscopy techniques, which use a coupled
spectrograph, large amounts of nanoparticles have been analysed. However, the amount of particle
spectral information obtained is related to the time taken to scan across the surface. A different approach
has recently been developed, where Au nanoparticles are imaged using DFM but the analysis is done
through an algorithm processing of the red, green and blue (RGB) colour information of the particles [115].
They demonstrate the ability to image single Au nanospheres in intracellular environments and are able
to quantify LSPR shifts, induced by NADH present in the cell. This is an interesting approach as it could
potentially allow high-throughput studies for biosensing applications.
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6. Conclusions with Opportunities and Future Direction

In summary, there have been significant advances in the design and characterization of single surface
plasmon sensors. This is largely due to the advances in chemical synthesis of plasmonic nanostructures,
the availability of new optical characterization techniques and numerical modelling tools that aid in the
design of plasmonic sensors. As the potential benefits of this field are emerging, work on different
synthetic strategies has led to the development of several protocols for the preparation of monodisperse
plasmonic nanoparticles. There is also a vast literature on the purification and functionalization of plasmonic
nanoparticles, thereby making it easy to fabricate plasmonic nanosensors. The different approaches taken
for the detection of single molecules with plasmonic nanoparticles are encouraging.

The significant challenge in this area is finding ways to translate these approaches to point-of-care
based clinical diagnostics. Plasmonic nanoparticles are currently employed in several clinical diagnostic
tests for the detection of important biomarkers for cancer, HIV and other diseases [116]. Non-specific
binding of other biomolecules plays an important role in the practical construction of these biosensors [117].
The formation of a protein-corona around metal nanoparticles when they are introduced to a cellular
environment is well-documented [118]. The design of single nanoparticle sensors need to account for
factors as non-specific binding arising from protein corona which might introduce spectral shifts. With
careful adaption and further advances in the single nanoparticle-based sensing techniques, we believe
that plasmonic nanoparticle based point-of-care sensing devices with single molecule sensitivity can
realised. However, these methods do not exist in a vacuum, they compete with other fluorescence-based
techniques that have single molecule sensitivity. Unlike fluorophores, plasmonic nanoparticles do not
suffer from limitations, such as blinking or photobleaching, and can be employed to form label-free
biosensors. There are significant challenges and opportunities in this domain. There is a need for new
optical characterization and analysis approaches that can significantly increase the number of nanoparticles
that can be probed simultaneously. The number of nanoparticles probed currently is small (hundreds to
thousands), automation of optical microscope could be one solution. Multiplexing is another option, as
several biomarkers can be detected at the same time. While, a large number of studies have focused on
Au nanorods, multiplexing may be achieved by using plasmonic particles of different shape and composition.

Acknowledgments

The authors acknowledge the generous financial support from the Australian Research Council
Australian Research Council Centre of Excellence in Convergent Bio-Nano Science and Technology
(CE140100036), an ARC Australian Laureate Fellowship (FL150100060) for JJG and The University
of New South Wales for support of a Vice Chancellors postdoctoral Research Fellowship for SRCV.

Conflicts of Interest
The authors declare no conflict of interest.
References

1.  Maier, S.A. Plasmonics: Fundamentals and Applications, 1st ed.; Springer USA: New York, NY,
USA, 2007; p. 224.



Sensors 2015, 15 25786

10.

11.

12.

13.

14.

15.
16.

17.

18.

Bauch, M.; Toma, K.; Toma, M.; Zhang, Q.; Dostalek, J. Plasmon-enhanced fluorescence biosensors:
A review. Plasmonics 2013, 9, 781-799.

Le Ru, E.C.; Etchegoin, P.G. Single-molecule surface-enhanced raman spectroscopy. Annu. Rev.
Phys. Chem. 2012, 63, 65-87.

Noginov, M.A.; Zhu, G.; Belgrave, A.M.; Bakker, R.; Shalaev, V.M.; Narimanov, E.E.; Stout, S.;
Herz, E.; Suteewong, T.; Wiesner, U. Demonstration of a spaser-based nanolaser. Nature 2009,
460, 1110-1112.

Huang, X.; el-Sayed, I.H.; Qian, W.; el-Sayed, M.A. Cancer cell imaging and photothermal therapy
in the near-infrared region by using gold nanorods. J. Am. Chem. Soc. 2006, 128, 2115-2120.
Lee, K.-S.; el-Sayed, M.A. Gold and silver nanoparticles in sensing and imaging: Sensitivity of
plasmon response to size, shape, and metal composition. J. Phys. Chem. B 2006, 110, 19220-19225.
Willets, K.A.; van Duyne, R.P. Localized surface plasmon resonance spectroscopy and sensing.
Annu. Rev. Phys. Chem. 2007, 58, 267-297.

Kruss, S.; Hilmer, A.J.; Zhang, J.; Reuel, N.F.; Mu, B.; Strano, M.S. Carbon nanotubes as optical
biomedical sensors. Adv. Drug Deliv. Rev. 2013, 65, 1933—1950.

Landry, M.P.; Kruss, S.; Nelson, J.T.; Bisker, G.; Iverson, N.M.; Reuel, N.F.; Strano, M.S.
Experimental tools to study molecular recognition within the nanoparticle corona. Sensors 2014,
14,16196-16211.

Besteman, K.; Lee, J.O.; Wiertz, F.G.M.; Heering, H.A.; Dekker, C. Enzyme-coated carbon
nanotubes as single-molecule biosensors. Nano Lett. 2003, 3, 727-730.

Mohseni, H.; Agahi, M.H.; Razeghi, M.; Holler, S.; Dantham, V.R.; Keng, D.; Kolchenko, V_;
Arnold, S.; Mulroe, B.; Paspaley-Grbavac, M. The whispering gallery mode biosensor:
Label-free detection from virus to single protein. Third Asia Pac. Opt. Sens. Conf. 2014, 9166,
doi:10.1117/12.2061477.

Southern, S.0.; Mentzer, M.A.; Rodriguez-Chavez, 1.; Wotring, V.E.; Holler, S.; Dantham, V.R.;
Keng, D.; Kolchenko, V.; Arnold, S. Label-free single cancer marker protein detection using
a nanoplasmonic-photonic hybrid whispering gallery mode biosensor. Third Asia Pac. Opt.
Sens. Conf. 2014, 9112, doi:10.1117/12.2050222.

Vollmer, F.; Arnold, S. Whispering-gallery-mode biosensing: Label-free detection down to single
molecules. Nat. Methods 2008, 5, 591-596.

Kotnala, A.; Gordon, R. Quantification of high-efficiency trapping of nanoparticles in a double
nanohole optical tweezer. Nano Lett. 2014, 14, 853—856.

Pang, Y.; Gordon, R. Optical trapping of a single protein. Nano Lett. 2012, 12, 402—-406.

Joo, C.; Balci, H.; Ishitsuka, Y.; Buranachai, C.; Ha, T. Advances in single-molecule fluorescence
methods for molecular biology. Annu. Rev. Biochem. 2008, 77, 51-76.

Janssen, K.P.; De Cremer, G.; Neely, R.K.; Kubarev, A.V.; Van Loon, J.; Martens, J.A.; de vos, D.E.;
Roeffaers, M.B.; Hofkens, J. Single molecule methods for the study of catalysis: From enzymes to
heterogeneous catalysts. Chem. Soc. Rev. 2014, 43, 990-1006.

Van Oijen, A.M. Single-molecule approaches to characterizing kinetics of biomolecular interactions.
Curr. Opin. Biotechnol. 2011, 22, 75-80.



Sensors 2015, 15 25787

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

Van Oijen, A.M.; Blainey, P.C.; Crampton, D.J.; Richardson, C.C.; Ellenberger, T.; Xie, X.S.
Single-molecule kinetics of lambda exonuclease reveal base dependence and dynamic disorder.
Science 2003, 301, 1235—-1238.

Sheehan, P.E.; Whitman, L.J. Detection limits for nanoscale biosensors. Nano Lett. 2005, 5, 803—807.
Tokel, O.; Inci, F.; Demirci, U. Advances in plasmonic technologies for point of care applications.
Chem. Rev. 2014, 114, 5728-5752.

Zhang, B.; Kumar, R.B.; Dai, H.J.; Feldman, B.J. A plasmonic chip for biomarker discovery and
diagnosis of type 1 diabetes. Nat. Med. 2014, 20, 948-953.

Murphy, C.J.; Gole, A.M.; Stone, J.W.; Sisco, P.N.; Alkilany, A.M.; Goldsmith, E.C.; Baxter, S.C.
Gold nanoparticles in biology: Beyond toxicity to cellular imaging. Acc. Chem. Res. 2008, 41,
1721-1730.

Estevez, M.C.; Otte, M.A.; Sepulveda, B.; Lechuga, L.M. Trends and challenges of refractometric
nanoplasmonic biosensors: A review. Anal. Chim. Acta 2014, 806, 55-73.

Turkevich, J.; Stevenson, P.C.; Hillier, J. A study of the nucleation and growth processes in the
synthesis of colloidal gold. Discuss. Faraday Soc. 1951, 11, 55-75.

Ji, X.; Song, X.; Li, J.; Bai, Y.; Yang, W.; Peng, X. Size control of gold nanocrystals in citrate
reduction: The third role of citrate. J. Am. Chem. Soc. 2007, 129, 13939-13948.

Zhao, L.; Jiang, D.; Cai, Y.; Ji, X.; Xie, R.; Yang, W. Tuning the size of gold nanoparticles in the
citrate reduction by chloride ions. Nanoscale 2012, 4, 5071-5076.

Jana, N.R.; Gearheart, L.; Murphy, C.J. Wet chemical synthesis of high aspect ratio cylindrical
gold nanorods. J. Phys. Chem. B 2001, 105, 4065—4067.

Nikoobakht, B.; el-Sayed, M.A. Preparation and growth mechanism of gold nanorods (nrs) using
seed-mediated growth method. Chem. Mater. 2003, 15, 1957-1962.

Zheng, Y.; Zhong, X.; Li, Z.; Xia, Y. Successive, seed-mediated growth for the synthesis of
single-crystal gold nanospheres with uniform diameters controlled in the range of 5-150 nm.
Part. Part. Syst. Charact. 2014, 31, 266-273.

Zhang, J.; Langille, M.R.; Personick, M.L.; Zhang, K.; Li, S.; Mirkin, C.A. Concave cubic gold
nanocrystals with high-index facets. J. Am. Chem. Soc. 2010, 132, 14012-14014.

Wu, H.-L.; Chen, C.-H.; Huang, M.H. Seed-mediated synthesis of branched gold nanocrystals
derived from the side growth of pentagonal bipyramids and the formation of gold nanostars.
Chem. Mater. 2009, 21, 110-114.

Langille, M.R.; Personick, M.L.; Zhang, J.; Mirkin, C.A. Defining rules for the shape evolution of
gold nanoparticles. J. Am. Chem. Soc. 2012, 134, 14542—-14554.

Bullen, C.; Zijlstra, P.; Bakker, E.; Gu, M.; Raston, C. Chemical kinetics of gold nanorod growth
in aqueous ctab solutions. Cryst. Growth Des. 2011, 11, 3375-3380.

Ha, T.H.; Koo, H.J.; Chung, B.H. Shape-controlled syntheses of gold nanoprisms and nanorods
influenced by specific adsorption of halide ions. J. Phys. Chem. C 2007, 111, 1123-1130.

Xu, X.; Zhao, Y.; Xue, X.; Huo, S.; Chen, F.; Zou, G.; Liang, X.-J. Seedless synthesis of high
aspect ratio gold nanorods with high yield. J. Mater. Chem. 4 2014, 2, 3528-3535.

Zijlstra, P.; Bullen, C.; Chon, JJW.M.; Gu, M. High-temperature seedless synthesis of gold
nanorods. J. Phys. Chem. B 2006, 110, 19315-19318.



Sensors 2015, 15 25788

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.
55.

Park, H.J.; Ah, C.S.; Kim, W.J.; Choi, 1.S.; Lee, K.P.; Yun, W.S. Temperature-induced control of
aspect ratio of gold nanorods. J. Vac. Sci. Technol 4 2006, 24, 1323—-1326.

Wang, Y.N.; Wei, W.T.; Yang, C.W.; Huang, M.H. Seed-mediated growth of ultralong gold
nanorods and nanowires with a wide range of length tunability. Langmuir 2013, 29, 10491-10497.
Jana, N.R. Gram-scale synthesis of soluble, near-monodisperse gold nanorods and other anisotropic
nanoparticles. Small 2005, 1, 875-882.

Wu, H.-Y.; Chu, H.-C.; Kuo, T.-J.; Kuo, C.-L.; Huang, M.H. Seed-mediated synthesis of high
aspect ratio gold nanorods with nitric acid. Chem. Mater. 2005, 17, 6447-6451.

Ye, X.; Jin, L.; Caglayan, H.; Chen, J.; Xing, G.; Zheng, C.; Doan-Nguyen, V.; Kang, Y.; Engheta, N_;
Kagan, C.R.; ef al. Improved size-tunable synthesis of monodisperse gold nanorods through the
use of aromatic additives. ACS Nano 2012, 6, 2804-2817.

Thai, T.; Zheng, Y.; Ng, S.H.; Ohshima, H.; Altissimo, M.; Bach, U. Facile gold nanorod
purification by fractionated precipitation. Nanoscale 2014, 6, 6515-6520.

Krieg, E.; Weissman, H.; Shirman, E.; Shimoni, E.; Rybtchinski, B. A recyclable supramolecular
membrane for size-selective separation of nanoparticles. Nat. Nanotechnol. 2011, 6, 141-146.
Novak, J.P.; Nickerson, C.; Franzen, S.; Feldheim, D.L. Purification of molecularly bridged metal
nanoparticle arrays by centrifugation and size exclusion chromatography. Anal. Chem. 2001, 73,
5758-5761.

Zheng, Y.; Lalander, C.H.; Bach, U. Nanoscale force induced size-selective separation and
self-assembly of metal nanoparticles: Sharp colloidal stability thresholds and hcp ordering.
Chem. Commun. 2010, 46, 7963—-7965.

Okotore, R.O. Basic Separation Techniques in Biochemistry; New Age International Publishers:
New Delhi, India, 1998.

Chen, G.; Wang, Y.; Tan, L.H.; Yang, M.X.; Tan, L.S.; Chen, Y.; Chen, H.Y. High-purity
separation of gold nanoparticle dimers and trimers. J. Am. Chem. Soc. 2009, 131, 4218-4219.
Jamison, J.A.; Krueger, K.M.; Mayo, J.T.; Yavuz, C.T.; Redden, J.J.; Colvin, V.L.
Applying analytical ultracentrifugation to nanocrystal suspensions. Nanotechnology 2009, 20,
doi:10.1088/0957-4484/20/35/355702.

Bai, L.; Ma, X.; Liu, J.; Sun, X.; Zhao, D.; Evans, D.G. Rapid separation and purification of
nanoparticles in organic density gradients. J. Am. Chem. Soc. 2010, 132, 2333-2337.

Akbulut, O.; Mace, C.R.; Martinez, R.V.; Kumar, A.A.; Nie, Z.; Patton, M.R.; Whitesides, G.M.
Separation of nanoparticles in aqueous multiphase systems through centrifugation. Nano Lett.
2012, 12, 4060—4064.

Duan, H.; Wang, D.; Li, Y. Green chemistry for nanoparticle synthesis. Chem. Soc. Rev. 2015, 44,
5778-5792.

Mittal, A.K.; Chisti, Y.; Banerjee, U.C. Synthesis of metallic nanoparticles using plant extracts.
Biotechnol. Adv. 2013, 31, 346-356.

Liao, H.; Hafner, J.H. Gold nanorod bioconjugates. Chem. Mater. 2005, 17, 4636—4641.

Zhang, Z.; Lin, M. Fast loading of peg-sh on ctab-protected gold nanorods. RSC Adv. 2014, 4,
17760-17767.



Sensors 2015, 15 25789

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

Kinnear, C.; Dietsch, H.; Clift, M.J.D.; Endes, C.; Rothen-Rutishauser, B.; Petri-Fink, A. Gold
nanorods: Controlling their surface chemistry and complete detoxification by a two-step place
exchange. Angew. Chem. Int. Ed. 2013, 52, 1934-1938.

Niidome, T.; Yamagata, M.; Okamoto, Y.; Akiyama, Y.; Takahashi, H.; Kawano, T.; Katayama, Y.;
Niidome, Y. Peg-modified gold nanorods with a stealth character for in vivo applications.
J. Controll. Release 2006, 114, 343-347.

Sanda, C.B.; Simion, A. Detoxification of gold nanorods by conjugation with thiolated
poly(ethylene glycol) and their assessment as sers-active carriers of raman tags. Nanotechnology
2010, 2/, doi:10.1088/0957-4484/21/23/235601.

Manson, J.; Kumar, D.; Meenan, B.; Dixon, D. Polyethylene glycol functionalized gold
nanoparticles: The influence of capping density on stability in various media. Gold Bull. 2011, 44,
99-105.

Liu, K.; Zheng, Y.; Lu, X.; Thai, T.; Lee, N.A.; Bach, U.; Gooding, J.J. Biocompatible gold
nanorods: One-step surface functionalization, highly colloidal stability, and low cytotoxicity.
Langmuir 2015, 31, 4973-4980.

Ma, X.; Truong, P.L.; Anh, N.H.; Sim, S.J. Single gold nanoplasmonic sensor for clinical cancer
diagnosis based on specific interaction between nucleic acids and protein. Biosens. Bioelectron.
2015, 67, 59-65.

Dai, Q.; Coutts, J.; Zou, J.; Huo, Q. Surface modification of gold nanorods through a place
exchange reaction inside an ionic exchange resin. Chem. Commun. 2008, 2858—-2860.

El Khoury, J.M.; Zhou, X.; Qu, L.; Dai, L.; Urbas, A.; Li, Q. Organo-soluble photoresponsive
azothiol monolayer-protected gold nanorods. Chem. Commun. 2009, 28, 2109-2111.

Vigderman, L.; Manna, P.; Zubarev, E.R. Quantitative replacement of cetyl trimethylammonium
bromide by cationic thiol ligands on the surface of gold nanorods and their extremely large uptake
by cancer cells. Angew. Chem. Int. Ed. 2012, 51, 636—641.

Garcia, I.; Sanchez-Iglesias, A.; Henriksen-Lacey, M.; Grzelczak, M.; Penadés, S.; Liz-Marzan, L.M.
Glycans as biofunctional ligands for gold nanorods: Stability and targeting in protein-rich media.
J. Am. Chem. Soc. 2015, 137, 3686-3692.

Takahashi, H.; Niidome, Y.; Niidome, T.; Kaneko, K.; Kawasaki, H.; Yamada, S. Modification of
gold nanorods using phosphatidylcholine to reduce cytotoxicity. Langmuir 2006, 22, 2-5.
Zijlstra, P.; Paulo, P.M.R.; Orrit, M. Optical detection of single non-absorbing molecules using the
surface plasmon resonance of a gold nanorod. Nat. Nanotechnol. 2012, 7, 379-382.

Yan, J.; Wang, L.; Tang, L.; Lin, L.; Liu, Y.; Li, J. Enzyme-guided plasmonic biosensor based
on dual-functional nanohybrid for sensitive detection of thrombin. Biosens. Bioelectron. 2015, 70,
404-410.

Sohn, Y.-S.; Lee, Y.K. Site-directed immobilization of antibody using EDC-NHS-activated
protein A on a bimetallic-based surface plasmon resonance chip. BIOMEDO 2014, 19,
doi:10.1117/1.JB0O.19.5.051209.

El-Sayed, I.H.; Huang, X.; El-Sayed, M.A. Surface plasmon resonance scattering and absorption
of anti-EGFR antibody conjugated gold nanoparticles in cancer diagnostics: Applications in oral
cancer. Nano Lett. 2005, 5, 829-834.



Sensors 2015, 15 25790

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

Conde, J.; Ambrosone, A.; Sanz, V.; Hernandez, Y.; Marchesano, V.; Tian, F.; Child, H.; Berry, C.C.;
Ibarra, M.R.; Baptista, P.V.; et al. Design of multifunctional gold nanoparticles for in vitro and
in vivo gene silencing. ACS Nano 2012, 6, 8316-8324.

Sanz, V.; Conde, J.; Hernandez, Y.; Baptista, P.; Ibarra, M.R.; de la Fuente, J. Effect of PEG
biofunctional spacers and TAT peptide on dsSRNA loading on gold nanoparticles. J. Nanopart. Res.
2012, 74, 1-9.

Bartczak, D.; Kanaras, A.G. Preparation of peptide-functionalized gold nanoparticles using one
pot EDC/sulfo-NHS coupling. Langmuir 2011, 27, 10119-10123.

Olde Damink, L.H.H.; Dijkstra, P.J.; van Luyn, M.J.A.; van Wachem, P.B.; Nieuwenhuis, P.;
Feijen, J. Cross-linking of dermal sheep collagen using a water-soluble carbodiimide. Biomaterials
1996, 17, 765-773.

Bisker, G.; Minai, L.; Yelin, D. Controlled fabrication of gold nanoparticle and fluorescent protein
conjugates. Plasmonics 2012, 7, 609-617.

Zijlstra, P.; Paulo, P.M.; Yu, K.; Xu, Q.H.; Orrit, M. Chemical interface damping in single gold
nanorods and its near elimination by tip-specific functionalization. Angew. Chem. Int. Ed. Engl.
2012, 51, 8352-8355.

Beeram, S.R.; Zamborini, F.P. Selective attachment of antibodies to the edges of gold
nanostructures for enhanced localized surface plasmon resonance biosensing. J. Am. Chem. Soc.
2009, /31, 11689-11691.

Zhen, S.J.; Huang, C.Z.; Wang, J.; Li, Y.F. End-to-end assembly of gold nanorods on the basis of
aptamer-protein recognition. J. Phys. Chem. C 2009, 113, 21543-21547.

Bisker, G.; Yelin, D. Noble-metal nanoparticles and short pulses for nanomanipulations:
Theoretical analysis. J. Opt. Soc. Am. B 2012, 29, 1383—1393.

Chen, H.; Kou, X.; Yang, Z.; Ni, W.; Wang, J. Shape- and size-dependent refractive index
sensitivity of gold nanoparticles. Langmuir 2008, 24, 5233-5237.

Zhang, W.; Martin, O.J.F. A universal law for plasmon resonance shift in biosensing. ACS Photonics
2015, 2, 144-150.

Li, J.; Ye, J.; Chen, C.; Li, Y.; Verellen, N.; Moshchalkov, V.V.; Lagae, L.; van Dorpe, P.
Revisiting the surface sensitivity of nanoplasmonic biosensors. ACS Photonics 2015, 2, 425-431.
Anker, J.N.; Hall, W.P.; Lyandres, O.; Shah, N.C.; Zhao, J.; van Duyne, R.P. Biosensing with
plasmonic nanosensors. Nat. Mater. 2008, 7, 442—453.

Hu, M.; Novo, C.; Funston, A.; Wang, H.; Staleva, H.; Zou, S.; Mulvaney, P.; Xia, Y.;
Hartland, G.V. Dark-field microscopy studies of single metal nanoparticles: Understanding the
factors that influence the linewidth of the localized surface plasmon resonance. J. Mater. Chem.
2008, 18, 1949—-1960.

Boisselier, E.; Astruc, D. Gold nanoparticles in nanomedicine: Preparations, imaging, diagnostics,
therapies and toxicity. Chem. Soc. Rev. 2009, 38, 1759—1782.

Arvizo, R.; Bhattacharya, R.; Mukherjee, P. Gold nanoparticles: Opportunities and challenges in
nanomedicine. Expert Opin. Drug Deliv. 2010, 7, 753-763.

Huang, X.; Neretina, S.; El-Sayed, M.A. Gold nanorods: From synthesis and properties to
biological and biomedical applications. Adv. Mater. 2009, 21, 4880—4910.



Sensors 2015, 15 25791

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

Mayer, K.M.; Lee, S.; Liao, H.; Rostro, B.C.; Fuentes, A.; Scully, P.T.; Nehl, C.L.; Hafner, J.H.
A label-free immunoassay based upon localized surface plasmon resonance of gold nanorods.
ACS Nano 2008, 2, 687-692.

Sonnichsen, C.; Geier, S.; Hecker, N.E.; von Plessen, G.; Feldmann, J.; Ditlbacher, H.; Lamprecht, B.;
Krenn, J.R.; Aussenegg, F.R.; Chan, V.Z.H.; et al. Spectroscopy of single metallic nanoparticles
using total internal reflection microscopy. Appl. Phys. Lett. 2000, 77, doi:10.1063/1.1323553.
Matsuo, Y.; Sasaki, K. Time-resolved laser scattering spectroscopy of a single metallic
nanoparticle. Jpn. J. Appl. Phys. 1 2001, 40, 6143—6147.

Schultz, S.; Smith, D.R.; Mock, J.J.; Schultz, D.A. Single-target molecule detection with
nonbleaching multicolor optical immunolabels. Proc. Natl. Acad. Sci. USA 2000, 97, 996—1001.
Sonnichsen, C.; Franzl, T.; Wilk, T.; von Plessen, G.; Feldmann, J.; Wilson, O.; Mulvaney, P.
Drastic reduction of plasmon damping in gold nanorods. Phys. Rev. Lett. 2002, &8,
doi:10.1103/PhysRevLett.88.077402.

McFarland, A.D.; van Duyne, R.P. Single silver nanoparticles as real-time optical sensors with
zeptomole sensitivity. Nano Lett. 2003, 3, 1057-1062.

Rindzevicius, T.; Alaverdyan, Y.; Dahlin, A.; Hook, F.; Sutherland, D.S.; Kall, M. Plasmonic
sensing characteristics of single nanometric holes. Nano Lett. 2005, 5, 2335-2339.

Sonnichsen, C.; Reinhard, B.M.; Liphardt, J.; Alivisatos, A.P. A molecular ruler based on plasmon
coupling of single gold and silver nanoparticles. Nat. Biotechnol. 2005, 23, 741-745.

Raschke, G.; Kowarik, S.; Franzl, T.; Sonnichsen, C.; Klar, T.A.; Feldmann, J.; Nichtl, A.;
Kiirzinger, K. Biomolecular recognition based on single gold nanoparticle light scattering.
Nano Lett. 2003, 3, 935-938.

Sannomiya, T.; Hafner, C.; Voros, J. In situ sensing of single binding events by localized surface
plasmon resonance. Nano Lett. 2008, 8, 3450-3455.

Truong, P.L.; Ma, X.; Sim, S.J. Resonant rayleigh light scattering of single au nanoparticles with
different sizes and shapes. Nanoscale 2014, 6, 2307-2315.

Claudio, V.; Dahlin, A.B.; Antosiewicz, T.J. Single-particle plasmon sensing of discrete molecular
events: Binding position versus signal variations for different sensor geometries. J. Phys. Chem. C
2014, 118, 6980—6988.

Nusz, G.J.; Marinakos, S.M.; Curry, A.C.; Dahlin, A.; Hook, F.; Wax, A.; Chilkoti, A. Label-free
plasmonic detection of biomolecular binding by a single gold nanorod. Anal. Chem. 2008, 80,
984-989.

Guo, L.; Ferhan, A.R.; Lee, K.; Kim, D.H. Nanoarray-based biomolecular detection using
individual Au nanoparticles with minimized localized surface plasmon resonance variations.
Anal. Chem. 2011, 83, 2605-2612.

Bingham, J.M.; Willets, K.A.; Shah, N.C.; Andrew, D.Q.; van Duyne, R.P. Lspr imaging:
Simultaneous single nanoparticle spectroscopy and diffusional dynamics. J. Phys. Chem. C 2009,
113,16839-16842.

Chen, S.; Svedendahl, M.; Duyne, R.P.; Kall, M. Plasmon-enhanced colorimetric elisa with single
molecule sensitivity. Nano Lett. 2011, 11, 1826—-1830.

De la Rica, R.; Stevens, M.M. Plasmonic elisa for the ultrasensitive detection of disease biomarkers
with the naked eye. Nat. Nanotechnol. 2012, 7, 821-824.



Sensors 2015, 15 25792

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

Ghadiali, J.E.; Stevens, M.M. Enzyme-responsive nanoparticle systems. Adv. Mater. 2008, 20,
4359—4363.

Chen, S.; Svedendahl, M.; Antosiewicz, T.J.; Kall, M. Plasmon-enhanced enzyme-linked
immunosorbent assay on large arrays of individual particles made by electron beam lithography.
ACS Nano 2013, 7, 8824—8832.

Saha, K.; Agasti, S.S.; Kim, C.; Li, X.; Rotello, V.M. Gold nanoparticles in chemical and biological
sensing. Chem. Rev. 2012, 112, 2739-2779.

Lo, K.M.; Lai, C.Y.; Chan, H.M.; Ma, D.L.; Li, H.W. Monitoring of DNA-protein interaction with
single gold nanoparticles by localized scattering plasmon resonance spectroscopy. Methods 2013,
64, 331-337.

Hu, Y.; Zhang, L.; Zhang, Y.; Wang, B.; Wang, Y.; Fan, Q.; Huang, W.; Wang, L. Plasmonic
nanobiosensor based on hairpin DNA for detection of trace oligonucleotides biomarker in cancers.
ACS Appl. Mater. Interfaces 2015, 7, 2459-2466.

Lee, J.U.; Nguyen, A.H.; Sim, S.J. A nanoplasmonic biosensor for label-free multiplex detection
of cancer biomarkers. Biosens. Bioelectron. 2015, 74, 341-346.

Pepe, M.S.; Etzioni, R.; Feng, Z.D.; Potter, J.D.; Thompson, M.L.; Thornquist, M.; Winget, M.;
Yasui, Y. Phases of biomarker development for early detection of cancer. J. Natl. Cancer 1 2001,
93, 1054-1061.

Waulfkuhle, J.D.; Liotta, L.A.; Petricoin, E.F. Proteomic applications for the early detection of
cancer. Nat. Rev. Cancer 2003, 3, 267-275.

Ament, I.; Prasad, J.; Henkel, A.; Schmachtel, S.; Sonnichsen, C. Single unlabeled protein
detection on individual plasmonic nanoparticles. Nano Lett. 2012, 12, 1092—-1095.

Beuwer, M.A.; Prins, M.W.; Zijlstra, P. Stochastic protein interactions monitored by hundreds of
single-molecule plasmonic biosensors. Nano Lett. 2015, 15, 3507-3511.

Gu, Z.; Jing, C.; Ying, Y.L.; He, P.; Long, Y.T. In situ high throughput scattering light analysis of
single plasmonic nanoparticles in living cells. Theranostics 2015, 5, 188—195.

Chin, C.D.; Laksanasopin, T.; Cheung, Y.K.; Steinmiller, D.; Linder, V.; Parsa, H.; Wang, J.;
Moore, H.; Rouse, R.; Umviligihozo, G.; et al. Microfluidics-based diagnostics of infectious
diseases in the developing world. Nat. Med. 2011, 17, 1015-1019.

Walt, D.R. Optical methods for single molecule detection and analysis. Anal. Chem. 2013, 85,
1258-1263.

Docter, D.; Westmeier, D.; Markiewicz, M.; Stolte, S.; Knauer, S.K.; Stauber, R.H. The nanoparticle
biomolecule corona: Lessons learned—Challenge accepted? Chem. Soc. Rev. 2015, 44, 6094—6121.

© 2015 by the authors; licensee MDPI, Basel, Switzerland. This article is an open access article

distributed under the terms and conditions of the Creative Commons Attribution license

(http://creativecommons.org/licenses/by/4.0/).



